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INTRODUCTION 

One of the major challenges facing petrol
ogists is how to develop methods that can be 
used to estimate the temperature and pres
sure at wh ich the minerals in rocks have crys
tallised. 

During the last two decades. considerable 
attention has been paid to geobarometry and 
geothermometry. Most of the geobarometers 
are based on elemental partitioning between 
silicate or oxide mineral pairs in rocks of low
to high-metamorphic grade. Only a few deal 
with sulphides. and the results obtained are 
not always encouraging. Hence. it has been 
difficult to estimate the pressure conditions 
that prevailed du ring the metamorphism of 
sulphide ores. 

Within its limitations the s phalerite geo
barometer (Scott & Barnes 1971) has proved 

to be a very useful tool for the sulphide pe
trologists. The refractory character of sp hal
erite makes this geo barometer especially 
useful in determining the press ure of meta
morphism in ore deposits. 

Most Finnish sulphide ores are metamor
phosed. and they should therefore be suitable 
for studies related to experimental data on 
the system Zn-Fe-S and to the application of 
the sphalerite geo barometer. 

The aim of this study is to apply the sphal
erite geobarometer to Finnish sulphide de
posits and to compare with each other the 
press ure of metamorphism (peak of meta
morphic pressure) of the various sulphide ore 
deposits and zones in Finland. Of the 15 oc
currences studied. an but one (Ylöjärvi) are of 
the massive strata-bound type. 

THE MAIN GEOLOGICAL FEATURES 

Genera l geology 

With the exception of aminute Caledonidic 
formation in the northwestern corner of Fin
nish Lapland and some small alkaline rock s 
and carbonatites in northern Finland that 
belong to the Kola alkali ne province (- 300-

500 Ma) (Vartiainen & Woolley 1974), the bed
rock in Finland (1300-3100 Ma) is of Pre
cam brian age and is part of the Baltic or Fen
noscandian shield. The Finnish Precambrian 
has been reviewed by Simonen (1960, 1971 

and 1980) and Eskola (1963) . According to 
these authors , the Finnish bedrock is com
posed predominantly of two crustal prov

inces: the Archean basement complex and 

the Proterozoic rocks. 

The oldest part (2600 - 3100 Ma). the Archean 
basement. covers large areas of eastern 
and northeastern Finland (Fig. 1). The rocks 
consist of: 1) extensive areas of granite 
gneisses; 2) long. narrow schist and gneiss 
zones. incl uding volcanites of greenstone belt 
type, which are surrounded and penetrated 
by granitoidic rocks of about the same age; 
3) the granulite area, a high grade metamor
phic region in the northeastern area of the 
country. The granulites have been subjected 
to metamorphism by the younger Sveco

karelidic orogeny. 
Stabilisation of the basement was followed 

by igneous activity resulting in the emplace-
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ment of the carbonatite complex of Siilinjär
vi about 2600 Ma aga and the Early Protero
zoic layered mafic intrusions about 2450 Ma 
ago (Patchett et al. 1981). 

The Archean rocks disappear to the south
west under the Proterozoic rocks where they 
were partly remobilised during the Sveco

karelidic orogeny (2200-1800 Ma). The main 

phase of folding and metamorphism oc

curred about 1900 - 1800 Ma ago. This oro

geny genera ted two different schist zones: 

The Karelidic and the Svecofennidic schist 
zones. 

The Karelidic schists extend from south
eastern Finland to Lapland and constitute an 

epicontinental-miogeosynclinal facies series. 
The epicontinental lithosome. known as the 

Jatulian sequence, consists of quartzites and 

mafic volcanites. This sequence is overlain by 

the Kalevian schists composed of geosynclinal 
metasediments, phyllites, mica schists and 

mica gneisses of flysch type. The oldest sec
tion of the Karelides, the Lapponium in 
northern Finland, is composed of mafic vol

canites and metasediments. 
The Svecofennidic schist zone of southern 

and western Finland consists mainly of meta
sediments and metavolcanites of eugeosyn

clinal facies type. During the Svecokarelidic 

orogenic movements the Karelidic and the 
Svecofennidic schists were widely pene
trated by orogenic plutonites, m 'ainly grano

diorites and granites. 
The Svecokarelidic orogeny was followed 

bya period of cratonisation, during which the 
crust was intruded by rapakivi granites 

(1700 - 1550 Ma) and diabases. The youngest 

group of the Precambrian in Finland com

prises unmetamorphosed Jotnian sediments 
(1300 - 1400 Ma) deposited in graben struc

tures, and Postjotnian diabases (1250-
1275 Ma). 

Ore geology 

The majority of the Finnish economic ore 

deposits are associated with the Proterozoic 
metasediments and plutonic rocks. Some 
small iron showings without economic value, 

the nickel occurrences at Suomussalmi and 
Kuhmo and the small molybdenum de

posits at Mätäsvaara and Aittojärvi, are the 
only ones found in the Archean basement 

(Kahma 1973, 1978; Kahma et al. 1976; Kok

kola & penttilä 1976 and Frietsch et al. 1979). 

The Proterozoic pre-Svecokarelidic mafic 

layered intrusions, which extend discontin

uously from Kemi in the west to the Soviet 
border in the east, contain some interesting 
deposits and showings (Piirainen et al. 1974): 

The Kemi chromite ore in an ultramafic layer 
in the western end of the intrusion belt; the 

Mustavaara vanadium deposit in a magnetite 

gabbro; the PGE-showing at Konttijärvi 

(Vuorelainen et al. 1982); and the low-grade 
nickel-copper showings close to the basal 

contact of the Porttivaara intrusion in the 

Fig. 1. Main crustal units of the Finnish bedrock with location of the mineral deposits investigated and 
in brackets the mean model press ures ofthe sphalerite geobarometer. Key: 1, Caledonian schists; MiddLe 
Proterozoic rocks: 2, J otnian sediments; 3, rapakivi granites; EarLy Proterozoic formations: 4, plutonic 
rocks; 5, migmatites; 6, schist belts; 7. layered mafic intrusions; Archean Tocks: 8, granite gneisses; 9, 
granulite complex; 10 , schist belts. After Kahma et aL. ( 1976). 
1. Attu 7. Outokumpu 
2. Aijala 8. Säviä 
3. Metsämonttu 9. P y häsalmi 
4. Nokia 10. Vuohtojoki 
5. Ylöjärvi 11. Vihanti 
6. Hammaslahti 

12a. Pattijoki 
b. Pattijoki, Ylipää 

13a. Sotkamo, Kolmisoppi 
13b. Sotkamo. Kuusilampi 
14. Riikonkoski 
15. Pahtavuoma 
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eastern part of the mafic belt. The Koite
lainen cromite deposit in central Lapland 
belongs to the same group. 

The majority of the deposits are, however, 
sulphide ores. Some nickel-copper sulphide 
deposits are also associated with mafic and 
ultramafic plutonic rocks, whereas most of 
the copper, zinc, cobalt and lead sulphide 
ores are located in the schists. 

According to Kahma (1978), about 80 - 90 
per cent of the mined sulphide ores and 
known reserves in Finland are located in 
deposits in the »Main Sulphide Ore Belt» 
(Kahma 1973). Kahma (op. cit.) includes the 
Vihanti ore zone, the Outokumpu ore district 
and the Kotalahti nickel-copper ore zone in 
this belt which runs roughly along the bound
ary between the two main crustal provinces 
ofthe Finnish Precambrian, the Archean and 
the Proterozoic rocks, from Lake Ladoga in 
the east to the Gulf of Bothnia in the west. 

This boundary also marks the position of a 
major shear zone characterised by wide drag 
folds upon steep axes and by traces of re
peated brecciation (Tuominen et al. 1973). 

Some Cu-Zn sulphide deposits occur in the 
Kittilä greenstone complex, which is part of 

the Karelidic schist zone in northern Finland. 
According to Gaäl et al. (1978) and Silvennoi
nen et al. (1980), the Kittilä greenstone belt 
is Archean in age. Several massive strata
bound Cu-Zn-Pb sulphide deposits and 
showings are encountered in the Orijärvi area 
in the Svecofennidic schist zone in southern 
and western Finland (Latvalahti 1979). In the 
Ahlainen - Kylmäkoski nickel belt the depos
its are associated with ultramafites (Häkli et 
al. 1979). The Korsnäs lead ore has been inter
preted as a carbonatite deposit (Isokangas 
1978) and the Virtasalmi copper ore deposit 
represents a deposit of the contact pneuma
tolytic type (Hyvärinen 1969). 

The sulphide ores of the Outokumpu dis
trict are associated with black schists, ser
pentinite, carbonate and quartz rocks. This 
folded and narrow zone forms an intercala
tion in the Svecokarelidic micaceous schists 
(Huhma & Huhma 1970). The Sotkamo Ni
Cu-Zn deposits occur north of the Outokum
pu district in the Kainuan schist belt. These 
are large but low-grade sulphide impregna
tion deposits in black shists and black skarns 
(Aho 1979, Ervamaa & Heino 1980). 

THEORETICAL BACKGROUND TO THE SPHALERITE GEOBAROMETER 

Evolution of the Zn-Fe-S system as a geobarometer 

Sphalerite has the ability to take up appreci
able amounts of FeS in solid solution. Pure 
colourless sphalerite is very rare in nature. 
Most sphalerites contain iron and traces of 
other elements and hence they may occur in 
divers colours. It has also been shown that 
the colour of sphalerite is dependent on the 
stoichiometry (Craig & Scott 1974). Darker 
sphalerites may not necessarily be rich in 
iron, rather they may be deficient in total 
metal. 

