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Loukola-Ruskeeniemi, K. 1992. Gwchemistry of Proterozoic metamor- 
phosed black shales in eastern Finland, with implications for exploration 
and environmental studies. Academic dissertation. University of Helsinki, 
Finland. 

The geochemistry of Early Proterozoic metamorphosed black shales 
(black schists, C,, > 1% and S > 1%) in Kainuu and Outokumpu was 
studied by analysing more than one thousand drill core samples for 
carbon, sulphur and 25-50 other elements. 

Remnants of ophiolites 1.97-1.96 Ga in age are encountered over a 
distance of some 250 km along the former rift zone in the 
Kainuu-Outokumpu area. Black schist formations from 20 to 400 m in 
thickness are associated with these ophiolitic rock assemblages and 
exhibit distinctive common features, such as consistently high median 
carbon contents around 7%. 

Black schist with fine-grained sulphur-rich laminae is a characteristic 
lithology within the Kainuu-Outokumpu rift basin sediments. In Kainuu, 
especially at  Talvivaara, black schists with Mn > 0.8% and Ni+Cu+Zn > 
0.8% are present, but these have not been encountered in the Outokumpu 
region. In the Outokumpu Cu-Co-Zn ore province, metasediments 
containing C,, > 1% and S > 1% can be classified into black schist. 
tremolite-bearing black schist. black diopsidetremolite rock and black 
cherty quartzite. 

The high carbon contents in the schists associated with the rift zone 
indicate effective primary organic production and good preservation of 
organic matter. Furthermore, high SIC ratios, elevated base metal, gold, 
silver and mercury contents, positive europium anomalies and high P S  
values at  Talvivaara for example. suggest hydrothermal influx. The 
mineralized black schists exhibit microscopic textures reminiscent of 
pyritized bacteria similar to those found near modern hydrothermal vents. 
The precursors to the Talvivaara sediments were metalliferous organic- 
rich muds deposited in rift basins associated with seafloor spreading. The 
hydrothermal processes operative during their deposition were similar to 
those encountered in recent ocean ridge environments. 

The Talvivaara deposit in Kainuu contains 300 Mt of black schist 
averaging 0.26% Ni, 0.14% Cu and 0.53% Zn and is  so far the largest 
black shale -hosted Ni-Cu-Zn deposit by volume reported in the inter- 
national literature. In contrast, the recently exhausted Outokumpu and 
Vuonos Cu-Co-Zn deposits as well as Ni mineralizations are mostly 
hosted by cherty quartzite. 

The Outokumpu rock assemblage (serpentinite - calc-silicate rock - 
cherty quartzite - black schist) contains a black schist type not known to 
occur anywhere else in the Proterozoic of Finland: black schist with 
greenish grey tremolite-rich layers. Therefore, i t  is proposed that this rock 
type could be used as an additional new pathfinder in regional exploration 
for Outokumpu-type ores. 

The geochemical data obtained from the black schists also have ap- 
plications in environmental studies. The Talvivaara black schists contain 
1.7 ppm Hg on average and, through weathering, are probably responsible 
for the elevated Hg values of pike in the nearby lake. It is  recommended 
that bedrock gwchemical characteristics be taken into consideration in 
environmental studies. 
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PREFACE 

The thesis includes the following previously published papers: 

I Loukola-Ruskeeniemi, K., 1991. Geochemical evidence for the 
hydrothermal origin of sulphur, base metals and gold in Proterozoic 
metamorphosed black shales, Kainuu and Outokumpu areas, Finland. 
Mineralium Deposita 26, 152-164. 

I1 Loukola-Ruskeeniemi, K., Heino, T., Talvitie, J. & Vanne, J., 1991. 
Base-metal-rich metamorphosed black shales associated with Proterozoic 
ophiolites in the Kainuu schist belt, Finland: a genetic link with the 
Outokumpu rock assemblage. Mineralium Deposita 26, 143-15 1. 

I11 Loukola-Ruskeeniemi, K., GaB1, G. & Karppanen, T., 1992. 
Geochemical and structural characteristics of a sediment-hosted copper 
deposit at Hammaslahti, Finland: comparison with Besshi-type massive 
sulphide deposits. Proceedings of the 8th IAGOD Symposium, Ottawa, 
Canada, August 12-1 8, 1990 (in press). 

IV Loukola-Ruskeeniemi, K., 1990. Metalliferous black shales - a probable 
source of mercury in pike in lake Kolmisoppi, Sotkamo, Finland. Bulletin 
of the Geological Society of Finland 62, 167-175. 

The papers are referred to in the text by their Roman numerals. 

Publications I and I1 are concerned with black 
schist formations, which are associated with the 
remnants of 1.97-1.96 Ga ophiolites in the 
Kainuu and Outokumpu areas in eastern Finland. 
In paper I, geochemical characteristics of these 
black schists are described. Paper I1 proposes a 
genetic connection between base metal -rich 
black schists and ophiolites and lists the features 
that selected prospects from the Kainuu schist 
belt share with the Outokumpu ore deposits. 

The study of the Hammaslahti copper deposit 
presented in paper I11 provides data for black 
schists associated with a sediment-hosted mas- 
sive sulphide ore deposit, situated to the east of 
Outokumpu. 

Paper IV is an application of rock 
geochemistry to environmental studies. A 
positive correlation is proposed between mer- 
cury concentrations in fish and the abundance of 
mercury in the catchment area of a small lake at 
Sotkamo, eastern Finland, where extensive base 
metal -rich black schist formations with elevated 
mercury contents are encountered. 

In the following, a synopsis of papers I-IV is 
combined with more detailed discussions of 
background and genesis than that was possible 
in the original publications because of the space 
limitations. In addition, implications for 
exploration and environmental studies are sum- 
marized. 



G e x h d s t r y  of Pmtcmzoic metrmorpholed black M e r  in eastern Finland, 
with i m ~ a t i c m  for exploration and environmental studies 

INTRODUCTION 

Black shales were originally argillaceous 
sediments containing organic matter; typical 
recent deposition is encountered in the Black 
Sea. In a pilot study (Ruskeeniemi et al. 1986; 
Ruskeeniemi 1988, 1989), the chemical charac- 
teristics of metamorphosed black shales from 16 
localities in the Proterozoic of Finland were 
studied, in order to ascertain whether hydrother- 
mal activity is reflected in their chemical com- 
position, and, if so, whether particular element 
ratios could be used in exploration. The results 
were encouraging and therefore a detailed study 
was commenced in eastern Finland, where 
Outokumpu-type Cu--CO-Zn ore deposits and 
the Talvivaara black schist -hosted Ni-Cu-Zn 
deposit are located. 

The geochemistry of black schists associated 
with the Outokumpu ore deposits was compared 
with that of 15 prospects in the Outokumpu and 
Kainuu areas (Fig. 1, Table 1). Samples were 
analysed for carbon, sulphur and 25-50 other 
elements. For comparison, Proterozoic black 
schists from other parts of Finland were studied; 
for example, 60 samples were selected from the 
Vihanti Zn ore deposit in western Finland (Fig. 

1). A compendium of the total geochemical and 
petrographic data is under preparation (Loukola- 
Ruskeeniemi, in prep.). 

The initial purposes of the study were 1) to 
gather geochemical and petrographic data on 
Finnish Proterozoic black schists, 2) to compare 
the geochemistry and petrographic features of 
black schists associated with the Outokumpu ore 
deposits with those of black schists from 
prospects, and 3) to check if the geochemistry of 
black schists can be used for stratigraphic cor- 
relation in deformed terrain. During the course 
of the study, it became apparent that the present 
study is of general interest for a number of 
reasons. The study is focused on black schists 
associated with ophiolitic rock assemblages 
suggesting seafloor spreading. Mud deposited in 
the rift basins was rich in organic matter, in- 
dicating that life was already abundant in the 
Early Proterozoic. The black schist -hosted 
Ni-Cu-Zn deposit of Talvivaara is by volume 
the most extensive representative of this ore 
type so far described. During the course of the 
study, environmental applications also became 
apparent. 

Previous studies 

Early in this century, Laitakari (1925). 
Viyrynen (1927) and Eskola (1933) proposed 
that the Finnish Early Proterozoic graphite- 
bearing schists represented Precambrian 
analogues of recent bituminous muds. 
Rankama's (1948) pioneering carbon isotope 
6I3c studies in three localities, including the 
classical schists of the Tampere area (Sederholm 
1913), supported an organic origin for graphitic 
carbon. Recently recorded 6I3C (PDB) values for 
the black schists in Finland range from -16.08 to 
-30.73 (30 determinations by Juha Karhu at the 
Geological Survey, see Loukola-Ruskeeniemi 
1990), in agreement with the average isotopic 
composition of organic carbon in sedimentary 
rocks (e.g. Schidlowski 1987). These results 

support the view that black schists have their 
origin in argillaceous sediments containing 
organic matter (e.g. Holland 1984). 

Two extensive studies on Finnish Early 
Proterozoic graphite-bearing metasediments 
were published in 1960. Peltola (1960) studied 
black schists in the Outokumpu region, distin- 
guishing three types: argillaceous, calcareous 
and arenaceous. Marmo (1960) proposed that 
some ores could have had their origin in ad- 
jacent graphite-bearing schists. He suggested 
that black schist rich in some, but not all base 
metals could be a useful indicator in ore 
exploration, because a proportion of the other 
base metals would conversely have been 
transported to form an ore body in the vicinity. 
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Fig. 1. Geological setting of the Kainuu and Outokum- 
pu areas within the Fmnoscandian shield. 

Massive sulphide districts: I. Outokumpu; 11, Skellefte; 
III. Vihanti-Pyhlsalmi (Vih= Vihanti zinc ore deposit); 
IV. Aijala-Orijlwi; V, Bergslagm. 

Prospects in the Kainuu schist belt: 1. Puolanka. 2. 
Melalahti, 3, Jormua, 4, Talvivaan, 5, Alanen, 6, 
Pappilanmlki and Korpimiiki, 7. Ruukinsalo. Poi, 
Poikkijiiwi iron formation. 

Prospects in the Outokumpu district: 8. Losomiiki, 9, 
Miihkali, 10, Viurusuo. 11. Keretti mine. 12. Kaasila, 
13. Kalaton. 14. Vuonos mine. 15. Sukkulansalo, 16, 
Kylylahti. 17. Sola. 

For further information see Table 1. 

FENNOSCANDIAN SHIELD 

:. Massive sulphide 
'* districts I-E 

Transscandinavian Granite- 
Porphyry Belt 
Early Proterozoic rocks 

m Archaean Domain 

Pekkarinen (1979) investigated black schists 
in the Kiihtelysvaara area, southeast of the 
Outokumpu district, and Paakkola (1 97 1) 
described graphite-bearing tuffaceous schists in 
the Porkonen-Pahtavaara area in Lapland. 
Laajoki (e.g. Laajoki and Saikkonen 1979) has 
been studying metasediments in the northern 
part of the Kainuu schist belt. SarapM and Kuk- 
konen studied graphite-bearing rocks for pur- 
poses of graphite exploration (e.g. Kukkonen et 
al. 1985). 

Some chemical analyses of black schists were 
already available before the present study began. 
Peltola (1960, 1968). for example, presented 

chemical data for 18 black schist samples from 
the Outokumpu district. Lonka (1967) studied 
the trace element concentrations of Finnish 
Precambrian phyllites, including 13 black schist 
samples from the Hammaslahti area, southeast of 
Outokumpu. Ervamaa and Heino (1981), and 
Aho (1977) studied the black schist deposit at 
Talvivaara. Samples of drill core with an 
average length of 10 m were analysed for Cu, 
Zn, Ni, CO, Mn, S and C for the purpose of 
obtaining a reliable ore estimate. In addition, 
metalliferous black schists from other prospects 
of the Kainuu schist belt had been analysed for 
Cu, Zn, Ni and CO during exploration activites. 
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Table 1. Geological setting of prospects (Fig. 1); Prospect, map code in Fig. 1. n, number of black schist samples selected for 
the present study (avenge length 40 cm in drill core). 

Prarpect n Locality Geological aetting 
* metamorphic facies 

1 

2 

Poi 
3 

4 

Puolanka 

Melalahti 

Poikkijiirvi 
Jormua 

Talvivaara 

Alancn 

6 159 Pappilanmaki. Korpimiiki 
7 7 Ruukinsalo 
8 6 Losomiiki 
9 13 Miih kali 
10 11 Viumsuo 
11 39 Outokumpu: Keretti mine 
12 12 Kaasila 
13 14 Kalaton 
14 36 Vuonos mine 
15 51 Sukkulansalo 
16 45 Kylylahti 
17 7 Sola 

Drill hole 343: iron formation, black schist; 
drill holes 326, 327: black schist. phyllite. dolomite, quartzite 
(Laajoki and Saikkonen 1977) 
Drill holes 309, 310: black schist, dolomite, phyllite, quartzite 

greenschist (Kirki 1984) 
Iron formation, black schist, phyllite 
Ophiolite complex: black schist, serpentinite, metagabbro, mafic 
metalava. pillow lava 
* lower amphibolite (Kontinen 1987) 
Ni-Cu-Zn-rich (Ni+Cu+Zn > 0.8%) black schist. Mn-rich (Mn > 
0.8%) black schist, black schist with Ni+Cu+Zn S 0.8%. black 
calcsilicate rock, talccarbanate rock. calcsilicate rock, quartz 
rock 
* amphibolite (Paper E) 
Serpentinite, talnarbonate rock. calcsilicate rock, quartz rock. 
black schist (Paper 11) 
Black schist, calcsilicate rock, serpentinite (Paper 11) 
Black schist, diopside rock 

1 
I 
} On!okwnpn rock assemblage: 
I 
I Serpentinite, calc-silicate rock. 
I cherty quartzite. black schist 
I * middle amphibolite (Koistinen 1981) 
I 
J 

Nomenclature 

The use of terms for metasedimentary rocks 
rich in graphitic carbon has been somewhat con- 
fusing. Terms such as 'carbon-rich phyllite' 
(Wilkman 1921,193 l ) ,  'black phyllite' 
(Viyrynen 1939), 'sulphide, sulphide-graphite 
and graphite schist and shungite or shungite- 
graphite schist' (Marmo 1960) have all been 
used. Peltola (1960) refers to 'argillaceous, 
calcareous and arenaceous black schists' and 
Huhma (1975) to 'phyllitic, tremolite-bearing 

and quartzitic black schists'. Black shale is in 
established use as a key word for bibliographical 
purposes (GeoRef Thesaurus, AGI). As the 
metamorphosed equivalents of black shales, it is 
recommended that Finnish graphite- and sul- 
phur-rich (> 1% graphitic carbon and > 1% 
sulphur) metasediments are referred to as "black 
schists" (e.g. Peltola 1960, see also Paper I). A 
new classification for the Outokumpu black 
schists is proposed in the next section. 

Classification of black schists 

Black schists and their black shale precursors propriate to the purposes of the investigation, 
can be classified for example on the basis of than force data from different ages, different 
their petrographical, geochemical or geophysical depositional environments and different 
properties, palaeoenvironment of deposition or metamorphic and tectonic histories into the same 
some combination of these, the classification category. However, some kind of general clas- 
preferred naturally depending on the purposes sification scheme is desirable for the purpose of 
and needs of the study. It is easier to create making comparisons. 
separate classifications for each study area ap- 



Table 2. Metaredimenu associated with the Outokumpu rock assemblage (serpentinite - cdcrilicate rock - cherty quutzite - black 
schist) with C& 1% and S > 1%. 

Black schist Tmaolite-bring Black diopside- Black cherty 
black schist tranolite rock quutzite 

Main minerals quartz. micas, quartz. micas, diopsidel q u a z ,  
feldspar. tranolite. feldspar, tranolite. graphite, sulphides 
graphite. sulphides graphite, sulphides graphite. sulphides 

Distribution Abundant Abundant Ran Ran 

Carbon and sulphur. Classification on the 
basis of carbon and sulphur contents is fre- 
quently used. Sarap%l and Kukkonen (e.g. Kuk- 
konen et al. 1985), for example, classified Fin- 
nish black schists in terms of their carbon and 
sulphur contents, a division useful in graphite 
exploration. 

Huyck (1991) suggested lower limits for the 
organic carbon concentration of black shales and 
for the metal concentrations of 'metalliferous 
black shale', but her recommendation of 0.5% 
for organic carbon is still being debated. The 
value seems too low for the Proterozoic black 
schists in Finland, because the colour of the 
rock would often be grey instead. A graphite- 
bearing grey-coloured Early Proterozoic 
argillaceous metasediment contains 0.1-1 .O% 
graphitic carbon and has been classified as 
graphite-bearing mica schist. In eastern Finland, 
lower limits of 1% graphitic carbon and 1% 
sulphur have been applied to black schists 
(Peltola 1960, see also Paper I). Correspon- 
dingly, Fan Delian et al. (1973) have used a 
limit of C,, > 1% in China for their black shale 
series. 

Examples of regional classifications. Black 
schists have been variously classified according 
to the purposes of regional studies in eastern 
Finland. The following classification roughly 
distinguishes between the different black schist 
types at Talvivaara (see Paper 11): 

schist 
- graphitic carbon 0.1 %- 1 .O% ---> graphite- 
bearing mica schist 
- graphitic carbon > 1% and sulphur > 1% ---> 
black schist 

black schist 
- Ni+Cu+Zn > 0.8% ---> Ni--Cu-Zn-rich black 
schist 
- Mn > 0.8% ---> Mn-rich black schist 

The Kainuu black schists can also be clas- 
sified according to their geophysical properties 
and chemical composition (Airo and Loukola- 
Ruskeeniemi 199 1). The magnetic anomalies fall 
into three distinct types: A, B and C, of which A 
represents subdued magnetic anomalies with 
banding, B strong, banded highs, and C chains 
of strong, irregular highs. The samples in group 
A represent non-mineralized black schists. The 
samples in group B show the effects of tectonic 
processes and exhibit elevated base metal con- 
centrations. They occur in connection with frac- 
ture zones or fold structures. Group C samples 
possess the highest base metal contents and 
represent 'Talvivaara-type' black schists (Cl) or 
black calcsilicate rocks (C2). Groups A, B and 
C reflect differences in the primary depositional 
environment as well; the black schists of group 
C are associated with ophiolitic rock as- 
semblages (Aim and Loukola-Ruskeeniemi 
1991). 

Classification according to mineral com- 
position and Si, Ca and A1 contents. Stribrny 
and Urban (1989) classified German black 
shales according to their normative mineral 
compositions. In the Outokumpu area, 
metasediments containing C,, > 1% and S > 1% 
can be classified as black schist, tremolite- 
bearing black schist, black diopside--tremolite 
rock (a transitional form between black schists 
and calc-silicate rocks), and black cherty 
quartzite (a transitional form between black 
schists and cherty quartzite) (Table 2, Figs. 
2-5). Tremolite-bearing black schists are of two 
types: black schists with greenish grey 
tremolite-rich layers typically some 3 mm thick 
(Fig. 2) and black schists with graphite-pig- 
mented dark-coloured tremolite distributed 
throughout the rock, although black tremolite- 
rich layers are sometimes present. The latter is 
fairly common among the Proterozoic black 
schists of Finland, but the former is characteris- 
tic of the Outokumpu rock assemblage. 
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Fig. 2. Black schist containing greenish grey tremolite-rich layers. This black schist type has only 
been encountered in association with the Outokumpu rock assemblage. a) core section. Keretti mine, 
drill hole 703: 786.91 m, b) microscope magnification. transmitted light, one polarizer. Vuonos 

mine, drill hole 447: 142.30 m (C,, 9.096, S 5.7%). c) the same with crossed polarizers. 

Fig. 3. Black schist (lower part) grading into Fig. 4. Black diopside-tremolite rock from the 
tremolite-bearing black' schist (upper part). Keretti mine, drill hole 703: 203.40 m. micros- 
Microscope magnification, transmitted light, cope magnification, transmitted light, crossed 
crossed polarizers. Vuonos mine at Outokumpu polarizers. di = diopside. 
(Fig. 1. Table 1). drill hole 497. 112.30 m. tr = 
tremolite. 
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Fig. 5. Black cherty quartzite. a) Core section: Keretti mine, drill hole 23A: 66.72 m. b) Microscopic 
magnification: Vuonos mine. drill hole K 3085: 27.40 m. transmitted light, one polarizer. 

Graphite-bearing metasediments containing chemical and mineral compositions). 
0.1-1.0 % graphitic carbon can be classified as The differences in mineral assemblages are 
graphite-bearing mica schist, graphite-bearing reflected in the chemical compositions; the 
diopside-tremolite rock and graphite-bearing graphite- and sulphur-bearing metasediments of 
chcrty quartzite. In thc Kainuu schist belt, Mn- the Outokumpu area can be distinguished on the 
rich and Ni-Cu-Zn-rich black schists are also basis of their aluminium, silica and calcium con- 
encountered (see Paper I1 for definition and the centrations (Fig. 6). 



Geochaninry of Pmtemzoic metpnorphored black ahaler in eastern Finland, 
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@ 163 samples 

Si 
black cherty quartzite .;.;........!.!.!.~.~.x.:.~.;.;.......... . ..;....... . . .:.> . :.:.:.:.:.:.W..?*!.:.:.:.:.:.:.W..:.W.:;:;~: 

AI 
Fig. 6. Si-Ca-A1 diagram for metasediments with C,., > 1% and S > 1% associated with the Outokumpu rock assemblage. The different 
types can be distinguished by their chemical composition. Prospects 9-17 in Fig. l and Table 1; n = number of samples. 

Sedimentological classification. A clas- 
sification for black shale series, which means a 
suite of dark-coloured mudrock, chert and car- 
bonate rock assemblages, enriched in sulfides 
and organic matter (C, > l%), has been used in 
China (Fig. 7a, Fan Delian et al. 1973, 1992). A 
corresponding classification for the black schists 
associated with the Outokumpu rock as- 
semblage, which have undergone amphibolite 
facies metamorphism, is presented in Fig. 7b. 
Hydrothermal ore forming processes, formation 

of the precursors of the calc--silicate rocks, and 
tectonic and metamorphic deformation 
complicate the classification of the Outokumpu 
black schists. The black dolomite endmember 
shown in Fig. 7b is inferred only; dolomites 
were not sampled during the present study. 
Metamcfrphic equivalents of the Chinese black 
chert (black cherty quartzite) and black 
mudrocks (black schist) can nevertheless be 
recognized. 
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black chert 

black calcic/ black muddy chert 
dolomitic chert 

black siliceous black cherty mudrock 
carbonate rock 

black black mudrocks 
carbonate rocks I I 

/ \ black muddy black calcic/ 
carbonate rock dolomitic 

limestone dolostone mudrock 

black cherty quartzite 

black. diopside- 
tremolite rock 

black dolomite 

tremolite-bearing 
black schist 

black schist 

Fig. 7. Classification of black shale series and their metamorphic equivalents. a) Sedimentary rocks with C,, > 1%. Type 
locality: Yangzi Region, China. Age of the rocks: from Precambrian (Sinian) to Triassic (Fan Delian 1992, pers. comm.). 
b) Metasedimentary rocks associated with the Outokumpu rock assemblage in the Proterozoic of eastern Finland with C,, 
> 1% and S > 1%. Amphibolite facies metamorphism. 
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BLACK SHALES AND ORE FORMATION 

Black shales are of interest to exploration in host graphite occurrences of economic value. 
two different ways. First, black shale formations Second, rocks containing organic carbon are 
host ore deposits containing base and precious encountered near many types of ore deposits 
metals, uranium, vanadium and molybdenum. such as the Outokumpu Cu--CO ore deposits in 
Highly metamorphosed black shales may also Finland. 

Examples of black shale -hosted ore deposits 

Most black shale -hosted ore deposits of 
economic value are Proterozoic and Palaeozoic 
in age; examples include the Permian Kup- 
ferschiefer of Central Europe, where economic 
Cu-Ag mineralization crosscuts the stratigraphy 
at a low angle, through the overlying carbonate 
rock, the shale (up to one metre thick) and the 
underlying sandstone. Metal-bearing 6 3 4 ~ - r i ~ h  
fluids probably penetrated the Kupferschiefer 
through a network of fractures (Jowett et al. 
1991). 

The Proterozoic Central-African Copperbelt is 
currently of importance to the economies of 
Zambia and Zaire. The ore shale in the belt is 
typically about 20 m thick. Hydrothermal 
solutions introduced along rift fractures are 
assumed to be the primary source of the Cu and 
CO (Lefebvre 1989, Annels 1989). 

The Proterozoic Doushantuo Formation in the 
Hubei Province of China contains black shale - 
hosted Ag-V deposits (Fan Delian et al. 1992). 
The Scandinavian Alum Shale, an organic-rich 
marine sequence of Middle Cambrian to Early 
Ordovician age, generally 15 to 35 metres thick 
in southern-central Sweden, contains fossil ener- 
gy reserves. With shales containing more than 
10% organic matter included, the reserves are 
estimated to exceed 50,000 million tonnes, with 
6000 million tonnes of kerogen. The estimate of 
one million tonnes of uranium in the Billingen- 
Falbygden area is based only on the richest 
layers of the formation (c. 290 ppm U over 
2.0-4.5 m, Andersson et al. 1985). 

Devonian black shales at the Nick Property, 
Yukon, Canada, host a mineralization with about 
5.3% Ni, 0.73% Zn and 770 ppb platinum group 
elements and gold, and up to 61 ppm Re. The 
mineralized unit is 3 cm thick, but has 
developed over the entire sedimentary basin of > 
80 km2 (Hulbert et al. 1992). MO-Ni-Au-Pt-Pd 
ore in similar rocks in an extensive (1600 km) 

linear belt in the Lower Cambrian of southern 
China, was discovered in 1970 and has been 
mined in Songlin, Guizhou province, since 1985. 
The ore occurs as thin (5-15 cm) sulphide len- 
ses and layers in black shale a few metres above 
the contact between the Cambrian and the 
Proterozoic (Fan Delian et al. 1973, Fan Delian 
1983, Coveney and Nansheng 1991). Metal 
enrichment may be the result of exhalative 
fluids forming both chemical sediments and 
replacement ores (Grauch et al. 1991). 

Black shale -hosted gold deposits are mined in 
the Precambrian of Siberia. The gold is 
predominantly of sedimentary origin, and has 
been enriched principally 1) in clastogene placer 
processes, where the distribution of the gold 
obeys the general laws of gravitational differen- 
tiation, 2) during diagenesis by chemogene 
enrichment, or 3) by tectono-metamorphogenic 
enrichment processes (Petrov 1991). 

