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Epigenetic gold deposits occur in diverse geological settings in the Lapland greens-
tone belt, which forms part of a NW-SE trending Palaeoproterozoic terrain in the northern
Fennoscandian Shield. The Svecokarelian orogeny resulted in compressive deformation and
greenschist facies metamorphism throughout the belt at ca. 1.9 Ga.

Sulfide and country rock lead isotope compositions of ten gold deposits have been
determined in order to evaluate the lead isotope characteristics and the ages and the
sources of gold mineralization. For comparison, sulfides from stratabound base metal
deposits and unmineralized volcanics of the Upper Lapponian Group in central Lapland
have also been analysed. In addition, several sulfurisotope analyses, suggesting an ultimately
magmatic source for the sulfur in the sulfides, were performed.

On the basis of their sulfide lead isotope characteristics the gold occurrences can be
divided into relatively nonradiogenic deposits and economically more important,
radiogenic deposits. In the nonradiogenic group, the Soretiavuoma, Kiistala, and Kuotko
deposits (Soretiavuoma group) show relatively lead rich sulfides with homogeneous lead
compositions, resulting from orogenic mixing of mantle and upper crustal material. In
the Kuotko area, another gold mineralizing phase involving mantle derived lead is
apparent. In the radiogenic group (Saattopora, Hangaslampi, Pahtavaara, Bidjovagge)
the sulfide lead isotope compositions form linear trends and exhibit low Th/U and high
U/Pb. The similar lead isotope characteristics suggest a common genesis for the gold
mineralization in these deposits, and the occurrence of uranium rich inclusions in the
sulfides is interpreted as recording crystallization from a relatively oxidized fluid.

Relative timing with respect to intrusive ages of the syn- and postorogenic granites
(1900-1880 and 1780 Ma, respectively) permits recognition of the following hydrother-
mal stages, of which the earliest appear to have been significant for gold mineralization:
1) mineralization of the Soretiavuoma group, associated with the (early- to) synorogenic
phase, 2) the Saattopora gold mineralization, which took place during the synorogenic
phase, 3) a separate gold mineralizing phase at Kuotko, 4) (syn- to) late orogenic
metamorphic resetting of the U-Pb systems in the middle and lower unit volcanics of
the Upper Lapponi Group, and a distinct late orogenic regional hydrothermal event
apparent at Pahtavaara, Hangaslampi, and Bidjovagge, possibly implying related
and roughly contemporaneous processes, 5) thucolite and monazite formation at
Saattopora coeval with the postorogenic granites, 6) an anorogenic disturbance (ca.
1700 Ma) of the U-Pb system in the Saattopora wall rocks, and 7) Phanerozoic
separation of Svecokarelian lead with the formation of radiogenic sulfides in the
Bidjovagge ore and locally in the Kittild area.
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INTRODUCTION

In recent years Archaean greenstone belts
of the Fennoscandian Shield have shown great
potential for gold mineralization (see Nurmi
& Sorjonen-Ward, 1993), while at the same
time, there has been considerable exploration
activity in the Palaeoproterozoic Lapland
greenstone belt. As a result of this, the Bid-
jovagge and Saattopora gold-copper mines
were developed, and it is expected that mining
operations at the Pahtavaara gold deposit will
commence in the near future.

Investigations on and around the gold pros-
pects in Lapland have focussed mainly on
host-rock alteration (Korkiakoski et al., 1989;
Hulkki, 1990; Nurmi et al., 1991; Pankka et
al., 1991; Korkiakoski, 1992; Pankka & Van-
hanen, 1992; Eilu, 1994), geological and
structural setting (Ward et al., 1989; Gadl &
Ward, 1990; Ward et al., 1992), mineralogy
(Korkiakoski, 1987; Kojonen & Johanson,
1989), and fluid inclusions (Ettner et al., 1993
and 1994). Carbon and oxygen stable isotope
analyses on carbonates have been undertaken
for the Saattopora (Korkiakoski, 1992 ref.
Tamminen in prep.) and Pahtavaara gold de-
posits (Korkiakoski, 1992). Moreover, stable
isotopes have been analysed from the Bidjo-
vagge mine (Ettner et al., 1994). Radiogenic
isotopes have been used to date different
lithological units (e.g. Merildinen, 1976; Hil-
tunen, 1982: Lehtonen, 1984: Silvennoinen,
1991) and to provide information on the
petrogenesis of the rocks (e.g. Patchett et al.
1981; Huhma, 1986). Sulfur isotope data from
base metal deposits, such as Saattopora, Pah-
tavuoma, and Riikonkoski in central Lapland,
were published by Mikeld and Tammenmaa
(1978).

This study concentrates on the application
of lead isotopes as an exploration method. The
fundamentals of lead isotope geology are
linked to the formation of the Earth about 4.55
Ga ago. Since then, the primordial lead com-
position has been changed by the radioactive
decay of ***U, *»U, and ***Th to produce the
daughter elements, *°°Pb, 27Pb, and *°*Pb,
respectively. The fourth lead isotope, **Pb, is
however practically stable. Lead thus has the
advantage of providing three isotopes that
record information about geological process-
es. Moreover, lead isotopes do not show sig-
nificant fractionation by processes that affect
the isotopes of lighter elements.

In ore geology, lead isotopes are normally
used to estimate metal sources and minera-
lization ages, but other applications, related
to the evaluation of mineral prospects, also
exist. Some of the oldest publications concer-
ning lead isotopes in mineral exploration are
Cannon et al. (1958 and 1961), Cannon and
Pierce (1967 and 1969), Doe & Stacey (1974),
and Stacey et al. (1968). More recently, Gul-
son (1986) collated a wide number of case
histories in order to assess the potential of
lead isotope analyses as an aid to exploration.
However, genetic investigations and app-
lications used in mineral exploration go hand
in hand, because neither deposit scale nor
regional exploration can be carried out effec-
tively without a thorough understanding of
ore forming processes.

Some of the earliest work using lead iso-
topes in Finland was done by Walter Wahl
(1940 and 1941) and traditionally lead iso-
topes have been used to delineate different
geotectonic provinces and to identify the
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presence of older crustal components in crust
forming processes (e.g. Kouvo, 1958; Vi-
nogradov et al. 1959; Kouvo & Kulp, 1961;
Rickard, 1978; Vaasjoki, 1981; Huhma, 1986;
Vaasjoki, in press). Studies concerning lead
isotope characteristics and evaluation of the
mineralization ages and metal sources of min-
eral deposits in Finland have been published
by Vaasjoki (1989), Vaasjoki and Kontoniemi
(1991), and Vaasjoki et al. (1993).

The aim of this study was to determine the
lead isotope characteristics and systematics of
epigenetic gold mineralization within the Pal-
aeoproterozoic Lapland greenstone belt, and
to evaluate respective sources of lead and the
mineralization ages for each deposit. Empha-
sis was given to gold occurrences located in
the central part of Lapland. As reference

material, synvolcanic stratabound base metal
deposits (Inkinen, 1979) and unmineralized
volcanic rocks of the Upper Lapponi Group in
central Lapland (Lehtonen et al., 1992) were
also investigated. In addition, samples were
included from the Hangaslampi gold deposit of
the Kuusamo schist belt in northeastern Finland
and from the Bidjovagge ore deposit in Norway,
which is located within a northern extension of
the Central Lapland greenstone belt.

As gold is the most valuable element in
these deposits, genetic aspects of gold miner-
alization are a matter of general importance.
However, gold and lead might have different
sources, and therefore the use of lead isotope
data from sulfides and gold samples in ex-
plaining genetic aspects of gold minerali-
zation could be problematic.

GEOLOGY OF THE CENTRAL LAPLAND GREENSTONE BELT

Introduction

The Palaeoproterozoic Central Lapland
greenstone belt lies in the northern part of the
Fennoscandian Shield (Fig. 1) and forms part
of a wide SE to NW trending granitoid-
greenstone association extending from Lake
Onega in Russia to northern Norway (e.g.
Gadl & Gorbatschev, 1987; Lehtonen et al.,
1992). This belt comprises volcanic-sedimen-
tary rocks deposited on the Archaean base-
ment ca. 2.5-1.8 Ga ago.

The growth of the greenstone belt was con-
trolled by an intracratonic rift-system (Lehto-
nen et al., 1985; Gadl & Gorbatschev, 1987;
Ward et al., 1989; Gaal, 1990; Gaadl & Ward,

1990; Laajoki, 1990; Manninen, 1991). Wide-
spread and locally intense regional albite and
carbonate alteration is considered to be syn-
volcanic (Eilu, 1994), and thus it predates
compressive deformation, as does also the
mineralization of the synvolcanic base metal
deposits, such as Pahtavuoma and Riikonkoski
(Inkinen, 1979; Puustinen, 1985) in Finland,
and Pahtohavare and Viscaria in Sweden
(Carlson et al., 1988; Carlson, 1991). At
approximately 1.9 Ga the Svecokarelian
orogeny caused compressive deformation and
metamorphism under greenschist
conditions.

facies

Fig. 1. Generalized geological map of northern Finland (upper map), simplified after the Geological Map of the Northern
Fennoscandia (1987) and the maps by Kulikov et al. (1980) and Lehtonen et al. (1992). Lithostratigraphic map of the Central
Lapland area (lower map), simplified after the map of Lehtonen et al. (1992). Names identify the formations referred to in the text
and numbers indicate the locations of mineralizations (%) included in the study. Stratabound base metal deposits: Riikonkoski and
Hormakumpu (1), Pahtavuoma (2). Epigenetic gold deposits: Soretiavuoma (3), Kuotko (4), Suurikuusikko and Kiistala (5),
Pahtavaara (6), Lammasvuoma (7), Saattopora (8), Hangaslampi (9), Meurastuksenaho (10), Bidjovagge (11).
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Regional geological setting

A geological map (1:400 000) of central
Lapland and the accompanying explanatory
notes were published by Mikkola (1941).
More recently, a geological map at a scale of
1:200 000 and an explanatory report were
published by Lehtonen et al. (1984 and 1985).
Stratigraphic interpretations have been
demonstrated by. amongst others Mikeld
(1968), Paakkola (1971), Rastas (1980), Sil-
vennoinen et al. (1980), Silvennoinen (1985),
and Manninen et al. (1987). The stratigraphic
classification used in this work is based on the
current interpretations and nomenclature of
central Lapland lithostratigraphy (Table 1)
provided by Lehtonen et al. (1992).

The basement to the greenstone sequence in
central Lapland (Fig. |1 and Table 1) compris-
es 2765-3100 Ma (Kroner et al., 1981; Kroner
& Compston, 1990) Archaean gneisses (Leh-

tonen et al., 1992). The Palaeoproterozoic
supracrustal rocks have been subdivided into
the Lower, Middle, and Upper Lapponi
Groups (Lehtonen et al., 1992). Coarse clastic
quartzites and conglomerates of the Lainio
and Kumpu Groups rest unconformably on the
Lapponi Group supracrustals at the southern
edge of the greenstone belt (Lehtonen et al.,
1992).

The Lower Lapponian ultramafic to felsic
lavas and pyroclastics occur in the eastern
parts of the Central Lapland greenstone belt.
The 2526+46 Ma (Pihlaja & Manninen, 1988)
felsic volcanics of the Madetkoski Formation
form the topmost part of the Lower Lapponi
Group. The Middle Lapponian sedimentary
rocks surround the Upper Lapponian volcan-
ics in the east, south, and south-west. Geo-
chronologically, the Middle Lapponi Group

Table 1. Lithostratigraphy of the Central Lapland greenstone belt according to Lehtonen et al. 1992 (modified

after Table 1, p. 2).

GROUP TYPE AGE (approx.) MAIN LITHOLOGIES
FORMATION Ma/zircon U-Pb
KUMPU Levi <1913-2060 quartzites, conglomerates
Vesikkovaara quartzites, conglomerates
LAINIO Latvajarvi ca. 1883 intermediate to felsic volcanics
Yllas quartzites, conglomerates
Upper unit Vesmajarvi 2012 +3;(>1920) mafic tholeiites
UPPER Porkonen BIF
LAPPONI Middle unit Kautoselkd >2050 mafic tholeiites
Lower unit Sattasvaara picrites, komatiites
MIDDLE Virttibvaara >2210 sedimentary rocks
LAPPONI
LOWER Moykkelma ca. 2435 mafic tholeiites, komatiites
LAPPONI Madetkoski ca. 2526 mafic to felsic tholeiites

ARCHAEAN BASEMENT COMPLEX 2765-3100




lies between 2435 and 2210 Ma, the higher
age limit being constrained by the age of the
Koitelainen gabbro (Puustinen, 1977; Muta-
nen, 1989). which seems not to cut the Middle
Lapponian rocks. The lower age limit is deter-
mined by the age of albite diabases which
intrude the Middle Lapponian metasediments
(Lehtonen et al., 1992).

The majority of the greenstone belt volcan-
ics erupted between 2.2 and 1.9 Ga. These
Upper Lapponian volcanics are divided into
three stratigraphical units: the lower, the mid-
dle, and the upper unit (Lehtonen et al., 1992)
(Table 1). Komatiitic pillow lavas and pyro-
clastics of the lower unit are mainly found in
part of the Central Lapland
greenstone belt. The middle unit consists of a
thick tholeiitic sequence interbedded with
epiclastic sediments and black schists.
Geochemical analyses of the middle unit tho-
leiites show a sialic crustal component, and
thus they may be connected with an early
phase of rift formation (Manninen et al.,
1987). A minimum age of ca. 2050 Ma for the
middle unit volcanism is provided by the zir-
con U-Pb-ages of the cutting dikes, e.g. the
Sitkédndvaara albite diabase and Riikonkoski
albite gabbro (Lehtonen et al., 1992). The
Porkonen-Pahtavaara Iron Formation sepa-
rates the tholeiitic upper unit from the middle
unit. An age range between 2015-1920 Ma for
the upper unit is indicated by zircon U-Pb age

the eastern

Geological Survey of Finland. Bulletin 381 9

determinations from the Veikasenmaa felsic
porphyry and a quartz porphyry cutting the
Nyssikoski mafic volcanics (Lehtonen et al.,
1992).

The rocks of the Lainio Group were de-
formed by the main phases of the Svecoka-
relian orogeny, whereas the sediments of the
Kumpu Group were deposited during the late
stages of deformation. The U-Pb-zircon age of
the felsic volcanism in the Latvajdrvi Forma-
tion, within the Lainio Group, is 1883+5 Ma
(Lehtonen et al., 1992). Approximately the
same age has been reported for the Kiruna
porphyries in northern Sweden (Skiold, 1986
and 1987).

The volcanic-sedimentary sequence in cen-
tral Lapland is intruded by postorogenic gran-
ites (1760-1790 Ma) and synkinematic quartz-
monzonitic to quartz-dioritic granitoids with
ages ca. 1880-1899 Ma (Lehtonen et al., 1984
and 1985). In the northern and north-western
parts of the belt granodioritic to tonalitic
gneisses occur. The U-Pb data from these so-
called Hetta granites (Appendix 1) exhibit
heterogeneous zircon populations including
inherited Archaean zircons, with the smallest
zircons being Palaeoproterozoic in age. The
negative €, values obtained for these granites
also indicate that they represent reactivation
of basement gneisses during the early and
synorogenic stages of the Svecokarelian
orogeny (Huhma, 1986).

EPIGENETIC GOLD AND BASE METAL DEPOSITS IN NORTHERN
FENNOSCANDIA

Gold deposits

The gold deposits of the Fennoscandian
Shield were classified by Nurmi (1991) into
three tectonostratigraphic groups: 1) the Late
Archaean (2.9-2.7 Ga) greenstone hosted de-
posits in eastern Finland, 2) the Palaeopro-
terozoic (2.5-1.9 Ga) greenstone hosted de-
posits of Lapland, in the northern part of the

shield, 3) the deposits hosted by the
Palaeoproterozoic Svecofennian complex
(2.0-1.75 Ga) in southern Finland and Central
Sweden. All deposits included in this study lie
within the Palaeoproterozoic Lapland greens-
tone belt (Fig. 1).

In Finnish Lapland, the greenstone hosted
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gold deposits lie within the Kittildi and So-
dankyld rural municipalities in central Lap-
land and in the Kuusamo area in southeastern
Lapland (Fig. 1). The host rocks to the gold
deposits were metamorphosed under green-
schist facies conditions. Although the depos-
its are spatially connected with synvolcanic
albite-carbonate alteration, they show clear
evidence of superimposed epigenetic mineral-
izing processes. The gold-mineralizing hydro-
thermal fluids, channeled by shear and frac-
ture zones, are considered to be of meta-
morphic origin, and the mineralization is sup-
posed to have taken place after the main phase
of deformation and the peak of metamorphism
(Ward et al., 1989; Nurmi et al., 1991; Ward
et al., 1992). It appears that the previously
hydrothermally altered lithologies in the area
were compositionally and structurally fa-
vourable for fluid flow.

The gold deposits occur in and around tec-
tonic shear and fracture zones in a variety of
geological environments (Ward et al., 1989)
including: 1) altered mafic to ultramafic
lithologies (Saattopora, Soretiavuoma, Pahta-
vaara, Lammasvuoma), 2) the vicinity of
granitoids and altered porphyry dikes (Kuot-
ko), and 3) strongly altered metasediments
(Kuusamo deposits). Gold mineralization in
central Lapland is typically associated with
quartz-carbonate veins and breccias, although
disseminated types are also present. Dominant
sulfides are pyrite, pyrrhotite, chalcopyrite,
and arsenopyrite. In the Kuusamo area, disse-
minated Au-Co-U-deposits occur in intensely
altered albite-carbonate-sericite rocks (Pank-
ka et al., 1991).

Following the opinion of many writers (e.g.
Kerrich & Fyfe, 1981; Groves & Phillips,
1987; Cameron, 1988; Colvine et al., 1988),
Korkiakoski (1992) connected the origin of
the Pahtavaara gold deposit with a wider cra-
tonization process, in which both the magmat-
ic processes taking place in the crust and

devolatilization caused by metamorphism
were important in the concentration of gold.
However, an alternative interpretation was
given by Hulkki (1990), who proposed that
the Pahtavaara gold mineralization was pri-
marily connected with fumarolic activity dur-
ing rifting, with further remobilization and
concentration of gold during subsequent
compressional deformation. The mineraliza-
tion of the Kuusamo gold occurrences is con-
sidered to have taken place after the peak of
metamorphism of the Svecokarelian orogeny
(1.9-1.8 Ga) (Pankka & Vanhanen, 1992) and
the associated mineralizing fluids are consid-
ered to have been metamorphic and/or mag-
matic in origin (Pankka et al., 1991).

In northern Norway, the Bidjovagge gold-
copper ore in the north-western part of the
Palaeoproterozoic Kautokeino greenstone belt
(2.0-2.1 Ga: Krill et al., 1985; Olsen & Nil-
sen, 1985) is shear zone related and occurs
within a zone of sodium and carbonate meta-
somatism (Bjgrlykke et al., 1993). An epi-
genetic origin for the mineralization and a
deep crustal or mantle source for the gold has
been suggested by Gjelsvik (1958), Padget
(1959), Bjgrlykke et al. (1987 and 1990),
Nilsen and Bjgrlykke (1991), and by Bjgr-
lykke et al. (1993).

In northern Sweden, the economically most
important part of the Pahtohavare Cu-Au ore
is regarded as epigenetic (Soderholm & Nix-
on, 1988; Martinsson, 1992), but syngenetic
mineralizations such as Viscaria are also
present. According to Martinsson (1992), the
tectonic system controlling the site of the
Pahtohavare gold deposit is younger than the
folding phase seen in the greenstones.
Presumably, the mineralizing hydrothermal
fluid is metamorphic in origin, in which the
devolatilization of sulfatic evaporite bearing
beds might have played an important role
(Martinsson, 1992). Nevertheless, the influ-
ence of magmatic fluids can not be excluded.



Geological Survey of Finland, Bulletin 381 11

Base metal deposits

Many of the gold deposits showing epige-
netic structural characteristics are spatially
associated with base metal concentrations,
usually related to albite alteration zones with
variable mineralizing styles and metal (Cu,
Zn, Fe) contents. These deposits include
Pahtavuoma, Riikonkoski, and Sirkka, and the
Saattopora copper mineralization (Inkinen,
1979 and 1985; Puustinen, 1985) in central
Lapland, and the Viscaria copper ore and a

part of the Pahtohavare deposit (Carlson,
1991; Martinsson, 1991 and 1992) in the
Kiruna greenstone belt (2200-1930 Ma:
Skiold & CIliff, 1984; Skiold, 1986), northern
Sweden. Genetically these deposits and the
regional hydrothermal albite alteration repre-
sent syngenetic processes associated with the
extensional phase of the greenstone belt
formation (Inkinen, 1979 and 1985; Ward et
al., 1989; Martinsson, 1992).

Previous lead isotope results

In northern Sweden and Norway the sulfide
lead isotope compositions of both the syn-
genetic base metal deposits and the epigenetic
gold deposits have typically been modified by
the Palacozoic Caledonian orogeny (ca. 420
Ma). Reactivation of the Proterozoic base-
ment during the orogeny caused remobili-
zation of the lead, which is now commonly
reflected in the radiogenic lead isotope com-
positions of the sulfides (e.g. Rickard, 1978;
Johansson, 1983; Johansson & Rickard, 1984:
Bjorlykke et al., 1987; Romer & Boundy, 1988;
Romer, 1989a, 1989b and 1989c¢; Bjgrlykke et
al., 1990; Romer 1990, 1991 and 1993; Romer
& Wright, 1993). This type of radiogenic
sulfide lead has been detected in an area ex-
tending nearly 100 km to east of the present
boundary of the Caledonian allochthon.

In northern Sweden undisturbed Proterozo-
ic sulfide lead isotope compositions have
been obtained for instance from the Huor-
naisenvuoma skarn iron ore at Lannavaara
(Frietsch, 1991), from the Kiuri Rassaive,
Pallemvaratji, and Askelluokta syngenetic
Cu-Zn-Pb deposits at Tjamotis (Sundblad &
Rostholt, 1986; Sundblad, 1991), from the
aplite related Munka Mo-deposit in the Rap-
pen district (Romer, 1993), and from the
stratabound Koppardasen Cu-Zn-U deposit
(Romer & Boundy, 1988). The lead isotope
composition of the Huornaisenvuoma samples

represents the most primitive composition in
the area, and is similar to the Outokumpu
galena from Finland (Vaasjoki, 1981). The
least radiogenic lead isotope compositions of
the Tjamotis and Kopparisen deposits lie
close to the trend of the Svecokarelian oro-
genic leads as defined by Vaasjoki (1981).
This trend illustrates orogenic mixing of up-
per crustal and mantle material at ca. 1900 Ma.

Lead isotope and U-Pb age results from the
Bidjovagge gold-copper ore have been pub-
lished by Bjogrlykke et al. (1987 and 1990) and
Cumming et al. (1993), according to which
the sulfide leads are radiogenic with *°°Pb/
2“Pb ratios between ca. 22 and 158. On the
206pp/24Ph vs. Pb/**Pb diagram, the data
plot on a linear trend from which the least
radiogenic samples give a slope of 0.1338.
This trend has been interpreted with a two-
stage model (Bjgrlykke et al., 1990) in which
a source age of lead is fixed at ca. 1875 Ma
and subsequent lead mobilization and minera-
lization occurred during peneplain formation
at the Cambrian-Precambrian boundary. A U-
Pb age of 1837£8 Ma has been obtained from
the Bidjovagge uraninite (Cumming et al.,
1993), and occurrence of gold as an inclusion
in uraninite is considered to be evidence of
simultaneous precipitation of gold and urani-
nite from a common fluid (Cumming et al.,
1993).
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DESCRIPTIONS OF THE MINERAL DEPOSITS STUDIED

Base metal deposits

Several samples from the Pahtavuoma, Rii-
konkoski, and Hormakumpu base metal depos-
its in central Lapland were included in the
study; locations of these deposits are shown
on a lithological map in Figure 1.

In the Pahtavuoma Cu-Zn-U deposit, four
separate, mainly phyllite-hosted copper de-
posits occur near the contact with volcanic
rocks. No wall rock alteration has been ob-
served in proximity to the sulfide deposits.
The mineralization is typically associated
with quartz-carbonate fracture fillings in bre-
ccias and with stratiform disseminations. In
addition, six zinc and three uranium showings
have been found in the Pahtavuoma area

(Inkinen, 1979). The zinc showings occur at
the margins of the copper deposits, although
independent zinc-ore bodies also occur. The
U-showings are connected with the copper
mineralization, in which carbonate and urani-
um bearing minerals fill the youngest fractu-
res, which cut across primary sedimentary
structures (Inkinen, 1979).

The Riikonkoski and Hormakumpu copper
mineralization is associated with albite-
quartz-carbonate breccias, and the deposits
are mainly hosted by phyllite or sericite
schist. The main ore minerals are chalcopyrite
and pyrrhotite, with pyrite being rare (Puus-
tinen, 1985).

Gold deposits

Samples from ten gold deposits and occur-
rences were included in the study. The Sore-
tiavuoma, Kuotko, Suurikuusikko, Kiistala,
Pahtavaara, Lammasvuoma, and Saattopora
prospects are located in central Lapland, the

Soretiavuoma

The Soretiavuoma gold occurrence is host-
ed by altered komatiitic volcanics. Gold oc-
curs prefentially in the transitional zones be-
tween the intensely carbonated inner section
with sulfide rich quartz-carbonate-albite-
tourmaline vein networks and the surrounding
talc-chlorite alteration zone (Keindnen, 1987;
Keindnen et al., 1988). Undeformed, barren
quartz veins cut the deformed sulfide rich and
gold bearing veins, in which the most common
ore minerals are pyrite, chalcopyrite, pyrrho-
tite, and arsenopyrite (Suoperid, 1988). Gold
occurs both as separate grains and inclusions
in pyrite and along grain boundaries (Suoperi,
1988).

Hangaslampi and Meurastuksenaho in the
Kuusamo district, and Bidjovagge in northern
Norway (Fig. 1). In addition to these there are
a large number of gold prospects in the region
that will not be considered in this context.

Kuotko

The predominant lithologies in the vicinity
of the Kuotko gold deposits are Upper
Lapponian mafic pyroclastics and tuffaceous
rocks, and synorogenic granitoids (ca. 1.9 Ga)
connected with altered porphyritic felsic
dykes (Hédrkonen & Keindnen, 1989). The
locations of the Au-deposits are controlled by
a wide shear zone between the granitoids. The
occurrence of lamprophyres in the area
indicates the presence of fracture zones pen-
etrating into the mantle.

Three types of mineralization can be distin-
guished in the Kuotko area (Hidrkonen & Kei-
ninen, 1989): 1) pyrite and arsenopyrite con-
taining quartz-carbonate vein networks that



brecciate felsic dykes, 2) narrow quartz-car-
bonate-sulfide veins around felsic dykes, and
3) separate massive pyrite, pyrrhotite, and
arsenopyrite veins containing quartz and
carbonate. Native gold is associated with
sulfide minerals.

Suurikuusikko and Kiistala

Suurikuusikko gold occurrence was discov-
ered during follow-up investigations subse-
quent to the finding of the gold-rich lense at
Kiistala (Harkonen, 1992). The minerali-
zation is represented by a shear zone hosted
pyrite and arsenopyrite rich breccia, at the
contact between mafic volcanics and a graph-
ite-rich schists (Hirkonen & Keinédnen, 1989).
Gold occurs as tiny inclusions in arsenopyrite
and pyrite.

In the Kiistala carbonate-arsenopyrite-ga-
lena vein, visible gold occurs predominantly
in galena and sideritic carbonate (Harkonen &
Karvinen, 1987). The vein is hosted by graph-
ite schist and chlorite rich tuffite with inter-
beds of intermediate lava. Further drillings in
the vein surroundings indicated only narrow
veins with colourless carbonate occasionally
containing arsenopyrite (Hirkonen & Karvinen,
1987).

