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...andI argue that there is no necessacv connection
benveen the size of an object and the value of afact,

and that, though the objects I have described are minute,
the conclusions to be derived are great.

H.C. Sorby, 1858, founder of modern fluid inclusion analysis
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Introduction

Several hydrothernml copper-gold deposits occur within the Kautokeino

greenstone belt in Finnmark County, northern Norway. The largest and most notable

among these is the Bidjoyagge Au-Cu deposit. This dissertation study deseribes the

fluids and fluid evolution involved in the forrnation of the gold and copper ore in the

Kautokeino greenstone belt including the Bidjovagge deposit, and proposes methods

for continued exploration for Bidjoyagge-type deposits in the Kautokeino region. As

implied in the name "hydrothermal ore deposit", heated aqueous solutions are

essential for the formation of most types of ore. The economic importance of ore

deposits through the few decades has resulted in the development of geochemical

techniques to study ore-fonning fluids in an attempt to detennine the nature of the

fluids and ultimately to successfully explore for other hydrothermal ore deposits

Fluid inclusion analysis is the most direct method to study the geochemistry of

the fluids related to ore formation. Fluid inclusions are pockets of trapped fluid

within crystals that are seldom larger than 1 mm, but usually 1 to 10tim in size

(Roedder, 1984). As first realized by Sorby (1858), detailed analysis of these minute

pockets of trapped fluids may provide valuable information on the tluid composition,

molar volume and possibly the temperature and pressure of fluid trapping. Within the

discipline of ore deposits geology, the study of fluid inclusions is usually aimed at

determining the composition of the ore-forming fluids and the conditions of the meml

transport and precipitation (e.g. Spooner, 1981; Kerkhof, 1987; Walsh et al., 1989;

Shaw and Morton, 1990). The concept of primary fluid inclusions within an ore

deposit representing "ore-forming fluids" (e.g. Roedder, 1977) may be an incorrect

oversimplification, especially when we consider that most hydrothermal ore deposits

are complex zones of alteration and mineralization. If one regards a hydrothemml ore

deposit as a result of chemical (e.g. reactions, pH, f02) and/or physical changes (e.g.

temperature or pressure), then it may be realized that ore-forming fluids must be

changing chemically and/or physically to result in the metal precipitation. Therefore,



fluid inclusions observed within a hydrothermal ore deposit may be either a true

sample of the "ore forming fluid" or probably more likely. the product of chemical or

physical changes during mineralization. It becomes obvious that fluid inclusion

studies of hydrothermal ore deposits should attempt to identify both the original ore-

forming fluids and the evolved fluid products in order to determine the chemical

and/or physical changes and its bearing on the ore precipitation

Fluid inclusions may be analyzed by two general methods, nondestructive and

destructive (Roedder, 1984). Nondestructive fluid inclusion methods, such as

rnicrothennometry and Raman laser microprobe analysis allow the determination of

composition and molar volume without the removal the fluid from the inclusion.

Destructive fluid inclusion analysis requires the removal of fluid from the inclusion

by crushing or thermal means, followed by analysis of the extracted fluid, for

example by gas chromatography or mass spectromeny. Detailed microscopic

observations of tluid inclusions in combination with analysis using these methods

may be used as a powerful tool to determine the fluid evolution resulting in metal

precipitation in a hydrothermal ore deposit, such as at the Bidjovagge deposit. As

Sorby (1858) noted concerning fluid inclusions,

...dwugh the objem that I have described are niinute, the conclusions w be
derived from thc?facts are great.

Geology of the Kautokeino greenstone belt

A series of Proterozoic greenstone belts occur within the northern

Fennoscandinavian Shield (Fig. I), and include the Kautokeino greenstone belt on the

western edge of Finnmarksvidda and the Karasjok greenstone belt in the eastern

region of Finnmarksvidda in Norway. The Kautokeino greenstone belt. which hosts

the Au-Cu mineralization of interest, is bordered by two gneissic domes, the Jer'gul

gneiss complex on the east and the Rarstedno imeiss on the west (Fig. 2).
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The Kautokeino greenstone belt formed during the rifting of the Archean

Karelian Continent (Pharaoh and Brewer. 1990). or Inari microcontinent of Marker

(1985), between 2.45 to 2.0 Ga (Bjørlykke et al., 1993) (Fig. 3a). Rifting of the

Kautokeino greenstone belt resulted in the extrusion of some kornatiite magmas

(Olsen and Nilsen, 1985), tholeiitic basalts and intrusions, and the sedimentation of

sandstone, shallow water carbonate, black shale, volcanoclastics, and conglornerate

(Siedlecka et al., 1985). During the Svecokarelian orogeny at approxirnately 1.900-

1850 Ma (Bjorlykke et al, 1987; Skiöld, 1988) two major events are recognized which

resulted in metamorphism and deformation in the Kautokeino greenstone belt. The

closure of the Kola ocean basin to the east, as the Kola continent collided with the

Ka.relian continent, resulted in the emplacement of the Karasjok greenstone belt, a

back arc and island arc sequence, (Pharaoh and Brewer, 1990; Marker, 1985) (Fig.

3c). During this collisional event, Bjørlykke et al. (1993) suggest that the Kautokeino

greenstone belt was metamorphosed. The second event which affected the

Kautokeino greenstone belt was the collision of the Svecofennian Skjellefte arc with

the western border of the Karelian Continent at approximately 1.88 Ga (Pharaoh and

Brewer, 1990) (Fig. 3d). Oblique compression during this collision resulted in

sinistral movement along shear zones in the Kautokeino greenstone belt, such as

along the north-south trending Baltic-Bothnian megashear zone (Berthelsen and

Marker, 1986) and the NE-SW trending Mierujavtri-Sværholt fault zone (Olesen et

al., 1991). These shear zones are suggested to be reactivated older rift structures in

the Kautokeino rift (Nilsen and Bjørlykke, 1990; Bjørlykke et al., 1993).

Fluids moving upwards along the shear zones in the Kautokeino greenstone

beh resulted in areas of alteration and Au-Cu mineralization. Alteration of the

country rocks along the shear zones, such as at Bidjovagge or along the Masi River

(Fig. 2), is dominated by albitization, carbonatization, and scapolitization. Shear

zone-hosted gold and/or copper deposits include the Bidjovagge deposit, Ucca-

vuovdas and Object 43 (Fig. 2), among others. Radiometric dating of minerals

related to the gold at Bidjoyagge indicate that mineralization occurred during or
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slightly after the peak of the Svecokarelian orogeny (Bjorlykke et al., 1990: Cumming

et al., in prep.).

Mineralized areas within the Kautokeino greenstone belt clearly show that the

fluids that moved along the shear zones were capable of transporting both Au and Cti

in solution. Of the deposits discovered, the only economically important area of gold

mineralization is the Bidjovagge Au-Cu deposit, and areas such as licca-vuovdas and

Object 43 contain significant copper but very little gold (Fig. 2). The different

gold/copper ratios between these shear zone-hosted deposits may be primary metal

zonation caused by physical and/or chemical changes in the "ore-forrning fluids". An

understanding of the fluids responsible for gold-copper mineralization and zonation

has obvious implications for the further exploration of "Bidjovagge-type" deposits in

the Kautokeino greenstone belt.

Present Contribution

The four papers introduced in this dissertation all present fluid inclusion data

related to gold and copper mineralization in the Kautokeino greenstone belt. The

importance of the evolution between the parent "ore-forming fluid" and its produet of

chemical and physical changes and its affect on Au and Cu transport and precipitation

is discussed at different scales in the following papers. Paper I presents the evolution

of fluids at the Bidjovagge deposit and their role in the transport and precipitation of

Au and Cti at the Bidjovagge deposit. Paper II discusses the evolution of the fluids

related to Au and Cu mineralization and zonation on a regional scale. Paper III

focuses on the fluid products from the fluid-rock reaction which resulted in Au and

Cu precipitation at Bidjovagge. Finally, paper IV sums up the fluid inclusion and

stable isotope data frorn the Bidjovagge deposit and attempts to explain the formation

of similar gold-base metal deposits occurring in Proterozoic greenstone belts.



Paper I: A fluid inclusion and stable isotope study of the Proterozoic Bidjovagge

mesothennal gold-copper deposit. Finnmark, northern Norway.

This first paper focuses on fluid inclusion and stable isotope data related to the

first gold-rich phase of mineralization at Bidjoyagge and presents a model for

mineralization. Fluid inclusions observed at Bidjovagge are composed of varying

amounts of highly saline I-120+ + C1-14+ salt solutions. A ffeneral zonation is

observed with H-)0 + CO2 + salt fluid inclusions within the footwall of the deposit

and a domination CH4 towards the ore zone, which occurs within an alteration and

oxidation zone to graphitic schists. This fluid inclusion zonation, together with a

range carbonate 613C values from -0.66%c in the footwall veins to -4.64qc in ore zone

veins, is suggested to be the result of fluid rock interaction. The highly saline 1-120+

CO, solution observed in the footwall fluid inclusions is interpreted to represent the

"ore-bearing fluid" which n-ansported both Au and Cu as chloride complexes upwards

along shear zones. This fluid appears to have experienced phase separation as it

moved into more highly deformed albite felsites at Bidjovagge. Red-ox reactions

between the fluid and the graphitic schist resulted in the oxidation zone and

production of CH4. The precipitation of Au and Co is suggested to occur at

temperatures between 300 to 375'C and pressures between 2 to 4 kbars as a result of

decreased fO, by red-ox reactions with the graphitic schist in combination with

increased pH, because of phase separation of the fluid.

Paper II: Fluid evolution and Au-Cu genesis along a shear zone: A regional fluid

inclusion study of shear zone-hosted alteration and gold and copper mineralization in

the Kautokeino greenstone belt, Finnmark, Norway.

In this paper, fluid inclusion data is presented from several areas of shear

zone-hosted alteration and mineralization in the Kautokeino greenstone belt and a



model for the fluid evolution and resultin2 gold-copper zonation is discussed. The

occurrence of alteration and mineralization within different metamorphic facies and

structural regimes allows an unique opportunity to study fluids at different crustal

Fluid inclusions observed within these areas are comprise saline Fl20 ± CO, ±

CH4 ± N2. A + COD+ salt tluid appeared to evolved as it moved upward along

the shear zone becoming more saline by either hydration reactions with the wall rocks

or addition of salts from metasedimentary rocks. The fluids were at temperatures

between 250 and 400T and carried Au and Cu as chloride complexes. As the fluids

moved upwards along shear zones and encountered the ductile-brittle transition phase

separation of CO2 from the saline aqueous solution, due to the drop in pressure,

resulted in increase pll in the tluid. Copper-rich mineralization, occurs at each crustal

levels examined and is not affected by crustal depth. Gold-rich mineralization is

restricted to the ductile-brittle transition, such as at the Bidjovagge deposit, and is

interpreted to be a result of the phase separation due to a pressure drop, in

combination with red-ox reactions with the graphitic schist.

Paper Identification and implications of light hydrocarbon fluid inclusions from

the Bidjovagge Au-Cu deposit, Finnmark, Norway.

The unique occurrence of light hydrocarbon fluid inclusions observed within

the ore zone at Bidjovagge are discussed in further detail in this paper. Data from a

combination of fluid inclusion analytical methods, including nondestructive

microthermometry and Raman microspectrometry and destructive gas

chromato2raphy is presented in this paper. Prirnary hydrocarbon-bearm2 mclusions

from the Bidjovagge deposit are found to comprise methane, ethane, propane and

butanes. The presence of hydrocarbons within mineralized alteration and oxidation

zone to the graphitic schists, and absence in the footwall, indicates that the light

hydrocarbons were formed during reaction between the hydrothermal fluids and the
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schists. At the high temperatures and pressures estimated for the Bidjovagge deposit.

light hydrocarbons may have been formed either by reaction with organic material

within the graphitic schists or by abiotic synthesis.

Paper IV: Fluid geochemistry of the Bidjovagge gold-copper deposit, Norway: An

example of a Proterozoic greenstone belt-hosted mesothermal gold-base metal

deposit.

Proterozoic rnesothermal gold-base metal deposits, such as Bidjovagge, occur

within similar structural setting as Archean mesothermal gold dominated deposits, but

have substantial differences in gold-base metal ratios than the Archean deposits. This

paper contains comprehensive fluid inclusion and stable isotope data for both the Au-

rich and Cu-rich mineralization phases at the Bidjovagge deposit and presents an

explanation for the occurrence of Proterozoic mesothermal gold-base metal deposits.

Fluid inclusions observed at Bidjovagge related to gold-rich rnineralization contain

varying amounts of highly saline H20 + CO2 + CH4 + light hydrocarbons solutions.

Gas chromatography of whole rock samples show that a zonation of light

hydrocarbons exists around the ore zone. Also, a pronounced zonation of magnetite +

pyrite, to pyrite, to pyrite + pyrrhonte exists between the footwall and the ore zone

Fluid inclusions related to copper-rich mineralization comprise lower salinity H20 ±

CH4 solutions and appear to be similar to fluid inclusions within syenodiorite dikes

which crosscut shear structures which host gold mineralization. Transport of both

gold and copper as chloride complexes, favored by high temperature (>300°C), high

chlorinity, lower pH, and hig.h f02 of the fluids, is interpreted to have occurred at the

Bidjovagge deposit. Mineralization is interpreted to have formed in two phases, an

earlier Au-rich phase that occurred during ductile to brittle deformation, followed by

Cu-rich phase which occurred within brittle structures and was possibly related to the

intrusion of syenodiorite dikes. The fluids which are interpreted to have resulted in
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mineralization at Bidjovagge are similar to fluids described for other Proterozoic

mesothennal gold-base metal deposits. The restriction of Proterozoic mesothermal

gold-base metal deposits only occurring withM intracratonic rifts having felsic

basements may be linked to the high salinity fluids which transported both gold and

base metals.
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Figure Captions

Figure 1: General geologic map of the northern portion of the Fennoscandic

Shield including areas of northem Norway, Sweden and Finland with the locations of

the Bidjovagge, Pahtohavare, and Saattopora deposits. After Krill et al. (1988) and

Bjørlykke et al., (1993).

Figure 2: Generalized geologic map of Finnmarks plateau, with the Kautokeino
Greenstone belt, emphasizing metamorphic grade after Sandstad (1992) and Krill et
al. (1988). Mineralized and altered areas are marked with boxes. Shear zones are
marked "BBMZ" for Baltic-Bothnian megashear zone (Berthelsen and Marker, 1986)
and "MSFZ" for Mierujay'ri-Sværholt Fault Zone (Olesen et al., 1991).

Figure 3: Simp1ified tecton c model for the Early Proterozoic development of the
Fennoscandinavian Shield, from Bjørlykke (1993) modified from Pharaoh and
Brewer (1990). BBZ: Bothnian-Baltic zone; BF: Bergslagen Field; JC: Jorma

ophiolitic complexes; KB: Karasjok Belt; LGC: Lapland Granulite Complex; PG:
Petchenga Group; SD: Svecofennian domain; SF: Skjellefte Field.
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Ettner Iforltikke and Andersen: Fluid Corn )sition of Proterozoic Gold and Co -r de xtsits: An exam le...

Abstract

The Bidjovagge Au-Cu deposit, northern Norway, hosted within a shear zone in the

Early Proterozoic Kautokeino greenstone belt, is more base metal-rich than Archean

mesothermal gold deposits. The Bidjovagge deposit was therefore chosen to study the fluid

composition by means of fluid inclusion microthermometry, Raman microprobe

spectrometry, and stable isotope geochemistry to study the fluids responsible for both gold

and copper mineralization. An early phase of gold and copper mineralization is hosted by

sheared albitic felsites, within an oxidation front to graphidc schists, along with a series of

syenodiorite dikes. Fluid inclusions related to gold mineralization comprise varying arnounts

of H20, CO2, CH4, and salt, with salinities between 30 to 45 wt. % NaC1 equivalent.

Microthermometric data indicate that fluid trapping occurred between 300 to 375°C and 2 to 4

kbars. Carbon isotope data display a trend from -0.66%c in the footwall to -4.64%c within

the ore zone. Fluid inclusion and carbon isotope data suggest that a combination of phase

separation and redox reactions between the fluid and the graphitic schists resulted in gold

precipitation from chloride complexes.

Introduction

On the Fennoscandinavian Shield several mesothermal gold-copper deposits occur

within Proterozoic greenstone belts (Gaål and Sundblad, 1990; Bjørlykke et al., 1992).

These deposits include the Bidjovagge deposit in Norway (Bjorlykke et al., 1985 & 1987),

Saattopora near Kittilå in Finland (Nurmi et al., 1991), and the Pahtohavare deposit near

Kiruna in Sweden (Martinsson, 1991). These deposits along with other Proterozoic

greenstone belt-hosted zold deposits, such as the Telfer deposit (Goellnicht et aL, 1989) and

the Tennant Creek field (Nguyen et al., 1989; Wedekind et al., 1989), tend to be base metal-

rich. In contrast, Archean lode gold deposits generally have a much lower base metal rado

(i.e. Groves and Foster, 1991; Hodkrson and MacGeehan, 1982).
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The Bidjovagge Au-Cu deposit was chosen for a fluid inclusion and stable isotope

study in order to model the fluid evolution involved in the formation of the gold-base metal

deposit. This paper presents new fluid inclusion and isotopic data for the Bidjovagge

deposit, and a genetic model for the formation of gold and copper mineralization at the

deposit. which may be applicable to other Proterozoic mesothermal gold-base metal deposits.

General Geology and Structure

The Bidjovagge Au-Cu deposit is located on the plateau of Finnmarksvidda. in

Finnmark county, northern Norway, approximately 40 km north-west of the village of

Kautokeino (Fig. 1). The deposit is hosted in the early Proterozoic north-south-trending

Kautokeino greenstone belt which occurs in the Fennoscandinavian Shield. The Kautokeino

greenstone belt is comprised of a series of basic volcanics and sediments considered to be

Early Proterozoic in age by Krill et al. (1985). The greenstone belt is bordered by Archean

gneiss domes, the Jer'gul gneiss complex on the east, and to the west, the RaVsædno gneiss

complex. Stratigraphy in the Bidjovagge area is comprised of metavolcanies and

metasediments of the lowermost CasIejas Formation, metasediments of the Biklxacakka

Formation and the overlying sandstones and conglomerates of the Caravarri Fonnation as

described by Siedlecka et al. (1985) and Bjørlykke et al. (1987) and mapped by Sandstad

(1985). The Bidjovagge deposit is exposed at the northern edge of the greenstone belt where

it is bordered by overlying sediments of the Cambrian Dividal Group, and the Caledonian

thrust nappes. Aeromagnedc maps of Finnmark by Olesen et aL (1990) suggest that the

Kautokeino greenstone belt continues north, under the Caledonian nappes, and is exposed in

the Alta-Kvenangen, Altenes, and Repparfjord-KomagFjord tectonic windows (Fig. 1).

The Casikejas Formation hosts gold and copper mineralization at Bidjovagge, and is

predominantly composed of arnphibolites and mafic rnetavolcanics but is interbedded with

minor thin bcds of carbonate, graphitic schist, albitic felsite, and metatuffites. Malic



Ettner fl. ttrlvkke and Andersen: Fluid Com vation of Proterozoic Gold and Co •r de isits Att exam

metavolcanics and metasediments of the CasIejas Formation are thought to have deposited

as lava flows, ash deposits. black shales, limestones and shales in a shallow early rift basin

(Bjørlykke et al., 1987). The overlying sediments of the Bik-kacåkka Fonnation consist of

feldspathic sandstones. argillites, shales and siltstones (Siedlecka et al., 1985). The

uppermost formation in northern Kautokeino greenstone belt is the Caravarri Formation

which is rnainly composed of conglomerates and feldspathic sandstones (Siedlecka et

1985).

A series of thick diabase sills are intruded into the rnetasediments and related

metavolcanic rocks, of the Cas-kejas Formation, and are considered by Bjørlykke et al.

(1992) to be a result of an early rift stage of the greenstone belt. Between the contact of the

diabase sills and graphitic schists, in the Bidjovagge area, a zone of albitic felsite has

developed. Originally, the albitic felsite was suggested to be a volcanic ash exhalative

(Hollander, 1979), but is now considered to be a result sodic metasomatism of the black

shales by the intrusion of the diabase sills and circulation of hot saline brines (Bjørlykke et

al., 1987; Bjørlykke et al., 1992; Nilsen and Bjørlykke, 1991). The albitic felsite is

composed of very fine-crystalline albite with impurities of rutile and carbonate.

A later phase of syenodiorite intrusions related coarse-crystalline albite-carbonate

veins crosscut the shear fabric, metasediments, albidc felsites and metadiabases at

Bidjovague. Previous workers have earlier named these inmusions as leucodiabase

(Gjelsvik, 1957a and 1957b. Holmsen et al., 1957), albite-carbonate dikes (1Iolmsen et al.,

1957), and albitite dikes (Bjørlykke, et al., 1987). These intrusions may be related to

mineralization and is further discussed below.

In the Bidjovagge area the rocks of the CasIejas Formation are sheared, isoclinally

folded and rnetamorphosed. Metamorphic grades, near the Bidjovagge deposit, gradually

ranges from lower amphibolite facies west of the Bidjovagge anticline, towards the basement

gneiss, to upper greenschist facies to the east of Bidjovagge (Sandstad, 1983). The

dorninant structure at the Bidjovagge deposit is a tight antiformal structure which plunges
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gently to the north, with an exposed axial length of 8.5 km, and folds the diabase sills,

tuffites, carbonates, graphitic schists and albitic felsites (Fig. 3). A discontinuous and

sinuous shear zone runs parallel to the antiform's limbs, predominantly on the eastern limb

and displays multiple events of both sinistral and dexu-al displacement (Nilsen and Bjorlykke,

1991). Shear deformation styles differ between more brittle shearing and microbrecciation in

the competent albitic felsites and albitized metadiabases, to ductile folding in the incompetent

graphitic schist. This shear zone is probably part of the northern extension of the Baltic-

Bothnian megashear zone described by Berthelsen and Marker (1986). Both the structural

deformation and the metamorphism appear to have occurred during the Svecokarelian

orogeny at approximately 1,900-1,850 Ma (Bjorlykke et al., 1992; Pharaoh and Brewer,

1990; Skirild, 1988).

Mineralization and Alteration

Gold vs. Copper minerali:ation

The shear zone at Bidjovagge has been mineralized within lenses along a length of

about 2.5 km. Gold and copper ore is described by Hagen (1977) and divided into two

general ore-types, the gold-rich ore and the copper-rich ore. by Ejorlykke et al., (1987). The

gold-rich ore can is hosted within ductile to brittle structures, whereas the copper-rich ore

occurs within brittle structures that crosscut the ductile fabric.

The gold-rich type has grades of 5-20 ppm Au and 0.1-0.5 % Cu. The gold-rich

mineralization occurs along shear zones and is hosted within oxidation zones in sheared and

microbrecciated albite metasomatized graphitic schists (Fig. 3 & 4). Mineralization typically

occurs as finely disserninated native gold and gold telluride (calaverite) within sheared and

microbrecciated albitic felsite. Veins related to gold mineralization extend from the footwall

metadiabases upwards along the shear zone to the ore zone, and comprise carbonate, quartz,
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actinolite (Fe-amphibole), magnetite, pyrite, pyrrhotite, chalcopyrite and minor amounts of

apatite. green Cr-rich muscovite, tellurides (altaite, melonite, and tellurobismuthite) and

davidite. Generally, a zonation of magnetite + pyrite, to pyrite, to pyrite + pyrrhotite occurs

within the veins from the footwall towards the ore zone in the oxidized albitized graphitic

schists. Highest grades of gold occur disseminated the within the oxidation zone together

with calaverite (Nilsen and Bjorlykke, 1991; Bjørlykke et al., 1992), and davidite, a member

of the crichtonite mineral series( Mathiesem 1970; Gatehouse et al.. 1978; Bjørlykke, 1987).

Mineralized shear texture displays a ductile fabric and veins are locally folded and

boudinaged (Bjørlykke et al., 1987). Veins related to gold mineralization also occur in more

brittle structures and angular wall rock clasts are occasionally observed within veins. Gold-

rich mineralization within both ductile and brittle structures suggest that the gold-rich

mineralization formed during the structural transition from ductile to brittle condMons.

The copper-rich ore grades are 2-5 % Cu and less than 1-2 ppm Au. Copper

mineralization occurs as chalcopyrite and minor bornite within large vein systems that are

predominantly composed of coarse grained carbonate (ankerite and calcite), but also albite,

actinolite, quartz, pyrite. and minor amounts of telluride and native gold. The copper

mineralization characteristically occurs within brittle structures which are subparallel to shear

structure. Veins range in size up to about 1.5 meters. The copper-rich mineralization

probably represents a second phase of mineralization at Bidjovagge within a more brittle

deforrnation regime.

Alteration of Wallrocks

The predominant alteration at the Bidjovagge deposit includes albitization,

carbonatization and scapolitization. Mica and hematite alteration all occur to lesser extents as

described by Bjørlykke et al. (1987) and Nilsen and Bjorlykke (1991). Although there may

be an early albite metasomatic event due to the intrusion of the diabase sills into the



Enner B-orlykke and Andersen: Fluid Corn i jon of Prerozoie Gold and Co r de An ecam

sedirnentary sequence, as previously described, a second albitization event related to

mineralization has been recogni-zed. Within the deposits, albitization has been intensive,

altering the metadiabases, graphitic schists, carbonates and the mixed tuffite series.

Typically, the albitic felsite is rnicrocrystalline, but also is coarsely crystalline. especially

where it replaces the plagioclase in the metadiabase (Bjorlykke et al., 1987). Rutile is

ubiquitous in the albitic felsite, and minor amounts of quartz, carbonate, mica and amphibole

also occur within the albitic felsite (Bjorlykke et al., 1987; Nilsen and Bjørlykke, 1991).

Carbonatization is in association with the albitization, usually as carbonate mainly replacing

the amphiboles within the metadiabases (Bjorlykke et al., 1987). Scapolitization occurs

extensively in the centra1 metadiabase as poikiloblasts replacing plagioclase, and within

tuffites located in the hanging wall of the deposit (Bjørlykke et aL, 1987; Nilsen and

Bjorlykke, 1991).

Mica alteration is controlled by wallrock lithology, and includes the addition of biotite

in the metadiabases, and sericite and fuchsite in the metasediments (Nilsen and Bjorlykke,

1991). The hematite and chlorite alteration, associated with coarse crystalline carbonate,

probably postdates the earlier gold mineralization and may be related to Cambrian supergene

alteration (Bjørlykke et al., 1987).