Mud rich in organic matter offers reducing 
conditions favouring the deposition of many 
elements. Interpretations of the timing of 
introduction of base or precious metals into the 
sediment differ. According to the organic 
geochemical study by Bechtel and Piittman 
(1991), ore-forming metal supply was 
introduced into the Kupferschiefer during 
diagenesis. Metals can also. precipitate concur- 
rently with organic matter during deposition or 
could be introduced during later metamorphic or 
tectonic processes, or even be due to detritus 
containing the erosional products of older mctal- 
bearing rocks. 

Mud or sediment rich in organic matter seems 
to have the potential for chemically trapping 
elements that willingly precipitate at the border 
zone of oxic and reducing environments. The 
present view is that the ore-forming fluids usual- 
ly are genetically associated with rifling. 
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The role of organic matter in ore deposits 

Organic matter has been recognized in and 
near many types of ore deposits of widely dif- 
ferent age. Examples include Precambrian gold- 
uranium deposits, Jurassic tabular uranium 
deposits, Mississippi Valley type lead-zinc 
deposits, and massive sulphide deposits as- 
sociated with seafloor hydrothermal vents 
(Leventhal 1985). Sedimentary and meta- 
sedimentary rocks rich in organic carbon have 
been encountered in the vicinity of numerous 
massive sulphide ore deposits including the 
Outokumpu Cu--CO and Vihanti Zn ore deposits 
in Finland, the Besshi deposits in Japan and the 
HW-mine on Vancouver Island, but not for 
example in the Sullivan Pb-Ag ore deposit in 
British Columbia. Although the association of 
black shales with ore deposits may seem for- 
tuitous, there are good reasons for thinking that 
more than coincidence is involved. There are 
several possibilities for the relationship: 

1) The organic matter in black shales associated 
with massive sulphide deposits may represent, at 
least in part, the biogenic activity near 
hydrothermal vents. In recent ocean ridge en- 
vironments, bacteria and biocommunities relying 
on chemosynthesis are encountered around black 
smokers. 

2) Part of the carbon may represent methane, 
discharged from the hydrothermal vents. High 
CH, concentrations are encountered in recent 
ocean ridge environments, for example on the 
Mid-Atlantic Ridge (Charlou et al. 1991). 

3) Hydrothermal fluid of sufficient density is 
bottom seeking and migrates to local depres- 
sions where it precipitates. These depressions 
harbour euxinic conditions, favourable for 
deposition and preservation of organic matter 
(according to a widely-held assumption). 

4) A layer of organic-rich sediment, forming a 
local reducing environment, may capture the 
ore-forming fluids that then precipitate in and 
below the geochemical trap. 

5) Impermeable black shale layer beneath the 
seafloor may enhance fluid circulation under- 
neath and direct fluids into certain fractures. 

6) As a potential zone of weakness during tec- 
tonic deformation, a black shale layer may act as 
a thrust surface and locally might allow passage 
to fluids. 

7) Hydrocarbon-associated enrichment processes 
are important for example for PGE ores. In the 
Bushveld Complex, maximum graphite con- 
centrations (2 to 80%) occur in coarse-grained 
pyroxenitic pegmatoids. in certain potholes. 
Platinum can be transported by chloride 
complexes such as C+-H-S-Cl (Stumpfl and 
Ballhaus 1986). Hot mobile CUH-S-Cl-bear-  
ing solutions are effective sequesterers and 
transporters of metals both in magmatic and 
sedimentary reservoirs. 

Important reasons for the existence of carbon- 
rich metasediments near massive sulphide ore 
deposits might be the presence of a cap rock 
(theory 5) or abundant biota near hydrothermal 
vents (theory 1). Transportation of hydrothermal 
fluids to local depressions exhibiting euxinic 
conditions is also possible (number 3). Pos- 
sibilities 2 and 7 probably are not of importance 
where thick sediments rich in organic carbon 
and sulphur are involved. Possibility number 6 
(connection with tectonic zones of weakness) is 
probably not important, at least in Finnish ore 
deposits, although shear zones frequently run 
along black schist layers. For example at the 
Hammaslahti copper deposit, a black schist layer 
coincides with the shear zone (Fig. 8), but 
distribution of base metals and zones of 
hydrothermal alteration fail to support theory 6. 
The deposit is an intermediate between 
sediment-hosted and Besshi-type massive sul- 
phide ore deposits (see Paper 111). As an imper- 
meable layer, however, the black schist might 
have had a role in the ore formation, by preven- 
ting further uprising of fluids. 

In the Kupferschiefer a layer of organic-rich 
sediment has evidently captured the ore-forming 
fluids (theory 4); ascending fluids deposited 
metals in the black shale layer and the under- 
lying sandstone (e.g. Bechtel and Piittmam 
1991). Primary deposition of base metals from 
the water column near the bottom sediments 
may have been one factor in some black shale 
ores, which represents an application of the 
possibility 3. 
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Fig. 8. Hammaslahti copper deposit, vertical cross 
section (X= 6928) demonstrating structural 
relationships between mineralization, hydrothermal 
alteration, bedding surface and axial-plane 
cleavage. 1 - Cu > 0.9%; 2 - Cu > 0.1%; 3 - 
hydrothermally altered (quartz-chlorite) wall 
rock; 4 - metaturbidite; 5 - black schist; 6 - 
quartz-chloritehomblende schist (of possible 
volcanogenic origin); 7 - younging determined 
from graded bedding; 8 - bedding surface (S&) 
cut by axial-plane cleavage (SJ; 9 - inferred direc- 
tion of movement along fault plane; N = N 
orebody; S = S orebody (from Paper m). 

GEOLOGICAL SETTING 

In Finland, black schists are most abundant in 
the Proterozoic bedrock, but Archaean graphite- 
bearing metasediments are also encountered. The 
Proterozoic black schists have undergone either 
greenschist or amphibolite facies metamorphism. 
Due to preferential erosion black schists are 
usually covered by Quaternary sediments in 
Finland (a remarkable exception is the black 
schist hill of Talvivaara at Sotkamo), but their 
distribution is evident from anomalies in air- 
borne magnetic and electromagnetic surveys 
(Airo and Loukola-Ruskeeniemi 1991). 

In general, black schists comprise less than 

1% of Finnish schist belts, though in certain 
sedimentary series they may form as much as 
10%. One type of Finnish Proterozdic black 
schists occurs typically as < 1 m thick inter- 
layers in mica schist. Quartz and micas are the 
main minerals and C (graphite) and S (usually in 
pyrite) contents are each about 1-3%. 

Thick (> 100 m) black schist formations have 
been encountered mainly in eastern Finland, but 
also at Arpela in Finnish Lapland (SarapBI 
1986) and at Luopioinen in southern Finland 
(Nurmela, pers. comm. 199 1). 



Academic dissertnfim 
Kirsti Lmhla-Ru~keeniemi 

In the Outokumpu area thick black schist for- 
mations are associated with the ophiolitic ser- 
pentinite - calc--silicate rock - cherty quartzite 
rock assemblage, 1.97 Ga in age (according to 
the U-Pb dating of zircon from the Horsmanaho 
gabbro that occurs within serpentinite 15 km NE 
of Outokumpu, Koistinen 1981). At the Keretti 
mine at Outokumpu, the original thickness was 
between 20 and 50 m (Fig. 9), but a thickness of 
120-150 m is not uncommon in drill cores, for 
example at the Kylylahti prospect (Fig. 1). 

In the Kainuu schist belt, rifting of the Ar- 
chaean crust led to limited ocean crust formation 
at 1.96 Ga as evidenced by U-Pb dating of zir- 
con from a gabbro within the ophiolite sequence 
at Jormua (Kontinen 1987). The original thick- 
ness of the black schist formations probably 
varied between 20 and 100 m, but tectonic 

processes have thickened the formations so that 
in drill cores they commonly measure 120-150 
m. The thickest formations have been en- 
countered at Talvivaara (Fig. 10), with a 
maximum of 400 m. 

The geological evolution of the Kainuu schist 
belt is presented in Paper I1 (Table l ,  p. 144, 
based on investigations by Asko Kontinen). The 
ophiolitic rock assemblages in Kainuu and 
Outokumpu, 1.97-1.96 Ga in age, belong to the 
so called 'lower Kalevian'. Thick (> 20 m) 
black schist formations in eastern Finland with 
average carbon content of 7%, from Puolanka in 
the north to Outokumpu in the south (Fig. 1, 
Table l ) ,  might have deposited in rift basins 
during the same large-scale, prolonged tectonic 
phase. 

GEOCHEMICAL STUDIES 

The chemical composition of black schists has 
been affected by numerous factors. Firstly, 
during deposition, the chemical composition is 
affected by 1) the ambient physicochemical 
conditions, 2) prevailing organisms, 3) the 
chemical composition of water, and 4) the com- 
position of detrital material. Laminae are usually 
formed. 

During diagenesis, large quantities of fluids 
are released from the sediment. Sulphide 
material deposited on the seafloor is partly 
redistributed. Active diagenetic concentration of 
metals (Mn, Ni, CO, Fe, P, V, Cu, Zn and U) to 
0.5-3.0 cm thick layers has been encountered at 
the oxic- post-oxic boundary, for example in 
N.E. Atlantic sediments (Wallace et al. 1988). 

Metamorphic and tectonic remobilizations like 
those occurred in the Kainuu and Outokumpu 
areas may change the chemical composition of a 
shale. For example sulphides can be 
redistributed during metamorphism. During 
tectonic processes, sulphides can be remobilized 
into fold hinges and into the cracks of breccia 
fragments. The Kainuu--0utokumpu black 
schists have been affected by the above men- 
tioned processes. 

Black schist formations associated with 
ophiolitic rock assemblages are encountered 
along the Early Proterozoic rift zone over a 
distance of some 250 km with a thickness of 
20-400 m in the Kainuu and Outokumpu areas. 

A small sample set could therefore hardly be 
expected to give a reliable picture of the whole 
sequence. Research on black schists (and black 
shales) should be carried out on the basis of a 
statistically meaningful number of samples from 
different sedimentation basins with comparisons 
made with the median values. Before dealing 
with a large sample set it is of course necessary 
to do preliminary studies on a small number of 
samples. 

Two pilot studies prepared the way for the 
present study. The first was a geochemical study 
on 180 black schist samples from six 
Proterozoic schist belts in Finland (Ruskeeniemi 
et al. 1986). During graphite exploration, Olli 
Sarapll selected samples, 10 cm - 5 m in length, 
most of them from drill cores. The results 
revealed differences in chemical composition 
both between and within sedimentation basins. 
Hydrothermal ore-forming processes evidently 
had an effect on the chemical composition of 
certain black schist formations and Hg, Zn, Pb, 
Au, As, Na, Mn and V concentrations and the 
Co/Ni ratio seemed to be of importance. The 
second pilot study was a preliminary phase of 
the present study, in which fifty samples from 
the Kainuu and Outokumpu areas were 
comprehensively analysed. On the basis of these 
data, the elements to be analysed from the entire 
suite of samples were selected. 
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Fig. 9. Keretti Cu-CO mine at Outokumpu, cross section Y = 186.63 (modified after Koistinen 1981). The median chemical composition 
of the black schist layer as it occurs in drill holes 703: 200-250 m, 770-790 m and 726: 390-440 m is presented in Table 4. 

Sampling 

Black schists are commonly covered by 
Quaternary sediments in Finland, and those that 
do outcrop are usually weathered at the surface. 
Hence, a reasonable method to study the 
geochemistry of black schists is to use drill core 
material. The Exploration Department of the 
Geological Survey of Finland drilled several 
prospects in the Kainuu schist belt in the 1970's, 
and the Outokumpu company provided access to 
drill cores from the Outokumpu district. 
Sampling localities in eastern Finland, along 
with the number of samples, are shown in Table 
1. 

Samples should be small enough to meet the 
requirement of homogeneity but large enough to 
provide sufficient material for comprehensive 
chemical analysis. A sample size of 30-40 cm 
in drill core was chosen. In addition, a reference 
sample of 5 cm length was selected from each 
main sample, for possible use in petrographic 
studies. If the drill core had not earlier been 
split, a sample for petrophysical studies was 
taken as well. All the samples were classified 

into various types such as described in Table 2, 
with additional remarks made concerning sul- 
phides and their mode of occurrence and 
distribution. The requirement that black schist 
should contain more than 1 % C,,, and more than 
1% S was adhered to during sampling. (The 
colour of the rock enables a preliminary es- 
timation of the carbon content of Proterozoic 
black schists in Finland.) This rule was easy to 
follow in the prospects sampled in the Kainuu 
and Outokumpu areas because argillaceous 
metasediments with more than 1% C,,,, and S 
were abundant and those containing 0.1-1 .O% 
C,,, and S were rare. 

The sample data from the present study are in 
a sense anomalous because most of the samples 
were selected from profiles drilled specifically 
for exploration purposes in targets where 
ore-forming processes were already indicated. 
and from mine profiles of the Outokumpu, 
Vuonos and Vihanti ores. A reference set from 
black schists intercalated with mica schists was 
selected for comparison, in order to assess back- 
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ground levels. Unfortunately, however, it was
difficult to gather a statistically meaningful
number of samples since black schists are rarely

Fig. 10. Generalized geological
map of the Talvivaara area (from
Paper tr). Numbers 304, 305, 319
and 331 refer to drill hole num-
bers in map sheet 3433.

exposed and very few representatives of black
schists interlayered with mica schists were en-
countered in drill cores.

Analytical

Chemical analyses were made at the
Geological Survey of Finland (GSF) and at X-
ray Assay Laboratories (XRAL), Canada, by
inductively coupled and direct current plasma
atomic emission spectrometry (ICP and DCP),
inductively coupled plasma mass spectrometry
(ICP-MS) and atomic absorption spectrometry
(AAS), neutron activation (INAA) and X-ray
fluorescence (XRF) methods, and with Leco
carbon and sulphur analyzers.

18

methods

All the LECO analyses and almost all the ICp
analyses were made at GSF. The DCP, ICP-MS,
XRF and remaining ICP analyses were done at
XRAL. The accuracy of the analytical results
was assessed in several ways (results will be
published in a separate paper):

l) To provide reference data, comparable inter-
national reference standards (Appalachian basin
Devonian black shale SDO-1, composite shale
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SCO-l and marine mud MAG-1) were analysed 4) For 95 samples, ICP-AES analyses for Cr and 
along with the sample sets, and selected Finnish V made at GSF were compared with DCP 
black schist samples were included in all sample analyses made by XRAL. Correlation (r) was 
sets; 0.81 for Cr and 0.96 for V; 

2) For 169 samples, analyses at GSF by ICP- 5) ICP-MS and ICP-AES analyses for Sb were 
AES with HF/H,BO, deposition were compared compared for 92 samples. Analyses were done at 
with analyses at XRAL by ICP-AES with XRAL. Correlation (r) was as good as 0.82. 
HF/HNOJHCl/H,BO, decomposition; 

The best method for each element was chosen 
3) For 50 samples, analyses at GSF by ICP-AES on the basis of comparison with standards and 
with HF/H,BO, decomposition were compared reference samples. 
with analyses at XRAL by DC plasma, ICP-MS 
and XRF; 

GEOCHEMICAL PROVINCES ALONG THE KAINUU-OUTOKUMPU RIFT ZONE 

Black schists associated with ophiolitic rock 
assemblages in the Kainuu and Outokumpu areas 
are readily distinguishable from other black 
schists studied in the Proterozoic of Finland by 
their general appearance and further by their 
distinct chemical and mineral compositions such 
as, for example, their nearly constant median 
carbon contents around 7% (see Papers 1-11). 
However, there are also differences in 
geochemical and petrographical . properties 
within the group. Table 3 shows- the median 
values for C, S and base metal concentrations of 
black schists associated with prospects and 
mines in the Outokumpu area and with the Tal- 
vivaara and Jormua prospects in the Kainuu 
schist belt (Fig. 1, Table 1). The values for the 
hanging-wall black schist of the sediment-hosted 
massive sulphide ore deposit of Hammaslahti 
(see Paper 111) and those of average North 

American black shale (Vine and Tourtelot 1970) 
are included for comparison. The hanging-wall 
black schist of Hammaslahti exhibits comparable 
Mn, Cu, Zn, Ni and CO values to the black 
schists at Outokumpu, and black schists from 
the prospects and mines in eastern Finland all 
exhibit high concentrations of carbon and base 
metals compared with average North American 
black shale. Mn, Cu, Zn, Ni and CO con- 
centrations are especially high at Talvivaara 
(Fig. 10). 

Figure 11 shows a comparison between black 
schists from Talvivaara and the black schist 
layer underlying the serpentinites, calc-silicate 
rocks and cherty quartzites of the Outokumpu 
rock assemblage at the Keretti mine. The Tal- 
vivaara black schists have higher Cu, Zn, Ni, CO 
and Mn and lower Na and Sr concentrations than 
the black schists of the Keretti and Vuonos 

Table 3. Median values (%) of total carbon, sulphur and base metal concentrations in the hanging-wall black schist of the Hammaslahti 
sediment-hosted massive sulphide ore deposit, black schists of B e  Outokumpu rock assemblage (serpentinite - calc-silicate rock - 
cherty quartzite - black schist) in the Outokumpu area (prospects 8-17 in Fig. 1 and Table 1). black schists of the Talvivaan 
prospect (drill holes 3433: 304.305. 319 and 331. Fig. 10) and black schists associated with the Jormua ophiolite complex (prospect 3 
in Fig. 1 and Table 1). V & T refers to the median value presented by Vine and Tourtelot (1970) for North American black shales. n = 
number of samples, n.d. = not determined. 

Hammaslahti Outokumpu Talvivaara Jormua V & T  
Ca < 3.13% Ca 2 3.13% 



Fig. 11. Comparison of the geochemistry of black schists of Outokumpu and Talvivaara type. The median values of 29 black schist 
samples from the layer underlying the serpentinites. calcsilicate rocks and cheny quartzites of the Outokumpu rock assemblage at the 
Keretti mine (drill holes 703 and 726, Fig. 9) are compared with the median values of 75 black schist samples from the Talvivaara 
prospect (drill holes 3433: 304.305.319.331. Fig. 10). Both are standardized against average North American black shales as presented 
by Vine and Tounelat (1970). 

Fig. 12. Rare earth element patterns for 
black schists of the Keretti mine (Fig. 9). 
All four samples show Ce depletion 
indicating a marine origin (e.g. Flea 
1984). The sample from the vicinity of the 
tectonic slide (drill hole 703: 248 m, see 
Fig. 9) shows a positive Eu anomaly, 
indicating the influence of hydrothermal 
fluids. 
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Table 4. Median values (%) of elements analysed with Leco carbon and sulphur analyzers and by ICP-AES. Representatives of the 
black schists of Outokumpu are from the Keretti Cu-Zn-CO mine (drill holes 703 and 726. Fig. 9) and the Vuonos mine. Talvivaara- 
type black schists are from the surroundings of lake Kolmisoppi (Fig. 10. drill holes 3433: 304, 305.319.331). Black schists from the 
Jormua ophiolite complex. from the Sammakkosuo area (prospect 3 in Fig. 1. drill holes 3434: 319.325) are shown for cornpariron. 
"Average black shale" refers to median value of 779 North American black shale samples presented by Vine and Twrtelot (1970). 
n.d. = not determined. n = number of samples. 

Keretti Vuonos Talvivaara: Jormua: Average 
mine mine Kolmisoppi Sammakkosuo black shale 

mines (Table 4). These features, along with the 
high SIC ratios and positive Eu anomalies (see 
Paper I), suggest that hydrothermal fluids con- 
taining metals at Talvivaara have distributed in 
sediment rich in organic matter. 

On the other hand, in the black schist layer 
underlying the Outokumpu rock assemblage at 
the Keretti mine (Fig. g), geochemical evidence 
for hydrothermal activity is only seen clearly in 
the black schists adjacent to the tectonic slide 
where fluids have been able to migrate. This is 
evidenced for example by rare earth element 
patterns (Fig. 12). The median concentrations of 
Cu, Zn, Ni, CO and Mn in the black schists of 
the Keretti and Vuonos mines more closely 
resemble each other than those of the Talvivaara 
prospect (Table 4). This suggests that the supply 
of the elements during deposition or during the 
diagenetic, metamorphic andlor tectonic history 
of the black schists was different at Outokumpu 
than at Talvivaara. 

In Table 4, the median chemical composition 

of the black schist layer adjacent to 
talc-carbonate rocks and other rocks belonging 
to the ophiolite complex in the Sammakkosuo 
area at Jormua is shown for comparison. This 
unit contains more S and Fe than the Outokum- 
pu- and Talvivaara-type black schists. A 60 m 
thick manganese-rich layer (Mn > 0.8%) occurs 
adjacent to underlying talc-bearing rocks (see 
Fig. 3 in Paper I). A layer some 60-70 m thick 
enriched in gold is also present (max 180 ppb 
Au). Sulphur and gold concentrations show a 
good positive correlation (r=0.8). Characteristic 
features of gold-bearing black schist include 
primary lamination with abundant fine-graincd 
sulphide dissemination and recrystallized nearly 
euhedral pyrite in tectonic structures. Gold con- 
centrations are higher in the northern part of the 
Kainuu schist belt, in the Puolanka, Melalahti 
and Jormua prospects (Nos. 1-3 in Fig. 1 and 
Table 1) than in the southern part, and the 
lowest concentrations occur in the Outokumpu 
black schists (see p. 159 in Paper I). 
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m Early Proterozoic granitoids 

Prospects associated 
1 -1 7 with 1 97-1 .Q6 Ga 

seafloor spreading 

Black schist layers 
with Ni+Cu+Zn + 0.8% 

Black schist layers with 
Mn > 0.8% 

Outokumpu-type black schist m with grey trernolite-rich layers 
and layered calc-silicate rock- 

Fig. 13. Black schist provinces in the Kainuu-Outokumpu rift zone. Black schist layers 
rich in Ni. Cu and Zn are encountered in prospects 1-8 and layers with Mn > 0.8% in 
prospects 2 4 .  Black schists with tremolite-rich layers of Outokumpu type and layered 
calcsilicate rock - quartz rock have been encountered in prospects 5-17. Prospects: 
1) Puolanka. 2) Melalahti, 3) Jonnua, 4) Talvivaara. 5) Alanen. 6) Pappilanmaki. 7) 
Ruukinsalo, 8) LosomBki. 9) Miihkali, 10) Viumsuo, 11) Keretti mine, 12) Kaasila, 13) 
Kalaton, 14) Vuonos mine, 15) Sukkulansalo, 16) Kylylahti, 17) Sola. 

The black schists associated with the 
1.97-1.96 Ga rift zone in Kainuu and Outokum- 
pu can also be separated into geochemical 
provinces according to their chemical com- 
position (Fig. 13). Black schist layers with 
Ni+Cu+Zn > 0.8% are encountered in prospects 
1-8, the most extensive of them being at Tal- 
vivaara. Manganese concentrations exceeding 
0.8% occur in prospects 2 4 ,  and the black 
schists of the prospects and mines in the 
Outokumpu area all exhibit low Ni, Cu, Zn and 
Mn values. In the samc figure (Fig. 13), the 
distribution of the Outokumpu-type black schists 

with greenish grey tremolite-rich layers (Fig. 2) 
and layered calc-silicate rock - quartz rock is 
also shown. These units have been encountered 
only in association with the Outokumpu rock 
assemblage. Fine-grained sulphur-rich laminated 
black schist (Fig. 14), which does not neces- 
sarily exhibit high Ni--Cu-Zn values, is also a 
typical lithology within the Kainuu-Outokumpu 
rift basins, but since it has been encountered in 
prospects all the way from north to south, from 
Puolanka to Kylylahti, it has not been marked 
on the map. 
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Fig. 14. Laminated sulphur-rich black schist, brecciated in its present form, a) from the Talvivaara 
prospect, drill hole 3433:305: 149.64 m (Fig. 10), b) from the Keretti mine, drill hole 726: 416.97 
m (Fig. 9).This type of black schist, usually more brecciated at Outokumpu than at Talvivaara, is 
typical of the black schists associated with ophiolitic rock assemblages in the Kainuu and Outokum- 
pu areas. 

GENETIC IMPLICATIONS 

This section considers the genesis of the thick to account for the fact that these types are 
layers of metasediments rich in organic matter, present in Kainuu, but not in the Outokumpu 
which were deposited in the Early Proterozoic district. Finally, the genesis of the black schists 
Kainuu--0utokumpu rift basins. Different with greenish grey tremolite-rich layers, which 
models for the deposition of layers rich in are found only in association with the Outokum- 
Ni--Cu-Zn and Mn have been sought, in order pu rock assemblage, is discussed. 



High content of graphitic carbon 

Acadanic disse~tim 
Kirsti Lmkola-Ruskeeniemi 

The consistently high carbon content (median 
value 7%) in the black schists studied from the 
Kainuu-Outokumpu prospects and mines, sug- 
gests a similar kind of depositional environment 
within the rift basins, where life was abundant 
and conditions favourable for the preservation of 
organic carbon in the sediment. There are two 
possible explanations for such abundant life. 

First, if the climatic zonation of the 
Precambrian can be considered comparable to 
that of the present, the surface waters of the sea 
must then have been tropically warm, favouring 
profuse growth; consistent with palaeomagnetic 
findings (Mertanen et al. 1989) that 1.97-1.96 
Ga ago the Fennoscandian shield was located at 
about 20°N. 

Second, recent seafloor hydrothermal vents 
are surrounded by abundant vent-specific fauna, 
and sea water is warm in the vicinity of the 
vents. Bacteria, the basic producer organisms, 
engage in symbiotic relationships with worms 
and other higher life forms (Childress et al. 
1987). It has even been asked whether life itself 
may not have begun with these primitive forms 
clustering around hydrothermal vents. Quite 
possibly populations were much larger in the 
Precambrian than now (in the absence of high 
order predatory organisms) and even different 
species from those encountered at present might 
have flourished. It is a well-known fact that 
many Phanerozoic species have become extinct, 
and it is therefore feasible that the same has 
happened with many Precambrian taxa. Because 
these organisms did not have tests, they have 
only rarely been preserved in the fossil record, 
particularly in metamorphosed and deformed 
rocks. An exception to this is where bacteria 
have been pyritized. Framboidal pyrite, with 
forms reminiscent of bacteria have been 

recorded from recent massive sulphides of the 
Kebrit Deep in the Red Sea (Blum and Puchelt 
1991). Similar features, which have persisted 
through nearly two billion years, amphibolite 
facies metamorphism and tectonic deformation, 
are locally preserved at Talvivaara (Fig. 15). 