Pahtavaara

The Pahtavaara gold deposit lies in the most
intensely altered eastern part of a long discon-
tinuous hydrothermally altered zone that fol-
lows the northern edge of the Sattasvaara
komatiite complex (Korkiakoski, 1987; Kor-
kiakoski et al., 1989; Hulkki, 1990; Kor-
kiakoski, 1992).

Elevated gold contents are associated with
talc-carbonate-pyrite veins in biotite schists
and with quartz-barite lenses or veins in am-
phibole rocks. Magnetite is abundant, and
pyrite is the most common sulfide. Gold oc-
curs with pyrite and at the margins of the
quartz-barite lenses (Korkiakoski, 1992).
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Lammasvuoma

At the Lammasvuoma gold prospect,
sulfides occur as disseminated, replacement,
and breccia types. The mineralization is var-
iably hosted, for example by albite-carbonate
rocks, similar to those hosting the Saattopora

gold deposit.

Saattopora

Mining of the Saattopora gold-copper ore
by Outokumpu Finnmines Oy commenced at
the end of 1988, and the mine currently con-
sists of three open pits, namely the A-, B-, and
C-ore.

At the northern edge of the ore belt tuffitic
rocks are common, while albitic phyllites and
mica schists occur in the south (Anttonen et
al., 1989). Ultramafic rocks also occur be-
tween the ore zones hosted by albite-carbon-
ate schist (albitic felsite). The highest gold
contents have been obtained from quartz-car-
bonate-sulfide veins that cut the albitic fel-
site. Anomalous gold contents have also been
measured from the host rocks adjacent to
these veins. In the A- and B-ores the main
sulfides are chalcopyrite and pyrrhotite, while
the B-ore
pyrite and arsenopyrite. The C-ore, with the
lowest Au/Cu ratio, is richest in arsenopyrite
(Hugg, oral com., 1991).

The Saattopora copper mineralization is
located at the contact zone between sedimen-
tary and volcanic rocks. It is hosted predo-
minantly by phyllite, yet part of the
mineralization occurs in albitic felsite. The
principal chalcopyrite and
pyrrhotite, are either disseminated or associ-
ated with breccias and quartz-carbonate veins.
Minor amounts of sphalerite occur in the cop-
per mineralization, which contrasts with the
gold ore at Saattopora. Elevated gold contents
have been analysed from the albitic felsite
hosting part of the copper mineralization
(Inkinen, oral com., 1991).

also contains minor amounts of

ore minerals,
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Hangaslampi and Meurastuksenaho

In the Kuusamo area, the Au-Co-U deposits
occur mainly in the upper part of the Sericite
Quartzite Formation (>2200 Ma; Silvennoinen,
1991) and the lower part of the Siltstone For-
mation (>2078+8 Ma; Silvennoinen, 1991)
(Pankka et al., 1991). These deposits can be
subdivided into two end-members according
to the type of mineralization (Pankka et al.,
1991:; Pankka & Vanhanen, 1992): 1) replace-
ment deposits within ductile deformation
zones, and 2) breccia-type deposits within
brittle deformation zones. The schistose and
flattened replacement deposits are associated
with zones of sericitization and chloritization
and are continuous in the shear zone direction.
The breccia-type deposits are related to
hydrothermal pipes with brecciating car-
bonate and quartz. The Hangaslampi deposit
represents the first type and Meurastuksenaho
is an intermediate type between the two end-
members.

The Hangaslampi deposit is hosted princi-
pally by hydrothermally altered albite rocks
and sericitic schists. Elevated gold contents
have been recorded from the quartz-sericite
and biotite-sericite rocks with pyrite, pyrr-
hotite, and minor chalcopyrite. The distribu-
tions of gold and uraninite have a strong pos-
itive mutual correlation (Pankka, 1989; Pank-
ka et al., 1991).

The mineralization at the Meurastuksenaho
Au-Co-U-deposit is associated with albite-
quartz-carbonate and chlorite-amphibole
rocks of the Sericite Quartzite Formation
(Pankka et al., 1991). The principal ore
minerals, pyrrhotite and pyrite, together with
minor chalcopyrite and cobaltite, exhibit both

disseminated and more massive habits. Gold
also shows a tendency to correlate positively
with Co-rich parts of the deposit.

Bidjovagge

Copper mining activity at Bidjovagge com-
menced in the beginning of 1970°s but in 1985
Outokumpu Finnmines Oy reopened the mine,
producing gold as well as copper.

In the Kautokeino area in northern Norway,
Archaean gneisses and amphibolites are sep-
arated by three N-S trending Palaeoproterozo-
ic greenstone belts. The Bidjovagge ore lies in
the westernmost belt, which consists of shal-
low marine sediments and mafic to ultramafic
volcanics intruded by diabase dykes and gran-
itoids. In the mine area, both sediments and
diabases are albitized, this process having
taken place before mineralization (S6derholm
& Nixon, 1988).

The ore can be divided into copper and gold
ore types on the basis of their metal contents
(Nilsen & Bjorlykke, 1991; Bjgrlykke et al.,
1993). A different type of classification was
proposed by Lamberg and Toikkanen (1991),
who distinguished between Cu-Au, Au-Te,
and Au rich ore types. Generally, the ore is
shear zone related and hosted by albitic
felsite, metadiabase, and black schist. The
mineralization is associated with carbonate
veins, vein networks, and disseminations in
brecciated zones (Bjorlykke et al., 1990).
Principal ore minerals are chalcopyrite, pyri-
te, pyrrhotite, and hematite. A positive
correlation exists between the gold content
and radioactivity, which is mostly generated
by davidite (Bjorlykke et al., 1987).
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SAMPLING AND ANALYTICAL METHODS

Sample material

The study targets were chosen so as to rep-
resent various geological environments. The
majority of the sample material was taken
from drill cores stored by Outokumpu
Finnmines Oy and the Geological Survey of
Finland, Rovaniemi, although some samples
were obtained from geologists working on the
gold prospects and the geology of the green-
stone belt in central Lapland. Sulfide samples
were selected from drill core sections with
elevated gold contents, and adjacent wall rock
samples were also collected. The length of
drill core sampled was normally about 10 cm.

Polished thin sections were prepared from the
majority of the mineralized samples and also
from a few wall rock samples.

The locations of the studied mineral depos-
its and occurrences are shown on the litholog-
ical map in Figure 1, while explanations to the
abbreviations used in the figures are given in
Appendix 2. Some background information
concerning the sample material and mineral
separates is presented in Appendices 3 and 4,
and petrographical descriptions of the sam-
ples are given in Appendix 5.

Analytical procedures

Sample preparation and chemical
separation

Milling of the whole rock samples, and
crushing and separation of the mineralized
samples were done at the Mineralogical Lab-
oratory of the Geological Survey of Finland at
Espoo. Heavy liquids and a Frantz isodynamic
magnetic separator were used in mineral sep-
aration. Finally, the separated mineral con-
centrates were hand-picked under a binocular
microscope. As many sulfide fractions as
possible were analysed from each sample and
in addition, various size fractions for some
minerals were analysed.

In addition to the sulfide samples, several
relatively pure carbonate fractions were also
obtained. If the carbonates contained sulfide
and magnetite inclusions, the trace lead in
carbonate was leached using an extremely
weak (<0.5 N) hydrochloric acid. In this
procedure, the leachable component is mainly
CaCO,. Conventional
monazite, rutile, and uraninite, used for U-Pb
age determination, were found only from the

minerals, such as

Saattopora and Bidjovagge samples. Total
dissolutions (WR) and acid leaches (LE) of
the whole-rock powders were analysed from
the wall rock samples taken from the vicinity
of the mineralized sections. The acid leaches
were intended to represent the lead isotope
composition of the readily soluble phases,
such as sulfides and carbonates.

Apart from some extremely lead rich min-
erals such as galena, and the lead poor Pahta-
vaara sulfides, the weight of the analysed
sulfide fraction was normally ca. 200 mg. The
sulfides were washed with ca. 1.2 N HCl in an
ultrasonic bath to remove surface conta-
mination. The weight of the whole-rock sam-
ples was usually about 200 mg. However, the
rocks immediately adjacent to the
mineralizations were occasionally so poor in
lead that sample weights of up to ca. 400 mg
were required.

The washed sulfide fractions and whole-
rock leaches were first dissolved in an 1:1
HCI-HNO, acid mixture. The total dissolu-
tions of the whole-rock powders were carried
out in Savillex® teflon beakers in a HF-HNO,

wall
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acid mixture. After evaporation, the samples
were redissolved into IN HBr. Lead was ext-
racted from other elements using anion-ex-
change chromatography, and lead purification
was completed with anodic electrodeposition
(Gulson & Mizon, 1979). Since only a few
measurements of lead concentrations were
done, the colour of the anode deposit was used
to estimate the relative lead contents of the
sulfides (Appendix 4).

Native gold was washed with an HF-HNO .-
acid mixture and dissolved in aqua regia. The
lead was extracted with
chromatography following the procedure de-
scribed in Saarnisto et al. (1991, p. 312-313).

For U-Pb-dating, depending on the mineral
involved, a 2-30 mg sample was dissolved in
a steel-jacketed teflon crucible with an HF-
HNO, acid mixture, following the conven-
tional procedure described by Krogh (1973).
The sample was spiked with **3U and *"°Pb or
mixed *¥U+2"Pb tracers. Uranium and lead
were extracted using anion-exchange chro-
matography. If required, uranium was further
purified by extraction with ammonium nitrate
and methylisobuthylketone.

anion-exchange

Mass spectrometry and data processing

Lead was loaded on a Re-filament with a
phosphoric acid-silica gel mixture and urani-
um with phosphoric acid on a Ta-side filament
in a triple filament system. The analyses were
performed with a VG Sector 54 thermal ion-
ization multicollector spectrometer,
with a filament temperature of ca. 1200 °C for
lead. The 2c-error estimates based on multi-
ple analyses on standard are less than 0.20%,

mass

Other

U, Th, and Pb concentrations of selected
sulfides were measured at the Geological
Survey of Finland, Espoo. Th and U were
analysed with an inductively coupled plasma

0.20%, and 0.25% for the ?°Pb/**Pb, 2“’Pb/
204Pb, and *"*Pb/*"*Pb ratios, respectively. The
measured lead isotope ratios were normalized
according to the analysed ratios of SRM 981-
standard (Gulson et al., 1984), with correction
coefficients of +0.09 to +0.13% per a.m.u. or
with specific correction factors for the 2"°Pb/
204Pb, *7Pb/***Pb, and *"*Pb/*"*Pb ratios. The
blank for the sulfide lead process was less
than 2 ng, which is considered to be insignif-
icant. The Pb-blank of the U-Pb-procedure
was 0.5 ng. In addition, a very high measured
2Ph/2"Pb ratio of about 40000, with a total
2“Pb content lower than that expected for the
blank, indicates an even lower blank level for
at least that sample preparation. The corrected
lead isotope data are listed in Appendices 3
and 4.

The linear regressions used for the lead
isotope data presentations have been fitted
using two methods (Ludwig 1990, pp. 11-12).
York’s original algorithm (1969) is used when
the only causes of scatter are the assigned
errors. However, high MSWD (mean square
of weighted deviates) values indicate that the
scatter frequently exceeds analytical errors.
In these cases the regression fittings assign
equal weights to the data points and zero er-
ror-correlations for the X,Y pairs.

The calculated Pb-Pb-model ages of the
least radiogenic samples are based on the two-
stage evolution model of Stacey and Kramers
(1975). The concordia intercepts and asso-
ciated uncertainties of the linear regressions
are calculated according to the model of Lud-
wig (1980). All ages have been calculated
using the decay constants recommended by
the I.U.G.S. Subcommission on Geochronology
(Steiger & Jidger, 1977 ref. Jaffey et al., 1971).

analyses

(ICP) mass spectrometer and Pb with an atomic
absorption spectrophotometer (AAS).

Sulfur isotopes were analysed at the Depart-
ment of Isotope Geology of the Dionyz Star




Institute of Geology, Bratislava, Slovakia, accor-
ding to the method of Ustinov and Grinenko
(1965). In summary, the powdered sulfide sample
was purified by heating it for 30 minutes at a
maximum temperature of 320°C. The oxidation
of sulfide to SO, was performed using CuO at
a temperature of 770°C (30 minutes). The re-

Lead evolution

When low radiogenic data are presented on
a Pb/2"Pb vs. 27Pb/**Pb or 2°°Pb/2*Pb vs.
208pp/2*4Pb diagram, it is customary to include
a reference lead evolution curve. These
should be considered as model trajectories,
which may approximate but do not necessarily
represent the true course of lead evolution in
the area concerned.

The Stacey and Kramers (1975) two-stage
model for average crustal lead growth is the
most commonly used. This assumes that ter-
restial lead evolved initially from a primordial
composition, which is considered to be the
same as that of the Canyon Diablo troilite at
4.57 Ga. At ca. 3.7 Ga, U-Th-Pb differentiati-
on processes led to a change in conditions,
described by the second-stage of lead evoluti-
on. The average 2¥U/*"Pb, **Th/**Pb, and
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leased SO, was collected into glass ampoules
and analysed with a Finnigan MAT 250 mass
spectrometer. Although recent measurements of
international standards have not been done, the
results are considered to be representative
enough for this study, as previous analyses on
standards have given reliable results.

reference models

23Th/>*U values at the end of this second
stage are assumed to be 9.74, 36.84, and 3.78,
respectively.

If the data points fall significantly below
the Stacey and Kramers (1975) curve on a
206Pb/%Pb vs. *Pb/*"Pb diagram, the mantle
growth curve of Zartman and Doe (1981) is
considered. This is based on the
geochemical behaviour of Th, U, and Pb with-
in varying terrestrial reservoirs, i.e. upper
crust, lower crust, and mantle, which by re-
peated recycling (orogeny) produce different
lead evolutions for each reservoir. The evolu-
tion of mantle lead commenced at 4.0 Ga, and
the 2*8U/%%Pb, 2*2Th/2%Pb, and ***Th/?*U val-
ues have been changing as a result of each
subsequent orogenic event. The present day
values are 8.35, 29.39, and 3.52 respectively.

model

SULFUR ISOTOPE RESULTS AND DISCUSSION

Sulfur isotopes were analysed from several
sulfide samples occurring in association with
gold mineralization and results are presented
in Table 2. Based on the equilibrium frac-
tionation geothermometry of cogenetic sulfur-
bearing compounds (Sakai, 1957 and 1968;
Tatsumi, 1965; Bachinski, 1969) the sulfur
isotope data can be used to estimate the
formation temperatures of the sulfides. Howe-
ver, in most of the present cases the 6*S va-
lues of the analysed sulfide pairs failed to
follow the predicted course of the equilibrium
fractionation. This may be attributed to fluc-
tuating sulfide crystallization conditions, such

as changes in T, pH, and f_ . Nonetheless, a
pyrite-pyrrhotite pair from the Saattopora B-
ore gave a temperature estimate of 382°C and
that for the pyrite-chalcopyrite pair from Bid-
jovagge is 269°C (A*S=A x 10T A=0.30/
pyrite-pyrrhotite pair, A=0.45/pyrite-chalco-
pyrite pair; Kajiwara & Krouse, 1971).

The &*S range for sulfides from gold de-
posits in central Lapland is 3.5%e¢, with a mean
of +3.79%c. This narrow range may indicate
regionally similar sulfur sources and deposi-
tional conditions. Ohmoto and Rye (1979)
suggest that ™S values centered around 0%
(-4 - +4%0) indicate a magmatic source for the
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sulfur, although primary magmatic and sulfur
extracted from magmatic minerals can not be
distinguished. At Bidjovagge, the negative sul-
fur isotope values for sulfides occurring in
black schist might indicate the existence of two
separate sulfur sources, or the fractionation of
sulfur isotopes during sulfide crystallization.
In general, 8*S values similar to those of
the central Lapland deposits have been reported
shear related gold-quartz vein
sulfides in the Barberton greenstone belt, South-
Africa (+1 - +4%c; deRonde et al., 1992) and the
Proterozoic greenstone-hosted Flin Flon gold
occurrences at Saskatchewan, Canada (+2.8 -
+5.5%0; Ansdell & Kyser, 1992). Moreover, the
results for central Lapland agree with the 6*S
values of +1 to +4%c¢ (Lambert et al., 1984)
obtained from many Australian Archaean
discordant gold deposit hosted pyrites. These
values have been explained as representing sul-
fur derived from fluid-induced metamorphic
remobilization of the greenstone sulfides.

from zone

Table 2. Sulfur isotope results for some sulfides from
gold deposit in Lapland.

DEPOSIT SAMPLE MINERAL &%*S(%o)

Kuotko R436/76.40 PY +3.32
Kuotko R305/7.95 ASPY +3.62
Soretiavuoma  R307/48.70 PY +4.46
Soretiavuoma  R307/48.45 CcP +5.73
Saattopora/A A1205 PO +3.93
Saattopora/A A1205 CP +4.08
Saattopora/B R208/124.45 PY +2.93
Saattopora/B R208/124.45 PO +2.23
Bidjovagge S154B/124.65 PY -2.07
Bidjoavgge S154B/124.65 CP -1.90
Bidjovagge N20E/203.55 PY +6.12
Bidjovagge N20E/203.55 CP +6.14
Bidjovagge N95F/46.70 PY +1.26
Bidjovagge N95F/46.70 CP +1.23
Bidjovagge N95F/59.45 PY +2.76

ASPY = arsenopyrite; CP =chalcopyrite; PO = pyrrhotite;
PY =pyrite. (343/323)i - (3“8/325)5”
84S, (%o) = x 1000;

(348/323 )std

i=mineral; std =standard

U-Pb AGE DETERMINATIONS AND RADIOGENIC *"Pb/**Pb AGES

The U-Pb analytical results from the Lap-
land greenstone hosted gold mineralizations
are presented in Table 3. Because the number
of conventional minerals used in U-Pb dating
is low in the sample material, the common

lead corrected radiogenic *""Pb/?“Pb ages of
the highly radiogenic sulfides and wall rocks
were used as minimum estimates (Table 4) for
the closure ages of the U-Pb systems.

Saattopora area

A thucolite (Fig. 2) from a carbonate-
sulfide vein at Saattopora (SP(A)-R257/
61.40) shows a discordant age, the *'"Pb/?"*Pb
age being around 1765 Ma (Table 3). Idiomor-
phic coarse grained monazite from the Saat-
topora ore concentrate shows an almost con-
cordant U-Pb age of ca. 1780 Ma (Table 3)
and is, within error limits, almost the same as

the *"Pb/?"Pb age of the thucolite. Thin sec-
tion examination of the vein sample suggests
that monazite belongs to the wall rock para-
genesis.

On the concordia diagram (Fig. 3), the an-
alytical data for thucolite and monazite plot
on a linear trend with an upper intersection at
1781£18 Ma (Fig. 3). A previously analysed
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Table 3. U-Pb analytical data from the Saattopora, Hangaslampi, and Bidjovagge gold deposits. Selected
analyses of uranium rich minerals from Lapland, are also included.
DEPOSIT Concentrations Atomic_abundances* Atomic ratios** Age(Ma)

Analysed (ppm) Measured  ?*°Pb =100 206py,  207py,  207py,  206py, 207pp 207pp

mine'ﬂl 238U Mpb ZOOPb/me 204Pb 207Pb Qmpb 238U 235U me 238U 235U IOGPb
SAATTOPORA

G443/concentrate

MONAZITE 571.4 156.0 1869 0.0359 11.39 24.77 0.3155 4.744 0.1091 1767+16 1775+9 1784 +11

A-R257/74.60

RUTILE 4,115 1.065 155.7 0.6165 18.77 24.56 0.2992 4.254 0.1031 1687+9 1684+5 1681+20

A-R257/61.40/THUCOLITE

A/aliquot 1 23840 5731 33560 0.0001 10.81 0.0314 0.2778 4.141 0.1081 1580+8 1662+5 17671

A/aliquot 2 25904 6562 36013 0.0010 10.80 0.0231 0.2928 4.360 0.1080 1655+8 1704+4 1766+2

B/aliquot 1 24027 5939 41110 0.0005 10.77 0.0459 0.2857 4.237 0.1076 1619+7 1681+5 1759+2

B/aliquot 2 24015 5930 44427 0.0005 10.79 0.0419 0.2854 4.243 0.1078 1618+8 1682+5 1763%1
HANGASLAMPI

R388/41.20

PYRITE 8.364 2.537 1044 0.0941 12.56 4.248 0.3505 5.459 0.1130 1936+9 1894+5 1847+1

(brannerite inclusions)

R388/66.85

PYRRHOTITE 488.8 139.3 15551 0.0064 11.23 0.8881 0.3294 5.059 0.1114 1835+9 1829+5 1822%0

(brannerite inclusions)
BIDJOVAGGE

R154B/102.45

RUTILE 9.863 2.254 143.7 0.6828 19.36 46.31 0.2642 3.615 0.0993 1511+8 1552+4 1610+12

N95F/59.45

TITANITE 162.1 31.70 1312 0.0695 10.78 27.02 0.2259 3.058 0.0982 1313+8 142215 15894
PALKISKURU, Enontekié***"

DAVIDITE A61

A 57699 14479 3050 0.0327 11.18 1.498 0.2900 4.291 0.1073 1641+7 1691+4 17542

B 51084 12528 2898 0.0343 11.19 1.668 0.2834 4.189 0.1072 1608+7 1671+9 1752+19
LAAVIVUOMA, Kittila***?

URANINITE 56.5% 14.6% 185505 0.0005 10.92 0.0149 0.3038 4.572 0.1091 1710+10 1744+6 17852
KESANKI, Kolari***¥

V-Fe-OXIDE 9249

aliquot 1 27902 7091 80882 0.0000 10.69 0.0665 0.2937 4.328 0.1069 1660+4 1698+2 1747+5

aliquot 2 27988 7095 80882 0.0000 10.69 0.0647 0.2930 4.318 0.1069 1656+3 1696+2 17474

*

M.

2

3.

= Blank corrected values; ** = Corrected for blank and age related common lead (Stacey and Kramers 1975);

.. _

= Analyses by Olavi Kouvo.

Davidite from shear zone in granodiorite. Source of sample: Kari Paakkénen, GSF.

(Paakkénen, 1988); Source of sample: Kari Padakkénen, GSF.
Uranium bearing V-Fe-oxide from sericite quartzite. Outokumpu Oy, 2732 05, Kol/Kes-22, Kesénki, Kolari;
Source of sample: Risto Sarikkola, Outokumpu Oy.

: Uraninite from amphibole-sulfide vein cutting a mica schist. GSF, M52.5/2741/84/R307/76.20-76.40, Laavivuoma
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Fig. 2. Thucolite grain from a carbonate-sulfide vein, Saattopora A-ore (SP(A)-
R257/61.40). Width of view is 3.70 mm, reflected and plane polarized light.
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Fig. 3. Concordia plot of U-Pb data.



uraninite (A766) from a granitic vein cutting
the Pahtavuoma copper mineralization has a
similar Pb-Pb age of ca. 1780 Ma (Vaasjoki,
1993). In addition, Olavi Kouvo
has analysed a uranium-bearing V-Fe-oxide
(Kesédnki), a uraninite (Laavivuoma), and a
davidite (Palkiskuru) from Lapland, all of
which yielded approximately the same age as
the Saattopora thucolite (see Table 3 for furt-
her information concerning these samples).
An almost concordant U-Pb age of ca. 1685
Ma (Table 3 and Fig. 3) was obtained for
rutile (Fig. 4) from a fine grained albite-car-
bonate rock brecciated by sulfide-tourmaline
veins (SP(A)-R257/74.60). In thin section
narrow sulfide-filled fractures were
times observed to be overgrown by rutile,
although the reverse relationship was also
recorded. Thus, rutile formation both post-
dates and predates minor sulfide mobilization.
This exceptionally young age cannot be at-
tributed to a low closure temperature for ru-
tile, which according to Mezger et al. (1989)

oral com.,

some-
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varies between 350-450°C, depending on the
grain size. However, if the cooling rate is
slow enough, the diffusion of the radiogenic
lead may continue long after the estimated
closure temperature is attained (Dodson,
1973, 1976 and 1981). On the other hand, the
formation of hydrothermal rutile could be
connected with the breakdown reactions of
previously formed Ti-rich minerals, which
can take place readily even at low temperatu-
res (Van Baalen 1993).

Analyses of monazite and rutile from the
albite-carbonate rock hosting the Saattopora
copper mineralization gave common lead cor-
rected *""Pb/*"°Pb ages of 1773 and 1672 Ma
(Table 4), respectively. These are approxima-
tely the same as those obtained for the Saat-
topora gold ore (Tables 3 and 4). Sulfides
associated with the copper mineralization
show homogeneous *7Pb/*°Pb ages around
2.0 Ga (Table 4), which contrast with the
widely scattered results from sulfides within
the Saattopora gold ore (Table 4).

AR

Fig. 4. Rutile (rut) from an albite-carbonate rock, which is brecciated by
pyrrhotite (po) and tourmaline (tour), with minor chalcopyrite (cpy), Saattopora
A-ore (SP(A)-R257/74.60). Width of view is 11.0 mm, reflected light.
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Table 4. 27Pb/>"°Pb ages for the highly radiogenic samples.

DEPOSIT/SAMPLE 206pp [204pp  207pp/20%ph  (297Pp /2% Ph) * AGE(Ma)

SAATTOPORA GOLD ORE

A1205-PYRRHOTITE 1149 147 0.1162 1899
A1205-PYRRHOTITE 1490 172 0.1063 1737
A1205-RUTILE/abraded 386 51.3 0.0972 1572
A-R257/74.60-RUTILE" 156 29.9 0.1041 1698
A-R257/82.20-PYRRHOTITE 308 51.3 0.1237 2010
A-R257/82.20-CHALCOPYRITE 234 43.4 0.1288 2081
A-R257/61.40-THUCOLITE" ca.40000 ca.4000 ca.0.108 1765
G443-MONAZITE#1" 1869 218 0.1092 1785
G443-MONAZITE#2 7122 789 0.1089 1781
concentrate-GOLD/fine 550 79.3 0.1198 1953
concentrate-GOLD/coarse 492 73.4 0.1220 1985
concentrate-GOLD/magnetic 435 64.3 0.1169 1907
A-R257/70.60-LE 2102 238 0.1066 1743
A-R257/70.60-WR 1668 188 0.1043 1703
B-R208/120.80-LE 260 42.3 0.1104 1806
B-R208/120.80-WR 213 35.5 0.1022 1664
SAATTOPORA Cu-MINERALIZATION
ab-crb rock-CHALCOPYRITE 473 72.7 0.1256 2038
ab-crb rock-PYRITE 498 74.6 0.1230 2001
ab-crb rock-PYRRHOTITE#1 765 107 0.1226 1995
ab-crb rock-PYRRHOTITE#2 894 123 0.1227 1996
ab-crb rock-PYRITE 559 81.9 0.1227 1996
ab-crb rock-RUTILE 1093 126 0.1026 1672
ab-crb rock-MONAZITE 13685 1497 0.1084 1773
phyllite-LE 276 40.6 0.0969 1566
phyllite-WR 286 40.3 0.0922 1471
HANGASLAMPI
R388/41.20-PYRITE#1 1208 148 0.1114 1822
R388/41.20-PYRITE#2" 1044 131 0.1129 1847
R388/41.20-PYRITE#3 808 104 0.1125 1840
R388/66.85-PYRRHOTITE#1 2893 344 0.1142 1867
R388/66.85-PYRRHOTITE#2" 15551 1746 0.1114 1822
R388/57.90-LE 452 65.3 0.1147 1875
R388/57.90-WR 541 72.1 0.1083 1770
MEURASTUKSENAHO
R332/179.60-PYRRHOTITE 166 32.1 0:1112 1819
BIDJOVAGGE
N95F/21.80-LE 341 39.7 0.0746 1059
N95F/21.80-WR 254 33.2 0.0746 1056
N95F/45.30-CHALCOPYRITE 189 34.7 0.1122 1835
N95F/59.45-PYRITE 781 112 0.1264 2049
S154B/102.40-RUTILE 144 28.2 0.1003 1630

* = Corrected for age related common lead (Stacey and Kramers 1975).
* =including the U-Pb-analysis.
LE =acid leach of whole rock powder, WR =total dissolution of whole rock powder.
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Hangaslampi

Two highly radiogenic sulfides from the
Hangaslampi deposit, namely pyrite (HL-
R388/41.20) and pyrrhotite (HL-R388/66.85)
(Figs. 5 and 6), were analysed for their U
contents and Pb isotope ratios (Table 3). The
pyrite analysis plots on the upper side of the
concordia curve (Fig. 3), most probably indi-
cating some episodic uranium loss. The pyr-
rhotite is extremely rich in uranium and shows
good concordancy with a U-Pb age of ca. 1830
Ma. The *Pb/*"°Pb age estimates (Table 4)
for the Hangaslampi and Meurastuksenaho

Fig. 5. Pyrite from a sericite-quartz schist,
Hangaslampi (HL-R388/41.20). Width of view
is 1.50 mm, reflected and plane-polarized light.