After investigating the system Zn-Fe-S, 
Kullerud (1953) proposed its use as a geother
mometer. Provided that equilibrium condi
tions exist between free pyrrhotite and the 
amount of FeS dissolved in the sphalerite 
lattice at the time of formation, the amount of 
FeS in the sphalerite will be dependent only 
on the temperature and pressure. Extensive 
use has since been made of the sphalerite 
geothermometer, but not, however, without 
pro blems, and some peculiar findings have 
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resulted in additional investigations and re
fined data. Thus, Barton and Kullerud (1957, 
1958) showed that the phase relations are 
highly eomplieated, and later , Barton and 
Toulmin (1966) pointed to serious errors in 
the phase diagrams published for the system 
Fe-Zn-S. They also stated that the system is 
mueh more sensitive to pressure than was 
earlier supposed and that it eould possibly be 
used as a geobarometer. 

In 1967 , Boorman pointed out that the 
solvus of sphalerite in equilibrium with py
rite and pyrrhotite at normal pressure is ver
tieal at a eonstant eomposition of 20.8 ± 0.5 
mole-% FeS from 580°C to the hexagonal
monoclinie pyrrhotite inversion temperature. 

Other investigations showed disagree
ments as to the FeS eontent of sphalerite in 
the three-phase assemblage sphalerite-pyrite
pyrrhotite (Barton & Toulmin 1966, Seott & 
Barnes 1967, Chernyshev & Anfilogov 1968, 
Chernyshev et al. 1968 and Einaudi 1968). 

Seott and Barnes (1971) diseussed eompli
eations in the use of the system Fe-Zn-S as a 
geothermometer. Aeeording to them, »the 
FeS eontent ofsphalerite, even in equilibrium 
with pyrrhotite, is not useful in geothermo
metry without data on the sulphur fugaeity 
fS2 at the time of deposition». Instead they 

adopted and extended the theory, first devel
oped by Barton and Toulmin (1966), of the 
sphalerite geobarometer. They give experi
mental iso bars for the three-phase system 

sphalerite - pyrite - pyrrhotite in the tempe

rature range 300°- 700°C. 

These data have sinee been refined (Seott 
1973, 1976, Brown & Lovering 1973, Seott 
et al. 1977). Lusk and Ford (1978) extended 
experimentally the sphalerite geobarometer 
to 10 kb and found sphalerite at this pressure 
to have a eonstant eomposition of 10.3 ± 0.5 
mole per cent FeS from 420° to 700°C. Seott 
(1976) deseribed briefly the theory behind the 
sphalerite geobarometer: »The FeS eontent 
of sphalerite is a function of temperature (T), 

pressure (p) and FeS aetivity (aFeS). The aFeS 
is not neeessarily dependent on p and T, and 
for geobarometry must be buffered by one or 
more iron sulphide phases». 

Later (Seott et al. 1977) demonstrated that , 
theoretieally hexagonal pyrrhotite alone ean 
aet as a buffer beeause the relations between 
aFeS, pyrrhotite eomposition (X;:s) , and T are 
known and are independent of p (Toulmin & 
Barton 1964). In praetiee, pyrrhotite ean un
dergo eompositional ehanges on eooling 
(Genkin 1971), whieh, together with the high 

value of the T eoeffieient of the aFeS -X~:' 
relations usually makes such a geobarometer 
of little use. However, when aFeS is buffered 
by divariant assem blages of the Fe-S system, 
such as pyrite + pyrrhotite, retrograde varia
tion in pyrrhotite eomposition is not irnpor

tant. 

In 1977 Seott et al. assumed that the sphal
erite + pyrrhotite assemblage eould be used 
as a geobarometer in metamorphie terrains if: 
1) temperatures of sulphide equilibration 
during metamorphism were known, and 2) 
one eould be sure that the pyrrhotite had not 
been subjeeted to retrograde eompositional 

alteration. 
Brown et al. (1978); however, demonstrated 

that sphalerite grains in metamorphie ter
rains are often heterogeneous, mostly with 
chalcopyrite exsolutions. These sphalerites 
give a wide range of pressures, and the ex
solutions are probably an indieation of 
reequilibration of the system. In the opinion 
of Brown et al. (op. cit.), the sphalerite geo
barometer should therefore be used with eau
tion if based on a few sam pIes or on heteroge
neous material. 

Aceording to equations 1 and 2 given by 
Barton and Toulmin (1966), eontaminants 
may affect the geobarometer only if they 
enter in appreeiable amounts into sphalerite 
or pyrrhotite and change either the_partial 
molar volume of FeS in sphalerite (v~s) or 
the aetivity of FeS (aFeS) in the system. The 
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trace amounts of cobalt and nickel in natural 
pyrrhotites and the solid solution of manga
nese and cadmium in sphalerite have been 
shown to have no measurable effect on the 
pressure dependence of FeS in sphalerite 
(Craig & Scott 1974). Of the remaining ele
ments , only copper presents a problem in the 
use of the sphalerite geobarometer (Hutch
ison & Scott 1981). 

Natural sphalerites normally contain less 
than 0.5 wt per cent copper in solid solution 
(Wiggins & Craig 1980), but sphalerite com
monly has what appears to be chalcopyrite 
exsolutions, suggesting a more extensive solid 
solution between sphalerite and chalcopyrite 
at higher temperatures (Hutchison & Scott 

1981). According to t hem, the quesLion is 
whether or not th e dissolved copper and ex
solved chalcopyrite have affected t h e sphalc 
erite - pyrite - pyrrhotite phase relation s as 
ap p lied to geobarometry. 

H utchison and Scott (1981) found that the 
presence of chalcopyrite in ores should not 
affect the sphalerite geo barometer over its 
temperature-independent portion, becau se 
the solubility of copper in sphalerite is low 
below 650°C in the four-phase assem
blage sphalerite-chalcopyrite-pyrite-pyrrhotite. 
Sphalerite that is heterogeneous in FeS and 
which contain chalcopyrite blebs in excess of 
the amount that can reasonably be accounted 
for by an equilibrium process of solubility 
and subsequent exsolution should be avoid
ed in applying the geobarometer. 

Fig. 2 shows the isobars (Lusk & Ford 1978) 
of sphalerite composition along the pyrite + 
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exagonal pyrrhotite buffer. For the tempera
ure-independent region of the sphalerite 
eobarometer, Hutehison and Seott (1981) 

ave expressed the pressure dependenee (in 
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kb) of the eomposition of sphalerite in equi
librium with pyrite and pyrrhotite as p = 
42.30 - 32.10 log mole-% FeS (Fig. 3). 

The Fe-S system 

One pro blem in applying the results of the 
nalyses to the geobarometry of the sphaler

'te - pyrite - pyrrhotite assemblage is the 

aseertaining of whether or not the bulk eom
position of the nonrefraetory pyrrhotite has 
bhanged in response to postmetamorphie 

!alteration events. 

In Fig. 4 a simplified pieture of the phase 
relations of the Fe-S system is given. Al
though detailed phase relations of the system 
are more eomplex (Craig & Seott 1974, Power 
& Fine 1976) than shown in Fig . 4 , a few perti
nent features explain both the oeeurrenee 
and the texture of natural pyrrhotite phase 
assem blages. 

At high temperatures, the pyrrhotite phase 
field is oeeupied by a single solid solution, 
hex agonal Fe1_xS , extending from stoiehio
metrie FeS to eompositions rieher in sulphur 
than those of the monoclinie pyrrhotite along 
its solvus with pyrite. This hexagonal phase 
also extends to lower temperatures, but with 
a more restrieted eompositional range. With 
deereasing temperature, iron-rieh, high-tem
perature pyrrhotites eneounter a solvus be
tween troilite and hexagonal pyrrhotite, where
as sulphur-rieh ones either eneounter a 
solvus separating hexagonal pyrrhotite from 
monoclinie pyrrhotite or interseet the solvus 
with pyrite forming a py rite + pyrrhotite 
assemblage. 
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Postmetamorphic alteration of iron sulphide 
has been noted (e.g. Desborough & Carpenter 
1965, Nickel et aL. 1974). This process may 
produce a variety of complex secondary 
metastable assemblages through the extrac
tion of iron and/or addition of oxygen or sul-

phur to the primary mineral phases (cf. 
Einaudi 1971). In more advanced stages, oxi
dation and /or loss of iron leads to the forma
tion of pyrite, marcasite, and ultimately of 
magnetite or hematite. 

APPLICATION OF THE THEORY 

Application of the sphalerite geobarometer 
as described in the previous chapter, is 
subject to some constraints. In the present 
study the conditions had to meet the follow
ing five criteria: 

1) Sphalerite must have equilibrated with 
pyrite + high-temperature hexagonal 
pyrrhotite. Seen under the microscope. 
the sphalerite grains analysed should, 
therefore, be in mutual contact with py
rite + pyrrhotite. 

2) The temperature of formation or meta
morphism must be higher than the abrupt 
revers al in the slope of the pyrite + hexa
gonal pyrrhotite (265°C at 1 bar) and lower 

than the upper limit of the temperature
independent region (see Fig. 2). 