The amount of atmospheric oxygen was 
evidently much lower in the Precambrian than 
today and also the oceans may have contained 
large anoxic parts. In rift basins in the Kainuu 
and Outokumpu areas, euxinic conditions 
probably prevailed at the sea bottom. According 
to a widely held assumption, organic material is 
better preserved in euxinic conditions than in 
normal marine conditions. Against this, Calvert 
et al. (1991) have recently proposed, based on a 
study of radiocarbon ages for the organic frac- 
tion of recent Black Sea sediments, that anoxic 
conditions in the water column are not a prere- 
quisite for the preservation of organic matter in 
marine sediments, and that irrespective of redox 
conditions, no more than 0.7-2.18 of the or- 
ganic matter would be preserved. If their 
calculations are correct, the primary production 
in the rift basins in the Kainuu and Outokumpu 
areas would have to have been exceedingly 
great. However, also the sedimentation rate 
influences the preservation of organic carbon: as 
the rate increases, a given sedimentary horizon 
passes more rapidly through the near-surface 
zones of microbial degradation (Coleman et al. 
1979), so that the more abundant life is and the 
faster the sedimentation rate is, the higher will 
be the portion of organic carbon preserved. 
Therefore, it is probable that whether euxinic 
conditions favour the preservation of organic 
matter or not, more than 2.1% of the organic 
matter was preserved in the Kainuu--Outokumpu 
rift basins. 

Thick black schist formations 

Comparable conditions for the production, ac- and Kainuu, probably deposited in local depres- 
cumulation and preservation of organic matter sions, but also tectonic processes thickened the 
prevailed in the rift basins of the Kainuu and formations at certain prospects. Distinct marker 
Outokumpu areas. The black schist layer under- horizons have not, unfortunately, been dis- 
lying the Outokumpu rock assemblage at the covered, which might have allowed estimation 
Keretti mine is, after tectonic deformation, of the original thickness - of, for example, the 
20-50 m thick (Fig. 9). However, much thicker 400 m thick (max.) formation at Talvivaara. 
formations are encountered both at Outokumpu 
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Fig. 15. Framboidal pyrite, reminiscent of pyritized bacteria, from the Talvivaara prospect (Fig. 10). Drill 
hole 3344:329. 139.15 m. Microscope magnification. reflected light, m e  polarizer. The length of the 
figure represents 0.244 mm. 

The thickness of black shale formations in the of 8 wt% and a thickness of some 40 m (Ripley 
geological record seldom attains that of the et al. 1990), and the Early Sinian black shales in 
black schists of the Kainuu-Outokumpu rift China with thicknesses of about 40-50 m (Fan 
basins. For example, the maximum thickness of 1988). Perhaps the thickness of the black shale 
the Kupferschiefer is but one metre (Kucha sequence deposited in the Talvivaara basin 
1982). Among the thickest formations described varied between 20 and 100 m before thickening 
in the literature are the New Albany Shale in due to tectonic processes. 
Indiana with an average organic carbon content 

Ni--Cu-Zn-rich black schists 

Horizons with Ni+Cu+Zn > 0.8% are en- 
countered within the black schists of the Kainuu 
schist belt. In the Alanen prospect, they are 1-8 
m thick (Fig. 1, Table 1) and occur as inter- 
layers in the 'ordinary' black schist where 
Ni+Cu+Zn 50.8% (see Paper 11). At Talvivaara, 
this metal-rich horizon is in places 330 m thick. 
Since it is highly unlikely that it was originally 
composed of 1 to 8 m thick interlayers, con- 
ditions at Talvivaara must have been favourable 
for the formation of thick metalliferous layers. 

If the elevated Ni-Cu-Zn concentrations at 
Talvivaara are primary, then the sea water con- 
tained these metals in high concentrations. High 
Ni--Cu-Zn concentrations in the surface waters 
could have been due to the accumulation of 
hydrothermal fluid lighter than the sea water at 
the sea surface, and transport over a wide area. 
According to Solomon and Walshe (1979). ore 
solutions are buoyant on entering sea water and 

will rise at least several hundred metres into the 
ocean with the final height depending on density 
gradients in the sea water. If the exhalative fluid 
was lighter than sea water and rose near to the 
surface, the metals contained within it could 
have subsequently settled down to the seafloor 
along with the remains of plankton and other 
organisms (Fig. 16a). 

Another possibility is that the fluid did not 
rise to the surface, but only to the level where 
the sea water density was the same (Fig. 16b). 
According to Turner and Gustafsson (1978), if 
hot salty fluid is injected into a density gradient 
layer, stratified lateral transport of the lightcr 
fraction may result. Thus dense, hot saline ex- 
halative flows would be no less stable than 
turbidite flows. In this case, too, the metals 
would be distributed over a wide area. 

A third possibility is that the hydrothermal 
fluid was denser and did not rise up but 
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migrated close to the sea bottom (Fig. 16c). 
According to Ridge (1973), a dense, hot, sul- 
phide-rich brine entering the sea where the over- 
lying water is 915 m or deeper, so that it will 
not have boiled as it would at shallower depths, 
first precipitates some sulphides. The rate of 
precipitation will, however, gradually decrease 
and dense sulphide-rich brines may thus be 
suspended immediately above the seafloor for a 
considerable period of time. Such a brine would 
be maintained until the heat source had dis- 
sipated itself; then the brine would cool gradual- 
ly, and its content of sulphide material would 
steadily be precipitated. 

A fourth possibility is that hydrothermal 
fluids spread into the surroundings of the vent 
below the sea bottom and that metals are 
distributed within unconsolidated sediments 
(Fig. 16d). Possibilities 16c and 16d or a com- 
bination of both seem more probable at Tal- 
vivaara than 16a and 16b, because the area con- 
taining Ni-Cu-Zn mineralization occurs as 
horizons in 'ordinary' black schist with 
Ni+Cu+Zn I 0.8% (Fig. 10). If a and b were 
true, the Ni-Cu-Zn mineralization would have 
spread throughout the whole basin or at least a 
large part of it. On the other hand, because the 
whole formation is probably allochthonous, it is 
possible than an originally 10-20 m thick 
Ni-Cu-Zn-rich horizon precipitated over the 
whole basin could have been deformed such that 
it now appears as a much thicker unit. It is also 
conceivable that during isoclinal folding, 
migration of metals may have taken place bet- 
ween metal-rich and more normal (Ni+Cu+Zn < 
0.8%) black schist horizons, obscuring original 
li thological differencies. 

Recent deposition of metalliferous muds can 
be found associated with seafloor spreading. The 
metalliferous mud in the Atlantis I1 Deep, for 
example, contains on average 2.1% Zn, 0.5% 
Cu, 40 ppm Ag and 0.5 ppm Au (proven reser- 
ves 94 million tons, salt-free, dry weight, Mus- 

tafa et al. 1984). Blum and Puchelt (1991) have 
proposed that in the shallow submarine environ- 
ment typical of much of the Red Sea, pressures 
were low enough to allow discharging, hot 
(300°C) fluids to boil. Separation of the vapour 
phase left behind a denser, bottom-seeking 
brine, which filled local morphological depres- 
sions and formed metalliferous muds such as 
those of the Atlantis I1 Deep (proximal type) 
and Kebrit and Shaban Deeps (distal type). 
Unconsolidated metalliferous muds form a 
blanket several metres thick in these brine pools. 
In the Shaban and Kebrit Deeps, below a depth 
of 1300 m, stratified brines about 200 m thick 
are present. Due to leaclling of underlying 
evaporite sequences, Red Sea brines are 
saturated, and of high density. 

Blum and Puchelt (1991) propose that the 
origin of Ni in the sediment-hosted polymetallic 
massive sulphide deposits of the Kebrit and 
Shaban Deeps in the recent Red Sea is seawater- 
leaching of basalt. The metalliferous fluids may 
also have discharged through deep rift fractures, 
as has been suggested for Central-African Cop- 
perbelt (Lefebvre 1989, Annels 1989) and for 
the black shale -hosted Ni-Zn-PGE 
mineralization at the Nick Property, Yukon, 
Canada (Hulbert et al. 1992), and therefore the 
source rocks are not necessarily exposed. 

The Ni-Cu-Zn enrichment at Talvivaara could 
be due either to fluids derived from seawater 
leaching of basalt andlor ultramafic rocks or 
discharge of base metal -bearing fluids through 
deep rift fractures. Talc-carbonate rocks, the 
alteration products of serpentinites, have been 
encountered in the Talvivaara area (Fig. 10), 
though not in large volume. The amount of Ni, 
Cu and Zn precipitated at Talvivaara would 
nevertheless require a large volume of source 
rocks. To the north of Talvivaara, large masses 
of altered serpentinites occur at the Lahnaslampi 
talc deposit. 

Mn-rich black schists 

Mn-rich horizons (Mn > 0.8%) with abundant ward-moving pore fluids. If the overlying sea 
alabandite (MnS) are encountered at Talvivaara. water has a sufficiently low Eh to support high 
Mn and Fe become separated as iron sulphides Mn concentrations, Mn will remain in solution. 
precipitate from sea water in euxinic conditions, A steep solubility gradient exists along 
while Mn is mobilized towards the oxidation-reduction interfaces in water columns; 
sediment-water interface by diffusion or up- anoxic water can dissolve 1000 times 
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Fig. 16. Four models for the formation of Ni-Cu-Zn-rich mud. If the elevated Ni-Cu-Zn con- 
centrations were present during deposition, then the sea water contained these metals in high con- 
centrations and there were at least three possible mechanisms: a) The hydrothermal fluid was lighter 
than the sea water and rose near to the surface; b) The fluid rose until it equilibrated with sea water 
of similar density. resulting in stratified lateral transport; c) The hydrothermal fluid migrated close 
to  the sea bottom. d) Still a fourth possibility is that hydrothermal fluids spread into the sediments 
below the sea bottom. 
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more Mn than oxic water. Other important fac- 
tors influencing Mn solubility are pH and P,,. 
Manganiferous precipitates will be preserved in 
the sediment if the redox interface intersects the 
ocean floor, as at basin margins and on shoals, 
since the precipitation takes place at or above 
the redox interface, and prscipitates will not 
sink back below the interface where they would 
redissolve. Thus Mn deposits can be expected 
where deep anoxic water with high Mn con- 
centrations mixes with shallower oxic water 
(Force and Cannon 1988). 

The geochemical behaviour of Mn is strongly 
affected by seafloor hydrothermal activity. Mn 
is readily extracted from basalt at the 
temperatures and pressures found in sub-seafloor 
hydrothermal systems. Hot spring waters are 
enriched in Mn about a million fold over am- 
bient sea water. Surface sediments near 
hydrothermal mounds in the Guayamas Basin 
contain as much as 1.2% Mn derived from fal- 
lout from particulate clouds above active vents 
(Campbell et al. 1988). Dissolved Mn in the 
hydrothermal clouds is converted to a particulate 
phase (Mn-rich particles bear resemblance to the 
Mn oxidizing bacterium Metallogenium) within 
a few days to a week. Guayamas Basin solutions 
are saturated with respect to alabandite (Koski et 
al. 1985). The Mn-rich (Mn > 0.8%) horizons of 
Talvivaara most probably represent a 
Proterozoic analogue for Mn-rich horizons en- 
countered at recent spreading axes such as 
Guayamas Basin, but why is Mn not enriched at 
Outokumpu? 

The water column of the rift valley at an 
active hydrothermal field at the Mid-Atlantic 
Ridge near latitude 26ON contains elevated con- 
centrations of dissolved Mn (up to 30 nmolkg), 
whereas plumes with low total dissolved 

Mn (< 1 nmolkg) are present near latitude lSON 
close to the eastern intersection of the ridge axis 
with a fracture zone (Charlou et al. 1991). At 
1S0N, the low Mn concentration is due to fluid 
circulation in ultramafic rocks, where serpen- 
tinization occurred. Only 38% of the Mn in the 
peridotite is leached at 500°C, in contrast with 
rhyolite, andesite and basalt, from which more 
than 90% of the initial Mn is removed (Hajash 
and Chandler 1981). Therefore, the low Mn 
concentration at Outokumpu may be due to fluid 
circulation in presently serpentinized ultramafic 
rocks. 

The elevated Mn concentration at Talvivaara 
could be due to leaching of basalts, but unfor- 
tunately no remains or alteration products of 
basalts have been encountered in the area. One 
possibility is that Mn derives from fluid cir- 
culation through earlier sediments containing 
Mn carbonates. In this case, elevated Mn con- 
tents at Talvivaara, Jormua and Melalahti would 
be inherited features. In drill hole 3433:331 at 
Talvivaara (Fig. 10). an average of 0.06% Pb is 
present between 58 m and 78 m according to 
analyses made during exploration. The elevated 
Pb concentrations could suggest leaching of Pb 
from earlier sediments, comparably with 
Miocene Pb--Zn deposits near the Red Sea coast 
in Egypt, where 'a renewed epigenetic hypogene 
cycle' has been suggested (Rasmy 1981). 
However, no evidence of older (> 1.97 Ga) Mn- 
rich or Pb-bearing sediments has been found in 
the Talvivaara area. Both the horizons with 
eievated Mn and sporadically anomalous Pb 
values probably result from seafloor 
hydrothermal processes and are due to enrich- 
ment of large quantities of fluid having 
moderately low Mn and Pb concentrations. 

Black schists with greenish grey tremolite-rich layers 

Black schists with elevated calcium abundan- 
ces, reflected in the mineralogy in most cases by 
the presence of tremolite, occur in association 
with the 'ordinary', mica-rich black schists in 
the Kainuu--0utokumpu area. However, a 
characteristic calcium-bearing black schist with 
greenish grey tremolite-rich layers (Fig. 2) is 
encountered only in close association with the 
Outokumpu rock assemblage (Fig. 13). This type 
is not known to occur anywhere else in the 
Proterozoic of Finland. There are two principal 
mechanisms that might explain the origin of 

these layers: 1) primary sedimentation of calc- 
rich layers (whether of organic or inorganic 
origin), and 2) formation during deformation. 

It seems reasonable that the formation of these 
layers reflects a mechanism characteristic of the 
formation of the Outokumpu rock assemblage. 
Serpentinization was the dominant hydrothermal 
metamorphic process involved in producing the 
rocks of the Outokumpu assemblage (GaB1 et al. 
1975). Haapala (1936) had already considered 
that the carbonate rocks were the products of 
metasomatism associated with the serpen- 
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tinization. The Outokumpu quartzite was hole 791 and depth 180.70 m, where greenish 
originally a chemical colloidal silica precipitate grey tremolite-rich veinlets seem to brecciate the 
formed by the serpentinization and car- black schist. In most samples of this rock type, 
bonatization of the intruding ultrabasic magma however, the calc-rich layers occur as thin 
and the calc-silicate rocks represent the results (some 3 mm) interlayers resembling primary 
of the reaction between quartz and carbonate depositional feature. 
rocks (A. Huhma 1970). Therefore, the greenish 
grey tremolite-rich layers in black schist could 
represent carbonate released during serpen- 
tinization. This is at least consistent with the 
distribution of this black schist type, since is is 
present for example at the Vuonos mine near 
dolomites and calc-silicate rocks that occur 
adjacent to the serpentinites. 

A layered texture is also present within the 
calcsilicate rock - quartz rock of the Outokum- 
pu rock assemblage (Fig. 17, see the distribution 
at the Keretti mine in Fig. 9). The calc-rich 
layers might have been deposited during primary 
sedimentation either upon silica gel or on mud 
rich in organic matter, resulting alternatively in 
layered calc-silicate rock - quartz rock or in 
black schist with greenish grey tremolite-rich 
layers. The layered texture could also be due to 
introduction of calc-rich solutions during 
diagenetic, metamorphic or tectonic processes. --l 
This theory is supported by a sample from the Fig. 17. Layered calcsilicate rock - quartz rock from the Alanen 
Kyl ylahti prospect (Fig. l , Table l) ,  from drill prospect. drill hole 3344: 401 (Fig. 1). 

Concluding remarks 

To summarize the preceding discussions, the 
high carbon contents in the schists associated 
with ophiolitic rock assemblages reflect the 
existence of an abundant microbiota and con- 
ditions favourable for the preservation of or- 
ganic matter in the sediment. Furthermore, high 
SIC ratios; elevated base metal, gold, silver and 
mercury contents; positive europium anomalies 
and high 634S values encountered for example at 
Talvivaara point to hydrothermal influx (see 
Paper I). The mineralized black schists exhibit 
microscopic textures reminiscent of pyritized 
bacteria similar to those found near modem 
hydrothermal vents. The precursors were metal- 
liferous organic-rich muds deposited in rift 
basins associated with seafloor spreading. The 

hydrothermal processes operative during their 
deposition were similar to those encountered in 
recent ocean ridge environments. 

It is possible that more than one phase of 
seafloor spreading took place within the 
Kainuu--0utokumpu area. In the Red Sea, the 
first stage of spreading took place 25-15 Ma ago 
and the second, still active, began 4.5 Ma ago 
(Girdler and Southren 1987). Thus the 
Ni--Cu-Zn-rich and Mn-rich black schists of 
Kainuu could have formed during a different 
seafloor spreading phase than that responsible 
for the Outokumpu-type Cu-CO-Zn ores. The 
formation of both Talvivaara and Outokumpu 
during the same phase, however, is also pos- 
sible. 

COMPARISON O F  THE OUTOKUMPU AND TALVIVAARA DEPOSITS 

In the Outokumpu district, eleven Cu-Zn--CO bined reserves of 50 Mt ore grading 2.8% Cu, 
massive sulphide deposits originally had corn- 1% Zn, 0.2% CO and 0.1% Ni (GaB1 and 
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Parkkinen, in press). Three deposits have been 
mined. Ore is hosted by cherty quartzite and 
calc--silicate rocks associated with serpentinite. 
Low-grade Ni-Cu-CO mineralization occurs in 
similar lithologies. Both the sulphide orebodies 
and the wall rocks are anomalously high in Ni 
and Cr. Because sedimentary structures are 
found in the upper parts of the ore, at least part 
of the hydrothermal fluids discharged at the sea 
bottom. The ophiolitic formations encountered 
in the Kainuu and Outokumpu areas resemble 
those encountered in recent spreading axes (see 
for example Papers 1-11). In Fig. 18, a model for 
the genesis of the Outokumpu deposits (from 
Papunen 1987) is shown. 

The Outokumpu ore deposits and the Tal- 
vivaara Ni--Cu-Zn deposit have many features 
in common (see Paper 11). There are also dif- 
ferences, however. Mn concentrations are low at 
Outokumpu, whereas Mn-rich (Mn > 0.8%) 
horizons have been encountered in the black 
schist at Talvivaara. The low Mn concentration 
at Outokumpu may be due to fluid circulation in 

presently serpentinized ultramafic rocks (see 
section above 'Mn-rich black schists'). 

At Outokumpu, massive Cu-Zn-CO--Fe ore of 
pyrite or pyrrhotite type is mostly hosted by 
cherty quartzite. Ni-rich sulphides occur as 
dissemination and stringers in cherty quartzite 
and calc-silicate rocks. At Talvivaara, the 
Ni-Cu-Zn mineralization is hosted by black 
schist. The role of sediments rich in organic 
matter in the genesis of the Outokumpu and 
Talvivaara deposits is different. At Outokumpu, 
black schist underlying the ore, as at the Keretti 
mine at Outokumpu (Fig. g), either had nothing 
to do with ore formation, or assisted the 
generation of the deposits, by acting as an 
impermeable barrier, causing the fluids trapped 
below to migrate, concentrate and, by preventing 
dispersion, overpressure resulting in discharge 
of the fluids along rift fractures. At Talvivaara. 
in contrast, at least part of the sulphide material 
was deposited concurrently with the organic 
matter or were introduced during diagenesis as 
suggested by fine-grained sulphide material. 

EXPLORATIONAL APPLICATIONS 

Black shales are of interest in exploration, 
because black shale formations host ore deposits 
containing base and precious metals, uranium, 
vanadium and molybdenum. Highly metamor- 
phosed black shales also host graphite occurren- 
ces of economic significance. Further, rocks 
containing organic carbon are often encountered 
near massive sulphide ore deposits (see section 
above 'Black shales and ore formation'). 

In Finland, the largest deposit hosted by black 
schists is the Talvivaara Ni-Cu-Zn 
mineralization, which contains 300 Mt of 
mineralized black schist averaging 0.26% Ni, 
0.14% Cu and 0.53% Zn (Ervamaa and Heino 
1980). According to the results of regional 
exploration, other deposits as large as Talvivaara 
are not likely to exist in eastern Finland 
(Talvitie et al. 1980). Talvivaara is apparently 
the largest black shale -hosted Ni--Cu-Zn 
deposit (by volume) in the world. Black shale - 
hosted Ni deposits have been encountered also 
in China and Canada (Fan Delian et al. 1973, 
Hulbert et al. 1992). but they consist of thin 
layers (3-15 cm) and contain platinum group 
elements in addition to Ni. 

Ore-grade concentrations of U, MO, V, Ag, 
Au or platinum group elements have not been 

encountered in the black schists of eastern Fin- 
land. For example, the highest Au concentration 
observed is 180 ppb (Fig. 19) and the highest Pt 
and Pd concentrations are 60-70 ppb (sample 
length 40 cm in drill core, see Paper I). Black 
shale -hosted gold deposits are mined in the 
Precambrian of Siberia (Petrov 1991). Gold 
concentrations are elevated (median value 35 
ppb) in black schists in the northern part of the 
Kainuu schist belt in comparison with those of 
the black schists in the Outokumpu area (max. 
12 P P ~ ) .  

Because black schists are encountered in 
proximity to massive sulphide deposits, their 
petrographical, geochemical and petrophysical 
properties have been studied intensively to as- 
sess their value as an explorational tool. The 
principal aim has been to find a way of distin- 
guishing black schists associated with ore 
deposits from those not of explorational interest. 
In the course of the present study, this has been 
successful in a broad scale; black schists as- 
sociated with ophiolitic rock assemblages clearly 
differ from other black schists studied in the 
Proterozoic of Finland. The fine-grained sul- 
phur-rich laminated black schist (Fig. 14) is 
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Fig. 18. A model of the palaeomvironment during the deposition of Outokumpu-type ores on the seafloor (from Papunen 1987). 

typical of deposition in the Kainuu-Outokumpu 
rift basins. The recognition of characteristic 
black schistblack shale types might be a useful 
exploration strategy in those areas in particular, 
where the bedrock has not been studied in 
detail, because black schistsblack shales can be 
localized by geophysical measurements. 

After distinguishing the rift-related black 
schists from those formed in other environments, 
it would be valuable to attempt to further iden- 
tify the black schists in a particular rift sequence 
that occur in the immediate vicinity of an 
economic mineralization. Outokumpu-type black 
schist with greenish grey tremolite-rich layers 
(Fig. 2) and black cherty quartzite (Fig. 5) seem 
to be characteristic for the vicinity of the 
Outokumpu rock assemblage. Outside of the 
prospects and mines in the Outokumpu area, 
black schists with greenish grey tremolite-rich 
layers have only been encountered in the 
southern part of the Kainuu schist belt (Fig. 13). 
The occurrence of Outokumpu-type black schist 
with greenish grey tremolite-rich layers is 
thought to provide a new pathfinder, which 
could be used, in addition to traditional 
methods, in regional exploration for Outokum- 
pu-type ores. 

The distances between known ophiolite rem- 
nants in the Kainuu--0utokumpu region are 
comparable to those in (more) recent ophiolites. 
Therefore, it is reasonable to focus upon the ore 
potential of presently known prospects. On the 
basis of the results of the black schist studies 
available so far, the most promising targets for 
further exploration for Outokumpu-type ore 
deposits in Kainuu are the Alanen prospect at 
Sotkamo, where layered quartz rock - 

calc--silicate rock has been encountered and the 
Pappilanmlki prospect at Rautavaara, where 
black schist with greenish grey tremolite-rich 
layers occur. 

The black schists associated with ophiolitic 
rock assemblages have many features in com- 
mon, but differences within the group are also 
found. Both Outokumpu and Talvivaara deposits 
share features in common with deposits en- 
countered at recent ocean ridge spreading axes, 
but black schists contain more Cu, Zn, Ni and 
CO at Talvivaara than in the Outokumpu area. 
The Outokumpu and Vuonos Cu-CO-Zn ore 
deposits and Ni mineralizations are mostly 
hosted by cherty quartzite, whereas at Tal- 
vivaara the metals are hosted by black schist. 
Manganese concentrations are low at Outokum- 
pu, suggesting that solutions leached mostly 
ultramafic rocks, which are present as serpen- 
tinites and talc-carbonate rocks. At Talvivaara, 
by contrast, Mn-rich black schist horizons are 
encountered (Mn > 0.8%). The question 
therefore arises, does the presence of 
Ni--Cu-Zn-rich andlor Mn-rich black schists 
reduce the potential for finding Outokumpu-type 
deposits? Some evidence for this comes from 
considering that the Talvivaara deposit contains 
vast amounts of Ni, Cu and Zn dispersed in the 
black schist. If concentrated within a smaller 
area, as at Outokumpu, they would form a sig- 
nificant ore deposit. This further leads to the 
fundamental question of the upper limit to the 
total volume of an exhalative system in a given 
area. For instance, would the metal budget of 
the system be sufficient to form an Outokumpu- 
type deposit after a Talvivaara-type deposit had 
already been produced (or vice versa)? 
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In addition to their application to Outokumpu- typical of massive sulphide deposits (e.g. -Na, - 
and Talvivaara-type deposits, black schist Sr, -K, -Rb and + Mg) can be used in 
studies can be useful in exploration for Ham- exploration. Elevated Pb (> 400 ppm) and Sb (> 
maslahti-type sediment-hosted massive sulphide 4 ppm) concentrations of black schists are 
deposits. The Hammaslahti Cu deposit is recommended as an additional pathfinder for 
interpreted to be intermediate between Besshi- Hammaslahti-type ores (Loukola-Ruskeeniemi et 
type and sediment-hosted copper deposits (see al. 1991 and Paper 111). 
Paper 111). Therefore geochemical signatures 

ENVIRONMENTAL ASPECTS 

The chemical composition of bedrock is 
reflected in the chemical composition of till, soil 
and ground water and in some cases also surface 
water, a relationship that has long been 
exploited in exploration (e.g. Hyvgrinen 1986). 
The source of toxic elements in surface waters 
and the biosphere is not necessarily entirely of 
cultural pollution, but may sometimes derive 
from the bedrock, especially if it has been ex- 
posed to weathering. When rock rich in sul- 
phides comes into contact with the atmosphere 
and surface waters, the sulphides begin to 
oxidize and part of the base metals and sulphur 
are released into geochemical circulation. 