Syenodiorite intrusions

A series of dikes of syenodioritic composition and assoc ated albite-carbonate veins,

as previously mentioned, crosscut the shear texture in the albitic felsites. and are also

crosscut by quartz-carbonate-chalcopyrite veins. Locally, these dikes have been experienced

pervasive carbonate alteration. Based on crosscutting relationships and alteration, the

syenodiorite dikes are interpreted to have been intruded at some period during or between

gold-rich to copper-rich mineralization.
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Age of Mineralimtion

The age of mineralization at Bidjoyagge has been const±ained by isotopic age dating

of the davidite (Bjorlykke et al., 1990). Ages of dayidites, found in association with the gold

ore, have been es6mated by U/Pb to be 1885 ± 18 Ma and supported by a Sm/Nd date of

1886 ± 88 Ma. Based on these ages, the gold-ore mineralization is considered to have

formed during the peak, or slight after the peak, of the Syecokarelian orogeny. Gold-rich

mineralization may then have occurred during or slightly after peak metamorphic conditions.

Copper-rich mineralization crosscuts the gold-rich mineralization indicating later phase of

mineralization.

Fluid Inclusion Study

Analvtical Methods

Approximately 25 samples from eight of the main ore bodies along the Bidjoyagge

anticline were selected for fluid inclusions analysis. Fluid inclusions analyzed are hosted

within quartz in veins and veiniets from the high grade gold zone, proximal ore zone and the

barren footwall vein systems.

Doubly polished sections, 100 to 150 im thick, of the Bidjovagge sarnples were

made, and microthermometric measurements were conducted at the fluid inclusion laboratory

at the Mineralogical-Geological Museum, Oslo, Norway. All measurements were made

during heating of the sample, generally at a rate of 5° per minute. Measurements were

mostly made using a LINKAM THM 600 heating-freezing stage, but because of temperature

fluctuations, high precision low temperature measurernents were made on a gas-cooled

CHAIXMECA stage. Calibration of the LINKAM THM 600 stage was conducted with a

series of natural and MERCK synthetic standards. Between -1420C (melting point of
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methylcyclopentane) to +200°C precision is approximately ±50C, and in the range of +200 to
9

+4000C the instrument showed a +10 to 150C deviation above true temperatures. High

quality low temperature measurements were made on the gas-cooled CHAIXMECA stage

that displayed a consistent accuracy and precision of ±I.00C between -1420C and +30°C. as

described for the same instrument by Andersen et al. (1991).

Symbols used for presentation of microthermometric data are presented in Table 1 and

microthermometric and Raman microprobe data for selected fluid inclusions are presented in

Tables 2 and 3.

Fluid Inclusion DescriptionandRelationshiPtogold mineralLation

Fluid inclusions, related to the gold mineralization, were classified into three different

groups using a modification of Shepherd et al. (1985) classification scheme based upon fluid

and solid phases present at room temperature. The three fluid inclusion groups also appear to

have a spatial zonation within the deposits, ranging from Group I inclusions within the

footwall vein system, Group II in the low grade ore zone, to Group III in the hiah grade gold

zone.

Group I. These fluid inclusions predominantly consist of liquid-rich two-phase

fluid inclusions with multiple solids, and also single-phase liquid inclusions (Fig. 5). The

liquid-rich two- or three-phase fluid inclusions, with multiphase solids, are composed of an

aqueous brine with one to two salt crystals, and a H20 vapor or pure CO2 bubble, and

daughter crystals. The liquid-rich two-phase fluid inclusions contain CO2 bubbles that are

sinde-phase liquid, while the three-phase fluid inclusions contain CO2 bubbles that are

liquid-rich, two-phase. Solid daughter crystals within these inclusions are common, and

although not positively identified probably include carbonate, actinolitic amphibole and minor

small opaque crystals. The second inclusion type of Group I are single-phase pure CO,
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liquid inclusions. Although the CO2rich inclusionstend to occur in separate clusters, both 1 0

types of fluid inclusions can be found within any same quartz crystal, which also contains

abundant carbonate solid inclusions. Fluid inclusionsof Group I are found within the

footwall gold barren veins, composed of quartz, carbonate, and actinolite.

Group 11. Multiphase solid + liquid inclusionsand minor single-phase liquid

inclusions are found together in Group II. The multiphasesolid + liquid inclusions consist

of an aqueous brine and one or two salt crystals, similar to Group I, and may contain a H20

vapor or CO2-CH4bubble (Fig. 5). These inclusionsalso contain daughter crystals of

possibly actinolitic amphibole and carbonate. Minor single-phaseCO2-0114inclusions are

found scattered as small clusters among the multiphasesolid+ liquid inclusions. Quartz-

carbonate veins hosting Group Il inclusionsare locatedwithin the oxidized albitic felsites of

the proximal or low grade gold ore zone. Minorquartz-chalcopyriteveins crosscutting

syenodiorite intrusions also host Group II fluid inclusions.

Group ifi. This group of inclusion in composed primarily of single-phase liquid

inclusions (Fig. 5). The CO2-CH4fluids range between samplesfrom CO2dominated to

CH4dominated. Also, minor amounts of ethane-richinclusions (determinedby Raman

microprobe, see below) occur in some samplescontainingCI-I4dominated fluid inclusions.

Group III inclusions are found within quartz-carbonateveinlets within the high grade ore

zones occurring in the sheared albitic felsites and follow either the shear planes or crosscut

the shear fabric.

Microthennometric analysis

Group I fluid inclusions dominated by CO2freeze to solid CO2and vapor upon

cooling to below -800C. During heating, the majoritymelt (Tmc02)at the CO2eutectic of
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56.60C. Occasional samples, from veins displaying similar mineralogy as of veins hosting

pure CO2 inclusions. have CO, rich inclusions with depressed melting temperatures between

57 and -63.50C. These depressed melting temperatures suggest a slight contamination of

CH4 (Burruss, 1981). Heating of the pure CO2 inclusions results in the homogenization

(Thcoi) to liquid at temperatures between -53 and 0°C, but with 75% of the inclusions

homogenizing bAtween -53 and -250C (Fig.6). Homogenization temperatures of the CO-,

inclusions contaminated with CH4 are similar to pure COn. ranging from -55 to -280C (Fig.

8)

Saline brines from Group I fluid inclusions freeze to ice plus salt, hydrates, and vapor

below -1(X)0C. Durine heating the ice begins to melt (Tininitiatice) in the range of -90 to

30°C. Final ice melting temperatures (Tmfinalice) are between -25 and -190C. Hydrohalite

melting was difficult to observe because of the high wt. % of salt in the inclusions. The low

Trnirdiiaiice melting behaviour of the saline brine indicates that both NaC1 and CaC12 are

present in the inclusions (Crawford, 1981). The unusual inidal melt temperatures observed

below -50°C may be due to metastable melting of the saline brine (Roedder, 1984).

Continued heating of the inclusions first resulted in the partial homogenization of the water

and vapor (ThEpo) typically between 100 to 2000C, usually followed by salt dissolution

(Tdsdt) in a wide range between 150 to 370°C (Fig. 7). Salt contents are calculated from

Haas (1976) and Tanger and Pitzer (1989), based on the salt dissoludon temperatures

(Tdsait), to be between 30 to 43 wt. %, equivalent NaCI. Decrepitation of fluid inclusion

before the final melting of the salt (Tinsdt) is common, occurring in up to 50% of the

inclusions measured in a sample, with average decrepitation temperatures between 2(() and

250°C,

Group II saline brine inclusions demonstrate very similar rnicrothermometric

characteristics as Group I. The ice has similar low temperature first initial melts (TminitiaIice)

ranging between -90 and -350C and final ice melting (Trnt-maiice) generally occurring between

-33 and -200C. Also, with these inclusions hydrohalite melting was difficult to observe
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because of the high salt contents. By continued heatingof Group II saline brines the 1 2

homogenization of the brine and gas (ThH20)usually occurredbefore salt dissolution

although the temperaturesof homogenizationof the H20 and the gas are not consistent.

Temperatures of homogenizationto liquid (ThH20)range between90 to 365°C (Fig. 7),

which is probably due to varying compositionof gases includingH20 vapor and CH4-0O2

mixtures. Generally, salt dissolution (Tdsaft)in Group H inclusionsoccurs between 170 to

370°C (Fig. 7). Salinities of these inclusions are between 30 to 43 wt. %, equivalent NaC1

(Haas, 1976;Tanger and Pitzer, 1989). Decrepitationof about 50% of the studied fluid

inclusions usually occurs during heating with average temperaturesbetween 150 to 250°C.

A minor number of gas-rich fluid inclusions found amongthe sa.linebrines of Group

H show variable microthermometricmeasurements. Fluidsdominatedby CO2display

melting temperatures (Tinc02) ranging from -72 w -56.60C,and temperaturesof

homogenization to liquid (Th0a2) from -6 to -60°C. Variableamountsof saline brine in the

inclusions result in clathrates that melt (Tmciathrate)between-11.4 to -6.8°C. Other

inclusions dominated by CH4 homogenizeclat temperatures(ThcH4)between -102 and

-75°C, and have clathrate melting temperatures(Tmciathrate)of -4.7 to -2.4°C.

Group III inclusions, dominated by CH4rich inclusions,display varied behaviour

during freezing including both homogenizationtype inclusions(H-type)and sublimation type

inclusions (S-type) as deflned by Van Den Kerkhof (1990) for CO2-0-14fluid mixtures (Fig.

8). The majority of the Group 111inclusionsdid not freeze duringcooling to temperatures of

around -180°C, and during heating the inclusionshomogenizedto liquid at temperatures

(rlICH4)between -125 and -65°C. These inclusions, therefore,classify as homogenization

type (H1-type). The lower temperatures of homogenization(ThcH4),below -105°C, are in

agreement with a very CH4-rich fluid (Van Den Kerkhof,1990). The higher temperatures of

homogenization to liquid (ThcH4), for Hl-type, between -105 and -65°C indicate a

component present in the fluid other than CI-14.Minor occurrencesof H-type inclusions,

have been found, that did not freeze, but homogenizedto liquid in the range of -50 to -25°C.
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The microthermometric behaviour of these inclusions may indicate that ethane 1 3

(Teritie0j=:+32.2;Weast et al., 1988) is present, or possibly other higher hydrocarbons.

Less commonly, sublimation type (S2-type) inclusions were found. These inclusions

experienced partial freezing during cooling to about -1800C and during heating,

homogenization to liquid occurred before final melting of the solid phase. Homogenization

in the presence of solid CO2 (Thscfl4+CC2)usually was measured between -105 to -65°C,

and sublimation (TsCO2-,-CH4),the final melting in a 52-type inclusion, occurred between -95

and -60°C. This behaviour is found in CH4 flu ds with 4 to 35% CO2 content (Van Den

Kerkhof,1990).

Raman Microprobeanalysis

Laser-excited Raman microprobe analysis were conducted in the laboratory of the

Geological Institute at Stockholm University, Sweden, with the help of Sten Lindblom. The

instrument used for analysis was a multichannel DILOR-XY, which is a successor to the

MICRODIL-28 (Burke and Lustenhouwer, 1987). Measured line positions of CO2, CH4,

and C2H6 were identified by comparison of listed values by Dubessy et al. (1989) and Van

Den Kerkhof (1991). Raman data for selected fluid inclusions are presented, along with

microthermometric data in Table 3

Raman microprobe analysis were conducted on a series of gas-rich inclusions from

the CO2-rich inclusions of Group I, and the CH4-rich inclusions of Group III. Analysis of

the CO2 inclusions in Group I confirmed that the fluids were pure CO2, as no other

appreciable species were found. Raman spectra for CO2 showed two peaks, the strongest

peak at Av=1385 cm-1, and the second peak at Av=1279 cm-1 (Fig.10a).

Methane-rich fluids analysed with the Raman microprobe from Group III provided

varied results. Generally,1-12-type CH4-rich inclusions which homoEenized below -105°C

showed a strong CH4 peak at Av=2911 cm-1 (Fig. 10b) and sometimes a characteristic



Fitner 13- trIsttke aud Andersen: Fluid Com sition of Proterozoic Gold and Co xtr de xtsits: An exam le...

carbon spectra. The carbon spectra was identified on the basis of two peaks, the stronuest
1 4

peak at about Av=1605 to 1608 cm-1 is usually narrower and more angular, whereas the

second peak found between Av=1327 to 1340 cm-1 is wider with a rounded top (Fig. 10e).

Carbon is probably present as a thin coating on the walls of the inclusions, as crystals were

not noted in the inclusions. The H-type CH4-rich inclusions which homogenized between

-125 and -65°C also displayed the same characteristic CI-L4peak, but the high surrounding

background suggested the presence of ethane or other hydrocarbons (Fig. 10c). The

presence of CO2 was not detected in these inclusions so the simple model of CH4 + COi

mixing could not be applied to account for the higher homogenization temperatures (ThcH4)

measured during microthermometric studies. Characteristic carbon peaks, as previously

described, were found in all the inclusions of this type which were measured. Inclusions that

displayed unusual homogenization temperatures in the range of -50 to -25°C indicating

ethane were confirmed to be composed of a mixture of CH4 and C21-16,and possibly other

hydrocarbons. An ethane peak was found between Av=2940 to 2951 cm1. In all fluid

inclusions measured of this type, carbon spectra was measured. probably indicatim: the

presence of carbon as a wall coating.

The CH4-rich fluid inclusions exhibiting 82-type characteristics were also analysed

with the Raman microprobe. These inclusions revealed the presence of both CH4 and CO2.

The CO2 spectra, in these inclusions measured, had the strongest CO2 peak at Av=1294 cnr

1, and the second peak was at Av=1383 cm-1 (Fig. 10d). No other higher hydrocarbons or

carbon coating were found.

After Raman rnicroprobe analysis, temperatures of homogenization remained

unchanged indicating that graphite was present in the inclusions before the analysis and did

not form during laser excitement.
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Pressure-temperutureestimation 1 5

No independent potential geothennometric or geobarometric mineral assemblages

have been found at Bidjovagge, although temperatures and depths of burial during

metamorphism have been estimated. The metamorphic grade is approximately upper

greenschist facies ichlorite + biotite + actinolite + hornblende + plagioclase) grading to

arnphibolite facies (garnet + homblende + cummingtonite + plagioclase) towards the

basement gneisses to the west (Sandstad. 1983). The tectonosu-atigraphic depth of burial is

estimated as 10 to 15 km.

An attempt has been made to calculate isochores from the fluid inclusion data from

Bidjovagge. Isochores for different compositions of fluid inclusions have been calculated by

ISOCHOR (Holloway, 1981) and FORTRAN programs by Nicholls and Crawford (1985).

Molar volurnes of CO2 + CH4 inclusions were estimated from application of Raman Probe

data, described below, and microthermometric data to TX diagrams of the system COn +

CH4 by Van Dcn Kerkhof (1990). Calculated isochores and Tinsallare plotted on figure 9.

Fluid inclusions composed of C2H6, CI-14+ C2I16 nnxes (Group III), or CH4 (±CO2) +

F120 + salt were not used for calculation of isochores

Isochores plotted for water + salt + CO2 from Group I, and 0-I4 along with CH4 +

CO2 frorn Group III inclusions cluster as a roughly parallel group 9). Calculated

isochores for pure CO2 inclusions of Group I plot at higher pressures, for corresponding

temperatures. Combined data for Group I and II for average Taisaitand highest Tmszinhave

been calculated and plotted as 245°C and 370°C, respectively.

Considering that mineralization occurred contemporaneously with deformation and

metamorphism we may loosely constrain the PT conditions of mineralization to be around 2

to 4 kbars, lithostatic, and less than 450°C. Generally, most isochores lie cross the 2 to 4

kbar range between 300 to 375°C (Fig. 9). Some CO2-rich inclusions isochores cross

above this "box" and some CH4-rich inclusion and 1120 inclusions cross below, resulting in
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a larger polygon" of possible trapping conditions (Fig. 9). By correlating the isochores and 16

the regional geologv we interpret mineralization to have occurred under lithostatic pressure of

2 to 4 kbars and at temperatures of 300 to 375°C.

Carbon and oxygen isotope geochemistry

Fluid-rock interaction, between the ore-forming fluids and the graphitic schists,

appears to be involved in the ore forming processes at Bidjovagge, therefore an attempt has

been made to determine the sources of carbon using carbon isotopes. Carbonate from veins

from a profile across the H deposit (Fig. 3) were selected for analysis of both carbon and

oxygen isotopic values. Carbonates were systematically selected from veins associated with

the Group I COn and saline brine in the footwall, the Group II saline brine, CI-14and CO2 in

the low grade ore zone, the Group III CH4 in the ore zones, and also carbonate altered

syenodiorite intrusions and mineralized carbonate veinlets in the graphitic schists. Samples

for carbon isotopc analysis were also selected from sedimentary carbonates, skarn altered

carbonates, and graphitic schist from the Bidjovagge area.

A total of 19 carbonate samples have been analyzed for both carbon and oxygen

isotopes by the GMS laboratory at the University of Bergen, Norway. Four graphite

samples from the graphitic schist were analyzed at Global Geochemiscry. Carbon isotopes

are standardized to PDB, and oxygen is standardized relative to SMOW.

Results

Results of 613C analysis from vein carbonates show variable values (Fig. I 1).

Analysis of 6 carbonate samples from the footwall veins and low grade ore zone veinlets

show 813C values of -0.66 to -1.9%c. Six carbonate samples separated frorn veinlets within

the higher grade gold zones have (513Cvalues ranging from -1.72 and -4.64%e. Carbonate
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separated from mineralized veinlets found within the graphitic schists, proximal to the ore 1 7

zones, demonstrate 313C values of -7.04 and -7.25%c. Carbon analysis from two carbonate

altered syenodiorite dikes have 613C values of -1.22 to -1.55%r.

Carbon isotope values around (1`:;-(PDB are displayed by both the sedimentary

carbonate and the skam altered sedimentary carbonate, with 613C values of +0.36 and -0.05

%c, respectively. Graphite from 4 graphitic schist samples have 313C values which group

around

Analysis of 6180, from the carbonates, typically have values between +10.92 and

+13.43%c, relative to SMOW (Fig. 11). The sedimentary carbonate and the skam altered

sedimentary carbonate display higher 3180 values of +16.11 and +19.42o, respectively.

Discussion

Fluids related to gold and copper mineralization at Bidjovagge, represented by fluid

inclusions and stable isotope data, are similar to those described at other Proterozoic deposits

in Fennoscandia and Australia (Goellnicht et al , 1989: tiguyen, 1989: Lindblom. 1993),

show a distinctive difference compared to the low salinity F120 + CO2 fluids described for

Archean gold deposits (e.g. Wood et al., 1986; Robert and Kelly, 1987; Walsh et al., 1988;

Burrows and Spooner, 1990). A model presented here provides an explanation for both the

transport and precipitation of gold and copper at the Bidjovagge deposit. and may be

applicable for other Proterozoic mesothermal gold-base metal deposits.

Fluid source

Fluid inclusion and stable isotope data from Bidjovagge suggest that a primary fluid

was introduced and interacted with the rocks during the alteration and ore-fonning processes.

The primary fluid may be represented by Group I high-salinity CO2 + H20 dominated fluid
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inclusions located within quartz-carbonate-actinolite veins in the footwall metadiabase. The 18

occurrence of these inclusions in the footwall metadiabase suggest that the fluids were

transported upwards along conduits within the shear zone. Fluid inclusions within the highly

sheared albite felsites, above the metadiabase. which comprise coeval groups of 1120 + salt

and pure COn inclusions, indicate that phase separation of the COn + HnO + salt fluid

occurred. The phase separation of CO2 from H20-rich fluids results in an increase in pH of

the fluid (Reed and Spycher, 1985) because of the reaction:

HCO3-(aq)+ H+(lq) 1120(aq)+ CO2(g)

The structural changes between the slightly deforrned metadiabases and the highly deformed

albite felsites indicate that phase separation occurred because of pressure reduction.

Carbon isotopes from carbonate separated from the footwall veins display 81:1C

values of -.66 to -1.9%c, relative to PDB, indicating that fluids had dissolved COn with 31:1C

values of approximately +1.0 to +.4%c, as calculated at a temperature of 350°C (Ohmoto and

Rye, 1979). Amphibolitization of the sedimentary carbonates within the footwall and core of

the Bidjovagge anticline indicates that fluid-rock interaction occurred which would have

resulted in the production of COn during actinolite-forrning reactions between 1120 and the

carbonate. The carbonates may have been a source of the COn found in the Group 1

inclusions as reflected by the 81:1Cvalues.

Oxygen isotopes from the carbonate samples with 8180 values generally between

+10.92 and +13.43 %c indicate that the fluid had 8.180 values of approximately 4-6.7 to +9.2

c/ocat 350°C, relative to SMOW (Friedman and O'Neil, 1977). With 8180 values such as

these, sources of water could either be primary magmatic or metamorphic (Taylor, 1979).

The salts which occur in high concentrations within the aqueous solutions may have been

derived from an igneous source or the surrounding metamorphosed sedimentary and volcanic

assemblage, and focused along the shear zone structures.
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Transport of metals 1 9

The highly saline FI20 + CO-i solutions found in the footwall most likely represent the

fluids which carried metals in solution before gold mineralization. Transport of gold as

chloride complexes is dependent on temperature, pH, and f0-, (Henley, 1973; Hayashi and

Ohmoto, 1991), therefore, high temperatures, high salinity, and the high f02 of the fluid at

Bidjovagge support gold transport as a chloride complexes (Fig. 12). The salinity of the

transporting fluid is estimated by salt dissolution temperatures in fluid inclusions to have

been between 30 to 45 wt. % NaCI. The f02 of the solution, based on the presence of pure

CO-i and the magnetite-pyrite and pyrite-pyrrhotite assemblages appears to have been about

-30 to -34 at 3500 (Fig. 12).

Similarly, other metals found at Bidjovagge such as copper and uranium may have

been transported by the same hiehly saline oxidizing fluid. Transport of copper by high

salinity brines as chloride complexing is likely. Uranium, found in davidites in association

with goki, would easily be transported in the oxidized uranyl state of ITG±possiblv

complexed with CO-, as uranyl dicarbonate complexes (Kirnberley. 1978; Rich et al., 1977).

Fluid-rork interaction

Although CH4-rich fluids can be produced during low grade metamorphism of organic-rich

sediment (Mullis, 1979; 1987) and at high grade rnetiunorphic conditions (Hollister and

Burruss, 1976), we suggest that CH4 at Bidjovagge was produced in situ durine fluid-rock

interaction. The presence of CO2 dominated fluids (Group I) in the footwall, versus CH4

dominated fluids (Group III) in the oxidized ore zone surrounding the graphitic schist shows

two end-member fluids, with the latter presurnably forming during an equilibrium fluid-rock

reaction.
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Oxidation fronts along the boundahes of the graphitic schists appear to have been 2 0

caused bv the introduction of CO, + saline H2O fluids which moved up along the shear

zones in the footwall. Reaction of these fluids with carbon in the araphitic schists could have

produced CH4-rich fluids, seen in both Group II and Group III fluid inclusions, bv a

reaction such as

2C + 21120 = CH4 + CO2 (I)

Group II fluid inclusions with highly saline IDO with minor amounts of CH4 and CO, may

represent a partial reaction, involving the reaction (1), with the wall rocks.

Lowering of f0-) along the narrow oxidation zone produced a steep f02 gradient.

The fOl gradient is exemplified by oxidation fronts seen in outcrop (Fig. 4), and the

zonation of magnetite + pyrite in the footwall veins to pyhte + pyrrhotite in the oxidation

zone

Carbon isotope data from vein carbonate supports a fluid-rock interaction model.

Two end member sources for carbon include the graphitic schists (613C —20%) and the

sedimentary carbonates (313C Deeper crustal sources may have contributed carbon

but mixing with enriched 13Cduring skarn alteration of the sedimentary carbonates may have

obscured the presence of this source. Isotope analysis of footwall vein carbonates, as

discussed above, suggest that fluids had 313C values of approximately +1.3 to +.7%c

reflecting sedimentary carbonates as the carbon source. The proaressively more depleted

313C values from the ore zone vein carbonates (813C = —1.2to -4.64%4 to the graphitic

schist-hosted vein carbonates (613C —77c4appear to be the result of a complex equilibrium

fractionation between a fluctuating CO, and 0-14 fluid formed during fluid-rock interaction.

Deposition ( f metals

Fluid inclusion and carbon isotope data indicate that phase separation together with

fluid-rock red-ox reactions were controlling factors in the deposition of gold and copper
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within ductile to brittle shear structures, followed by copper mineralization. Gold, minor 2 1

uranium, and some copper mineralization occurring in zones within the intersection of the

shear structures and the oxidation front to the graphitic schists led Bjørlykke et al. (1987) to

suggest that changes in oxygen fugacity or pH resulted in gold precipitation at Bidjovagge.

The solubilities of gold as chloride complexes, as discussed previously, is dependent

on temperature, pH, and f02 (Henley, 1973; Hayashi and Ohmoto, 1991). Phase separation

of CO-, from the H20 + salt solution as fluids moved up into the highly sheared albite felsites

would have resulted in an increase in pH, buffered by the assemblage magnetite + pyrite, and

resulting in reduced solubility of gold as chloride complexes (Fig. 12). Reducing the f02 of

the fluid by the red-ox reaction with graphitic schist would result in further reduced solubility

of gold (Fig. 12). The combination of increased pH and decrease f02 therefore resulted in

the precipitation of gold together with pyrite + pyrrhotite. Similar mechanisms of a reduction

in f02 for precipitation of gold in quartz veins has been proposed by Bottrell et al. (1988),

Cox et al. (1991), Goellnicht et al. (1989) and Nguyen et al.(1989). Uranium transport as

uranyl dicarbonate complex would similarly become unstable by lowering f02 (Kirnberley,

1978; Rich et al., 1977) therefore resulting in uranium precipitation. Chalcopyrite found in

the quartz + carbonate ± actinolite vein system, related to gold mineralization, may have

precipitated from the same fluids. Copper precipitation from chloride complexes is

dependent on temperature, pH, oxygen and sulfur fugacity (Barnes, 1979; Helgeson, 1969).

Similar to the proposed mechanism of gold precipitation at Bidjovagge, an increase in pH

together with a decrease in f02 would result in chalcopyrite precipitation (Fig. 12).

Chalcopyrite-carbonate veins, and minor bornite, within brittle structures that crosscut

earlier gold-copper mineralization may have occurred during a later event of an evolving

hydrothermal system. This evolved system, which is the subject of continuing research, will

be described in detail (in preparation). Considering that mineralization occurred in open

britfie veins and is spatially associated with the gaphitic schists a few mechanisms of copper

precipitation is possible. 1f transport in this evolved fluid occurred as chloride complexes
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precipitation mechanisms may include the influx of meteoric water reducing chloride
2 2

concentration, decreased temperature, and a increase of H2S concentration by redox reaction

with the graphitic schists (Barnes, 1979). Alternatively, deposition from sulfide complexes

may occur as a result of pH increase, or phase separation by pressure decrease (Barnes,

1979) dudng brittle deformation, or by phase separation by CH4 mixing (Bowers. 1986)

during fluid reaction with the graphitic schists, similar to the gold precipitation mechanism

described by Walsh et al. (1988).