3) Precise microprobe analyses of sphalerite 
are necessary. An uncertainty of ± 0.5 
mole-'7r FeS corresponds to ± 400 - 500 
bars. 

4) Heterogeneous grains and grains that host 
chalcopyrite exsolutions are deleted . 

5) Grains containing other elements in such 
amounts that the (V~S) is affected are de
leted. 

In the present study. Mn was excepted 
from the last restriction in some measure
ments from the manganese-rich deposits of 
Pattijoki and Sotkamo. This will be discussed 
in a later chapter. 

EXPERIMENTAL 

Sampie selection 

Most ofthe sam pIes used in this study were 
collected from old drill cores in the ore bodies. 
Polished sections of the specimens were first 
carefully examined under the microscope for 
the association of sphalerite, pyrite and pyr
rhotite with clear mutual boundaries. Sphal
erites with abundant exsolutions of chal
co pyrite were avoided. To distinguish mono
clinic pyrrhotites from hexagonal ones. a 
thin film of a magnetic colloid was applied to 
the sampies (cf. Scott 1974, p. 5- 18). The mag-

netic colloid would attach itself to the mag
netic monoclinic modification and under the 
microscope the two phases are then easily 
distinguishable. 

Checking the structural form of py rrhotite 
by X-ray diffraction is a more reliable proce
dure. but it was not appropriate in the present 
work because of the practical difficulty of 
picking the very s mall pyrrhotite grains from 
a polished secbon and X-raying them . 
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Microprobe analyses 

The sam pies selected as described above 
were then vacuum coated with a thin layer of 
carbon (- 200 A) and analysed with a JEOL 
JXA-733 Super Probe. At least four points 
per grain "Yere measured three times for a 
fixed interval of 10 sec . The background 
counts were collected on both sides of the 
line. The data were processed with a standard 
ZAF on-line correction program (ZAF: Z = 
atomic number correction coeff. , A = adsorp-

tion correction coeff. , F = f1uorescence cor
rection coeff.). The accelerating voltage was 
set at 15 kV and the probe current at 100 nA. 
The standards for the sphalerite measure
ments were natural sphalerite for Zn and Cd, 
natural troilite for Fe and S , natural alaban
dite for Mn and natural chalcopyrite for Cu. 
The x-ray lines used were Lu for Cd and Ku 
for the others. 

THE SULPHIDE ORES STUDIED 

The Vihanti ore zone 

The Vihanti ore zone is situated in the 
northwestern part of the Svecokarelidic oro
genie belt (cf. Fig. 1, points 8 - 12), which 
crosses Finland from northwest to southeast 
from the Gulf of Bothnia to Lake Ladoga. The 
zone is significant for its zinc deposits but it 
also contains copper and lead (Huhtala 1979). 

Two mines, Vihanti and P yhäsalmi, are cur
rently operative in the area. There are also 
three other deposits of importance that cons
titute areserve of potential ores for future 
use. In addition , several sm aller occurrences 
are known in the area (lsokangas 1978). 

The sulphide showings are mainly located 
in volcanites, although some occur in meta
sediments of detrital origin in wh ich tuffite 
beds indicate volcanic activity. These ore 
deposits and showings are interpreted as 
massive strata-bound sulphide ores related to 
submarine volcanism (Huhtala 1979, Mikkola 
1980) 

The ore deposits and showings are charac
terised by the mineral associations sphaler
ite - pyrrhotite - pyrite - chalcopyrite -
galena. pyrite - pyrrhotite. and sphalerite -
chalcopyrite - galen a. The mutual abun-

dances ofthe sulphides vary from one depos
it to another. In the NW part, especially in Vi
hanti , the amount of sphalerite is greater, 
whereas in the SE, iron- and copper-sul
phides predominate. 

The assemblage sphalerite + pyrite + pyr
rhotite is met with in all of the depo sits, how
ever, and thus the application of the geo baro
meter is feasible. 

According to Rouhunkoski (1968), Aho 
(1977) and Huhtala (1979) , the bedrock, which 
is characterised by strongly metamorphosed 
sediments and volcanic schists related to the 
Svecokarelidic orogeny , is intruded by plu
tonic rocks of varying composition. 

The orogeny has intensely folded and bro
ken up the supracrustal formations into sep
arate schist blocks, which are em bedded in or 
surro unded by plutonic massifs. They inter
sect the schists and form migmatites with 
them (Salli 1965, Rouhunkoski 1968). Meta
morphism has almost completely obliterated 
the primary structures of the rocks . Locally 
primary structures are, however, preserved , 
allowing the country rocks of the orebodies 
to be recognised as volcanogenic rocks (lavas , 
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tuffs, tuffites) and argillaceous sediments 
with tuffaceous components. These rocks. 
altered in the course of hydrothermal pro
cesses combined with the volcanic activity 
that produced the sulphide ores, were meta
morphosed into sericite schists , cordierite 
gneisses, sillimanite gneisses and various 
cordierite-, garnet- and anthophyllite-bearing 
rocks (Huhtala 1979). 

Vihanti 

LithoLogy 

The Lampinsaari ore complex (11) has been 
described by many authors (e.g. Mikkola 1963, 
Rouhunkoski 1968 and Huhtala 1979). The 
bedrock of the Vihanti area consists of 
gneisses of sedimentary or volcanic origin. 
and of intrusive granitic. granodioritic and 
gabbroic rocks. The ore complex consists of 
zinc, pyrite and disseminated copper ore 
bodies and a uranium-apatite showing. The 
host rocks of the sulphide ore com plex (dolo
mite, skarn and felsic metavolcanites) form a 
long zone surrounded by thr: regionally pre
dominant mica gneisses (Rauhamäki et aL. 

1978). 
Lithologically the complex can be divided 

into arenaceous rocks comprising cordierite 
gneiss , quartzitic rocks and black schists; and 
into calcareous rocks, comprising dolomite 
and skarn rocks. Mafic and felsic dyke rocks 
also exist. The quartzitic rocks and black 
schists are currently interpreted as volcanites 
(Rauhamäki et aL. 1978). 

According to Rouhunkoski (1968). the cor
dierite gneisses are rather coarse grained and 
poorly foliated and they contain cordierite. 
quartz, plagioclase, mica (phlogopite), iron 
sulphides and minor K-feldspar, sillimanite, 
apatite, zircon, rutile and titanite. Some an
thophyllite is occasionally present. Calcite 
and skarn minerals occur in the dolomite 
rock. The skarn rocks generally contain di
opside and tremolite with variable amounts 

of quartz, plagioclase, phlogopite, carbonate, 
baryte and sulphides. Tourmaline, scapolite, 
gamet. apatite, titanite, graphite and zircon 
are occasionally met with, and in so me varie
ties corundum, pleonast, forsterite, sapphir
ine, anhydrite and fluorite occur. 

The uranium- and apatite- bearing horizon is 
encountered near the hanging wall of the 
Lampinsaari ore zone. This horizon is com
posed of overlapping lenticular layers of 
apatite-bearing dolomite and skarn, and apa
tite-quartz-plagioclase gneiss (Rehtijärvi et 
aL. 1979). 

SphaleTite geobaTometTY 

The results of the sphalerite analyses are 
given in Table 1, and the FeS contents of 
sphalerites are presented in the form of his

tograms in Fig. 7. The FeS contents range 
from 11.7 to 13.7 mole per cent, giving a pres
sure estimate of 8.0 to 5.8 kb with a mean of 
6.8 kb for the Vihanti ore. The coexisting 
minerals cordierite '+ sillimanite in the cor
dierite gneisses indicate a temperature of 
over 630°C (cf. Winkler 1974). According to 
Rouhunkoski (1968, p. 81) the temperature 
did not reach 700°C and the press ure was in 
the order of2 kb. Rehtijärvi et aL. (1979) how, 
however, that the temperature of metamor
phism inside the ore was in the order of400°C 
(cf. discussion on p. 26). The temperature 
estimated is therefore within the allowed 
temperature range of the sphalerite geobaro
meter (Fig . 5 p. 24). 

Pyhäsa 1mi 

LithoLogy 

The Pyhäsalmi (9) ore body is conformable 
with its environment and occurs in a sericite 
schist zone ofthe Ruotanen schist belt (Helo
vuori 1979)' which is apart of the Sveco

karelides. The schists trend almost north-



south with either vertical or steep eastward 
dips . In the east the schists are bordered by a 
dome-like granite gneiss that is obviously a 
highly altered part of the Archean basement. 
In the west, the schists are bordered by a 
younger porphyric granite. 

The ore deposit is composed of a massive 
pyrite ore that contains variable amounts of 
chalcopyrite and sphalerite, with galena, ar
senopyrite, magnetite and fahlore as acces
sories. The gangue consists mainly of quartz 
and baryte. For a more detailed description of 
the massive Zn-Cu sulphide deposit and the 
surrounding schists see the paper by Helo
vuor i (1979). 

Sphalerite geobarometry 

Unfortunately only one specimen in which 
the sphalerite was in triple junction with py
rite + hexagonal pyrrhotite was available. 
The sphalerite geo barometer failed . It gave 
an anomalously high pressure of > 10 kb 
(- 4 - 6 mole-% FeS), which is out ot'the ques
tion for this deposit and beyond the limits of 
experimental calibration of the barometer. 
On the other hand, asphalerite grain totally 
encapsulated in pyrite (cf. p. 27) gave a model 
pressure of 6.0 kb (13 .5 mole-% FeS, see 
Table 2). 