The Ni-Cu-Zn-rich black schist horizon at 
Talvivaara in Kainuu contains abundant carbon, 
sulphur, base metals (0.14% Cu, 0.26% Ni, 
0.53% Zn) and elements hazardous to the en- 
vironment such as mercury. The mean Hg value 
for black schists in drilled profiles in the 
catchment area of lake Kolmisoppi is 1.7 pprn 
with a maximum of 7.5 pprn (76 samples). Hg is 
mostly bound in sulphides such as sphalerite. 
The mineralized black schist formation encom- 
passes lake Kolmisoppi and dominates its 
catchment area. The rocky shores of the lake 
and the beach sand are metalliferous black 
schist, as is the nearby Talvivaara hill. It is also 
relevant that, being a brittle rock, base metal - 
rich black schist was finely ground and 
mechanically dispersed by continental ice. Base 
metals and mercury can also be released into 
surface and ground waters by natural waters 
flowing through till. 

Mercury concentrations in pike from three 
lakes in Sotkamo were 0.96 pprn (lake Kol- 
misoppi), 0.76 pprn (lake Jormasjarvi) and 0.33 
pprn (lake ~ l a n n e )  (Verta and Rekolainen 1985). 
The elevated concentration of 0.96 pprn was 
attributed by Verta (1990) to atmospheric pol- 
lution from distant sources. However, Hg con- 
centrations in pike positively correlated with 

those of the bedrock in the catchment area; the 
catchment area of lake Kolmisoppi contains Hg- 
rich black schists, whereas at JormasjBrvi, black 
schists interlayered in mica schist are en- 
countered and at ~ l g n n e ,  no black schists are 
present. A connection between anomalous Hg 
concentrations in pike and the occurrence of Hg- 
rich black schists in the catchment area of the 
lake is suggested (see Table 2 in Paper IV). An 
analogous situation has been found in Canada 
west of Hudson's Bay, where in an uninhabited 
area of the tundra, mercury levels in fish exceed 
the recommended levels. No form of 
anthropogenic pollution exists in the area to 
explain the anomalous levels of mercury in the 
fish. The lakes lie in a Precambrian fault- 
bounded trough, where underlying bedrock, 
sedimentary rocks and volcanites, exhibits 
elevated Hg concentrations (Hornbrook and 
Jonasson 197 1). 

The release of mercury and other hazardous 
elements from the bedrock through weathering 
and the transport of these into watercourses 
argues for the following actions: 

1) The chemical composition of bedrock and till 
as well as that of soil and water sediments 
should be taken into consideration whenever the 
source of elevated concentrations in the 
biosphere or surface waters is being sought. The 
problem is local, however, and should not be 
exaggerated. A significant portion (some 50%) 
of global mercury circulation is anthropogenicin 
origin (Miller and Buchanan 1979), but the 
overall terrestrial concentration of inorganic 
mercury is as much as 50pg/kg, and levels are 
even higher in certain rocks in mercuriferous 
belts characterized by instability and volcanic 
and thermal activity (Moore and Ramamoorthy 
1984, p. 143). When the acidity of rain water is 
increased due to atmospheric pollution, harmful 
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Fig. 19. Black schist with elevated gold contents from the Jormua prospect (180 ppb Au). Drill hole 3434: 
325.26.40 m. Characteristic features of gold-bearing black schist include primary lamination with abundant 
fine-grained sulphide dissemination and nearly euhedral pyrite in tectonic structures. 

elements will increasingly be leached from 
bedrock (and from material originally derived 
from the bedrock) and transported to the 
biosphere. 

2) Anomalous areas of bedrock should be iden- 
tified as an adjunct to supplement environmental 
studies and regional planning. Areas that are 
already naturally stressed can be expected to 
react to human activity more severely than clean 
areas. 

3) Mining companies should ascertain the 
natural level of polluting substances in the area 
before commencing mining operations, because 
once the mine is closed the area will not be left 
with "average" concentrations if they were 
higher than average to begin with. In this con- 
text, special precautions need to be taken in the 
mining of sulphur-rich rocks that easily weather 
in natural conditions. 
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Abstract. Metamorphosed black shale formations 120- 
150 m thick with median concentrations of 7% non-car- 
bonate carbon and 6-8% sulphur are abundantly met in 
drill cores in theKainuu and Outokumpu areas. Carbon 
isotope 6I3C values are comparable to the average iso- 
topic composition of non-carbonate carbon in sedimen- 
tary rocks. The rare earth element patterns show cerium 
depletion, indicating a marine origin. Base metal concen- 
trations in black shales are high in the Talvivaara miner- 
alization (ore estimate: 300 Mt with 0.26% Ni, 0.14% Cu 
and 0.53% Zn) and in the vicinity of ophiolite complexes. 
In the Kainuu schist belt, the median value for gold is 
35 ppb (max 170 ppb) in the western part and 16 ppb 
(max 180 ppb) in the east. Highest platinum and palla- 
dium concentrations encountered are 60-70 ppb. It is 
shown that in the Kainuu black shales, concentrations of 
sulphur, base metals and precious metals have been in- 
creased by hydrothermal processes, as indicated by posi- 
tive europium anomalies, elevated mercury concentra- 
tions (max 7.5 ppm), high sulphur isotope 634S values 
and the enrichment of sulphur and base metals relative to 
carbon. The processes operative during the deposition of 
these shales find an analogy in recent processes in ocean 
ridge spreading axes. 

Black shales were originally argillaceous sediments con- 
taining organic matter. Their chemical composition has 
therefore been affected by numerous factors, including 
physicochemical conditions, prevailing organisms, the 
chemical composition of the water during deposition and 
the composition of detrital material. The hydrothermal 
activity leaves fingerprints in the mineralogy and geo- 
chemistry of sediments depositing near the vents (e.g. 
McMurray 1990). Hydrothermal fluids may also add 
metals to a black shale sediment later, during diagenesis, 
as indicated by studies on the Kupferschiefer (Jowett 
et al. 1987; Piittmann and Gobel 1990). In addition, 
metamorphic and tectonic remobilization may affect the 
chemical composition of shale. 

In a preliminary study (Ruskeeniemi et al. 1986; 
Ruskeeniemi 1988, 1989), the chemical characteristics of 
metamorphosed black shales were studied in 16 localities 
in the Proterozoic of Finland, to discover whether hy- 
drothermal activity is reflected in their chemical composi- 
tion, and, if so, whether the element ratios could be used 
in ore exploration. The promising nature of the results 
encouraged us to begin a detailed study in eastern Fin- 
land, where the Outokumpu Cu-CO-Zn-Au ore deposits 
and the Talvivaara Ni-Cu-Zn mineralization are located. 
The present publication reports on this work and repre- 
sents a progress report on the total research, which will 
continue up until 1992. 

In the following, metamorphosed black shale is re- 
ferred to as black schist. 

Sampling and analytical methods 

Samples were sections of non-weathered drill core with 
an average length of 40 cm, selected to represent petro- 
grahically determined subtypes such as argillaceous and 
calcareous black schist (Peltola 1960), metal-rich and 
Mn-rich black schist and graphite-bearing skarn (Louko- 
la-Ruskeeniemi et al. 1991). In eastern Finland, schists 
are defined as black if they contain more than 1 % non- 
carbonate carbon and more than 1% sulphur (Peltola 
1960,1968), since at this point the schist begins to assume 
a black colour. Total carbon and sulphur were deter- 
mined in 879 samples with Leco carbon and sulphur ana- 
lyzers at GSF (the Geological Survey of Finland). CO, 
concentration was determined in 274 samples at XRAL 
(Xray Assay Laboratories Ltd., Canada). The concentra- 
tion of non-carbonate carbon was calculated as the dif- 
ference between the total and carbonate carbon concen- 
trations. The term "non-carbonate carbon", C,.,, , is used 
instead of the more usual term "organic carbon", because 
carbonate carbon may also be of biogenic origin. 

Iron, manganese, copper, zinc, nickel and cobalt were 
determined in 879 samples by inductively coupled plasma 
atomic emission spectrometry (ICP-AES) with multi-acid 
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Table 1. Geological setting of prospects (Fig. 1); n. number of black schist samples selected for the present study (average length 40 cm in 
drill core) 

Number n Locality 
(Fig. 1) 

Age (Ga) Geological setting 
" metamorphic facies 

74 Puolanka DDH 343: iron formation 
DDH 326, 327: black schist, phyllite, dolomite, quartzite 
(Laajoki and Saikkonen 1977) 

DDH 309-310: Black schist, dolomite, phyllite, quartzite 
" greenschist (Karki 1984) 

27 Melalahti 

Poi 

3 

23 Poikkijarvi 

89 Jormua 

Iron formation, black schist, phyllite 

1.96 Ophiolite complex: black schist, serpentinite, metagabbro, mafic 
metalava, pillow lava 
" lower amphibolite (Kontinen 1987) 

~ 1 2  Talvivaara 1.96 - 1.97 Ni-Cu-Zn-rich black schist, Mn-rich black schist, 'normal' black 
schist, graphite-bearing skarn, talc-carbonate rock, calc-silicate 
rock, quartz rock 
" amphibolite (Loukola-Ruskeeniemi et al. 1991) 

107 Alanen 1.96- 1.97 Serpentinite, talc-carbonate rock, calc-silicate rock, quartz rock, 
black schist (Loukola-Ruskeeniemi et al. 1991) 

112 Pappilanmaki, Korpimaki 1.96- 1.97 Black schist, skam, serpentinite 
(Loukola-Ruskeeniemi et al. 1991) 

7 Ruukinsalo 1.96- 1.97 Black schist, diopside skam 

6 Losomaki 

13 Mihkali 

11 Viurusuo 

33 Outokumpu mine 

12 Kaasila 

\ 
Outokumpu rock assemblage: 

14 Kalaton 

36 Vuonos mine 

51 Sukkulansalo 

Serpentinite, calc-silicate rock, quartz rock, black schist 

/ ' middle amphibolite (Koistinen 1981) 

45 Kylylahti 

17 7 Sola 1.97' 

decomposition (HF/HN03/HCl/H3B03) at GSF. Ura- scope. 634S values were measured at the Laboratory of 
nium (neutron activation analysis NAA, detection limit Economic Geology of the Helsinki University of Tech- 
0.1 pprn), molybdenum (ICP-AES, d.1. I pprn), vana- nology by standard techniques (Makela and Tammen- 
dium (DC plasma, d.1. 2 pprn), the rare earth elements maa 1977). 
(inductively coupled plasma mass spectrometer ICP-MS, 
d.1. 0.05 to 0.1 pprn for different elements) and chlorine 
(XRF, d.1. 50 ppm) were determined in 50 samples at Geological setting 

XRAL, and gold (d.1. 1 ppb), platinum (d.1. 10 ppb) and 
palladium (d.l.2 ppb) by lead fire assay collection proce- The black schists in the Kainuu and Outokumpu areas 
dure with final determination by DC plasma in 286 sam- were deposited as marine argillaceous sediments 1.96- 
ples at XKAL. Fourteen of these last samples were re- 2.10 Ga ago and underwent greenschist to amphibolite 
analysed for platinum and palladium by graphite furnace facies metamorphism 1.8- 1.9 Ga ago (Simonen 1980). 
AAS at GSF using aqua regia dissolution and mercury They are encountered in ophiolitic rock assemblages and 
coprecipitation, and two further samples were analysed in iron formations and as interlayers in mica schist. Black 
for platinum group elements at XRAL (nickel sulphide schists are rarely exposed in Finland, where glacial till 
fire assay collection procedure with final determination covers the bedrock with an average thickness of 7 m, but 
by ICP-MS, d.1. 0.2 to 2 ppb). Altogether 850 samples their distribution is known from geophysical measure- 
were analysed for mercury by the cold vapour method ments (Airo and Loukola-Ruskeeniemi 1991). 
(lower detection limit 0.005 ppm) at XRAL. Appala- The thickest black schist formations in the Proterozoic 
chian Basin Devonian black shale SDO-1 was used as an of Finland are associated with the Outokumpu-type ser- 
analytical standard. pentinite-skarn-quartz rock assemblage, 1.96- 1.97 Ga in 

Vein sulphides for sulphur isotope analysis were pre- age, encountered in the Outokumpu district, and with a 
pared by hand selection under a binocular stereo micro- similar assemblage (Loukola-Ruskeeniemi et al. 1991) 



Fig. 1. Geological setting of the 
Kainuu schist belt and the 
Outokumpu district. Massive sul- 
phide districts: I, Outokumpu; II, 
Skellefte; III, Vihanti-Pyhasalmi 
(Vih = Vihanti zinc ore deposit); 
IV, Aijala-Orijarivi; V ,  Bergsla- 
gen. Prospects in the Kainuu 
schist belt: 1, Puolanka; 
2, Melalahti; 3, Jormua; 4, Talvi- 
vaara; 5, Alanen; 6, Pappilanmaki 
and Korpimaki; 7, Ruukinsalo. 
Poi, Poikkijarvi iron formation. 
Prospects in the Outokumpu dis- 
trict: 8, Losomaki; 9, Mihkali; 
10, Viurusuo; 11, Outokumpu 
mine; 12, Kaasila; 13, Kalaton; 
14, Vuonos mine; 15, Sukku- 
lansalo; 16, Kylylahti; 17, Sola. 
For further information see 
Table 1 
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Paper I 

located in the Kainuu schist belt (Fig. 1, Table 1: pros- 
pects 3 - 17). Together with serpentinite, calc-silicate rock 
and quartz rock, black schist is an essential component of 
the assemblage, which is considered ophiolitic in origin 
(Koistinen 1981). The original thickness of the black 
schist formations probably varied between 20 and 100 m, 
but tectonic processes have thickened the strata so that in 
drill cores they commonly measure 120-150 m with a 
maximum of 400 m. In the Talvivaara area the black 
schist formation is as wide as 1-2 km. Compared with 
other black shale occurrences in the world, even the 
original thickness of those in Kainuu and Outokumpu 
is remarkable. For example, the maximum thickness 

of the Kupferschiefer is but 1 m (Kucha 1982). The 
thickest formations elsewhere are the Early Sinian 
black shales in China with "thickness about 40-50 m" 
(Fan 1988). 

The major part of samples have been selected from 
prospects 3-17 (Fig. l), where black schists are associ- 
ated with serpentinite-skarn-quartz rock assemblage. 
The black schists in prospects 1 -2 have been deposited in 
a more calcareous environment (Table l), but the thick- 
ness of the formations is 120 - 150 m, the same as in pros- 
pects 3 - 17. For comparison, 23 samples were selected 
from the Poikkijarvi iron formation ("Poi" in Fig. l), 
where the black schist layers are 20-30 m thick. 
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Table 2. Median values (%) of total carbon, sulphur and base metal median value presented by Vine and Tourtelot (1970) for North 
concentrations in black schist layers at Puolanka (prospect l), at American black shales. M, median value, r, correlation with non- 
Jormua (prospect 3), at Poikkijarvi iron formation ("Poi" in Fig. 1) carbonate carbon concentration (except at Poikkijarvi, where corre- 
and in the Outokumpu argillaceous and calcareous black schists lation is with total carbon concentration). The number of samples 
(prospects 8-17), as defined by Peltola (1960). V& T refers to the in which CO, was determined is shown in parentheses. 

Element Puolanka Jormua Poikkijawi Outokumpu district 

M r  M r  argillaceous calcareous 

M r  M r  

C,,' 
S 
Fe 
Mn 
Cu 
Zn 
Ni 
CO 

Number of 
samples 

Petrographical features 

The main minerals in the Early Proterozoic black schists 
in the Kainuu and Outokumpu areas are quartz, micas, 
graphite and pyrite. Peltola (1960) classified the 
Outokumpu black schists into three groups: argillaceous, 
calcareous and arenaceous. The argillaceous type is the 
most common. Calcareous black schists are abundant 
near serpentinite bodies and have been encountered in 
the Outokumpu and Vuonos mines and in the Alanen and 
Pappilanmaki prospects (nos. 5, 6, l l and 14 in Fig. 1). 
Arenaceous black schist is more correctly a graphite- 
bearing, cherty and fine-grained quartz rock. 

The ophiolite-associated black schists (prospects 3- 
17) contain pyrrhotite in addition to pyrite and also vary- 
ing amounts of sphalerite, chalcopyrite and pentlandite 
(Loukola-Ruskeeniemi et al. 1991). Sulphides are en- 
countered in at least two different stages of crystalliza- 
tion. The first stage represents primary sedimentation 
and is characterized by fine-grained (0.005-0.010 mm) 
dissemination in the direction of the lamination. The pre- 
dominant sulphide is pyrite, but primary pyrrhotite and 
trace amounts of chalcopyrite and sphalerite also occur 
(for example at Talvivaara, prospect 4 in Fig. 1). The 
second stage is characterized by coarse-grained sul- 
phides. Part of the primary sulphide material has remobi- 
lized, and nearly euhedral pyrite and pyrrhotite grains 
occur in veins. Sphalerite, chalcopyrite, pentlandite, 
galena, ullmannite and stannite are accessory minerals. 
Alabandite (MnS) is abundant in the Mn-rich layers at 
Talvivaara (Loukola-Ruskeeniemi et al. 1991). The plas- 
tic flow of sulphide materials has led to the concentration 
of sulphides at the crests of folds, at the pressure minima 
of boudinage and breccia structures and in the cracks of 
breccia fragments. 

Results 

Carbon and sulphur 

The black schists in Kainuu exist in different geological 
settings and differ in chemical composition: for example, 
those in ophiolitic rock assemblage (prospects 3 - 17) con- 
tain more non-carbonate carbon (7%) and sulphur (6- 
8%) than those interlayered with mica schists (1 -2% 
non-carbonate carbon and 1-2% sulphur) and more 
than those in the Poikkijarvi iron formation (3% carbon 
and 3.6% sulphur). The average of 7% non-carbonate 
carbon is considerably more than has been encountered 
in Precambrian black shales elsewhere in the world. 
Proterozoic black shales in Czechoslovakia contain less 
than 2% (Kukal 1984) and Aphebian shales 1.6-2.6 Ga 
in age in the Canadian Shield contain 1.6% non-carbon- 
ate carbon on average (Cameron and Garrels 1980). Pre- 
cambrian shales in Siberia and the Far East contain 1 - 
5% of non-carbonate carbon (Buryak 1988a). Precam- 
brian Nonesuch shale in the USA contains 0.4% (Vine 
and Tourtelot 1970), and would be classified as graphite- 
bearing shale in Finland, not as black shale (see 'Sam- 
pling and analytical methods'). 

As can be seen in Fig. 2 and Table 2, black schists in 
the Outokumpu and Kainuu serpentinite-skarn-quartz 
rock assemblages are similar in carbon abundance. (Note 
that the non-carbonate and total carbon concentrations 
are virtually the same in prospects 3-17. The median 
value of the difference between total and non-carbonate 
carbon is less than 0.1 %.) Sulphur abundance is higher, 
on average, in the Kainuu black schists than in the 
Outokumpu black schists. 

A distinct correlation between organic carbon and sul- 
phur concentrations, with a constant S/C,,,, ratio of 0.36, 
is found in normal marine sediments (Goldhaber and 
Kaplan 1974). The correlation is preserved even in eux- 
inic environments, such as in the present Black Sea, 
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Fig. 2 a-f. Sulphur and carbon 
concentrations in black schist in 
the Kainuu and Outokumpu ar- 
eas. Prospect numbers refer to 
those in Fig. 1. Sulphur and non- 
carbonate carbon concentrations 
of Cambrian and Ordovician ma- 
rine shales (Raiswell and Berner 
1986) are shown for comparison; 
Early Proterozoic black schists in 
Finland exhibit high values. The 
line 0.36 represents the S/C ratio 
in recent sediments after Gold- 
haber and Kaplan (1974) 

C non-carbonate % Median value 
.) 150 samples 
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where sulphides are deposited into carbon-bearing sedi- 
ments in concentrations systematically higher than in 
oxygen-containing water (Leventhal 1983). Carbon and 
sulphur concentrations are correlated (r=0.69) at the 
-Poikkijarvi iron formation. However, there is no correla- 
tion between nonicarbonate carbon and sulphur concen- 
trations in the black schists at Puolanka (r= -0.15) or 
Jormua (r = -0.003) or in the calcareous black schist at 
Outokumpu (r =0.1). The sulphur to non-carbonate car- 
bon ratio varies from 0.2 to 3.5 with a median value of 0.8 
in the Outokumpu district, from 0.4 to 5.6 at Jormua and 
from 0.2 to 2.1 at Puolanka. At Talvivaara and Alanen, 
the range is 0.3-9.9. 

Iron and manganese 

Iron concentrations are high in the black schists associ- 
ated with the Jormua ophiolite complex and the argilla- 
ceous black schists of the Outokumpu district (Table 2). 
Iron concentration correlates with sulphur concentration 
(r=0.9 in the Outokumpu district, 0.7 at Puolanka and 
0.9 at Jormua). 

Manganese concentrations are higher at Jormua than 
at Puolanka and in the Outokumpu district (Table 2), due 
to the layers of Mn-rich black schist (Fig. 3). Similarly 
enriched layers are encountered at Talvivaara, where ala- 
bandite and Mn-bearing garnet are the main Mn-bearing 
minerals. The average concentrations in the Mn-rich 
black schist at Talvivaara are 1.31 % manganese, 0.07% 
nickel, 0.11% copper, 0.32% zinc, 0.01% cobalt, 10.5% 
sulphur and 7.1 % total carbon (Loukola-Ruskeeniemi 
et al. 1991). Manganese concentration does not correlate 
with non-carbonate carbon concentration (Table 2), or 
with the sulphur concentration (r= -0.03 at Jormua, 
r = 0.1 at Puolanka and r = -0.2 in the Outokumpu dis- 
trict). 

Zinc, copper, nickel and cobalt 

Black schists in the Kainuu and Outokumpu areas have 
high zinc, copper, nickel and cobalt concentrations rela- 
tive to average black shales as described by Vine and 
Tourtelot (1 970) (Table 2). Concentrations are particu- 
larly high near the Jormua ophiolite complex (Fig. 3), 
and highest of all at the Talvivaara Ni-Cu-Zn mineraliza- 
tion. Average metal abundances in 651 "normal" and 637 
metal-rich black schist samples from Talvivaara (differ- 
ent sample set than presented in this paper) are given in 
Loukola-Ruskeeniemi et al. (1991). Base metal concen- 
trations do not correlate with non-carbonate carbon con- 
centrations at Jormua (Table 2). 

Vanadium and chromium 

Vanadium values are virtually the same in Kainuu and 
Outokumpu (Fig. 4, max 1400 pprn). Higher values (max 
2520 ppm) were found in earlier work in Early Protero- 

JORMUA U Black schist 
Mafic volcanite 

m Talc-bearing rock 
m Chlorite schist 

Fig. 3. Distribution of non-carbonate carbon, sulphur, iron, man- 
ganese, copper, zinc, nickel, cobalt and gold in black schists associ- 
ated with the Jormua ophiolite complex, drill hole 325. A 60-m- 
thick manganese-rich layer is encountered. Sulphur and gold con- 
centrations show a good correlation (r=0.8) 

zoic black schists in the Vihanti district, western Finland 
("Vih" in Fig. 1, Ruskeeniemi et al. 1986). 

The highest chromium concentration, 520 ppm, was 
encountered in a graphite-bearing quartz rock ("arena- 
ceous black schist") in the Outokumpu district. The me- 
dian value at Puolanka was 11 9 pprn (n = 56) and at Jor- 
mua 114 pprn (n = 50). At Outokumpu, the median value 
in argillaceous black schists was 140 (n = 140) and in cal- 
careous black schists 1 l7  pprn (n = 66). At Jormua, 
chromium concentration of black schists correlates with 
the concentrations of titanium (0.7), zinc (0.7) and vana- 
dium (0.6). 

Uranium and molybdenum 

The black schists in the Kainuu and Outokumpu areas 
exhibit elevated but not high uranium and molybdenum 
concentrations (Fig. 5). Uranium abundances are lower 
than those in alum shales in Sweden (1 50-300 pprn U, 
Andersson et al. 1985), though higher than those of the 
"normal" Pierre Shale in the USA (4 pprn U, Schultz 
et al. 1980). Molybdenum concentrations are high com- 
pared with the median of 10 pprn in North American 
black shales, but below the median value of Mecca 
Quarry Shale in Indiana (300 ppm, Vine and Tourtelot 
1970). 
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P 1-7: Kainuu Schist Belt 

n=22 

0 5 10 15 20 25 

C non-carbonate % C non-carbonate % 

P 8-17: Outokumpu District 

n=25 

C non-carbonate % C non-carbonate % 
Fig. 4a, b. Vanadium and non-carbonate carbon concentrations in 
the Kainuu and the Outokumpu black schists are comparable. Val- 
ues are high compared with the median concentration of North 
American black shales (l50 ppm, Vine and Tourtelot 1970). Corre- 
lation (r) between vanadium and non-carbonate carbon is 0.4 in 
Kainuu and 0.3 in Outokumpu 

dard. The uranium values of Finnish black schists are lower than 
those of Swedish alum shales, which contain 150-300 ppm uranium 
(Andersson et al. 1985). Correlation (r) between uranium and non- 
carbonate carbon concentrations is 0.4 in Kainuu and 0.6 in the 
Outokumpu district and correlation between molybdenum and 
non-carbonate carbon concentrations 0.3 in Kainuu and 0.2 in the 
Outokumpu district. Circle, Kainuu, prospects 1-2 and Poikkjarvi 
iron formation; square, Kainuu, prospects 3-7; triangle, Outo- 
kumpu, prospects 8- 17 (Fig. 1 )  

Fig. Sa, b. Uranium and molybdenum concentrations compared 
with non-carbonate carbon concentrations. SDO-l refers to the 
Appalachian Basin Devonian black shale used as analytical stan- 
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Mercury 

In earlier work, the medians of mercury concentrations in 
Proterozoic black schist sample sets in Finland were 
found to range between 0.04 and 0.18 pprn (180 samples, 
Ruskeeniemi et al. 1986). Concentrations were greatest in 
the Ostrobothnia schists belt in western Finland, where 
the maximum was 2.6 ppm. This was to be expected con- 
sidering that the Vihanti zinc ore deposit ("Vih in 
Fig. l), with sphalerite (ZnS) as the main ore mineral, is 
located in the area, and that sphalerite may contain up to 
20 m01 % HgS in solid solution before a CO-existing mer- 
cury-rich phase appears (Krupp 1988). 