Fig. 6. Pyrrhotite grains poikilitically in mag-
netite, Hangaslampi (HL-R388/66.85). Width
of view is 3.70 mm, reflected and plane polar-
ized light.

sulfides have ages similar to that of the
concordant pyrrhotite, and the mean age of the
six samples is ca. 1836 Ma.

High uranium contents and 2°Pb/2*Pb ra-
tios in sulfides are unusual, and must have
originated from some uranium rich mineral.

Accordingly, two grains of a mineral resem-
bling uraninite in appearance (Figs. 7a and
7b) were identified from the Hangaslampi
sample (HL-R388/66.85) using the Cameca
SX 50 microprobe at the Geological Survey of
Finland, Espoo. One grain (Fig. 7a) is clearly
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Fig. 7. Back scattered electron images (a and b) of the U-Ti mineral (brannerite) in pyrrhotite, Hangaslampi (HL-R388/66.85). In
these images, the small bright white spots are galena and the portions of the U-Ti-mineral richest in uranium appear as white areas.

Width of view is a) 0.18 mm and b) 0.57 mm.

an inclusion in pyrrhotite, and possesses high
U,0, and TiO, contents, varying from ca. 20
to 70 % and 20 to 52 %. respectively. The
other grain (Fig. 7b), occupying the fractured
contact zone of carbonate against pyrrhotite
and magnetite, was more heterogeneous, with
distinct uranium and titanium rich domains
and some cerium rich parts containing no
uranium. The composition of this U-Ti miner-
al could correspond to that of brannerite

(UTi,0,). Although the sulfides from the
Saattopora ore also have radiogenic charac-
teristics, with high uranium contents, no urani-
um rich inclusions were found during probing
of the Saattopora sample SP(A)-R257/61.40.

Small grains of galena were found in bran-
nerite (Figs. 7a and 7b): these represent mo-
bilized and concentrated radiogenic lead,
formed as a result of radioactive decay of
uranium.

Bidjovagge

Black to brown roundish rutile from a meta-
diabase hosting the Bidjovagge ore (BV-
S154B/102.45) (Fig. 8) shows discordancy
with a "7Pb/?"Pb age of ca. 1610 Ma (Table
3 and Fig. 3). Microscopically, the rutile
seems to be younger than chalcopyrite (Fig.
8). and therefore the rutile formation is attrib-
uted to a hydrothermal phase postdating the
major sulfide crystallization.

Titanite having a brown to light brown co-
lour and sometimes a dull appearance (BV-
N95F/59.45) (Fig. 9a) has a *"Pb/**°Pb age of

1589+4 Ma (Table 3 and Fig. 3). Microscopi-
cal studies indicate that the titanites were the
last minerals to crystallize in the wall rocks
(Fig. 9a). In some cases titanite encloses ru-
tile and ilmenite grains (Fig. 9b), and hence
the formation of titanite can be attributed to
retrograde metamorphic reactions from the
rutile and ilmenite (Force, 1991, p. 12). How-
ever, the ages for the rutile and titanite are
highly discordant and are considered to give
only a lower age approximation for the clo-
sure of the U-Pb systems in minerals.
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Fig.8. Metadiabase hosted rutile (rut), which is younger than chalcopyrite (cpy),
Bidjovagge (BV-S154B/102.45). Width of view is 1.50 mm, reflected and
plane-polarized light.

Fig. 9. a) Titanites from an albite-carbonate rock. b) Occasionally titanite (tita) encloses ilmenite (ilme) and rutile (rut).
Bidjovagge (BV-N95F/59.45). Width of view is a) 1.01 mm, transmitted and cross-polarized light and b) 0.21 mm,
transmitted and plane-polarized light.

[S9]
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Wall rock samples

Wall rock samples (WR) rich in radiogenic
lead from the vicinity of the Saattopora mine
yield 2"7Pb/*"*Pb age estimates (Table 4) con-
siderably younger than those of the sulfides.
An acid leach and total dissolution of a wall
rock sample from the Bidjovagge area give a
207ph/206Ph age estimate of ca. 1000 Ma, and a
sample from the Hangaslampi area ca. 1770

Ma. However, if the sample sizes were too
small to have maintained the actual equili-
brium volume of the lead and uranium in the
rock (see e.g. Roddick & Compston, 1977),
these single results might be irrelevant, al-
though the Hangaslampi result could reflect
the effect of nearby postorogenic granites.

LEAD ISOTOPE RESULTS

Upper Lapponian volcanics, central Lapland

Samples

Lead isotopes for whole rock samples from
central Lapland volcanics are given in Appen-
dix 3. According to Lehtonen et al. (1992), the
samples from the different formations repre-
sent the following Upper Lapponian strati-
graphical units (see Fig. 1): Vesmajirvi and
Veikasenmaa (upper unit); Tarvasenvaara,
Linkupalo, Kongis, Sinermi, and Kautoselkd
(middle unit); Jeesiorova, Peuramaa, and Sat-
tasvaara (lower unit).

Results

Most of the samples having the lowest
206pp/204Ph ratios of the Upper Lapponi group
were collected from the lower unit. The least
radiogenic lead isotope composition, plotting
close to the mantle evolution curve of Zart-
man and Doe (1981) (Fig. 10), was recorded
from the Vesmajidrvi Formation, which be-
longs to the upper unit.

On the *°°Pb/***Pb vs. *’Pb/***Pb diagram

(Fig. 11), all the whole-rock lead isotope
compositions measured from the three differ-
ent Upper Lapponian units conform to a linear
trend with a slope corresponding to an age of
ca. 1835 Ma. This may be an artifact caused
by the mixing of lead from different sources,
as the analyses belonging to the different
units have slightly deviating slopes (Table 5).
Nevertheless, the separate slope ages deter-
mined from the linear trends of the lower
(1869430 Ma) and middle (1837+48 Ma) units
do coincide within error limits. The linear
trend of the upper unit samples corresponds to
an older age.

The somewhat high MSWD-values (see
Table 5) calculated from the regressions ei-
ther reflect some incompleteness in the homo-
genization process, or the effect of geological
processes postdating the homogenization. On
the 20°Pb/>™Pb vs. 2°Pb/?*Pb diagram (Fig.
11), the lead isotope data fall into separate
sublinear compositional trends
differences in the Th/U ratios.

indicating
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Fig. 10.2Pb/?*Pb vs. *’Pb/***Pb (upper diagram) and **Pb/**Pb vs. 2**Pb/**Pb (lower diagram)
plots of the least radiogenic sulfides, carbonates, and Upper Lapponian volcanics. For reference
the Stacey and Kramers (1975) lead evolution curve and the mantle lead evolution curve of
Zartman and Doe (1981) (upper diagram only) are also presented. Sulfides: o=Soretiavuoma;
x=Kuotko; A=Kuotko/lamprophyre; +=Suurikuusikko and Kiistala; *=Pahtavuoma and Riikonkoski.
Carbonates: % =Saattopora/A-ore; []=Pahtavaara. Whole-rocks: e =Upper Lapponian volcanics.
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Fig. 11. 2Pb/2%Pb vs. *"Pb/**Pb (upper diagram) and **Pb/?*Pb vs. ***Pb/**Pb (lower
diagram) plots of the whole-rock lead isotope data from the Upper Lapponian volcanics,
Central Lapland greenstone belt. Upper unit: +=Veikasenmaa (n=5); x=Vesmajirvi (n=5).
Middle unit: [ =Linkupalo (n=3), Kéngis (n=2), Sinermi (n=2), Tarvasenvaara (n=1), and
Kautoselkd (n=1). Lower unit: A =Peuramaa (n=2) and Jeesiorova (n=2): o =Sattasvaara

(n=6).
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Table 5. Slopes, corresponding age estimates, and MSWD-values of the regressional
fittings for most of the lead isotope data of the Upper Lapponian volcanics.

Upper Lapponian units (n)

Formations (n) Slope AGE +20/Ma MSWD
Lower unit (9) 0.1143 1869+30 1.3

Peuramaa and Jeesidrova (4) 1851 +46 0.7

Sattasvaara (5) 1883 +94 2.2
Middle unit (8) 0.1123 1837 +48 51
Upper unit (10) 0.1166 1904 +32 22

Veikasenmaa (5) 1914 +£50 22

Vesmajérvi (3) 1901 +£30 0.01
All samples (29) 0.1122 1835+28 63

MSWD =mean square of weighted deviates.

Lead isotope characteristics of the three
Upper Lapponian volcanic units

The differences between the lead isotope
characteristics of the Upper Lapponian vol-
canics can, to some extent, be used to classify
the volcanics into the three volcanic units of
the Upper Lapponian Group. The middle unit
samples are usually radiogenic and show the
highest Th/U ratios (2.7-3.5); the Linkupalo
samples form the steepest Th/U trend, where-
as the upper unit samples show varying ra-
diogenic patterns, and the amount of thoro-
genic lead is low in most of the radiogenic
samples. Weakly radiogenic uranogenic lead
isotopic compositions are typical of the lower
unit samples, some of which (Jeesiorova sam-
ples and most of the Sattasvaara samples)
form the least radiogenic compositional group
among all the analysed volcanics. Features com-
parable with the geochemical results include the
higher Th contents in the middle unit in compar-
ison with the upper unit (Lehtonen et al., 1992).

In the lower unit, the lead isotope character-
istics of the Mikkuurova and Peuramaa samples
differ from the other samples (Appendix 3).
This is seen in the relatively high °Pb/***Pb
ratios of the picrites from the Peuramaa
Formation and the Mikkuurova Mg-basalt from
the Sattasvaara Formation. In addition, the other

Peuramaa sample and the Mikkuurova sample
have high 2°°Pb/***Pb ratios.

Resetting of the U-Pb systems

The uranogenic lead isotope compositional
trends (Table 5) of the middle and lower unit
volcanics of the Upper Lapponi Group slope
too gently to illustrate the uranogenic lead
growth from the volcanism to the present, but
could be explained by a nearly synchronous
resetting of the U-Pb systems in both units. The
age estimate (ca. 1870-1840 Ma) for the reset-
ting, and its wide areal extent would imply that
it was caused by metamorphic and tectonic
processes related to the Svecokarelian orogeny.

The separate trends seen on the *°Pb/?*Pb
vs. 2%Pb/?*Pb diagram (Fig. 11) could reflect
primary compositional differences in Th/U
ratios. However, another possible reason for
the seemingly low Th/U ratios, at least for the
upper unit samples, could be fractionation of
uranium and thorium (enrichment of uranium
or loss of thorium) due to metamorphic proc-
esses. This might be connected with the allo-
chtonous emplacement of the granulite belt at
ca. 1.91 Ga (Bernard-Griffiths et al. 1984;
Sorjonen-Ward et al., 1994), as the Pb-Pb
isochron age (Table 5) for the volcanics of the
upper unit apparently coincides with this age.
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Base metal deposits

Samples

A few samples from the Pahtavuoma, Rii-
konkoski, Hormakumpu, and Alakyld deposits,
representing synvolcanic stratabound base met-
al mineralization, were analysed (Appendix 4).
These samples mainly consisted of galenas
hosted by black schist and albite-sericite schist.

Results

The uranogenic lead isotope compositions
of the Pahtavuoma Cu-Zn-U deposit form a
relatively homogeneous group on the upper
side of the Stacey and Kramers (1975) lead
evolution curve (Fig. 12). The fairly high p-
value of about 10 (Table 6) for the Pahtavuoma
galena most likely indicates some involvement
of an upper crustal lead component.

The uranogenic lead isotope compositions
of the Riikonkoski galenas show two clearly
separate compositions (Fig. 12). The least ra-
diogenic sample, lying on the upper side of
the Stacey and Kramers (1975) lead evolution
curve, has a model age of ca. 2354 Ma and a
u-value of 10.6, which is the highest value in
the present data set (Table 6). The other Rii-
konkoski galena shows a distinctly radiogenic
composition, with a 2*°Pb/?***Pb ratio of about
24.4 (Appendix 4 and Fig. 12). The lead iso-
tope compositions of the Hormakumpu and
Alakyld samples (Appendix 4 and Fig. 12)

R = 1/137.88

= slope of the compositional trend

fall into a single, relatively homogeneous,
radiogenic lead compositional group.

Discussion

In the Riikonkoski area, the least radiogenic
lead composition apparently represents the
initial lead composition of the mineralization.
The high p-value (Table 6) clearly indicates
the involvement of an Archaean crustal lead
component in the galena. The existence of
another, radiogenic composition indicates a
secondary origin for that galena.

The slope of the two-point trend construc-
ted between the least radiogenic and radio-
genic galenas is 0.1357 (R), corresponding to
an apparent age of ca. 2170 Ma. However,
because the U/Pb ratio in galena is typically
low, the addition of in situ formed radiogenic
lead does not alter the lead composition
significantly. Therefore, the lead growth sim-
ply by uranium decay from ca. 2170 Ma to the
present is unlikely to be the reason for radio-
genic galena formation. Instead, it is sugges-
ted that the trend is a two-point isochron in
which the lead evolution from a source ca.
1963-1913 Ma (T)) in age was completed with
subsequent lead separation and the formation
of the radiogenic galenas quite late in the
geological history, conceivably during the
Caledonian orogeny ca. 420-500 Ma ago (T,)
(Equation 1; Faure, 1977). -

eMTi _ ghT:

(1)

ehTi - ehT:

= decay constant of 2**U (1.55125 x 10°'° y*'; Jaffey et al. 1971)

= age of the source rocks in which the radiogenic lead grew

R
}\'I
A, = decay constant of **U (9.8485 x 107" y''; Jaffey et al. 1971)
TI
TZ

= age of the lead separation and mineralization
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Fig. 12. **Pb/**Pb vs. *’Pb/**Pb (upper diagram) and **Pb/**Pb vs. **Pb/**Pb (lower
diagram) plots of the lead isotope data from the stratabound base metal deposits and from the
Soretiavuoma, Kiistala, and Suurikuusikko gold occurrences. For reference the Stacey and
Kramers lead evolution curve (1975) is also presented. Sulfides: A =Pahtavuoma, Riikon-
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Table 6. Calculated model ages and milieu indices (two-stage model of Stacey and Kramers 1975)
for the least radiogenic sulfides and carbonates from the Central Lapland greenstone belt.

DEPOSIT/ LEAD ISOTOPE RATIOS
SAMPLE 206/204 207/204 208/204 Ma* u wW
KUOTKO
Au 15.364 15.117 35.026 1693 8.9 33.4
R305/7.95-PO 15.255 15.111 34.927 1781 9.0 34.0
R436/76.40-GA 15.312 15.155 34.875 1805 9.2 33.9
R436/76.40-GA 15.225 15.118 34.807 1818 9.1 33.5
R436/76.40-PY 15.285 15.191 35.045 1889 9.5 37.1
A1168/lamprophyre-PY 15.269 15.131 34.928 1802 9.1 34.4
SORETIAVUOMA
R307/48.45-CP 15.277 15.177 35.033 1873 9.4 36.6
R307/48.45-CP 15.298 15.199 35.094 1890 9.5 37.6
R307/48.45-CRB 15.280 15.166 34.990 1852 9.3 35.8
R307/48.45-(Pb-rich?) 15.297 15.192 35.081 1880 9.5 37.2
R307/48.45-ASPY 15.279 15.178 35.043 1872 9.4 36.7
R307/48.70-CRB 15.294 15.178 35.035 1859 9.4 36.4
R307/48.70-PY 15.298 15.189 35.036 1874 9.5 36.7
KIISTALA
G347-GA 15.313 15.186 34.965 1855 9.4 35.7
STRATABOUND MINERALIZATIONS
Riikonkoski-GA 14.692 15.153 34.671 2354 10.6 44.5
Pahtavuoma-GA 15.468 15.304 35.207 1913 10.0 39.1

* =model age; u=2*8U/?°*Pb; W =2%2Th/2°*Pb; ASPY =arsenopyrite;
CP =chalcopyrite; CRB =carbonate; GA =galena; PO =pyrrhotite; PY =pyrite

Palaeozoic galena formation was most prob-
ably restricted to pre-existing shear zones, that
were reactivated during the Caledonian oroge-
ny. This interpretation is also consistent with

the presence of other radiogenic galenas at Horma-
kumpu and Alakyld, which together with this par-
ticular Riikonkoski galena, define a rather well
homogenized lead isotope compositional group.

Gold deposits

Soretiavuoma

Samples

The analysed samples from the Soretiavuo-
ma deposit, namely chalcopyrite, arsenopyri-

te, an unknown lead rich mineral, carbonate,
and wall rock samples, were all taken from
the drill core SV-R307 (Appendix 4). The
sulfides are quite rich in lead when compared
with the other epigenetic gold mineraliza-
tions, whereas the U and Th contents of the
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Table 7. Pb, U and Th concentrations. For comparison, approximate *°Pb/>*Pb and 2*Pb/2*Pb are

also shown. The Pb/U, Pb/Th, and Th/U are concentration ratios.

DEPOSIT/ 206pp, M@ Pb Th U Th/U U/Pb Th/Pb
SAMPLE 204pp 24Py 4g/g uglg  uglg
SORETIAVUOMA
R307/48.45-CP 15 35 41 | |
R307/48.70-PY 15 35 45 | |
KUOTKO
R305/7.95-PO 15 35 2 ! !
R305/7.95-ASPY 18 35 2 ! !
R443/18.60-PY 18 38 136 1.04 | <0.01
R436/76.40-GA 15 35 710000 n.a. n.a
R436/76.40-PY 15 35 73 | |
R436/87.85-PY 16 36 196 | |
lamprophyre-PY 16 35 1240 5.05 2.41 2.1 <001 <001
SUURIKUUSIKKO
R434/65.80-ASPY 17 35 29 ! 0.36 0.02
R434/80.55-ASPY 17 36 9 0.22 0:12 1.8 0.01 0.02
LAMMASVUOMA
R3/45.00-PY 29 39 4 0.13 0.17 0.8 0.04 0.03
PAHTAVAARA
R508/111.55-PY 36 35 1 | 0.36 0.36
SAATTOPORA Au-ORE
A-A1205-PO 1490 40 18 0.89 149 <0.01 8.3 0.05
A-A1205-CP 132 37 2 ! |
B-R208-PY 97 64 50 0:11 0.11 1.0 <0.01 <0.01
C-ASPY 97 52 9 3.32 88.0 0.04 9.8 0.37
SAATTOPORA Cu-MINERALIZATION
SP/Cu-CP 473 42 6 ! 0.24 0.04
HANGASLAMPI
R388/22.75-PY 56 82 2 | 0.12 0.06
R388/41.20-PY 808 43 3 0.15 .5 0.01 3.8 0.05
R388/66.85-PO* 2893 54 80 27 3185 0.02 3.8 0.10
R388/71.05-PY 108 47 2 | 0.11 0.06
MEURASTUKSENAHO
R332/179.6-CP 97 48 3 ! 0.11 0.04
BIDJOVAGGE
N20E/197.50-CP 47 43 200 2.07 15.6 0.13 0.08 0.01
N20E/203.55-CP 29 44 22 0.90 0.39 2.3 0.02 0.04
N95F/2.10-PY 72 54 2 0.39 0.32 1.2 0.16 0.20
N95F/14.10-PY 47 45 31 0.23 0.10 2.3 <0.01 <0.01
N95F/46.70-PY 36 43 174 0.18 | <0.01
N95F/59.45-PY 781 362 1 0.32 0.40 0.8 0.40 0.32
S165B/81.40-PY 49 44 3 0.13 0.47 0.28 0.16 0.04
S154B/96.35-CP 26 42 6 0.45 1.51 0.30 0.25 0.08
N95F/124.65-CP 40 50 12 | 0.26 0.02
S154B/149.8-PY 37 57 27 0.56 0.75 0.75 0.03 0.02

*) Brannerite inclusions; ASPY =arsenopyrite; CP =chalcopyrite; GA =galena; PO =pyrrhotite;

PY =pyrite; | =below detection limit; n.a. =not analysed. Pb/AAS; U,Th/ICP-mass spectrometer

33
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sulfides were below the respective detection
limits (Table 7 and Appendix 4). Multiple
analyses of individual sulfide separates gave
coincident results, indicating that lead was
well homogenized in the mineralizing fluid.

Results

The analysed lead isotope compositions
from the Soretiavuoma mineralization plot
within a narrow compositional field (Figs. 10
and 12). On the 2°°Pb/?*Pb vs. 2°7Pb/>*Pb
diagram (Figs. 10 and 12), the relatively lead
rich sulfides (Table 7 and Appendix 4) plot
between the average crustal evolution curve
of Stacey and Kramers (1975) and the mantle
curve of Zartman and Doe (1981). The

155

sulfides have model ages in the range 1850 to
1890 Ma, and a p-value of ca. 9.4 (Table 6).
On the °Pb/?*“Pb vs. 2**Pb/?**Pb diagram (Fig.
12), the lead isotope compositions of the
Soretiavuoma sulfides lie roughly on the Sta-
cey and Kramers (1975) evolution curve.
The uranogenic lead composition of the
acid leach fraction of the wall rock sample
falls between the sulfide compositional group
and the whole rock composition (Fig. 12).
These data could be roughly connected with a
line (R 0.090-0.105) corresponding to an age
approximation with large errors (1424+380 to
1720+£300 Ma). This line might indicate that the
sulfide lead orginated from the wall rocks.

) [ . I
SVECOKARELIAN
OROGENIC LEADS

[ (Vaasjoki, 1981)

15.3
207p),
204 Pb
15.1
Soretiavuoma, .
Kopparasen
4.9 i L i ] ; L L l
144 148 15.2 156 16.0 16.4
QUSDb/Z[M Pb

Fig. 13. Svecokarelian orogenic lead trend determined by Vaasjoki (1981). Growth curves according to two-
stage model of Stacey and Kramers (1975). Galena samples (Vaasjoki, 1981): « =Outokumpu mine; © =Main
sulfide ore belt; A =Batholith of Central Finland; A =Svecofennian supracrustal formations. Simplified after
Figure 2. of Vaasjoki (1981; Fig. 2, p. 13). Added sulfide lead compositions: x=Soretiavuoma; * =Kopparisen

(Romer & Boundy, 1988).



Discussion

The Soretiavuoma lead isotope composi-
tional group plots on the mantle-crustal lead
mixing trend of the Svecokarelian orogenic
leads defined by Vaasjoki (1981) (Fig. 13).
This trend illustrates the mixing of juvenile
mantle lead with upper crustal lead during the
Svecokarelian orogeny at ca. 1.9 Ga (Vaas-
joki, 1981; Huhma, 1986). On this line, the
Soretiavuoma samples fall on the high *°Pb/
204pp side of the compositional group defined
by the main sulfide ore belt galenas, for
which an approximate mineralization age in-
terval of 1860 to 1940 Ma has been deter-
mined (Vaasjoki, 1981; Kousa et al., 1994).

The lead isotope compositions of the Sore-
tiavuoma sulfides are identical with those of
the least radiogenic leads from the Kop-
pardsen Cu-Zn-U deposit in northern Sweden
(Romer & Boundy, 1988; Romer, 1989a)
(Fig. 13). It is hosted by the Palaeoprotero-
zoic Kopparasen greenstone belt, which is
exposed as a basement window in the Cale-
donides. These stratabound deposits hosted
by mafic metatuffs and metasediments have
been interpreted as volcanic-sedimentary and
premetamorphic in origin (Adamek, 1975).

The lead isotopes from the Soretiavuoma
sulfides have characteristics, such as homo-
geneous compositions and relatively lead-
rich sulfides, that are typical of volcanic-ex-
halative mineralization. However, the Sore-
tiavuoma mineralization is regarded as epige-
netic and thus younger than the hosting
lithologies, which are considered to be older
than ca. 2.0 Ga. According to Suoperd (1988)
the fracture-related gold bearing veins at
Soretiavuoma are deformed and represent the
oldest vein phase in the area. Consequently it
is suggested that the Soretiavuoma minerali-
zation is temporally connected with the (ear-
ly- to) synorogenic stage of the Svecokarelian
orogeny. As the lead composition coincides
with the orogenic mixing line, the lead may
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originate from the

rocks.

surrounding volcanic

Kuotko
Mineralization
Samples

The samples from the Kuotko mineraliza-
tion include the lead-poor sulfides from drill-
core R305, the lead-rich and porous pyrite
from R443, the lead-rich and lead-poor
sulfides from R436, and lead-poor panned
metallic gold (Appendix 4 and Table 7). Some
carbonates were also analysed. The sulfides
typically lack uranium and thorium, although
the porous pyrite is an exception, with a Th
content of ca. 1 ppm (Table 7).

Results and discussion

The samples analysed from the Kuotko area
can be roughly divided into the following four
lead isotope compositional groups (Fig. 14).

Group 1. The lead isotope composition of a
lead-rich microfractured idiomorphic pyrite
(KU-R436/76.40) (see also Fig. 15, Appendi-
ces 4 and 5, Table 7) falls slightly below the
Stacey and Kramers (1975) lead evolution
curve. This lead composition is similar to that
of the Soretiavuoma sulfides, and will subse-
quently be referred to as “the Soretiavuoma
group”. This well homogenized lead in the
uranium deficient sulfides most probably rep-
resents the initial lead composition for that
particular phase of mineralization at Sore-
tiavuoma and Kuotko.

Group 2. The second group comprises the
relatively nonradiogenic lead-poor samples
from drill-core R305 (see also Fig. 16, Appen-
dix 4 and Table 7) and the gold sample (Fig. 17).
In addition, the least radiogenic pyrite from the
Kuotko lamprophyre has a lead composition
similar to that of this group (see Fig. 10).
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Fig. 14. 2Pb/*"Pb vs. *’Pb/*™Pb (upper diagram) and 2“Pb/**Pb vs. 2®Pb/2*Pb (lower
diagram) plots of the lead isotope data from the Kuotko mineralization. The average crustal
lead evolution curve of Stacey and Kramers (1975) and the mantle lead evolution curve of the
Zartman and Doe (1981) are also shown. The compositional groups 1-4 are distinguished on
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rock.




Geological Survey of Finland, Bulletin 381 37

Fig. 15.a) Idiomorphic, microfractured, and lead rich pyrite, b) with relics of magnetite, Kuotko (KU-R436/76.40). Width
of view is a) 2.50 mm, b) 1.01 mm, reflected and plane-polarized light.

Fig. 16. Arsenopyrite (aspy) and pyrrhotite (po) with minor chalcopyrite (cpy) in
a cabonate-quartz vein, Kuotko deposit (KU-R305/7.95). Width of view is 3.70
mm, reflected and plane-polarized light.
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Fig. 17. Panned gold, Kuotko. Width of view
is 1.50mm, reflected and plane-polarized light.