Vuohtojoki 

Lithology 

According to Oivanen (1962) and Huhtala 
(1979), the predominant rock types are bio
tite-plagioclase gneiss with local hornblende
bearing parts, and leptite, which consists of a 
variety ofvolcanic material within sediments. 
Thin layers of volcanogenic amphibolite are 
also present in the zone. The plutonic rocks 
consist of gneissoid oligoclase granites , 
granites, unakites, quartz diorites and gab-
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bros. Also present are diabase, plagioclase 
porphyrite, uralite porphyrite and granitic 
pegmatite dykes. 

The ore deposits (10) occur in alteration 
zones in the Sedimentogenic rocks. The main 
minerals in the alteration· zone are quartz, 
cordierite, biotite, anthophyllite, sillimanite, 
garnet, andalusite and muscovite. The acces
sories are zircon, apatite, titanite, rutile, ba
ryte, gahnite and fluorite . The ore bodies in
clude disseminations and massive parts in 
cordierite gneiss. Sphalerite is ubiquitous. 

Sphalerite geobarometry 

The Vuohtojoki deposit consists of several 
ore bodies, denoted A, B , . . . deposit. The 
iron content of the sphalerite varies. In the A 
deposit the mole-% FeS ranges from 11.1 to 
14.5 , corresponding to apressure of 8.8 -
5.0 kb . In the D deposit the range of FeS con
tent is 12.3- 14.3 mole-% (7.4-5.4 kb) and in 
the H deposit 13.9- 15.3 mole-% (5.6 - 4.3 kb). 
As seen in Fig. 7, the frequency maximum 
is at 12.5- 13.0 mole-% FeS, corresponding to 
apressure of 6.8 kb. So me specimens, espe
cially those with lower Fe content from the B 
and C deposits (see Table 1 and Fig. 7), in
dicate apressure of 10 kb or over. These spec
imens contain abundant pyrrhotite largely 
altered into a monoclinic variety. The mono
clinic varieties were identified by microscop
ic examination of the specimens treated with 
magnetic colloid. 

The garnet of the alteration zone is alman
dine-predominant and, according to Winkler 
(1974), the mineral assemblage cordierite + 
sillimanite + almandine indicates that the 
pressure reached - 5 kb and the temperature 
- 630°C. Andalusite is, however, occasionally 
present, suggesting somewhat lower pres
sures in some parts of the alteration zone. 
The given T and p values plot on the border 
of the upper temperature limit of t h e sphal
erite geobarometer (Fig. 5a). 
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Säviä 

Litho~ogy 

The ore deposit at Säviä (8) is s ituated be
neath a lake. According to Aho (1977) and 
Huhtala (1979), the ore occurs in aschist zone 
trending from north to south and consisting 
mainly of volcanogenic mafic and interme
diate rocks. To a lesser extent, felsic rocks, 
tuffs , tuffites and metasediments of detrital 
origin are also met with. The schists are clearly 
banded and veined and are migmatitic in 
appearance. Metamorphism has altered the 
rocks into cordierite- anthophyllite gneiss, 
hornblende- cummingtonite gneiss and am
phibolite with appreciable gamet and silli
manite. Cummingtonite- hypersthene gneiss
es are a lso present. According to Laita
kari (1968), the cordierite gneisses contain 
varying amounts of cordierite , quartz, biotite, 
plagioclase, anthophyllite , gamet and silli
manite and , as minor constituents, zircon, 
rutile, spinel and apatite. 

The ore deposit occurs in the schist zone in 
association with cordierite gneisses. The 
main ore types are copper ore and zinc ore. 
The copper ore contains pyrite + pyrrhotite 
together with chalcopyrite. The zinc ore is a 
rat her massive pyrite and pyrrhotite ore with 
sphalerite bands. The ores have been remo
bilised by regional metamorphism, giving 
rise to secondary cross-cutting structures. 

Spha~erite geobarometry 

The sphalerite compositions (Table 1) range 
from 12.5 to 14.9 mole-% F eS , with more iron 
in the middle parts of the ore and less at the 
margin. 

The mineral assem blage (hypersthene -
cordierite - sillimanite - gamet) of the coun
try rock indicates that the peak of metamor
phism reached a high grade. This stage was, 
however , followed by retrograde metamor-

phism (Makkonen 1981). The gamet d ose to 
the ore is a rather Mn-rich almandine (Aho 
1977) and cannot therefore be u sed to esti

mate the temperature and pressure of meta
morphism (cf. Winkler 1974 p. 209). 

The garnet in the surrounding cordierite 
gneisses and amphibolites is suitable thoug h, 
and. according to Makkonen (op.ciL), the 
temperature and pressure, bas ed on Fe + Mg 
partitioning in the mineral pair cordierite -
gamet in these rocks. are 550°- 650°C and 7-
8 kb, respectively. 

The sphalerite geobarometer indicates 
6.3 kb (see Fig. 7) for the pressure of meta
morphism of the ores. The difference be
tween the two pressure estimates (7 - 8 kb and 
6.3 kb) is not large. The pressure may, how
ever , have been somewhat lower in the ore. 
Structurally the ore deposit is a joint fissure 
that was filled with remobilised ore minerals 
during metamorphism ; hence, it s hould be 
expected that the pressure in the ore is lower 
than in the wall rock. 

Pattijoki 

Litho~ogy 

At Pattijoki (12) in the Raahe - Paavola area 
in the northwestemmost part of the Vihanti 
ore zone two small showings occur in Protero
zoie schist. Nykänen (1959) divided the schists 
into two main structural units, the Saloinen
Pattijoki schist zone near the coast of the 
Gulf of Bothnia and the more intensely meta
morphosed NW -SE striking Revonlahti - Paa
vola zone in the east of the area. The schist 
zones are separated by intrusive rocks. 

The rocks in the Revonlahti - Paavola zone 
are strongly migmatised veined mica gneisses 
containing cordierite, a lmandine, andalusite 
and straurolite. Medium-grade metamor
phism is indicated by the assemblage diop
side - tremolite - calcite in the calcareous 
rocks. The small prospect of Ylipää (12b) (in 
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the parish of Pattijoki) is situated in a long some coarser graphite are met with in the cal
narrow tongue stretching westwards from the careous and dark argillaceous layers (Velt-
main schist zone. heim 1954). 

The prospect at Pattijoki (12a) is situated in 
the Saloinen - Pattijoki schist zone. The 
schists are rather well-preserved volcano
genic. caleareous and argillaceous rocks. The 
main minerals in phyllites and mica schists 
are biotite, quartz and plagioclase. The acces
sories are graphite , titanite , magnetite , apa
tite , tourmaline and zircon. Hornblende, tre
molite and carbonate also occur occasionally. 

The mineral assem blages biotite-hornblende
plagioclase and diopside-tremolite-caleite re
veal that the recrystallisation generally took 
place at medium-gra?e (amphibolite facies) 
metamorphism . In places, however , the re
crystallisation took pI ace at relatively low tem
perature (Nykänen 1959), especially in fault
and shear zones where the mineral assemblage 

epidote-albite-chlorite often occurs. Accord
ing to Vaasjoki (1956) , the ore mineralisations 
are restricted to pyrrhotite-bearing phyllite
mica schists with caleareous interlayers. 
Minor sphalerite-bearing veins with alaban
dite , galena and chaleopyrite mayaIso occur. 
Rhodonite is a common constituent in the 
caleareous layers. A fine carbon pigment and 

Sphalerite geobarometry 

The metamorphic grade suggested by the 
sphalerite geobarometer at Pattijoki is in con
flict with the mineral paragenesis of the sur
rounding rocks (cf. Fig. 7). The iron content 
of the sphalerite at Pattijoki is 21.7 to 17.8 
mole-o/c (0 - 2 kb) whereas the small prospect 
in the veined gneisses at Ylipää (parish of 
Pattijoki) gives 13.9- 14.3 mole-% FeS (5.6-
5.2 kb). The Pattijoki showing belongs to the 
Saloinen - Pattijoki schist belt, whereas Yli
pää belangs to the Raahe - Paavola schist belt. 
The high Mn content of the rock at Pattijoki 
manifests itself, not only in the presence of 
alabandite and rhodonite, but also in the high 
Mn content (8 wt-%; Törnroos 1982) of the 
sphalerite. In contrast, the Mn content of the 
sphalerite from Ylipää is low (0.3 wt-%). The 
influence of Mn on the sphalerite geobaro
meter is not known, but it seems that the 
presence of this element may cause errors. 
The results obtained must therefore be ac-
cepted with caution. 

Sotkamo 

Lithology 

Two deposits , Kolmisoppi (13a) and Kuusi
lampi (13b), are located about 5 km from each 
other at the Sotkamo , Talvivaara prospect (13 
in Fig. 1) (Ervamaa & Heino 1980). The ores 
are in black schists ofthe Kainuan schist belL 
which is part of the Karelides. According to 
Heino and Havola (1980), the lowest part of 
the Kainuan schists consist of Jatulian quartz
ites that were sedimented on Archean 
gneisses. The Jatulian quartzites are overlain 
by im pure quartzites interlayered with mica 

2 

schists. Uppermost in the sequence are Kale
vian mica schists. The ore-bearing black 
schists and the mica schists with black schist 
interlayers occur in the sequence between 
the impure quartzites and the Kalevian mica 
schists. 