Concentrations of mercury in samples of the present 
study differed from one target to another. Compared 
with mercury concentrations of the Aphebian shales of 
the Canadian Shield (0.51 ppm, Cameron and Jonasson 
1972), values at the Jormua and Talvivaara prospects are 
high: mean values are 2.15 pprn at Jormua (range 0.02- 
5.65 ppm, n=38) and 1.73 pprn at Talvivaara (range 
0.01 -7.47 ppm, n = 76). The mercury concentrations are 
lower, however, at Puolanka (mean value 0.22 ppm, 
range 0.01 -0.91, n=45) and at Kylylahti (mean value 
0.48 ppm, range 0.02- 1.30, n = 36) (Loukola-Ruskee- 
niemi 1990 b). 

Chlorine 

Chlorine concentrations up to 3300 pprn were measured 
in the black schist adjacent to the orebody at the Vuonos 
mine, but concentrations were below the detection limit 
of 50 pprn in 38 of 50 samples from elsewhere in the 
Outokumpu and Kainuu areas. 

Gold 

Gold mineralizations in black schists have been reported 
from Czechoslovakia (Aichler et al. 1988) and the USSR 
(Buryak 1988b). Elevated but not high concentrations 
were met in the Proterozoic of eastern Finland (Fig. 6). In 
prospects 1-2, in a calcareous environment with green- 
schist facies metamorphism, the maximum gold concen- 
tration was 170 ppb and the median value for 65 samples 
was 35 ppb. In prospects 3-7, the mean value for 97 
samples was 16 ppb. The maximum of 180 ppb was en- 
countered in the black schists associated with the Jormua 
ophiolite complex, where gold and sulphur values are in 
good (r =0.8) correlation (Figs. 3 and 6). Quartz veins of 
the Alanen and Pappilanmaki prospects contained less 
than 19 ppb gold, while the black schists at Talvivaara 
exhibited slightly elevated gold concentrations (Fig. 6). 
Concentrations were lowest in the Outokumpu district: 
the maximum concentration in 25 samples was 12 ppb. 

Platinum group elements (PGE) 

The highest abundance of platinum (60 ppb) was found 
at Alanen and the highest abundance of palladium 
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Fig. 6. Gold concentrations related to sulphur concentrations. Sul- 
phur concentrations are lower at Puolanka (PUO), Melalahti 
(MEL) and Poikkijarvi (POI) than at Jormua (JOR), where sulphur 
and gold exhibit correlation (r -0.8). At Talvivaara (TAL), elevated 
gold concentrations are related to Mn-rich black schist (only two 
metal-rich black schist samples from Talvivaara were analysed for 
gold with the present samples). At Alanen (ALA), samples displayed 
average gold values 

(69 ppb) at Jormua, but values at Talvivaara were com- 
parable. In a 50-cm-long core sample of the Vuonos black 
schist analysed for PGE and Re, the following values 
were found: Ru 12 ppb, Rh<4 ppb, Pd 24 ppb, 
0 s  < l l ppb, Ir < 4 ppb, Pt 39 ppb and Re 25 ppb. And 
in a 50-cm-long core sample of the Talvivaara black 
schist values were Ru 6 ppb, Rh < 2 ppb, Pd 15 ppb, 
0 s  c 5 ppb, Ir c 2 ppb, Pt 7 ppb and Re 21 ppb. In the 
Zechstein Cu deposit in Poland, PGE are concentrated in 
the border zone between oxic and anoxic conditions; spot 
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analyses of this thin layer revealed 10-370 pprn platinum 
and 10- 120 pprn palladium (Kucha 1982). A thin Ni- 
and MO-rich layer in black shale with 0.3 pprn Pt and 
30 ppb Ir has similarly been encountered in southern 
China (Coveney and Nancheng 1989). 

Rare earth elements (REE) 

REE concentrations are usually presented in relation to 
one of the reference standards: chondrites, standard shale 
SCO-1, metamorphosed North American shale MNAS 
or North American shale NAS (Table 3). In the present 
study, REE were also studied relative to the black shale 
standard Appalachian Basin Devonian Black Shale 
SDO-1. Almost all samples showed cerium depletion and 
results were virtually the same whether comparison was 
with SDO-. SCO-1, MNAS or NAS. Positive Eu- 
anomaly and Ce-depletion are shown in a drilling profile 
at Puolanka relative to all four shale standards (Fig. 7 a, 
b, c, and d). Within this profile, a positive europium 
anomaly was encountered in a sample with elevated gold 
concentration (170 ppb Au), but not in a sample with 
average gold concentration (35 ppb). The black schists 
near Outokumpu ore deposits and the mineralizations at 
Talvivaara and Alanen also show positive europium 
anomalies. 

At Talvivaara, graphite-bearing tremolite skarn (5.2% 
C,,,. . 13.9% CO,) contains 18 pprn of total REE 
(Table 3) and Mn-rich black schist (13.2% C,,,. , 8.7% 
CO,, 3.5% Mn) 22 ppm, compared with 134 pprn for 
fine-grained black schist. The graphite-bearing tremolite 
skarn at Talvivaara exhibits a negative Eu anomaly, while 
the average REE and Eu values for black schists corre- 
spond to those of the Vuonos mine at Outokumpu 
(Fig. 7e, f). 

Sulphur isotope ratios 

Sulphur isotope 6j4S values of vein sulphides, repre- 
sented by nine black schist samples from Alanen, 
Vuonos, Outokumpu and Kylylahti (Fig. l), range from 
-2.3 to 4.2Oh (pyrite, chalcopyrite and pyrrhotite), which 
points of hydrothermal influx (e.g. Donnelly et al. 1977). 

Fig. 7a-f. Rare earth element patterns in black schists. a-d Posi- 
tive europium anomaly and cerium depletion are shown in relation 
to different standards; SDO-l, SCO-1 (Jarvis and Jawis 1985), NAS 
and MNAS (Haskin et al. 1968). The sample from Puolanka, drill 
hole 327: 197-202 m, exhibits average gold value (35 ppb), whereas 
the sample from the same drilling profile, drill hole 326: 132- 137 m, 
has an elevated gold concentration (I70 ppb). The positive eu- 
ropium anomaly in the latter sample indicates the influence of 
hydrothermal fluids. e-f Mn-rich black schist and graphite-bearing 
skarn from the Talvivaara prospect both show anomalously low 
total REE concentrations. The graphite-bearing skarn shows eu- 
ropium depletion. In contrast, other black schist types at  Talvivaara 
show europium enrichment, indicating precipitation of hydrother- 
mal fluids. The black schists of the Vuonos mine at Outokumpu also 
show positive europium anomaly and exhibit similar REE concen- 
trations to the Talvivaara black schists 

Table 3. Median values (pprn) for rare earth elements in black schist 
layers associated with serpentinite-quartz rock-skam assemblage. 
The sample with an anomalously low REE value (the sample with 
anomalous 613C value in Fig. 8) and samples containing more than 
10% CaO were excluded. SDO-l, Devonian black shale from Ap- 
palachian basin, was measured for REE along with the present 
samples. The concentration of standard shale SCO-1 is from Jawis 
and Jawis (1985) and that of metamorphosed North American 
shale MNAS from Haskin et al. (1968). Median, median value for 
34 black schist samples in the Kainuu and Outokumpu (prospects 
3-17, Fig. 1) 

Element Median SDO-1 SCO-1 MNAS 

Likewise, the mean dJ4S value of the metal-rich black 
schist at Talvivaara indicates influence of hydrothermal 
fluids (-2.2Y60, 38 pyrrhotite samples; Heino, in prepara- 
tion). 

Origin of the Kainuu and Outokumpu black schists 

The generally accepted view that black shales have their 
origin in argillaceous sediments containing organic mat- 
ter is strengthened by the similar isotopic compositions of 
non-carbonate carbon in black shales of various ages and 
in recent sapropels (Holland 1984). The 613C (PDB) val- 
ues for the Early Proterozoic black schists in Finland range 
from -16.08 to -30.73 (30 determinations, Loukola- 
Ruskeeniemi 1990a), in agreement with the average iso- 
topic composition of non-carbonate carbon in sedimen- 
tary rocks (e.g. Schidlowski 1987). In the Outokumpu 
district the values range from -19.13 to -29.67 (Fig. 8). 
The outlying value, -19.13, is for an anomalous sample 
obtained from a 20-cm-thick graphite-bearing interlayer 
in the Outokumpu-type orebody at Kylylahti (prospect 
16 in Fig. 1) and containing 6.4% C,,,., 3.0% S and 0.4% 
CO,. Evidence for hydrothermal influx is present in the 
form of a positive Eu anomaly, high base-metal and ele- 
vated mercury concentrations (1.3 pprn). An anoma- 
lously high 613C value, -16.08, was encountered in a 
black schist layer at the Vihanti Zn ore deposit in western 
Finland ("Vih" in Fig. l), and together with the anoma- 
lous value from Outokumpu it suggests a correlation be- 
tween high 6l jC values and ore-forming processes. More 
detailed studies are needed to confirm this, however. 

Black schists in the Kainuu and Outokumpu areas 
(prospects 3- 17, Table l) occur in close association with 
formations interpreted as ophiolites. Cerium depletion 
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Fig. 8. Carbon isotope values in Early Protero- 
zoic black schists in Finland are in agreement 

District with the average of organic carbon in sedimen- 
tary rocks. Average carbon isotope 613C values 
in the Talvivaara black schists are similar to 
those in the Outokumpu and Vihanti districts if 
we exclude the two anomalous values from lay- 
ers adjacent to ore bodies. Black schists at the 
Poikkijarvi iron formation show slightly elevat- 
ed 6I3C values 

(Fig. 7) indicates a marine origin (e.g. Fleet 1984). Hy- 
drothermal exhalative vents have been shown to support 
abundant biota in present-day ocean ridge environments 
where, due to the absence of light, anaerobic bacteria 
utilizing sulphur in a process of chemosynthesis are the 
basic producer organisms in the food chain (e.g. 
Childress et al. 1987). Thus the black schists adjacent to 
sulphide ore deposits may well have originated in such 
bacterial activity and the life forms depending on it 
(Loukola-Ruskeeniemi 1989). 

The exceptionally high non-carbonate carbon value 
(average 7%) and thickness (120-150 m) of the Kainuu 
and Outokumpu black schist formations are in need of 
explanation. Paleomagnetic measurements (Mertanen 
et al. 1989) suggest that, during the Early Proterozoic, the 
Fennoscandian Shield was located at a latitude of about 
20°N, so that if climatic zonation during the Early 
Proterozoic was comparable to the present zonation, a 
hot and humid climate would have prevailed in 
Fennoscandia, and the warm surface waters would have 
been favourable for Precambrian life forms. The seas in 
which the sediments of Kainuu and Outokumpu were 
deposited 1.96-2.10 Ga ago would have been teeming 
with life, and accumulation of sinking organic remains 
would have added to the carbon load on the bottom. 
Evidently, too, the organic material has been well pre- 
served. Probably euxinic conditions such as presently 
found in the Black Sea prevailed. In analogy with Can- 
field's (1988) conclusions based on present day euxinic 
environments, preservation of organic carbon may have 
been better because anoxic bacteria were unable to de- 
compose the whole suite of sedimentary organic com- 
pounds. 

Geochemical evidence for hydrothermal idux 

Several features argue for the hydrothermal addition of 
sulphur and metals in the Kainuu and Outokumpu black 
schists (prospects 1 - 17): 

1. The sulphur-to-carbon ratio of the black schists in 
Kainuu and Outokumpu is high compared with that of 
present-day marine sediments (Fig. 2). It is also higher 
than the normal values in black shales near certain fa- 
mous ore deposits - the McArthur River deposit in Aus- 

tralia, the Mississippi Valley type deposits, the Nevada 
gold deposits and the White Pine deposit in Michigan 
(Leventhal 1985). Although in metamorphosed black 
shales such as those in eastern Finland, some loss of 
organic carbon and the redistribution of sulphides due to 
metamorphic processes cannot be ruled out, more likely 
the high SIC ratios are due to the addition or redistribu- 
tion of sulphides by hydrothermal processes. 

2. The high copper, zinc, nickel and cobalt concentrations 
do not correlate with carbon concentrations in the 
Kainuu and Outokumpu black schists (Table 2), al- 
though Vine and Tourtelot (1970) showed zinc and nickel 
to be enriched in the organic fraction of black shales and 
Leventhal and Hosterman (1982) showed correlations 
(r=0.8) between nickel and non-carbonate carbon and 
zinc and non-carbonate carbon in Devonian black shales 
in the Appalachian basin, USA. The lack of correlation 
together with the high values encountered in the Kainuu 
and Outokumpu black schists constitutes evidence for the 
hydrothermal addition of nickel and zinc. 

3. Manganese-rich black schist layers are encountered in 
Kainuu (Fig. 3). Manganese concentration does not cor- 
relate with non-carbonate carbon concentration except 
weakly (r =OS, Table 2) in the Outokumpu argillaceous 
black schists. It is suggested than the Mn-rich black schist 
layers (Mn > 0.8%) in Kainuu may be analogous to the 
Mn-rich horizons encountered in ocean ridge spreading 
axes, for example at the present Gorda Ridge in the NE 
Pacific (McMurray 1990). 

4. Vanadium concentrations are high (Fig. 4, median value 
600 ppm, max 1400 ppm) compared with the median 
value (150 ppm) presented by Vine and Tourtelot (1970). 
Vanadium is related to the organic fraction of black 
shales and usually correlates well with the non-carbonate 
carbon concentration (e.g. Leventhal and Hosterman 
1982). However, the correlation in the Kainuu and 
Outokumpu black schists is not good (r =0.4). Vanadium 
is one of the elements that is enriched near hydrothermal 
vents (e.g. Trefry and Metz 1989). Therefore, the low 
correlation with carbon and the high values in the 
Kainuu and Outokumpu black schists together indicate 
deposition in an environment with hydrothermal activity. 
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5. Elevated gold and platinum values. Maximum gold, 
platinum and palladium concentrations are 180 ppb, 
60 ppb and 69 ppb, respectively. 

6. Compared with the average mercury concentrations in 
Finnish black schists (0.04-0.1 8 ppm, Ruskeeniemi et al. 
1986) and in Aphebian shales of the Canadian Shield 
(0.51 ppm, Cameron and Jonasson 1972), the average 
values in the Talvivaara and Jormua black schists are 
high (1.73 ppm and 1.14 ppm, respectively). Mercury 
concentration usually correlates with non-carbonate car- 
bon concentration in black shales (e.g. in the Ap- 
palachian Devonian black shales r=0.7, Leventhal and 
Hosterman 1982). However, no such correlation is en- 
countered at Talvivaara and Jormua. Mercury is a 
pathfinder element for certain ore deposits (Widenfalk 
1979; Zhang et al. 1989), like the Skellefte ore deposits in 
Sweden: concentrations as high as those at Jormua and 
Talvivaara (max 7.5 ppm) are evidence for ore-forming 
processes. 

7. Elevated chlorine concentrations (max 0.33%) are 
found in the black schist of the Vuonos mine at 
Outokumpu. Average values in serpentinites adjacent to 
the Outokumpu orebodies are 190 ppm Br and 1.2% C1 
and the two elements correlate strongly (r=0.99). The 
high bromine and chlorine concentrations adjacent to the 
Outokumpu orebodies derive from a halogen-rich ore- 
forming fluid (Rehtijarvi 1984). 

8. High sulphur isotope 634S values in base-metal-rich 
black schists suggest hydrothermal addition. 

9. The black schists near the Outokumpu ore deposits 
and the mineralizations at Talvivaara and Alanen show 
positive europium anomalies (Fig. 7), suggesting the influ- 
ence of hydrothermal fluids analogously to the positive 
Eu anomaly in the Kuroko ores in Japan and the altered 
rocks overlying the ores (Shikazono and Matsumoto 
1989). Oceanic hydrothermal solutions typically are en- 
riched in europium, a consequence of plagioclase break- 
down during fluidlrock interaction (McLennan 1989). 

Vent precipitates in the present ocean ridges contain 
elevated concentrations of copper, zinc, lead, iron, man- 
ganese, vanadium, cadmium and mercury (e.g. Metz 
et al. 1988). Enrichments of the same elements are en- 
countered among the black schists associated with ser- 
pentinite-skarn-quartz rock assemblage in the Kainuu 
and Outokumpu areas. The evidence for hydrothermal 
influx in these black schists is overwhelming, and the 
processes operative during their deposition find an anal- 
ogy in recent processes in the ocean ridge environments. 

References 

Aichler, J., Danko, J., Orel, P., Rejl, L., Vanecek, M. (1988) Deep- 
seated gold mineralization in black shales near Sucha Rudna. 
northeastern Bohemian Massif, Czechoslovakia. Proc. 7th Qua- 
drenn. IAGOD Symp., pp. 633-640 

Airo, M.-L., Loukola-Ruskeeniemi, K. (1991) Early Proterozoic 
metamorphosed black shales in the Kainuu schist belt, eastern 
Finland - geophysical properties correlated with petrography 
and geochemistry. Geol. Surv. Finl., Spec. Pap. "Current Re- 
search 1990" 

Andersson, A., Dahlman, B., Gee, D., Snall, S. (1985) The Scandi- 
navian alum shales. Sveriges Geologiska Undersokning Nr 56, 
Ser. Ca, Uppsala. 50 p. 

Buryak, V.A. (1988 a) Significance of sedimentary environment and 
metamorphism in formation of gold mineralization in Precam- 
brian carbonaceous strata of Siberia and the Far East. Proc. 
IGCP 254 Inaug. Meet., Jesenik, Czechoslovakia, 5-12. 10. 
1987, pp. 17-24 

Buryak, V.A. (1988 b) Gold and other element sources in Au-bear- 
ing deposits of the carbonaceous sedimentary and volcanogenic 
sequence. Proc. IGCP 254 Inaug. Meet., Jesenik, Czechoslo- 
vakia, 5-12. 10. 1987, pp. 9-16 

Cameron, E.M., Garrels, R.M. (1980) Geochemical compositions 
of some Precambrian shales from the Can. Shield. Chem. Geol. 
28:181-197 

Cameron, E.M., Jonasson, I.R. (1972) Mercury in Precambrian 
shales of the Canadian Shield. Geochim. Cosmochim. Acta 
36: 985- 1005 

Canfield, D.E. (1988) Rates of sulfate reduction and oxic respira- 
tion in marine sediments: implications for organic carbon pre- 
servation in euxinic environments. V.M. Goldschmidt Confer- 
ence, Program and Abstracts, p. 34 

Childress, J., Felbeck, H., Somero, G. (1987) Symbiosis in the Deep 
Sea. Sci. Am. 256: 106-112 

Coveney, Jr., R.M., Nansheng, C. (1989) Nickel and molybdenum- 
rich black shales of Southern China: New ore type with possible 
analogues in the Pennsylvanian of the USA. 28th International 
Geological Congress, Washington, D.C., USA, 9-19. 7. 1989, 
Abstracts 1, pp. 335-336 

Donnelly, T.H., Lambert, I.B., Oehler, D.Z., Hallberg, J.A., Hud- 
son, D.R., Smith, J.W., Bavinton, O.A., Golding, L. (1977) A 
reconnaissance study of stable isotope ratios in Archaean rocks 
from the Yilgarn block, western Australia. J. Geol. Soc. Aus- 
tralia 24, Pt 7:409-420 

Fan, D. (1988) The Sinian-Ordovician metalliferous black shale 
series in Yangtze platform in China. Proc. IGCP 254 Inaug. 
Meet., Jesenik, Czechoslovakia, 5- 12. 10. 1987, pp. 25-28 

Fleet, A.J. (1984) Aqueous and sedimentary geochemistry of the 
rare earth elements. In: Henderson (ed.) Rare earth element 
geochemistry. Elsevier, Amsterdam, pp. 343-373 

Goldhaber, M.B. and Kaplan, I.R. (1974) The sulphur cycle. In: 
Goldhaber (ed.), The Sea, v01 5: Marine Chemistry. Wiley New 
York, pp. 569-655 

Haskin, L.A., Haskin, M.A., Frey, EA., Wildeman, T.R. (1968) 
Relative and absolute terrestrial abundances of the rare earths. 
In: Ahrens, L.H. (ed.), Origin and distribution of the elements. 
Pergamon, Oxford, pp. 889-912 

Holland, H.D. (1984) The chemical evolution of the Atmosphere 
and Oceans. Princeton University Press, 582 p. 

Jarvis, I., Jarvis, K.E. (1985) Rare-earth element geochemistry of 
standard sediments: a study using inductively coupled plasma 
spectrometry. Chem. Geol. 53: 335 - 344 

Jowett, E.C., Rydzewski, A., Jowett, R.J. (1987) The Kupferschiefer 
Cu-Ag ore deposits in Poland: a re-appraisal of the evidence of 
their origin and presentation of a new genetic model. Can. J. 
Earth Sci. 27: 2016-2037 

Koistinen, T.J. (1981) Structural evolution of an early Proterozoic 
strata-bound Cu-CO-Zn deposit, Outokumpu, Finland. Trans. 
R. Soc. Edinb. Earth Sci. 72: 11 5- 158 

Kontinen, A. (1987) An early Proterozoic ophiolite - The Jormua 
Mafic-Ultramafic Complex, Northeastern Finland. Prec. Res. 
35:313-341 

Krupp, R. (1988) Physicochemical aspects of mercury metallogene- 
sis. Chem. Geol. 69: 345-356 

Kucha, H. (1982) Platinum-group metals in the Zechstein copper 
deposits, Poland. Econ. Geol. 77: 1578- 1591 



Kukal, Z. (1984) Sedimentary history of the Bohemian massif. In: 
Suk. M. et al. (ed.). Geological history of the territory of the 
Czech Socialistic Republic. Geol. Snrv. Prague. p. 220-227 

Karki, A. (1984) Lithostratigraphy and structure of the Melalahti 
area in Paltano (in Finnish). Unpubl. Pro gradu thesis. Univ. of 
Oulu. 116 p. 

Laajoki. K.. Saikkonen. R. (1977) On the geology and geochemistry 
of the Precambrian iron formations in Vayrylankyla, South 
Puolanka area. Finland. Geol. Surv. Finl. Bull. 292, 137 p. 

Leventhal, J. (1983) An interpretation of carbon and sulphur rela- 
tionships in Black Sea sediments as indicators of environments 
of deposition. Geoch. Cosmoch. Acta 47: 133- 137 

Leventhal. J.S. (1985) Roles of organic matter in ore deposits. Proc. 
of the Denver Region Exploration Geologists Society Symp., 
Denver. Colorado, 25-26.4. 1985, "Organics and Ore De- 
posits". pp. 7-20 

Leventhal, J.S., Hosterman, J.W. (1982) Chemical and mineralogical 
analysis of Devonian black-shale samples from Martin County, 
Kentucky; Carol1 and Washington counties, Ohio; Wise 
County, Virginia; and Overton County, Tennessee, U.S.A. 
Chem. Geol. 37: 239-264 

Loukola-Ruskeeniemi, K. (1989) Early Proterozoic metamor- 
phosed black shales in the Kainnu schist belt and in the 
Outokumpu region. Geol. Surv. Finl. Spec. Pap. 10: 103-106 

Loukola-Ruskeeniemi, K. (1990a) Carbon and sulphur abundances 
and carbon isotope 6I3C values in Early Proterozoic metamor- 
phosed black shales in eastern and northern Finland (in Finnish, 
English summary). Geologi (Helsinki) 42 No 6:95-101 

Loukola-Ruskeeniemi, K. (1990b) Metalliferous black shales - a 
probable source of mercury in pike in lake Kolmisoppi, 
Sotkamo, Finland. Bull. Geol. Soc. Finl. 62: 167-175 

Loukola-Ruskeeniemi, K., Heino, T., Talvitie, J., Vanne, J. (1991) 
Base-metal-rich metamorphosed black shales associated with 
Proterozoic ophiolites in the Kainuu schist belt, Finland: a ge- 
netic link with the Outokumpu rock assemblage. Mineral. De- 
posita 26: 

McLennan, S.M. (1989) Rare earth elements in sedimentary rocks: 
influence of provenance and sedimentary processes. In: Geo- 
chemistry and mineralogy of rare earth elements. Lipin, B.R., 
McKay, G.A. (eds.) Reviews in mineralogy, Vol. 21. Mineralog- 
ical Society America, Chapter 7, pp. 169-200 

McMurray, G.R., (ed.) (1995) Gorda Ridge, a seafloor spreading 
center in the United States' exclusive economic zone. Proceed- 
ings of the Gorda Ridge Symposium, May 11-13, 1987, Port- 
land, Oregon, Springer, Berlin Heidelberg New York, 31 1 p. 

Mertanen, S., Pesonen, L.J., Huhrna, H., Leino, M.A.H. (1989) 
Paleomagnetism of the early Proterozoic layered intrusions, 
northern Finland. Geol. SUN. Finl. Bull. 347, 40 p. 

Metz, S., Trefry, J.H., Nelsen, T.A. (1988) History and geochemistry 
of a metalliferous sediment core from the Mid-Atlantic Ridge at 
26 degrees N. Geochim. Cosmochim. Acta 52:2369-2378 

Makela, M., Tammenmaa, J. (1977) A system for precise sulfur 
isotope analysis by a small mass spectrometer. Geol. Surv. Finl. 
Rep. Invest. 20, 23 p. 

Peltola, E. (1960) On the black schists in the Outokumpu region in 
eastern Finland. Bull. Comm. Geol. Finl. 192, 107 p. 