Fig. I8. Sheared quartz vein with overgrown
idiomorphic pyrite, Kuotko (KU-R436/87.85).
Width of view is 3.70 mm, transmitted and
\‘I'n\\—pﬂhll‘i/\‘d lighl.

Fig. 19. Pyrite “pellets”, Kuotko (KU-R443/
18.60). Width of view is 1.50 mm, reflected
and plane-polarized light.
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Fig. 20. Pyrrhotite brecciates carbonate in vein, Kuotko (KU-R436/42.20).
Width of view is 3.70 mm, transmitted and cross-polarized light.

The lead composition of galena from the
drill core section R436/76.40 is slightly hete-
rogeneous and it has 27Pb/?**Pb ratios inter-
mediate between the Soretiavuoma group
(Group 1) and Group 2 from Kuotko (Appen-
dix 4 and Fig. 14). Unfortunately, the relation-
ship between the galena and the other sulfides
in the sample is unclear. In thin section only
magnetite relicts and pyrite (Group 1), togeth-
er with minor arsenopyrite were detected (see
Fig. 15). On the other hand, in hand specimen
galena seems to occur as separate small, com-
pact seams in a restricted area; it may there-
fore represent a later fracture filling and is not
necessarily cogenetic with the Group |1
sulfides.

On the Pb/*"*Pb vs. 2"Pb/***Pb diagram
(Fig. 14), the least radiogenic sample plots
slightly below the mantle evolution curve of
Zartman and Doe (1981), with a pu-value of ca.
9.0 (Table 6). In this group, the samples have
a narrow range, defining a gently sloping
compositional trend (R=0.0868, n=5,
MSWD=0.013, 13561400 Ma) which howev-
er, is geologically meaningless. On the *"°Pb/
24Pb vs. Pb/**Pb diagram (Fig. 14), the
least radiogenic sample plots on the evolution
curve of Stacey and Kramers (1975).

Group 3. The more heterogeneous third

group consists of samples which are slightly
radiogenic (Fig. 14 and Appendix 4). These
include a macroscopically dull, lead-rich py-
rite (Fig. 18), two pyrrhotites (magnetic frac-
tion), and a carbonate sample, all separated
from drill core R436 (Appendix 4). The
slightly radiogenic pyrites from the lampro-
phyre also have lead compositions resembling
those of this group (see Fig. 10). The high
lead contents (Table 7 and Appendix 4), mar-
casite alteration of the pyrrhotite, and the
occurrence of the pyrite would suggest a
secondary origin for the elevated *'°Pb/***Pb
ratios.

Group 4. In the Kuotko area, the most radio-
genic samples, with 2°°Pb/?**Pb ratios around
18-20, are the lead-rich pyrite from the drill-
core section KU-R443/18.60 (Table 4 and Fig.
19) and the low-lead carbonate with brecciat-
ing pyrrhotite from drill-core R436/42.20
(Fig. 20). The R443 pyrite clearly differs
petrographically from the other Kuotko py-
rites in forming large “pellets”, with a car-
bonate matrix between the small pyrite cubes
(see Fig. 19). This might represent some of the
latest stages of sulfide formation, as also sug-
gested by Ilkka Hérkonen (oral com., 1991).

On the '°Pb/>*Pb vs. 27Pb/***Pb diagram
(Fig. 14), the lead isotope compositions of the
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total dissolutions and most of the step by step
dissolved acid leaches of the porous R443-
pyrite form a linear trend with a slope of ca.
0.1304, corresponding to an apparent age of
2103£85 Ma (n=6, MSWD=0.36). The most
easily dissolved fractions, possibly represent-
ing the carbonate matrix between the small
pyrite cubes in a larger pellet, show the high-
est 2°Pb/*™Pb ratios along this trend.

The relatively high lead content (136 ppm),
contrasting with a deficiency in uranium (Ta-
ble 7), the petrographical appearance, and the
assumption that the mineralization was not
coeval with the volcanism militate against the
possibility of lead growth from ca. 2100 Ma to
present being the reason for the radiogenic
nature of the pyrite. Therefore it is suggested
that lead separation from a ca. 1888-1835 Ma
old source took place in early Palaeozoic time
at, ca. 420-500 Ma (Equation 1: R=0.1304,
T =1888-1835 Ma, T,=420-500 Ma). In fact,
there is evidence that the shear zone in the
Kuotko area has been active even during
postglacial time (Héarkonen oral com., 1991),
which enables one to suppose that reactiva-
tion of the shear zone could also have taken
place previously.

Summary of discussion

The lead isotope characteristics of rocks in
the Kuotko area, such as their distinctive
compositions, the lead contents, and the ho-
mogenity of the lead in the two least radiogen-
ic compositional groups (Groups | and 2), all
indicate the existence of two different phases
of sulfide mineralization with separate lead
sources. One evidently represents a type of
(early- to) synorogenic mineralization resem-
bling that identified at Soretiavuoma. The
other indicates a mantle lead source with a
lower crustal component, if the least ra-
diogenic sample has preserved an initial lead
composition. The gold sample from Kuotko
belongs to the latter group and reflects gold
concentration, at least during this phase.

Wall rock samples

Samples

Three wall rock samples immediately adja-
cent to the mineralized sections were analysed
from drill core R436 (Appendix 4). In addi-
tion, whole-rock samples of felsic porphyry
and lamprophyre from the Kuotko area and
pyrite, apatite, and mixed titanite and apatite
fractions from the lamprophyre were ana-
lysed. In the Kuotko area, the felsic porphy-
ries are related to early- to synorogenic gran-
itoids, such as the Ruoppapalo granodiorite.
which has a U-Pb age of 1915+7 Ma (Hannu
Huhma, oral com., 1990).

Results

On the *"Pb/*™Pb vs. 2’Pb/***Pb diagram
(Fig. 21), the lead isotope compositions of the
wall rocks adjacent to the mineralization
(R436) and the acid leaches from these sam-
ples define a sublinear trend with an approxi-
mate slope of 0.1130. The corresponding ap-
parent age, 1848+200 Ma, agrees roughly with
the reset ages for the Upper Lapponian middle
and lower unit volcanics.

On the **Pb/***Pb vs. 27Pb/2**Pb and 2°Pb/
*Pb vs. 2"Pb/**Pb diagrams (Figs. 10 and
21), the lead isotope composition of the least
radiogenic, lead-rich pyrite (Appendix 4)
from the lamprophyre plots in the same
compositional group as the Group 2 sulfides
of the Kuotko mineralization. The model age
for the pyrite is 1802 Ma, and the calculated
evolutionary indices are in the same category
as the Group 2 sulfides from Kuotko (Table 6).

On the *"Pb/**Pb vs. "Pb/**Pb diagram
(Fig. 21), the lead isotope compositions of the
felsic porphyry (WR), lamprophyre (WR, LE),
and apatite, and the mixed titanite and apatite
fraction from the lamprophyre form a linear
compositional trend with a slope of 0.1052
(n=5, MSWD=2.5). The corresponding ap-
parent age is ca. 1718+40 Ma.
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Fig. 21. 2Pb/2*Pb vs. *’Pb/2**Pb (upper diagram) and *""Pb/***Pb vs. **Pb/***Pb (lower
diagram) plots of the lead isotope data for the wall rock samples, lamprophyre, and felsic
porphyry from the Kuotko area. KU-R436/wall rocks: @ =WR: + =LE. Lamprophyre:
A =APA/TITA/WR; V =PY;< =LE. Felsic porphyry: B =WR: O =LE.
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IR &

Fig. 22. Carbonatized lamprophyre with pyrite cubes in carbonate vein, Kuotko.
Width of view is 3.70 mm, transmitted and cross-polarized light.

Discussion

In the Kuotko area, the Soretiavuoma group
mineralization (Group 1) took place during
the (early- to) synorogenic stage of the Sve-
cokarelian orogeny and was followed by the
regional resetting of the host rocks. Moreo-
ver, the gold bearing sulfide mineralization
(Group 2) and the crystallization of the lam-
prophyre pyrites (carbonatization?) may be
related processes, because the least radiogen-
ic lead compositions of the Group 2 samples
and the pyrite from the carbonate filled frac-
tures in the lamprophyre (Fig. 22) are similar.
Subsequent to Group 2 mineralization, long
lasting continuous or late episodic hydrother-
mal processes related to deep fracture zones
are apparently indicated by the calculated
slope age of 1718+40 Ma.

Suurikuusikko and Kiistala

Samples

Only two drill core sections from the Suu-
rikuusikko gold deposit were analysed, and a
previously analysed galena (M. Vaasjoki) from
the gold-rich vein at Kiistala was also included
in the study (Appendix 4). The Suurikuusikko

samples have moderate lead contents, and the
uranium concentrations in the two analysed
samples are 0.36 and 0.12 ppm (Table 7).

Results and discussion

The relationship between the lead isotope
compositions of the Suurikuusikko and Kiistala
sulfides and the other least radiogenic samples
is shown in Figure 10. The Kiistala galena plots
in the same compositional group as the Sore-
tiavuoma samples and has a model age of 1855 Ma
(Table 6). Thus, the Soretiavuoma group lead com-
position has been identified from three deposits,
namely Soretiavuoma, Kuotko, and Kiistala.

The lead isotope compositions of the Suuri-
kuusikko sulfides are clearly radiogenic, with
the *"°Pb/?"™*Pb ratios at around 16.5-17.0 (Ap-
pendix 4 and Figs. 10 and 12). In the urano-
genic lead diagram (Fig. 12), the data show
significant scatter, indicating either slightly
differing initial U/Pb ratios, or modification
of the original U/Pb ratios by later processes.

Pahtavaara and Lammasvuoma
Samples

Lead isotopic compositions have been ana-
lysed from magnetites, pyrites, carbonates,



and wall rocks adjacent the Pahtavaara gold
deposit. The sulfides are extremely poor in
lead (see chapter “Sample preparation and
chemical separation™ and Table 7) when com-
pared with the other gold occurrences of this
study. The U and Pb concentrations for one
analysed sample are 0.36 and | ppm, respec-
tively (Table 7). Because the Pahtavaara deposit
is hosted by the Sattasvaara komatiites, the lead
isotope data from the unmineralized volcanics
from the Sattasvaara Formation will also be
considered in connexion with these results.
Of the analysed Lammasvuoma pyrites (Ap-
pendix 4), one occurs as a dissemination, while
the other forms breccia in the host rocks. A wall
rock sample from the immediate vicinity of a
mineralized section was also analysed.

Results

On the *°Pb/**Pb vs. *“"Pb/**Pb diagram
(Fig. 23), most of the lead isotope composi-
tions of the sulfides, carbonates, wall rocks
(WR, LE), and the Sattasvaara volcanics fall
on the same sublinear trend. If the whole rock
sample EIM-91-1, a few magnetites, and one
pyrite are rejected (see Fig. 23) the correspon-
ding apparent slope age becomes 1814+£32 Ma
(R=0.1109, n=24, MSWD=35.5). Furthermore,
if most of the pyrites and magnetites only are
included, the corresponding slope age remains
virtually unchanged (R=0.1113, n=14,
MSWD=44, 1821+43 Ma). Approximately the
same slope (R=0.1107, 181187 Ma) is ob-
tained for results from four carbonate samp-
les, with a lower MSWD value of 5.

Within the group of least radiogenic sam-
ples (Fig. 10), the Pahtavaara carbonate plots
on the mantle evolution curve of Zartman and
Doe (1981). However, the lead in the carbon-
ate has evolved, with some radiogenic lead
addition, and therefore the actual initial lead
composition is obscure.

The Pahtavaara sulfides show extremely
low Th/U ratios, as can be concluded from the
almost constant **Pb/?*Pb ratios with inc-
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reasing **°Pb/?"“Pb ratios (Fig. 23). In contrast,
the Th/U trend defined by the lead isotope
compositions of the Sattasvaara volcanics in-
dicates relatively high Th contents, albeit this
trend is determined by one extreme analysis.

Compared with the Pahtavaara sulfides, the
Lammasvuoma sulfides show higher relative
thorogenic lead isotope compositions (Fig. 23).
Otherwise the sample material from the Lam-
masvuoma gold occurrence is too small to
give any reliable indication of its lead isotope
characteristics (Appendix 3).

Discussion

The uranogenic lead isotope compositions
of the Pahtavaara sulfides representing diffe-
types of environments
(Korkiakoski 1992), namely talc-carbonate
veins associated with biotitization and quartz-
barite veins related to the later amphibole
growth, as well as the surrounding rocks plot
roughly along the same uranogenic composi-
tional trend. This indicates an almost con-
temporaneous resetting of the U-Pb system of
the surrounding volcanics and the hydrothermal
mineralizing process. In addition, when plotted
on the *Pb/*"*Pb vs. *"Pb/*"*Pb diagram (Fig.
23) the data suggest roughly simultaneous pro-
cesses for wall rock alteration and sulfide
mineralization, coinciding with the cessation of
thorogenic lead growth. This may suggest a
metamorphically induced resetting of the U-Pb
systems in the volcanics and the concomitant
formation of a metamorphic mineralizing fluid.

On the other hand, the primary mineraliza-
tion at Pahtavaara has been linked with a duc-
tile phase of deformation (Korkiakoski 1992;
Ward et al. 1989), and another major alterati-
on process affected the area during the retro-
grade stage of metamorphism (Korkiakoski
1992). In that case the slope age of ca. 1820
Ma for the Pahtavaara samples could be
considered as a minimum age approximation
for the primary gold mineralization.

rent alteration
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Saattopora area

Samples

The Saattopora samples consist of sulfides
and wall rocks from the A, B, and C gold ores
and from the Saattopora copper mineraliza-
tion, which was formerly an exploration target
of the Outokumpu Finnmines Oy. Gold, vein
carbonate, rutile, and thucolite have also been
analysed from the A-ore (Appendix 4 and
Tables 3 and 4). The ore-related sulfides are
extraordinarily radiogenic, showing 2°°Pb/
**Pb ratios between 80 and 1500 (Appendix
4), and have variable lead contents, ranging
from 2 to 50 ppm (Table 7). The highest
measured uranium and thorium contents are
149 and 3.3 ppm (Table 7), respectively.

Results
Ores

On the ?"Pb/**“Pb vs. 27Pb/?*Pb diagram
(Fig. 24), the lead isotope compositions of the
Saattopora A- and B-ore sulfides with the gold
concentrates define a sublinear trend with a
slope of 0.1146, or of 0.1159 (line 1) if one
or two of the most radiogenic samples are re-
jected. These slopes correspond to ages of
1873+26 Ma (n=13) or 1894+46 Ma (n=12),
respectively. The most radiogenic A-ore pyrr-
hotite, with a 2°Pb/?**Pb ratio of ca. 1490 re-
duces the slope (R=0.1082, n=14) so that it
corresponds to an age approximation of
1770£66 Ma (not shown).

The lead isotope analyses of the wall rock
rutiles, B- and C-ore wall rocks, and C-ore
sulfides plot consistently below the composi-
tional trend defined by the A- and B-ore
sulfides (Fig. 24). The uranogenic lead isotope
compositions of the A- and B-ore wall rocks
and carbonates also plot along a trend (Figure
24; line 2, R=0.1044, n=6, 17078 Ma). Re-
jecting the most radiogenic A-ore sample
(*"°Pb/*"*Pb=1668) does not significantly
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change the result (line 2, R=0.1034, n=5,
1686175 Ma). This age approximation is sim-
ilar to the concordant single rutile analysis
from the Saattopora wall rock. Moreover, the
uranogenic lead compositions of the C-ore
sulfides plot on a trend (not shown), which
corresponds to an extraordinary low age
approximation of 802+570 Ma (n=3,
R=0.066).

On the 2"Pb/?*Pb vs. 2°Pb/?**Pb diagram
(Fig. 24), the A-ore sulfides differ signifi-
cantly from the B-ore samples. The A-ore
sulfides and their wall rocks, as well as the
gold samples record almost no thorogenic
lead growth with increasing *°Pb/?>"Pb ratio
(Th/U<<0.1). In contrast to the A-ore, the B-
and C-ore sulfides are less radiogenic and
their Th/U ratios are higher, with values
around 0.8 and 0.3, respectively (see also Fig.
24).

Copper mineralization

As with the Saattopora A-ore, the sulfides
from the Saattopora Cu-occurrence show
anomalously high *"Pb/?"*Pb ratios (Appendix
4). On the uranogenic lead diagram (Fig. 24),
the sulfide lead isotope compositions define a
sublinear compositional trend with an appar-
ent slope age of ca. 2000+41 Ma (R=0.1230,
n=6). On the 2°Pb/>***Pb vs. 2*Pb/***Pb diag-
ram (Fig. 24), the sulfides from albite-carbon-
ate schists plot along the same low Th/U
trend, together with the A-ore sulfides and the
wall rocks.

Relationship of ca. 1780 Ma age to the
gold mineralization

The extremely radiogenic nature of the
Saattopora ore leads, together with the high
uranium concentrations, and varying 2°Pb/
204Pb ratios detected from multiple analyses of
the same mineral fraction, all indicate the
existence of HNO,-HCI soluble uranium-rich
and thorium-poof inclusions. However, no
such inclusions have been identified either
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from thin sections or from the microprobe
analyses. Nevertheless, uranium-rich inclu-
sions were detected in the highly radiogenic
Hangaslampi pyrrhotite, and furthermore the
occurrence of thucolite also indicates the
presence of uranium-rich minerals in the Saat-
topora ore veins. Consequently, it is suggest-
ed that uranium-rich micro-inclusions are the
main cause for the high radiogenity and the
high uranium contents in the Saattopora ore
related sulfides and gold.

In contrast to the slope age of ca. 1870-
1900 Ma determined for the sulfides and gold
of the Saattopora A- and B-ores, an age of ca.
1780 Ma has been obtained for thucolite from
the Saattopora A-ore, and also for monazite
from the Saattopora wall rocks (Table 3).
Similar ages have been obtained for uraninite
from Pahtavuoma and for other uranium-rich
minerals from several places from Finnish
Lapland (see Table 3). These ages are roughly
coeval with the emplacement of the postoro-
genic granites at ca. 1780 Ma (e.g. Merildinen,
1976; Lauerma, 1982). However, some uranium
concentration had already taken place in the
Saattopora ore at the time of sulfide crystalli-
zation. Thus, the ca. 1780 Ma age for the
Saattopora thucolite may represent a reset age
of a mineral related to gold mineralization or
the time of uranium mobilization and thucol-
ite crystallization in the ore.

The Pahtavuoma sulfides have lead isotope
characteristics that clearly differ from those
of the Saattopora sulfides. This may indicate
that the hydrothermal processes responsible
for the crystallization of the sulfides with
high U/Pb and low Th/U ratios in the Saatto-
pora area were not operating at Pahtavuoma.

Discussion

The uranogenic lead isotopic compositions
of the A- and B-ore sulfides and gold samples
reflect approximately coeval crystallization
with divergent U/Pb ratios. The slope of the
trend gives an apparent age of ca. 1870-1900
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Ma for the mineralization. The ca. 2000 Ma
isochron age from the sulfides of the Cu-
occurrence may then indicate the presence of
an older mineralization, possibly syngeneti-
cally related to the rift-stage volcanism.

Following the mineralization, the intrusion
of the postorogenic granites at ca. 1780 Ma
caused either some uranium mobilization and
thucolite crystallization in the ore or else only
reset the thucolite related to the gold miner-
alization. The concordant U-Pb-age of ca.
1685 Ma for rutile, together with the gently
sloping lead isotope compositional trend (ca.
1700 Ma) for the A- and B-ore wall rocks
indicates prolonged continuous or episodic
hydrothermal processes in the Saattopora
area.

In the C-ore, the disseminated arsenopyrites
record either late stage episodic radiogenic
lead loss, or else the diffusion of radiogenic
lead continued long after mineralization and
the intrusion of the postorogenic granites.
This interpretation is supported by the very
gently sloping wuranogenic lead isotope
compositional trend of the C-ore sulfides, and
a contradictory relationship between the most
radiogenic A-ore sulfide, with a very high U/
Pb concentration ratio, and the C-ore sulfide
with an extremely high U/Pb concentration
ratio, corresponding to a relatively low 2°Pb/
204pp ratio (see Table 7).

The ?°!Pb/**Pb ratios remain almost con-
stant while the *°°Pb/>***Pb ratios of the A-ore
sulfides and its immediate wall rocks in-
crease, demonstrating the presence of a fluid
with high U/Pb and low Th/U ratios. In cont-
rast, the higher Th/U ratios in B- and C-ore
sulfides, as well as in their wall rocks reflect
higher Th/U ratios in the fluid, or the
incorporation of some thorium from the host
rocks. The varying structural and lithological
controls of the rock sequences around differ-
ent ores may have had an effect on the phy-
sico-chemical conditions which controlled the
mineralization processes. This may be, at
least in part, the reason for the slightly vary-
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ing Th/U ratios in the different ore related
sulfides and wall rocks.

The high uranium contents of the crystalliz-
ing sulfides indicate a source area with abun-
dant uranium and also the existence of fluids,
that were capable of dissolving uranium. In
the Saattopora area earlier uraninite concent-
rations could represent the high U/Pb environ-
ments from which the mineralizing fluid might
have leached uranium. The Pahtavuoma,
Aakenusvaara, and Pahtavuoma-Kolvakero
uraninite occurrences (Inkinen 1979: Piddkko-
nen 1988 and 1989) for instance, located in the
vicinity of the Saattopora ore, indicate the
presence of exceptionally high U/Pb environ-
ments in the area.

Hangaslampi and Meurastuksenaho

Samples

The analysed samples from the Hangaslam-
pi deposit in the Kuusamo district consist of
several sulfides, one magnetite fraction, some
wall rock samples, and a few carbonates. The
extremely radiogenic sulfides are lead-poor,
while having high uranium contents (Appen-
dix 4 and Table 7). From the Meurastuksenaho
deposit, only one sample containing sulfide
and magnetite was available.

Results

On the uranogenic lead diagram (Fig. 25),
the lead isotope compositions of the Hangas-
lampi carbonates and sulfides define a linear
trend with a slope of ca. 0.1113. Regardless of
the number of analyses included, the
corresponding slope age remains at around
1820 Ma (n=5, 182015 Ma; n=10, 1820+31
Ma; n=14, 1822+5 Ma). Neither rejection of
the one or two most radiogenic samples (HL-
R388/66.85) nor inclusion of only the most
radiogenic sulfides alter the slope age signif-
icantly.

On the "Pb/**Pb vs. **Pb/***Pb diagram

(Fig. 25), the extremely low ***Pb/***Pb and
high *'°Pb/?"*Pb ratios, indicate very low tho-
and high uranium contents in the
sulfides. In comparison with the sulfides, the
wall rock samples show clearly higher rela-
tive *"*Pb contents.

rium

Discussion

The nearly concordant U-Pb age for the
uranium-rich and highly radiogenic pyrrhotite
is about 1830 Ma (Table 3 and Fig. 3) and the
other radiogenic sulfides show *“’Pb/?"Pb
ages around 1820-1850 Ma (Table 4). Taking
into account the slope age of the lead compo-
sitional trend formed by the Hangaslampi and
one of the Meurastuksenaho samples (ca.
1820 Ma), the probable age of sulfide forma-
tion can be fixed at around 1820-1850 Ma.

In the Hangaslampi sulfides and magneti-
tes, most of the uranium is apparently located
in brannerite inclusions. This is regarded as
evidence of approximately coeval crystalliza-
tion of the sulfides and the inclusions. On the
other hand, the other detected brannerite grain
lies around the boundary between the sulfide
and carbonate grains, with the carbonate tend-
ing to occupy fractures in the sulfides and
magnetites. In this respect, these results do
not preclude the possibility that an older
mineralization had already existed in the area.

As with the Saattopora and Pahtavaara ores,
the brannerite inclusions in the Hangaslampi
sulfides indicate specific fluid conditions,
that were also capable of leaching uranium.
Again, as at Saattopora, several uranium
occurrences have been reported from the Kuu-
samo area (Vuokko 1988:; Vanhanen 1989;
Pankka et al. 1991). The concentration of
uranium may be genetically connected with
the same hydrothermal processes responsible
for the sulfide mineralization, although urani-
um enrichment could also have taken place
during earlier hydrothermal episodes in the
area.
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Bidjovagge
Samples

Sulfides hosted by albite felsite, metadia-
base, and black schist were sampled from drill
cores from the Bidjovagge ore. The lead con-
tents vary between samples, and the *°°Pb/
204Ph ratios in most samples are around 25-50
(Appendix 4 and Table 7).

Results

On the *°Pb/*™Pb vs. *’Pb/**Pb diagram
(Fig. 26), most of the lead isotope compositions
of the Bidjovagge sulfides form a sublinear
trend with a slope of ca. 0.1280 (n=26) (Fig.
26), corresponding to an apparent age of ca.
2070+67 Ma. However, the most radiogenic
chalcopyrite (Appendix 4: N95F/45.30) clearly
deviates from the regression line formed by the
other sulfides. The wall rock (LE, WR) leads
conform to a linear trend with a slope of 0.0727,
which corresponds to an age of 100519 Ma
(not shown). Although the trend depends on the
most radiogenic analysis, the slope does not
change significantly if this data point is omitted.

On the *°Pb/*™Pb vs. *"Pb/*"Pb diagram
(Fig. 26), the sulfides define separate trends
with different Th/U ratios, depending to some
extent on wall rock types. The metadiabase
hosted sulfides are moderately radiogenic and
possess higher relative *"Pb/*"*Pb ratios than
sulfides from the black schist and albitic fel-
site. The albitic felsite sulfides plot in an area
with lower Th/U ratios.

Discussion

In contrast to the variable **°Pb/*"*Pb ratios
of the Saattopora, Hangaslampi, and
Pahtavaara sulfides, the Bidjovagge sulfides
show a quite restricted range of values at
around 30 (Appendix 4 and Fig. 26). The ho-
mogenization of the lead may be connected
with large scale fluid migration and Pb
mobilization in the basement during the Cal-
edonian orogeny (Duane & de Wit, 1988: see
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also page 19). Accordingly, Bjgrlykke et al.
(1990) modelled the sulfide lead isotope results
from Bidjovagge using a two-stage model and
obtained a Svecokarelian source age for ra-
diogenic lead mobilized during the early Palae-
ozoic times. Similar results (Equation 1:
R=0.1280, T =1850 Ma, T,=425 Ma) could also
be obtained using the data of this study. Ho-
wever, the scatter of the data around the regres-
sion line indicates incomplete homogenization
of the Th-U-Pb systems in all samples.

The significance of the separate trends seen
on the 2"°Pb/>**Pb vs. ***Pb/*"*Pb plot (Fig. 26)
might be spurious. The sulfides on and around
the line with the highest Th/U ratios could
reflect mobilization and nearly complete ho-
mogenization of the lead during the Caledoni-
an orogeny. The others, mainly albite-car-
bonate rock hosted sulfides occupying the
lower relative *"*Pb/***Pb ratio area, also de-
part from the uranogenic lead trend (Fig. 26).
In these, the lower Th/U ratios might more
closely reflect the primary ratios, and thus
also indicate the possible existence of low Th/
U ratios in sulfides similar to the Saattopora,
Hangaslampi, and Pahtavaara sulfides.