Younger metadiabase dykes crosscut the 
gneiss complex and the schist belt. Serpen
tinites and tale-magnesite schists have a lso 
been encountered in several places (Heino & 

Havola op. cit.). 
The main minerals in the black schists are 
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quartz , biotite, graphite and sulphides. Minor SphaLeTite geobammetTY 

amounts of rutile, chlorite, feldspar , apatite, 
garnet, tourmaline and epidote are also en
countered, and in places the garnet is very 
abundant. The sulphides include alabandite, 
sphalerite, pyrite , pyrrhotite, chalcopyrite 
and pentlandite (Aho 1979). The main min
erals in the quartzites are quartz and sericite. 
The accessory minerals are biotite, apatite, 
zircon and titanite. In the upper quartzites 
there are random tremolite, carbonate, bio
tite , chlorite and sericite. Diopside- and gar
net-bearing skarn layers are also encountered 
in the quartzites. 

Primary sedimentary structures are still 
visible, and the sulphides often occur as very 
fine-grained primary dissemination together 
with graphite. In places, however, metamor
phism has remobilised the sulphides. Thin 
agate veinlets associated with alabandite in
dicate low-temperature hydrothermal events, 
at least in some parts of the deposits. 

As seen in Fig. 7. the FeS contents of the 
sphalerites in the Kolmisoppi pro spect are 
clustered roughly around two maxima 
(- 13.5 - 15.0 mole-% and - 16.5 - 19.0 mole-% 
corresponding to - 4.5 - 6.0 kb and - 1.3 - 3.2 
kb ). The iron contents given in Table 1 show 
that the sphalerite grains of specimen 11738 
should be divided into two groups : low-iron 

and high-iron grains. This will be discussed 
in a later chapter. At Kuusilampi there is only 
one frequency maximum (Fig. 7), a nd the iron 
content ranges from 13.6 to 15.6 mole-% FeS 
(corresponding to 5.9-4.0 kb). The Mn con
tent of the sphalerite is also high here (4 - 5 

wt-% Mn) (cf. Pattijoki). No high-temperature 
minerals have been met with. The iron con
tent of asphalerite from outside the ore body 
of Kuusilampi was found to be 12.5- 13.0 

mole-% (or 6.9 kb), or somewhat higher than 
the values inside the ore . 

Outokumpu 

LithoLogy 

The geology of the Outokumpu (7) district 
has been discussed in numerous papers. For 
more detailed geological descriptions, see 
Peltola 0960, 1980), Huhma and Huhma 
(1970), Gaäl et aL. (1975) , Koistinen (1981) and 
Treloar et aL. (1981). 

There are several ore deposits and show
ings in the Outokumpu district. The rocks 
in the area are Karelidic schists separated 
from the Archean basement in the east 
by an unconformity (Peltola 1980). In the 
western part of the schist area there is a long 
narrow zone, the Outokumpu zone, that con
sists mainly of serpentinites, skarns, calca
reous black schists and quartz rocks - the 
»Outokumpu quartzites ». 

The Outokumpu zone is bordered by black 
schists that grade into quartz rocks and ser
pentinites towards the middle of the zone. In 
many places the serpentinite lenses are 
rimmed by dolomite, skarn and quartzite. 
Green skarns containing chrome-bearing 
minerals (diopside, tremolite, uvarovite, 
eskolaite, chromite, etc.) occur as reaction 
prod ucts between carbonate and silicate 
rocks (Huhma & Huhma 1970). The quartzites 
contain thin intervening layers of cordierite
anthophyllite rocks that often include phlog
opite, almandine and staurolite (Gaäl et aL. 
1975). 

The ore bodies and prospects are located in 
the Outokumpu zone and are embedded in 

I 



quartz rocks near the contact of serpentinite. 
According to Koistinen (1981), the ores 

within the Outokumpu zone are deformed 
and metamorphosed strata-bound massive 
sulphide deposits a ssociated with mineral
ised stockworks. Two ore types occur: mas
sive pyrite or pyrrhotite Cu-Co-Zn and disse
minated nickel-pyrrhotite ores. The massive 
ores occur in quartzites, skarns and carbo
nate rocks extending into black schists or 
mica schists. The characteristic minerals are 
pyrite, pyrrhotite, chalcopyrite, sphalerite 
and cobalt pentlandite. The disseminated 
nickelores in stockwork and in cordierite
an thophyllite (-staurolite-garnet-spinel) -bear
ing rocks occur within intercalated quartzite 
and skarn and in the chloritic amphibole 
rocks that are marginal to serpentinite. 

Three deposits are currently being mined. 
The mines in operation are Keretti, Vuonos 
and Luikonlahti. 

SphaLerite geobarometry 

The most frequent iron contents in sphaler
ite from the Outokumpu area cluster at 13.5 
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to 15.3 mole-% (Fig. 7), corresponding to a 
pressure of 6.0 to 4.3 kb. The sphalerite con
tains ca. 2 wt-% Mn, except for one sample 
that had a low Mn content (0.6 wt-%) and an 
Fe content of 12.8 mole-% or 6.8 kb (Table 1). 

Gaäl et aL (1975) have discussed the meta
morphism of the Outokumpu area on the 
basis of the mineral assemblage in the adja
cent rocks . The presence of cordierite, alman
dine + staurolite and the three polymorphs of 
A1 2Si05 (kyanite-andalusite-sillimanite) indi
cate pT conditions around the triple point 
(- 6 kb and - 600°C according to studies by 
Althaus 1967 and Richardson et aL 1969, 
cited by Winkler 1974). On the other hand, 
recent temperature and pressure estimates 
from Outokumpu based on element partition
ing in co-existing minerals in a cordierite
anthophyllite - ( + cummingtonite) - alman
dine-staurolite rock give 550° + 50°C and 
3.5 ± 1 kb (Treloar et aL 1981) that is, values 
close to the experimentally determined 
Al2Si05 triple point by Holdaway (1971) (- 4 
kb and - 500°C). The range of model pressure 
(4.3-6.0 kb) obtained by the sphalerite geo
barometer is consistent with the foremen
tioned pressure estimates for the wall rock. 

Hammaslahti 

LithoLogy 

The Hammaslahti mine (6), about 55 km 
southeast of Outokumpu (cf. Fig. 1), is si
tuated in Karelidie schists. According to Kah
ma (1973) and Isokangas (1978), the deposit 
lies at the western margin of a syncline as
sociated with a zone of im pure arkose and 
greywacke that forms an interbed in Kalevian 
phyllite. Quartzite, black schists and arkosite 
occur as intercalations in the phyllite. There 
are also carbonate concretions in the phyllite. 
Staurolite, andalusite and gamet are met with 
as porphyroblasts. The arkosite shows a 

marked variation in the abundance of feld
spar and quartz. 

Hyvärinen et aL (1977) suggest that the 
sulphides were originally synsedimentary 
but that they were later remobilised by re
gional metamorphism and concentrated in 
transversal shear zones. According to Isokan
gas (1978), the deposit shows a breccia struc
ture in which the sulphides occur as veins 
and stockwork in arkosite. The intensity of 
mineralisation varies from one part of the 
deposit to the other, ranging from a high
grade breccia ore to a low-grade impregna
tion. 
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The main and almost only ore minerals are 
chalcopyrite and pyrrhotite, although in the 
northernmost part of the ore sphalerite and 
pyrite are also fairly abundant. 

Sphalerite geobarometry 

The sphalerite geobarometry gives a pres
sure of 7.4 kb (cf. Fig. 7), range 5.7- 8.7 kb 
(13.9-11.2 mole-% FeS, Table 1) for the north
ernmost part. In one specimen, where the 
sphalerite grains are totally encapsulated in 

pyrite, the FeS content is 14.7 - 15.6 mole-o/c, 
corresponding to apressure of 4.8 - 4.0 kb 
(Table 2). 

The rocks have not been markedly affected 
by reg ional metamorphism, but they have 
been exposed to intense dynamometamor
phism (Isokangas 1978), which may explain 
the unusually high pressure. 

According to Hyvärinen et al. (1977), fluid 
inclusion studies have demonstrated that the 
metal components deposited as sulphide 
minerals at temperatures exceeding 310°C. 

Orijärvi - Kimito zone 

Lithology 

The Orijärvi - Kimito zone in southwestern 
Finland (1 - 3 in Fig. 1), contains numerous 
small polymetallic showings. The belt be
longs to the east-west trending part of the 
Svecofennidic schists occurring along the 
coast of the Gulf of Finland. In lithology and 
structure these schists are comparable to the 
leptites in central Sweden. The area has long 
been an object of geological interest. Com
prehensive descriptions ofthe area have been 
given by Eskola (1914, 1915 and 1950), Tuomi
nen (1957) and Latvalahti (1979). 

The schist zone consists mainly of leptites 
i.e. ancient acid volcanics and volcanic sedi
mentary rocks rich in quartz and feldspar. 
Depending on the grain size, the rocks are 
called hälleflinta, leptite or leptite gneiss 
(Latvalahti 1979). Volcanogenic leptites pre
dominate in the Orijärvi - Aijala area and on 
the island of Kimito. Amphibolites and cal
careous schists are also present in this zone. 
The leptite beds are bordered by Perniö 
(Bjärnä) granite in the west and north and by 
granodiorites and more mafic intrusive rocks 
in the south and southeast. 