Peltola, E. (1968) On some geochemical features in the black schists 
of the Outokumpu area, Finland. Bull. Geol. Soc. Finl. 40: 39- 
50 

Piittmann, W., Gobel, W. (1990) The Permian Kupferschiefer of 
southwest Poland: a geochemical trap for migrating, metal- 
bearing solutions. Applied Geochemistry 5: 227-235 

Raiswell, R., Berner, R.A. (1986) Pyrite and organic matter in 
Phanerozoic normal marine shales. Geochim. Cosmochim. Acta 
50: 1967-1976 

Rehtijawi, P. (1984) Enrichment of bromine and chlorine in 
Proterozoic serpentinites from the Outokumpu Cu-CO ore dis- 
trict, Finland. Econ. Geol. 79: 549-552 

Ruskeeniemi, K., Sarapaa, O., Rehti ja~i ,  P. (1986) On the chemical 
composition of Proterozoic carbon bearing metasediments in 
Finland (in Finnish). Geologi (Helsinki) 38: 90-95 

Ruskeeniemi, K. (1988) Studies of metamorphosed black shales in 
Finland. Proceedings of the IGCP 254 Inaug. Meet., Jesenik, 
Czechoslovakia, 5- 12. 10. 1987, pp. 77-81 

Ruskeeniemi, K. (1989) Chemical characteristics of Proterozoic 
metamorphosed black shales in Finland - A preliminary report. 
28th Int. Geol. Congr. Abstr. 2, pp. 735, 734, 736 (Note page 
order) - 

Schidlowski, M. (1987) Application of stable carbon isotopes to 
early biochemical evolution on Earth. Am. Rev. Earth Planet. 
Sci. 15:47-72 

Schultz, L.G., Tourtelot, H.A., Gill, J.R. (1980) Boerngen, Compo- 
sition and properties of the Pierre shale and equivalent rocks, 
northern Great Plains region. U.S. Geol. SW. Prof. Pap. 1064-B 

Shikazono, N., Matsumoto, R. (1989) Rare earth element geochem- 
istry and evolution of submarine geothermal system accompa- 
nied by Kuroko sulfide-sulfate mineralization in Japan. In: 
Miles, D.L. (ed.), Proceedings of the 6th Int. Symp. Water-Rock 
Interaction, Malvern, U.K., 3-8.8. 1989. A.A. BalkemaIRot- 
terdam/Brookfield. p. 633 

Simonen, A. (1980) The Precambrian of Finland. Geol. SUN. Finl. 
Bull. 304, 58 p. 

Trefry, J.H., Metz, S. (1989) Role of hydrothermal precipitates in the 
geochemical cycling of vanadium. Nature 342: 531 -533 

Widenfalk, L. (1979) Mercury as an indicator of stratigraphy and 
metamorphism is the Skellefte ore district. Econ. Geol. 
74: 1307-1314 

Vine, J., Tourtelot, E. (1970) Geochemistry of black shale deposits 
- A summary report. Econ. Geol. 65: 253 -272 

Zhang, C., Wang, L., Dong, Y., Peng, S. (1989) Distribution of trace 
Hg and its mode of occurrence over Fankou Pb-Zn deposit, 
Guangdong, China. J. Geochem. Explor. 33:73-83 









Mineral. Deposita 26, 143- 151 (1991) 

O Springer-Verlag 1991 

Base-metal-rich metamorphosed black shales associated 
with Proterozoic ophiolites in the Kainuu schist belt, Finland: 
a genetic link with-the Outokumpu rock assemblage 
K. Loukola-Ruskeeniemi l, T. Heino ', J. Talvitie ' and J. Vanne 

Geological Survey of Finland, 02150 Espoo, Finland 
Geological Survey of Finland. P.O. Box 1237, 70701 Kuopio, Finland 

Received: March 1990/Accepted: January 29, 1991 

Abstract. Metamorphosed black shale is an essential 
component of the Early Proterozoic Outokumpu rock 
assemblage, together with serpentinite, calc-silicate rock 
and quartz rock. This rock assemblage, hosting the major 
Cu-CO-Zn deposits of Outokumpu and considered ophi- 
olitic in origin, has also been encountered to the north- 
west in the Kainuu schist belt. The rift basin encompass- 
ing the two areas was intruded by ophiolite complexes 
1.96- 1.97 billion years ago. Remnants of ultramafites 
are met as serpentinite and talc-carbonate rock lenses 
bounded by faults along the western margin of the 
Kainuu schist belt. The black schist formations range in 
thickness from tens of metres to 400 m. Metal-rich layers 
occur close to the serpentinite bodies. The most extensive 
formations of metal-rich black schist (300 Mt, 0.26% Ni, 
0.14% Cu, 0.53% Zn) have been encountered at Talvi- 
vaara. The lithological, mineralogical and geochemical 
results indicate a genetic link between the Jormua, Talvi- 
vaara, Alanen and Pappilanmaki prospects in the 
Kainuu schist belt and the Outokumpu rock assemblage. 

Indications of anomalously high base metal abundances 
were first obtained from the Kainuu schist belt in 1961 
(Fig. 1 ; Nenonen 1964). Subsequent studies undertaken 
by the Geological Survey of Finland established the exis- 
tence of black shale rich in Ni, Cu and Zn in the Kainuu 
municipalities of Paltamo and Puolanka (Ervamaa 1971, 
1974; Laajoki 1974). The metal-rich black shale 
(Ni=0.33%, Cu=O.ll%, Zn=0.58%) occurs as zones 
in the ordinary black shale and in association with mafic 
volcanite. Ervamaa (1971, 1981) suggests that the metal 
concentration of the metal-rich black shale and the 
anomalous concentrations of the same metals in the vol- 
canite-serpentinite complex at Jormua in Paltamo (pros- 
pect 1 in Fig. 2) may be genetically linked. 

The occurrences at Talvivaara were discovered in 1977 
(prospect 2 in Fig. 2) and an evaluation of the ore re- 
serves completed two years later indicated 300 Mt of 
base-metal-rich black shale averaging 0.14% Cu, 0.26% 

Ni, 0.02% CO, 0.53% Zn, 0.35% Mn, 10% Fe, 7% C, 
630 ppm V,. 102 ppm MO and 2.6 ppm Ag. The discovery 
of the Talvivaara deposits prompted an evaluation of the 
ore potential of other similar black shales nearby (Talvitie 
et al. 1980). The black shale formations in the Kainuu 
schist belt, as in the Outokumpu district, range in thick- 
ness from tens of metres to well over 100 m, except at 
Talvivaara where tectonic processes have thickened the 
strata and the maximum thickness observed in drill cores 
exceeds 400 m. The black shales in Kainuu enclose base- 
metal-rich layers, which often are close to serpentinite 
bodies. The prospects drilled indicate the existence of 
occurrences containing tens of million tonnes of base- 
metal-rich black shale but do not indicate any prospect as 
large as that at Talvivaara. 

In the course of studies undertaken in the southern 
part of the Kainuu schist belt, a rock assemblage typical 
of the Outokumpu Cu-CO-Zn-Au ores, and composed of 
serpentinite, skarn and quartz rock, was encountered at 
Alanen and Pappilanmaki (localities 3 and 4 ind Fig. 2; 
Sipila 1980; Vanne 1982). As first proposed by Haapala 
(1936), the serpentinites in the Outokumpu area are con- 
sidered to be ophiolitic in origin. 

The metallogeny and geochemistry of the black shales 
and serpentinites in the Kainuu schist belt are being stud- 
ied under IGCP project 254, begun in 1988 and scheduled 
for completion in 1992 (Talvitie et al. 1989; Loukola- 
Ruskeeniemi 1989). On the basis of studies at Jormua, 
Talvivaara, Alanen and Pappilanmaki, we have estab- 
lished and report here a genetic relationship between 
these prospects and the Outokumpu rock assemblage. 

In the following, metamorphosed black shale is re- 
ferred to as black schist and the base-metal-rich meta- 
morphosed black shale as metal-rich black schist. 

Description of selected prospects in the Kainuu schist belt 

Stratigraphy of the Proterozoic of eastern Finland 

The Karelia supergroup, which rests unconformably on 
the Archaean basement gneiss complex and consists 
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Fig. 1. General location of the 
study area and selected Early 
Proterozoic Cu +Zn f Pb f Auf 
Ag ore deposits and mineraliza- 
tions in the Fennoscandian Shield 

Table l. The geological evolution of the Kainuu schist belt (Konti- 
nen 1986, 1987a, b) 

Granitoids ca. 1.85 Ga 

Upper Kalevian metasediments, mica schists, etc. < 1.96 Ga 

The Jormua complex and related ca. 1.96 Ga 
mafic-ultramafic rocks 

Lower Kalevian metasediments: black schists, 1.96-<2.1 Ga 
metal-rich black schists, mica schists, etc. 
Iton formation occurrences (2.08 Ga, Sakko and 
Laajoki 1975) 

unconformity 

Upper Jatulian metasediments and volcanites, 2.1 -2.3 Ga 
black schists, dolomites 

Lower Jatulian metasediments and volcanites, 
quartzites, arkosites, conglomerates, etc. 

unconformity 

Late Archaean granite gneiss 2.5-2.9 Ga 

mainly of metasediments, is divided into Sariola (oldest), 
Jatuli and Kaleva groups (Fig. 2; Pekkarinen 1979; 
Merilainen 1980; Luukkonen and Lukkarinen 1986). 
Black schist formations occur in the upper part of the 
Jatuli group in association with dolomites, phyllites and 
mafic volcanites (Pekkarinen 1979) and among the 
Kaleva group sediments. The rocks were deformed and 
metamorphosed during the Svekokarelian orogeny 1.8 - 
1.9 Ga ago (Simonen 1980): the Archaean granite gneiss 
complex formed an extensive foreland against which the 

younger sediments were folded during the Karelian orog- 
eny. In Kainuu the compressive force acted mainly in a 
W-E direction. The stratigraphy of the Kainuu schist belt 
(Table 1) is similar to that presented by Peltola (1978) for 
the Outokumpu area. For example, the upper Kalevian 
metaturbiditic mica schists occurring in the central part 
of the belt correspond to the mica schists in the 
Outokumpu area. 

The Jormua ophiolite complex 

According to Kontinen (1987b), the Jormua ophiolite 
complex intruded the rift basin about 1.96 Ga ago, which 
means that it corresponds in age to the Outokumpu rock 
assemblage, 1.97 Ga, as described by Gaal et al. (1975) 
and Koistinen (1981,1986). Remnants of the ultramafites 
of ophiolite complexes are encountered as serpentinite 
and talc-carbonate rock lenses bounded by faults both 
south and north of Jormua all the way from Puolanka to 
Outokumpu (Fig. 2). There are three massive serpentinite 
hills at Jormua and a number of smaller serpentinite bod- 
ies (Fig. 3). Tremolitized zones with occasional chrome 
enrichments are frequent in the margins of the serpen- 
tinite bodies. In places the margins host considerable talc- 
carbonate rock occurrences. Mineralogically the serpen- 
tinites are homogeneous: over 96% of the rock is colour- 
less antigorite with the rest mainly magnetite. The horn- 
blende-plagioclase (An,,, ,,) mineral assemblage in the 
mafic volcanites at Jormua indicates regional metamor- 
phism of mid-amphibolite facies (Rastas 1969). 



Fig. 2. Generalized geological 
map of the Kainuu schist belt and 
the Outokumpu district (modified 
after Luukkonen and Lukkarinen 
1985). Selected prospects: I, Jor- 
mua; 2, Talvivaara; 3, Alanen; 4, 
Pappilanmaki 

Black schist formations over 100 m thick, with ele- 
vated metal concentrations, are encountered near the 
rocks of the ophiolite complex (Loukola-Ruskeeniemi 
1991). 

The Talvivaara Ni-Cu-Zn mineralization 

In the Talvivaara area (Fig. 2), lower Jatulian arkosites 
and quartzites rest on late Archaean basement, usually 
with a tectonic contact in between. In places the arkosites 
and quartzites are overlain by thin skarn layers derived 
from upper Jatulian dolomites. The Jatulian sediments 
are overlain by lower Kalevian metasediments (Fig. 4). 
The lower Kalevian mica schist in finely layered and 
graphite-bearing mica schist alternates with mica schist. 
In the upper part of the lower Kalevian there are scat- 
tered black schist layers up to 400 m thick. 

The lower Kalevian black schist at Talvivaara con- 
tains layers with more than 0.2% nickel. Usually Ni-Cu- 
Zn exceeds 0.8%. Macroscopically the metal-rich layers, 
folded maximally into 330-m-thick formations, differ 
from the rest of the black schist in their sulphide concen- 
tration. Pyrrhotite, pyrite, sphalerite, chalcopyrite and 
pentlandite occur in the metal-rich black schists; pyrite 
and pyrrhotite in the normal black schists. In both types 
the main minerals are quartz, micas, graphite and sul- 
phides, while accessories include rutile, apatite, zircon, 
feldspar and garnet. In the metal-rich black schists, the 
mica is predominantly phlogopite, and the pyrite to 
pyrrhotite ratio varies widely. Sulphides occur as primary 
fine-grained (<0.01 mm) dissemination and as coarser 
(>0.2 mm) recrystallized dissemination. Pyrrhotite in 
particular is also present as breccia matrix. Sphalerite 
usually occurs as coarse (>0.2 mm) recrystallized grains, 
whereas chalcopyrite typically forms coatings on fracture 
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Fig. 3. Generalized geological map of the Jonnua area (Fig. 2). 
More detailed studies on the rocks of the ophiolife complex have 
been presented by Kontinen (1987). Granite, Sheeted 
mafic dykes and metabasalt, m Metagabbro, m Metadiabase, m Serpentinite and talc-bearing rock, m Mica schist, m 
Black schist, m Quartzite, m Conglomerate, Late Ar- 
chaean granite gneiss, - Black schist interlayers, c Drill hole 

surfaces (Fig. 5). Pentlandite is encountered as tiny indi- 
vidual grains (0.05-0.1 mm) among the pyrrhotite grains 
and as fine-grained (0.01 -0.05 mm) acicular and flame- 
like exsolutions in pyrrhotite. 

The black schists rich in Ni-Cu-Zn enclose layers of 
graphite-bearing skarn ranging in thickness from a few 
tens of centimetres to several metres. Tremolite, graphite 
and sulphides, sometimes also manganese-bearing gar- 
net, are the major minerals of the skarn. The tremolite is 
dark due to the graphite pigment. The sulphides are py- 
rite, pyrrhotite and, to a lesser extent, alabandite, spha- 
lerite, chalcopyrite and pentlandite. Between the metal- 
rich and normal black schist layers, there are manganese- 
rich (Mn>0.8%) black schists which differ from the 
black schists mainly in their sulphides: in addition to 
pyrite and pyrrhotite, they contain abundant coarse (2- 
6 mm) alabandite grains (Fig. 5). The chrome tremolite 
skarns and talc-carbonate rocks encountered in two drill 
cores at Talvivaara point to the existence of an 
Outokumpu-type lithological assemblage in the area. The 
metal abundances of the different black schist types are 
shown in Table 2. 

Fig. 4. Generalized geological map of the Talvivaara area (Fig. 2). m Mctadiabase,mPeridotite, m Serpentiniteltalc-carbonate 
rock, =Mica schist, m B l a c k  schist ,Ni-Cu-Zn mineraliza- 
tion in black schist, mMn-rich black schist, mQuartzite with 
mica schist interlayers, mQuartzite, =Late Archaean granite 
gneiss. - Mylonite horizon. --Tectonic breccia, ---Fault, - Black schist interlayers, -Drill hole 

The Alanen talc occurrence 

The Alanen talc occurrence is located in the southern part 
of the Kainuu schist belt, about 30 km south-southeast of 
the Talvivaara mineralization (Fig. 2). Trending almost 
N-S, the 10-km-long zone is bounded in the west by gran- 
itoids and gneisses of the Presvecokarelian basement and 
in the east by early Proterozoic arkoses and quartzites. 
Serpentinites, talc-carbonate rocks, quartz rocks, skarns 
and black schists in a mica schist environment are the 
dominant rocks (Fig. 6). 

The mica schist is fine to medium grained. In the east, 
the grain size increases, the layered structure disappears 
and quartz veins parallel to the schistosity appear. Thin 
calcareous bands, as well as garnet porphyroblasts, are 
common. The central part of the zone consists of serpen- 
tinite bodies occurring as conformable lenses in the mica 
schist. The largest lens is several kilometres long and up 
to 1 km wide. The predominant type is almost mono- 
mineralic serpentinite, while other types contain talc, car- 
bonate and chlorite. Occasionally there are pseudo- 
morphs after olivine and less often after amphibole. Ac- 
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cessory minerals include secondary magnetite, chromite, 
pyrrhotite and pentlandite. 

The eastern margin of the largest of the serpentinite 
bodies has undergone intense talc-carbonatization. Ac- 
cording to gravimetric survey, the largest talc-carbonate 
rock lens is over 1 km long an from several tens of metres 
to over 100 m wide. The approximately 7 Mt of talc-car- 
bonate rock is composed of talc and carbonate in about 
equal proportions. The carbonate is predominantly mag- 
nesite, with lesser amounts of dolomite; chlorite and ser- 
pentinite are occasional constituents. The ore minerals 
include pyrrhotite, pentlandite, chromite, pyrite and 

Fig. 5. a Metal-rich black schist with fine-grained pyrrhotite dis- 
semination from Talvivaara. Pyrrhotite (PO) veins cut across the 
brecciated primary black schist beds. G, garnet-bearing black schist; 
Cp, chalcopyrite; Py, pyrite; Qv, quartz vein. b Mn-rich black schist 
from Talvivaara. Ab, alabandite; PO, pyrrhotite; Pe, pentlandite; 
Cp, chalcopyrite; Sp, sphalerite; Py, pyrite. c Chrornite (Ch), pent- 
landite (Pe), pyrrhotite (PO) and quartz (Qv) in a quartz rock from 
Alanen. d Uvarovite (Uv) and chrome tremolite (Tr) in a skarn rock 
from Alanen. e Tawmawite (Tw) and chrome tremolite (Tr) in a 
skarn rock from Alanen 

magnetite. Sulphur and nickel concentrations in the rock 
average 0.84% and 0.15%, respectively. 

Quartz rock bodies, ranging from a few metres to over 
20 m in width, occur in association with the skarns or are 
bordered by black schist and serpentinite or talc-carbon- 
ate rock. At their purest, the quartz rocks are grey and 
almost monomineralic. More often, however, they con- 
tain tremolite- and carbonate-bearing bands which im- 
part a greenish tinge. In places the quartz rock is dark 
grey or almost black due to fine-grained (0.01 -0.05 mm) 
disseminated sulphides. Often it contains chrome-bearing 
silicates such as uvarovite, tawmawite (Fig. 5) and fuch- 
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Table 2. Average element abundances (%) in the black schists at for black schists 1 and 2 was 10 m, for skarn 0.5-3.0 m and for 
Talvivaara (prospect 2 in Fig. 2). Nickel, copper, zinc, cobalt and Mn-rich black schist 5 m. 1, black schist; 2, metal-rich black schist; 
manganese were determined by AAS and sulphur and carbon by the 3, skarn; 4, Mn-rich black schist. X, mean value; SD, standard 
Leco analyser at the Geological Survey of Finland. Sample length deviation; n=number of samples 

Table 3. Average element abundances (%) in the black schists at 
Alanen. Nickel, copper, zinc and cobalt were determined by AAS 
and chromium by optical emission spectrometry (OES) at the Geo- 
logical Survey of Finland. Sample length was 1-2 m. l, black schist; 
2, metal-rich black schist; X, mean value; n, number of samples 

1 2 

X n X n 

site. Small amounts of pyrrhotite, pentlandite and pyrite 
are almost always present. Zinc-bearing (1.3% ZnO) 
chromite is a common oxide mineral (Fig. 5). 

Tremolite skarn is predominant over diopside skam. 
Green in colour, it is composed of chromium-bearing 
(3.7% Cr,O,) tremolite, of minor quartz and carbonate- 
and chromium-bearing minerals. The diopside skarn is 
coarser grained than the tremolite skarn and almost 
monomineralic with carbonate and pyrrhotite interstitial 
fillings. 

Black schist occurs as thin interlayers in mica schist 
and as thicker formations within and beside the serpen- 
tinite. The formations range from a few metres to 100 m 
in thickness and from 100 m to several kilometres in 
length. Graphite-poor, mica-schist-like units and skarn Fig. 6. Generalized geological map of the Alanen area (Fig. 2). 
layers rich in amphibole with graphite pigment occur as m s e v e n t i n i t e .  mTalc-carbonate rock, H S k a m - q u a r t z  rock, 

interlayers in the black schist. Nickel concentrations di- W B l a c k  schist, m M i c a  schist, =Quartzite, !Late Ar- 

vide the black schist into metal-rich (>0.2% Ni) and chaean granite gneiss, -Black schist interlayers 

metal-poor varieties (Table 3). The metal-rich black 
schists have not been observed to form the thick layers 
that they do at Talvivaara (Fig. 4), but rather occur as with black schist horizons is bounded by rocks of the 
1-8 m thick interlayers in the normal black schist. Archaean basement with mica gneiss and amphibolite 

inclusions. The metal-rich black schist (Ni>0.2%), 
which occurs in association with chloritized mica schist 

The Pappilanmaki Ni-Cu-Zn mineralization and serpentinite, locally contains interlayers of mica 
schist and skam. As a result of isoclinical folding, the 

Pappilanmaki is located some 30 km south of Alanen central part of the black schist formation has increased in 
(Fig. 2). In this area, the almost N-S trending schist belt thickness up to about 200 m, compared with about 25 m 



to the north and south. A preliminary in situ ore estimate 
of the Pappilanmaki deposit has shown it to contain at 
least 21 Mt of metal-rich black schist averaging 0.10% 
Cu, 0.21% Ni, 0.45% Zn and 0.015% Co. 

Comparison of the Kainuu schist belt prospects 
with the Outokumpu Cu-CO-Zn-Au ore deposits 

The Outokumpu ore deposits 

The ore deposits at Outokumpu (Fig. 2) were mined from 
1913 to 1989, during which time they yielded 1.1 Mt of 
copper. In addition to copper, iron, sulphur, zinc, cobalt 
and nickel, the deposits contained an average of 9 g/t Ag, 
0.8g/tAu,25-50ppmSe,0.015% Sn,0.01% Cr,0.05% 
Pb and 0.005% V,O,. Exposed on the present erosion 
level in the Outokumpu district, there is a long ribbon- 
like zone (Fig. 2) consisting mainly of serpentinites, calc- 
silicate rocks, black schists and quartz rocks. The latter 
differ from epicontinental quartzites and are considered 
to represent colloidal silica precipitates (Huhma and 
Huhma 1970). Together, these rocks comprise the 
Outokumpu rock assemblage (Peltola 1978). The hang- 
ing wall of the copper orebody hosts a nickel mineraliza- 
tion occurring as a pyrrhotite-pentlandite dissemination 
of 0.2-0.4% Ni in quartz rock. The Outokumpu ores are 
characterized by the ore mineral assemblage pyrite- 
pyrrhotite-chalcopyrite-sphalerite. 

The Outokumpu complex is considered to the ophi- 
olitic in origin and the Outokumpu ore to have deposited 
on the seafloor from hydrothermal fluids liberated in the 
course of extrusion of the ultramafites (e.g. Koistinen 
1981). For many years the Outokumpu deposits were 
considered a unique subtype of sulphide, ores, associated 
with seafloor mafic and ultramafic volcanism. Recently, 
however, other deposits not unlike those at Outokumpu 
have been described: e.g. the Huntingdon deposit in the 
southeastern Quebec Appalachians (Trottier et al. 1987) 
and the Fe-Cu-CO-Zn-Ni deposits of the Sykesville dis- 
trict, Maryland Piedmont (Candela et al. 1989). 

Serpentinites at Outokumpu 

The serpentinites form elongated parallel lenses of vary- 
ing sizes, the largest a few hundred metres wide and sev- 
eral kilometres long. Haapala (1936) distinguishes three 
types of serpentinite rock in the Outokumpu area: 
dunitic, saxonic and porphyritic. The predominant type, 
which was originally dunitic in composition, is now al- 
most monomineralic and granular in texture. Olivine is 
found only as relicts. The saxonic type is largely made up 
of chrysotile but may also contain olivine, enstatite, an- 
thophyllite, tremolite, bastite, chlorite, kaemmererite, 
talc, carbonate, chromite, magnetite and pyrrhotite. 01- 
ivine was initially the major component, with enstatite 
occurring in lesser amounts. The rock is mottled in ap- 
pearance. The rare porphyritic type bears elongated crys- 
tals of olivine and their serpentine pseudomorphs. In 
addition to chrysotile and olivine, it may contain tremo- 
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lite, anthophyllite, dolomite, talc, chlorite, chromite, 
magnetite and sulphides. A small serpentinite lens to the 
northwest of the mine area contains about 50% olivine. 
The rock is composed of large olivine grains serpen- 
tinized along the margins and cleavages. X-ray diffrac- 
tion studies indicate a composition of Mg,,Fe, for the 
unaltered forsterite (Huhma 1975). 

Black schists at Outokumpu 

Together with serpentinites, calc-silicate rocks and quartz 
rocks, black schists are an essential component of the 
Outokumpu lithological assemblage. 'Argillaceous' 
black schists (Peltola 1960) are the predominant type in 
the Outokumpu area. The layers vary in grain size and 
composition: the fine-grained layers are composed of 
pale biotite, muscovite, quartz (grain size ranging from 
0.005 to 0.05 mm), graphite (grain size about 0.001 mm), 
sphene and thucholite, while the coarser layers usually 
contain pyrite, potassium feldspar, quartz, iron-poor bi- 
otite and sphene (Peltola 1960). Pyrite and pyrrhotite are 
the predominant sulphides in the Outokumpu black 
schists. 

Metal concentrations in major rock types 

Comparison of the copper, zinc, nickel, cobalt, sulphur 
and chromium oxide values of the quartz rocks, skarns 
and dolomites in the Alanen area with those of the corre- 
sponding rocks in the Vuonos mine at Outokumpu re- 
veals a distinct similarity; for example, the quartz rocks at 
Alanen contain 1.2% sulphur and 0.45% Cr,O, (n = 37, 
present study), while those at Outokumpu contain 0.9% 
sulphur and 0.59% of Cr,O, (n= 1 l ,  Huhma 1976). Plot- 
ted on a CO-Ni diagram, the cobalt and nickel values of 
rocks at Alanen fall in almost the same fields as those 
presented by Huhma and Huhma (1970) for the corre- 
sponding rocks in the Outokumpu district (Fig. 7a). 
Black schists are an interesting exception. In the Alanen 
area they fall into two groups: those rich and those poor 
in metals. The metal-poor rocks plot in the field of the 
Outokumpu black schists but the metal-rich ones in the 
field of the quartz rocks, skarns and dolomites of the 
Outokumpu area. The metal-rich black schists in the Tal- 
vivaara area plot close to the field of the Ni mineraliza- 
tion at Outokumpu. On average, the black schists at 
Jormua are richer in cobalt than are those at Outokumpu 
(Fig. 7 b). 

A common genesis 

Several features argue for a genetic relationship between 
the Jormua, Talvivaara, Alanen and Pappilanmaki pros- 
pects in the Kainuu schist belt and the Outokumpu rock 
assemblage. 