In both the uranogenic and thorogenic dia-
grams, one of the most clearly deviating
sulfides is a chalcopyrite sample (BV-N95F/
45.30) with a *"°Pb/***Pb ratio of 189. The
207pb/*"°Pb age for this sample is ca. 1850 Ma,
which is, within error limits, the same as the
U-Pb age of 1837 Ma for the Bidjovagge
uraninite (Bjorlykke et al., 1990; Cumming et
al., 1993). Furthermore, this age represents
approximately the same age group as that de-
fined for the Upper Lapponian middle and
lower units and the Pahtavaara and Hangas-
lampi sulfides. The geological significance of
the highly discordant *"’Pb/?*°Pb ages of ca.
1600 Ma for rutile and titanite (Tables 3 and 4)
is equivocal, and these results should only be
taken as lower age limits for the minerals. Ho-
wever, as in the case of the Saattopora area, this
rough age approximation may reflect prolonged
hydrothermal activity in the area.
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SOME ASPECTS RELATING TO FLUID CHARACTERISTICS

The low 2"“Pb/?**Pb ratios, which corre-
spond to high *°Pb/?*Pb ratios in the Saatto-
pora, Hangaslampi, and Pahtavaara sulfides
and magnetites, and possibly also in the pri-
mary Bidjovagge sulfides, all indicate an
extraordinarily low initial Th/U ratio for these
minerals. This could reflect a low Th/U ratio
for the mineralizing fluid. However, the appa-
rently low 2”Pb/?**Pb ratios of the sulfides
related to mineralization do not inevitably
indicate thorium poor fluid, since they may
alternatively result from fractionation of
and thorium between different
crystallizing phases. It has also been proposed
that an almost total separation of U from Th
may occur in hydrothermal fluids under de-
creasing temperature (Titayeva 1994). Accor-
dingly, uranium titanates (brannerite, dav-
idite) with Th and lanthanides are found in
hypothermal deposits, while uranium oxides
occur in mesothermal and epithermal depos-
its. Nonetheless, the existence of uranium-
rich inclusions in the sulfides demonstrates
that the physico-chemical properties of the
fluid were favourable for both leaching and
then precipitation of uranium.

The oxidized uranium(VI)-ion (uranyl-ion)
readily forms complexes with common water-
soluble anions, while thorium may remain un-
soluble (e.g. Hostetler & Garrels, 1962; Ad-
amek, 1975; Nash et al., 1981; Ruzicka, 1993).
At low temperatures (T<120°C) uranium forms
complexes with carbonate, while at higher
temperatures it complexes with anions such as
chloride, fluoride, sulphate, phosphate, and ar-
senate. According to Holland (1965, p. 1136-
1137), in ore-forming fluid at T=400°C, in the
presence of carbonate (fm‘zl to 100 atm), and
with log | between ca. -25 to -31, uraninite can
exist in equilibrium with the common sulfides,
magnetite, calcite, and quartz. In the presence of
such a high oxygen fugacity, gold prefentially
complexes with chloride (Jaireth, 1992).

The fluid inclusion and mineral paragenesis

uranium

studies from many Archaean epigenetic,
sulfide-poor, metamorphic gold mineraliza-
tions show low NaCl contents (<10 wt-%
NaCl-eq.), mineralization temperatures be-
tween 300-500°C, reducing fluid conditions
(moderate to low f,), and near neutral to
slightly alkaline nature of the H,0-CO -fluid,
in which gold is probably transported as
hydrogen sulfide complexes ( Au(HS), ) (e.g.
Seward, 1973 and 1984; Kerrich, 1983; Phil-
lips & Groves, 1983 and 1984; Colvine et al.,
1984; Phillips, 1993; Phillips & Powell,
1993). These fluid characteristics are not fa-
vourable for uranium complexing.

However, with the exception of the
Pahtavaara ore the Lapland gold deposits are
relatively rich in sulfides and differ therefore
in this respect from more typical Archaean
gold mineralizations. The Archaean atmos-
phere was poor in oxygen, which is discern-
ible for instance in the lack of evidence (such
as sulfate minerals, fractionated sulfide sulfur
isotopes) of high marine sulfate contents in
massive sulfide mineralizations (Sangster,
1980; Cameron, 1982). The increase in at-
mospheric oxygen levels during the Palacop-
roterozoic time (e.g. Holland, 1962; Karhu,
1993) promoted sedimentation of sulfate-
bearing evaporites (Hattori et al., 1983),
which could represent a source for oxygenat-
ed., metamorphic fluids. Another possible
source for oxygenated fluid is sea water, in
which gold and base metals are dissolved as
chloride complexes: meteoric waters are also
oxygenated. Moreover, it has been suggested
that felsic magmatism (Cameron & Carrigan,
1987; Cameron & Hattori, 1987) can cause the
formation of an oxygenated fluid. Cameron
(1988 and 1989) has proposed that even some
of the Archaean gold deposits formed in the
presence of moderately oxidized fluids, re-
sulting from the introduction of mantle CO,
and partial melting of lower crust, accompa:
nied by release of gold.



If the mineralizing fluid was oxidized, the
restricted range of sulfur isotope composi-
tions may be problematic. Normally, when the
sulfide minerals crystallize from oxidized flu-
id they would be expected to show at least
some variation due to fractionated sulfur iso-
tope values. However, sulfide deposition un-
der reducing conditions of similar type might
be expected to generate quite similar 6*S-
values (Ohmoto & Rye, 1979). Also, biased
sample material (gold enriched) and the small
number of analyses may give a distorted im-
pression of the actual range of sulfur isotope
compositions in the area.

In addition to the barite associated with the
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Pahtavaara gold ore, Lapland records other indi-
cations of the presence of a moderately oxidized
fluid. Eilu (1994) observed the effects of syn-
orogenic, fracture zone related hydrothermal
activity with carbonatization and albitization
reactions in the Isolaki area. The related fluid
had moderate to high fugacities of O, and CO,
and high Na*/K*, which are consistent with a
magmatic, metamorphic, or sedimentary ori-
gin. Furthermore, the fluid inclusion and min-
eral paragenesis studies from the Bidjovagge
(Ettner et al., 1993 and 1994) and Pahtohavare
gold ores (Martinsson, 1992; Lindblom &
Martinsson, 1990) suggest mineralization in
the presence of a saline and oxidized fluid.

SUMMARY AND DISCUSSION

An overview

The stratabound base metal deposits and
epigenetic gold mineralizations in the Lapland
greenstone belt have distinctly different lead
isotope characteristics, although a considera-
ble range in compositions has also been re-
corded from both groups on a deposit scale. In
spite of the rather limited sample material, the
essential characteristics of the base metal
mineralization could be summarized as fol-
lows: 1) compared with the Stacey and Kram-
ers (1975) model, the least radiogenic lead
isotope compositions show higher p-values,
2) similarly evolved leads show relatively
homogeneous isotope compositions, at least
on a deposit scale, and 3) the sulfide minerals
are usually rich in lead, and do not show high
206ph /24P ratios.

The epigenetic gold deposits and occurrenc-
es are divided into two broad groups having
different lead isotopic characteristics. The
Soretiavuoma, Kiistala, and Kuotko occur-
rences show relatively nonradiogenic

compositions. Furthermore, the least ra-
diogenic compositions of the Soretiavuoma
group (Soretiavuoma, Kiistala, Kuotko/Group
1) and Kuotko (Group 2) are isotopically dis-
tinctive: the former represent orogenic mixing
of mantle and upper crustal lead, and the latter
mantle lead with a possible lower crustal com-
ponent. The highly radiogenic deposits, name-
ly Saattopora, Hangaslampi, and Pahtavaara
all show linear to sublinear lead composi-
tional trends on the 2°°Pb/***Pb vs. *’Pb/***Pb
plots, and the sulfides have extremely low Th/
U ratios, mostly due to presence of uranium-
rich inclusions. Moreover, and in spite of the
Palaeozoic lead homogenization at Bidjo-
vagge, the original lead isotope characteris-
tics might have been similar to the highly
radiogenic group. These results are also rele-
vant to mineral exploration, since the econ-
omically most interesting deposits typically
possess the lead isotope characteristics of the
highly radiogenic group.
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Hydrothermal evolution

The lead isotope results from Lapland indi-
cate at least three different phases of orogenic
hydrothermal activity that were presumably
involved in the epigenetic gold minerali-
zation. These results can be summarized as
follows (see also Table 8):

1) Soretiavuoma group: Within the group of
deposits containing sulfides with the least ra-
diogenic lead isotope compositions, the Kiistala
galena, a lead-rich microfractured pyrite from
Kuotko, and the Soretiavuoma samples, all
share similar lead isotopic compositions.
Each of these deposits is located on the north-
ern side of the Sirkka fracture line, within or
near a north-south trending fault zone.

The lead within this group appears to have
originated during orogenic mixing of mantle
and upper crustal material. All the sulfides
show synorogenic model ages (1852-1890
Ma) (Table 4) and the lead analyses form a
compositionally homogeneous isotopic group.
In addition, the thorogenic lead composition
coincides with the average crustal lead growth
curve of Stacey and Kramers (1975), and the
sulfides are relatively rich in lead. This
mineralization event is thought to have coin-
cided with the (early- to) synorogenic phase
of the Svecokarelian orogeny and related
processes.

A more widespread distribution for this
kind of mineralization has not yet been
demonstrated, postmineralization
hydrothermal processes could have destroyed
the original lead isotopic signatures in other
locations. The potential for this type of
mineralizating process in producing economi-
cally interesting gold deposits may be minor.
It may, however, be important for regional
scale concentration of gold, prior to further
mobilization and upgrading by later hydro-
thermal processes.

2) Saattopora area: The lead isotopic com-
positions of the Saattopora A- and B-ore
sulfides and gold samples define a sublinear

since

trend, and the corresponding age estimate of
ca. 1870-1900 Ma suggests synorogenic min-
eralization. However, sulfides associated with
the copper mineralization give a steeper
slope, with an apparent age of ca. 2000 Ma,
which is roughly consistent with the age of the
surrounding volcanics. In other respects the
lead isotope characteristics resemble those of
the Hangaslampi and Pahtavaara sulfides. In
the C-ore sulfides, a late phase of radiogenic
lead depletion is evident.

Thucolite from an ore vein and monazite
from the Saattopora area gave ages of ca.
1780 Ma (Table 3), and they are therefore
temporally assosiated with the emplacement
of the postorogenic granites. The importance
of this hydrothermal stage as a gold concen-
trating process may be relatively minor, be-
cause the thucolite age is taken to represent
resetting of the U-Pb system or the mobiliza-
tion of uranium in the area. The U-Pb age for
the single rutile extracted from the Saattopora
albitic felsite (ca. 1690 Ma), and the apparent
Pb-Pb isochron age of ca. 1700 Ma for the
Saattopora wall rocks, both plausibly imply
prolonged hydrothermal activity in the area.
Nevertheless, the effects of these latest events
were restricted to disturbance of the U-Pb
systems of the more susceptible wall rock
minerals.

A late phase of metamorphism, associated
with postorogenic granitic intrusions at ca.
1780 Ma is also indicated, for example, by the
U-Pb age of titanite from a monzonite (A840;
zircon age 1862 Ma) (Hiltunen, 1982), west-
ern Lapland. In addition, the ages of uranium-
rich minerals from Lapland (Table 3) indicate
that uranium was mobile at ca. 1780 Ma. As
with the anorogenic disturbances to the U-Pb
systems of the Saattopora wall rocks, the
whole rock lead isotope data from the Porko-
nen-Pahtavaara iron formation and from the
Toto-Oja felsic volcanics (Appendix 5) give
anorogenic slope ages (ca. 1600 Ma). In the



Table 8. Apparent mineralization stages and other hydrothermal processes in the Lapland greenstone belt deduced from lead isotope and age data
from gold deposits, base metal deposits, and unmineralized volcanics.

SVECOKARELIAN OROGENY
DEPOSIT PRE-OROGENIC SYNOROGENIC LATE-OROGENIC  POSTOROGENIC  ANOROGENIC PHANEROZOIC
ca.1900-1880 Ma ¢ca.1860-1810 Ma ca. 1800-1770 Ma <1750 Ma

Central Lapland, Upper Lapponian Group:
Middle and lower units volcanism ca. 2200-2050 Ma METAMORPHISM
(Lehtonen et al., 1992)

Kuusamo:

Greenstone Formation |ll volcanism >2078 +8 Ma METAMORPHISM
(Silvennoinen, 1991) (Silvennoinen, 1991)

Jyrava/quartzite U-Pb/uraninite

(Lauerma & Piispanen, 1967)
Base metal deposits:

Pahtavuoma mineralization Pb-Pb/uraninite

(Vaasjoki, oral com., 1993)
Riikonkoski, mineralization radiogenic galena
Hormakumpu (lead separation)
Saattopora mineralization

Gold deposits:

Saattopora MINERALIZATION Pb-Pb/thucolite U-Pb/rutile
U-Pb/monazite wall rocks
Pahtavaara 7 R S MINERALIZATION
Hangaslampi P sissemsussnsasusesrvans MINERALIZATION
U-Pb/pyrrhotite
Soretiavuoma MINERALIZATION
Kiistala MINERALIZATION
Kuotko MINERALIZATION (Group 1) U-Pb disturbance "porous™ pyrite
¥ e et MINERALIZATION (Group 2) ......... ?  inlamprophyre (lead separation)
Bidjovagge ? sossensseisissianineins MINERALIZATION resetting of sulphides
U-Pb/uraninite whole-rocks (lead separation)
(Cumming et al., 1993) (Bjerlykke et al., 1990)
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Bidjovagge area, the whole rock lead isotope
data for albitic felsites also reflect anorogenic
resetting at 1339+8 Ma (Bjgrlykke et al.,
1990).

3) Kuotko: In addition to the (early- to)
synorogenic Soretiavuoma compositional
group, another phase of mineralization having
a different lead source is evident at Kuotko.
These low-lead sulfides and the related gold
sample suggest, on the basis of the Zartman
and Doe (1981) model, a mantle lead source
with a possible lower crustal component.
However, the temporal relations between the
two mineralization phases is obscure.

All the other, rather heterogeneous and
more radiogenic lead compositions at Kuotko
may have diverse origins, such as radiogenic
in situ lead addition and later lead mobiliza-
tion, indicating a multiphase hydrothermal
history in the area. The latest local lead
separation may have been connected with the
Phanerozoic reactivation of a previously ex-
isting shear zone.

Phanerozoic (ca. 500-450 Ma) uranium and
lead separation in Precambrian host rocks in
Finland has previously been recorded from
uraninites within some shear zones in south-
ern Finland (Vaasjoki, 1977). These young
ages have been linked with the Cambro-
Silurian-Ordovician transgression, sedimen-
tation, and diagenesis, whereas the Phanero-
zoic lead separation in central Lapland may be
associated with Caledonian reactivation of the
former shear zones.

4) Hangaslampi and Pahtavaara: The
sulfides of these deposits, as well as the
Saattopora ore, typically have low lead con-
tents and show very high ?“°Pb/?"*Pb ratios,
with low corresponding ***Pb/?**Pb ratios.
After the mineralization, the lead in the
sulfides further evolved mainly by addition of
uranogenic lead, since the initial lead and
uranium contents were in most of the cases
low and high, respectively, and the thorogenic
lead growth was almost completed at the time
of mineralization. The uranium rich inclu-

sions are responsible for the high U/Pb and
low Th/U ratios in the sulfides and indicate
the involvement of a relatively oxidized fluid.
Furthermore, the coexistence of uranium and
gold may be a consequence of an anomalously
rich uranium and gold source region, in com-
bination with fluid characteristics favouring
gold and uranium transportation, and the similar
mineralizing conditions, or simultaneous crys-
tallization for uranium rich minerals and gold.

The slope ages for the Hangaslampi and
Pahtavaara deposits, the *’"Pb/**°Pb ages of
the most radiogenic Hangaslampi sulfides,
and the single concordant U-Pb age of the
extremely radiogenic Hangaslampi pyrrhotite,
all indicate late-orogenic (ca. 1820-1850 Ma),
approximately coeval, hydrothermal pro-
cesses. The U-Pb age from the Bidjovagge
uraninite, published by Cumming et al. (1993)
falls into the same category. Furthermore, the
lead isotope compositions of the unmineral-
ized middle and lower unit volcanics of the
Upper Lapponian Group form linear trends
with approximately similar slopes corres-
ponding to ages of ca. 1840 and 1870 Ma. This
has been attributed to a significant Pb mobili-
zation event, which caused resetting of the U-
Pb system in the volcanics. Consequently,
these results can be interpreted as indicating
the formation of a late-orogenic metamorphic
hydrothermal fluid that was also responsible
for the gold mineralization.

Implications for the existence of a late-oro-
genic metamorphic phase (1810-1860 Ma) is
indicated by several U-Pb results from the
Lapland area. The zircons from the Saaripu-
das albitite dike (A964:; Hiltunen, 1982) cut-
ting across the Kolari greenstone in western
Lapland, has a U-Pb age of 2027433 Ma.
However, an age estimate of ca. 1820 Ma from
titanite represents the age of metamorphism
and recrystallization (Hiltunen, 1982). More-
over, age estimates from the Muonio map-
sheet area (Lehtonen 1984), including a value
of 1840 Ma for titanite from the Kangosjirvi
monzonite (A583) and 1832+7 Ma age for the



Kangosselkd paragneiss (A838) are conside-
red to represent late-orogenic metamorphism.
In central Lapland, U-Pb data from a single
titanite fraction demonstrates metamorphism
of the Kallo quartz-monzonite at about 1832
Ma ago (Olavi Kouvo, 1990, unpublished re-
port of the Laboratory of Isotope Geology,
GSF), whereas the intrusive age of this plu-
ton, 1886+4 Ma, has been established by dat-
ing of zircons (Lehtonen et al. 1992). In the
Kuusamo map-sheet area (Silvennoinen, 1991),
a nearly concordant titanite from the greenstone
formation III also reflects metamorphism at ca.
180918 Ma. The ca. 1800 Ma uraninite age
from Jyrivid, Kuusamo (Lauerma & Piispanen,
1967) is also in accordance with this result.
The results of this study indicate similar
sulfide lead isotopic characteristics and oxi-
dized fluid conditions for the Saattopora,
Hangaslampi, and Pahtavaara mineralizations;
a common genesis for these deposits is also
therefore implied. However, the differing age
estimates for the sulfide mineralizations at
Saattopora, and at Pahtavaara and Hangaslam-
pi may demonstrate a time gap between these
mineralizations. Alternatively, this may in-
stead be attributed to the existence of a longer
lived thermal system at Pahtavaara and
Hangaslampi. In contrast to the Saattopora
area, no evidence of postorogenic hydrot-
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hermal processes was detected in the Hangas-
lampi and Pahtavaara areas. Therefore the
apparent slope ages obtained from the
Hangaslampi and Pahtavaara sulfides must be
considered as minimum age estimates for the
gold mineralization.

5) Bidjovagge: The lead isotope results
from sulfides associated with the Bidjovagge
ore are in good agreement with previously
published interpretations. These include ex-
plaining the linear uranogenic lead isotope
compositional trend as a two-stage model in
which ca. 1850 Ma old lead was separated
during the Caledonian orogeny at ca. 420 Ma
ago. However, some of the analysed sulfides
might have remained unaffected by the Cale-
donian orogeny. These sulfides may have had
low original Th/U ratios, similarly to the
Saattopora, Pahtavaara, and Hangaslampi
sulfides. Likewise, the age estimates for the
late-orogenic hydrothermal phase at Hangas-
lampi and Pahtavaara, as well as for the meta-
morphic resetting of the U-Pb systems in the
Upper Lapponian volcanics are similar to
those obtained for the previously dated Bidjo-
vagge uraninite, ca. 1837 Ma (Cumming et al.,
1993). This implies roughly coeval hydrother-
mal activity throughout central Lapland, and
the Kuusamo and Bidjovagge districts.

COMPARISONS BETWEEN GOLD DEPOSITS IN LAPLAND AND ARCHAEAN
LODE GOLD DEPOSITS

Results from Archaean deposits

Lead isotope characteristics

In contrast to the homogeneous lead isotope
compositions characteristics of volcanogenic
massive sulfide mineralizations (e.g. Stanton
& Russell, 1959; Ostic et al., 1967; Cumming
& Robertson, 1969; Sato et al., 1981; Godwin
et al., 1982; Fehn et al., 1983; Gulson, 1985),

lead isotopic studies of epigenetic vein gold
mineralization from different terrains and
with different ages tend to record hetero-
geneous compositions, even within a single
metallogenic province.

Sulfide lead isotope data from Archaean
gold mineralizations often define deposit
scale linear uranogenic compositional trends
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(Browning et al., 1987; Dahl et al., 1987: Per-
ring & McNaughton, 1990; McNaughton et
al., 1990a and 1990b) with quite restricted
206pb/2*“Pb ranges (e.g. Yilgarn Block, west-
ern Australia: ca. 13.0-18.3). Lead isotopes
commonly show a provincial character, sug-
gesting a dependence on regional lithology,
with different source areas or conduits for the
mineralizing fluids (e.g. Zimbabwe: Robert-
son, 1973; Kramers and Foster, 1984, Austra-
lia: Dahl et al., 1987; Perring & McNaughton,
1992, Canada: Hattori, 1993). The lead iso-
tope data from the Ross and Kirkland deposits
of the Abitibi belt in Canada have been
interpreted as resulting from mixing of the
original fluid lead with lead from the channel-
way host rocks (Hattori, 1993).

The uranogenic lead isotope trends in the
Yilgarn craton originated either in Pb mobili-
zation processes postdating the mineralization
or in the mixing of leads from different sourc-
es at the time of mineralization (McNaughton,
1987). Lead mobilization is supported by
observations (McNaughton et al.. 1992) that
the uranogenic lead compositions of the indi-
vidual deposits form linear, commonly simi-
lary sloping trends, and within such trends,
some of the galenas are too radiogenic for any
known rock type in the Archaean but could
instead have been formed during Proterozoic
lead mobilization (Perring and McNaughton,
1990). For each trend, the similarities in least
radiogenic lead compositions inside a radius
of 100 km and regardless of the degree of
metamorphism and the type of host rock (Mc-
Naughton et al., 1990a) are all considered to
indicate the primary lead composition of the
mineralizing fluid.

Relationships between gold mineralization
and orogeny

The relative age of the individual green-
stone hosted gold deposits with respect to
magmatism, metamorphism, and deformation

is in many cases well constrained by the struc-
tural relationships between them. Multiphase
hydrothermal activity has been documented
for instance from the Archaean Norseman-
Wiluna mining camp, where petrographical
studies of the gold mineralizations indicate
pre-, syn-, and post-peak metamorphic fluid
activity (McCuaig, 1990). In addition, textur-
al and structural features recorded from the
southern Abitibi greenstone hosted gold
mineralizations indicate two phases of hydro-
thermal activity, namely pre- and late-, and
postpeak metamorphism (Marquis et al.,
1990).

Direct datings of mineralization is usually
difficult and a variety of ages can result from
the application of different dating methods on
different minerals. For example, some of the
age determinations on hydrothermal vein min-
erals and minerals from the alteration halos
from the Abitibi greenstone belt, Canada,
show *“early gold” ages of ca. 2690-2670 Ma
(e.g. ca. 2690 Ma/ microprobe U-Pb on
hydrothermal zircon: Claoue-Long et al.,
1990) coinciding broadly with the regional
metamorphism and plutonism at ca. 2.68-2.70
Ga (e.g. Wong et al., 1991; Feng et al., 1992;
Hanes et al., 1992). This is in contrast to the
“late gold ages™ varying between ca. 2625 and
2570 Ma (e.g. 2602120 Ma/Sm-Nd on scheeli-
te: Anglin, 1990; ca. 2600 Ma/Ar-Ar on mus-
covite: Hanes et al., 1987, 1989 and 1992;
2577-2625 Ma/U-Pb on rutile and titanite:
Jemielita et al., 1989 and 1990; 2570 Ma/Ar-
Ar on muscovite: Kerrich et al., 1984;
2624162 Ma/U-Pb on rutile: Schandl et al.,
1990; 2599+9 Ma/U-Pb on rutile: Wong et al.,
1989 and 1991), that suggest a distinct time
gap between the gold mineralization event,
and regional metamorphism and plutonism.
Some of the interpretations in favour of “late
mineralization” (Colvine et al., 1988; Fyon et
al., 1988) advocate continued magmatic and
metamorphic fluid activity in the deep crust
following the peak of metamorphism.

Kerrich and Cassidy (1994) deal with the




relationships of lode gold mineralization to
accretion, magmatism, metamorphism, and
deformation. They criticize the relatively
young published age data supporting mineral-
ization, mostly in Archaean terranes, ca. 100
to 240 Ma after the terrane accretion. They
argue that such young ages are not in
accordance with the tectonic, structural, and
metamorphic relationships of the mineralized
areas but reflect instead reactivation of earlier

Geological Survey of Finland, Bulletin 381 59

shear zones and the resetting of the primary
isotopic signatures. Kerrich and Cassidy
(1994) also presented a generalized appraisal
of the relationship between Proterozoic col-
lisional orogenic belts and gold mineralizati-
on, according to which, Proterozoic gold
mineralization is typically related to post-
peak metamorphic brittle-ductile reactivation
of the syn-collisional ductile structures dur-
ing subsequent uplift and cooling.

Proterozoic vs. Archaean deposits

The lead isotope data from the Palaeoprot-
erozoic greenstone hosted gold deposits in
Lapland apparently resemble those from Ar-
chaean lode gold deposits in general, but in
detail interpretation of the results is rather
complicated. Similarities include the region-
ally observed least radiogenic lead isotope
composition (Soretiavuoma group) and the
linear trends for the uranogenic sulfide lead
isotope compositions (Pahtavaara, Hangas-
lampi, and Saattopora) having approximately
uniform slopes (Pahtavaara and Hangaslam-
pi). In addition, as is the case with the Abitibi
Belt and Norseman-Wiluna gold camps, for
instance, several phases of hydrothermal ac-
tion have been revealed in connection with the
lead isotopic studies in the Lapland area.

In Lapland, the observed least radiogenic
lead composition of the Soretiavuoma group
does not necessarily represent the initial lead
composition of the gold mineralizing fluid in
every deposit. Instead, it is likely to relate to
a different type of mineralization process
preceding the major hydrothermal activity
that accompanied the introduction of gold.
Lead isotope compositional trends from
Archaean lode gold deposits show limited
ranges of *'°Pb/**Pb ratios, whereas in Lap-
land, the extraordinarily wide range of ratios
in sulfides from some gold prospects indicates
the existence of uranium rich inclusions in the
sulfides. Therefore the uranogenic composi-

tional trends for the Saattopora, Pahtavaara,
and Hangaslampi sulfides are considered to
record the decay of uranium from the time of
mineralization to the present. Consequently,
in contrast to Archaean gold deposits, neither
lead mixing nor later mobilization need
inevitably be invoked to interpret the majority
of the results.

The temporal relationship between gold
Lapland and orogenic
processes agrees well with the views of Ker-
rich and Cassidy (1994). In the northern
Fennoscandian Shield, it has been proposed
that metamorphism and shear deformation
were roughly coeval (Berthelsen and Marker,
1986; Pharaoh and Brewer, 1990; Bjorlykke et
al. 1993). The Soretiavuoma group mineraliza-
tion, characterized by deformed gold bearing
veins most probably took place during the
(early-) to synorogenic phase. Moreover, if
the so-called synorogenic granitoid magma-
tism at ca. 1880-1900 Ma was coeval with the
metamorphism and shear deformation, the
Saattopora mineralization can be correlated
with the synorogenic phase. On the other
hand, the U-Pb age data from Lapland zircons
and titanites indicate the presence of a late-
orogenic metamorphic phase ca. 1810-1850

mineralization in

Ma, which is approximately the same age as
estimates for the sulfides associated with the
Pahtavaara and Hangaslampi deposits. The
metamorphism of the Upper Lapponian vol-
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canics is also evidently conneceted with this
late-orogenic phase, occurring temporally
between the intrusions of syn- and posto-
rogenic granitoids. By analogy with the evi-
dence for the timing of gold mineralizations in
other areas, the lead isotopes and U-Pb age

determinations from the Saattopora area re-
flect several phases of postorogenic and
anorogenic hydrothermal activity, none of
which, however, seem to have been signifi-
cant with respect to primary gold mineralizati-
on.