The leptite zone, which may extend west

wards as far as Attu (1), includes the sulphide 

occurrences of this area COrijärvi - Attu) . The 
sulphide ores are complex Cu -Pb-Zn ores in 
either skarn rocks or fel s ic metavolcanites 
and are often associated with cordierite-an
thophyllite rocks. Latvalahti (1979) regards 
these rocks as the metamorphie equivalent of 
the alteration pipes of volcanic-exhalative 
deposits. Eskola (1914) described the deposits 
as epigenetic and considered that the ore con
stituents derived from granodioritic intru
sions whose hydrothermal fluids induced 
magnesia metasomatism around the intru
sive bodies. 

The principal ore deposits are the Aijala (3) 
Cu-Zn deposit, the Metsämonttu (2) and Attu 
(1 ) Zn-Pb deposits and the Orijärvi Zn-Cu 
deposit. The Aijala- Metsämonttu and Orijär
vi deposits have been mined out, and the only 
ore showing that currently appears to be of 
economic significance is the Zn-Pb deposit 
on the island of Attu in Pargas. 

Sphalerite geobarometry 

The barometer gives a total pressure of 
3.2 to 4.2 kb (16.5- 15.4 mole-% FeS) for Attu , 
in the western part ofthe leptite belt; the val
ues for the Aijala- Metsämonttu area vary 

from 4.1 to 7.3 kb (15.5-12.3 mole-% FeS), the 



most frequent iron contents indicating 4.8 kb 
for Aijala and 5.8 and 4.3 kb for Metsämonttu 
(cf. Fig. 7). 

Dietvorst (1982), who has discussed the 
grade of metamorphism on the island of Ki
mito, between Attu and the Aijala - Orijärvi 
area , gives a temperature and pressure of 
560° ± 25°C and 3.0 ± 0.5 kb, respectively, for 
the muscovite-quartz zone and 670° ± 25°C 

and 4 ± 0.5 kb for the cordierite - K-feldspar 
zone. He based his pressure estimates on the 
Mg/Mg + Fe ratio of cordierite in the K-feld
spar-bearing gneis ses by using the experi
mental data of Holdaway and Lee (1977) on 
the breakdown re action of cordierite + 
K-feldspar to biotite + sillimanite + quartz. 
The temperature determinations were based 
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on the experimental calibration of the parti
tioning of Fe and Mg between garnet and bio
tite as reported by Ferry and Spear (1978). 

The element partitioning in the cordierite
garnet pair gives apressure of 5.1 to 5.5 kb 
and a temperature of - 750° to - 790°C for Attu 
(Schellekens 1980). The mineral pair occurs 
in the cordierite - K-feldspar zone mentioned 
by Dietvorst (982). 

Latvalahti (1979) supposed that the pT con
ditions ofregional metamorphism in the Aija
la - Orijärvi area were roughly 3 kb and 650 ± 
30°C. She based her estimates on the reaction 
muscovite + quartz ~ K-feldspar + silli
manite and on the presence of andalusite 
together with sillimanite in the cordierite
sericite mica gneisses. 

The Tampere (Tammerfors) schis t beIt 

The Tampere (Tammerfors) schist belt (4 - Ylöjärv i 
5 in Fig. 1), which is part of the Svecofennian 
formations, includes several small sulphide 
showings. The schist belt trends from west to 
east and is penetrated by plutonic rocks. In 
the north , the schist belt is bordered by the 
granitic batholith of central Finland ; south
wards, it grades into the more strongly meta
morphosed schists of southern Finland . In 
the west, the schist zone is cut by the quartz
and granodioritic Hämeenkyrö plutonic mas
sif, which was emplaced in the schist zone 
during the Svecokarelidic orogeny (Simonen 
1952). 

Although most ofthe sulphide showings in 
the area are of no economic value, two of the 
deposits, the gold-copper deposit at Haveri 
and the copper-tungsten deposit at Ylöjärvi, 
have been exploited. In Haveri, there is no 
sphalerite, but the assemblage sphalerite + 
pyrite + hexagonal pyrrhotite is encountered 
at Ylöjärvi and at a small prospect at Nokia. 

Lithology 

The Ylöjärvi deposit (5), which has recently 
been described by Himmi et al. (1979), is 10-
cated at the western end of the Tampere 
schist belt . The sequence begins with phyl
lites and mica schists surrounded by more 
coarse-grained psammitic feldspar schists. 
The upper part is composed of volcanics , tuf
fites and thin intercalations ofvolcanic rocks, 
porphyrites and porphyries. 

Adjacent to the deposit the predominant 
rock type is tuffite with agglomeratic hori
zons. Thick beds and lenses of porphyrites 
are encountered between the tuffites. The 
formation is cut by the Hämeenkyrö grano
diorite, which brecciates the volcanic rocks 
with an intensity varying from incipient frac
turing to total fragmentation. The host rock 
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of the Cu-W ore is a pipe-shaped tourmaline 
breccia. with a matrix composed of tourma
line, quartz and apatite. Also present are arse
nopyrite, chalcopyrite, pyrrhotite, pyrite, 
scheelite and , more rarely , molybdenite, 
sphalerite, galena and bismuth. According to 
Himmi et al. (1979), the volcanics attained 
their current mineral composition through 
regional metamorphism. The brecciation is 
attributed to explosive discharges of hot 
gases (explosive breccia). This took place 
twice at different explosive press ures. Be
cause the deposit is in the immediate vicinity 

of the Hämeenkyrö granodiorite massif Him
mi and his associates suggest that the min
eralising fluids derived from this massif. 

Sphalerite geobarometry 

At Ylöjärvi the sphalerite contains 14.8-

16.2 mole-% FeS and 11.6-12.5 mole-% FeS 
giving apressure of 4.7 - 3.5 kb and 8.2- 7.1 

kb . The conflicting results are probably due 
to the extreme crystallisation conditions that 
prevailed d uring the formation of the pipe 
breccia. This will be discussed in a later 
chapter. 

Nokia 

Lithology 

At Nokia (4) a small sulphide showing in 
black schists and skarn rocks interbedded in 
phyllites has been submitted to prospecting 
(Marmo 1957). According to Marmo rop. cit. ), 

the main sulphide-schist zone is compara
tively narrow but long. The main sulphide is 
pyrrhotite that occurs as a very fine disse
mination. Sphalerite, chalcopyrite and pyrite 
are common, and occasionally linneite has 
been met with. Pyrrhotite, sphalerite and 
pyrite occur in different generations: the 
primary, which is apparently sedimentary, 
and the younger, which is a product of remo
bilisation. The phyllites contain quartz, bio
tite, muscovite , chlorite, graphite, plagio
clase and small amounts of cordierite and , in 
quartzitic layers, andalusite . 

Sphalerite geobarometry 

The sphalerite grains had to be carefully 
selected. Only a few samples contained sphal
erite grains appropriate for geobarometry. 
The FeS contents of these grains were 12.5 -
13.5 mole-%, corresponding to 7.1 - 6.0 kb (cf. 
Fig . 7 and Table 1). 

Riikonkoski - Pahtavuoma 

Lithology 

Both occurrences are situated in the west
ern part of the Kittilä greenstone belt in 
central Finnish Lapland (14-15 in Fig. 1). The 
area has three main geological formations: 
1) the Lapponium group of Archean or 
Proterozoic schists; 2) the Proterozoic Kum
pu formation ; and 3) the felsic plutonic rocks 
of western Lapland . 

The Lapponium includes schists (phyllite, 
mica s chists, greywacke, quartzite, skarn) 
and greenstones (Mikkola 1941). According 

to Simonen (1980), the complex is Protero
zoic (Svecokarelidic) in age, but Gaal et al. 

(1978) and Silvennoinen et al. (1980) maintain 
that it is Archean. 

The greenstones consist of metamorphosed 
volcanogenic and sedimentogenic rocks. 
They are overlain by sedimentogenic schists, 
with volcanogenic and detrital sediments 
often intermingled. The phyllites , rnica schists, 
amphibole schists and greywackes are of sed
imentary origin and display abundant pr i
mary structures referring to the flysch type of 
sedimentation (Inkinen 1979). 



The most important plutonic rocks are the 
syenite intrusion at Äkäslompolo in the west
ern margin and the Hetta granite in the north. 
Other intrusions in the schist zone include 
albite gabbros, albite diabases and albitites. 

The ore showings at Pahtavuoma are strati
form but brecciated and lie in metasedi
ments, mostly phyllite, at the contact with 
the greenstone (Mäkelä 1977, Inkinen 1979). 

Sphalerite geobarometry 

The temperature and pressure of formation 
for Pahtavuoma (15) were estimated by Lat
valahti (1973) on the basis of the chemical 

composition of the gersdorffite-cobaltite solid 
solution , the sphalerite geobarometer, the 
sulphur-arsenic ratio and the d

131 
value ofthe 

arsenopyrite. Her results suggest that in the 
main crystallisation phase (chalcopyrite, 
sphalerite, pyrrhotite) the temperature was 
360° to 425°C and the total pressure 4.0 ± 
1.5 kb. 
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The Riikonkoski prospect (14) (Nenonen 
1975) is situated in the southern part of the 
greenstone area (Fig. 1) . The ore showings are 
in brecciated phyllites or their contacts and 
in the neighbourhood of the albitites. 