Preferred model

Both ductile and brittle structural textures at Bidjovagge indicate that shear

deformation, correlated to the Baltic Bothnian megashear zone, occurred near the brittle-

ductile transition. The correlation of the ductile-brittle shear su-uctures and the metamorphic

transition from upper greenschist to amphibolite metamorphism (Colvine, 1989; Sibson,

1977) as founcl at Bidjovagge. agrees with the proposed geologic evolution of the

Fennoscandinavian Shiekl in that metamorphism and shear deformation were roughly

synorogenic (Berthelsen and Marker, 1986; Bjørlykke et al.; 1992; Pharaoh and Brewer,

1990). Age dating of 1885±18 Ma of the gold mineralization at Bidjovagge (Bjørlykke et al.,

1990) indicates that fluid migration up through the shear zone and mineralization, may

therefore have at the peak, or slightly after the peak, of the Svecokarelian orogeny.

Deformation of the ore body and supports this proposal.

Similar to structural models proposed for many other quartz vein hosted gold lode

deposits (Colvine, 1989; Vearncombe, et al., 1989), the fluids at Bidjovagge appear to have

been focused along shear zones. Catneron (1989a, 1989b, 1989c) proposes that relatively

oxidizing CO2 and 1-120fluids derived from the lower crust during metarnorphism would

transport both sulfides and gold up through shear zones. Within the Bamble Belt, of

southern Norway, Cameron (1989b, 1989c) showed that zones of granulite to upper
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arnphibolite metamorphosed and deformed rocks are strongly depleted in Au. Sb and As, and
r) 3

depleted in Rh. S and Cu. Carneron (1989a) therefore suggests that fluids rich in COn could

transport An, Sb, As, Rb, S. and Cu from the lower crust up along shear zones, depleting

the lower crust in these elements, and precipitate gold in the brittle-ductile transition. Fluid

inclusion studies of the Bamble Zone indeed show a pervasive dominance of CO, +1-1,0

fluids (Touret, 1981).

Within deep fluid-rich shear zones Newton 0990) has shown that high CO-)

pressures may result in the formation of alkaline partial melts. The presence of syenodiorite

intrusions at Bidjovagge occurring as lenses within the fluid-rich shear zone may have been

formed similar to the model proposed by Newton (1990). These lens-shaped intrusions,

crosscutting shear texture, albitized and carbonatized locally, and occasionally crosscut by

quartz-chalcopyrite veins hosting fluid inclusions with a saline FI20 and CH4±CO2

composition (Group II) appear to be roughly syngenetic to mineralization.

In the case of Bidjovagge, where it appears that, together with syenodiorite

intrusions, highly saline H20 + CO2 fluids have transported gold and copper aloniz a shear

zone and deposited the metals in the brittle-ductile zone. the model of Cameron (1989a) is

applicable. Relatively oxidizing fluids rich in high sahnity could have transported

gold and copper as chloride complexes, both derived frorn the lower crust, and was focused

along the shear zone exposed in the Bidjovagge area (Fig. 13). Amphibolite-forming

reactions with the sedimentary carbonates within the Bidjovagge anticline may have resulted

in a mixing of carbon isotopes and, therefore reflecting fluids with lower 613C values seen in

the footwall of the Bidjovagge deposit. As the CO-) + H20 + salt fluids moved upwards into

the highly sheared albite felsites phase separation of the CO2 from the H20 + salt solution

occurred resulting in an increase in pH of the fluid which was buffered by the magnetite +

py0te assemblage (Fig. 12 & 13). Redox reactions between the fluids and the graphide

schist resulted in the oxidation of the schist, production of CH4, zonation of magnetite +

pydte to pyrite to pyhte + pyrrhotite, and lowered f02 of the fluids (Fig. 12). The
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combination of increased pH and lowered f02 of the fluids resulted in reduced solubility of
7 4

the gold and copper as chloride complexes and precipitation occurred (Fig. 12). Copper

precipitation appears to have occurred throughout the pH and f02 changes, but gold

precipitation is restricted to the stability boundary of pyrite + pyrrhotite within the oxidation

front to the Eraphitic schist (Fig. 13). Pressure and temperature estimates for mineralization,

based on fluid inclusions and geologic constraints, are between 2 to 4 kbars and around 300

to 375°C. Although the syenodiorite dikes appear to have been intruded during the phases of

mineralization, their participation in mineralization by is unclear, yet the high temperature

aqueous fluids and corresponding high salinities indicate that the intrusions may have

influenced the temperature of the tluid andior was a source of saline aqueous fluids and

metals.

As the hydrothermal system matured, copper-rich mineralization occurred in more

brittle structures crosscutting structures hosting uold-rich mineralization. Generally, the

mineralization style and vein mineralogy indicate that conditions were different than during

the earlier gold mineralization. Precipitation of dominantly chalcopyrite and carbonate

possibly occurred as a result of phase separation by pressure decrease during brittle

deformation, influx of meteoric water, an increase of H2S concentration by redox reaction

with the graphitic schists, pH increase, or by phase separation by 0-14 mixing during fluid

reaction with the graphitic schists.

The model of ore paragenesis for Archean mesothermal gold deposits does not easily

fit the Bidjoyague gold-copper deposit. Models for Archean deposits suggest that gold was

transported as Au(HS)2- complexes by low salinity Fi20 + CO2 solutions (Groves et al.,

1987; Neall and Phillips, 1987; Robert and Kelly, 1987; Walsh et al., 1988) and deposition

occurred as a result of either fluid unmixing (Rolxrt and Kelly, 1987; Walsh et al., 1988) or

sulfidization (Groves et al., 1987; Neall and Phillips, 1987). Transport of gold and base

metals, such as copper at Bidjovagge, in a high temperature, high f02, and highly saline

aqueous solution is most easily accomplished by chloride complexing. At Bidjovagge
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precipitation of gold and copper from chloridecomplexesappearsto have occurred by a 2 5

combination of increasingpH during phase separationand decreasingf02 during red-ox

reaction between the fluid and the graphiticschists. Similarmechanismsfor gold

precipitation, including temperature reduction,has been proposedby Bottrell et al. (1988),

Cox et al. (1991), Goellnicht et al. (1989) and Nguyen et al.(1989).

The co-mineralizationof copper and gold mineralizationin the Bidjovagge deposit is,

therefore, explained by the ability to transportboth metalsas chloridecomplexes. The low

base metal contents of Archeangold deposits, in contrast to the Bidjovaggegold-copper

deposit may simply be explained by the absenceof high salinitysolutions to transport base

metals.
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Figure Captions

Figure 1: Generalizedgeologic map of the northwestportionof the Baltic Shield

including areas of northem Norway, Sweden and Finland. After Krill et al. (1988) and

Bjørlykke et al. (1992). Small boxes labelled"S" and "P" locate the Saattopora and

Pahtohavare deposit.s.Tectonic windows in the Caledonidesexposingthe northem extension

of the Kautokeino greenstone belt are labelledas "AK": Alta-Kvænangen,"A": Altenes,

and "R": Repparfjord-Komagfjord.

Figure 2: Generalizedtectono-stratigraphicsection of the northwesternKautokeino

greenstone belt (after Siedleckaet at, 1985;Vik, 1985). Circled asterisk schematically

shows location of the Bidjovagge Au-Cu deposit.

Figure 3: Geologicmap of the Bidjovaggeantiform with locationof individualore

lenses along shear zones on the antiform's eastem limb. Modifiedfrom Nilsen and

Bjørlykke (1991).

Figure 4: Oxidationfront in graphitic schists at outcropscale. Hammer for scale.

Figure 5: Compositephotos of the three main fluid inclusiongroups found at

Bidjovagge, photographedat room temperatureand differentfocal levels. Scale bars: 0.05

mm. a.) Group I saline aqueous solution with salt crystal, liquid CO2bubble and minor

daughter crystals. b.) Group I liquid CO2 inclusions. c.) Group II saline aqueous

solutions with salt crystal and additional daughter crystal. d.) Group III liquid CH4± liquid

CO2 inclusions.

3 2
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Figure 6: Microthermometric data for hornogenization of Group 1pure CO2 inclusions 3 3

contained within footwall quartz-carbonate-actinolite veins.

Figure 7: Microthermometric data of hornogenization and salt dissolution for Groups I

and 11.

Figure 8: Microthemiometric data of GROUP 111gas-rich inclusions, with

homogenization temperatures above tbe baseline and gas melting, or sublimation for S type

inclusions, below the baseline.

Figure 9: Isochores for Group I and III fluid inclusions, along with average and

maximum salt dissolution temperatures. A "polygon" of possible tluid trapping conditions is

drawn between 275 and 375°C. Interpreted trapping conditions based on geological evidence

(see text) is between 2 to 4 kbars and 275 and 375°C.

Figure 10: Typical Raman probe spectra obtained from Bidjovagee samples including a.)

CO2 spectra, b.) Fl-type CH4 spectra, c.) carbon spectra, d.) 1-1-type0-14 spectra wnh

hydrocarbons, and e.) S-type CO2 spectra.

Figure 11: Carbon and oxygen isotope compositions of carbonates from different

lithologies, ore zones and veins at Bidjovagge. Carbon isotopes are standardized to PDB and

oxygen isotopes are standardized to SMOW.

Figure 12: Log fo, vs. pH diagram for the Fe-S-0 system, showing phase relat onships

calculated for 350°C and 3 kbar with SUPCRT92 (Johnson et al., 1991). CH4-0O2-HCO3-

equilibrium shown as short dashed lines. Solubilities of AuC12-are shown as solid lines in

ppm, calculated at 350°C with a loe K of -2.5 (Hayashi and Ohmoto, 1991). CuCI
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solubilities, in ppm, shown as long dashed lines (Data from Crerar and Barnes, 1976). Fluid
3 4

cornposition used in diagram include IS=0.01m, and 25 wt c,T1.NaCI (C1-=5.7m). Arrows

shows possible fluid path during gold and copper rnineralization; A.) Fluids decrease in pH

and f02 during phase separation and buffering by the pyrite-magnetite-hematite assemblage,

B.) A drarnatic drop in fOi during red-ox reaction with graphitie schist results in gold

precipitation together with a pyrite-pyrrhotite assemblage.

Figure 13: Schematic block diagram of a Bidjovagge deposit showing the fluid evolutron

and rnineralization. An H20 + CO->+ salt fluid canying Au and Cu as chloride complexes

moves up along shear zone. See text for discussion.



TABLE 1: Explanation for abbreviations of mierothermometrie measurements

Tdsati

ThCO2

ThCH4

ThFDO

ThsCH4+CO2

Tmclathrate

TmCO2

Tmfina1ice

Tminitialice

TsCO24-CH4

Dissolution of Salt Temperature

Homogenization of COi Temperature

Homogenization of CI-14Temperature

Homogenization of E20+vapor/gas Temperature H20

Hornogenization Temperature of CH4±CO2 in presenee of solid
(Van Den Kerkhof, 1991)

Clathrate melting Temperature

Melting of CO-)Temperature

FinaI Melting of Ice Temperature

Initial Melting of Ice Temperature

Sublimation of CO2+CH4 solid Temperature (VanDen Kerkhof, 1991)

a)0
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TABLE 2: Microthennometric data for selected saline aqueous inclusions, Groups I and II.

GROUP Inclusion No. Tm initial ice Tm final ice Tm hydrate Tm CO2 Th CO2/CH4 Tm clathrate Th H20+gas Td salt

Group I B090-1-1 -39.9 -22.4




25.3 -2.3 150




BG90-1-28 -39.6 -22.1




116 222




BG90-1-49 -35.0 -22.9 9.1 -56.6 -1.8 -12.3




BG90-1-52 -34.1 -21.4




150 227




BG90-17-A10





186 274




BG90-8-A1 -79.9 -34.9 4.8





BG90-8-A 11 -80.3 -35.2 1.6





Group II BC90-156-A8 -82.9 -28.5 3.5




150 269




BC90-156-A 11 -88.4 -24.8




159 178




8C90-156-A13 -86.1 -28.2 3.8




126 212




8C90-156-A21 -71.6 -24.7




-102 -3.0




112




BC90-156-A22 -57.6 -23.5 8.3




-91 -2.4




289




BC90-114-B11 -54.8 -21.5 6.2 -72




-11.4 157 236

Ft.;\
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TABI.F. 3: Microthenuometric and Raman da0 on selected gas-rich inclusions of Groups 1, II. and III








GROVP 4

Inclusion No.
Trn CO2 Th CO2 Ts Tlis Th CH4 Th CO2 peak C114 peak CO2




CO.3-1-CH4 C1141-00,3




C114+C-2116 (cm-1) (crn mole(4,

Group I 13G90-17-C I -56.6 -37.7






13G90-17-05 -56.6 -30.4






I3G90-17-C I0 -56.6 -15.0




1385.1




BG90-42-A2 -56.6 -39.6




1385.1




13G90-42-A3 -56.6 -49.3




1385.1




13G90-42-A5 -56.6 -47.1




1385.1




BG90-42-B24 -56.6 -52.0






Group 11 BC90-1 14-B9 -64.2 -38.4






BC90-114-BIO -64.3 -60.7






13C90-114-B12 -65 -59.5






BC90-156-A30




-86.4





BC90-156-A32




-79.7




Group 111 BC90-137-A10 -76.7 -76.0






BG91-72-Al -63.3 -28.0




1385.1 2911.5




BG91-72-A2 -63.7 -50.9




1385.1 2912.8




B69 I -72-A3 -62.7 -41.8




1385.1 2911.5




BG91-72-A4 -63.5 -47.6




1385.1 2912.8 0.85




BG91-72-A5 -63.9 -43.2





1385.1 2910.7 0.78




BG91-72-A18 -60.1 -37.3





1385.1 2911.5 0.92




BC90-137-A4





-70




2911.5




11250-A4





-111.4




2910.7




I1250-A21





-78.7




2911.5




BC90-137-A8




-73.0 -78




1299.4* 2911.5




11250-1335




-68.9 -88.6






11250-B37




-87.2 -96.6




1294.3* 2911.5 0.15




11250-B45




-71.1 -108.9






BC91-249-A2






-52.9




2911.5




BC91-249-A8






-39.6





* Stongest CO2 peak in -S-type." inclusions
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ABSTRACT

Gold and copper mineralization of Early Proterozoic age occur along shear zones

cutting tnetamorphosed sedimentary and volcanic rocks, within the Kautokeino

greenstone belt, Finnmark, northern Norway. A fluid inclusion study of quartz veins

at the Bidjovagge Au-Cu mine, Ucca-vuovdas, Masi River and Object 43, and of

pegmatitic quartz at Dielljadas, has been conducted in order to model fluid evolution

along the shear zone at different crustal levels. Fluid inclusions associated with the

pegmatitic intrusions in amphibolite facies metamorphic rocks are composed of a low

to moderately saline 1110 + COn solution. Within the upper to middle greenschist

facies, fluid inclusions contain immiscible highly saline HnO and COn. At low

greenschist facies, fluid inclusions contain immiscible highly saline HnO and Nn.

The highly saline 1120 + CO2 fluids were at temperatures between 250 and 400"C and

resulted in the albitization, carbonatization and scapolitization of the wall rocks along

the shear zones. High temperatures, high salinities, and high of the fluid resulted

in transport of gold and base metals as chloride complexes. Mineralization, such as at

the Bidjovagge Au-Cu mine, formed within the ductile to brittle transition in the shear

zone as a result of phase separation and reaction of the mineralizing fluids with

graphitic schist. Reduced solubility of metal chloride complexes resulted from the

phase separation of COn from H10-rich fluids which increased pH. and from

interaction with graphitic schist that drastically reduced the oxygen fugacity of the

fluid. Reaction with the graphitic schist also resulted in oxidation of the schist, and

addition of CH4 and higher hydrocarbons to the fluid. A metal zonation exists, with

copper occurring at each crustal level exarnined and gold restricted to the brittle-

ductile transition. The tendency of gold to be precipitated predominantly in the

brittle-ductile transition may reflect the dependence of gold transpon on temperature

and pressure. Methane in fluid inclusions may serve as a guide to areas where fluid

reaction with graphitic schist occurred, such as in the Bidjoyagge Au-Cu deposit.
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INTRODUCTION

Metarnorphic and magmatic fluids are thought to migrate and evolve along shear

zones, on a regional scale, within metamorphic and tectonic belts (Crawford and

I lollister, 1986; Newton, 1990). Studies of fluid inclusions have profoundly

contributed to the understanding of fluid migration and evolution within shear zones

(i.e. Craw, 1988 and 1990; Nwe and Grundrnann, 1990; Andersen et al., 1991). The

transport of metals and formation of some hydrothennal mineral deposits has been

attributed to the evolution of such fluids along shear zones (Cameron, 1989b;

Colvine. 1989; Kerrich and Feng, 1992).

The Kautokeino greenstone belt of Proterozoic age, in Finnmark county, Nonvay,

contains several areas of shear zone-hosted gold and copper mineralization, and of

albite-carbonate alteration within a cross-section of medium to low grade

metamorphic facies. Similarities in hydrothermal alteration and mineralization

between different areas suggest that the fluids had related chernical and physical

characteristics. This cross-section of mineralized and altered areas in the Kautokeino

greenstone belt allows an unique opportunity to study shear zone-hosted

mineralization at different metamorphic grades (i.e. crustal levels).

The best known area of mineralization and alteration in the Kautokeino greenstone

belt is the Bidjovagge aold and copper mine. The Bidjovagge deposit was exploited

for copper between 1970 to 1975 by A/S Bleikvassli Mining Company and A/S

Sydvaranger (Hollander, 1979), and between 1985 to 1991 both gold and copper were

mined by Outokumpu Oy. During the first mining period approximately 400.000 ton

of copper ore, with grades of about 1.8% Cu, were mined (Ekberg and Sotka, 1991).

By the end of 1990 1,700,000 tons of ore grading 4.1 g/t gold and 1.19% Cu had been

mined by Outokumpu Oy (Ekberg and Sotka, 1991).

A fluid inclusion investigation of the Bidjovagge deposit and other selected

mineralized and altered areas has been undertaken to compare fluid chemistry and

physical conditions (temperature and pressure) of related fluids along the shear zones.

Knowledge of the PT conditions (i.e. crustal depth) for formation of Au-dominated
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vs. Cu-dominated mineralized areas in the Kautokeino greenstone belt may benefit

exploration for Bidjovagge-type deposits. Results of this investigation together with

a model of fluid evolution and Au and Cu rnineralization at different crustal levels

along shear zones in the Kautokeino greenstone belt are presented in this paper.

REG1ONAL GEOLOGY

Within the northern Fennoscandian shield of Norway, Sweden and Finland. a series

of Proterozoic greenstone belts, hosting mesothermal gold deposits, occur within

Archean basement complexes (Fig 1). Deposits similar to the Bidjovagge deposit

include the Saattopora deposit near Kittilä in Finland, and the Pahtohavare deposit

near Kiruna in Sweden (Bjørlykke et al., 1993) (Fig. 1).

The Kautokeino greenstone belt, which hosts the Bidjovagge deposit. trends north-

south through the western portion of the Finnrnark plateau. This greenstone belt is

bordered by two Archean gneissic domes; the Jer/gul gneiss complex on the east and

the RaVszedno gneiss cornplex on the west (Fig. 2). Along the northern edge of the

Kautokeino greenstone belt, the rocks are unconfonnably overlain by Late

Precambrian sandstones of the Dividal Group, which is overlain by Caledonian thrust

nappes (Rarnsay et al., 1985). Aeromagnetic maps of Finnmark (Olesen et al., 1990)

indicate that the Kautokeino greenstone beh continues northward, under the Dividal

Group and Caledonian nappes, and is exposed in tectonic windows near the town of

Alta (Fig. 1).

Lithology

The Kautokeino greenstone belt is composed of mafic volcanic and sedimentary

rocks (Holmsen et al., 1957; Olsen and Nilsen, 1985; Siedlecka et al., 1985), inferred

to be early Proterozoic in age (Krill et al., 1985) and to have been deposited during

the rifting and subsequent filling of an intracratonic or back arc rift (Siedlecka et al.,

1985; Bjorlykke et al., 1987). Three tectono-stratigraphic sections have been
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compiled for parts of the Kautokeino greenstone belt; the southern and central areas

(Olsen and Nilsen, 1985), the north-western Bidjovagge area and the eastem Masi-

Carajav'ri area (Siedlecka et al., 1985) (Fig. 3).

The oldest unit of the Kautokeino greenstone belt are the amphibolitesof the

Gål'denvarri Formation are inferred to be Archean or Early Proterozoic in age

(Siedlecka et aL, 1985). The Gårdenvarri Formation is unconformablyoverlain by

the basal portion of the Proterozoic greenstone belt section, which is dominantly

composed of quartzite of the Masi Formation. Locally, komatiitesof the

Baharav'dujav'ri Formation, having a Sm-Nd age of 1980± 25 Ma, are found at the

base of the section (Olsen and Nilsen, 1985; Olsen and Nilsen, 1989). In the north-

western Bidjovagge area the section is truncated by faults and granitic intrusions

(Sandstad, 1985, 1992) and the basal section is not exposed (Fig. 2 & 3).

The middle portion of the tectono-stratigraphic section of the greenstone belt is

represented by the Cas'kejas, Suoluvuobmi, Lik'ca, Av'zi, and Stuorajav'ri

formations (Fig. 3). These formations comprise metamorphosedsedimentary rocks,

volcano-sedimentary rocks, mafic volcanic rocks, and diabasic rocks (Olsen and

Nilsen, 1985; Siedlecka et al., 1985). A minor occurrence of ultramafic rocks in the

Suoluvuobmi Formation are interpreted as komatiites (Siedleckaet al., 1985).

Metasedimentary rocks of the middle portion of the tectono-stratigraphicsection

consist of carbonates, black graphitic schists, and meta pelites (Siedlecka et al., 1985).

The upper part of the tectono-stratigraphic section of the Kautokeino greenstone

belt, represented by the Caravarri and Bik'kacåkka formations (Fig. 3), is dominantly

comprised of siltstones and feldspathic sandstones (Olsen and Nilsen, 1985; Siedlecka

et aL, 1985).

Metamorphisrnand Structure

The rocks of the Kautokeino greenstone belt have been regionally metamorphosed

and also deformed along shear zones of regional extent during the Early Proterozoic

Svecokarelian orogeny. The highest metamorphic grade is upper amphibolite facies

5



Euner Iforlykke Andersen: Fluid evolurion and Au-Cu enesis alon a shear zone: A re Oonal fluid inelusion

(garnet zone or biotite zone + lower garnet zone) and occurs along the marains to the

gneissic terrains (Holmsen et al., 1957). The higher rnetarnorphic facies gradually

grade to lower greenschist facies (chlorite and lower chlorite zones) towards the

middle of the greenstone belt (Holmsen et al., 1957; Siedlecka et al., 1985; Krill et al.,

1988; Sandstad, 1992) (Fi. 2). Metamorphic grades can be roughly correlated with

the stratigraphic units described above. For example, the lower parts of the tectono-

stratigraphic section are amphibolite to upper greenschist facies, the middle portions

of the section are upper to middle greenschist facies, while the upper parts of the

section are lower greenschist facies. Therefore, we can consider the metamorphic

grades to roughly reflect crustal depths.

Field mapping (i.e. Holmsen et ad., 1957; Sandstad, 1992) combined with detailed

geophysical studies Olesen et al. (1991) of the Kautokeino greenstone belt have

revealed intense shear deformation and folding. Two main regional shear zones,

described by Olesen et al. (1991), include the NE-SW trending Mierujavjri-Sværholt

Fault Zone (MSFZ) which cut the northeastern section of the Kautokeino greenstone

belt, and the NNW-SSE trending shear zones in the western area of the greenstone

belt (BBMZ) (Fig. 2). These NNW-SSE trending shear structures have been

interpreted by Nilsen and Bjorlykke (1991), Olesen et al. (1991), and Bjørlykke et al.

(1993) to be northern extensions of the Baltic-Bothnian megashear zone (BBMZ) of

Berthelsen and Marker (1986). Large scale fold structures within the Kautokeino

greenstone belt generally trending parallel to shear structures, NNW to NE (Holrnsen

et al., 1957; Olesen and Solli, 1985; Sandstad, 1985).

Both the structural deformation and the metamorphism appear to be a result from

two separate continent-continent and arc-continent collisions during the

Svecokarelian orogeny at approximately 1.9 to 1.88 Ga (Skiöld, 1988; Pharaoh and

Brewer, 1990; Bjørlykke et aL, 1993). Two intrusive periods occurred related to the

Svecokarelian orogeny, resulting in foliated "old" granites between 1900 and 1880

Ma and monzonitic intrusions between 1870 and 1860 Ma (Skiöld, 1988; Bjørlykke et

al., 1993). Fluvial sedimentation occurred in the Baltic Shield shortly after the main
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orogenic event. and before intrusion of post-orogenic monzonites, reflecting rapid

crustal uplift (Bjorlykke et aL, 1993).

REGIONAL MINERAL1ZATION AND ALTERATION

Several areas of Cu, Au. and U-REE mineralization or albite-carbonate alteration.

including the Bidjovagge Au-Cu mine, oecur in the Kautokeino greenstone belt and

have been the focus of prospecting and study (i.e. Holmsen et al., 1957: Bjorlykke et

al., 1985: Bjorlykke et al., 1987).

Metasornatic alteration includes albitization, carbonatization and scapolitization.

Albitization has been described from several mineralized and untnineralized areas by

Gjelsvik (1957), Holmsen et al. (1957). Bjorlykke et al. (1985) and Jensen (1988).

Albitization ranges from incomplete albitization of wall rocks to pervasive coarsely

crystalline albite and microcrystalline albite felsite. Two periods of albitization are

apparent, an early metasomatie period producing albite felsite at the contacts between

diabase sills and metasedimentary rocks, and later discordant albite felsite along shear

zones. At the Bidjoyagge mine, the earlier albite felsite occurs at the contact between

graphitic schist and diabase sills. Bjorlykke et al. (1987) suggested that this albite

felsite formed when diabase sills intruded wet sediments, and albitization resulted

from the circulation of hot sea water. Discordant albite felsite are associated with

carbonatization alonz faults and appears to be related to fluids that migrated through

the shear zones.

Scapolitization occurs extensively in the Kautokeino greenstone belt and has been

described by Holmsen et al. (1957) and Bjørlykke et al. (1987). In places at

Bidjovagge, host rocks consist of seapolite poikiloblasts forming up to 50 volume

percent of the rock (Bjorlykke et al., 1987). Similar regional scapolitization has been

described in Finnish Proterozoic greenstone belts by Tuisku (1983).

Of the many areas of mineralization and alteration in the Kautokeino greenstone

belt, five localities have been chosen in this study to represent mineralization at
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different metamorphic grades. These areas include the U-Cu anornaly at Dielljadas in

amphiholite facies rocks, the Bicljovagge Au-Cu mine which is located at the

boundary between amphibolite to greenschist facies, the Masi River carbonate-albite

alteration area in greenschist facies rocks, copper with minor gold mineralization at

Ucca-vuovdas which is in greenschist facies, and copper with minor gold

mineralization at Object 43 in lower greenschist facies rocks (Fig. 2).