CONCLUSIONS

The primary purpose of this study was to
characterize the lead isotopic signatures of
greenstone-hosted epigenetic gold mineraliza-
tion in Lapland. In addition, the results of
some sulfur isotope studies were considered,
suggesting a magmatic source for the sulfide
sulfur. The main conclusions of the study can
be summarized as follows.

1) Based on their sulfide lead isotope
characteristics, the epigenetic gold minera-
lizations can be classified into two groups, a)
deposits with relatively nonradiogenic lead
compositions and b) deposits with highly ra-
diogenic sulfides. The economically most in-
teresting deposits belong into the latter group.
Accordingly, lead isotope characteristics may
be used as an adjunct in mineral exploration.

a) Within the nonradiogenic group, the
Soretiavuoma compositional group represents
a distinctively different type of gold minerali-
zation identified for three deposits, namely
Soretiavuoma, Kiistala, and Kuotko. These
are all characterized by relatively lead-rich
sulfides, homogeneous lead compositions, ini-
tial Th/U ratios close to average crustal lead
growth values, and lead isotopic compositions
coinciding with the Svecokarelian orogenic
lead trend determined by Vaasjoki (1981),
suggesting orogenic mixing of mantle and
upper crustal leads. At Kuotko, a distinctly
different lead composition is also present,
possibly recording a combination of mantle
and lower crustal leads in the lead-poor sulfides
and gold concentrate. This indicates that gold
mineralization took place in two stages and
represent two different sources.

b) The highly radiogenic deposits including
Saattopora, Hangaslampi, and Pahtavaara ex-
hibit lead poor and highly radiogenic sulfides
with low Th/U and high U/Pb ratios. On the
uranogenic lead diagrams analyses define lin-
ear to sublinear compositional trends. Be-
cause the extremely high 2°°Pb/?**Pb ratios in
the sulfides are mostly caused by uranium rich
inclusions, the physico-chemical characte-
ristics of the fluid were favourable for the
uranyl-ion transportation, and thus a relative-
ly oxidized fluid is proposed. The similarities
in lead isotope characteristics suggest a com-
mon genesis for the mineralization in these
deposits.

2) In Lapland, the Svecokarelian orogeny
initiated several phases of hydrothermal ac-
tivity, which continued after the emplacement
of the postorogenic granites. Some of the
earliest activity was also responsible for the
concentration of gold. The lead isotope results
for the greenstone-hosted gold mineralization
in Lapland allow the following hydrothermal
phases to be distinguished and classified in
relation to the intrusion of synorogenic and
postorogenic granites: i) (Early- to) synoro-
genic Soretiavuoma group mineralization
took place at Soretiavuoma, Kiistala, and
Kuotko. ii) Formation of the Saattopora gold
ore is connected with the synorogenic pro-
cesses (ca. 1870-1900 Ma). iii) At Kuotko, a
further hydrothermal phase associated with
gold mineralization is also evident. iv) The
results from the Pahtavaara, Hangaslampi, and
Bidjovagge (previously published data) de-
posits indicate major hydrothermal activity




during the late-orogenic phase, occurring tem-
porally between the intrusion of the synoro-
genic and postorogenic granites (ca. 1850-
1810 Ma). This age approximation is consid-
ered as a minimum age estimate for the gold
mineralization at Pahtavaara and Hangaslam-
pi. The slightly earlier to approximately coe-
val (ca. 1840-1870 Ma) regional metamorp-
hism caused resetting of the U-Pb system in
the unmineralized lower and middle unit vol-
canics of the Upper Lapponian Group and may
thus reflect related and roughly contempo-
raneous processes. v) At Saattopora, the intru-
sion of the postorogenic granites at ca. 1780
Ma reset the U-Pb system in thucolite or alter-
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natively caused mobilization of uranium and
thucolite crystallization in the ore veins, as
well as the monazite crystallization in the wall
rocks adjacent to the ore. vi) At Saattopora, a
slow cooling history or a late phase of hydrot-
hermal activity (ca. 1.7 Ga) was responsible
for the disturbance of the U-Pb systems in the
more susceptible wall rocks. vii) Finally,
Phanerozoic lead separation took place in the
Bidjovagge area, and apparently was also re-
sponsible for the formation of radiogenic ga-
lenas in some stratabound base metal deposit
in the Kittild region. In addition, some of the
Kuotko sulfides may have been modified in
Phanerozoic times.
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Appendix 1. U-Pb analytical results from the Hetta granite; A891 Kappera, Kittild and A355 Peltovuo-
ma, Enontekio.

Concentrations Measured Atomic abundances*: Atomic ratios* * Age(Ma)
Analysed mineral 2°ph = 100
fraction 28U/ppm/*®Pb  °°Pb/%“Pb ‘Pb  °’Pp 28pp  200pp 238y 207ppy 235 |y 207py/200p,  200pR238|)  207pp 235 207pR2%%pY

AB91A Kappera
zircon/elongated crystals
+4.3/-100 494.3 137.9 2440 0.03706 13.366 17.222 0.32242 6.7227 0.12874 1801+11 1934+t6 2080+H

A891B Kappera
zircon
+4.3/-100 444.2 126.7 2796 0.03374 13.798 19.862 0.32969 6.0704 0.13366 1836+11 1986+7 2146+4

A891C Kappera
zircon/elongated crystals
+4.2/+100 610.6 169.0 3210 0.02941 13.966 12.319 0.31991 6.9847 0.13669 1789+10 1973+6 2173zx4

A891D Kappera
zircon
+4.2/+100 629.9 161.4 3679 0.02696 14.124 11,672 0.33026 6.2706 0.13771 1839+9 20146 2198+3

AB91E Kappera
zircon/elongated crystals
4.2-4.3/+ 300 766.7 187.7 1868 0.06127 12.332 22.197 0.28330 4.6467 0.11642 1607+9 1739+14 1902+27

AB891F Kappera
zircon
4.2-4.3/+ 300 719.6 1796 2716 0.03688 12.378 21.137 0.28828 4.7282 0.11886 1632+9 1772+7 1940x10

A891G Kappera
titanite
3.4-3.6 92.26 26.43 841.3 0.1179 12.439 21.992 0.31863 4.7672 0.10829 178316 177713 1770£22

A891H Kappera
zircon/HF
4.2-4.3/-300 622.6 136.7 6614 0.01247 11676 22.467 0.30232 4.7646 0.11407 1702+10 1776+6 1866+3

AB891| Kappera
zircon
4.2-4.3/-300 681.2 144.0 2606 0.03734 11.803 23.609 0.28629 4.4689

o

.11297 1622+11 1723+7 18476

A366A Peltovuoma
zircon
+4.6/-100 347.2 98.81 3187 0.03019 13.917 13.989 0.32889 6.1322 0.13624 1832+8 1994:4 21674

A366B Peltovuoma
zircon/HF, crushed
4.2-4.6/-100/ 749.3 199.8 6463 0.01761 12,619 11.822 0.30816 6.2199 0.12286 1731+8 18664 1998+3

A366C Peltovuoma
zircon/HF
+4.2/+100 649.4 169.3 3269 0.02981 13.270 10.314 0.30126 6.3478 0.12876 1697+8 1876+6 2081+6

A3B6D Peltovuoma
zircon/HF, crushed
4.0-4.2/100-200 1148 266.9 4099 0.02388 11.363 11.612 0.26871 3.9344 0.11030 14837 1620x4 18043

A3G6E Peltovuoma
zircon/HF
4.0-4.3/+100 1363 264.6 1349 0.07324 13.322 12.898 0.22441 3.8202 0.12347 1306+7 1697+6 2007+6

* —Blank corrected values; ** = Corrected for blank and age related common lead (Stacey and Kramers 1976). All analyses by Olavi Kouvo, GSF.




Geological Survey of Finland, Bulletin 381

Appendix 1. Continued.

05 0 T T
HETTA GRANITE -
[ AB91 Kappera |
A 355 Peltovuoma 7 |
04
2000
_ 1770Ma ", s “
03 1600 Q‘S i -
206Pb y
238U y
1200
02 =
s =zircon A891
T 800 s =titanite A891 T
= =7ircon A335
01 F 5
0 | | 1 | | | | | | |
0 2 4 6 8 10 12
207Pb/235U

Appendix 2. Explanation of abbreviations used in text.

WR
LE
SULF
P
P
ASPY
PO
MAGN
GA
APA
CRB
TITA
HMF

total dissolution of whole-rock sample
acid leach of whole-rock sample
sulfide mineral

pyrite

chalcopyrite

arsenopyrite

pyrrhotite

magnetite

galena

apatite

carbonate

titanite

hand magnet fraction (PO, MAGN)



Appendix 3. Lead isotope compositions of selected Upper Lapponian volcanics from the Central Lapland greenstone belt.

SAMPLE NO/ LOCATION ROCK TYPE LEAD ISOTOPE RATIOS

FORMATION (UNIT)* 206/204 207/204 208/204 207/206 208/206
7412 Veikasenmaa Kiimarova pillow lava (3) 38.168 17.786 37.341 0.4660 0.9786
7472 Veikasenmaa Kiimarova pillow lava (3) 73.607 21.916 42.886 0.2977 0.5826
9771 Veikasenmaa Veikasenmaa pillow lava (3) 20.368 15.743 37.385 0.7730 1.8355
9782 Veikasenmaa Veikasenmaa basic porphyrite (3) 20.082 15.613 38.539 0.7775 1.9191
9701 Veikasenmaa Veikasenmaa basic lava (3) 20.996 15.718 36.527 0.7486 1.7397
5165 Vesmajirvi Rajala Mg-tholeiite (3) 17.726 15.384 35.287 0.8679 1.9907
5155  Vesmajdrvi Jarvikdinen basic lava (3) 17.916 15.426 37.332 0.8610 2.0837
5489 Vesmajarvi Jarvikdinen pillow lava (3) 20.295 15.756 36.161 0.7763 1.7818
5333 Vesmajarvi Penikkajdrvi pillow lava (3) 15.385 15.185 34.857 0.9870 2.2657
5170 Vesmajarvi Rajala Mg-tholeiite (3) 30.056 16.892 38.564 0.5620 1.2831
10090 Linkupalo Linkupalo pillow lava (2) 49.324 18.975 76.698 0.3847 1.5550
10093 Linkupalo Linkupalo pillow lava (2) 50.224 18.974 74.902 0.3778 1.4914
10098 Linkupalo Linkupalo pillow lava (2) 36.352 17.346 59.092 0.4772 1.6256
10220 Kongéas Kdéngds pillow lava (2) 46.613 18.488 62.028 0.3966 1.3307
10225 Kongés Kéngés pillow lava (2) 30.625 17.019 50.847 0.5557 1.6603
10474 Sinerma Palovaara basic lava (2) 96.405 24.210 104.37 0.2511 1.0826
10490 Sinerma Palovaara basic lava (2) 40.078 17.851 54.058 0.4454 1.3488
6579 Tarvasenvaara Tarvasenvaara amygdale lava (2) 28.986 16.662 44.756 0.5748 1.5440
5963 Kautoselkd Kivipurnuvaara Fe-tholeiite (2) 18.913 15.542 38.984 0.8218 2.0612
9299 Peuramaa Peuramaa picritic lava (1) 15.751 15.226 35.360 0.9667 2.2450
9336 Peuramaa Peuramaa picritic lava (1) 23.723 16.124 41.519 0.6797 1.7502
8924  Jeesibrova Jeesidrova komatiitic lava (1) 15.504 15.199 35.039 0.9803 2.2600
8938 Jeesidrova Jeesidrova komatiitic lava (1) 15.787 15.216 35.059 0.9638 2.2207
8805 Sattasvaara Visakuppura basalttic komatiite (1) 15.410 15.167 34.967 0.9842 2.2691
5482 Sattasvaara Visakuppura peridotitic komatiite (1) 15.767 15.212 35.028 0.9648 2.2216
5655 Sattasvaara Visakuppura peridotitic komatiite (1) 15.617 15.222 35.173 0.9747 Y.2522
7711 Sattasvaara Mikkuurova Mg-basalt (1) 24.651 16.241 45.439 0.6589 1.8433
6621 Sattasvaara Sattasvaara peridotitic komatiite (1) 17.539 15.505 36.283 0.8840 2.0687
6629 Sattasvaara Vanttion Rolli peridotitic komatiite (1) 19.177 15.623 36.499 0.8147 1.9033

(UNITS)*: Lower (1), middle (2), and upper (3) volcanic units of the Upper Lapponi Group (Lehtonen et al. 1992).

Source of samples: Pentti Rastas and Jorma Rasdnen, GSF (Lapland Volcanite Project).
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Appendix 4. Lead isotope compositions of selected sulfides, carbonates, and adjacent wall rocks from stratabound base metal and epigenetic gold
deposits in the Lapland greenstone belt.

ANAL. DEPOSIT/ MINERALIZATION TYPE/ ANALYSED ANALYSED LEAD ISOTOPE RATIOS

NO. SAMPLE ORE MINERALS HOST ROCK FRACTION MINERAL *ph¥ 206/204  207/204  208/204  207/206  208/206
69AB-le PVU/EIM-91-6 black schist acid leach LE b-db 16.943 16.333 36.319 0.9617 2.2163
69-wr  PVU/EIM-81-6 black schist total dissolution WR b-db 16.020 16.326 36.281 0.9666 2.2024
118#%# PVU/EIM-91-6 breccia/cp,aspy black schist fr.nm.0.6A ASPY,CP bl 16.489 16.296 36.221 0.9876 2.2740
119## PVU/EIM-91-6 breccia/cp,aspy black schist fr.nm.0.6A; -200 ASPY,CP bl 16.478 16.276 36.166 0.9869 2.2713
126 PVU/EIM-81-6 breccia/cp,aspy black schist fr.,nrm.0.6A; + 200 cP db-bl 16.627 16.286 36.187 0.9846 2.2662
129## PVU/EIM-91-6 breccia/cp,aspy black schist fr.nm.0.6A GA 16.468 16.304 36.207 0.9894 2.2762
41 G202/Hormakumpu breccia/py,cp,po black schist several fractions GA 24.316 16.498 44,712 0.6786 1.8388
44 G202/Hormakumpu breccia/py,cp,po black schist fr.m.1.4A; + 100 PY (dull) db 23.881 16.411 43.930 0.6872 1.8396
456 G202/Hormakumpu breccia/py,cp,po black schist fr.om.1.4A; +100 PY db-bl 24.162 16.436 44.330 0.6802 1.8347
46 G202/Hormakumpu breccia/py,cp,po black schist fr.m.1.4A; +100 CcP db 24.676 16.639 44.482 0.6743 1.8026
208A G202/Hormakumpu breccia/py,cp,po black schist GA 23.931 16.361 43.964 0.6833 1.8371
2088 G202/Hormakumpu breccia/py,cp,po black schist GA 24.029 16.396 44.230 0.6823 1.8407
188A G127/Alakyla shear plane/ga,cp,py black schist GA 24.316 16.463 45.064 0.6770 1.8628
1888 G127/Alakyla shear plane/ga,cp,py black schist GA 24.466 16.469 44.327 0.6734 1.8126
189A G178/Riikonkoski breccia/po ab-se schist GA 24.468 16.471 44.339 0.6734 1.8128
1898 G178/Riikonkoski breccia/po ab-se schist GA 24.403 16.478 44.203 0.6763 1.8113
209AB G228/Riikonkoski sulf-crb vein/po,cp,ga ab-se schist GA 14.692 16.163 34.671 1.0314 2.3699
96 SV-R307/48.4-48.6 (crb-)sulf-qtz vein/cp umr/crb-ab-ch rock fr.m.0.6A CP db 16.270 16.177 36.033 0.9936 2.2932
100## SV-R307/48.4-48.6 (crb-)sulf-qtz vein/cp umr/crb-ab-ch rock fr.nm. 0.6A; + 200 cP db-bl 16.298 16.199 36.094 0.9936 2.2941
97 SV-R307/48.4-48.6 (crb-)sulf-qtz vein/cp umr/crb-ab-ch rock d<3.3 CRBlinclusions) - 16.280 16.166 34.990 0.9926 2.2900
144## SV-R307/48.4-48.6 (crb-)sulf-qtz vein/cp umr/crb-ab-ch rock fr.nm.0.6A/n.2mg Pb-rich 16.297 16.192 36.081 0.9931 2.2933
144b SV-R307/48.4-48.6 (crb-)sulf-qtz vein/cp umr/crb-ab-ch rock fr.nm.0.6A ASPY b 16.279 16.178 36.043 0.9934 2.2936
136 SV-R307/48.7-48.8 crb-sulf breccia/py umr/crb-ab-ch rock d< 3.3; acid leach CRB b 16.294 16.178 36.036 0.9924 2.2907
60AB SV-R307/48.7-48.8 crb-sulf breccia/py umr/crb-ab-ch rock fr.m.1.4A PY db 16.298 16.189 36.036 0.9929 2.2903
72-le SV-R307/66.3-66.4 umr/crb-ab-ch rock acid leach LE - 16.696 16.229 34.992 0.9704 2.2296
72-wr  SV-R307/66.3-66.4 umr/crb-ab-ch rock total dissolution WR - 16.861 16.338 36.016 0.9096 2.0767
201-w  KU/panned sulf-crb breccia/aspy,po  mtuf/crb-ab rock acid leach GOLD “ 18.009 16.631 37.629 0.8624 2.0894
201 KU/panned sulf-crb breccia/aspy,po mtuf/crb-ab rock total dissolution GOLD - 16.364 16.117 36.026 0.9839 2.2797
23 KU-R306/7.96 sulf-crb breccia/aspy,po  mtuf/crb-ab rock d<3.3 CRB (bulk) £ 16.679 16.149 36.027 0.9662 2.2339
16 KU-R306/7.96 sulf-crb breccia/aspy,po  mtuf/crb-ab rock hand magnet PO(bulk) - 16.616 16.133 34.963 0.9763 2.2634
11 KU-R306/7.96 sulf-crb breccia/aspy,po  mtuf/crb-ab rock fr.m.<0.2A; + 200 PO - 16.266 16.111 34.927 0.9906 2.2896

BV =Bidjovagge; HL =Hangaslampi; KU =Kuotko; LAM = Lammasvuoma; MA = Meurastuksenaho; PV =Pahtavaara; PVU =Pahtavuoma; SK = Suurikuusikko; SP(A,B,C) = Saattopora gold ore/ A-, B-, C-ores;
SP-Cu = Saattopora Cu-mineralization; SV = Soretiavuoma; diss = dissemination; ab = albite; amph =amphibole; bar =barite; bt =biotite; ch=chlorite; crb=carbonate; qtz=quartz; se =sericite; sulf =sulfide;
tlc =talc; tour =tourmaline; tre = tremolite; ASPY = arsenopyrite; CP = chalcopyrite; GA =galena; LE =acid leach of whole rock powder; MAGN =magnetite; PO = pyrrhotite; PY = pyrite; WR = total dissolution
of whole rock powder; graph-schist = graphite-rich schist; mtuf = mafic tuffite; metased = metasedimentary; umr = ultramafic rock; d =density; fr.nm/fr.m.=non magnetic/magnetic fraction with a specific
current; +200,-100 =size fractions; Pb* =the colour of the anode precipitation (-=colourless, llb=brownish, Ib=light brown, b =brown, db =dark brown, bl =black).
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Appendix 4. Continued 2/7.

ANAL. DEPOSIT/ MINERALIZATION TYPE/ ANALYSED ANALYSED LEAD ISOTOPE RATIOS

NO. SAMPLE ORE MINERALS HOST ROCK FRACTION MINERAL *Pb* 206/204  207/204 208/204  207/206  208/206
36 KU-R306/7.96 sulf-crb breccia/aspy,po  mtuf/crb-ab rock fr.m.<0.2A;-200 PO(aspy) Ib 16.378 16.130 34.986 0.9839 2.2760
10 KU-R306/7.96 sulf-crb breccia/aspy,po  mtuf/crb-ab rock fr.nm.0.6A; + 200 ASPY - 16.336 16.120 34.938 0.9860 2.2783
36 KU-R306/7.96 sulf-crb breccia/aspy,po mtuf/crb-ab rock fr.nm.0.8A; -200 ASPY - 16.397 16.124 34.960 0.9823 2.2699
12 KU-R306/7.96 sulf-crb breccia/aspy,po  mtuf/crb-ab rock fr.m.0.6A ASPY - 16.386 16.133 34.972 0.9836 2.2729
62 KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; +100 PY (porous) db 18.499 16.666 38.176 0.8414 2.0637
37 KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; -100 PY (porous) db 17.898 16.679 37.872 0.8706 2.1160
63 KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; -200 PY (porous) b 18.144 16.627 37.919 0.8668 2.0899
62-1L KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; +100 PY-2N HCI b-db 20.993 16.891 40.738 0.7670 1.9406
62-2L KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; +100 PY-6N HCI Ib-b 21.003 16.801 40.778 0.7671 1.8416
62-3L KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; + 100 PY-7N HNO3 db 17.861 16.612 37.636 0.8690 2.1027
63-1L KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; -200 PY-2N HCI b 20.486 16.817 40.181 0.7721 1.9614
63-2L KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; -200 PY-6N HCI lib 19.146 16.660 38.936 0.8174 2.0336
63-3L KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; -200 PY-7N HNO3 db 17.168 16.428 36.913 0.8986 2.1602
B3-R KU-R443/18.6-18.9 sulf-crb vein/py mtuf/? fr.nm.0.6A; -200 PY-residual b 17.693 16.464 41.376 0.8740 2.3386
73-le KU-R436/21.3-21.4 mtuf/crb-se-ch schist leach LE 19.616 16.668 38.716 0.8029 1.9839
73-wr  KU-R436/21.3-21.4 mtuf/crb-se-ch schist total dissolution WR . 23.884 16.103 40.649 0.6742 1.6978
61a KU-R436/42.2-42.3 sulf-crb breccia/po mtuf/crb-ab-qtz d<3.3 CRBlinclusions) - 17.932 16.616 36.796 0.8663 2.0620
61b KU-R436/42.2-42.3 sulf-crb breccia/po mtuf/crb-ab-qtz hand magnet PO(bulk) b 18.222 16.612 37.290 0.8667 2.0464
66-le KU-R436/73.4-73.6 mtuf/crb-ch-ab rock acid leach LE - 16.169 16.263 36.939 0.9439 2.2240
66-wr  KU-R436/73.4-73.6 mtuf/crb-ch-ab rock total dissolution WR - 17.240 16.321 36.106 0.8887 2.0943
86-le KU-R436/76.3-76.4 mtuf/crb-ch-ab rock acid leach LE b-db 16.346 16.161 36.034 0.9873 2.2830
86-wr## KU-R436/76.3-76.4 mtuf/crb-ch-ab rock total dissolution WR b 16.663 16.177 36.123 0.9762 2.2668
88A KU-R436/76.4-76.6 qtz-sulf-crb vein/py,aspy mtuf/crb-ch-ab rock fr.om.1.4A GA 16.312 16.166 34.876 0.9897 2.2776
888 KU-R436/76.4-76.6 qtz-sulf-crb vein/py,aspy mtuf/crb-ch-ab rock fr.om.1.4A GA 16.226 16.118 34.807 0.9930 2.2862
91/130 KU-R436/76.4-76.6 qtz-sulf-crb vein/py,aspy mtuf/crb-ch-ab rock fr.anm 1.4A; +100 PY (idiomorphic) bl 16.286 16.191 36.046 0.9939 2.2928
92 KU-R436/86.3-86.4 sulf vein/po mtuf/se-ab-qtz schist hand magnet PO (bulk) Ib 16.987 16.246 36.834 0.9636 2.2416
93 KU-R436/87.8-87.9 qtz-sulf vein/py,cp mtuf/crb-ab-qtz rock fr.om.1.4A; +100 PY (dull) db 16.838 16.221 36.617 0.9610 2.2426
123 KU-R436/87.8-87.9 qtz-sulf vein/py,cp mtuf/crb-ab-qtz rock fr.nrm.1.4A; -100 PY (dull) db 16.804 16.247 36.670 0.9647 2.2607
68 KU-A1168 diss in crb-vein/py lamprophyre fr.nm.(60mg) PY (idiomorphic) db 16.269 16.131 .34.928 0.9909 2.2876
90-le KU/R308 +R311 lamprophyre acid leach LE b 16.240 16.270 36.068 0.9403 2.2204
90-wr KU/R308 +R311 lamprophyre total dissolution WR Ib 16.601 16.264 36.960 0.9244 2.1793
48a-ic  KU/R308 +R311 lamprophyre d:3.16-3.22 APATITE 19.336 16.689 41.377 0.8062 2.1398
48b-ic  KU/R308 +R311 lamprophyre d:3.16-3.22 TITANITE(apatite) 29.646 16.644 38.626 0.6633 1.3040
49=66 KU/R308 +R311 diss in crb-vein/py lamprophyre frem.1.4A; +200 PY (idiomorphic) db 16.660 16.233 36.424 0.9734 2.2636
66=49 KU/R308 +R311 diss in crb-vein/py lamprophyre fr.em.1.4A ; + 200 PY (idiomorphic) bl 16.633 16.201 36.347 0.9724 2.2610
127## KU/R308+R311 diss in crb-vein/Pb-? lamprophyre fr.em.1.4A; +200 rich in Pb? 16.616 16.204 36.328 0.9736 2.2622

BV =Bidjovagge; HL =Hangaslampi; KU =Kuotko; LAM =Lammasvuoma; MA =Meurastuksenaho; PV =Pahtavaara; PVU =Pahtavuoma; SK = Suurikuusikko; SP(A,B,C) = Saattopora gold ore/ A-, B-, C-ores;
SP-Cu=Saattopora Cu-mineralization; SV = Soretiavuoma; diss =dissemination; ab = albite; amph =amphibole; bar =barite; bt =biotite; ch=chlorite; crb =carbonate; qtz =quartz; se =sericite; sulf =sulfide;
tlc =talc; tour =tourmaline; tre =tremolite; ASPY = arsenopyrite; CP =chalcopyrite; GA =galena; LE =acid leach of whole rock powder; MAGN = magnetite; PO = pyrrhotite; PY = pyrite; WR =total dissolution
of whole rock powder; graph-schist =graphite-rich schist; mtuf = mafic tuffite; metased = metasedimentary; umr =ultramafic rock; d =density; fr.nm/fr.m.=non magnetic/magnetic fraction with a specific
current; + 200,-100 =size fractions; Pb* =the colour of the anode precipitation (-=colourless, llb =brownish, |b=light brown, b =brown, db =dark brown, bl =black).
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Appendix 4. Continued 3/7.