Several ore showings exist. The main min
erals are pyrite, pyrrhotite and chalcopyrite. 
Sphalerite, too , is occasionally encountered 
in some ofthe showings. The sphalerite seems 
to be of two generations : the earlier crystal
lised together with the other sulphides, 
whereas the later consists of thin sphalerite 
veinlets cross-cutting the matrix. The sphal
erite grains, which optically seem to be in 
equilibrium with pyrite and pyrrhotite, have 
an FeS content of 12.9 - 14.9 mole-%, cor
responding to apressure of 6.7 - 4.6 kb. The 
younger sphalerite grains have an FeS con
tent of 14.4- 18.7 mole-%, but they are not in 
contact with the pyrite and pyrrhotite. As 
shown in Fig. 7, the iron content ofthis sphal
erite fluctuates considerably and gives no 
definite pressure estimate. 

DISCUSSION 

The influence of temperature on the pressure determinations. 

As has been pointed out (Figs. 2 and 3), the 
sphalerite geo barometer is applicable in a 
limited temperature region only. For accu
rate pressure determinations, it is important 
to know whether or not the temperature of 
formation or metamorphism ofthe ore depos
its exceeded the temperature limits. 

Temperature and press ure determinations 
on some of the ore deposits investigated in 
this work are compiled in Fig. 5b. With the ex
ception of Pahtavuoma (15) (see below), these 
data are mainly based on wall-rock silicate 
mineral assemblages. 

As shown by the figure (points K a - band 
7 a - b), determinations on the same object by 

different methods may give widely divergent 
results (cf. below). 

Some comments are appropriate on the 
three earlier pT estimates for the Orijärvi - Ki
mito belt (see p. 21 and Fig. 5b). The tempera
ture and pressure estimates for Attu (1) by 
Schellekens (1980) and for Kimito (K in Fig. 
5b) by Dietvorst (1982) are based on the parti
tioning of Fe and Mg between the minerals 
cordierite and garnet in cordierite-bearing 
gneisses. This partitioning is dependent on 
temperature and pressure, and experiments 
and thermodynamical calculations have been 
carried out to calibrate the geothermometer 
and geobarometer. (see, for instance, Currie 
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F ig. 5. a) pT projection of sphalerite isobars from F ig. 2 superimposed on the Al2SiOs diagram of Winkler 
(1974) . Wavy line marks the upper limit ofthe temperature-independent portion ofthe sphalerite geobaro-

meter. 
b) pT diagram as in a) , showing plots of available temperature and pressure data compiled from earlier 
papers dealing with areas around some Finnish sulphide ores. 1 = Attu (Schellekens 1980); 2 - 3 = Aija
la - Metsämonttu area (Latvalahti 1979); K = the island of Kimito between Attu and Aijala - Metsämonttu 
(Dietvorst 1982) ; 7 = Ou tokumpu area (a = Gaäl et al. 1975, b = Koistinen 1981); 8 = Säviä (Makkonen 
1981); 11 = Vihanti (Rouhu nkoski 1968); and 15 = Pahtavuoma (Latvalahti 1973), Point 15 refers to the 

ore; t he other points to the wall rock . • = denotes the A12S iOs triple point after Holdaway (1971). 



1971, Hensen 1971 , Hensen & Green 1973, 
Hutcheon et al. 1974, Thompson 1976, Holda
way & Lee 1977, Lee & Holdaway 1977 and 
Perchuk 1977). The various methods have, 

however, produced conflicting results (Currie 

1974, Holdaway 1976). Holdaway (ap. cit.) also 

doubts ifthe present state of knowledge justi
fies the application of partition coefficient 
data to natural cordierite-garnet composi

tions. 
The temperature of 758° to 788°C (p = 5.1 -

5.5 kb) determined for Attu by Schellekens 

(1980) is the highest reported (see Fig. 5b 
point 1). A temperature as high as this would 

need a marked reduction in the pressure in

dicated by the sphalerite geobarometer (cf. 
Figs. 2 and 5a). As shown by Fig. 5a, such a re

duction would give a negative pressure for 
Attu and hence, would not be meaningful. In 

his estimates, Schellekens employed the re

sults of Currie (1971). If, however, the calcu

lations had been made with the data by 
Perchuk (1977) , the temperature would have 
been reduced to 610°- 645°C, which is more in 

accordance with the measurements of Diet
vorts (1982) from the island of Kimito some 

kilometres to the east of Attu (670° ± 25°C and 
4 ± 0.5 kb). 

The temperature (- 630°C) estimated for 

Attu with the method by Perchuk (1977) and 

the pressure derived from the sphalerite data 
(- 3.5 kb) plot on the bord er ofthe upper tem

perature limit of the sphalerite geo barometer 
(Fig. 5a) , and would not necessarily entail 

temperature corrections of the sphalerite 

data. If, on the other hand , Dietvorst' s data 
are applied to the sphalerite of Attu , the pres

sure would be reduced to 2- 3.5 kb (cf. Fig. 

5a), that is , it would be about 1 kb less than 

estimated for the surrounding rocks. 

Latvalahti (1979) based her temperature 
and pressure estimates in the Aijala- Metsä

monttu area (2 - 3) on the reaction musco

vite + quartz -7 K-feldspar + Al2 Si05 + H 2 0 , 

and on the fact that andalusite and silimanite 
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occur together. Muscovite decomposes at 
650° ± 30°C (Winkler 1974 p. 86), and the oc
currence of andalusite + sillimanite indicates 
that the pressure was lower than 5 kb (2 - 4 

kb, Winkler 1974 p. 86). This is nearly the 
same as that reported by Dietvorst for Kimi

to. The pressure given by the sphalerite geo

barometer is , however, 4.8-5.8 kb. Reduction 
with the aid ofDietvorst' s temperature would 

lower the pressure to 3.5-4.5 kb at the most. 
Temperature and press ure determinations 

published earlier for Säviä (8) and Outokum

pu (7) are also based on the cordiehte--garnet 
assemblage in cordierite--anthophyllite-al

mandine rocks (Makkonen 1981, Koistinen 
1981). The results depend on the method 
used. Koistinen gives 550°C ± 50°C and 3.5 ± 
1 kb for Outokumpu. Makkonen has estab
lished that the results by Thompson (1976), 

Holdaway and Lee (1977) and Perchuk (1977) 

are consistent with each other, whereas the 

method by Currie (1971) gives too high a tem

perature and a somewhat lower press ure. 
According to the results by Makkonen (1981), 

the temperature was 620° ± 30°C in cOI'dier
ite--garnet-anthophyllite rock and 585° ± 35°C 
in cordierite--garnet-sillimanite rock. 

The cordierite-anthophyllite--almandine + 
Al2SiOs rocks are present throughout the Vi

hanti ore zone. The mineral assemblages are 

fairly similar, and so it seems reasonable to 
assume that the pT conditions were also simi
lar throughout the area. 

The temperature and press ure for the Pah
tavuoma ore (Latvalahti 1973) were deter

mined using the ore minerals sphalerite, arse
nopyrite and the pair gersdorffite-co baltite. 

The results suggest a relatively low tempera
ture of formation, viz. 400°C (point 15 in Fig. 
5b). 

Lower temperature of formation of the ore 
is also indicated by sulphur isotope investiga
tions. The archives of the Geological Survey 

of Finland contain sulphur isotope data on 

the Säviä ore deposit. The measurements 
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were made by D r M. Mäkelä in the sulphur 
isotope laboratory at the Technical Uni
versity of Helsinki. The data give a mean 
of 480°C when based on the experimental 
data of Kajiawara and Krouse (1971) on 
the sulphur isotope fractionation between 
sphalerite-pyrite, sphalerite-pyrrhotite and 
pyrite-pyrrhotite. This result indicates that 
the »quenching» temperature ofthe sulphides 
was lower than that of the wall rocks. 

S u lphur isotope data are also available on 
the foot wall of the Vihanti ore deposit (Reh
tijärvi et al. 1979). They report a mean of 
400°C for the sulphide crystallisation> or near
ly the same as th at at Säviä. At Outokumpu , 
data on the isotopic fractionation between 
coexisting sulphides indicate temperatures 
of - 350°C (Mäkelä 1974). »The sulphur iso
topic composition of coexisting sulphides 
may result either from simple equilibrium 
isotope effects or from depositional isotope 
effects followed by partial or complete equi
librium during metamorphism » (Mäkelä ap. 

cit. p. 34). He wams that the value given 
above »can only be accepted as a st<;ttistical 
value indicating the temperature at which the 
isotopic equilibrium was reachecl» . »Indirect
ly it may be considered to be representative 
of temperatures associated with the regional 
metamorphism undergone by the ore depos
its ». 

On the basis of the decrepitation of second
ary fluid inclusions in the ore-bearing micro
fractures , Hyvärinen et al. (1977) suggest that 
the metal components deposited at Hammas
lahti (6) as sulphides at temperatures not less 
than 310°C. 

A comparision between the temperatures 
from elemental partition between silicate 
minerals in wall rock and the temperatures 
from ore (sulphur isotope data, fluid inclu
sions and the data on Pahtavuoma) indicate a 
lower temperature of formation for the ores. 
The present author is of the opinion that> 
so me of the temperature estimates given in 
other works on these deposits or areas are 
slightly too high. 

Hence, it may be assumed that the tempera
ture of metamorphism in the ores was within 
the allowed range of sphalerite gen baro
metry, as shown in Fig. 2. 