Dælljadas

The Dielljadas area has been a focus of prospecting by Outokumpu Oy because of a

Cu anomaly. Dælljadas is located west-northwest of Kautokeino, along the western

edge of the Kautokeino Eireenstone belt (Fig. The area is composed of amphibolite

facies metavolcanic and metasedimentary rocks of the Casicejas Formation which are

intruded by granodioritic to granitic pegmatites (Fig. 3). Chalcopyrite occurs as

structurally controlled disseminations together with uranium. Nlinor albitization of

the greenstones occurs at Dælljadas.

Bitljavagge Au-Cu deposit

The Bidjovagge Au-Cu deposit is hosted within shear zones that cut upright

isoclinally folded rnetavolcanic and metasedirnentary rocks of the Cas'kejas

Formation at the metamorphic boundary between the amphibolite and the greenschist

facies rock (Fig. 2, 3). Host rocks for mineralization are commonly tectonized albitic

felsites. produced from metasomatisrn of black shale and tuffaceous sediment.

Syenodiorite dikes, located close to rnineralization, are crosscutting shear fabric and

may be related to rnineralization.

Mineralization at Bidjovagge has been divided into two types, gold-ore type and

copper-ore type (Bjørlykke et al., 1987). The gold-ore type has grades of 5-20 ppm

Au and 0.1-0.5 % Cu. The copper-ore type grades are 2-5 % Cu and less than 1-2

ppm Au. Generally, the gold and copper ore types can also be distinguished by the

nature of the structural setting in which rnineralization is hosted; generally gold is
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within ductile to brittle structures, whereas copper mineralization is within brittle

structures.

Mineralization of the gold-ore type is located within the shear zones where the

structures intersect graphitic schists and oxidation and albitic alteration of the

graphitic schists is developed. On a small scale, gold mineralization occurs within

shear planes and microbrecciation zones in the albitic felsite. Mineralization typically

occurs as finely disseminated native gold and gold telluride (calaverite) within

sheared and microbrecciated albitic felsite. Veins also contain quartz, carbonate,

actinolite (Fe-amphibole), magnetite, pyrite, pyrrhotite, chalcopyrite and minor

amounts of apatite, green Cr-rich muscovite, tellurides (altaite, melonite, and

tellurobismuthite) and davidite. Davidite, a radioactive mineral which is a member of

the crichtonite mineral series (Gatehouse et al., 1978), only occurs within the gold-ore

zones (Mathiesen, 1970; Bjorlykke et al., 1987). A zonation of magnetite + pyrite

(with some magnetite pseudomorphs after hematite), to pyrite, to pyrite + pyrrhotite

occurs from the footwall towards the ore zone. Gangue minerals with some gold

mineralization occur as small shear lenses or sets of parallel veinlets, which are

locally folded and boudinaged (Bjørlykke et al., 1987), within the sheared albitic

felsite. This vein system includes pervasive footwall veins, up to 1 meter thick,

extending along the shear zone through the footwall metadiabases and the albitic

felsites. In places footwall veins appear in more brittle structures and exhibit

discordant contacts with the wall rocks, and occasionally angular elasts of wall rock

are found incorporated into the vein.

The copper-ore type mineralization characteristically occurs as chalcopyrite and

minor bornite within large vein systems, within more brittle structures, which are

predominantly composed of coarse grained carbonate (ankerite and calcite), with

albite, actinolite, quartz, pyrite, and minor amounts of telluride and native gold. The

large veins are usually subparallel to the shear structure, ranging in thickness up to

about 1.5 meters. This vein system probably represents a second or later stage of

9
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mineralization, following the gold-rich mineralization, within a more brittle

deformation regime.

Age determinations of the Bidjovagge Au-Cu deposit has been constrained by

isotopic dating of the davidite and uraninite by Bjørlykke et al. (1990) and Cumming

et al. (in prep.). Davidites found in association with gold gave a li/Pb date of 1885 ±

18 Ma and a Sm/Nd date of 1886 ± 88 Ma (Bjørlykke et al., 1990). Bjørlykke et al.

(1990) suggest that these dates indicate that Bidjovagge mineralization occurred

during the early phases of the Svecokarelian orogeny. Cumminz et al., (in prep)

argues that a 12/1)1)date of 1837 ± 8 Ma, from uraninite containing gold inclusions

from Bidjoyagge, may be a result of a closure temperature about 150C lower than for

davidite, consistent with slow cooling after a metamorphic event.

AlasiRiver

Albite-carbonate alteration occurs in several locations along shear and breccia

zones in the Kautokeino greenstone belt (Gjelsvik, 1957; Holmsen et al., 1957)

including along the Mierujay'ri-Svrerholt Fault Zone (MSFZ) (Olesen et al., 1991) at

Masi River where it was described in detail by Holmsen et al. (1957) and Solli (1988)

(Fig. 2). The albite-carbonate alteration occurs predominandy within amphiboles and

mica schists of the Suoluvuobmi Formation, and quartzite of the Masi Fommdon

(Solli, 1988) along the northward dipping roof of a large duplex structure within the

Mierujav'ri-Svrerholt Fault Zone (MSFZ) (Olesen et al., 1991). The metamorphic

grade in this area is middle to upper greenschist facies (Fig. 2) and brecciation along

the shear zone is noted by llolmsen et al. (1957).

Analysis of the albite-carbonate altered rock from the Masi River area by Holrnsen

et al. (1957), show an enrichment in Na, Si, and CO2 and a depletion of Ca, Fe and

Mg, as compared to unaltered amphibolite and mica schists. Holmsen et al. (1957)

also report occurrences of epidote, actinolite, hernatite and scapolite, and minor

amounts magnetite, pyrite, chalcopyrite, ilmenite, and rnolybdenite.

10
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Ileca-riwnlas

Copper and minor gold mineralization occurs at the Ucca-vuovdas area, located

approximately 6 km northeast of Kautokeino (Fig. 2). Lithologies in the mineralized

area include magnetite-rich metadiabase, biotite schist, albitic felsite, and graphitie

schist (Hagen, 1985) of the Cas'kejas Formation or Av'zi Formation which are

metamorphosed to the greenschist facies. Both albite-carbonate and biotite alteration

are present. Chalcopyrite mineralization occur as breccia filling in albitic felsites.

together with quartz, carbonate. pyhte and magnetite. Mineralization at Ucca-

vuoydas tends to occur near graphitic schists, but oxidation of the schist is much less

pervasive than at the Bidjoyagge deposit.

Object 43

Chalcopyrite and minor gold nnineralization associated with graphitic schist and

albitic felsite has been found 11 km to the east of Bidjoyagge at Object 43 (Fig. 2).

The area is composed of graphitic schist, albitic felsite, carbonate, metatuffite,

argillite and metadiabase intrusions (Hagen, 1986) of the upper CasIejas Formation

(Sandstad, 1985). Metarnorphic grades are lower than at Bidjovagge. Metadiabases

display a mineral assemblage of albite, calcite, chlorite, epidote, clinozoisite, titanite,

magnetite, ilmenite, and biotite (Stein Lønne, pers. comm., 1993), indicating lower

greenschist facies. Mineralization dominantly occur as veinlets and disseminations in

brecciated albitic felsites, albite-carbonate altered rock, and graphitic felsites (Hagen,

1986) and gangue minerals include quartz and carbonate. Although a pervasive

oxidation zone is not developed in the altered graphitic schists as compared to

Bidjovagge, rnineralization at Object 43 is spatially related to the schists (Hagen,

1986).

FLUID INCLUSION STUDY

,4nalvtical metbods
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Seventeen samples from Daelljadas, Bidjovagge. Masi River, Ucca-vuoydas, and

Object 43 were selected for fluid inclusions analysis. Fluid inclusions analyzed from

Dælljadas are in large quartz crystals from the pegmatite innmsions. Fluid inclusions

analyzed from Bidjoyagge, Masi River, Ucca-vuoydas. and Object 43, are in quartz

frorn veins and veinlets.

Doubly polished sections, 100 to 150 qm thick. of the fluid inclusion samples were

prepared, and microthermornetric measurements were conducted at the fluid inc1usion

laboratory at the Mineralogical-Geological Museum. Osio, Norway. All

measurements were taken during heating of the sample. zenerally at a rate of 50 per

minute. Measurements were mostly made using a LINKAM THM 600 heating-

freezing stage, but because of temperature fluctuations, high precision low

temperature measurements were made with a gas-cooled CHAIXMECA stage.

Calibration of the LINKAM THM 600 stage was conducted with a series of natural

and MERCK synthetic standards. Between -1420C (melting point of

methylcyclopentane) to +2000C precision is approximate1y ±-50C,and in the range of

+200 to +4000C the instrument showed a +10 to 150C deviation above true

temperatures. High quality low temperature measurements were made on the gas-

cooled CHAIXMECA stage that has a precision of ±1.0°C between -1420C and

+300C. and a deviation of 1.0°C which is compensated for after measurement, as

described by Andersen et al. (1991).

Fluid inclusions description and relationship to minerali:ation

Fluid inclusions described include those interpreted to be primary or

pseudosecondary, based on criteria presented by Roedder (1984). Secondary

inclusions are omitted from this discussion. The fluid inclusions analyzed during this

study contained a range of fluid types, which were composed of H20, CO2, CH4, and

N2 (Fig. 4), with dissolved salts, salt crystals, and other daughter crystals (Fig. 5). A

systernatic division of fluid inclusion types, based on the main fluid phases present at

room temperature, is presented in Table 1, together with localities of occurrence.

12
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Fluid inclusions related to gold mineralization at the Bidjovagge deposit, described by

Ettner et al. (1992 and in prep.), are included in Table 1.

The first type of fluid inclusion is characterized by either a dominant non-aqueous

fluid (C01, CH4, or Nn) or H20.(Table 1). Non-aqueous fluid-rich inclusions are

subdivided on the basis of gas impurities, and then further subdivided by the absence

or presence of H20. H20-rich inclusions are divided on the basis of salt content; pure

HIO, salt undersaturated H20, and salt saturated H20. H20-rich inclusions are

further subdivided on the presence of absence of gas bubbles (CO2, CH4, or N2).

Characteristic microthermornetric measurements of selected fluid inclusions are

presented in tables 2 and 3.

Microthermometricdata

C07-rich inclusions.- CO2-rich fluid inclusions, characterized by >50 vol. % CO2 at

room temperature, are observed in samples from Bidjovaage (Ettner et al., in prep.),

Masi River, and Ucca-vuovdas together with salt saturated H20 inclusions. Fluid

inclusions from Masi River and Ucca-vuovdas are single-phase COn-rich inclusions

and no water is observed (Fig. 4b,c). At Dælljadas samples contained both single-

phase CO) and two phase CO2 + H20 fluid inclusions (Fig. 4a).

The single-phase liquid CO2 inclusions freeze to solid CO2 + vapor CO2 upon

cooling below around -80°C. During heating, slight COn melting intervals of up to

2.5° were observed, with temperatures of final melting, to liquid plus vapor, ranging

from -58.1 to -57.9°C at licca-vuovdas, -62.1 to -58.0°C at Masi River, and -57.4 to

-56.6 at Dælljadas. Melting behaviour of this type (S+VS+L+VL+V) is

classified as "H3 type" by VanDenKerkhof (1990). These depressed temperatures of

CO2 final melting suggest a slight contamination by CH4 or N2 (Burruss, 1981).

Some inclusions from Dælljadas melt at the eutectic temperature of CO2 (-56.6), and

therefore, are pure CO2.

Homogenization of CO2 liquid + CO2 vapor to liquid CO2 occur over a wide range

of temperature for each area (Fig. 6). At Dælljadas, homogenization occurs between

13
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-50 and +25°C with a mode near -20°C. CO-) homogenization at Masi River ranges

between -50 to +10°C with no clear mode, but the majority homogenized at

temperatures below -10°C. Measurements from Ucca-vuovdas show generally higher

temperatures of homogenization with a range of -30 to +10°C.

Two phase CO2 + H20 inclusions from aelljadas comprise 1120 with 10 to 40

volume Q fill. Carbonate daughter crystals are sometimes present. Sirnilar two phase

inclusions from aelljadas with >50 volume % HnO are described as 1-1,0-rich

inclusions. Upon cooling below -90°C these inclusion freeze to ice + solid CO-) +

CO•) vapor. A slight CO2 melting interval of about 2° is rarely observed. and CO-)

final melting temperature range between -57.6 to -56.6°C. Sirnilar to single-phase

CO2 inclusions, the depressed final melting temperature indicates the presence of

small amount of CH4 or N2 (Burruss, 1981). Measured temperatures of

homogenization of the carbonic liquid + CO2-rich vapor to carbonic liquid range

between -25 to +10°C. Clathrate melting occurs between +9 and +12.5°C, below and

above the invariant point of a pure CO-) clathrate (Hollister and Burruss, 1976).

Clathrate melting between the invariant point of pure CO, clathrate (+10°C) and

+12.5°C suggests the presence of CH4 (Unruh and Katz, 1949; Hollister and Bumiss,

1976). Clathrate melting in the presence of pure CO2 liquid and CO-) vapor, may be

used to estirnate the salinity of the water (Collins, 1979), but the presence of CH4

complicates this estimation of salinity (Hollister and Burruss, 1976). Generally, it

may be said that the clathrate meltine temperatures in aelljadas samples are

compatible with very low salinity.

Nitrogen-rich inclusions. - Rare nitrogen-rich inclusions have been observed in one

sample frorn Object 43 (Fig. 4d). Fluid inclusions are found in quartz which, along

with carbonate, albite, and chalcopyrite, occur as breccia filling within a tectonized

metadiabase. From textural observations neither the single-phase liquid nitrogen

inclusions or the salt saturated 1-120inclusions align themselves along healed

secondary fractures, and appear to be coeval. These inclusions do not freeze when
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supercooled to -I89°C. Homogenizationof liquid + vapor to liquid occurs around

-149°C. This low temperature suggests that the inclusion is dominated by nitrogen

(Swanenberg, 1980).

Salt undersaturated H20 inclusions. - Primary inclusions of this type were observed

at both Dælljadas and in quartz gangue related to the copper mineralization at the

Bidjovagge deposit.

H20-rich fluid inclusions from Dælljadas freeze to ice upon cooling below -70°C.

During heating, first melting was observed between -30 and -50°C, and final melting

between -1 to -9°C. First melting temperatures indicate that NaC1+ CaC12may be

present as dissolved salts in the inclusion (Crawford, 1981). Final melting

temperatures indicate low weight percents of dissolved salts, ranging from 1.5 to 12.5

wt. % NaCI equivalent (Potter et at, 1978). At room temperature inclusions contain a

single-phase, although in some inclusions a vapor bubble forming less than 5 volume

% of the inclusion, was observed.

Rare salt undersaturated H20 inclusions which contain liquid CO2 bubbles have

been observed at Dælljadas. A few of these inclusions also contain carbonate

daughter crystals. Temperatures of both CO2and clathrate melting are similar to

measurements of CO2-richinclusions from Dælljadas

Fluid inclusions related to the copper-ore type at Bidjovagge are generally of the

salt undersaturated H20 type (Fig. 5a). At room temperature the vapor bubble form

less than 5 volume % of the inclusion. During cooling these fluid inclusions freeze

to ice. First melting is observed between -90 and -60°C and final melting generally

occurs between -30 and -20°C. Salt hydrates were observed in some inclusions,

melting between -15 and 0°C. The very low first melting temperatures are similar to

those observed in salt saturated inclusions related to the gold-ore type at Bidjovagge

(Ettner et al., in prep.), and may be due to metastability (Roedder, 1971) of a H20 +

NaC1+ CaCl2 solution, or to the presence of an additional salt such as LiC1

(Borisenko, 1977). The final ice melting temperatures and observed salt hydrate
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melting temperatures correspond to a solution dominated by approximately a 25 wt.

% salt mixture of NaCI + CaC12 (Crawford, 1981). The NaCI + CaCh salt

undersaturated 1-110inclusions at Bidjovagge homogenize to liquid between 100 to

200°C, and display a mode between 105 to 120°C (Fig. 7).

Salt saturated inclusions. - 1nclusions of this type commonly occur at

Bidjovagge, Masi River, Ucca-vuovdas and Object 43. At BidjovaLige, these

inclusions are predominantly related to gold-ore (Ettner et al., in prep.), but a few

inclusions of this type have also been observed related to the copper-ore.

Fluid inclusions from Masi River contained one salt crystal, at room temperature,

and often a carbonate datizhter crystal (Fig. 5b). First melting of ice in these

inclusions occurs between -75 and -69°C and final melting of ice between -30 and

-25°C. Salt hydrate melting was observed between -15 and -2°C. First melting

temperatures of ice indicate that either metastability (Roedder, 1971) or complex salt

mixtures are involved. The temperatures of final melting of ice suggest that NaC1 and

CaC12 salts are present (Crawford, 1981). Homogenization to liquid H20 occurs

between 110 to 190°C followed by salt dissolution at from 140 to 350°C, thus

indicating salinities between 29 to 42 wt. c/c.NaCI equivalent (Haas, 1976; TanEer and

Pitzer; 1989).

At Ucca-vuovdas, salt saturated H20 inclusions commonly contain up to 4

daughter crystals. These always comprise a NaCI crystal, but may also comprise a

carbonate crystal or other unidentified daughter crystals (Fig. 5c). First melt of the

ice occurs between -85 to -75°C and final melt around -45°C. Salt hydrate melting

could be observed in a few inclusions at rough temperatures between -12 to -1, but

could generally no be measured. Homogenization of the vapor + Iiquid H20 to liquid

1-120occurs from 95 to 135°C. These inclusions commonly decrepitate above 230°C

and before salt dissoludon. Few measured temperatures of salt dissolution show a

wide range between 170 and 450°C. Salt crystals do not display uniform volume

ratios between fluid inclusions, with visual estimates of salinities ranging frorn 30 to
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over 70% (Roedder, 1984). This range of volume ratios of the salt crystals smigests

that the fluid mav have been saturated in salt and that salt crystals were accidentally

trapped (Roedder, 1984).

Salt saturated 1120 inclusions at Object 43 typically contain a NaC1 crystal. and 1

or 2 other daughter crystals comprising carbonate and unidentified phases (Fig. 5d).

Vapor bubbles fin less than 5 volume Ç of the inclusion. The observed first melting

of ice is usually between -85 and -70°C, the and final melting of ice between -50 to

-30. Salt hydrate melting was difficult to observe but in a few inclusions hydrate

meting occurred around -1°C. Similarly to Masi River, the first melting temperatures

of ice indicate that either metastability (Roedder, 1971) or complex salt mixtures are

involved. Also, the final melting temperatures of ice suggest that NaCI and CaCH

saks are present (Crawford. 1981). Homogenization of liquid H20 + vapor to liquid

H20 generally occurs in the range of 80 to 210°C (Fig. 7). Salt dissolution typically

occurs after homogenization over a wide range from 130 to 380°C. but most

dissolution occur between 230 and 320°C (Fig. 7). Salinity estimations from final salt

dissolution temperatures (Haas, 1976) indicate that most inclusions contain between

33 to 40 wt. % NaC1 equivalent

Raman tnicroprobe analysis

Laser-excited Raman microprobe analysis were conducted at the Geological

Institute, liniversity of Stockholm, with the help of Sten Lindblom. The instrument

used is a multichannel DILOR-XY, a successor to the MICRODIL-28 (Burke and

Lustenhouwer, 1987). Measured line positions of CO2. CI-14and N2 were identified

by comparison with listed values by Dubessy et al. (1989), VanDen Kerkhof (1991)

and E.A.J. Burke (pers. comrn.).

Non-aqueous liquid-rich fiuid inclusions were analyzed to determine their chemical

composition. The presence of liquid CO2 was confirtned in samples from ftelljadas,

Masi River, and licca-vuovdas. Raman spectra for the CO2 inclusions show two

peaks, the strongest peak at Av=1386 cm-1, and the second peak at Av=1280.8 to
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1282.5 cm-1. The presence of a second gas, as indicated by microthermometric

analysis, was confirmed by Raman analysis. In CO2-rich inclusions from Dælljadas,

minor nitrogen was identified by a peak at Av=2326.9 cm-1. Masi River CO2-rich

inclusions contain minor CH4, identified by a peak at Av=2910.8 to 2912.2 cm-1, and

possibly trace N2 was observed at Av=2326.9 cm-1. Raman spectra from Ucca-

vuovdas show that the CO2 contains minor N2, indicated by a peak at Av=2326.9 cm-

Raman microprobe analysis of non-aqueous liquid inclusions from Object 43,

interpreted by microthermometric analysis to contain N2, display a N2 peak at

Av=2327.7 cm-1, but also appear to contain trace CH4 as determined by a minor peak

at Av=2915.6 cm-1.

Pressure - Temperature Estimation

Microthermometric and Raman microprobe data have been used to construct

isochores for non-aqueous liquid-rich inclusions from Dælljadas, Masi River, Ucca-

vuovdas, and Object 43. and for H20 inclusions, undersaturated with salt, from

Bidjovagge. Molar volumes of non-aqueous liquid-rich inclusions were estimated

with composition-molar volume projections of the CO2-CH4 and CO2-N2 systems

(Van Den Kerkhof, 1990). Isochores for different the compositions and molar volumes

of fluid inclusions have been calculated using the computer software, ISOCHOR

(Holloway, 1981) and FORTRAN programs by Nicholls and Crawford (1985) (Fig.

8a).

Aside frorn general metamorphic grades, no independent pressure and temperature

indicators are found to constrain isochore calculations. Final salt melting

temperatures may be used to estimate the temperature of trapping, if salt saturation is

assumed. Salt saturation is assumed for each area, except for both Ucca-vuovdas

where fluids appear to have been oversaturated with salt, and also fluids related to

copper mineralization at Bidjovagge where H20 appears to have been undersaturated

in salt.
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Interpretation of isochores (Fig. 81))indicates that trapping of fluid inclusions

within the pegmatitic quartz at Dfelljadas occurred at magrnatic temperatures between

500 to 800°C, with corresponding pressures of 3 to 8 kbars. Generally, isochores

from non-aqueous fluid-rich inclusions show decreasing pressures from Masi River to

licca-vuovdas and to Object 43, at constant temperature

It was estimated by Ettner et al. (in prep.) that fluid inclusions related to gold

mineralization at Bidjovagge were trapped between 300 to 375°C at 2 to 4 kbars (Fig.

8b). Compared to estirnated temperatures and pressures of trappinfi of fluid

inclusions, related to copper mineralization at Bidjovagge, gold mineralization

appears to have occurred at higher pressures, and possibly temperatures.

DISCUSSION OF RESULTS

Previous fluid inclusion studies of other shear zone-hosted veins, within other

tectonic belts have shown that fluids evolved during their upward migration

(Crawford and Hollister, 1986; Craw, 1990; Nwe and Grundmann, 1990). Such

changes in fluids may include phase separation (Crawford and Hollister, 1986) or the

addition or the subtraction of components during fluid-rock interaction, such as

increasing or decreasing salinity (Cloke and Kesler, 1979). Evolution of the fluids

may be the cause, or result, of mineralization or metasomatism of the wall rocks

(Trommsdorff and Skippen, 1987; Newton, 1990). Therefore, using the results of this

study of fluids related to mineralization and alteration we will model the regional

evolution of fluids in shear zones of the Kautokeino greenstone belt. Similarities

between fluids observed at Dælljadas, Bidjoyagge, Masi River, Ucca-vuovdas and

Object 43 appear to exist. Most areas have fluid inclusion populations consisting of

both salt saturated H20 and CO2-rich inclusions (Table 1). The presence of

and salt undersaturated H20 seems to occur in unique areas.
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Saline H2O fluids

Salt saturated 1-1,0 fluids occur in most of the areas discussed, including fluid

inclusions related to the Bidjovagge gold rnineralization (Ettner et al., in prepi,

except for at Dzelljadas and inclusions related to Bidjovagge copper mineralization

where salt undersaturated H20 is present. Based on microthermometric data, these

salts most likely comprise both NaC1 and CaCls, and possibly Minor biotite

alteration at Bidjovagge and Ucca-vuovdas suggest that KC1may have been present

in the fluids, but low eutectic melting temperatures may be masking its presence in

the fluid inclusions. Generally, calculated salinities of salt-saturated inclusions range

between 30 to 45 wt % (NaClequiv.), but Ucca-vuovdas inclusions have extremely

high salinities (Fig. 9). Lower salinities are calculated for fluids related to

Bidjovagge copper mineralization (around 25 wt %. NaClequiv.) and at ftelljadas

(1.5 to 12 wt %, NaCI equiv.) (Fig. 9).

The origin of highly saline fluids, such as found in the Kautokeino greenstone belt.

may be due to boiling (Wilson et al., 1980), leaching of evaporites or sedimentary

rocks (Rich, 1979),and frorn degassing of silicic inn-usions (Andersen, 1990; Webster,

1992). The salinity of an initially moderately saline fluid may be increased by

hydration reactions in the wall rocks absorbing water from the fluid (Trornmsdorff

and Skippen, 1987 and 1988). There is no fluid inclusion or alteration evidence for

boiling in the mineralized and altered areas in the Kautokeino greenstone belt. and

will be further dismissed frorn this discussion. Although the existence of evaporites

in the Kautokeino greenstone belt is plausible, and has been suggested by Sollid and

Torske (1993), no occurrences have yet been described. Because of the presence of

granitic intrusions within metasomatized shear zones in the Kautokeino greenstone

belt, saline fluids partitioned from melts and hydration of the rocks within the shear

zones are the most likely explanations for the highly saline HnO inclusions.

Synorogenic granitic and diabase intrusions occur along the shear zones in the

Kautokeino greenstone belt. One such intrusion, the pegmatites at Dælljadas, have

salinities ranging from 1.5 to 12 wt. % NaClequivalent. and obviously could not
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alone produce the highly saline fluids found in the shear zones. The salinities

observed at D;t11jadas may not be typical for other intrusions in the Kautokeino

greenstone belt, because the salinity (CI content) of fluid exsolved from granitic melts

is dependent on factors such as melt composition (i.e. CI, F. K/Na, SiOn and CO,

content), pressure, and temperature (Webster, 1992). Therefore. other granitic

intrusions within the shear zones may have been a source for the highly saline waters,

and the pegmatite at Dielljadas may represent a granitic meR which did not allow for

extensive exsolvation of Cl.

If intrusions such as the Dælljadas pegrnatites were the source of fluids in the other

areas studied, the salinity of the fluid may have increased during ascent along the

shear zones. A possible reason for an increase in salinity during aseent of the fluid

along shear zones may be due to hydration of wall rocks (Trommsdorff and Skippen,

1987 and 1988). During metasomatic hydration reactions, such as biotite- and

amphibole-forrning reactions, H20 would be preferentially removed from the fluid,

driving the remaining fluid towards higher salinities.

The salt undersaturated H20 fluids, with an average 25 wt. (11-.NaCI equivalent, that

are related to copper mineralization at Bidjoyagge have a much lower salinity than the

saline fluids related to gold mineralization at Bidjoyagge (Ettner et al., in prep.),

Object 43, Ucca-vuovdas, and Masi River. This indicates that the fluids became less

saline as the system evolved.