ANAL. DEPOSIT/ MINERALIZATION TYPE/ ANALYSED ANALYSED LEAD ISOTOPE RATIOS

NO. SAMPLE ORE MINERALS HOST ROCK FRACTION MINERAL *Pb* 206/204  207/204  208/204  207/206  208/206
74-le KU-A1262 felsic porphyry acid leach LE Ilb 66.669 20.000 70.744 0.3629 1.2484
74-wr  KU-A1262 felsic porphyry total dissolution WR - 42.202 17.968 63.036 0.4268 1.2667
29 KU-A1262 diss/aspy,py felsic porphyry acid leach ASPY (py) db 20.966 16.947 37.892 0.7606 1.8074
121 SK-R434/66.8 qtz-sulf-crb vein/aspy,py mtuf/graph-schist/ch-ab  fr.nm.2.3A; + 200 ASPY (py) Ib-b 16.493 16.327 34.966 0.9293 2.1194
18 SK-R434/66.8 qtz-sulf-crb vein/aspy,py mtuf/graph-schist/ch-ab  fr.nm.2.3A; + 200 ASPY (py) Ib-b 16.642 16.413 36.166 0.9261 2.1131
24 SK-R434/66.8 qtz-sulf-crb vein/aspy,py mtuf/graph-schist/ch-ab  fr.nm.2.3A; -200 ASPY (py) Ib-b 17.080 16.427 36.127 0.9027 2.0664
132 SK-R434/66.8 qtz-sulf-crb vein/aspy,py mtuf/graph-schist/ch-ab  fr.nm.2.3A; -200 ASPY (py) Ib 16.969 16.406 36.096 0.9079 2.0683
19 SK-R434/80.6-80.8 breccia/aspy,py mtuf/graph-schist/ch-ab  fr.nrm.2.3A; + 200 ASPY ,PY Ib 16.992 16.491 36.428 0.9117 2.0860
122 SK-R434/80.6-80.8 breccia/aspy,py mtuf/graph-schist/ch-ab  fr.nm.2.3A; -100 ASPY (py) - 16.936 16.460 36.327 0.9129 2.0869
40 SK-R434/80.6-80.8 breccia/aspy,py mtuf/graph-schist/ch-ab  fr.nm.2.3A; -200 ASPY PY Ib 17.009 16.494 36.468 0.9108 2.0847
MV##  G347/Kiistala sulf-crb vein/aspy,ga mtuf/graph-schist/ch-ab GA 16.313 16.186 34.966 0.9917 2.2834
221a PV-R608/87.3 ab-crb-qtz vein/magn,py umr/amph-ch-crb schist hand magnet MAGN - 60.913 20.278 36.286 0.3329 0.6793
221b PV-R608/87.3 ab-crb-qtz vein/magn,py umr/amph-ch-crb schist fr.nm.1.4A PY - 43.396 18.687 36.026 0.4306 0.8071
71-le PV-R608/96.4-96.6 umr/bt-tic-crb schist acid leach LE 22.469 16.901 34.889 0.7077 1.6628
71-wr  PV-R608/96.4-86.6 umr/bt-tic-crb schist total dissolution WR - 23.207 16.033 36.366 0.6909 1.6236
101 PV-R608/111.6-111.7 sulf patches/py,magn umr/tre-crb rock fr.em.1.4A; coarse PY - 36.091 17.600 34.970 0.4849 0.9690
102 PV-R608/111.6-111.7 sulf patches/py,magn umr/tre-crb rock fr.m.1.4A; fine PY Iib 36.629 17.472 34.962 0.4918 0.9840
220a PV-R608/111.9 diss/magn,py umr/amph-crb-ch rock hand magnet MAGN - 24.027 16.013 34.932 0.6664 1.4638
220B1 PV-R608/111.8 diss/magn,py umr/amph-crb-ch rock fr.nm.1.4A PY - 19.446 16.636 34.911 0.8041 1.7964
220B2 PV-R608/111.9 diss/magn,py umr/amph-crb-ch rock fr.onm.1.4A PY - 18.464 16.628 34.946 0.8416 1.8936
220c PV-R608/111.9 diss/magn,py umr/amph-crb-ch rock fr.m.1.4A PY - 30.860 16.863 36.002 0.6464 1.1342
220D1 PV-R608/111.9 diss/magn,py umr/amph-crb-ch rock d<3.3; acid leach CRB - 16.468 16.217 34.913 0.9837 2.2670
220D2 PV-R608/111.8 diss/magn,py umr/amph-crb-ch rock d<3.3; acid leach CRB - 16.430 16.188 34.828 0.9843 2.2671
222a PV-R608/117.3 tic-crb-sulf lens/magn,py umr/bt-ch schist hand magnet MAGN - 37.844 17.671 34.976 0.4643 0.9242
222b PV-R608/117.3 tic-crb-sulf lens/magn,py umr/bt-ch schist fr.om.1.4A PY - 20.886 16.807 34.864 0.7668 1.6692
67-le PV-R608/124.0-124.1 umr/ch-amph rock acid leach LE - 16.429 16.239 34.706 0.9877 2.2494
67-wr PV-R608/124.0-124.1 umr/ch-amph rock total dissolution WR - 17.073 16.346 36.086 0.8989 2.0661
219A1 PV-R609/110.9 diss/tlc-bar lens/magn, (py) umr hand magnet MAGN - 68.049 19.626 34.999 0.3381 0.6029
219A2 PV-R608/110.9 diss/tic-bar lens/magn, (py) umr hand magnet MAGN # 66.980 19.486 34.926 0.3420 0.6129
219b1 PV-R608/110.9 diss/tic-bar lens/magn, (py) umr d>3.3; acid leach CRB/(sulf) = 33.746 17.230 34.861 0.6106 1.0330
219c PV-R609/110.9 diss/tlc-bar lens/magn, (py) umr d<3.3; acid leach CRB - 19.611 16.676 34.916 0.8034 1.7894
223b PV-4A diss/magn, (py) umr/amph rock d>3.3; acid leach PY - 26.767 16.631 36.873 0.6216 1.3407

BV =Bidjovagge; HL =Hangaslampi; KU =Kuotko; LAM =Lammasvuoma; MA = Meurastuksenaho; PV =Pahtavaara; PVU = Pahtavuoma; SK = Suurikuusikko; SP(A,B,C)=Saattopora gold ore/ A-, B-, C-ores;
SP-Cu = Saattopora Cu-mineralization; SV = Soretiavuoma; diss =dissemination; ab = albite; amph = amphibole; bar =barite; bt = biotite; ch=chlorite; crb=carbonate; qtz =quartz; se =sericite; sulf =sulfide;
tlc = talc; tour =tourmaline; tre =tremolite; ASPY = arsenopyrite; CP = chalcopyrite; GA = galena; LE = acid leach of whole rock powder; MAGN =magnetite; PO =pyrrhotite; PY = pyrite; WR = total dissolution
of whole rock powder; graph-schist =graphite-rich schist; mtuf = mafic tuffite; metased = metasedimentary; umr = ultramafic rock; d =density; fr.nm/fr.m.=non magnetic/magnetic fraction with a specific
current; +200,-100 =size fractions; Pb* =the colour of the anode precipitation (-=colourless, lIb=brownish, Ib=light brown, b=brown, db =dark brown, bl =black).
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Appendix 4. Continued 4/7.

ANAL. DEPOSIT/ MINERALIZATION TYPE/ ANALYSED ANALYSED LEAD ISOTOPE RATIOS

NO. SAMPLE ORE MINERALS HOST ROCK FRACTION MINERAL *Pb* 206/204 207/204 208/204 207/206 208/2086
87-le PV/EIM-91-1 umr/ch-tic-amph rock acid leach LE lib 16.197 16.326 36.343 0.9461 2.1820
87-wr PVI/EIM-91-1 umr/ch-tlc-amph rock total dissolution WR - 17121 16.603 36.861 0.9066 2.0940
139 LAM-3/46.0-46.1 breccia/diss/py ?/bt-ch-ab-qtz schist fr.nm.1.4A; +100 PY Ib 28.807 17.008 38.901 0.6904 1.3604
138 LAM-3/46.0-46.1 breccia/diss/py ?/bt-ch-ab-qtz schist fr.nm.1.4A ;-100 PY Ib 29.777 17.100 38.968 0.6743 1.3083
209 LAM-3/46.8-46.9 breccia/diss/py ?/bt-ch-ab-qtz schist fr.nm.1.4A; -100 PY - 46.306 18.009 46.116 0.3976 0.9968
69-le LAM-3/46.8-46.9 mtuf/crb-ab rock acid leach LE - 43.163 17.982 47.809 0.4167 1.1079
69-wr  LAM-3/45.8-46.9 mtuf/crb-ab rock total dissolution WR - 78.236 21.371 61.884 0.2732 0.6632
7 SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.nm.1.4A; +100 CP(py) - 137.06 31.764 36.761 0.2317 0.2682
8=34 SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.m.1.4A; + 100 CcP - 132.19 31.166 36.609 0.2368 0.2769
34=8 SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.m.1.4A; +200 CP Ib 131.00 31.340 37.143 0.2392 0.2836
9=22 SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.m.0.4A; +100 PO - 1148.9 146.87 37.146 0.1278 0.0323
22=9 SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.m.0.4A; +100 PO - 1489.7 172.11 40.333 0.1166 0.0271
34-2L SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.m.1.4A; +200 CP-6N HCL - 227.08 41.873 38.011 0.1844 0.1674
34-3L SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.m.1.4A; +200 CP-7N HNO3 Ilb 196.71 38.662 37.806 0.1966 0.1922
34-R SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist fr.m.1.4A; + 200 CP-residual Ib-b 120.66 30.164 37.000 0.2602 0.3069
29-le SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist acid leach LE/vein - 90.113 24.990 37.018 0.2773 0.4108
31-wr SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist total dissolution WR/vein - 92.042 24.881 36.280 0.2703 0.3942
61a-ic SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist d:4.0-4.3 RUTILE 99.861 23.124 41.1456 0.2316 0.4121
B1b-ic  SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist d:4.0-4.3 RUTILE(abr 1h) 616.62 62.644 63.396 0.1211 0.1034
218=61 SP-A1206 sulf-crb vein/po,cp mtuf/ab-crb schist d:4.0-4.3 RUTILE(abr 2h) 386.78 61.324 60.766 0.1330 0.1316
89-le SP-A1206 mtuf/ab-crb schist acid leach LE llb 103.67 27.194 38.781 0.2623 0.3741
89-wr  SP-A1206 mtuf/ab-crb schist total dissolution WR - 92.748 26.012 36.166 0.2697 0.3899
76A-ic SP(A)-R267/61.4-61.6 sulf-crb vein/po,cp mtuf/ab-crb rock THUCOUITE 33660 3642.1 49.468 0.1086 0.0016
76B-ic  SP(A)-R267/61.4-61.6 sulf-crb vein/po,cp mtuf/ab-crb rock THUCOLITE 36013 3903.9 48.902 0.1084 0.0014
77A-ic SP(A)-R267/61.4-61.6 sulf-crb vein/po,cp mtuf/ab-crb rock THUCOLITE 41110 4436.7 60.709 0.1079 0.0012
77B-ic  SP(A)-R267/61.4-61.6 sulf-crb vein/po,cp mtuf/ab-crb rock THUCOLITE 44427 4806.1 60.180 0.1082 0.0011
63-le SP(A)-R267/70.6-70.7 mtuf/ab-crb rock acid leach LE lib 2101.6 237.77 42.793 0.1131 0.0204
63-wr  SP(A)-R267/70.6-70.7 mtuf/ab-crb rock total dissolution WR - 1667.8 187.66 49.868 0.1126 0.0299
110 SP(A)-R267/74.6-74.7 tour-sulf vein/po,py,cp mtuf/ab-crb rock hand magnet PO(bulk) b 77.001 23.921 41.031 0.3107 0.6329
114 SP(A)-R267/74.6-74.7 tour-sulf vein/po,py,cp mtuf/ab-crb rock fr.nm.0.6A; + 200 PY(cp) IIb 61.444 20.643 39.169 0.3993 0.7614
190 SP(A)-R267/74.6-74.7 tour-sulf vein/po,py,cp mtuf/ab-crb rock d>4.0/fr.nm.0.6A RUTILE 166.16 29.927 40.066 0.1917 0.2666
111 SP(A)-R267/82.2-82.3 qtz-sulf vein/po,cp mtuf/ab-tour schist d>3.3/magn. PO(bulk) Ib 307.62 61.346 39.393 0.1669 0.1281
116 SP(A)-R267/82.2-82.3 qtz-sulf vein/po,cp mtuf/ab-tour schist fr.nm.0.6A; + 200 CcP IIb 234.27 43.391 38.690 0.1862 0.1647
116 SP(A)-R267/82.2-82.3 qtz-sulf vein/po,cp mtuf/ab-tour schist fr.m.0.6A PO - 82.943 26.416 26.316 0.3064 0.4378

BV =Bidjovagge; HL =Hangaslampi; KU =Kuotko; LAM =Lammasvuoma; MA =Meurastuksenaho; PV =Pahtavaara; PVU =Pahtavuoma; SK = Suurikuusikko; SP(A,B,C) = Saattopora gold ore/ A-, B-, C-ores;
SP-Cu = Saattopora Cu-mineralization; SV = Soretiavuoma; diss =dissemination; ab = albite; amph =amphibole; bar = barite; bt =biotite; ch = chlorite; crb=carbonate; qtz =quartz; se =sericite; sulf = sulfide;
tlc =talc; tour =tourmaline; tre =tremolite; ASPY = arsenopyrite; CP = chalcopyrite; GA =galena; LE = acid leach of whole rock powder; MAGN = magnetite; PO =pyrrhotite; PY = pyrite; WR = total dissolution
of whole rock powder; graph-schist = graphite-rich schist; mtuf =mafic tuffite; metased = metasedimentary; umr = ultramafic rock; d =density; fr.nm/fr.m.=non magnetic/magnetic fraction with a specific
current; +200,-100 =size fractions; Pb* =the colour of the anode precipitation (- = colourless, IIb=brownish, Ib=light brown, b=brown, db=dark brown, bl =black).
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Appendix 4. Continued 5/7.

ANAL. DEPOSIT/ MINERALIZATION TYPE/ ANALYSED ANALYSED LEAD ISOTOPE RATIOS

NO. SAMPLE ORE MINERALS HOST ROCK FRACTION MINERAL *pp* 206/204 207/204 208/204 207/206 208/206
62 SP(A)/EIM-81-2b sulf-crb vein mtuf/ab-crb rock d:2.8-2.96 CRB - 16.466 16.300 36.470 0.9298 2.1666
134 SP(A)/EIM-91-2b sulf-crb vein mtuf/ab-crb rock d:2.8-2.96 CRB - 16.806 16.286 36.186 0.9670 2.2261
83-le SP(B)-R208/109.1-109.2 mtuf/ab-crb schist acid leach LE Iib 88.144 22.463 170.47 0.2648 1.9341
83-wr  SP(B)-R208/109.1-109.2 mtuf/ab-crb schist total dissolution WR - 118.83 26.871 164.29 0.2177 1.3826
84-le SP(B)-R208/112.6-112.7 mtuf/ab-crb-tour schist  acid leach LE - 187.74 36.678 164.29 0.1896 0.8218
84-wr  SP(B)-R208/112.6-112.7 mtuf/ab-crb-tour schist  total dissolution WR ] 166.16 31.061 131.80 0.1880 0.7981
86-le SP(B)-R208/120.8-120.9 mtuf/ab-crb-tour schist  acid leach LE llb 260.30 42.272 168.27 0.1624 0.6464
86-wr  SP(B)-R208/120.8-120.8 mtuf/ab-crb-tour schist  total dissolution WR - 213.17 36.463 136.36 0.1664 0.6396
108-a  SP(B)-R208/124.4-124.6 sulf-qtz-crb vein/py,po mtuf/ab-tour-crb schist  fr.nm.0.6A PY (dull) Ib-b 77.632 24.179 69.333 0.3119 0.7663
109-b  SP(B)-R208/124.4-124.6 sulf-qtz-crb vein/py,po mtuf/ab-tour-crb schist  fr.nm.0.6A PY Ib 96.672 26.406 63.689 0.2731 0.6678
94A SP(C)/EIM-91-3 diss/aspy mtuf/ab-crb rock fr.nm.0.6A; +100 ASPY Ilb 97.446 23.936 61.634 0.2466 0.6299
94Ba## SP(C)/EIM-81-3 diss/aspy mtuf/ab-crb rock fr.nm.0.6A; + 100 ASPY Ib 174.20 28.889 66.162 0.1668 0.3224
94Bb SP(C)/EIM-91-3 diss/aspy mtuf/ab-crb rock fr.nm.0.6A; + 100 PY(60mg) - 73.861 22.240 47.132 0.3011 0.6381
210-le  SP(C)/EIM-81-3 mtuf/ab-crb rock acid leach LE - 302.84 36.266 120.89 0.1198 0.3992
210-wr SP(C)/EIM-91-3 mtuf/ab-crb rock total dissolution WR - 331.76 37.234 116.27 0.1122 0.3476
80-ic SP-G443/concentrate sulf-crb-qtz vein/po,cp,py mtuf/ab-crb rock fr.om.1.4A MONAZITE 7121.9 789.11 2617.2 0.1108 0.3676
203 SP/concentrate sulf-crb-qtz vein/po,cp,py mtuf/ab-crb rock fine grained GOLD - 660.456 79.326 60.224 0.1441 0.0912
204 SP/concentrate sulf-crb-qtz vein/po,cp,py mtuf/ab-crb rock coarse grained GOLD - 492.36 73.417 42.469 0.1491 0.0863
206 SP/concentrate sulf-crb-qtz vein/po,cp,py mtuf/ab-crb rock hand magnet GOLD - 436.21 64.267 39.014 0.1476 0.0896
76A SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.m.1.4A; +100 cP - 472.98 72.728 41.669 0.1638 0.0881
76B SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.em.1.4A; + 100 PY(cp) - 497.96 74.640 42628 0.1499 0.0864
136## SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.m.0.2A; -100 PO(markasite) Ib-b 66.09 107.16 46.662 0.1401 0.0697
137## SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.m.0.4A; -100 PO(markasite) b-db 893.64 123.03 46.973 0.1377 0.0626
98A SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.nm.1.4A ;-200 PY (acid leach) db 668.82 81.807 43.033 0.1466 0.0770
98B SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.nm.1.4A ;-200 PY (acid leach) db 6539.60 79.118 41.614 0.1467 0.0771
78-ic SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.om.1.4A RUTILE 1092.6 126.83 46.947 0.1162 0.0430
78-ic SP-Cu/EIM-91-4 sulf-crb vein/cp,po,py mtuf/ab schist fr.om. + m.1.4A MONAZITE 13686 1496.9 4712.2 0.1094 0.3443
117 SP-Cu/EIM-81-6 breccia/py,cp,aspy phyllite fr.nm.1.4A ;-200 ASPY,CP(py) Ilb 89.174 23.843 38.638 0.2674 0.4333
126 SP-Cu/EIM-21-6 breccia/py,cp,aspy phyllite fr.aom.1.4A PY(cp) b 148.09 31.922 42.330 0.2166 0.2868
B8-le SP-Cu/EIM-81-6 phyllite acid leach LE lib 276.11 40.683 66.440 0.1470 0.2008
68-wr  SP-Cu/EIM-91-6 phyllite total dissolution WR - 286.16 40.278 66.333 0.1408 0.1934

BV = Bidjovagge; HL =Hangaslampi; KU =Kuotko; LAM =Lammasvuoma; MA =Meurastuksenaho; PV =Pahtavaara; PVU =Pahtavuoma; SK = Suurikuusikko; SP(A,B,C) = Saattopora gold ore/ A-, B-, C-ores;
SP-Cu=Saattopora Cu-mineralization; SV = Soretiavuoma; diss =dissemination; ab = albite; amph = amphibole; bar =barite; bt =biotite; ch=chlorite; crb=carbonate; qtz =quartz; se =sericite; sulf =sulfide;
tic = talc; tour =tourmaline; tre =tremolite; ASPY =arsenopyrite; CP =chalcopyrite; GA =galena; LE = acid leach of whole rock powder; MAGN = magnetite; PO =pyrrhotite; PY = pyrite; WR =total dissolution
of whole rock powder; graph-schist =graphite-rich schist; mtuf = mafic tuffite; metased = metasedimentary; umr = ultramafic rock; d =density; fr.nm/fr.m.=non magnetic/magnetic fraction with a specific
current; + 200,-100 =size fractions; Pb* =the colour of the anode precipitation (- = colourless, llb =brownish, Ib=light brown, b=brown, db=dark brown, bl =black).
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Appendix 4. Continued 6/7.

ANAL. DEPOSIT/ MINERALIZATION TYPE/ ANALYSED ANALYSED LEAD ISOTOPE RATIOS

NO. SAMPLE ORE MINERALS HOST ROCK FRACTION MINERAL *Pp* 206/204 207/204  208/204 207/206  208/206
66a HL-R388/22.7-22.8 magn brecciate py metased/ab-ch-qtz rock fr.nm.1.4A PY - 66.087 21.647 82.316 0.3860 1.4676
66b HL-R388/22.7-22.8 magn brecciate py metased/ab-ch-qtz rock hand magnet MAGN (bulk) Ib 73.168 24.219 103.48 0.3310 1.4143
70A-le HL-R388/23.7-23.8 metased/ab-ch-qtz rock acid leach LE - 291.04 39.383 66.496 0.1363 0.2260
70B-le HL-R388/23.7-23.8 metased/ab-ch-qtz rock acid leach LE - 664.43 62.636 93.136 0.1108 0.1660
70B-wr HL-R388/23.7-23.8 metased/ab-ch-qtz rock total dissolution WR - 360.67 47.438 62.172 0.1316 0.1724
120## HL-R388/41.2-41.3 diss/stripes/py,magn metased/ab-se-qtz rock  fr.nm.1.4A PY Ilb 807.96 104.42 43.268 0.1292 0.0636
216 HL-R388/41.2-41.3 diss/stripes/py,magn metased/ab-se-qtz rock  fr.nm.1.4A PY - 1043.9 131.40 46.066 0.1269 0.0432
64##-le HL-R388/67.9-68.0 metased/ab-ch-qtz rock acid leach LE b 461.79 66.299 466.40 0.1446 1.0301
64-wr HL-R388/67.9-68.0 metased/ab-ch-qtz rock total dissolution WR - 640.84 72.149 394.76 0.1334 0.7299
68## HL-R388/66.8-66.9 magn brecciate po metased/ab-se-qtz rock  fr.nrm.1.4A PO db 2893.2 343.77 64.412 0.1188 0.0188
216-ic  HL-R388/66.8-66.9 magn brecciate po metased/ab-se-qtz rock  fr.nm.1.4A PO db 16661 1746.8 138.36 0.1123 0.0089
107 HL-R388/71.0-71.1 sulf-crb vein/py metased/ab-se-qtz rock  fr.nm.1.4A; coarse PY - 108.01 28.003 47,072 0.2693 0.4368
131## HL-R388/71.0-71.1 sulf-crb vein/py metased/ab-se-qtz rock  fr.m.1.4A; fine PY lib 109.10 27.610 43.660 0.2622 0.4002
106 HL-R388/71.0-71.1 sulf-crb vein/py metased/ab-se-qtz rock d<3.3 CRB(inclusions) - 31.816 17.694 37.414 0.6630 1.1760
142 HL-R388/71.0-71.1 sulf-crb vein/py metased/ab-se-qtz rock  fr.m.1.4A CRB - 26.731 16.869 36.672 0.6662 1.4262
103## MA-R332/179.6 magn brecciate po metased?/chl-amph rock hand magnet MAGN (bulk) b 130.32 27.667 44.387 0.2116 0.3406
104 MA-R332/179.6 magn brecciate po metased?/chl-amph rock  fr.m.0.6A PO lib 166.46 32.066 47.348 0.1926 0.2846
106 MA-R332/179.6 magn brecciate po metased?/ch-amph rock fr.nm.0.6A CP b 96.764 26.106 47.606 0.2698 0.4920
176-le BV-N16P/20.2-20.3 metadiabase acid leach LE - 28.093 16.861 43.192 0.6002 1.6376
176-wr BV-N16P/20.2-20.3 metadiabase total dissolution WR - 32.063 1717 42.613 0.6366 1.3291
146## BV-N20E/197.6-197.6 diss/stripes/cp,po mtuf?/ab-crb rock fr.m.1.4A ;-200 cpP b 43.168 18.401 42687 0.4264 0.9868
147 BV-N20E/197.6-197.6 diss/stripes/cp,po mtuf?/ab-crb rock fr.am.1.4A; + 200 PY,CP db 46.813 19.007 42697 0.4060 0.9099
166## BV-N20E/203.6-203.6  diss/stripes/cp,po mtuf?/ab-crb rock fr.am.1.4A; + 200 PY db 32.263 17.632 46.373 0.6434 1.4373
167 BV-N20E/203.6-203.6 diss/stripes/cp,po mtuf?/ab-crb rock fr.m.1.4A; -200 cpP b 28.721 16.996 44.326 0.6917 1.6433
168 BV-N20E/203.6-203.6 diss/stripes/cp,po mtuf?/ab-crb rock fr.m.1.4A; +200 cpP b 28.343 16.921 44.027 0.6970 1.6634
146 BV-N20E/213.2-213.3  diss/py,magn metadiabase fr.nm.0.6A PY lib 34.980 17.666 48.406 0.6060 1.3838
160b BV-N96F/2.1-2.20 sulf-crb vein/py mtuf?/ab-crb rock d<3.3; acid leach CRB - 46.826 19.636 46.030 0.4286 0.9826
161A  BV-N96F/2.1-2.20 sulf-crb vein/py mtuf?/ab-crb rock fr.nm.0.3A PY - 72.032 23.067 63.474 0.3201 0.7424
161B BV-N96F/2.1-2.20 sulf-crb vein/py mtuf?/ab-crb rock fr.nm.0.3A PY - 72.702 23.114 63.672 0.3179 0.7369
162 BV-N96F/7.0-7.10 diss/stripes/py mtuf?/ab-crb rock fr.nm.1.4A PY - 113.94 27.977 77.601 0.2466 0.6802
167a BV-N96F/14.1-14.2 sulf-crb breccia/po,cp mtuf?/ab-crb rock d<3.3; acid leach CRB - 36.069 12.237 42.388 0.6069 1.2091
167b BV-N96F/14.1-14.2 sulf-crb breccia/po,cp mtuf?/ab-crb rock d<3.3; acid leach CRB - 32.827 17.637 41.491 0.6373 1.2639
169 BV-N96F/14.1-14.2 sulf-crb breccia/po,cp mtuf?/ab-crb rock fr.nom.1.4A ;-200 PY db 49.316 19.634 46.366 0.3961 0.9197

BV =Bidjovagge; HL =Hangaslampi; KU =Kuotko; LAM =Lammasvuoma; MA =Meurastuksenaho; PV =Pahtavaara; PVU =Pahtavuoma; SK = Suurikuusikko; SP(A,B,C) = Saattopora gold ore/ A-, B-, C-ores;
SP-Cu=Saattopora Cu-mineralization; SV = Soretiavuoma; diss =dissemination; ab = albite; amph = amphibole; bar =barite; bt =biotite; ch=chlorite; crb = carbonate; qtz =quartz; se =sericite; sulf = sulfide;
tic =talc; tour =tourmaline; tre =tremolite; ASPY = arsenopyrite; CP =chalcopyrite; GA =galena; LE = acid leach of whole rock powder; MAGN =magnetite; PO = pyrrhotite; PY =pyrite; WR = total dissolution
di tary; umr =ultramafic rock; d =density; fr.nm/fr.m.=non magnetic/magnetic fraction with a specific
current; +200,-100 =size fractions; Pb* =the colour of the anode precipitation (-=colourless, IIb=brownish, Ib=light brown, b=brown, db=dark brown, bl =black).

of whole rock powder; graph-schist =graphite-rich schist; mtuf =mafic tuffite; m

A

[8€ una[ng ‘puejurj jo KoAIng [ea150[0an)



Appendix 4. Continued 7/7.