1. Rock assemblage. The black schists of the Outokumpu 
district and those in the Kainuu schist belt occur in asso- 
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Alanen 
quartz rock x (n-37) 

tremolite skarn n rn-20) 

talc-carbonate rock A (n-18) 

black schist (n=20) 

Outokumpu quartz roc 
skarn and dolomite 

100 

10 N i  ppm 
a 10 loo 1000 10 000 

Talvivaara Ni-Zn-Cu 
rich black schist A (n-57) I 

Fig. 7a, b. Cobalt and nickel abundances. a At the Alanen pros- the Outokumpu area in CO and Ni values. b In the metal-rich black 
pect. The CO and Ni values of rocks other than black schists of schist at Talvivaara and the black schist a t  Jormua. The Ni miner- 
Outokumpu after Huhma and Huhma (1970) are marked with a alization at Outokumpu is marked with a dotted line. The black 
dashed line; those of the black schists, marked with the longer dashed schist layer at  the Jormua complex has an anomalously high average 
line, are values of 160 samples of the present study (Loukola- CO value 
Ruskeeniemi 1991). The rocks of the Alanen area resemble those of 

Outokumpu 
t - - - - - -4  

Alanen t - - - - - - -4 

- - - -  

metal-rich layer 
-cab-rich layers 
-elevated Mn in 

A Talvivaara A Jormua 
4- - - - - - -4 

- - - - - - - 

Black schist 
-metah~ch layers ] 

l -calc-r+ch layers 

-layers with Mn>0.8% I 

and other rocks 

Fig. 8. Comparison of stratigraphy at Outokumpu, Alanen, Talvi- at Alanen have analogies at Outokumpu. At Talvivaara and Jormua, 
vaara and Jormua (Fig. 2). The stratigraphy at Outokumpu is based there are metal-rich black schist layers (Ni > 0.2%, Ni + Zn+ Cu 
on profiles of the Outokumpu and Vuonos mines; that of Alanen is >0.8%). At Outokumpu, the values are lower: the highest nickel 
based on the data of 15 drill holes; and that of Talvivaara on 95 drill concentration in black schists was 0.15% and the highest 
holes. The stratigraphic column from the Jormua ophiolite complex Ni + Zn + Cu value was 0.8% 
is restricted to the Sammakkosuo area. The rock types encountered 

ciation with serpentinites, quartz rocks and skarns prospect bear the closest mineralogical resemblance to 
(Fig. 8). the rocks of the Outokumpu ore deposits. 

2. Mineralogy. Like those in Outokumpu, the skarns in 3. Age. The age of the Jormua ophiolite complex, 1.96 Ga 
Kainuu are rich in chromium as shown by the occurrence (Kontinen 1987 b), is comparable to the age of the 
of chromium-bearing minerals such as chrome diopside, Outokumpu formation, 1.97 Ga (Huhma 1976). 
chrome tremolite and uvarovite. The rocks at the Alanen 
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4. Carbon concentration of black schists. Black schists en- 
countered as interlayers in mica schists contain 1-2% of 
non-carbonate carbon. Black schists associated with ser- 
pentinite-quartz rock-skarn rock assemblage exhibit a 
median value of 7% both in the Kainuu schist belt and in 
the Outokumpu district (Loukola-Ruskeenierni 1991). 

5 .  Cobalt and nickel concentrations. The cobalt and nickel 
concentrations of the quartz rocks, tremolite skarns, talc- 
carbonate rocks and black schists at the Alanen prospect 
resemble those of the Outokumpu district (Fig. 7). 

6. Sulphur isotope ratios. The mean 634S value of the 
Outokumpu ore (-3.5'%, Makela 1974) and that of the 
metal-rich black schists at Talvivaara (-2.2%0, 38 
pyrrhotite samples, Heino, in preparation) are compara- 
ble, and the variation in the S-isotope composition is 
similar in the two deposits. The S-isotope compositions 
support a hydrothermal origin for both Talvivaara and 
Outokumpu. 

The serpentinite-quartz rock-skarn-black schist rock 
assemblages in Kainuu bear features in common with 
recent sediment-covered ocean ridge spreading axes; in 
particular, there appear to be analogies with the Mn-rich 
horizons, metal-rich mud and sulphide-bearing sediment 
breccia encountered at Gorda Ridge in the NE Pacific 
(McMurray 1990). 
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Abstract. The Hammaslahti copper deposit, with past production of 7 million tons of ore grading 1.16% 
Cu and containing minor amounts of Au and Zn, is hosted by hydrothermally altered Early Proterozoic 
metaturbidites. Major sulphide minerals are pyrrhotite, chalcopyrite, pyrite and sphalerite. The mineralization 
is limited on the hanging-wall side by a sheared black schist layer along which runs a steeply W-dipping 
reverse fault. The geometry of the three irregular elongate orebodies is controlled by a N-striking subvertical 
S, axial-plane cleavage and an S,/S2 intersection (L2) plunging 25" S.The orebodies at the northern and 
southern ends of the deposit have elevated Au and Zn compared with the orebody in the middle. 

The geochemical patterns point to hydrothermal alteration. Relative to less altered metaturbidites in the 
area, the host metaturbidites are depleted in Na, Ca, Sr, K and Rb and enriched in Fe, Mg, S, Cu, Zn, CO 
and Au. The hanging-wall black schist resembles in its base metal composition the black schists associated 
with the Outokumpu Cu-CO-Zn ore deposits. In a limited area in the southern ore profile, the hanging-wall 
black schist does host copper ore. 

Tholeiitic metabasalts, which are interpreted to have erupted in a rifted basin, outcrop 15 km to the south 
along the strike. They are assumed to be genetically associated with the deposit. Hydrothermal alteration 
patterns characteristic of massive sulphide ore deposits, together with the metaturbidite host rock and the 
tectonic environment with tholeiitic metabasalts, point to a sediment-hosted copper deposit having features 
in common with Besshi-type massive sulphide deposits. 

Introduction 

The history of Hammaslahti mine dates back to 1966 when, in the course of regional bedrock 
mapping by the Geological Survey of Finland, chalcopyrite was discovered in an exposure which 
later became the mine site. A ground geophysical survey followed by drilling resulted in the 
opening of the mine in 1973. Between 1973 and 1986, Outokumpu Oy mined 7 million tons of 
ore containing an average 1.16% Cu and minor amounts of Zn and Au. 

Although the Harnmaslahti deposit is situated in a geologically well known area close to the 
Archaean-Proterozoic boundary and to the Outokumpu Cu-Zn-CO district, its geology is notwell 
documented in the literature. Sulphur isotopes and fluid inclusions were examined by Hyvarinen 
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et al. (1977) who coacluded that the deposit is synsedimentary and tectonically remobilized. 
Evaluation of the structure of the deposit by Gail(1977) suggested a deformation in three phases 
with sinistral shearing during a late stage. A structural and sedimentological analysis of the area 
surrounding the deposit supplied the regional background (Ward, 1985, 1987). The northern Z 
orebody was documented by Hamaliinen (1987). The present study was initiated in 1983 with 
the purpose of summarizing the existing data and filling the gaps in knowledge in the areas of 
geochemistry, lithology and structure. Data obtained in earlier structural mapping done by the 
University of Helsinki (Gail, 1977) were supplemented with observations on drill cores from 
the mine area. Special attention was paid to sedimentary structures, younging directions and the 
various generations of foliation and their relation to bedding. The observed V S l  and S* form 
lines were drawn in vertical cross sections and their relation to the geometry of the orebodies 
was analysed. 

Systematic sampling was carried out as part of the geochemical and lithological studies. Samples 
taken from outcrops with a geological hammer and a hand-held diamond drill (2-3 sites/outcrop), 
and from the near-surface part of drill cores, provided the surface profile. Quartz veins were 
avoided so that SiO, values are in some cases downgraded. Drill core samples 1 to 6 m in length 
were selected from the drilled sections across the mine area. Altogether 259 outcrop and 336 
drill core samples were analysed at the Outokumpu Geoanalytical Laboratory by XRF and AAS, 
and at the Technical Research Centre of Finland by INAA. Element concentration maps were 
compiled by computer from the surface and drill core profiles, and were used to generate block 
diagrams, following the structural trends. More detailed sampling for the geochemical study, 
mainly of the quartz-chlorite-hornblende schists along one vertical cross section (x=6928.00), has 
recently been done by one of us (K.L.-R.); the average length of the drill core sampled was 30 
cm. 

The present paper is the result of team work in which the major rcsponsibilitics were divided 
as follows: K.L.-R., geochemical and petrographical studies; G.G., regional and structural geology; 
and T.K., mining geology. 

Geological setting 

The Hammaslahti deposit is located at the eastern margin of the Early Proterozoic Svecofemian 
Orogen (2.0-1.75 Ga), 12 km W of the exposed Archaean-Proterozoic boundary (Fig. 1). 
The country rocks belong to the 2.0 to 1.9 Ga Kalevian Group and are composed of low- 
grade metamorphosed epiclastic sediments dominated by graded-bedded feldspathic graywackes 
intercalated with black schist layers and phyllites (black schist = metamorphosed black shale). 
The metasediments of the Kalevian Group form a NNW-trending linear belt, the Hoytiainen 
Basin (Ward, 1987), which is separated by reverse faults from the Outokumpu district to the 
west. The metaturbidites swing around the Outokumpu district and are connected with the 
well-preserved metaturbidites of the Haukivesi area in the SW (Gail & Rauhamaki, 1971). 
Whereas the mica schists, black schists, serpentinites and chemogenic quartzites hosting the 
allochthonous Cu-Zn-CO ore deposits at Outokumpu are interpreted as constituting an ophiolite 
nappe complex (Koistinen, 1981), the autochthonous metasediments of the Hoytiainen Basin are 
thought to have been deposited in an intracratonic rifted basin (Ward, 1987) or, alternatively, in a 
foreland basin (Gail, 1990). The Hoytiainen Basin has been considerably truncated by eastward 
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HAMMASLAHTI 
CU - DEPOSIT 

in the 
HOYTIAINEN - HAUKIVESI 

TURBlDlTE BELT 

Fig. 1. Geological setting of the Hamrnaslahti copper deposit. Massive sulphide districts: I Outokumpu; I1 
Skellefte; 111 Vihanti-Pyhisalmi; IV Aijala-Orijarvi; V Bergslagen; K = Kainuu schist belt. The deposit is 
located in the Hoytiiinen-Haukivesi rnetaturbidite belt at the eastern margin of the Proterozoic Svecofennian 
Province. 

thrusting of the Svecofennian Orogen onto the Archaean basement complex in the east. The thrust 
brought the 2.5 to 2.0 Ga epicontinental cover rocks of the basement complex of the Karelian 
Province into juxtaposition with the geosynclinal rocks of the Svecofennian Province (Gad1 & 
Gorbatschev, 1987). 

The majority of the epiclastic sediments of the Hoytiainen Basin are interpreted as middle-fan 
turbidites (Ward, 1987). Primary features are usially well preserved and depositional younging 
can readily be observed in the vicinity of Hammaslahti mine. Conglomerates and poorly sorted 
epiclastic sediments are abundant in the vicinity of the Hammaslahti deposit. The conglomerate 
clasts are derived from Archaean granitoids and gneisses, Early Proterozoic epicontinental 
onhoquanzites, and penecontemporaneous pelites and volcanites. An Archaean provenance with 
limited admixture of Early Proterozoic rocks has been demonstrated by Sm-Nd isotope studies 
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Fig. 2. Block diagram of the Hammaslahti copper deposit. Size of the area is 2 km X 2.5 km. Orcbodics and fold 
structures plunge 25' S. Younging and structural facing indicate upright to slightly inclined synclines and 
anticlines. 

(Huhma, 1987). Metabasalts are encountered 15 km to the south along the regional strike, in an 
anticlinal structure at Tohmajawi (Nykanen, 1971) and associated pyroclastics occur at a shorter 
distance to the south. 

The grade of regional metamorphism over most of the Hoytiainen Basin has reached lower 
amphibolite facies. Ward (1987) recognized complex fold and fault patterns with early isoclinal 
folds, followed by recumbent folds and late crenulation cleavage. In the present study, structural 
mapping of the immediate vicinity of Hammaslahti mine revealed upright folds with coinciding 
depositional younging and structural facing and no evidence of overturning of beds (Fig. 2). 

Geology of the deposit 

The rocks in the vicinity of Hammaslahti mine were studied in outcrops and in deep diamond drill 
holes. The three orebodies S, N and Z are located in hydrothermally altered rocks in the western 
limb of an upright anticline, close to its hinge zone (Fig. 2). The orebodies, irregular and elongated, 
occur in an 'en echelon' pattern in a N-trending zone below a steeply W-dipping, sheared black 
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schist layer. A reverse fault with upthrow movement along its western side runs along the black 
schist layer. Black schis~ 21 m thick in drill cores, is also encountered in the footwall, but unlike 
the sheared hanging-wall black schist it does not form a continuous horizon (Figs. 2, 3). The 
orebodies plunge 25" to 30" S. In places the mineralization reaches the hanging-wall black schist 
horizon, but it is usually hosted by altered metamrbiiites. Mineralized black schist was mined in 
a small zone of the S orebody. 

Stratigraphy and structure 

Epiclastic metasediments are the dominant rocks in and around the Hammtslahti deposit. The 
sheared hanging-wall black schist, with a thickness of 1.5 to 25 m in drii core, separates 
two domains (Table 1). The metaturbidites west of the black schist zone are medium to fine 
grained graded-bedded 'micrograywackes' with typical varve thickness of 1 to 10 c m  There is a 
gradational change into a more argdlaceous subfacies when moving upward in the stratigraphy. 
The metaturbidite adjacent to the black schist zone is bleached and silicified with obscured 
primary textures. 

The sediments east of the black schist shear zone are poorly sorted metaturbidites comprising 
arenites, argillites, and in places, immature conglomerate. The metaturbiiite hosting the deposit 
has been subjected to intense silicification and chloritization which, together with the F, 
deformation, have obscured the primary textures around the orebodies. Tremolite-bearing 
discontinuous layers and stringers are common around the upper edges of the S and Z orebodies. 
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Table 1. Stratigraphy of the Hammaslahti deposit (mostly from vertical cross section* 6928.00). 

Phyllite > 450111 
Graded-bedded feldspathic greywacke 
with black schist horizons 45- 

ZZZZZZZZZZZZZZZ~ZZZZ~ZZZZZZZZZZZZZZZZZZZ~ tectonic contact 
Hanging-wall black schist, sheared 
Tremolite-carbonate rock 
Feldspathic greywacke + conglomerate 
Tremolite-carbonate rock 
Quartz-chlorite schist + sulphide ore 
Feldspathic greywacke + conglomerate 
Quartz-chlorite schist 
Quartz-chlorite-hornblende schist 
Chlorite schist 
Black schist, not a continuous layer 

A layer or sill of quartz-chlorite-hornblende schist up to 20 m thick lies below the orebodies. 
Close to its southern boundary, the N orebody is in contact with the quartz-chlorite-hornblende 
schist. 

The structure is characterized by upright to inclined and gently S-plunging F, folds of So/Sl 
surfaces with penetrative S2 axial-plane cleavage. So is expressed in sedimentary layering. S, is 
macroscopically subparallel to So but microscopic studies reveal a small angle between So and S,. 
S, is also marked by thin quartz veins (Fig. 4). Sporadically, So exhibits minor folds with S, as 
axial-plane cleavage. Nevertheless, younging and structural facing related to S2 are, with very few 
exceptions, identical. The regional axial-plane cleavage S2 crenulates S&,. There is a pronounced 
lineation L2 parallel to the intersection So/S, with S2. The orebodies are elongated parallel to L2. 

Orebodies 

The deposit is composed of three orebodies: the southernmost S orebody, the central N orebody 
and the northernmost Z orebody (Fig. 2). 

The S orebody accounts for 70% of the total ore reserves. The major sulphides are pyrrhotite 
and chalcopyrite, and sphalerite occurs in some parts of the upper edge. The orebody has an 
irregular oval shape in vertical cross section, with slightly banded massive sulphide ore in its upper 
part, which gradually changes downward to a remobilized network of veins and dissemination. 
The sulphides have been remobilized parallel to S2, across the more gently dipping S@,. A breccia 
ore shoot from the S orebody into the hanging-wall black schist constitutes an exception. The 
main sulphides in the breccia are chalcopyrite, pyrrhotite and pyrite. The S orebody continues 
below the 600 m level but diminishes in size and grade. 

The N orebody is more irregular in shape, with the sulphides appearing as stringer-like 
impregnations with quartz in a network structure and banded breccia. Locally there are small 
quantities of very high grade concentrations of chalcopyrite; the sphalerite content is low. 

The Z orebody differs from the others in that it contains sphalerite as one of the major 
ore minerals along with pyrite and pyrrhotite. The shape in cross section is a synform, the 
W limb of which is a massive sulphide lens containing pyrite and much smaller quantities of 
sphalerite and chalcopyrite. Alternating layers of ore minerals, which might be interpreted as a 



Fig. 4. Microphotographs demonsua- 
ting beddinglfoliation relations in me- 
taturbidites of the Hammaslahti depo- 
sit. Drill cores of boreholes nos. 446 
and 448. (a) So = primary layering; S, 
= folded metamorphic banding in me- 
tapelite layers; S2 = planar axial-plane 
foliation, biotite growth parallel to SI 
and S,; (b) Intrafolial F, folds crosscut 
by S, axial-plane cleavage; (c) So = bo- 
undary between pelitic and psammitic 
layer; S, = penetrative foliation in me- 
tapelite with subparallel quartz veins; 
S2 = crenulation cleavage, axial-plane 
foliation to the regional F2 folds. 
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primary depositional feature, produce a layered structure. The edges of the lenses are rimmed 
by secondary pyrrhotite and concentrations of remobilized chalcopyrite. The main sulphides in 
the E limb, pyrrhotite, sphalerite and chalcopyrite, form a breccia ore zone. In places, sulphide 
veinlets cut across the bedding of the host rock. In the areas of higher Zn grade, in both the Z 
and S orebodies, the Au content is clearly elevated (0.5-2.0 g/t, with a maximum 10 g/t over 0.3-3 
m) relative to the average in the normal copper ore (0.1-0.2 g/t Au). 
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Most of the rocks in the hydrothermally altered zone are metaturbidites. Metagraywacke consists 
of quartz, biotite, chlorite and plagioclase, and phyllite of biotite, muscovite, chlorite and quartz. 
Accessory minerals in metaturbidites include sulphides, apatite, zircon, epidote, fluorite, sericite, 
calcite, tremolite, rutile, sphene and leucoxene. Biotite has grown in three tectonic directions, the 
youngest being S2 (Fig. 4a). 

Black schist, found in both the hanging wall and the footwall, contains quartz, micas, graphite 
and sulphides as major minerals. The major sulphides are pyrite and pyrrhotite. The hanging-wall 
black schist contains abundant carbonate-quartz-pyrrhotite veins and is intensively sheared. 

Amphibok-carbonate-chlorite-quartz rock consists of varying amounts of quartz, tremolite- 
actinolite, carbonate, biotite, chlorite, epidote, sulphides, zircon and apatite and is located under 
the hanging-wall black schist directly above the S and Z orebodies. 

Quartz-chlorite schist is a hydrothermally altered rock encapsulating the orebodies. Both 
chlorite with more Mg than Fe (e.g. 14-15% F e 0  and 24-25% MgO) and chlorite with more Fe 
than Mg (21-24% F e 0  and 17-18% MgO) are encountered. Accessory minerals include biotite, 
ilmenite, apatite, zircon, epidote, leucoxene and sulphides. Pyrrhotite, chalcopyrite, pyrite and 
sphalerite are the major sulphides, while galena, arsenopyrite, cassiterite and scheelite are scarce. 
Mackinawite, cubanite and fahlore occur as exsolutions (Hyvarinen et al., 1977). 

Quartz-chlorite-hornblende schist consists of quartz, chlorite, hornblende, biotite, ilmenite, 
zircon, carbonate, apatite, epidote, plagioclase, pyrrhotite and chalcopyrite. The quartz-chlorite- 
hornblende schist layer provided a marker horizon in the mine; it can be traced along the 
footwall of both the N and Z orebodies (Fig. 2). Rock, of possible volcanic origin, containing 
quartz, biotite and hornblende with plagioclase phenocryst has been encountered above the S 
orebody (Fig. 5a). Silicification has probably altered the original composition and made the rock 
andesitic. We suggest that the quartz-chlorite-hornblende schist was originally a metavolcanite or a 
volcaniclastic rock. However, both the quartz-chlorite schists and the quartz-chlorite-hornblende 
schists are hydrothermally and tectonically so thoroughly altered that primary features can no 
longer be seen. 

Metamorphism 

A greenschist facies chlorite-quartz mineral assemblage prevails in the alteration zone; the upper 
stability of this assemblage is as high as 590°C (in the system Mg0-Fe0-A120,-Si02-H,0, at 
2 kbar water pressure, Fleming & Fawcett, 1976). An actinolite-epidote-chlorite-quartz mineral 
assemblage has been encountered in certain areas. This has probably been derived by reaction 
(1) (see below), which is one of the most important reactions to occur within the greenschist 
facies and at the transition to the amphibolite facies (Mueller & Saxena, 1977). During prograde 
metamorphism, at some 500°C, the assemblage quartz-chlorite-hornblende-biotite is introduced 
(Winkler, 1976). At Hammaslahti, quartz-chlorite-hornblende-biotite schist is encountered as a 
layer in the footwall of the N and Z orebodies (Figs. 2, 3). Biotite (containing 17-19% F e 0  
and 12-13% MgO) and hornblende (17-18% FeO, 8-9% MgO, 11% CaO and 1% Na20)  
have grown in the chlorite + quartz mass (Fig. 5b), indicating that the assemblage was formed 
according to reaction (2) (see below). Together, then, the mineral assemblages at Hammaslahti 
indicate conditions reaching lower amphibolite facies at the time of regional metamorphism. 
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b) 

Fig. 5. (a) A possible metavolcanite from the S orebody (drill hole 449: 474.00 m). Plagioclase phenocryst 
(PI), partly sericitized and saussuritized, with quarrz, biotite, hornblende. chlorite, apatite and ilmenite. 
(b) Evidence for progrde metamorphism after hydrothermal alteration. Quartz-chlorite-hornblende schist 
from the S orebody (drill hole 5182: 54.80 m). Hornblende (Hb) and biotite (Bt) have grown on the chlorite 
(Ch) + quartz (Qv) mass. 
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HamaYainen's (1987) report of accessory staurolite in the Z orebody supports this conclusion. 
The observed variation in the mineralogical compositions may be due to slight variations in the 
chemical composition. 

The following are possible metamorphic reactions at Hammaslahti: 
(1) calcite + chlorite + quartz t, trcmolitc-actinolilc + cpidotc + H,O + CO, 
(2) tremolite-actinolite + epidote + chlorite + quartzt, homblcnde -t- H,O 

Fluid inclusion studies indicate a minimum formation temperamre of 310°C and HzO, H$, 
CO, and Se as the main components of the ore-forming fluids (Hyvarinen et al., 1977). 

Geochemistry reflecting hydrothermal alteration 

Samples from three vertical cross sections were chosen for the geochemical study of the host and 
wall rocks. An example of the coverage is shown in Fig. 6a. The quartz-chlorite rock encapsulating 

thc orcbodics contains > 0.01% Cu. Zinc is enriched on the hanging-wall side of the copper ores and 
Au is enriched in en echelon structures (Figs. 6b, 7). The zone that has undergone hydrothermal 

Au 
Contours 
-0.02 - 0.102-ppm 

z 
100 

300 Contours 

500 -100-500-ppm 
I 

Fig. 7. Three-dimensional Au and Cu anomaly patterns. Au is enriched in en echelon structures. The shear 
zone, coinciding with the hanging-wall black schist (Fig. 2) is shown with a zigzag line. 

Fig. 6. Vertical cross section (x=6928.00)1 of the Hammaslahti copper deposit demonstrating geochemical 
features. 
(a) Drill holes and geochemial sampling sites 
(circles). 
(b) Cu, Zn and Au concentrations (see also Fig. 
3). Zn concentrations are elevated at the hanging- 
wall side of the copper ore. 
(C) Na20 and CaO concentrations. The sheared 
hanging-wall black schist separates two domains 
with different Na concentrations; metaturbidites 
to the west of the shear zone contain 1.5 W 3.0% 

Na20, while those to the east contain c 0.78% 
Na20; Ca is also depleted in the east, while Mg 
is enriched. 
(d) K20 concentrations. Like Na, K is depled 
in the hydrothermally altered rocks. 
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alteration is most clearly characterized by its Na content, a feature common with massive sulphide 
deposits (Hashiguchi et al., 1983); Na is depleted in a 1.5 km long and 200 m wide zone in the 
direction of the shear zone. In the vertical cross section x=6928.00, the shear zone divides the 
rocks into two classes: (1) Na20  = 1.5 to 3% in the metaturbidites to the west of the zone, and 
(2) NazO < 0.78% to the south (Fig. 6c). To the west of the shear zone, concentrations range 
between 1.2 and 3.4% CaO, 2.5 and 4% K20, and 3.0 and 4.2% MgO, while to the east CaO 
< 1% (except in the horizon encountered below the shear zone, on the hanging-wall side of the 
ore where CaO>l%), K 2 0  C 2.5% and Mg074.2%. Where the Na concentration is depleted 
in the metaturbidites, the Cu, Zn, S, A y  Fe, Mn and Mg contents are higher (see Fig. 8). The 
hanging-wall black schist differs in chemical composition from the metaturbidites: Pb, Sb, Ni and 
U concentrations are high compared with other lithologies. The elevated Ni and U contents are 
probably due to fixing of these elements in organic material during deposition, whereas the high 
Pb and Sb concentrations are mainly due to hydrothermal influx. 

When mud is changed into clinochlore in recent sediment-volcanite associated with black 
smokers, the Mg content is increased from 4 to 25 wt.% and near-equivalent quantities of Na, K, 
Rb, Ca and Sr are removed (Koski et al., 1990). This trend is seen in the chemical composition of 
the metaturbidites and hydrothermally altered rocks at Hammaslahti (Table 2). Compared with 
the less altered metaturbidites, the hydrothermally altered rock is depleted in Na, K, Rb, Ca and 
Sr and enriched in Mg, Fe, S, Cu, Zn and Au. Geochemical anomaly patterns suggest that the 
mineralized zone continues to the south in the direction of the N-S shear zone, but not to the 
north. 