The saline aqueous solutions observed in the Kautokeino greenstone belt carried

both gold and copper in solution. Transport of gold and copper as chloride connplexes

is favored by high salinities, high temperatures and high f02, as opposed to transport

by sulfide complexes (Fig. 10) (Henley, 1973; Crerar and Bames, 1976; Barnes,

1979; Hayashi and Ohmoto, 1991; Steward, 1991). Fluids from the shear zones in the

Kautokeino greenstone beR are highly saline, were trapped at high temperatures

between 250 to 400°C, and sulfide stabilities and fluid-rock interaction suggest that

the f of the fluid was high. It is therefore obvious that metal transport within the
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shear zones in the Kautokeino greenstone belt occurred as chloride cornplexes, and

may be compared to systems described by Large et al. (1989).

CO,-rich fluids

Fluid inclusions rich in COn have been found in abundance associated with gold

mineralization at Bidjovagge (Ettner et al., in prep.), Ucca-vuovdas, Masi River, and

ftelljadas. The presence of minor carbonate daughter crystals in inclusions at Object

43 indicate that a minor amount of COn is present. Similarly. laree chalcopyrite-

carbonate veins of the Bidjovagge copper-ore type indicate that COn was present in

the fluids, although it is not observed in the fluid inclusions.

Both metamorphic and magmatic sources may have provided CO2 for the fluids

observed in the Kautokeino greenstone belt. At Bidjovagile, 613C values indicate that

the source for carbon was probably sedimentary carbonate (Ettner et al.. in prep.).

Decarbonatization reactions between the footwall carbonates and the saline HnO

would have resulted in the release of COn. such as described by Mercolli et al. (1987).

Abundant COn observed in the pegrnatites at ftelljadas suggest that such magmatic

rocks were also sources for carbonic

Fluid inclusions composed of COn + HnO + salt, indicating phase miscibility, occur

at Bidjovagge, related to gold mineralization (Ettner et aL, in prep.), and at Dielljadas.

Single-phase CO2 inclusions. which appear to be coeval with H20 + salt inclusions,

are observed at Bidjovagge, Masi River, Ucca-vuovdas, and more rarely at Dielljadas.

The coeval nature of the single-phase COn inclusions together with the HnO + salt

inclusions in the same samples, may suggest imrniscibility (Ramboz et al., 1982).

During the evolution of a miscible CO2 + F120 + salt fluid, fluid unmixing could

have resulted in the two immiscible fluids of single-phase CO2, and the 1120 + salt.

Fluid inclusion zonation at Bidjovagge, with COn + E120 + salt occurring in the

footwall, and COn and HnO + salt inclusions occurrine: in the highly sheared albite

felsite near the ore zone (Ettner et al., in prep.) indicate that a drop in pressure may

have been responsible for the fluid unmixing. Fluid immiscibility at Bidjoyagge
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appears to have occurred prior to the fluid-rock interaction and the addition of 014.

Similarly, evidence suggests that phase separation of the supercritical CO, + 1-1,0 +

salt fluid oecurred on a regional scale as the fluid moved upwards along the shear

zone.

The phase separation of CO2 from H20-rich fluids results in an increase in of

the fluid (Reed and Spycher, 1985) because of the reaction:

F1CO3-(aq)+ 1-1+(aci) 1-1/20(aq)+ CO2(3)

Phase scparation is considered to be a important mechanism for precipitation of

precious metals from sulfide complexes Bowers, 1986; Robert and Kelly, 1987;

Walsh et al., 1988) but the increase in pH may also be important for the precipitation

of metals from chloride complexes (Fig. 10) (Henley, 1973; Barnes, 1979).

C114-rielzfluids

Methane, and minor ethane in fluid inclusions related to gold rnineralization occur

within the oxidation zones within graphitic schists at Bidjovilizge (Ettner et al., in

prep.). Ettner et al. (in prep.) suggest that a CO2 + H20 + salt fluid of high f02,

which was externally buffered, reacted with the graphitic schist to produce CH4.

Methane has been identified in fluid inclusions at Masi River and Object 43 which

indicate that fluid reaction with graphitic schist may have occurred, similar to that at

Bidjoyagge. A spatial relationship between mineralization and graphitic schist at

Object 43, has been previously noted (Hagen, 1986).

The occurrence of gold and copper mineralization within the oxidation zone at

Bidjoyagge, together with the presence CI-14inclusions, indicates that the fluid-rock

reaction was important for rnineralization. The interaction between the 1-120+ salt ±

CG, carrying Au and Cu as chloride complexes, would clearly result in a lowered

fOi of the tluid. Both gold and copper chloride complexes are dependent on the
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oxygenfugacity, and a reduction f02 would result in lower solubilities (Fig. 10)

(Henley, 1973; Crerar and Barnes, 1976).

V,-rich jhilds

Nitrogen-bearing inclusion are been observed both in higher crustal areas such as

Object 43 and Ucca-vuovdas. and at deeper crustal levels at Dtelljadas. The absence

of N-i at Bidjovagge and Masi River suggest that limited sources for N2 existed in

both the higher and deeper crustal levels, and that N2 was a negligible component in

the fluid which migrated upwards through the shear zones. Nitrogen in low

metamorphic rocks in shallow crustal conditions are suggested to form as a result of

breakdown of organic matter, or of NH4+-bearing minerals such as biotite, muscovite

or potassium feldspar (Stevenson, 1962; Kreulen and Schuiling. 1982; Duit et al.,

1986; Bottrell et al., 1988). Within granulite facies metamorphic rocks in deeper

crustal conditions, N->is suggested to be liberated during the breakdown or biotite and

feldspar (Andersen et al., in press). Generally, N2 does not appear to be important

during the regional evolution of the fluid in the Kautokeino greenstone belt.

Preferred model

During the Svecokarelian orogeny, rocks of the Kautokeino greenstone belt were

metamorphosed and highly sheared. The age of gold mineralization at Bidjoyagge,

1885 ± 18 Ma Bjørlykke et al. (1990) is in good correlation with the age of the

Svecokarelian Orogeny between 1.9 to 1.88 Ga (Skiöld, 1988; Pharaoh and Brewer,

1990) indicating that mineralization alon2 the shear zone occur during or slightly

after peak metamorphism. Two shear zones, the Mierujav'ri-Svierholt Fault Zone

(Olesen et al., 1991) and the Baltic-Bothnian megashear zone (Berthelsen and

Marker, 1986), focused the upward migration of fluid throu2h the crust during the

orogen. Data suggest that the fluid evolved as it ascended along the shear zones from

higher to lower pressure and temperature conditions, and reacted with wall rocks

resulting in both alteration and mineralization (Fig. 11).
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The parent fluid is interpreted to be a miscible mixture of H20 + CO2+ NaC1(<12

wt. % NaClequiv.) dominated by NaC1and CaC12and minor N2. Estimated

temperatures of this fluid are between 350 to 600 °C (Fig. 12). As this high

temperature H20 + CO2 + salt fluid moved upwards, hydration reactions with rocks

within the shear zones (Trommsdorff and Skippen, 1987),or leaching of salts from

evaporites within the metasedimentary sequence, resulted in increased salinities to

values of 30 to 45 wt. %, NaCI equivalent. Decarbonatization of sedimentary

carbonates resulted in the addition of CO2to the fluids, such as at Bidjovagge (Ettner

et al., in prep.). There are two apparent sources for N2, a deeper crustal source and a

shallow crustal source, but N2 does not appear to be an important component during

the evolution of the fluid.

Albitization, carbonatization and scapolitization along the shear zones resulted

from the reaction of the H20 + CO2+ salt fluids with the wall rocks. Although

mineralization along shear zones in the Kautokeino greenstone belt is always

accompanied by metasomatism, the reverse is not necessarily true. The

metasomatized shear zones, such as Masi River, may represent a segment of shear

zone where metals were transported in solution, but were not trapped. Comparison of

other Archean and Phanerozoic mesothermal gold systems (i.e. Knopf, 1929; Kerrich,

1983; Card et al., 1989; Nesbitt, 1991) with the Bidjovagge deposit, shows that the

Bidjovagge generally contains less quartz than other systems. This is one indication

that a drop in temperature, which would promote silica precipitation, was not an

important factor at Bidjovagge. The origin of the fluids is presently being studied by

using initial ratios of Nd and Sr (Nie and Bjørlykke, in prep.).

The high temperature and high salinity fluids, with high f02, apparently

transported base metals and gold as chloride complexes (Fig. 10). Metals sources

may be interpreted to be from magmatic intrusions during fluid exhalation or by

oxidation leaching (Cameron, 1989a) of metasedimentaryrocks, metavolcanic rocks

or intrusions.
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Fluid unmixing of CO, appears to have occurred at higher levels in the shear zone,

such as at Bidjovagge, Masi River, and Ucca-vuovdas (Fig. 11). Phase separation of

the gas-rich from the H20-rich phases could have occurred due to contamination of

the fluid bv salt, or the drop of pressure and temperature, or a combination of these

factors. Phase separation due to CH4 contamination does not appear to been the

cause at Bidjovagge, but can not be ruled out at Masi River and Dælljadas.

At the Bidjovagge mine, a drop in pressure at the ductile to brittle boundary (Fig.

12) resulted in phase separation of CO-) from the highly saline 1120 fluid, thus

increasing the p11of the fluid. Buffered by the assemblage pyrite-hematite and

pyrite-magnetite assemblages, the pH of the fluid was increased and the f02

decreased (Fig. 10). Red-ox reactions between the fluid and graphitic schist resulted

in the oxidation of the graphitic schist, the production of hydrocarbons in the fluid,

and the lower of oxygen fugacity of the fluid (Fig. 10). Chloride metal complexes are

dependent on both pH and oxygen fugacity (Henley, 1973; Barnes, 1979) and

therefore, the combined effect of phase separation and fluid-rock interaction resulted

in precipitation at the oxidation front with the graphitic schist at Bidjoyagge. Because

of the relationship of graphitic schist and copper mineralization at Ucca-vuovdas and

Object 43, the same redox trapping mechanism may have occurred.

The presence of sulfur in the fluids is shown by the abundant sulfides found in the

mineralized areas. At Bidjoyagge, gold mineralization does not occur within the

intense pyrite zones rather gold is found in association with pyrrhotite + pyrite

assemblages in the oxidation zone to the graphitic schist. This relationship shows that

sulfur was not an important component for the uansport and precipitation of gold.

Within the Kautokeino greenstone belt, the gold mineralization is restricted within

the ductile-brittle transition in shear zones and the copper mineralization is not

restricted by crustal depth. This metal zonation is interpreted to be a result of both a

structural effect on fluid pressure conditions, and geochemical reactions with wall

rocks. Gold mineralization in the brittle-ductile transition zone at Bidjoyagge

resulted from phase separation due to pressure drop, accompanied by fluid reaction
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with graphitic schist. It is significant to note the correlation between ages of the

Svecokarelian orogeny and gold mineralization at Bidjovagge (Skinld, 1988;

Bjorlykke et al., 1990: Pharaoh and Brewer. 1990) and between estimated PT

conditions of fluid inclusion trapping and metamorphic grade at Bidjoyagge This

evidence indicates that gold mineralization occurred at or slightly after peak

metamorphic conditions within upper greenschist facies conditions.

As Bjorlykke et al. (1993) noted, the Bidjovagge. Saattopora, and Pahtohavare

gold-copper deposits within the Fennoscandinavian Shield (Fig. 1) occur at the

boundary between low and medium metamorphic facies. Restriction of gold

mineralization at this metamorphic boundary during the Svecokarelian orogeny

provides criteria for the exploration of mesothermal Au-Cu deposits. Additionally,

the occurrence of CH4 together with gold mineralization within oxidation zones to

graphitic schists may allow CH4 to be used as a geochemical nacer to gold

mineralization.
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FIGURE CAPTIONS

Figure 1: General geologic map of the northern portion of the Fennoscandic

Shield including areas of northern Norway, Sweden and Finland with the locations of
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the Bidjovagge. Pahtohavare, and Saattopora deposits. After Krill et al. (1988) and

Bjorlykke et al., (1993).

Figure 2: Generalized geologic map of Finnmarks plateau, with the Kautokeino

Greenstone belt, emphasizing metamorphic grade after Sandstad (1992) and Krill et

al. (1988). Mineralized and altered areas are marked with boxes. Shear zones are

marked "BBMZ" for Baltic-Bothnian megashear zone (Berthelsen and Marker. 1986)

and "MSFZ" for Mierujay'ri-Svierholt Fault Zone (Olesen et aL. 1991).

Figure 3: Stratigraphic correlation map of Kautokeino Greenstone belt after

Siedlecka et al. (1985) with the approximate location of mineral deposits shown as

circled letters or numbers; 43: Object 43, B: Bidjovagge Au-Cu deposit, D:

Dælljadas, U: Ucca-vuovdas, and N1:Masi River.

Figure 4: Composite photomicrographs of non-aqueous liquid-rich inclusions,

photographed at room temperature and at different focal depths. Scale of all photos is

similar, and bar scale in photo "a" is 0.05 mm. a.) CO, + cN2 +1-120 inclusions

from Dielljadas. b.) CO, + <CH4 inclusions from Masi River. c.) CO, + <N,

inclusions from Ucca-vuovdas. d.) N, + <CH4 inclusions from Object 43.

Figure 5: Photomicrographs of saline aqueous fluid inclusions, photographed at

room temperature. Scale of all photos is similar, and bar scale in photo "a" is 0.05

mm. a.) Salt undersaturated aqueous inclusion related to copper mineralization at the

Bidjoyagge deposit. b.) Salt saturated aqueous inclusions from Masi River. c.) Salt

saturated aqueous inclusion from Ucca-vuoydas. d.) Salt saturated aqueous

inclusions from Object 43.

Figure 6: Histogram showing temperatures of COn homogenization to liquid of

fluid inclusions from Masi River, Ucca-vuovdas, and Dælbadas.
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Figure 7: Histogram showing temperatures of 1-120liquid + vapor

homogenization to liquid, and salt dissolution, from Object 43, Ucca-vuovdas,

Dielljadas and inclusions related to copper mineralization at the Bidjovaiige Au-Cu

deposit.

Figure 8: a.) Pressure versus temperature diagram with constructed isochores for

non-aqueous liquid-rich inclusions from Masi River (MR), Dælljadas (DÆ), Ucca-

vuovdas (UV), and Object 43. Pressure-temperature ranges are based on estimated

molar volumes frorn microthennornetric Th data. Isochores, showing a P-T range for

inclusions related to copper mineralization at Bidjovagiæ (Bidj Cu), are calculated

from temperatures of homogenization of aqueous inclusions, with 25 wt. % salt (NaCI

equiv.). b.) P-T ranges of fluid trapping for discussed areas, based on isochores and

salt melting temperatures.

Figure 9: Generalized diagram comparing salinity wt. % (NaC1equiv.) from

Dælljadas, Bidjovagge, Masi River, Ucca-vuovdas, and Object 43. Data for salinity

related to gold mineralization from the Bidjovagge Au-Cu deposit is from Ettner et al.

(in prep.).

Figure 10: Log f02 vs. pH diagram for the Fe-S-0 system, showing phase

relationships calculated for 3501C and 3 kbar with SUPCRT92 (Johnson et al., 1991).

CH4-0O2-11CO3- equilibrium shown as short dashed lines. Solubilities of AuCln- are

shown as solid lines in ppm, calculated at 350°C with a log K of -2.5 (Hayashi and

Ohmoto, 1991). CuCI solubilities, in ppm, shown as long dashed lines (Data from

Crerar and Barnes, 1976). Fluid composition used in diagram include 1,S=0.01rn, and

25 wt % NaCI (C1-=5.7m). Arrows shows possible fluid path during gold and copper

rnineralization; A.) Fluids decrease in pH and f02 during phase separation and

buffering by the pyrite-magnetite-hematite assemblage, B.) A drarnatic drop in f02
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during red-ox reaction with graphitic schist results in gold precipitation together with

a pyrite-pyrrhotite assemblage.

Figure 11: Schematic model of a shear zone with structural styles, modelled for

the Abitibi greenstone belt by Colvine (1989) and adapted for the Kautokeino

greenstone belt. Deposits and fluids discussed are displayed relative to the shear

zone.

Figure 12: Interpretation of isochore data showing P-T path of fluids moving

upwards along a shear zone. Within the ductile to brittle transition. fluid pressure

drops dramatically. Gold and some copper mineralization occurs at higher pressures

between 2 to 4 kbars, while most copper rnineralization occurs at lower pressures

around 1 to 2 kbars. Influx of meteoric water along some brittle structures may result

in fluid mixing.
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Table 1: Systematic classification of primary and pseudosecondary fluid inclusions observed, at room temperature, from Dælljadas,
Bidjovagge Au-Cu mine, Masi River, Ucca-vuovdas, and Object 43.

DtElljadas Bidjovagge* Masi River Ucca-vuovdas Object 43

pure CO2 without1120 X Au
CO2-rich withH20 X

CO2 + CH4 withoutH20 Au X
withH20

Non-aqueous CO2 + N2 without1120 X X
liquid-rich withH20 X

pure CH4 without1120 Au
CH4-rich with1120

CH4 + CO) without1120 Au
with1-120

N2-rich without1120 X
withI-120

pure H20 withoutgas
withCO2
withCH4
withN2

H20 1120vaix)ror X Cu
undersaturated withoutvapor
with salt

H20-rich withCO2 X
withCI-14
withN2

1120 saturated H20 vapor Au + Cu X X X
with salt

withCO2 Au
with0-14 Au
withN2

* Fluid inclusions from Bidjovagge are divided between Au- and Cu-related and are marked accordingly. Au-related inclusions are described
by Ettner et al. (in prep.).
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Table 2: Microtherrnometric and Raman microprobe data for selected non-aqueous liquid-rich inclusions from Dælljadas, Masi River,
Ucca-vuovdas and Object 43.




1
Microthermometric data




Raman microprobe data




Sample Area Inclusion No. Th N2 Tm CO-) Th CO2 Tm N2 peak CO2 peak CH4 peak CO2 mole %





clathrate (cm-1) (cm1) (cm-1)




Dælljadas DiE92-3a-3




-58.1 -7.0 8.9 2326.9 1386




DiE92-3a- 11




-56.8 14.4




2326.9 1386




DÆ92-3a- 15




-57.6 -9.4 12.4





DÆ92-3a-17




-57.4 10.4 10.4





DÆ92-3a-I8




-57.0 -4.7 9.4





DÆ92-3a- 19




-56.9 -24.8 9.9




Masi River MB90-4b-7




-58.5 -20.8




2326.9 1386 2912.2




MB90-4b-8




-57.0 -32.9




2326.9 1386 2910.8




Ucca-vuovdas MB90-4b-14




-58.0 -36.6





MB90-4b-19




-62.1 -50.4





MB90-4b-25




-58.7





Object 43 MB90-4b-26




-58.0






Th
Tm CO2:
Th CO2:
Tm elathrate:

Temperature of homogenization of N2 to liquid
Temperature of final melting of solid
Temperature of homogenization of CO2 to liquid
Temperature of final melting of ga.s clathrate



Table 3: Microthermometric data for selected 1420-rich inclusions from Dælljadas, Bidjovagge, Masi River, Ucca-vuovdas and Object
43.





Sample Area Inclusion No. Tm initial ice Tm final ice Tm hydrate Th 11,0 + Td salt





va or




ftelljadas DÆ9I-6a-26 -57 -27.7




DÆ91-66-8 -64.9 -15.3




DÆ91-6b-11 -68.3





DÆ91-6c-4 -37.6 -7.0




DÆ91-6c-9 -49.6 -1.4




135




Bidjovagge BG90-23a- 1 -70.0 -23.8 -5.1 104




BG90-23a-2 -70.9 -25.7 -0.5 159




BG90-23a-3 -66.0 -25.7 -5.8 118




BC90- I56b- 1 -80.9 -28.8 12.5 128 142




BC90-156b-2 -85.9 -29 -10.3 133




BC90-15613-8 -85.3 -27.4




118




BC90-156b-9 -86.5 -7 7.3 -0.7 118




Masi River MB90-6a-1 -74.8 -26.6 -6.3 128 215




MB90-6a-3 -71 -29.3




147




MB90-6a-6 -69.3 -25.8




191
Ucca-vuovdas UV90-6a-1 -82.0 -44.4





UV90-6a-I -84.0 -45.0





Object 43 SL43-239- I -101.7 - 5 1.9




I 13 250




SL43-239-2 -87 -37.3 - 1.0 128 333




SL43-239-3 -90.6 -39.2




118 167




SL43-258a- 1 -83.3 -29.1 13.3 260 186




5L43-258a-5 -74.6 -37.5 -3.4 153 208




SL43-258a-7 -75.5 -34.8




118 176

Tm initial ice:
Tm final
Tm hydrate:
Th H2O+vapor:
Td salt:

temperature of observed first rnelting
lemperature of final ice melting
lemperature of salt bytIrale final melting
temperature of H,0 + vat->orbomogenization to liquid
temperature of salt disstilution
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Ahstract

Carbonie fluid inclusions have been observed in quartz-bearing veins, at the

Proterozoie aged Bidjovagge Au-Cu deposit within the Kautokeino greenstone belt,

where mineralization occurs in an oxidation front to graphitic sehist. A fluici

inelusion zonation occurs, with CO3-rieh fluid inclusions in the footwall of the

deposit, and CH4-rieh inclusions in the ore zone at the oxidation front. Fluid

inclusions have been studied by mierothermometric and Raman analysis, along with

bulk gas analysis with gas ehromatography. Mierothermornetry of hydrocarbon

inclusions reveals 2 groups, based on homogenization temperatures, the first group

whieh homogenize between -125°C and the eritical temperature of CH4 (-82.1'C),

indicating pure and the second group which homogenize between the critieal

temperature of CH4 and -42°C, indicating CH4 + higher hydrocarbons (HHC).

Raman microprobe analysis of the first group confirm the presence of CH4. The

second inclusion group are fluorescent, but Raman spectra clearly display CH4, C1116

and occasionally C3H8 peaks. A typically feature of the Raman spectra show a

"mounding" below the hydrocarbon peaks. Carbon peaks are also rypically detected

in eaeh inelusion by Raman analysis. Bulk gas chromatography analysis of samples

containing the first group (CH4) indicates the presence of CH4 and low

coneentrations of C21-16and C3H8. Gas chromatography analysis of samples

containing the second eroup (CH4 + HHC) confirms the presence of CH4, and higher

hydrocarbons such as C2H6, C3I-18,and also butanes. Zonation of hydrocarbons and

the estimated PT conditions of 300 to 3755C and 2 to 4 kbars sugaests a abiotie origin

of hydrocarbons. The hydrothermal fluids responsible for gold and copper

mineralization is suggested to have reacted with graphitie schist and resulted in

mineralization, oxidation of the graphitic rocks, and formation of light gas

hydrocarbons.
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Introduction

Numerous workers have recognized CH4-rich flu d inclusions in metamorphic

terrains (Le. Hollister & Burruss, 1976; NIullis, 1979; Kreulen & Schuilimt, 1982:

Kerkhof, 1987; Lindblom & Burke, 1988). The presence of higher hydrocarbons

have also been reported or described in metamorphic terrains (Mullis, 1987; Kerkhof,

1991; Munz et al., 1992; Ettner et al., submitted, 1993) and igneous rocks (Konnerup-

Madsen et aL, 1979). The origin of such higher hydrocarbon inclusions is a matter of

debate. Higher hydrocarbon inclusions, described in Proterozoic metamorphic

terrains, have been suggested to form from a secondary influx of Paleozoic organic

fluids into Proterozoic rocks (Munz et al., 1992), in situ organic fluids (Kerkhof,

1991), and in situ reaction between hydrothermal fluids and graphitic rocks (Ettner et

al., 1993).

At the Proterozoic-aged Bidjoyagge Au-Cu deposit. in northern Nonvay, fluid

inclusions containing methane and ethane were first described by Ettner et al.

(submiued, 1993), based on microthermometric and Raman microprobe analysis

This initial tluid study of the Bidjovagge deposit indicated the possible presence of

additional higher hydrocarbons. Identification of hydrocarbons based on results of

further microthermometric and Raman microprobe analysis of the fluid inclusions and

gas chromatography, are presented here accompanied by a proposed model of origin.

Geologic Setting.

The Bidjovagge gold-copper deposit is situated approximately 40 km

northwest of the village of Kautokeino, on the Finnmark plateau, nordlern Norway

(Fig. 1). The deposit occurs in Proterozoic rocks of the north-south trending

Proterozoic Kautokeino greenstone belt within the Fennoscandic Shield. The

Kautokeino greenstone belt is composed of a series mafic volcanic, metasedimentary,

and intrusive rocks (Siedlecka et al., 1985) that are metamorphosed to amphibolite

facies in the lower portions near the contact with the gneissic basement, grading to
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lower greenschist in the higher tectonosaatigraphic portions of the greenstone helt

(Holmsen et al.. 1957: Krill et al., 1988; Sandstad. 1992). Rocks are also regionally

folded and cut by shear zones (Olesen et al., 1991; Sandstad. 1992).

In the vicinity of the Bidjovagge deposit the rock sequence consist of

rnetavolcanics. sedimentary carbonates, diabase sills, albite felsites, graphitic schists.

and tuffites of the Cas'kejas Formation (Hollander, 1979; Bjørlykke et al., 1987)

which are metamorphosed in the upper greenschist to lower amphibolite facies

(Sandstad, 1983). Albite felsite, generally composed of microcrystalline albite, occur

between the diabase sills and graphitic schist, and grade to gmphitic felsite and

graphitic schist. These albite felsites are interpreted by Bjorlykke et al. (1987) to be

the result of metasonratic alteration of black shale during the intrusion of diabase sills.

The metasedimentary rocks, albite felsites. and metavolcanics are folded in a

tight antiformal structure, plunging gently northward and trending north-south for

approximately 8.5 km (Fig. 2). The eastern limb of the antiform is cut by a series of

shear zones which tend to be localized within the albitic felsite between the contact of

metadiabase and graphitic schist.

Both metamorphism and deformation are considered to have occurred during

the Svecokarelian orogeny, approximately 1,900 to 1,850 Ma, due to continent-

continent and arc-continent collisions (Skiold, 1988: Pharaoh & Brewer, 1990;

Bjørlykke et al., 1993).

The Kautokeino greenstone belt is unconformably overlain by Late

Precambrian sandstones of the Dividal Group, which is overlain by Caledonian thrust

nappes (Ramsay et al., 1985). Both the Dividal Group and Caledonian thrust nappes

outcrop within 4 km of the Bidjovagge deposits (Fig. 1) (Sandstad, 1985).

Bidjovagge Au-Cu mineralLation

A series of veins occur within the shear zone, dominated by quartz,

carbonates, actinolite, sulfides, and magnetite. Where the vein systems cut the

graphitic schist a well developed oxidation zone in the graphitic schist is developed

4
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(Fig. 3). A mineralogic zonation of magnetite to pyrite to pyrite + pyrrhotite occurs

towards the oxidation front (Ettner et al., 1993).