ANAL. DEPOSIT/ MINERALIZATION TYPE/ ANALYSED ANALYSED LEAD ISOTOPE RATIOS

NO. SAMPLE ORE MINERALS HOST ROCK FRACTION MINERAL *Pb* 206/204 207/204  208/204  207/206  208/206
170## BV-N96F/14.1-14.2 sulf-crb breccia/po,cp mtuf?/ab-crb rock fr.om.1.4A; + 100 PY(cp) db 46.770 19.228 46.041 0.4111 0.9630
177-le BV-N96F721.8-21.8 mtuf?/ab-crb rock acid leach LE - 340.66 39.662 169.24 0.1164 0.4968
177-wr BV-N96F721.8-21.9 mtuf?/ab-crb rock total dissolution WR - 264.41 33.199 128.02 0.1306 0.6032
166 BV-N96F/46.3-46.4 sulf-crb vein/po,cp mtuf?/ab-crb rock fr.m.1.4A ; + 200 CP(py) - 188.93 34.720 90.309 0.1838 0.4780
166 BV-N9BF/46.3-46.4 sulf-crb vein/po,cp mtuf?/ab-crb rock fr.om.1.4A PY - 100.08 26.620 63.616 0.2660 0.6367
168a BV-N96F/46.7-46.8 sulf-crb vein/cp mtuf?/ab-crb rock d<3.3 CRB - 37.184 18.082 42.716 0.4863 1.1487
168b BV-N96F/46.7-46.8 sulf-crb vein/cp mtuf?/ab-crb rock d<3. CRB - 34.648 18.062 41.688 0.6213 1.2003
148## BV-NO6F/46.7-46.8 sulf-crb vein/cp mtuf?/ab-crb rock fr.m.1.4A; +100 cP b-db 36.443 17.863 43.211 0.6037 1.2182
149 BV-N96F/46.7-46.8 sulf-crb vein/cp mtuf?/ab-crb rock fr.nm.1.4A; + 100 PY (porous) db 36.601 17.867 43.269 0.6016 1.2164
160 BV-N96F/69.4-69.6 sulf-crb-tre lens/py mtuf?/ab-crb-tre rock fr.nm.1.4A; +200 PY Iib 780.83 111.98 362.07 0.1434 0.4637
163 BV-S164B/81.4-81.6 sulf networks/po mtuf?/ab-crb rock fr.om.1.4A PY - 48.936 18.966 43.721 0.3874 0.8934
181 BV-S164B/81.4-81.6 sulf networks/po mtuf?/ab-crb rock hand magnet PO(bulk) Ib 33.896 17.622 43.361 0.6169 1.2792
171 BV-S164B/96.2-96.3 sulf-qtz-crb breccia/po,cp black schist d>4.0 CPlpy) Ib 28.394 16.826 42.782 0.6926 1.6067
182## BV-S164B/96.2-96.3 sulf-qtz-crb breccia/po,cp black schist hand magnet PO(bulk) b 27.123 16.812 42.446 0.6198 1.6649
161## BV-S164B/96.3-96.4 sulf-crb vein/po,cp,py black schist/ab-crb rock fr.m.1.4A; -200 CcP Ib-b 26.399 16.660 42.191 0.6307 1.6982
162## BV-S164B/96.3-96.4 sulf-crb vein/po,cp,py black schist/ab-crb rock fr.em.1.4A PY,CP Iib 26.917 16.724 42.206 0.6213 1.6679
183 BV-S164B/96.3-96.4 sulf-crb vein/po,cp,py black schist/ab-crb rock hand magnet PO(bulk) b 26.328 16.726 42.083 0.6363 1.6984
163## BV-S164B/102.4-102.6 diss/cp,po metadiabase d>4.2; -200 CPlacid leach) Ib-b 30.031 17.267 47.190 0.6746 1.6714
164a BV-S164B/102.4-102.6 diss/cp,po metadiabase fr.nm.1.4A; + 200 CPlacid leach) Ib 30.166 17.261 47.397 0.6722 1.6712
164b BV-S164B/102.4-102.6  diss/cp,po metadiabase ‘d>4.0; fr.am.1.4A PY (acid leach) - 28.012 16.813 46.381 0.6038 1.6667
184 BV-S164B/102.4-102.6  diss/cp,po metadiabase hand magnet PO(bulk) - 27.416 16.828 44.983 0.6138 1.6408
186-ic BV-S164B/102.4-102.6 diss/cp,po metadiabase d>4.2; -100 RUTILE 143.74 28.171 67.476 0.1960 0.4694
169a BV-S164B/124.6-124.7 sulf-crb vein/po,cp,py black schist d<3.3; acid leach CRB - 40.489 18.469 46.483 0.4569 1.1234
169b BV-S164B/124.6-124.7 sulf-crb vein/po,cp,py black schist d<3.3 CRB - 43.624 18.896 41.983 0.4341 0.9646
172 BV-S164B/124.6-124.7  sulf-crb vein/po,cp,py black schist fr.om.1.4A ;-200 PY db 48.699 19.726 63.721 0.4060 1.1031
173 BV-S164B/124.6-124.7  sulf-crb vein/po,cp,py black schist fr.nm.1.4A; + 200 PY (dull) db-bl 46.646 19.464 62.776 0.4171 1.1314
174#% BV-S164B/124.6-124.7 sulf-crb vein/po,cp,py black schist fr.m.1.4A; -100 cP b 40.132 18.674 49.692 0.4628 1.2382
176 BV-S164B/124.6-124.7 sulf-crb vein/po,cp,py black schist fr.m.1.4A; + 100 CPlpy) b 39.863 18.616 49.627 0.4646 1.2424
186 BV-S164B/124.6-124.7 sulf-crb vein/po,cp,py black schist hand magnet PO(bulk) lib 37.428 18.202 48.386 0.4863 1.2927
178-le BV-S164B/139.8-139.9 black schist acid leach LE & 31.886 17.198 64.146 0.6394 1.6982
178-wr BV-S164B/139.8-139.9 black schist total dissolution WR - 33.909 17.404 66.660 0.6133 1.6706
179-le BV-S164B/143.0-143.1 black schist acid leach LE - 30.276 16.908 61.162 0.6684 1.6898
179-wr BV-S164B/143.0-143.1 black schist total dissolution WR = 33.120 17.146 62.661 0.6177 1.6897
164 BV-S164B/149.8-149.9  sulf-qtz/stripes/py black schist fr.m.0.3A PY (dull) db 36.893 18.349 67.416 0.4974 1.6663
208A## BV-S186B/108.7-108.8 sulf-crb vein/py,po,cp mtuf?/ab-crb rock GA 21.791 16.126 41.394 0.7400 1.8996
208B## BV-S186B/108.7-108.8 sulf-crb vein/py,po,cp mtuf?/ab-crb rock GA 21.801 16.116 41.416 0.7392 1.8997

BV =Bidjovagge; HL =Hangaslampi; KU =Kuotko; LAM =Lammasvuoma; MA = Meurastuksenaho; PV =Pahtavaara; PVU =Pahtavuoma; SK = Suurikuusikko; SP(A,B,C) = Saattopora gold ore/ A-, B-, C-ores;
SP-Cu=Saattopora Cu-mineralization; SV = Soretiavuoma; diss = dissemination; ab = albite; amph = amphibole; bar = barite; bt = biotite; ch=chlorite; crb=carbonate; qtz =quartz; se =sericite; sulf =sulfide;
tlc = talc; tour =tourmaline; tre =tremolite; ASPY = arsenopyrite; CP =chalcopyrite; GA =galena; LE =acid leach of whole rock powder; MAGN = magnetite; PO = pyrrhotite; PY = pyrite; WR =total dissolution
of whole rock powder; graph-schist =graphite-rich schist; mtuf =mafic tuffite; metased = metasedimentary; umr = ultramafic rock; d =density; fr.nm/fr.m.=non magnetic/magnetic fraction with a specific
current; +200,-100 =size fractions; Pb* =the colour of the anode precipitation (- = colourless, llb=brownish, |b=light brown, b=brown, db =dark brown, bl =black).
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Appendix 5. Descripitions of sulfide and wall rock samples.

STRATABOUND COPPER DEPOSITS

EIM-91-6-PAHTAVUOMA, Kittild:
Sulfide and wall rock sample from a phyllite/black schist with ilmenite(£magnetite) dissemination. Chalco-
pyrite and arsenopyrite occur in fissures.

G202-HORMAKUMPU/R387/50.40, Kittili:
Galena sample from a brecciated sericitic schist, with pyrite, chalcopyrite, and galena.

G127-ALAKYLA, Kittili:
Galena sample from a schist brecciated by chalcopyrite, pyrite, and galena.

G178-RIIKONKOSKI, Kittila:
Galena sample from a sericitic schist brecciated by pyrrhotite and galena.

G228-RIIKONKOSKI/R349/72.10-72.20, Kittili:
Galena sample from a carbonate vein cutting a black schist.

GOLD DEPOSITS
SORETIAVUOMA, Kittild

R307/48.45-48.50:

Sulfide sample from a chalcopyrite rich quartz-carbonate vein. Quartz is coarse grained and invariably
shows undulose extinction. Quartz mosaic occurs locally as overgrowths at the grain boundaries. Chalcopy-
rite has been at least partially mobilized into the microfractures. Accessory minerals are: albite, tourmaline,
arsenopyrite, galena and locally, violarized Ni-sulfide(?).

R307/48.70-48.75:
Sulfide sample from an albite-carbonate-chlorite rock. Microfractured subhedral pyrites have commonly
crystallized on the irregularly oriented chlorite veins and zones.

R307/55.35-55.45:
Wall rock sample from a fine grained carbonate-chlorite-talc rock (ultramafic volcanic rock) with coarser
carbonate spots.

KUOTKO, Kittild

R305/7.95:

Sulfide sample from a slightly cataclastic quartz-sulfide-carbonate vein. Pyrrhotite and chalcopyrite occur
around coarse grained arsenopyrite. Three types of quartz are present: undeformed bright grains, over-
growths with undulose extinction, and granoblastic mosaics between the boundaries of the sulfide and
carbonate grains. Carbonate is coarse grained and shows undulose extinction.

R443/18.60-19.60:
Sulfide sample from an ankerite-vein rich in gold, pyrite and arsenopyrite. Cross-cutting relations indicate
that this vein is the latest in the area (Hidrkonen, oral com. 1991).

R436/21.35-21.45:
Wall rock sample from a carbonate-sericite-chlorite schist with thin quartz-carbonate veinlets and shear
zones containing carbonate. Disseminated opaques are aligned parallel to the direction of schistosity.

R436/42.20-42.30:

Sulfide sample from a carbonate-sulfide breccia in which partially pyritized pyrrhotite brecciates carbonate.
The host-rock is extremely fine grained chlorite-sericite-carbonate-albite rock. A carbonate-filled fracture
cuts the breccia.
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R436/73.40-73.50:
Wall rock sample from a fine grained (biotite)-chlorite-sericite-albite rock with coarse carbonate spots and
weakly discernible plagioclase phenocrysts.

R436/76.30-76.40:
Wall rock sample, which is macroscopically analogous with the preceding sample.

R436/76.40-76.50:

Sulfide sample from a quartz-carbonate vein/breccia with coarse microfractured pyrite cubes, idiomorphic
arsenopyrite, minor chalcopyrite, and relicts of idiomorphic coarse magnetite grains. Carbonate brecciates
quartz, and both minerals show undulose extinction. Macroscopically, galena occurs as a thin seam.

R436/86.30-86.40:

Sulfide sample from a compact pyrrhotite vein. The wall rock is extremely fine grained albite-quartz-sericite
schist. Some quartz veinlets older than the sulfide vein cut the rock. Pyrrhotite has locally altered to
marcasite.

R436/87.85-87.96:

Sulfide sample from a coarse grained quartz-pyrite vein cutting the fine grained carbonate-albite-quartz-
chlorite-sericite rock. The vein quartz shows undulose extinction and quartz overgrowths sometimes occur
at grain boundaries. The schist contains disseminated ilmenite.

A1168-Kuotko (R308/22.50-22.80) + composite sample (R308 and R311):

Lamprophyre sample was initially delivered to GSF for U-Pb-dating, but apatite was not sufficiently
radiogenic. The lamprophyre consists of subhedral phlogopite laths (flow-structure) in a fine grained
groundmass. Idiomorphic pyrite has also been separated from the lamprophyre.

A1262-Kuotko:

Host-rock and sulfide sample from a felsic porphyry. The zircons were heterogeneous and the fraction sizes
were too small for U-Pb dating. Lead isotope analysis was done from the acid-leach arsenopyrite-pyrite
fraction. In thin section, the relationship between the sulfides (dissemination/vein?) and the host-rock was
not discernible. The porphyry consists of sub-euhedral plagioclase laths in a fine grained groundmass with
carbonate, sericite, and albite.

SUURIKUUSIKKO AND KIISTALA, Kittild

R434/65.80:
Sulfide sample from a carbonate vein with arsenopyrite and pyrite.

R434/80.55-80.80:
Sulfide sample from a breccia with arsenopyrite and pyrite.

G347-Kiistala:

Galena sample from the Vuomajirvi galena- and arsenopyrite-rich vein. Visible gold has been recorded from
the galena and vein carbonate. The wall rocks are graphite bearing schist and chlorite rich tuffite with
intermediate lava intercalations.

PAHTAVAARA, Sodankyld

R508/87.30:
Sulfide sample from a fine grained amphibole-chlorite-carbonate schist with disseminated magnetite. Pyrite
occurs mainly in felsic veins (albite, carbonate, quartz) which brecciate the wall rock.

R508/96.40-96.50:

Wall rock sample from a biotite-talc-carbonate schist (initially ultramafic volcanic rock). Subhedral biotite
laths can be distinguished from the groundmass. Accessory minerals are cubic opaque (magnetite), zoisite,
and zircon in biotite.

R508/111.55-111.70:

Sulfide sample from a coarse grained carbonate-tremolite rock with pyrite. Pyrite contains some carbonate
and tremolite inclusions. A carbonate-filled fracture surrounded by abundant magnetite disseminations, cuts
the rock.
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R508/111.90:

Sulfide sample from a coarse grained amphibole-carbonate-chlorite rock with some disseminated pyrite and
magnetite.

R508/117.30:
Sulfide sample from a fine grained magnetite-disseminated biotite-chlorite schist with a coarse grained talc-
carbonate lens. Pyrite occurs in the felsic part.

R508/124.00-124.10:
Wall rock sample from a fine grained chlorite-talc-carbonate rock with coarser flow-structured amphibole
laths and disseminated magnetite.

R509/110.90:
Sulfide sample from a coarse grained talc-carbonate-barite vein with abudant magnetite and minor pyrite.

4A:
Sulfide sample from a coarse grained amphibole rock with some spherulitic amphiboles and several pyrite
grains.

EIM-91-1:
Wall rock sample from a chlorite-talc-amphibole rock, representing a moderately altered metakomatiite with
macroscopically observable pillow lava structures.

LAMMASVUOMA, Kittild

LAM-3/45.00-45.10:

Sulfide sample from a biotite-chlorite-albite-quartz schist comprising a granoblastic grain mass with bands
rich in biotite and chlorite. Pyrite occurs partly as dissemination networks that are schistosity-controlled
and partly as breccias. Tourmaline is an accessory mineral, and ilmenite and rutile (ilmenite=>rutile?) tend
to be restricted to certain bands.

LAM-3/45.80-45.90:
Wall rock sample from a strongly carbonatized and sheared albite-carbonate rock with fine grained sericitic
intercalations. Carbonate surrounds albite laths and replaces the transecting shear zones.

SAATTOPORA, Kittilid

A1205 (hand specimen/A-ore):

Sulfide sample from a sulfide-carbonate-quartz vein cutting albitic felsite (albite-carbonate-quartz schist/
rock). Chalcopyrite brecciates carbonate and sometimes occurs as a grain mosaic at the margins of the
coarse subhedral pyrrhotites. A broken chalcopyrite-filled fracture cuts the vein.

A-ore; R257/61.40-61.45:

Sulfide sample from a sulfide-carbonate vein in which sulfides brecciate carbonate. Chalcopyrite occurs
as small separate grains and, like pentlandite, as inclusions in pyrrhotite. Gold occurs in pyrrhotite, in
carbonate, and at thucolite grain boundaries. A younger carbonate filled fracture has formed inside the vein.

A-ore; R257/70.60-70.70:

Wall rock sample from a strongly sheared and carbonatized rock in which the albite laths occur in the
carbonate groundmass. Additional minerals are apatite and opaques. The rock is cut by thin carbonate
veinlets.

A-ore; R257/74.60-74.70:

Sulfide sample from an albite-rich and tourmaline-bearing, sheared fine grained albite-carbonate schist.
Pyrrhotite-tourmaline breccias, older quartz veins, and pyrrhotitetchalcopyrite veins cut the schist. Mar-
casite is an alteration product after pyrrhotite. Accessory minerals are ilmenite and rutile.

A-ore; R257/82.20-82.30:

Sulfide sample from a quartz-sulfide(-albite-tourmaline-scheelite) vein cutting schistose and extremely fine
grained albite-quartz-tourmaline rock. In the vein pyrrhotite and chalcopyrite occur between coarse quartz
grains with undulose extinction. The gold in the sample is associated with chalcopyrite.
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A-ore; EIM-91-2:
A vein carbonate sample.

B-ore; R208/109.10-109.15:

Wall rock sample from a fine to medium grained and schistose albite-carbonate schist, in which the fine
grained carbonate surrounds albite laths or is confined to certain layers. The quartz is also related to certain
layers. Additional minerals are tourmaline and oxides. A carbonate filled fracture cuts the rock.

B-ore; R208/112.65-112.70:

Wall rock sample from a quartz-albite-carbonate-tourmaline schist. The rock is fine grained but contains
coarse grained flattened quartz-albite domains and carbonate spots. It is cut by quartz-albite veinlets, which
in turn are cut by fine grained tourmaline veinlets. Accessory minerals are apatite, biotite, and opaques.

B-ore; R208/120.80-120.90:

Wall rock sample from a fine grained quartz-albite-carbonate-tourmaline schist. Fine albite-quartz-tourma-
linetbiotitexchlorite groundmass surrounds the coarser carbonate grains. Opaques with carbonate and
chlorite form poorly preserved relicts after some minerals or rock fragments. Tourmaline is usually present
in thin laminae.

B-ore; R208/124.45-124.55:

Sulfide sample from a carbonate-sulfide(-quartz) vein. The vein pyrite and pyrrhotite locally brecciate
carbonate. Some sulfides occur poikilitically in quartz-albite-carbonate mass. Pyrite is found as inclusions
in pyrrhotite or as separate medium to coarse sub-euhedral grains. The wall rock is banded schist with
diffuse irregular rock fragments and abundant tourmaline and lesser biotite, chlorite, and albite. Several
gold grains were found in the sulfide separates.

C-ore; EIM-91-3:

Sulfide and wall rock sample from the C-ore. The wall rock consists of albite laths, quartz, and carbonate
with variable grain sizes. The coarse grained carbonate-albite portions traverse the wall rock with irregular
contacts. Sulfides, mainly arsenopyrite with chalcopyrite and pyrrhotite inclusions, occur as patchy disse-
minations. Ilmenite is the major oxide mineral. In thin section, one gold grain was found within an
arsenopyrite grain.

G443-concentrate:

Main minerals: pyrrhotite, chalcopyrite, pyrite, and rutile.

Accessories: monazite, ilmenite, scheelite, Fe-Co-Ni-sulfarsenides, pentlandite, cobaltite, tellurides, and
gold.

Cu-mineralization; EIM-91-4:

Sulfide and wall rock sample from a mineralized, slightly carbonatized, fine to medium grained, albite-
quartz schist. Coarser grained irregular quartz-carbonate-albite-chalcopyrite veinlets with some tourmaline
occur in the schist, and are cut by coarse grained carbonate veins. Accessory minerals are pyrite, pyrrhotite,
marcasite (an alteration product of pyrrhotite), thucolite, rutile, and ilmenite.

Cu-mineralization; EIM-91-5:
Sulfide and wall rock sample from the Cu-mineralization hosted by black schist/phyllite. The major sulfide
minerals are pyrite, chalcopyrite, and arsenopyrite.

HANGASLAMPI, Kuusamo

R388/22.75-22.80:
Sulfide sample from pyrite, which occurs as poikilitic inclusions in a magnetite groundmass with some
chlorite and biotite flakes.

R388/23.75-23.85:
Wall rock sample from a granoblastic (albite-)quartz rock, which is brecciated by chlorite veinlets.

R388/41.20-41.30:

Sulfide sample from a schistose and banded sericite-quartzite, which is brecciated by some irregular and
diffuse quartz veinlets. Pyrite, occasionally with magnetite inclusions, forms a pronounced dissemination
associated with bands cutting the graded bedding. Magnetite with ilmenite lamellae is concentrated in
certain layers, and in addition ilmenite occurs as separate grains.
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R388/57.90-57.95:

Wall rock sample from a schistose granoblastic (albite-)chlorite-quartz rock with carbonate grain-accumu-
lations. )

R388/66.85-66.90:

Sulfid_e sample from a compact magnetite-pyrrhotite rock. Pyrrhotite occurs poikilitically in magnetite and
some inclusions of quartz and carbonate occur in both.

R388/71.05-71.10:
Sulfide sample from idiomorphic coarse grained pyrite in a carbonate vein. Sheared fine grained carbonate
and quartz grains with undulose extinction occur at the margins of the coarse carbonate grains.

MEURASTUKSENAHO, Kuusamo

R332/179.60:

Sulfide sample from a compact magnetite-pyrrhotite-chalcopyrite rock containing some carbonate and
chlorite.

BIDJOVAGGE, Finnmark, northern Norway

N95F/2.10-2.20:

Sulfide sample from a coarse grained carbonate vein/rock with pyrite spots hosted by albite-carbonate
schist.

N95F/7.00-7.10:
Sulfide sample from a schistose albite-carbonate rock, which is cut by some carbonate veins and quartz
veinlets. Pyrite occurs as flattened grains parallel to the direction of schistosity.

NO9SF/14.10-14.20:

Sulfide sample from an albite-carbonate rock brecciated or replaced by some irregularly bordered carbon-
ate-sulfide veinlets. In the albite-carbonate rock, the sulfides are aligned parallel to the direction of
schistosity. The main sulfide mineral is pyrrhotite. The minor sulfides consist of chalcopyrite, which occurs
either in microfractures or at pyrrhotite grain boundaries, and pyrite cubes. Ilmenite is disseminated
throughout the rock.

NO5F/21.80-21.90:
Wall rock sample from a sulfide deficient albite-carbonate rock.

NO5F/45.30-45.40:

Sulfide sample from a carbonate vein containing pyrrhotite, chalcopyrite, and rutile, and which cuts the
metadiabase. High Au-contents have been obtained from this drill-core section (Lamberg & Toikkanen
1991).

NO95F/46.70-46.80:
Sulfide sample from a chalcopyrite-rich carbonate vein cutting the metadiabase. Mackinawite occurs inside
the chalcopyrite. This drill-core section is rich in copper (Lamberg & Toikkanen 1991).

N95F/59.45-59.55:
Sulfide sample from a sulfide-carbonate-tremolite part or vein in albite-carbonate schist. This skarn type
also contains pyrite, titanite, and minor tourmaline.

S186B/108.70-108.80: ‘ 4
Galena sample from a carbonate vein. The vein sulfides are pyrrhotite, pyrite, and chalcopyrite. Minor
secondary pyrite occurs in carbonate as thin veinlets, diffuse and irregular spots, and idiomorphic grains.

S154B/81.40-81.50: )
Sulfide sample from a metadiabase with “network-like” disseminated pyrrhotite.

S154B/96.25-96.30:
Sulfide sample from a black schist in contact with a carbonate vein. In the schist the pyrrhotite occurs as
thin veinlets or thicker patches. The cross-cutting fractures are filled with carbonate and/or chalcopyrite.
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S154B/96.35-96.40: _ _ '
Sulfide sample from a carbonate vein in contact with black schist. Pyrrhotite dominates, with minor
chalcopyrite and pyrite also occuring in the vein.

S154B/102.45-102.55:

Sulfide sample from a metadiabase with chalcopyrite and pyrrhotite. High Au-contents have been obtained
from this drill-core section (Lamberg & Toikkanen 1991). In thin section one chalcopyrite-hosted Au-grain
was found. The sample also contains abudant ilmenite and rutile.

S154B/124.65-124.75:
Sulfide sample from a black schist, cut by a sulfide-carbonate vein containing pyrrhotite, chalcopyrite, and
pyrite. Some of the pyrite has grown over the carbonates. The vein is cut by a thin carbonate-pyrite veinlet.

S154B/139.80-139.90:
Wall rock sample from a sulfide-poor black schist.

S154B/143.00-143.10:
Wall rock sample from a sulfide-poor black schist. Compared with the preceding sample this contains more
graphite.

S154B/149.80-149.90:
Sulfide sample from a sheared black schist, in which pyrite is associated with sharply folded quartz rich
layers. The schist contains diffuse chlorite-rich fragments.

N20E/197.50-197.65:

Sulfide sample from a graded albite-carbonate rock. Chalcopyrite occurs as flattened grains parallel to the
schistosy direction. High Au-, U-, Pb- and Cu-contents have been obtained from this drill-core section
(Lamberg & Toikkanen 1991). In thin section, one pyrrhotite-hosted Au-grain was found.

N20E/203.55-203.60:

Sulfide sample from a graded and folded albite-carbonate rock. The sulfides, mainly chalcopyrite, are mostly
associated with the coarse grained quartz layers containing plagioclase laths. High Au-contents have been
reported from this drill-core section (Lamberg & Toikkanen 1991).

N20E/213.25-213.35:
Sulfide sample from sub- to euhedral pyrite in a magnetite-disseminated metadiabase.

N15P/20.20-20.30:
Wall rock sample from a slightly altered metadiabase.
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Appendix 6. Lead isotope data from the Porkonen-Pahtavaara iron fromation, Kittild (A590, A591), and from
the Toto-Oja volcanics, Kittild (A874).

ANAL. DRILL CORE LEAD ISOTOPE RATIOS
NO. DEPTH (m) ROCK TYPE 206/204 207/204 208/204

PORKONEN-PAHTAVAARA, Kittila"

A590* (Fig. 1)

A R1/22.80 greenstone 29.423 16.944 37.868
B R1/22.80 banded greenstone 59.431 19.600 46.193
€ R1/102.50 sulphide rich schist 17.036 15.446 35.032
D R1/140.80 sulphide rich schist 31.311 16.870 39.159
E R1/150.00 jasper, siderite 37.790 17.514 38.326
F R1/169.30 brecciated greenstone 25.001 16.357 37.070
G R1/170.30 magnetite breccia 20.554 15.825 35.868
H R1 siderite rich schist 58.032 19.421 52.812
| R1 banded tuffite 68.583 21.115 58.439
K R1 greenstone 53.078 19.303 67.245
A591** (Fig. 2)

A R2/8.50 greenstone 46.035 18.540 73.268
B R2/15.50 tuffite 59.621 19.649 46.254
& R2/17.60 jaspilite( + siderite) 20.392 15.768 35.627
D R2/20.50 sulphide rich schist 42.845 17.611 38.039
E R2/149.70  greenstone, jaspilite 61.056 19.646 49.537
F R2/207.80  sulphide rich schist 19.918 15.844 35.344
G R2/212.60  sulphide rich schist 21.532 16.024 35.738
H R2/212.60 jaspilite 21.412 15.847 35.327
| R2/297.00 sulphide rich schist (CP) 28.587 16.593 36.821

TOTO-0JA, Kittila?

A874*** (Fig. 3)

A R3/9.80 felsic volcanic rock (biotite) 57.357 19.432 69.219
B R3/16.30 tuffitic band/felsic volcanic rock 39.014 17.721 44.769
C R3/21.50 porphyritic felsic volcanic rock  74.047 21.135 80.141
D R3/28.55 tuffite 36.873 17.543 41.044
E R3/58.90 porphyritic felsic volcanic rock  62.333 19.907 80.417
F R3/65.90 porphyritic felsic volcanic rock  93.990 23.014 107.78
G R3/79.80 felsic volcanic rock 90.173 22.913 109.36
H R3/83.20 felsic volcanic rock 51.605 19.566 135.45

Y Source of samples: Pentti Rastas, GSF. Analyses: Matti Sakko, GSF.
*) R1: x=7517.94, y=446.46; **) R2: x=7517.95, y=446.40;

2 gource of samples: Rautaruukki Oy. Analyses: Matti Sakko, GSF.
***) R3: x=7507.28, y=524.93
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Appendix 6. Continued.
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