Base metal concentrations in the hanging-wall black schist 

Base metal concentrations in the hanging-wall sheared black schists at Hammaslahti are many 
times higher than in average North American black shales (Fig. 9). This may be due to: (1) 
primary enrichment in organic matter during deposition (hydrothermal activity may enhance the 
base metal concentration in seawater); (2) hydrothermal influx during diagenesis; (3) redistribution 
of sulphides during metamorphic processes; and/or (4) redistribution of sulphides during tectonic 
processes. Diagenetic mineralization is exhibited by several shale-hosted copper deposits including 
the Kupferschiefer deposits in central Europe and the Creta shale in Oklahoma, USA, where the 

Fig. 9. Chemical composition of the hanging-wall black schists at Hammaslahti (27 samples) normalized 
against the average black shales in North America (Vine & Tourtelot, 1970 - 779 samples). For example, the 
Cu content is 4 times higher at Hammaslahti than in the average North American black shale. 
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Table 2. Median concentrations of major and trace elements in metaturbidites, black schist and hydrothermally 
altered rocks in the Hammaslahti area. Negative numbers in parentheses = number of samples with 
concentration below the detection limit. 

- - 

W-Greywacke E-Greywacke W-Phyllite Black schist Altered rocks 
1 2 3 4 5 6 

%. XRF 

SiO, 
.l'io2 
AI203 
F e 0  
MnO 
MgO 
c a o  
SrO 
N%O 
K20 

22 
%, AAS 

S 
Fe 
ppm, AAS 

Cu  30 30 60 340 2 70 490 
Zn 70 80 100 1250 230 240 
Ni 40 20 60 4 00 40 30 
CO 20 20 30 40 40 40 
Pb 20 (-3) 20 20 90 30 30 
Ag 2 (-1) 2 (-1) 2 3 2 2 
ppm, INAA 

As 12 1 (-1) 13 (-1) 9 (-2) 2 (-37) 2 (-27) 
AU .007 (-13) .OG9 (-6) .007 (-18) .015 (-4) .011 (-57) .016 (-29) 
Ba 610 5 70 700 540 (-3) 200 (-55) 140 (-37) 
Cr 120 (-2) 110 (-3) l40 (-3) 330 (-4) 90 (-53) 80 (-35) 
CS 4 2 (-3) 5 2 (-3) 1 (-72) 1 (-51) 
La 20 15 32 31 (-2) 17 (-20) 24 (-16) 
Rb 93 58 (-1) 104 l05 (-2) 27 (-46) l8 (-35) 
Sb .24 .l5 .40 2.06 (-2) .21 (-23) .l9 (-19) 
SC 18 10 19 21 (-2) 14 (-20) 16 (-16) 
Sm 4 3 6 7 (-2) 3 (-21) 4 (-16) 
Ta .8 .5 (-4) 1 .O .9 (-3) .5 (-32) 
Th 

.7 (-22) 
10 7 11 l0 (-2) 6 (-20) 5 (-16) 

U 2 1 (-1) 3 (-1) 12 (-2) 1 (-26) 1 (-18) 
Number of 
samples 49 23 75 27 254 128 

1) metagreywacke from the western side of the shear zone, outside the alteration zone (Na20  > 1.73 %), 
sampling area: 3 km long (N-S) and 1 km wide (W-E), 
2) metagreywacke from the eastern side of the shear zone, outside the alteration zone (Na20  > 1.73 %), 
sampling area: 1 X 1 km, 
3) phyllite from the western side of the shear zone, outside the alteration zone (Na20  > 1.73 %), sampling 
area: 4 km long (N-S) and 0.3 km wide (W-E), 
4) sheared hanging-wall black schist, 
5) hydrothemally altered m& with N%Ck 0.78 %, 
6) hydrothermally Jtercd rocks in S - N - Z ore pmf~lcs with N+O < 0.78 %. 
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deposition of metals occurred simply as a result of oxidized, mineralizing fluids coming in contact 
with reducing sediments (e.g. Huyck & Chorey, 1991). The situation at Hammaslahti is different 
from that at the Kupferschiefer, although at Hammaslahti the mineralization is also limited at the 
hanging-wall side by a metamorphosed black shale (Figs. 6c, d). In the Kupferschiefer, the black 
shale and the underlying sandstone host the mineralization (e.g. Oszczepalski, 1989), whereas at 
Hammaslahti, the copper ore in the black schist represents an exception, possibly resulting from 
the redistribution of sulphides during tectonic processes; most of the mineralizing fluids had 
precipitated their metals before reaching the black schist layer (Fig. 6b). Thus, at Hammaslahti, 
the black schist did not play as an essential a role in the formation of the ore as it has in the 
Kupferschiefer. 

The Hammaslahti black schist contains anomalously high concentrations of base metals relative 
to the average North American black shales (Vine & Tourtelot, 1970), but they are not anomalous 
compared with other Early Proterozoic (1.96-2.10 Ga) black schists associated with sulphide ore 
deposits and mineralizations in eastern Finland. Black schists associated with the Outokumpu 
rock assemblage (serpentinite-skam-quartz rock) in the Outokumpu district contain 0.03% Cu, 
0.16% Zn, 0.04% Ni and 0.003% CO on average (206 samples, Loukola-Ruskeeniemi, 1991); 
values are directly comparable with those at Hammaslahti (Table 2). In the Kainuu schist belt 
('K' in Fig. l), basc-metal-rich (Ni+Cu+Zn > 0.8%) and manganese-rich (Mn > 0.8%) black schist layers 
arc cncountcrcd, and in certain prospects, as at Talvivaara, the concentrations arc high. Black schist 
comprising the Talvivaara mineralization contains 0.15% Cu, 0.58% Zn, 0.30% Ni and 0.02% 
CO on average (637 samples, Loukola-Ruskeeniemi et al., 1991). In both the Outokumpu district 
and the Kainuu schist belt, black schists associated with an ophiolitic serpentinite-skarn-quartz 
rock assemblage (1.96-1.97 Ga) bear geochemical evidence for hydrothermal addition of S and 
base metals, i.e. positive Eu anomalies, high S isotope values, elevated Hg and high S/C ratios 
(Loukola-Ruskeeniemi, 1991). Comparable analyses are not available for the Hammaslahti black 

schist, but equivalent base metal concentrations to those at Outokumpu suggest that a similar 
hydrothermal influx also affected the organic matter-rich sediments at Hammaslahti. 

Discussion and conclusions 

Comparison with Besshi-type massive sulphide deposits 

Features that the Hammaslahti deposit has in common with Besshi-type massive sulphide ore 
deposits include a tectonic setting in a rifted basin, hydrothermal alteration (quartz-chlorite schist 
encapsulating the orebodies), geochemical anomaly patterns and the possible genetic association 
with mafic volcanites. In addition, the Cu-Zn-Pb ratios of the Hammaslahti deposit resemble 
those of the Besshi deposits in Japan (Fig. 10). Besides those described in Table 3, other 
Besshi-type deposits occur in Uganda, France, Scotland, China, Norway and in British Columbia, 
Canada (Slack, 1990). Besshi-type deposits have features in common with recent sediment-hosted 
hydrothermal sulphide deposits (Koski, 1990). However, there are also differences between the 
Besshi-type deposits and the Hammaslahti copper deposit. Even if the quartz-chlorite-hornblende 
schist (Figs. 2, 3) represents a mafic metavolcanite (see 'Petrographic features'), Hammaslahti is 
still more sediment-hosted than volcanogenic. 

Black schist layers are encountered at Hammaslahti; and rocks containing non-carbonate C 
have been described in the vicinity of Besshi-type deposits. There are graphite-bearing pelitic 



Table 3. Features of the Hammaslahti deposit compared with those of selected Besshi-type massive sulphide deposits and recent sulphide deposits at 
open-ocean ridge near a continental margin. 

Hammaslahti Matchless Ducktown Green Mountain Besshi Escanah Trough 
Finland Namibia Tennessee California Japan N-E Pacific 

8 deposits up to 
Size 7 X 106 tons 2 X 106 tons 20 X 106 tons 36 X 106 tons Discontinuous ledges 4 X 106 tons 
Grade 1.16 % Cu 2 %  Cu  0.5-2 % Cu 0.78 % Cu and mounds of massive 

1-2 % Zn 1-3 % Zn 1.4 % Zn sulphide 

Minor metals Zn, Au Ag, Au Au, Ag Pb, CO, Ag CO, Ag, Au, Pb Zn, Cu, Pb, Ag, As 

Tectonic rifted foreland narrow oceanic basin graywacke-filled rilted marginal rifted geosyncline open-ocean ridge near 
setting basin with flysch fill and basin basin to arctrench a continental margin; 

ocean-ridge system slow-rate spreading axis 
tholeiites 

Age Farly Proterozoic Late Proterozoic Late Precambrian Jurassic Late Paleozoic recent 
2.0-1.9 Ga 

Host rocks metaturbidite, pelitic-arenaceous graywacke, schists, pelitic-arenaceous pelitic-arenaceous silt, sand and mud, 
black shale, sediments pseudodiori te sediments with mafic sediments or mafic turbidite (arkosic) 
metavolunite?(") amphibolite dykes and sills volcanites overlying pillow basalt 

Hydrothermally quartz-chlorite quartz-chlorite chlorite-muscovite- cordierite-anto- quartz schist and 
altered rocks schist schist schist phyllite rocks as chlorite schist as 

blanket-shaped zone blanket-shaped zone 
~- 

Geochemical - Na,Ca,Sr,K,Rb,Ba - Na,Ca,Sr,Rb 
anomaly + Mg,Fe,S,Cu,Zn, + Fe,S,Ba,Cu,Zn,Pb 
patterns Ni,Co,Pb 

References present paper Klemd et al. (1987, Nesbitt (1982) Mattinen & Bennett Doi (1961) Koski (1990) 
1989) Nesbitt & Kelly (1986) Kanehira & Tatsumi Koski et al. (1990) 

(1980), Magee (1968) (1970) 
- 

* quartz-biotite-hornblende rock with plagioclase phenocrysts 



Fig. 10. Cu-Pb-Zn diagram for 70 sam- 
plcs with Cu > 0.1 % in the Hammaslahti 

deposit. The bracket indicates the field 
of Besshi deposits, Japan, according to 
Doi (1961). 
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schists at Besshi (Scott, 1983,) and graphite is an accessory mineral in graywackes at Ducktown 
in Tennessee (1-2% C, Nesbitt & Kelly, 1980). In present ocean ridge environments, as at 
the sediment-covered, volcanically active Escanaba Trough (Table 3), organic matter has been 
encountered in sediments (Simoneit, 1990). 

Comparison with sediment-hosted stratiform copper deposits 

The thickness of the sheared hanging-wall black schist at Hammaslahti (> 25m before mctrmqhic 
and tectonic processes) is greater than that at the Kupferschiefer (max 1 m, e.g. Uszczepalslu, 
1989). The black schist at Hammaslahti has not, however, played as essential a role in ore 
formation as it has at the Kupferschiefer (see 'Base metal concentrations of the hanging-wall 
black schist'). 

The Hammaslahti deposit has features in common with the sediment-hosted Boleo copper 
deposit in Mexico (Gustafson & Williams, 1981); it is interesting that the Cu-Pb-Zn ratio at 
Hammaslahti is comparable with that at Boleo and that in both cases the Zn/Cu ratio increases 
upward (Fig. 6b). The Boleo ore is hosted by tuff and is associated with contemporaneous 
volcanism, but is nevertheless classified as a sediment-hosted stratiform copper ore deposit 
because of its typical sedimentary features (Gustafson & Williams, 1981). Likewise, part of the 
Hammaslahti host and wall rocks might originally have been ruffs; within the alteration zone, 
rocks with the appearance of lapilli ruffs have been encountered. Hard evidence is difficult to 
come by because of intense alteration, and thus the possible volcaniclastic rocks have not been 
distinguished in geological maps (Figs. 2, 3). Indirect evidence of the existence of volcaniclastic 
rocks at Harnmaslahti is provided by the features of hydrothermal alteration typical of massive 
sulphide ores and the similarity of the Cu-Zn-Pb ratios to those of Besshi deposits and the Boleo 
tuff-hosted deposit. 

Although typical sediment-hosted stratiform copper deposits are not closely associated with 
volcanism, most are situated in basins in which contemporary volcanic activity took place, 
or where thick piles of volcanic rocks occur below the sediment-hosted ores. There is thus 



Academic dissertation 
Kirsti hukola-Ruskeeniemi 

a transition between volcanogenic massive sulphide deposits and sediment-hosted stratiform 
deposits (Gustafson & Williarns, 1981). T h e  Hammaslahti deposit is interpreted here t o  be 
intermediate between Besshi-type and sediment-hosted copper deposits. 
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Paper IV 

METALLIFEROUS BLACK SHALES - A PROBABLE SOURCE 
OF MERCURY IN PIKE IN LAKE KOLMISOPPI, SOTKAMO, FINLAND 

KIRSTI LOUKOLA-RUSKEENIEMI 

LOUKOLA-RUSKEENIEMI, KIRSTI, 1990: Metalliferous black shales - a prob- 
able source of mercury in lake Kolmisoppi, Sotkamo, Finland. Bull. Geol. Soc. 
Finland 62, Part 2, 167-1 75. 

Black shale formations 20-400 m thick, deposited 1.96-2.10 Ga ago and rich 
in carbon, sulphur and metals, are encountered in eastern Finland. They common- 
ly contain some 0.2 ppm mercury, but in certain localities concentrations are high 
due to hydrothermal addition; in the area of lake Kolmisoppi in Sotkamo there 
is a Ni-Cu-Zn occurrence in black shales, which contains 1.7 ppm mercury on aver- 
age and 7.5 ppm maximum. 

Compared with the background mercury concentrations in pike (Esox Iucius L.) 
in Finnish lakes, which are generally lower than 0.5 ppm, pike in lake Kolmisoppi 
exhibit an anomalously high concentration of 0.96 ppm. As mercury concentra- 
tions in pike in lakes in Sotkamo vary widely, and as metal-rich black shale is one 
of the most readily weathered rocks in Finland, the anomaly might be due to the 
bedrock. 

Key words: metasedimentary rocks, black shale, mercury, environmental geology, 
lakes, Proterozoic, lake Kolmisoppi, Sotkamo, Finland 

Kirsti Loukola-Ruskeeniemi: (Academy of Finland), Geological Survey of Finland, 
02150 Espoo, Finland 

Introduction ject of the International Geological Correlation 
Programme 254 (Talvitie et al. 1989, Loukola- 

Black shales were originally argillaceous sedi- Ruskeeniemi 1989). This is a preliminary report 
ments containing organic matter. The first com- - studies on the mercury concentrations in black 
prehensive study on the chemical composition of shales continue, mainly for explorational pur- 
Finnish black shales revealed that they contain poses. The application to environmental science 
elevated concentrations of mercury (Ruskeenie- is an interesting by-product. 
mi et al. 1986). Mercury is toxic and its presence 
in fish and other foods in concentrations close 
to current safety levels make it of particular con- Sampling and analytical methods 
cern to environmental scientists. Black shales 
contain other elements of environmental interest Rock samples were sections of non-weathered 
as well, like base metals, cadmium, chlorine, drill core with an average length of 40 cm, select- 
fluorine and selenium, but their concentrations ed to represent petrographically determined black 
are not reported in detail in this paper. shale subtypes as homogeneously as possible. 

The present study on the metallogeny and ge- Carbon was determined with a Leco carbon 
ochemistry of black shales began in 1988 as a pro- analyzer and sulphur with a Leco sulphur analyz- 
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er at Geological Survey of Finland. Copper, zinc, 0.005 ppm); 287 samples in which the upper de- 
nickel and cobalt (Fig. 6) were determined by tection limit of l ppm exceeded were reanalysed 
plasma spectrometry (ICP, multi-acid extraction) by the Hg assay method. Appalachian Basin 
at X-Ray Laboratories Ltd. (XRAL), Canada. Devonian black shale SDO-1 was used as ana- 

In a preliminary study (Ruskeeniemi et al. lytical standard. 
1986), 180 samples were analysed for mercury by 
radiochemical neutron activation analysis in 
Reactor Laboratory of the Technical Research Karelian black shales in eastern Finland 
Centre of Finland, Espoo. 

Values presented in Table 1 and in Fig. 7 were The black shales in Finland are rarely exposed, 
determined for purposes of the present study at but their distribution is known from geophysi- 
XRAL. Altogether 850 samples were analysed by cal measurements. The Karelia supergroup 
the cold vapour method (lower detection limit (1 . l-2.5 Ga in age), which rests unconforma- 

1 I I 1 
12. PO' 20. 30. 

0 Scale 5Wkm 
t . . . . I  

Fig. 1 .  General location of the study area and selected Early Proterozoic Cu + Zn +-Pb + -Au + -Ag ore deposits and 
mineralitations in the Fennoscandian shield. 
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28:30' 

Fig. 2. Generalized geological map of the Kainuu schist belt and the Outokumpu province (modified after Luukkonen and 
Lukkarinen 1985). Sampling localities: Puo= Puolanka, Mel= Melalahti, Poi = Poikkijarvi, Jor = Jormua, Tal= Tal- 
vivaara (Kuusilampi and Kolmisoppi prospects), Ala = Alanen, Rau = Rautavaara (Pappilanmaki and Korpimaki targets), 
Ruu = Ruukinsalo, Los = Losomaki, Mih = Mihkali, Viu = Viurusuo, Vuo = Vuonos mine, Suk = Sukkulansalo, Kyl = 
Kylylahti, Sol = Sola. 
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Fig. 3. Metalliferous black shale from the Talvivaara prospect (Figs. 2, 
Photo: Jari VaBtilinen. 

bly on the Archaean gneiss complex and consists 
mainly of metasediments, contains black shales 
interlayered with various rock assemblages 
(Loukola-Ruskeeniemi 1990). 

The thickest formations are associated with the 
serpentinite-skarn-quartz rock - assemblage, 
1 .%-l .97 Ga in age, occurring in the Outokum- 
pu province and the western margin of the 
Kainuu schist belt (Figs. 1,2). The original thick- 
ness of black shale formations probably varied 
between 20 and 100 m, depending on the site. 
Many of them show repetition due to tectonic 
processes so that the black shale formations in 
drill cores commonly measure 120-150 m. The 
maximum thickness observed is 400 m. In the 
Talvivaara area the formation is 1-2 km wide 
(Figs. 3,4). Black shales in the Kainuu and Outo- 
kumpu areas have undergone greenschist to am- 
phibolite facies metamorphism. 

Carbon, sulphur and metal concentrations 
in the Kainuu and Outokumpu black shales 

The black shales in the Outokumpu and 
Kainuu serpentinite-skarn-quartz rock - assem- 

blages are similar in carbon abundance: the black 
shales of the Outokumpu province have a medi- 
an value of 7.2% (212 samples), and those of the 
Kainuu schist belt 7.5% (286 samples from the 
Alanen, Talvivaara and Jormua prospects, Fig. 
2). These values are high compared with those 
of the average black shales described by Vine and 
Tourtelot (1970) and the 1.6-2.4 Ga old Aphe- 
bian shales in the Canadian Shield (1.6% C, 
1.37% S, Cameron and Jonasson 1972). This 
must be because the Kainuu and Outokumpu 
rocks were deposited 1960-2100 million years 
ago in a marine environment abundant in 
Precambrian life forms (Loukola-Ruskeeniemi 
1990). The organic material has evidently been 
well preserved, probably because euxinic condi- 
tions such as presently found in the Black Sea 
prevailed. 

The average sulphur abundance of the Kainuu 
black shales (8.7%) is higher than that of the 
Outokumpu black shales (6.3%), mainly owing 
to the mineralizations in the Talvivaara area (Fig. 
4). Not only the high S/C ratio but the high base 
metal and mercury concentrations are suggestive 
of hydrothermal influx (Loukola-Ruskeeniemi 
1990). The ore estimate for Talvivaara indicated 
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c DRILL HOLE 

Fig. 4. Generalized geological map of the Talvivaara area ())Tab in Fig. 2) (modified after Ervamaa and Heino 1980). 

300 Mt of black shale containing 0.14% Cu, 
0.26% Ni, 0.02% CO, 0.53% Zn, 0.35% Mn, 
10% Fe, 7% C, 630 ppm V, 102 ppm MO and 
2.6 ppm Ag (Ervamaa and Heino 1980). Figure 
5 shows the high ratio of sulphur to carbon and 
Fig. 6 gives the copper, zinc, cobalt and nickel 
concentrations in the black shale near lake Kol- 
misoppi. (Samples are the same for Fig. 7 C and 
Table 1 .)' 

Mercury concentrations in Finnish black shales 

The medians of mercury concentrations in Pro- 
terozoic black shale sample sets in Finland meas- 
ured in the preliminary study ranged between 
0.04 and 0.18 ppm (Ruskeeniemi et al. 1986). 
Concentrations were greatest in the Ostroboth- 
nia schist belt in western Finland, where the 
highest value encountered was 2.6 ppm. This was 
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Median value 

Fig. 5. Sulphur and carbon concentrations in metamorphosed 
black shales near lake Kolmisoppi. The S/C ratio of the re- 
cent sediments, 0.36, is from Cameron and Garrels (1980). 
The median content of sulphur is 8.39% and that of carbon 
7.25% (76 samples). 

to be expected considering that the Vihanti zinc 
ore deposit, with sphalerite (ZnS) as the main ore 
mineral, is located in the area, and that sphalerite 
may contain up to 20 mole % HgS in solid solu- 
tion before a CO-existing mercury rich phase ap- 
pears (Krupp 1988). 

Concentrations of mercury in the 850 samples 

Table 1. Range and mean concentrations of mercury 
(prospects shown in Figs. 2 and 4, Hg-Zn diagrams in Fig. 
7). A value of half the detection limit has been assigned to 
samples with content below the limit. The mean concentra- 
tion for the Aphebian shales, Canadian Shield, is from Came- 
ron and Jonasson (1972). N = number of samples. 

LOCALITY MIN MEAN MAX N 

( P P ~ )  ( P P ~ )  ( P P ~ )  

Karelian black shales 

A) Puolanka 0.01 0.22 0.91 45 
B) Jormua 0.02 2.15 5.65 38 
C) Kolmisoppi 0.01 1.73 7.47 76 
D) Kylylahti 0.02 0.48 1.30 36 

Aphebian shale 0.51 396 

10.1 S , , , ,  /. . , , , , , ,  . . . , .,.., w ~ i  ppm 
10 100 1000 10000 

Fig. 6. Copper, zinc, cobalt and nickel concentrations in 
metamorphosed black shales near lake Kolmisoppi. The co- 
balt and nickel values of the Outokumpu black shales are after 
Huhma and Huhma (1970). 

analysed in the present study differed from one 
target to another. Compared with mercury con- 
centrations of Aphebian shales of the Canadian 
Shield (Cameron and Jonasson 1972), values at 
the Kolmisoppi and Jormua prospects are high 
(Table 1). 

Mercury concentrations in Finnish bedrock 

The average concentration of mercury in mag- 
matic rocks in the upper continental crust is 0.03 
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Fig. 7. Mercury and zinc concentrations in black shales A) in the Puolanka area, B) in the Jormua area. C) near lake Kol- 
rnisoppi (Fig. 4). D) at Kylylahti target in Polvij& (Fig. 2). 
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ppm and in sedimentary rocks 0.33 ppm (Ma- &nne - mercury concentrations were consider- 
rowsky and Wedepohl 1971). In Finland, mer- ably lower. Compared with black shales in oth- 
cury concentrations of rocks other than black er localities, to say nothing of other rock types, 
shales have not been studied in detail because the black shales in Kolmisoppi are very rich in 
values have been too low for the analytical mercury (Table 1, Fig. 7). There are a few black 
methods used. For example, the mercury concen- 
trations of rocks in the Outokumpu ore province 
were studied in the 1970's (Huhma 1978), but the 
analytical methods applied were not sensitive 
enough. 

As a rule, mercury values are elevated only ad- 
jacent to certain kinds of ore deposits, as in the 
Skellefte ore district in Sweden (Widenfalk 1979). 
In a recent study, Nurmi et al. (1990) found a 
maximum of 0.58 ppm mercury in Precambrian 
gold mineralizations in Finland - a low value 
compared with the concentrations we encoun- 
tered in black shales (see Table 1). 

Mercury concentration in pike compared 
with the distribution of black shales 

Pike in lake Kolmisoppi (Esox lucius L., a 
large northern predatory fish) exhibit high con- 
centrations of mercury compared with the back- 
ground concentration in pike in Finnish lakes 
(Verta 1990). In pike in the two other lakes in 
Sotkamo that were studied - Jormasjarvi and 

shale layers under lake Jormasjami (Havola 
1981), where concentrations are slightly elevat- 
ed, but none have been reported from h n n e ,  
where concentrations are below the background. 
The concentrations of mercury in pike in the 
three lakes and the distribution of black shales 
are compared in Table 2. 

A connection between the high mercury con- 
tents in pike and the mercury-rich black shales 
in the drainage area of lake Kolmisoppi is strong- 
ly indicated. Since pike in the other two lakes had 
very different concentrations, the anomaly can- 
not be attributed to atmospheric deposition from 
distant sources, except indirectly in the sense that 
acid rain enhances the weathering of black shales 
and thereby metal load of the lake. 

A distribution of above background concen- 
trations of mercury discovered in natural waters 
near Kaminak Lake in the Keewatin District, 
NWT, Canada, also has been linked to the un- 
derlying rocks (Hornbrook and Jonasson 1971). 

Summary 

In metamorphosed black shales from eastern 
Table 2. Comparison of mercury concentrations in pike (wet Finland, analysed for mercury, the average mer- 
weight, Verta and Rekolainen 1985) with the distribution of cury concentrations were well below 1 ppm. con- 
black shales in Sotkamo. For comparison, the mean concen- 
tration in pike in Finnish forest lakes (Verta 1990) is shown. 

siderably higher values were encountered for ex- 
ample near the Kolmisoppi and Jormua prospects 

LAKE Hg in DISTRIBUTION OF BLACK 
pike SHALES 

( P P ~ )  

Kolmisoppi 0.96 Abundant Hg-rich black shales 
Jormasjilrvi 0.76 Black shale interlayers in 

mica schist 
h n n e  0.33 No black shale 

Average in 
67 Finnish 
forest lakes 0.56 

in Kainuu: an average of 1.73 ppm at Kolmisop- 
pi and 2.15 ppm at the Jormua ophiolite com- 
plex. Pike in lake Kolmisoppi exhibit anomalous 
mercury concentrations in relation to two other 
lakes studied in Sotkamo. As metalliferous black 
shale is one of the most readily weathered rocks 
in Finland, and mercury concentrations in the 
shale near Kolmisoppi are likewise anomalous, 
the shale is strongly indicated as the source of the 
mercury in the fish. 
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