Gold and copper mineralization is shear zone hosted, and occurs in a series of

approximately 13 ore hodies along the shear zone (Fig. 2). Ore bodies tend to Occur

where graphitic schist units are truncated by the intersection of shear zones which

host hydrothemul veins. Mineralization at the Bidjovagge deposit has been divided

into two types, by Bjorlykke et al. (1987), the gold-ore type and copper-ore type.

Typically, disseminated gold, of the gold-ore type, is hosted within sheared and

microbrecciated albite felsite, within the well developed oxidation zone to the

graphitic schist. Chalcopyrite also occurs related to the gold-ore type within the

hydrothermal veins. Syenodiorite dikes also occur as lenses within the shear

structures and are closely associated with mineralization. A later phase of copper

mineralization occurs as large chalcopyrite + carbonate veins that crosscut earlier

gold and copper mineralization, and is classified as the copper-ore type by Bjorlykke

et al. (1987).

The occurrence of gold and copper mineralization within the oxidation zone

between hydrothermal veins and the graphitic schists is interpreted. by Bjorlykke et al

(1987) and Ettner et al. (1993, submitted), to be the result of ore-bearing fluid

reaction with the graphitic schist.

Age determinations of the Bidjovagge Au-Cu deposit has been

constrained by isotopic dating of davidite and uraninite by Bjorlykke et al. (1990) and

Cumming et al. (in prep). Davidite found in association with gold gave a U/Pb date

of 1885 ± 18 Ma and a Sm/Nd date of 1886 ± 88 Ma (Bjorlykke et al. 1990) and

uraninite gives a date of 1837 ± 8 Ma (Cumming et al., in prep.) which suggest that

Bidjoyagge mineralization occurred during the Svecokarelian orogeny.

Methods

Doubly polished sections, 100 to 150 jam thick. of the samples were made for

microthermometric and Raman microprobe analvsis. Microthermometric
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measurements were conducted at the Mineralogical-Geological Museum, Oslo,

Norway using a gas-cooled CHAIXMLCA stage. The ClIAIXMECA stage used has

a consistent accuracy and precision of ± 0.PC at -56.6cC and about ±1.0'C between

the range -142 and +30°C, as described for the same instrument by Andersen et al.

(1991). Measurements were made during heating. at a rate of approximately 5' per

minute.

Laser-excited Ranmn microprobe analysis were conducted in the laboratory of

the Geological Institute at Stockholm University, Sweden. The instrument used for

analysis was a multichannel DILOR-XY, which is a successor to the MICRODIL-28

(Burke and Lustenhouwer, 1987). Measured line positions of CH4 and higher

hydrocarbons were identified by listed values compiled by Dubessy et al. (1989),

Kerkhof (1991) and Burke (pers. comm.).

Samples for gas chromatographic analysis were cleaned by soaking in

dichloromethane for approximately 24 hours and allowed to dry for 7 days. Sample

size ranged from 6.0 to 13.8 grams Samples were powdered in a steel crushing

chamber with brass cylinder equipped with a septum through which the sample was

withdrawn with a gas tight syringe. For gas quantification, flushing the chamber with

nitrogen was not conducted, as repeated blank runs (with mechanical agitation of the

crushing chamber) showed only background methane (2ppm = ImV). Simple

subtraction of the background was sufficiently accurate.

Gas chromatography of samples were analyzed on a Varian 3500 GC-FID

using a 30m DB-1 column (film thickness = 5.0 p.m). Between 2 to 4 ml of gas. from

each sample, was injected into the gas chromatograph.

Description of Samples

Previous fluid inclusion and stable isotope analysis of the veins and veinlets

from the footwall and ore bodies at Bidjovagge have been conducted by Ettner et al.

(1993). Veins studied can generally be divided into three types, footwall veins, veins

6
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in mineralized albitic felsites within the oxidation zone. and veins cross cutting

graphitic schists. Footwall veins are up to 1 in wide and are dominated by carbonate.

quartz, actinolite. chalcopyrite, magnetite and pyrite. Within the mineralized zone,

veins are smaller and mineralogy is dominated by carbonate, quartz, chalcopyrite,

pyrite, and pyrrhotite, although actinolite may also be present. These veins and

veinlets are locally folded and boudinaged (Bjorlykke et al.. 1987). Veins

crosscuttimr graphitic schist are dominantly composed of carbonate and pyrrhotite,

although some contain quartz and actinolite. Oxidized haloes of are present

surrounding some veins which crosscut graphitic schist (Fig. 3).

Detailed fluid inclusion work by Ettner et al. (submitted) has shown that fluid

inclusions shown composition variation from the footwall veins towards the ore zone.

Fluid inclusions in the footwall veins are composed of both pure liquid COo and pure

COo + highly saline 1120. Towards the ore zone and the oxidation zone the fluid

inclusions do not contain pure COo, rather they contain CH4 + highly saline 1-120or a

(COn + C1-14)mix + highly saline 1120 (Fig. 4). Some fluid inclusions from a quartz

+ carbonate + pyrite + chalcopyrite vein (sample BC91-249), from the "H" ore body

(Fig. 2), was found to contain CH4 + C2H6 (Ettner et al., 1993, submitted).

Results of Analysis

Miewthermonzetn.

Within the ore bodies and the oxidation zones, fluid inclusions are dominated

by single phase fluid CH4 or (C114+ CO2) rnixtures, and higher hydrocarbons (Fig. 5)

(Ettner et al, 1993). Based on microthennometric observation and classification of

Kerkhof (1990), hydrocarbon ± COo bearing fluid inclusions from Bidjovagge display

three general phase behaviours. First, fluids in which no solid formed during

supercooling, but which show liquid + vapor hornogenizing to liquid between -125

and -42.Pc, classify as "Hytype inclusions" (Fig. 6). Second, hydrocarbon + CO,

fluids that partially froze to solid + liquid + vapor, displayed partial homogenization
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to solid + liquid during heating between -105 to -65°C, followed "sublimation" of the

solid to liquid from -95 to -60°C, classify as "S2-type inclusions" (Fig. 6). Third,

CO2-rich fluids which froze to solid + vapor, melt to liquid + vapor between -72 and

-56.6°C, followed by homogenization to liquid from -60 to -6°C. classify as "II3-type

inclusions" (Fig. 6).

Fluid inclusions of the "II i-type" that do not freeze but homogenize toliquid

between -125 to -42.1°C indicate the presence of hydrocarbons. Those inclusions

which homogenize to liquid between -125°C and the critical temperature of CII4 (-

82.1°C) fit the behaviour of 014 (Burruss, 1981; Kerkhof, 1990). Inclusions which

hornogenized between the critical temperature of CH4 (-82.1) and -42.1°C (Fig. 5)

may include CH4 + higher hydrocarbons, or higher hydrocarbons such as ethane

without CI-14(Mullis, 1979). CH4 + CO, mixes may produce similar homogenization

temperatures (Burruss, 1981) but supercooling would produce solid CO, (Kerkhof,

1990) which was not observed.

Critical behaviour was observed in one fluid inclusion from the K deposit

(Fig. 2) (sample BC90-51), in which the meniscus fades at -74.8°C (Fig. 5 a &

Assuming a binary system of C114-C21-16,this critical temperature indicates a mole

fraction of approximately 0.08 C21J6 and similarly, in the binary system CH4-C31-18

this critical temperature indicates a C.3118mole fraction of 0.03 (Olds, 1953).

Raman microprobe analvsis

Raman microprobe analysis of the "Hi-type" fluid inclusions allow more

precise detection of the volatile components present. Fluid inclusions homogenizing

to liquid between -125 to -82.1°C show a strong CH4 peak at Av=2911 cm-I which is

in agreement with microthermometric data.

Fluid inclusions which homogenized above the critical temperature of CH4,

between -82,1 and -42°C, fluoresce strongly, but also display a strong CI-14peak

around Av=2911 cm-1(Fig. 7). Background spectra around the 0-14 peak, in most of

the inclusions analyzed is slightly anomalous, forming a mound". On top of this

8
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spectra mound, a peak around 2950 to 2952cm-1 matches the position of ethane

(Av=2954 cm1; Kerkhof, 1991) and occasionally, a peak occurs around 2892 cm-1

matches propane (Av=2890 cnr1; Burke, pers. comm.) (Fig. 7). Raman microprobe

analvsis of these inclusions did not detect Con.

In the majority of 014 bearing inclusions analyzed, characteristic carbon

spectra was detected. The spectra was identified on the basis of two peaks, the

stronuest, but narrow and angular, peak at about Av=1605 to 1608cm-1

and a second, wider and rounded, peak between Av=1327 to 1340cm-1 (Fig. 8)

(Lespade et al., 1982). The spectra indicates that the carbon is amorphous (Lespade

et al., 1982) probabiy as coating on the wall of the fluid inclusions, as crystalline

carbon is not visible in the inclusions.

Gas Chronzatogniphy

Preliminary gas chromatography analysis of vein samples from Bidjovagge

confirmed the presence of 014 and higher hydrocarbons in veins within the

mineralized zones, and indicate a lack of hydrocarbons in the footwall veins.

Separated vein quartz samples which contained "Ht-type" fluid inclusions,

wh ch homogenized to liquid between -125 to -82.1°C, display a chromatogram

showing 0-14. C21.16and a trace of C.31-15(Fig. 9 a). Separated vein quartz samples

which contained "Ht-type" CH4 + HEIC inclusions, which homogenized to liquid

between -82.1 to -42TC, give a chromatograrn showing CH4, C21-16.C3I-18and

butanes (Fig. 9 b), with a lower CH4/C11-16ratio.

Ratios of CH4:0)1-16and CH4:C31-18bulk gas chromatograph samples (Fig. 9)

indicate C-±16 to be between 2.5 and 7%, and C31-18between 0.5 and 2.26%,

respectiveiy. These values, although slightly lower than those indicated from the one

inclusion exhibiting critical behaviour, are generally in agreement. In general. the

CH4/C2F15ratio tends to become smaller towards samples exhibiting higher

temperatures of homogenization, and in which Raman probe analysis confirmed the

presence of ethane, propane and butanes.

9
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Analysis of a sample from a typical footwall quartz-carbonate-actinolite vein

containing pure CO, inclusions detected only trace amounts of C1-14,and no higher

hydrocarbons. This is in agreement with the zonation of CO-, inclusions in the

footwall veins, and increasing hydrocarbon-bearing fluid inclusions within ore zone.

1n addition, 6 graphitic schist samples have been analyzed for hydrocarbon

content. In 4 of the samples only minor CH4 and C21-16is detected having CH4/C2116

ratios of around 7.6 to 10. Two other samples of highly graphitized schist from shear

zones contain larger amounts of CH4 compared to the lower graphitized samples,

together with ethane, propane and the butanes. The CF14/C416 ratios in these samples

are around 6.8 and 13.1.

Discussion

Detection of light hydrocarbon-bearing fluid inclusions from veins within the

Bidjovagge Au-Cu deposit has been accomplished by an integration of microscopic

observations and microthermometry, complemented with both Raman microprobe,

and gas chromatographic analysis. The recognition of light hydrocarbon-bearing

fluid inclusions has obviously important trenetic implications for the origin of the

uids

The origin'of higher hydrocarbon-bearing fluid inclusions, from Proterozoic

metatnorphic terrains, such as the Kautokeino greenstone belt, or within igneous

rocks is a matter of controversy. Previous workers describing similar higher

hydrocarbon bearing inclusions in metamorphic or igneous terrains have suggested

that fluids resulted frorn in situ organic fluids (Kerkhof, 1990), the abiotic production

of hydrocarbons (Konnerup-Madsen and Rose-Hansen, 1982), or the secondary

penetration of Paleozoic organic-bearing fluids into Proterozoic rocks (Munz et al.,

1992).

Light hydrocarbon zonation at Bidjovagge suggest the in situ production of

hydrocarbons (Fig. 4) rather than a secondary penetration of organic-bearing

10
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Paleozoie fluids. Ettner et al. (1993 az submitted) suggested that hydrocarbon-bearing

fluids found at the Bidjovagge Au-Cu deposit formed during fluid reaction with

graphitic schist, together with gold and copper mineralization, at about 1885±18 Ma.

Ore-bearing fluids composed of oxidizing highly saline Hi0 + CO), represented bv

saline 1-120+ CO2 fluid inclusions in footwall veins (carbonate + quartz + actinolite ±

magnetite or pyrite), appear to have moved upwards alona conduits in the shear zones

at Bidjovaage. Temperature and pressure estirnates of fluid trapping are between 300

to 375T and 2 to 4 kbar (Ettner et al., submitted). Where shear zones cut graphitic

schist, this fluid reacted with the graphitic schist, resulting in oxidation and albitie

alteration of the schist, precipitation of metals, and the production of predominantly

methane and other light hydrocarbons. Carbon isotopes analyzed from footwall and

ore zone vein carbonates, and also carbonate veins crosscuttina graphitic schist

support a model of fluid-rock interaction. The 313C values range from -0.66 to -1.9fr

in the footwall veins to between -1,72 to -4.647c in the rnineralized zone to around

-7%c in carbonate veins crosscutting the graphitic schist (Fig. 10) (Ettner et al.,

submitted). This trend of values suggest that a complex equilibrium fractionation

existed between fluctuating C01- and CH4-bearing

Preliminary results of gas chromatography analysis of unoxidzed graphitic

schists containing only CH4 and C,116, although not conclusive, suggest that the

schists were not a reservoir for all the light hydrocarbons found in the ore zone.

Graphitic schists that have been highly graphitized along shear zones do contain

similar light hydrocarbons as the mineralized zones, suggesting a secondary

production of the hydrocarbons.

Hydrocarbons within hydrothermal systems may be produced in sitit by either

reaction with organic material within the wall rocks or by abiotic syntheses.

Production of hydrocarbons at submarine hydrotherinal vents observed along sea

floor spreading centers (i.e. Michaelis et al, 1990; Peter et at, 1990; Simoneit, 1990;

Whiticar and Suess, 1990). Eormation of hydrothermal petroleurn at these sites

occurs as hydrothermal fluids, between 60QCto about 400C and at hydrostatic
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pressure, react with organic material in the sediments (Simoneit, 1990).

Hydrothermal systems within the Guaymas Basin produce both the light

hydrocarbons (C1-C12) and the C n range (C12-C404.)which tend to migrate rapidly

away from the higher temperature zones (Simoneit, 1990) but liquid light

hydrocarbon are observed as inclusions within amorphous silica with trapping

temperatures between 116 to 226°C (Peter et al., 1990).

Abiotic production of light hydrocarbons has been suggested for the formation

of C1 to C5 observed in the alkaline 11fmaussaq intrusion, of South Greenland, where

there is no nearby carbonaceous country rock (Konnerup-Madsen et al., 1979).

Conditions for light hydrocarbons formation in the Ilimaussaq intrusion are suggested

to be low f02 and a wide range of temperatures between 800 and 450°C as the

magrna crystallized (Konnerup-Madsen et al., 1979; Konnerup-Madsen and Rose-

Hansen, 1982).

The commercial abiotic production of hydrocarbons by gasification of coal

followed by the Fischer-Tropsch syntheses by catalytic hydrogenation of carbon

monoxide at high temperatures and pressures (Schulz, 1980), may have significant

applications to geologic problems such as Bidjovau.e. Under industrial conditions,

gasification of coal by reaction with steam produces CH4 by the reactions

C + CO2 = 2C0 (1)

CO + + (2)

C + 2H, = 014 (3)

at hi:th temperatures and elevated pressures (Goeke and Wetzel, 1980). The Fischer-

Tropsch reaction CH2 chain propagation occurs by the insertion of CO and 112in the

presence of an active metal catalyst at temperatures up to 370°C (Schulz, 1980).

Production of hydrocarbons at Bidjovagge may have occurred either by

catalyzed reaction with the graphitic schist or by reaction with organic matter in the

schist, although the survival of organic material within the schist under upper

greenschist facies condition would seem unlikely. Either of these processes may have

resulted in the hydrocarbon zonation within the mineralized oxidation. If higher

12
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hydrocarbons (C4+) were produced by fluid-rock interaetion at Bidjovagge,

preservation of only the lighter hydrocarbons was successful within the fluid

inclusions Amorphous carbon coatings on the walls of the fluid inclusions, as shown

by Raman microprobe analysis, may indicate that eracking of higher hydrocarbons

occurred. Carbon isotope analysis of the hydrocarbon inclusions would help to

detennine which process was significant.

Conclusion

This comparison of microthermometric. Raman microprobe, and gas

chromatographic analysis of fluid inclusions from the Bidjovagge Au-Cu deposit has

detected the presence of methane. ethane, propane and butane within the ore zone.

The recognition of higher hydrocarbons in CH4-rich fluid inclusions by

microthennomedic or Rannan microprobe analysis may be dependent on the types of

hydrocarbons present or their ratios. Detailed microscopic and rnicrotherrnornetry

analysis accompanied by Raman microprobe and gas chromatography is necessary for

the complete identification of hydrocarbons present. The knowledge of the presence

additional hydrocarbons in CH4 inclusions is important for calculation of molar

volume and isochore calculations, or the validity of previous published calculations.

The origin of higher hydrocarbons in Proterozoic metaniorphic terrains. such

as the Kautokeino greenstone belt, is problematic. Hydrocarbon-bearing fluid

inclusions from the Bidjovagge deposit appear to have been trapped at elevated

temperatures and pressures of 300 to 375C and 2 to 4 kbars within the mineralized

oxidation zone to graphitic schists. Zonation of light hydrocarbons suggest that the

hydrocarbons were formed at the site of mineralization rather than by infiltrating

Paleozoic organic-rich tluids. Organic production of hydrocarbons fluids at these

temperatures seems unlikely, as would trapping of primary organic hydrocarbons.

Syntheses of light hydrocarbon by fluid interaction with organic material in the

schists or an abiotic catalyzed hydrogenation reaction (Fischer-Tropsch reaction)

between the fluids and the graphitic schist may have produced the light hydrocarbon
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zonation observed at the Bidjovagge deposit. Evidence for fluid-rock interaction

indude a mineralized oxidation zone at the graphitic schist. mineralogic zonation

magnetite - pyrite - pyrrhotite zonation), together with fluid inclusion and carbon

isotope zonation

Hydrocarbon generation and the interaction with graphitic schist appears to be

important for mineralization at the Bidjovagge deposit. Gold transported as chloride

complexes within the fluids would be become unstable by lowering the f (Henley,

1973) accompanied by increased pl I during phase separation of CO2 and would result

in gold precipitation.
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List of Figures:

Figure 1: Generalized gcologic map of Finnmark plateau, with the Kautokeino

Greenstone belt, emphasizing metamorphic grade after Sandstad (1992) and Krillet

al. (1988), showing the location of the Bidjovagge deposit.

Figure 2: Geologic map of the Bidjovagge antiform with location of individual

ore lenses along shear zones on the eastern limb of the antiform. Modified from

Nilsen and Bjørlykke (1991).

Figure 3: Drill core sample of graph tic schist displaying oxidation halos around

veins. Scales bar: 5 cm.

Figure 4: Schematic geologic block diagram of a Bidjovagge deposit with the

general location of CO2 + H20 vs. CH4 + LHC fluid inclusions. Gold mineralization

is marked by "Au" where the graphitic schist is truncated bv an oxidation zone.
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Figure 5: Photomicrographs of fluid inclusions. a.) Sample BC91-249 with

rectangular area marked showing location of photomicrograph b. b.) Composite

photomicrograph of light hydrocarbon fluid inclusions at different focal depths, with

microthennometric data for selected inclusions. c.) Sample BC91-51 with

rectangular area marked showing location of photomicrograph d. d.) Composite

photomicrograph of light hydrocarbon fluid inclusions at different focal depths, with

microthermometric data for fluid inclusions #A20 which displays critical

homogenization behaviour. Scale bar for a and c = 0.25mm: for b and d = 0.05mm.

Figure 6: Microthermornetric melting and sublimation temperatures (below base

line) and homogenization temperatures (above base line) for measured carbonic fluid

inclusions. I lomogenization to a carbonic liquid occurs in all inclusions.

Figure 7: Raman microprobe spectra of selected hydrocarbon-bearing fluid

inclusions For each flukl inclusion, the temperature of homogenization and critical

homogenization is indicated.

Figure S: Characteristic amorphous carbon Raman microprobe spectra from a

hydrocarbon liquid inclusion at Bidjovagge.

Figure 9: Gas chromatographs of bulk gas analysis from separated vein quartz

samples. A.) Vein quartz bearing fluid inclusions which display temperatures of

homogenization between -102 and -82. Pc. A.) Vein carbonate from veins bearing

fluid inclusions which display temperatures of homogenization between -61.5 and
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Figure 10: Carbon and oxygen isotope compositions of carbonates from different

lithologies, ore zones and veins from the "H" deposit at I3idjovagge (from Ettner et

submitted).
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Abstract

The Bidjovagge Au-Cu deposit in northern Norway, hosted within a shear

zone in the Early Proterozoic Kautokeino greenstone belt differs frorn Archean

mesothermal gold deposits because of high base metal to gold ratios. A study of the

fluid evolution and mineralization by means of fluid inclusion microthermometry,

Rarnan microprobe spectrometry, gas chromatography, and stable isotope

geochemistry has been conducted in order to deterndne the mechanism of transport

and precipitation of both base metals and gold in a mesothermal system.

The Bidjovagge area comprises a series of metasedimentary carbonates and

tuffites, graphitic schists, metasomatic albite felsite, and diabase sills that are folded

in a large upright isoclinal antiform which is cut along the eastern limb by a shear

zone. Two phases of mineralization are recognized at Bidjovagge, an earlier Au-rich

phase within ductile to brittle shear structures, followed by a Cu-rich phase within

brittle structures. A series of syenodiorite intrusions are spadally related w th

mineralization and appear to crosscut structures hosting gold mineralization, but are

crosscut by brittle structures related to copper mineralization.

Alteration related to the mineralization includes albitization. carbonatization,

scapolitization, and minor biotitization, amphibolitization, and chloritization

Mineralization occurs within red-ox front to the graphitic schists especially where

dilational structures in the shear zone have cut across the graphitic schists. From the

footwall of the deposit up towards the ore zone a zonation from magnetite + pyrite, to

pyrite, to pyrite + pyrrhotite is observed.

Fluid inclusion compositions show a zonation within the deposit related to

Au-rich rnineralization. Within the deeper parts of the footwall veins fluid inclusion

are dominated by H20 + CO-) + salt, having salinities between 27 and 43 wt. NaC1

equiv., dominated by NaCI and CaC12. Fluid inclusion assemblages within the

highly sheared albite felsite closer to the ore zone comprise both single phase liquid

CO2 inclusions or H20 + salt inclusions. Compositions of fluid inclusions in the ore

zones are dominated by liquid CH4 and other light hydrocarbons.

2
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Fluid inclusions related to Cu-rich mineralization and svenodiorite intrusions

comprise lower salinity aqueous solutions, up to 25 wt. % NaCI equiv., dominated by

NaC1 and CaCl2. Some inclusions within veins crosscutting syenodiorite intrusions

also contain CH4.

Carbon isotopic analysis of vein carbonates related to Au-rich mineralization

from Bidjovagge show a zonation of 613C values frorn -0.44 to in footwall

veins, -1.72 to -4.64(4( through the ore zone, and -7.04 to in the graphitie

schist. Carbonate veins related to Cu-rich mineralization also show a range in 3I3C

values between -2.73 to A wide variation of 834S is shown with ehalcopyrite

generally between 1.6 to 2.0, pyrite with 1.9 to -3.0%e, and pvrrhotite with values

around -2.7 to -3.9%c.

The high salinity H20 + CO1 fluids. as represented in the footwall, are

interpreted to have transported both Au and Cu as chloride complexes at temperatures

between 300 to 375lC and at pressures between 2 to 4 kbars. As the supercritieal

F120 + CO2 + salt fluids moved upwards into the highly sheared albite felsite the drop

in pressure caused phase separation resulting in an increase pH. Interaction of the

fluid with graphitic schist resulted in alteration and oxidation of the graphitic schist,

synthesis of light hydrocarbons, mag-py-po zonation, and trends in 3I3C values. The

reduced f02 of the fluid, combined with increased pH resulted in precipitation of

metals frorn chloride complexes.

The Bidjovagge deposit together with other Proterozoic mesothermal gold-

base metal deposits display similar high salinity fluids and occur in continental rift

settings associated with felsic magmatism.



Ettuer Worlykke Andersen: Fluid Geochemistry of the Bid-ova c Au-Cu de . siL NOr.la An exam

Introduction

Proterozoic mesoffiennal gold-base metal deposits include the Bidjovagge

(Bjørlykke et al., 1987). Pahtohavare (Martinsson, 1992), and Saattopora (Nunni et

al., 1991) deposits in the Fennoscandanavian Shield, and the Telfer (Goellnieht et al.,

1989) and Tennant Creek (Nguyen et al., 1989; Wedekind et al., 1989) deposits in

Australia. Archeim mesothennal gold deposits and their Proterozoie gold-base meml

equivalents occur in similar structural settings in greenstone belts within Precambrian

cratonic shields but have substantial differences in the base metal to gold ratios (e.g.

Card et al., 1989; Goellnicht et al., 1989; Nguyen et al., 1989; Groves and Foster,

1991; Bjørlykke et al., 1993). Numerous recent fluid studies of Arehean mesothernml

gold dominated deposits reveal a remarkably similar low salinity 1-120+ CO2 fluid.

Limited fluid inclusion studies of Proterozoic gold and copper deposits (Goellnicht et

al., 1989; Nguyen et al., 1989; Lindblom and Martinsson, 1990) indicate that fluids

responsible for rnineralization were much more saline than for Archean gold deposits.

This may be one explanation for the higher base metal ratios.

The Bidjovagge deposit, in northem Norway, contained average ore grades of

4.1 glt Au and 1.19% Cu and operated by Outokumpu Oy between 1985 and 1991

(Ekberg and Sotka, 1991) is well described (e.g. Hollander, 1979; Bjørlykke et al.,

1987; Bjørlykke et al., 1993), and was therefore chosen for a detailed fluid study.

Fluid geochemistry using fluid inclusion microthermometry. Raman

rnicrospectrometry, gas chromatography together with stable isotope analysis have

been combined with geological field observations to characterize the nature of the ore

forming fluids at Bidjovagge. Data is presented in this paper accompanied with a

comprehensive model that attempts to explain both the gold and base metal

mineralization at Bidjovagge and other correlative Proterozoic mesothermal gold-base

metal deposits.

4
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Geological Setting

Proterozoic greenstone belts occur between Archean gneiss and granulite

domes in the northern part of the Fennoscandanavian Shield within Norway. Finland

and Sweden (FiE. 1). Shear zones trending north and northeast transect the

greenstone belts and appear to be the focus of gold and base metal mineralization at

the Bidjoyagge deposit in Norway, Saattopora deposit near Kittiffi in Finland, and the

Pahtohavare deposit near Kiruna in Sweden (Fig. 1).

One of the greenstone belts in Norway, the Kautokeino greenstone bdt which

hosts the Bidjovagge Au-Cu deposit, comprises mafic volcanic and metasedimentary

rocks (Siedlecka et al., 1985). Shear structures within the Kautokeino greenstone belt

trend northward and are northern extensions of the Baltic-Bothnian megashear

(Berthelsen and Marker, 1986). The northern part of the Kautokeino greenstone belt

is structurally overlain by Caledonian nappes, althou2h tectonic windows near the

town of Alta (Fig. 1) expose the supposed continuation of the 2reenstones (Olesen et

al., 1990).

The Bidjoyagge deposit occurs in the Cas'kejas Formation comprised of

metavolcanic and metasedimentary rocks, including amphibolites, dolomites.

araphitic schists, and a mixed series of metatuffites and schists (Siedlecka et al..

1985; Bjørlykke et al., 1987). Diabase sills occur within the metasedimentary

sequence and are typically haloed by albite felsite, which is interpreted as the product

of metasomatic alteration of the sedimentary sequence during sill intrusion (Bjørlykke

et al., 1987). Contacts between diabase sills and graphitic schist display the most

pronounced albitization. In the Bidjovagge area, the Casicejas Formation is overlain

by feldspathic sandstones, shale, siltstone and limestone of the Bilt'lfficakka

Fonnation which in turn is overlain by sandstones and conglomerates of the Caravarri

Fonnation (Siedlecka et al., 1985).

Metamorphism and structural deformation of the rocks at Bidjovaage occurred

during the Svecokarelian Orogeny at 1,900 - 1,850 Ma (Skiöld, 1988; Pharaoh and

Brewer, 1990; Bjørlykke et al., 1993). The metamorphic grade is upper greenschist
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facies, gradually grading to amphibolite facies to the west (Sandstad, 1983). Two

styles of deformation occur at Bidjovagge, ductile folding of the antiform and ductile

shearing, followed by brittle shearing. Fluvial sedimentation occulTed in the Baltic

Shield, represented by the Caravarri Formation in the Kautokeino greenstone belt,

shortly after the main orogenic event, and before the intrusion of post-orogenie

granites. reflecting rapid crustal uplift (Bjorlykke et al., 1993).

Lens-shaped syenodiorite intnisions occur within the shear zone. and relative

timing of intrusion is constrained by structural crosscutting relationships. The

syenodiorite intrusions crosseut shear texture, generally are not sheared, and are in

places brittlely deformed (Fig. 3). Syenodiorite intrusions rnay be related to

mineralization as discussed below.

Gold and Copper Mineralization

Both mineralization and alteration at the Bidjovagge Au-Cu deposit are

localized in the shear structures. Approximately 12 ore lenses are situated within

shear zones which cut the eastem limb and nose of an upright isoclinal antiform (Fig.

2) which trends north, plunging slightly northward, and folds metasedimentary rocks

and intrusive diabase sills of the Cas-kejas Fonnation. From figure 2, two apparent

controls on the location of ore lens can be shown. First, mineralization occur at the

intersection of shear structures or where dilational jogs occur along shear zones.

Secondly, mineralization occurs in the albitic felsite near the contact with graphitic

schist where an red-ox front has been developed (Fig. 4).

Gold and copper mineralization at Bidjovagge has been broken into two types

by Bjorlykke et al. (1987) and Nilsen and Bjørlykke (1991). Ore type I is a gold-rich

ore with 5 - 20 ppm Au and 0.1 - 0.5% Cu, and ore type II is copper-rich with 1 - 2

ppm Au and 2 - 5% Cu. Gold-rich rnineralization occurs as finely disseminated

native gold and gold telluride (calaverite) within sheared and microbrecciated albite

felsite. Native gold has also been observed within uraninite crystals (Cumming et al.,

6
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in prep.) and within actinolite (H. Åsen, pers. comm.). Minerals associated with

gold-rich ore include quartz, carbonate, actinolite, pyrite, pyrrhotite. chalcopyrite,

magnetite and minor amounts of apatite, Cr-rich muscovite, tellurides (altaite,

melonite, and tellurobismuthite) and davidite. Davidite is a member of the crichtonite

mineral series witti a general formula of Y6Z15036, where Y = the larger cations

dominated by REE, and Z = the smaller cations like Ti, Fe+++, V and Cr (Pabst, 1961;

Gatehouse et al., 1978). A vein system related to gold-rich mineralization can be

traced frorn the footwall metadiabase into the ore zones in the albite felsite and also

the graphitic schist. Within veins cutting from the footwall up\kards to the ore zone a

pronounced zonation of magnetite to pyrite to pyfite + pyrrhotite occurs (Fig. 5). The

pyrite + pyrrhotite assemblage occurs within the gold mineralized zone and the red-ox

front. Mineralized shear planes commonly display a ductile fabric (Fig. 6) and are in

places folded, boudinaged (Bjorlykke et al., 1987) or filling brittle fractures.

The copper-rich mineralization occurs predominantly as chalcopyrite and

minor bornite within veins together with coarse carbonate (ankerite and calcite) and

accessory amounts of albite, pyrite, pyrrhotite, quartz, actinolite, and minor arnounts

of telluride and native gold (Bjørlykke et al., 1987; Nilsen and Bjørlykke, 1991).

Veins range in size up to 1.5 m and are lenticular in shape. Fracwre filling

chalcopyrite within albite felsite is also common in this ore type (Fig. 7).

Timing of mineralization

The relative timing of mineralization may be constrained by both the style of

structures that are mineralized and also by crosscuttint, relationships displayed by the

syenodiorite dikes. Gold-rich mineralization occurring in ductile to brittle structures

appears to have been earlier than the copper-rich mineralization in brifile veins and

fracture fills. This timing is supported by syenodiorite dikes which crosscut shear

structures hosting gold mineralization (Fig. 3a), and are occasionally crosscut by

brittle fractures filled with carbonate and Cu-sulfides (Fig. 3b).

The age of mineralization has been constrained by isotopic age dating of the

davidite by Bjørlykke et al. (1990) and uraninite by Cumming et al. (in prep.). At,es

7
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of davidite, found in association with the gold ore, have been estimated by U/Pb to be

1885 ± 18 Ma and supported by a Sm/Nd date of 1886 ± 88 Ma. liraninite that

contain gold give U/Pb dates of 1837±8 Ma. Based on this radiometric data, the gold-

rich mineralization is considered to have occurred during or slightly after the peak of

the Svecokarelian orogeny (e.g. Skiöld, 1988).

Wallrock Alteration

Predom nant alteration at Bidjovagge include albitization, carbonatization, and

scapolitization and to a lesser extent amphibolitization, mica, and hematite alteration

(Bjørlykke et al., 1987; Nilsen and Bjørlykke, 1991). The most comrnon alteration at

Bidjovagge is the albite felsite, which is host to mineralization. An early metasomatic

event is evident by the albite felsite along the contact between the metadiabase sills

and metasedimentary rocks. In places, this event metasomatized the graphitic schist

into a hard graphitic felsite which behaved brittlely during late deformation. A

second albitization occurs along shear zones within wall rocks, and is not limited to

alteration of metasedimentary rocks but also occurs within metadiabase sills.

Typ cally, the resulting albite felsite is microcrystalline, but is also coarsely

crystalline especially where albite replaces plagioclase in the metadiabase (Bjørlykke

et al., 1987). Rutile is ubiquitous in the albite felsite, and minor amounts of quartz,

carbonate, mica and amphibole are found in occurrence.

Carbonatizadon is in associadon with the albitization, usually as carbonate

replacing the amphiboles within the metadiabases (Bjørlykke et al., 1987).

Scapolitization occurs extensively in the central metadiabase as poikiloblasts

replacing plagioclase, and within tuffites located in the hanging wall of the deposit

(Bjørlykke et al., 1987; Nilsen and Bjørlykke, 1991). Amphibolitization (actinolite)

of the footwall carbonates is commonly observed especially in the southern part of the

Bidjovagge trend around the "C" deposit (Fig. 2). Mica alteration occurs along

structurally controlled zones, and includes the addition of biotite in the metadiabases,

and sericite and fuchsite in albitized metasediments (Nilsen and Bjørlykke, 1991).
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Potassic alteration tends to be in association with the Cu-rich mineralization. The

hematite and chlorite alteration, associated with coarse crystalline carbonate, probably

postdates the earlier gold mineralization and may be related to Cambrian supergene

alteration (Bjørlykke et al., 1987).

Fluid Inclusion Study

Fluid inclusions from over 40 samples from the Bidjovagge area have been

analyzed during this study. Fluid inclusions analyzed are hosted within vein quartz

from footwall veins and ore zones related to both gold- and copper-rich

mineralization, and from apatite crystals and veinlets within syenodiorite dikes.

Doubly polished sections, 100 to 150 tim thick, of the fluid inclusion samples

were prepared, and microthermometric measurements were conducted at the fluid

inclusion laboratory at the Mineralogical-Geological Museum, Oslo, Norway. All

measurements were taken during heating of the sample, generally at a rate of 50 per

minute. Measurements were mostly made using a LINKAM TI1M 600 heating-

freezing stage, but because of temperature fluctuations. high precision low

temperature measurements were made with a gas-cooled CHAIXMECA stage.

Calibration of the LINKAM THM 600 stage was conducted with a series of natural

and MERCK synthetic standards. Between -142°C (melting point of

methylcyclopentane) to +200°C precision is approximately ±50C, and in the range of

+200 to +4000C the instrument showed a +10 to 150C deviation above true

temperatures. High quality low temperature measurements were made on the gas-

cooled CHAIXMECA stage that has a precision of ±0.10C between -1420C and

+300C, and a deviation of 1.0C which is compensated for after measurement, as

described by Andersen et al. (1991).

Laser-excited Raman microprobe analysis were conducted at the Geological

Institute, University of Stockholm, with the help of Dr. Sten Lindblom. The

instrument used is a multichannel DILOR-XY, a successor to the MICRODIL-28

9
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(Burke and Lustenhouwer, 1987). Measured line positions of CG), CH4 and N were

identified by comparison with listed values by Dubessy et al. (1989). Van Den Kerkhof

(1991) and E.A.J. Burke (pers. comm.).

Destructive analysis of fluid inclusions from Bidjovagge samples using gas

chromatography to determine hydrocarbon fluid compositions. Initial analysis with

mineral separates from veins were soaked in dichloromethane for 24 hours and

allowed to dry for 7 days and whole rock were not soaked in dichloromethane.

Samples ranging in size from 5 to 20 grams were then crushed in a gas tight steel

crushing chamber with a brass cylinder. Between 2 to 4 ml of gas were withdrawn

with a gas tight syringe through a septum in the crushing chamber, and injected into a

Varian 3500 GC-FID gas chromatograph with a 30m DB-1 column (film thickness =

5.0i4m). For quantification, flushing the chamber with nitroizen was not conducted. as

repeated blank runs with mechanical agitation of the crushing chamber showed only

background CH4. Simple subtraction of the background was sufficiently accurate.

Fluid inclusion description

Fluid inclusions from Bidjovagge have been described by Ettner et al. (1992;

1993; in prep. a) related to gold mineralization and by Ettner et al. (in prep. b) related

to copper mineralization. Fluid inclusions data from both gokl and copper

mineralization, and also frorn syenodiorite intrusions will be presented together here.

Fluid inclusions described include those interpreted to be primary or

pseudosecondary, based on criteria presented by Roedder (1984). Secondary

inclusions are omitted from this discussion. The fluid inclusions analyzed during this

study contained a range of fluid types, which were composed of HnO, CO2, CH4, and

light hydrocarbons (LHC) (Fig. 8), with dissolved salts, salt crystals, and other

daughter crystals. A systematic division of fluid inclusion types, based on the main

fluid phases present at room temperature, is presented in Table I, together with

associations of occurrence.

10
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The first type of fluid inclusion is characterized by a dominant non-aqueous

fluid (CO2 or 0-14) or F120 (Table I). Non-aqueous fluid-rich inclusions are

subdivided on the basis of gas impurities, and then further subdivided by the absence

or presence of 1-120. 1-120-richinclusions are divided on the basis of salt content; pure

1120, saline but unsaturated H20, and saturated 1110 with salt crystals at room

temperature. H20-rich inclusions are further subdivided on the presence of a second

volatile component (CO2 or CH4).

Fluid inclusions related to gold rnineralization have been previously divided

into three groups (Ettner et al., 1992; 1993; in prep. a), based on fluid composition

and occurrence in the deposits. Generally, Group I include both saline aqueous

solution ± CO1 and CO7 inclusions in footwall veins, Group Il comprise both saline

aqueous solution ± CH4 and 0-14 or 0-14 + CO, inclusions in low grade ore zones,

and Group III are dominated by CH4 and LHC inclusions. This terminology of

Groups I, II. and III is not used further in this discussion, although is shown in Table

1 for cross reference.

Mierothermomerric and Raman Microprohe analysis

CO,-rich inclusions. - CO2-rich inclusions occur in carbonate-quartz-actinolite veins

related to gold mineralization and are subdivided into two types, pure CO, inclusions

in nonmineralized footwall veins and CO, + CH4 inclusions in veins within or

proximal to low grade ore zones.

CO2-rich inclusions freeze to solid COn and vapor upon supercooling to

below -80°C. During heating, melting (Tmccr)occurs either instantaneously at the

CO2 eutectic of -56.6°C, or display melting intervals with depressed meltimz

temperatures between -57 and -63.5°C (Fig. 9). Eutectic melting temperatures show

that inclusions contain pure CO2, whereas inclusions with melting intervals and

depressed CO2 final melting temperatures suggest a slight contamination of CH4

(Burruss, 1981). Raman microprobe analysis of inclusions displaying eutectic

melting confirmed the presence of pure CO2, with a spectra displaying two CO2

11
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peaks, the strongest peak at Av=1385cm-1 and the second peak at Av=1279cnr 1.

Raman spectra of inclusions having melting intervals and depressed CO2 final

melting temperatures display similar CO2 spectra and also a CH4 peak between

Av=2910 and 2913cm-1 giving varying estirnates of CH4 content between 8 to 22

mole %.

Further heating of the pure CO2 inclusions results in the homogenization

(Thco2) to liquid at temperatures between -55 and +12°C, with a mode between -30

and -20°C (Fig. 9). Homogenization temperatures of the COJ inclusions containing

CH4 are similar to pure CO2, ranging from -50 to -10°C (Fig. 9). No H20 or CO2

clathrate was observed in CO2-rich inclusions.

CH4-rich inclusions - Methane-rich inclusions at Bidjovagge occur predominantly in

veins within the gold mineralized albite felsite which is oxidized and albitized

graphitic schist. Methane-rich inclusions with E120 have also been observed in

apatite veinlets within syenodiorite dikes which are intruded in graphitic schists.

CH4-rich inclusions display varied behaviour during freezing including both

homogenization type inclusions (H-type) and sublimation type inclusions (S-type) as

defined by Van Den Kerkhof (1990) for CO2 - CH4 binary systems (Fig. 10). 1-1-type

inclusions observed at Bidjovagge nucleate a vapor bubble during supercooling, but

no freezing to solid is observed. Homogenization to liquid occurs between -125 and

-39.6°C (Fig. 10). Inclusions which homogenize to liquid between -125°C and the

critical temperature of CH4 (-82.1°C) fit the behaviour of pure 0-14 (Burruss, 1981;

Kerkhof, 1990). Inclusions which homogenize to liquid between the critical

temperature of CH4 (-82.1) and -39.6°C, in the absence of solid melting, include CH4

+ higher hydrocarbons, or higher hydrocarbons such as ethane without 0-14 (critical

temp. = +32.2°C; Weast et al., 1988). The absence of solid melting indicates that

CO2 is not present. Some of these inclusion fluoresce with light golden colors under

the UV microscope.

Raman microprobe analysis of CH4-rich inclusions from Bidjoyagge

displaying 11-type behaviour are discussed by Ettner et al. (in prep. c). Raman speetra

12
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of CH4 inclusions which homogenize below -82.1 oc show a strong 0-14 peak at

Av=2911cm-1. Fluid inclusions which homogenize between -82.1 and -42'C

analyzed with Raman microprobe fluoresce strongly but also display a strontz 0-14

peak around Av=2911cm-1 (Fig. 11). The Raman spectra of these inclusion also

display a "mound" surrounding the CH4 peak along with an ethane peak around

Av=2950 to 2952cnr I and rarely a propane peak at Av=2892cm-I (Fig. 11). Carbon

spectra is found in nearly all G14-rich inclusion analyzed, showing a strong narrow

peak between Av=1605 to 1608cm-1 and a second wider and munded peak between

Av=1327 to 1340cm-1. Carbon is considered to be present in the inclusions at a thin

amorphous coating on the walls of inclusions (Ettner et al., in prep. c).

Critical behaviour was observed in one fluid inclusion from the K deposit at

Bidjovagge (Fig. 2) in which the meniscus fades at Assuming a binary

system of this critical temperature indicates a mole fraction of

approximately 0.08 C21-16(Olds, 1953). Similarly, this critical temperature in the

binary system CH4-C3H8 indicates a C31-18mole fraction of 0.03 (Olds, 1953).

S-type inclusions are characterized by partial freezing during super cooling to

about -180'C and during heating, homogenization to liquid occurred before final

melting of the solid phase. Partial homogenization to liquid ("ThycH4,co-,), in the

presence of a CO2-rich solid, usually occurs between -105 to -65°C, and sublimation

of the solid (Tsco, +C-14),the final melting in a 52-type inclusion, occurs between -95

and -60°C (Fig. 10). This behaviour is found in the CO2 - 0-14 binary system with

fluids of lower molar volume, dominated by 014 (van DenKerkhof,1990). No

or gas clathrate was observed in these inclusions. Raman microprobe analysis of

these S-type inclusions show spectra with both a 0-14 peak around Av=2911cm-1 and

two CO2 peaks, the largest at Av=1294cm-I and the second peak at Av=1383cm-1.

Estimations of CO2 content range between 1.5 and 15 mole %, based on Raman

analysis. Carbon spectra is found in S-type inclusions, similar to that described from

H-type inclusions above.

13
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CH4 + H20 inclusions are observed in albite crystals within albite -

chalcopyrite veinlets in a syenodiorite which intrude graphitic schist. Upon

supercooling the H20 freezes to ice and a vapor bubble nucleates. Generally

homogenization to liquid, in the presence of ice, occurs between -89 to -82°C,

indicating CH4 (Burruss, 1981). First ice melting (Tminitial ice) is generally observed

around -20°C, followed by flnal ice melting (Tmlinai ice) between -7.5 and -10.5°C.

CH4 clathrate melting is observed between -1.8 and 0°C. No salt hydrate melting was

observed. Ice melting behaviour indicates the presence of NaCI in the aqueous

solutions (Crawford, 1981). The salinity of the aqueous solution may not be

accurately estimated based on gas clathrate melting, but the maximum salinity may be

estirnated by the final melting of H20 (<14.5wt. % NaCI equiv.; Potter et al., 1978).

Raman rnicroprobe spectra of these inclusions confinn the presence of pure

Salt saturated I1,0 inelusions - Aqueous solutions saturated with salt at room

temperature are common in veins related gold mineralization in the footwall and

lower grade ore zones but are rare in the high grade ore zones. These inclusions

contain aqueous solution, one to two salt crystal, bubbles of either EHO vapor, CO-i or

CI-14,and sometimes daughter crystals. At room temperature the degree of LHO fill of

inclusions is generally about 95 volume % Daughter crystals present include

carbonate, actinolite and small opaque crystals.

Fluid inclusions of this type freeze to ice plus salt, hydrates, and vapor while

supercooling. During heating the ice appears to melt (Trninitiaiice) in the range of -90

to -30°C, but with two distinct groups with modes around -78°C and -40°C (Fig. 12).

Final ice meltina temperatures (Tmfinalice) are generally between -33 and -16°C with

a mode between -28 and -20°C (Fig. 12). Hydrohalite meltina was difficult to

observe because of the high wt. % of salt but were observed between -16 and +6°C

(Fig. 12). The low THinitiarice melting behaviour of the saline brine indicates that

both NaCI and CaCH are present in the inclusions (Crawford, 1981). The unusual

initial melt temperatures observed below -500C may be due to metastable meltina of

the saline brine (Roedder, 1971) or the presence of LiCI (Borisenko, 1977).
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Salt saturated aqueous inclusions with CO) bubbles exhibit eutectic melting of

the CO2 followed by clathrate melting between -13 and -3°C, then homogenization to

liquid between -2 and +26°C, with a mode around 25°C. Inclusions bearing C1-14

bubbles exhibit CH4 hornogenization to liquid between -102 and -81°C followed by

clathrate melting between -2.4 and -3.0°C.

Further heating of the inclusions first result in the partial homogenization of

the water and gas or vapor bubble range between 90 and 365°C with a mode between

100 to 200°C, usually followed by salt dissolution CrdszilL)in a wide range between 90

to 370°C with a mode around 250°C (Fig. 13). Salt contents are calculated from I-Iaas

(1976) and Tanger and Pitzer (1989), based on the salt dissolution temperatures

(Tdsalt,),to be between 28 to 43 wt. %, NaCI equivalent. Decrepitation before the

final dissolution of the salt is common, with average decrepitation temperatures

between 200 and 250°C.

Salt undersaturated F20 inclusions - Fluid inclusions containing only an aqueous

solution and a vapor bubble at room temperature are observed in quartz related to

copper-rich mineralization and in apatite crystals in syenodiorite intrusions. At room

temperature, the degree of I-120 fill is greater than 95 volurne % of the fluid. During

supercooling these fluid inclusions freeze to ice. First melting is observed between

-90 and -50°C, with a mode around -80°C and final melting generally occurs between

30 and -20°C with a mode around -26°C (Fig. 14). Inclusions within apatite crystals

in the syenodiorite have similar Tmice between -72 and -76°C and Tinfinai ice between

30 and -20°C (Fig. 14). Salt hydrates were observed in some inclusions within

quartz related to copper rnineralization, melting between -15 and +6°C (Fig. 14), but

were not obsented in fluid inclusions within apatite crystals. The very low first ice

melting temperatures are similar to those observed in salt saturated inclusions related

to the gold-rich mineralization. The final ice melting temperatures and observed salt

hydrate melting temperatures correspond to a solution dominated by approximately a

25 wt. % salt mixture of NaC1 + CaCl2 (Crawford, 1981b). Inclusions related to

copper mineralization hornogenize to liquid between 100 to 200°C. and display a
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mode between 105 to 140T (Fig. 15). Inclusions from apatite erystals within

syenodiorite homogenize between 95 and 130°C (Fig. 15).

Gas Chromatography

Based on the detection of methane, ethane, and propane within fluid

inclusions in the ore zone using microthermometry and Raman microprobe, further

gas chromatography analysis of the fluid has been conducted on volatiles released

from crushed samples. In a prelirninary study of the hydrocarbon gases, Ettner et al.

(in prep. c) separated quartz and carbonate from both veins in the footwall containin

CO2-rich inclusions and veins in the mineralized zones bearing CF14-rich inclusions

were analyzed for hydrocarbons. Analysis of samples bearing IT-type CH4-rich

confirmed the presence of methane, ethane, and propane, as was indicated by

microthermometric and Rarnan microprobe, and also the presence of butane was

detected in some samples. Samples bearing CH4-rich inclusions, where higher

hydrocarbons were not detected by microthermometry and Raman microprobe,

showed gas chromatograms revealing methane, ethane and minor propane. Analysis

of quartz within footwall veins bearing pure CIW inclusions detected only trace CH4

and no higher hydrocarbons.

Continued work using whole rock samples from 3 drill cores through a ore

lens at the Bidjovagge deposit has been conducted to delineate the hydrocarbon

zonation. Samples were collected every 5 to 10 meter through the hangimt wall, ore

zone and footwall (Fig. 16). Generally, gas chrornatograms show methane, ethane,

propane, butane and pentane (Fig. 17) within the ore zone. Outward of the ore zone,

butane and pentane is not detected, but methane, ethane, and propane is detected

usually within albite metasomatized zones and veins. C1-14has the largest zone of

occurrence of the light hydrocarbons. This zonation of light hydrocarbons agrees

with the fluid inclusion study which shows CO2-rich fluids occurring in the footwall

and hydrocarbon fluids occurring within the mineralized zones.
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Pressure - Temperature Estimation

No independent potential geothermometric or geobarometric mineral

assemblages have been found at Bidjovagge, although temperatures and depths of

burial during metamorphism have been estimated. The metamorphic grade is

approximately upper greenschist facies (chlorite + biotite + actinolite + hornblende +

plagioclase) grading to amphibolite facies (garnet + homblende + cummingtonite +

plagioclase) towards the basement gneisses to the west (Sandstad, 1983). The

stratotectonic depth of burial is estimated as 10 to 15 km.

An attempt has been made to calculate isochores from the fluid inclusion data

from Bidjovagge. Isochores for different compositions of fluid inclusions have been

calculated by the MRK equation of state (Holloway, 1981; Nicholls and Crawford,

1985). Molar volumes of CO2 + CH4 inclusions were estimated.from application of

Raman microprobe data, described below, and microthermornetric data to TX

diagrams of the system CO, + by Van Den Kerkhof (1990). Fluid inclusions

composed of 014 + light hydrocarbons (LHC) or 1110 + CH4 ± CO2 + salt were not

used for calculation of isochores. Combined data for the mode and maximum

temperature of salt dissolution are as 250°C and 370°C, respectively.

For fluid inclusions related to aold-rich mineralization, isochores constructed

for Ca, and 1-120+ CO2 + salt inclusions within the footwall generally plot at higher

pressures and temperatures than H20 + salt and CH4-bearing inclusions within the

ore zone (Fig. 18a). At fixed temperatures, isochore calculated from fluid inclusions

related to copper-rich rnineralization plot at lower pressures than inclusions related to

gold-rich mineralization (Fig. I8a).

Considering that gold mineralization occurred contemporaneously with

deformation and upper greenschist metamorphism we may loosely constrain the PT

conditions of mineralization to be around 2 to 4 kbars, lithostatic, and less than

450°C. Salt dissolution temperatures indicate minimum trappina temperatures. as

there is no indication of salt saturation during trapping. For fluki inclusions related to

aold mineralization, most isochores cross the 2 to 4 kbar range between 300 to 375°C
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resulting in a "polygon of possible trapping conditions. By correlating the isochores,

salt dissolution temperatures, and the regional geology we suggest that fluids related

to the gold-rich phase of mineralization at Bidjovagge to have been trapped at

pressures of 2 to 4 kbars and at temperatures of 300 to 375°C (Fig. 18b). Fluid

inclusions related to the copper-rich phase of mineralization are interpreted to have

been trapped at around 2 kbars and at temperatures between 200 to 350° (Fig. 18b).

Stable Isotope Geochemistry

Carbon and Oxygen Isotopes

At Bidjovagge, copper and gold mineralization at the oxidation front to

graphitic schist indicates that fluid-rock interaction was involved in mineralization.

Carbon and oxygen isotope analysis of 59 samples of vein carbonate, related to both

gold-rich and copper-rich mineralization have been made to characterize the carbon

sources. Preliminary results of Ettner et al. (1993; in prep. a) along with further

analysis show that carbonate related to gold mineralization from a single profile

across the "H" ore lens at Bidjovagge (Fig. 2) clisplayfairly consistent 3180 values,

but variable 613Cvalues (Fig. 19). Carbonate samples analyzed were selected from

footwall veins associated with CO2-fichinclusions, veins within the rnineralized zone

associated with CH4-rich inclusions, carbonate veins crosscutting graphitic schist, and

also from carbonate altered syenodiorite dikes. Sedimentarycarbonate from the core

of the Bidjovagge anticline was also analyzed for carbon and oxygen isotopes along

with graphitic schist for carbon isotopes.

Analysis of 6 carbonate samples from the footwallveins show 8i3C values of

-0.66 to -1.9%o,relative to PDB. Six carbonate samples separated from veinlets

within the higher grade gold zones have 813Cvalues ranging from -1.72 and -4.64%o.

Carbonate separated from mineralized carbonate veins from within the graphitic

schist haveS13C values of -7.04 and -7.25Too.Carbon analysis from two carbonate

altered syenodiorite dikes have 613Cvalues of -1.22 to -1.55%.9.Carbon isotope
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values around 0%9PDB are displayed by both the sedimentarycarbonate and the

skam altered sedimentary carbonate, with 313Cvalues of +0.36 and -0.05 Vco,

respectively. Graphite from 4 graphitic schist samples have 313Cvalues which group

around Analysis of 8180, from the carbonates, typically have values between

+10.92 and +13.43%0,relative to SMOW (Fig. 19). The sedimentarycarbonate and

the skarn altered sedimentary carbonate display higher 6180 values of +16.11 and

+19.42%o,respectively.

Carbonate veins related to copper-rich mineralizationgenerally have 613C

values of between -3.71 and -2.76%0and 5180 values between 10.9 and 12.9%c(Fig.

19). These 313Cand 6180 values lie along the same trend defined by 813Cand 3180

values from carbonates related to gold-rich mineralization.

Sulfur Isotopes

A total of 15pyrrhotite, pyrite, and chalcopyrite samplesveins and ore zones

from Bidjovagge show a range of 634Svalues between -3.9 and +2.0%,9(Fig.20).

These 834Svalues show a change between the sulfide specieswith pyrrhotite having

the lightest values around chalcopyrite the heaviest values, generally around 1.6

to 2.09k but with one sample at and pyrite showing values in between

pyrrhotite and chalcopyrite. This wide range in 334Svalues may be explained by

either rapid changes in f02 causing depletion of 34Sby the reduction of SO4- to H2S

or mixing of two sulfur sources. Sulfur sources may include the heavier 345 in the

hydrothermal fluids and lighter sulfur from sulfide bands within the graphitic schists.

Discussion and Interpretation

Fluid Zonation

Microthermometric, Raman microprobe, and gas chromatography analysis of

fluid inclusions, combined with stable isotope data has helped to understand the

processes involved in copper and gold mineralization at the Bidjovagge deposit. The
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model proposed for the genesis of the Bidjovagge deposit may be compared with

other Proterozoic mesothermal gold-base metal deposits.

Fluid inclusions related to gold mineralization display a well defined zonation

from the footwall to the ore zone. Fluids in the footwall veins within the

metadiabase, fluids are dominated by highly saline aqueous solutions (30- 43 wt. %,

NaCI equiv.), dominated by NaCI and CaCl2, with liquid CO7 that appears to have

been miseible during trapping. Sources for fluids in greenstone mesotherrnal gold

deposits, whether rnetarnorphic or rnagmatic, are a matter of debate (e.g. Carneron,

1989; Kerrich, 1989; Newton, 1990). The highlv saline CO2 + H70 fluids at

Bidjovagge and also observed regionally in shear zone-hosted copper mineralization

(Ettner et al., in prep. b), may have originated from either a rnetamorphic or igneous

source. If a syenodiorite magma was the source for the saline solutions at Bidjovagge

then early exhalations of fluids must have been either highly saline or the salinity

increased during migration by either hydration reactions with the wall rocks

(Trommsdorff and Skippen, 1987) or addition of saks from the metasedirnentary

rocks sequence. Although the existence of evaporites in the Kautokeino greenstone

belt is plausible and has been suggested by Solli and Torske (1993), no occurrences

have been described. Albite rnetasomatism of wet sediments, as suargested for the

early albitization at Bidjovague (Bjorlykke et al., 1987), would indicate that a highly

saline seawater was present during sedimentation and during the intrusion of the

diabase Sills. Amphibolitization observed in the footwall carbonates at Bidjovagge

indicate that hydration of the wall rocks durinu fluid ascent may also be a potential

explanation for an increase in fluid salinity and also a source for CO7. The alteration

assemblage at Bidjovagge of albitization, carbonatization, and scapolitization concurs

with the a highly saline H20 + CO2 fluid described.

Further up in the shear zone, within the highly sheared albite felsite, and

towards the ore zone, highly saline aqueous solutions and pure liquid CO2 occur as

separate primary fluid inclusions. The coeval nature of these two inclusion types

considered together with the occurrence of rniscible saline aqueous solutions deeper
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within the same veins indicates that phase separation occurred (Ramboz et al., 1982).

Tromrnsdorff and Skippen (1988) show that supercritical fluid composed of 1110 +

CO2 + salt may unmix to a phase and a saline H20 phase during a drop in

P-T conditions or during fluid-rock reaction. 1n the samples from Bidjovagge, phase

separation of a supercritical fluid moving upwards along the shear zones is easilv

explained by a drop in pressure as the fluid encountered the highly deformed albite

felsite. Because of the occurrence of pure single phase CO2 inclusions, the addition

of CH4 resulting in phase separation of the supercritical fluid as xuggested by Walsh

et al. (1988) at Pamour Mine in Canada, does not appear to be the mechanism for

phase separation at Bidjovagge.

Fluids occurring within the gold-rich mineralization in albite felsite are

dom nated by the same saline aqueous solutions as found in the footwall, and by C114

and other light hydrocarbons (LHC). Rarely, saline aqueous solutions occur together

with CH4 or CH4 + CO2 in samples from veins in less deformed and albite altered

zones, but proximal to graphitic schist. Fluid inclusions of this type are similar to the

highly saline aqueous + CO, inclusions found in the footwall diabases as they

indicate miscibility in less deformed host rocks.

Light hydrocarbon fluids dominated by CH4, but also including ethane.

propane, butanes, and pentanes are zoned around the ore deposit and around minor

oxidized and altered graphitic schist zones (Fig. 16). Interaction between the saline

aqueous solutions, which moved upwards along the shear zone, and the graphitic

schist is supported by the red-ox front, albitization, and carbon isotopes from vein

carbonates. This hydrocarbon zonation is not expected by the migration of

hydrocarbons into the ore zone, but would be produced by the in situ synthesis of

light hydrocarbons during this tluid-rock interaction.

Fluid inclusions found in one vein crosscutting syenod orite dikes in the "IC

deposit at the northern end of the Bidjovagge area (Fig. 2) comprise high salinity

aqueous solutions dominated by NaC1 and CaCl2 and immiscible liquid CH4 similar

to fluid inclusions related to gold-rich mineralization. Fluid inclusions within apatite
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crystals and chalcopyrite-albite veinlets from another syenodiorite dikes in the "B"

deposit at Bidjovagge (Fig. 2) contain sah undersaturated aqueous solutions similar to

fluids related to the copper-rich mineralization. The fluids related to copper

mineralization are moderately saline aqueous solutions, dominated by NaCI and

CaCH; approximately 25 wt. %, NaCI equivalent. The decrease in salinity from Au-

to Cu-rich phases of mineralization is interpreted to be a result of either the

introduction of a second fluid, the decrease in available salts from the source or

metasedirnentary rock sequence, or the diminishing effect of hydration reactions with

the wall rocks. CO2 or CH4 do not appear to have been significant components

during the copper-rich phase of mineralization, but large copper-carbonate veins

produced during this event show that HCO3- was present in the fluid. Minor CH4

-bearing fluid inclusions within a albite-chalcopyrite veinlet a syenodiorite dike

indicates that minor CI-14may have been produced during the copper-rich phase of

mineralization.

Role of Syenodiorite Intrusions

The syenodiorite intrusions at Bidjovagge have a cornplex reladonship with

mineralization at Bidjovagge. As discussed above, the dikes crosseut ductile shear

that hosts gold-rich mineralization and are in places erosscut veins earbonate ±

sulfides that fill brittle fractures (Fig. 3). Both fluid inclusions related to gold- and

copper-rich mineralization are found in veins and veinlets crosscutting syenodiorite

intrusions, although primary igneous inclusions within apatite crystals are similar to

fluids related to copper-rich mineralization.

The relationship between the structural fabric and syenodiorite intrusions

suggests that the syenodiorite began to be intruded after ductile deforrnation had

ceded and brittle defonnation had provided weakness that promoted the intrusion of

dikes. Sorne syenodiorite dikes appear to have been intruded during the gold-rich

phase of mineralization as they are crosscut by veins bearing high salinity aqueous

solutions ± C144. Saline solutions observed within syenodiorite intrusions are sirnilar
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to fluid inclusions related to Cu-rich mineralization suggesting that the intrusives

were also involved with the Cu-rich phase of mineralization. Potassic alteration

related to Cu-rich mineralization may be the result of fluids related to the aqueous

fluids exsolved from the K-rich syenodiorite dikes. although the presence of KCI in

the fluid inclusions can not be confirmed by microthermometric phase behaviour.

The syenodiorite dikes are therefore interpreted to have intruded during a prolonged

period spanning both Ati- and Cu-rich phases of rnineralization, but the most

profound influence of the syenodiorite intrusions occurred during Cu-mineralization.

Metal Transport and Precipitation

As discussed above, rnineralization at Bidjovagge occurred in two phases, a

gold-rich phase which also includes the introduction of copper and uranium (Fig.

21a), and a copper-rich phase which also introduced minor amounts of gold (Fig.

21b). Fluids related to these two phases of mineralization observed at Bidjovagge are

somewhat similar, but differ in the concentration of dissolved salts and non-aqueous

Iiquids (e.g. COii or CH4) present, and indicate different P-T condilions.

The H20 + CO2 + salt fluid described from footwall veins related to gold

mineralization is interpreted to resemble the fluids which transported Au, Cu, and U

during the first phase of mineralization. Temperatures and pressures during transport

in the footwall are estimated by fluid inclusion microtherrnometry to be in the order

of 300 to 375°C and between 2 to 4 kbars. Initially, the fluids were relatively

oxidizing as shown by the oxidation of the Eraphitic schists (Fig. 4) and also by the

magnetite to pyrite to pyrite + pyrrhotite zonation found in the veins (Fig. 5).

Transport of Au as chloride cornplexes is favored under these higher temperature,

oxygen fugacity conditions around the magnetite stability field, and high saline

conditions (Henley, 1973; Barnes, 1979), as opposed to sulfide complexes which

favor temperatures <300°C and oxygen fugacity conditions near the pyrite-pyrrhotite

boundary (Hayashi and Ohmoto, 1991; Seward, 1991) (Fig. 22). Similarly, copper

transported as chloride complexes is favored by temperatures >250°C, slightly acidic
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conditions, and increased oxygen fugacity (Crerar and Barnes, 1976). Uranium can

be transported in a relatively oxidizing fluid in the uranyl state, possibly complexed

with CO2 as an uranyl dicarbonate complex (Rich et al., 1977; Kimberley, 1978).

Deposition of metals at I3idjovagge during the gold-rich phase of

mineralization is interpreted to be due to a combination of effects as the fluids entered

the highly sheared albite felsites and reacted with graphitic schists (Fig. 21a). Phase

separation of the supercritical 1420 + CO2 + salt fluid transported metals is interpreted

to have occurred as the fluid move upward into the highly sheared albite felsite.

possibly due to a drop in pressure. Phase separation by the reaction...

HC0374 + H20(aq) + CO2(2) (1)

would result in the increase of pH (Reed and Spycher, 1985). The increase in

apparently not large enough to result in a major drop in gold solubility as chloride

complexes, shown by the lack of gold mineralization in samples indicating phase

separation of the fluid.

Interaction of the fluids transporting metals with the graphitic schist appears to

have resulted in gold precipitation from the fluids. The fO2 of the fluid was

dramatically lowered by the fluid-rock interaction and formation of hydrocarbons,

evidenced by the zonation of magnetite to pyrite to pyrrhotite + pyrite in the veins

(Fig. 5). The precipitation of gold from chloride complexes occurred at the pyrite -

pyrrhotite boundary due to reduction of f02 coupled with the increase of pH due to

phase separation (Fig. 22). It is apparent that precipitation of gold from sulfide

complexes at the stability pyrite - pyrrhotite boundary due to a reduction of fOs

would be unlikely.

Copper chloride complexes carried in the same solutions the as gold chloride

complexes during the gold-rich mineralization phase would be similarly effected by

lowered f02 and p14increase. Chalcopyrite zonation is wider ai1dmore sporadic than

gold mineralization suggesting that increasing £.5 of the solution was also important

in mineralization. Uraninite found together with gold at Bidjovagge (Bjorlykke et al.,
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1987; Cumming et al. in prep.) would precipitate by the reduction of a fluid carrying

U in the uranyl state of U6-E(Richet al., 1977; Kimberley, 1978).

The role of fluid interaction with the graphitic schist during the copper-rich

phase of mineralization is not obvious because of the earlier alteration and oxidation

during the gold-rich phase. The effect of fffion the zonation of magnetite, pyrite,

and pyrrhotite is not clearly observed, although pyrrhotite is observed together with

fracture fill chalcopyrite in high grade copper ore. Indication that interaction between

the fluid and graphitic schist is evident through carbon isotopes of carbonates from

the large chalcopyrite-carbonate which have 813C values that lie along the fluid-rock

613C trend displayed by carbonates related to the gold-rich phase.

Transport of copper and minor amounts of gold as chloride complexes during

the copper phase of mineralization, but reduced gold precipitation during this phase

may be due to decreasing solubilities because of reduced fluid temperatures or

salinities. Mineralization during this phase occurs in large brittle structures and

within breccia fill indicating decreased pressures relative to the gold phase

mineralization (Fig. 21b). Phase separation of CO-) from the saline aqueous solutions

due to this drop in pressure may have driven the remaining fluids to higher pH and

produced the carbonate fill of the veins. Similar effects of increased pH coupled with

reduced f02 could have resulted in the precipitation of copper and minor gold.

Correlation with other Precarnhrianmesothermalgold deposits

The fluids observed at the Bidjovagge Au-Cu deposit are similar to other

Proterozoic mesothermal gold-base metal deposits, but strikingly different than fluids

described from Archean greenstone belt mesothermal gold deposits. Fluids described

from Proterozoic mesotherrnal gold-base metal deposits tend to be higher saline

solutions (Table 2) than Archean mesothermal gold deposits which typically are CO-)-

rich low salinity aqueous solutions (e.g. Wood et al., 1986; Robert and Kelly, 1987:

Walsh et al., 1988; Burrow and Spooner, 1990; VANHees and Kesler, 1990; Phillips,

1990).
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A comparison of some Proterozoic mesothermal gold-base metal deposits

from Fennoscandia and Australia (Table 2) show that fluid inclusions observed from

these deposits are generally composed of Hi0 + salt ± CO2, with high salinities

between 22 and 54 wt. NaCI equivalent. Host rocks comprise rnetasedimentary

and rnetavolcanic rocks, and granite breccia at the Olympic Dam deposit. Alteration

assemblages are not consistent between the deposits, although albitization is common

in deposits within Fennoscandia.

A general comparison between Proterozoic mesothermal gold-base metal

deposits and Archean mesothermal gold deposits show that, aside from base metal

contents, these deposits tend to be hosted in different lithologic assemblages and

tectonic settings . While Archean mesothermal gold deposits are typically hosted in

tholeiitic volcan c rocks interpreted to have formed along convergent plate margins

(e.g. Groves and Foster, 1991; Card et al., 1989; Groves et al., 1989), while most

Proterozoic mesothemial gold-base metal deposits generally occur within continental

rifts with more sedimentary-rich or felsic-rich rocks. Within Fennoscandia, the

Bidjovagge, Pahtohavare, and Saattopora deposits are also associated with tholeiitic

volcanic rocks but are interpreted to lie within intracratonic rifts with felsic basements

(Bjørlykke et al., 1993). The Olyrnpic Dam deposit in Australia displays some

mineralogical and fluid geochemical similarities to the mesothemial gold-base metal

deposits (Table 2) but the genetic correlation is not clear.

The origin of highly saline fluids and the source of gold and base metals for

these deposits is not known for certain. It is evident that the high salinities of the

fluids are probably controlled by the lithologic assemblages, such as the felsic

intrusions or the metasedimentary rocks. Fluid inclusion data at Bidjovagge suggest

that the saline aqueous fluids were derived from syenodiorite intrusions, and similar

magrnatic sources for fluids have been suggested for Telfer (Goellnicht et al., 1989),

the White Devil deposit (tiguyen et al., 1989) and the Pahtohavare deposit

(Martinsson, 1992).
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Transport of gold and base metals bodi as chloride complexes in the saline

fluids would be favoured by high f0-2, high temperature, low pH and high chlorinity

(Ilenley, 1973; Hayashi and Ohmoto, 1991). Precipitation of the metals from

chloride complexes in these deposits may result by a combination of factors such as

increasing pH and decreasing f02 as suggested at Bidjovagge, or decreased chlorinity

or temperature. The importance of the ductile-brittle transition for the precipitation of

gold, as shown for the Archean mesothermal gold deposits (Cameron, 1989; Colvine,

1989; Kerrich and Feng, 1992) appears to be important for Proterozoic mesothermal

gold-base metal deposits as well. Mineralization close to the ductile-brittle transition

is shown at the Bidjovagge deposit, and for the White devil depOsit (Nguyen et al..

1989), where mineralization is associated with ductile or semiductile to brittle

deformation. The drop in pressure, such as at the ductile to brittle transition, would

result in fluid unrnixing of a supercritical H20 + CO2 + salt fluid (Bowers and

Helgeson, 1983; Trommsdorff and Skippen, 1988). The most significant effect upon

chloride cornplexes by the separation of a CO2-rich phase from a 1-170+ salt-rich

phase would be the increase of pH.
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Figure Captions

Figure 1: Generalized geologic map of the northwest portion of the Baltic Shield

including areas of northern Norway, Sweden and Finland. After Krill et al. (1988).

Olesen et al., (1991) and Bjørlykke et al. (1992).

Figure 2: Geologic map of the Bidjoyagge antiform with location of individual

ore lenses along, shear zones on the eastern limb of the antiform. Modified frorn

Nilsen and Bjørlykke (1991).

Figure 3: Syenodiorite dikes. A.) Sharp contact between syenodiorite and albite

felsite. Note that syenodiorite does not display shear texture, but crosscuts shear

texture in albite felsite. B.) Syenodiorite lens with open spaced fractures filled with

carbonate-sulfide gangue.

Figure 4: Oxidation front to graphitic schist. A.) Outcrop scale oxidation front

within a open pit at Bidjovagge. 13.) Small scale oxidation fronts along veinlets

within drill core. Scale bar = 5 cm.

Figure 5: Profiles through gold mineralized areas at Bidjovagge showing

zonation of magnetite + pyrite, to pyrite, to pyrite + pyrrhotite, and also chalcopyrite

mineralization along 5 drill holes. Note that pyrite + pyrrhotite zone occurs along the
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boundaries to the graphitic schist and the magnetite + pyrite occurs within the

footwall of the mineralized zone. Grid is in meters.

Figure 6: Gold-rich mineralization-relatedoxidized albite felsite with pyrite +

quartz gangue displaying ductile shear fabric. Scales = 5 cm.

Figure 7: Copper-rich mineralizationwith chalcopyrite filling brecciated albite

felsite. Scales = 5 cm.

Figure 8: Composite photos of the main fluid inclusion types found at

Bidjovagge, photographed at room temperature and different focal levels. Scale bars:

0.05 mm.

Figure 9: Microthermometric data for CO2-rich inclusions. A.)

Homogenization to liquid of pure CO2inclusions. B.) Final melting and

homogenization to liquid of CO2 + CH4inclusions.

Figure 10: Microthermometric data of CH4-rich inclusions, with homogenization

to liquid temperatures above the baseline and gas melting, and sublimation to liquid

temperatures for "S"type inclusions (VANDEN Kerkhof, 1990) below the baseline.

Figure 11: Typical Raman microprobe spectra for CH4 + LHC inclusions from

the gold-rich ore zone at Bidjovagge. The CH4 peak occurs between Av=2911.5 to

2912.2cm-1, ethane around Av=2951cm-1,and a possible propane peak around

Av=2892.3 to 2893cm-1. Typically a "mound" occurs around the hydrocarbon peaks.

Figure 12: Low temperature microthermometricdata for ice and salt hydrate

melting of salt saturated aqueous solutions related to gold-rich rnineralization.
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Figure 13: High temperature microthermometricdata for salt saturated aqueous

solutions related to gold-rich mineralization. A.) salt dissolution temperature. B.)

homogenization of the aqueous solution + vapor to liquid usually in the presence of a

salt crystal.

Figure 14: Low temperature microthermometricdata for ice and salt hydrate

melting of saline aqueous solutions related to copper-rich mineralization. "S" denotes

inclusions measured from apatite crystals within syenodiorite dikes.

Figure 15: High temperature microthermometricdata for saline aqueous solutions

related to copper-rich mineralization. A.) Temperatures of homogenization of saline

aqueous solution + vapor to liquid and rare salt dissolution measurements in vein-

hosted fluid inclusions. B.) Temperatures of homogenization of saline aqueous

solution + vapor to liquid of fluid inclusions in apatite crystal within syenodiorite

intrusion.

Figure 16: Profile of the "D" ore body at Bidjovagge showing detection of light

hydrocarbons within samples collected along 3 drill cores. Grid is in meters.

Figure 17: Gas chromatograms of three samples analysed for light hydrocarbons

from Bidjovagge. A.) Separateclvein carbonate. B.) Separated vein quartz. C.)

Whole rock analysis of albite felsite from the ore zone.

Figure 18: a.) Pressure vs. temperature diagram with constructed isochores for

different H20 + salt, E120+ CO2+ salt, CO2, CH4, and CO2 + CI-14inclusions at

Bidjovagge. b.) Interpretation of isochore data showing trapping conditions for

fluids related to both Au- and Cu-rich mineralization, and a possible fluid path as

fluids moved through the ductile-brittle transition.
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Figure 19: Carbon and oxygen isotope compositions of carbonates from different

lithologies, ore zones and veins at 13idjovagge. Carbon isotopes are standardized to

PDB and oxygen isotopes are standardized to SMOW.

Figure 20: Sulfur isotope compositions of pyrrhotite, pyrite and chalcopyrite from

different ore zones and veins at Bidjoyagge.

Figure 21: Schematic model of fluid evolution and mineralization at Bidjovagge.

An oxidizing CO-i and saline brine carying Au as chloride complexes moves up

along shear zone and oxidizes the graphitic schists producing CH4 and resulting in

gold precipitation.

Figure 22: Log f02 vs. pH diagrarn for the Fe-S-0 system, showing phase

relationships calculated for 350°C and 3 kbar with SUPCR1192 (Johnson et al., 1991).

CH4-0O2-HCO3- equilibrium shown as short dashed lines. Solubilities of AuCH- are

shown as solid lines in ppm, calculated at 350°C with a log K of -2.5 (Hayashi and

Ohmoto, 1991). CuCI solubilities, in ppm, shown as long dashed lines (Data from

Crerar and Barnes, 1976). Fluid composition used in diagram include IS=0.01m, and

25 wt Y(-;NaCI (C1-=5.7m). Arrows shows possible fluid path during gold and copper

mineralization; A.) Fluids decrease in pll and fa, during phase separation and

buffering by the pyrite-magnetite-hematite assemblage, B.) A dramatic drop in f 0-)

during red-ox reaction with graphitic schist results in gold precipitation together with

a pyrite-pyrrhotite assemblage.
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Table 1: Systernatic classification of prirnary and pseudosecondary fluid inclusions
observed, at room temperature, frorn the Bidjoyagge deposit.

Non-aqueous
liquid-rich

H20-rich

CO2-rich

CH4-rich

pure H20

H20
undersaturated
with salt

H20 saturated
with salt

pure CO2

CO2 + CH4

pure CH4

CH4 + CO2

C1-14+ LHC

without gas
with CO2
with CH4
H20 vapor or
without vapor

with CO2

with CH4
H20 vapor

with CO2

with C1-14

without H20

with Ho0
without H20

with H20
without H20

with H20
without H20

with H20
without H20

with H20

Aul

Aun

Aurri

Aum

Auili

Cu + S

Au I & II
Cu
Aul
Aun

Au = fluid inclusions related to gold-rich mineralization, I, 11,& III refer to three groups
discussed by Ettner et al. (in prep. a) (see text), Cu = fluid inclusions related to copper-rich
mineralization, S = fluid inclusions related to syenodiorites, LHC = light hydrocarbons.



Table 2

Deposit Mineralization Fluid lnclusion Type Salinity I lost Rocks Alteration
wt. %, NaCleq.

Bidjovagge, Norwayl 4.1 g/t Au, 1.19% Cu H20 + CO2 + salt + 25 - 43 Albitized graphitic schist Albitization,
(U-Th) CH4/LI-IC carbonatization,
(mag, py, po, chalc) & scapolitization

Pahlohavare, Sweden2,3,4 1.3 ppm Au, 2% Cu 1420 + CO2 + salt + <40 tholeinic hasalt, tuffites, Albilization,
(mag, py, po, chalc <sphal) <N2 & black schists scapolitization

hiotitization

Saattopora, Finland 3.0 g/t Au, 0.7% Cu metavolcanic & Albitization,
(U-Th) metasedimentary rocks carhonatization,
(py, po, chalc) sulfidization,

hydration

Telfer, Australia5 <28.7 ppm Au, <1% Cu H20 + CO2 + salt 21 - 54 sandstones, siltstones, & silicification,
(py, po, chalc) carhonaceous sediments sericitization,

tourmalinization

White Devil-Tennant Ck.6 < 1000 g/t Au, 17.6 g/t Cu H20 + salt 5 - 22 siliciclastic sedimentary chloritizdtion
Australia (Bi) rocks & magnetite

(rnag, py, chalc, marcasite,
bismuthite, rnolyhdenite)

Olympic Dam, Australia7,8 0.6 g/t Au, 1.6% Cu 1420 + CO2 + salt 7.3 - 42 granite breccia sericitization
(Ag + U) & hematitic
(mag, py, hematite)

References: 1Ekberg and Sotka (1991) 2: Lindblom and Martinsson (1990), 3: Martinsson, 1992, 4Lindblom (1993), 5Goellnicht et al.
(1989), 6Nguyen et al. (1989), 7Roberts and Hudson (1983), 80reskes and Einaudi (1992).
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