This assumption is consistent with the in
vestigations by Scott et al. (1977) on the 
Broken Hill deposits in Australia. They pro
pose that the initial cooling from the peak 
metamorphic temperature to the final »set
ting » temperature of the sulphide was nearly 
isobaric. They based the final setting tempe

rature on the sulphur isotopic fractionation 
between sulphide minerals. 

The pyrrhotite problem 

Before sphalerite can be used as a geo baro
meter, it is essential to confirm that it is equi
librated with pyrite and high-temperature 
hexagonal pyrrhotite. Indirect evidence for 
the equilibration of pyrrhotite at relatively 
high temperatures was discussed on the fore
going pages. As in some of the ore deposits 
investigated, the sphalerite geobarometer 

may give too h igh apressure. 
Scott and Kissin (1973) have demonstrated 

experimentally that FeS activity (aFeS ) is 
inversely proportional to sulphur fugacity 
(fS2) . The iron content of sphalerite equilib
rated with monoclinic pyrrhotite is therefore 
lower than that of sphalerite in equilibrium 
with hexagonal pyrrhotite. 

Evidence exists that sphalerite may change 
its composition during cooling, even together 
with pyrrhotite + pyrite. During the cooling 

of an assemblage of sphalerite, hexagonal 



pyrrhotite and pyrite, monoclinic pyrrhotite 
forms at a temperature of - 254°C at 1 bar and 
- 290°C at 5 kb. This formation implies an 
increase in f~, and , in accordance with the-re
sults mentioned above, it is presumed that 
the composition of sphalerite also changes. 

Monoclinic pyrrhotite occurs typically as a 
secondary alteration product along grain 
boundaries and fracture planes . As the sec
ondary alteration proceeds, a residual co re of 
primary hexagonal pyrrhotite remains sur
rounded by rims of monoclinic pyrrhotite. In 

' more advanced stages, oxidation (high f
02

) or 
loss of iron, or both , leads to the formation of 
pyrite, marcasite and, ultimately, of mag
netite or hematite (Scott et al. 1977). Such 
oxidation may also affect the sphalerite and 
lead to Fe depletion. 

Bristol (1979) found that, in rocks with 
abundant monoclinic pyrrhotite (inverted 
from high-temperature hexagonal pyrrhotite), 
sphalerite appeared to be anomalously poor 

in iron , giving excessive pressure estimates. 
Reequilibration of sphalerite has also been 
reported by Groves et aL (1975) from so me 
nickel deposits in Western Australia; by 
Ethier et al. (1976) from the Sullivan ore body 
in Southwestern British Columbia; by Brown 
et al. (1978) from the Ruttan mine in Mani
toba, Canada; by Boctor (1980) from the 
Bodenmais ore in Bavaria; and by Hutchison 
and Scott (1980) from some sulphide ores in 
the Swedish Caledonides and the D .S. Appa
lachians. Hutchison and Scott (op. cit. pp . 
66- 67), however, interpret the problem dif
ferently . As in Finnish sulphide deposits, 
monoclinic pyrrhotite is observed only as a 
product of the secondary alteration along 
fractures and grain boundaries. This suggests 
that »primary metamorphic» hexagonal pyr
rhotite had not completely reacted when the 
temperature decreased . If this is true , then it 
is unlikely that the more refractory sphalerite 
would have completely reequilibrated at a 
low temperature. The occurrence of low-iron 
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sphalerites is , however, undeniable, as may 
be seen in Fig. 7 and as is suggested by the 
authors mentioned above. Barton et al. (1980) 
(cited by Hutchison & Scott 1980) suggest 
that, at low temperature, an assemblage of 
sphalerite + pyrrhotite supersaturated with 
respect to pyrite, could lead to low-iron sphal
erites. According to Groble et aL (1979), it is 
evident that, in order to flux the sphalerite, 
the low-temperature process must have taken 
place in the presence of a fluid phase be
cause the kinetics of a solid-state reaction are 
far too slow. 

Hutchison and Scott (1980 p. 59) comment 
on the use of the geobarometer as folIows; 
»Successful application ofthe sphalerite geo
barometer to metamorphosed sulphide ores 
is dependent upon the ability of user to dis
criminate between preserved equilibrium as
sem blages, if present, and those which are in 
disequilibrium or have retrograded to a low 
temperature condition». In their study of 
massive sulphide ores in the Swedish Cale
donides and the D.S. Appalachians, Hutc
hison and Scott (op. cit. p . 59) found that 
»sphalerites which are totally encapsulated 
within metablastic pyrites represent pre
served high pT-equilibrium assemblages». 

Hutchison and Scott (op. cit.) denote such 
»totally encapsulated sphalerites» (A) sphal
erites. As (B) sphalerites they denote sphal
erites in triple junction (in mutual contact) 
with pyrite and hexagonal pyrrhotite. The 
results on the (A) and (B) sphalerites in the 
study by Hutchison and Scott (op. cit .) show, 
however, very small differences and only a 
slight depletion (about 0.5 mole-%) ofthe FeS 
in sphalerite. The resulting model pressure is 
too high by 400 to 500 bar. 

(A) sphalerites were found in some of the 
specimens used in the present work. The data 
are given in Table 2, but they are too few to 
permit a statistical analysis. Nevertheless, the 
iron content in many grains appears to be 
slightly higher than in those in the tripIe junc-
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tion « B ) sphalerite). In some cases, however, 
the reverse is true, inferring higher pressures 
than do the sphalerites of the type-B assem
blages. For these, Hutchison and Scott (op. 
cit.) suggest that the reactions giving rise to 
such products occurred at lower tempera
tures , and that the grains thus re cord a later 
event(s). 

The present work deals mainly with (B) 
sphalerites and, with the forementioned com
ments by Hutchison and Scott, in mind , the 
present author is of the opinion that there 
should not be any serious errors as long as the 
grains investigated (type-B sphalerites) are 

carefully selected. 
Monoclinic pyrrhotite (inverted from a 

high-temperature hexagonal variety) has 
been encountered in many of the Finnish 
ores dealt with in the present study. In all of 
the specimens giving an estimated pressure 
of over 8 kb, the primary hexagonal pyrrho
tite is more or less inverted into the mono
clinic modification. In such an assemblage 
the sphalerites are denoted as (C) sphalerites 

(Table 1, marked with m). There are, how

ever, also some ores in which no appreciable 
iron depletion is observed in the (C) sphaler
ite, and the pressure estimates are weH within 
the range given by the hexagonal assem blage 
of the same occurrence (see discussion be
low). A characteristic trend is for small sphal

erite grains to be poorer in iron than coarser 
grains by about 1 to 2 wt-% Fe a s measured at 
Säviä (8) and Vuohtojoki (0). Scott (976) 
also considered that the reequilibration of the 
sulphides with a coarser grain size during 
reduced pressure was unlikely on kinematic 
ground. Small grains mayaiso be formed 

through exsolution or they may totally re
crystallise during later events. 

The histograms in Fig. 7 show the FeS con
tents of the sphalerites that are in contact 
with either hexagonal or monoclinie pyrrho
tite in the Finnish occurrences investigated. 
The data on the monoclinie assemblages ap
pear to be more spread, whereas those on 
the hexagonal assemblage give more distinct 
peaks. 

Estimated pressures and type of metamorphism 

At Vuohtojoki (10) the sphalerite in con
tact with monoclinie pyrrhotite (type C 
sphalerite) clearly record a higher pressure 
(see Fig. 7) than do the (B) sphalerite. This is 
the only deposit investigated in this work in 
which the (e) sphalerite data are conspicu
ously clustered (10-12.5 mole-% Fe~) . Such 
a distinct peak may indicate later activity , 
most probably hydrothermal , that gave rise 
to reequilibrium reactions at lower tempera
ture (under the lower temperature limit of the 
sphalerite geo barometer (see Fig. 3». Such 
hydrothermal activity could be related to 
deformation movements, magmatic activity 
or a new metamorphie phase (cf. Groble et al. 
1979, Hutchison & Scott 1980). A slight clus

tering may, however, also be seen on the Vi-

hanti (11) data in the same range (10 - 12.5 
mole-% FeS), although the scarcity of the 
measurements makes such an assumption 
precarious. At both Säviä (8) and Nokia (4) 

there is no essential difference between the 
data on sphalerite (tripie junction) in contact 
with either hexagonal or monoclinic pyrrho
tite. 

The temperature determined on the fluid 
inclusion at Hammaslahti (6) corroborates a 
later hydro thermal event. During deforma
tion at high pressure, massive sulphides are 
incompetent and it is unlikely that sufficient 
porosity of permeability exists in the ores to 
permit widespread migration of fluids. Only 
later, at a much lower confining pressure, do 
the aqueous fluids become mobile and able to 



penetrate the massive sulphide ores through 
grain boundaries and fractures, thereby pro
ducing a number of retrograde changes 
(Plimer 1976). If the temperature then de
creases sufficiently monoclinie pyrrhotite 
will form. 

In the Ylöjärvi (5) deposit, there seem to be 
two types of sphalerite (Fig. 7) . Sphalerite is 
very sparse at Ylöjärvi and only six (B) and 
three (A) sphalerite grains were measured; 
hence, the statistics are poor. The Ylöjärvi 
ore, which is within a tourmaline breccia pipe 
in the contact zone ofthe Hämeenkyrö grano
diorite massif, was mineralised in connection 
with brecciation processes (explosive brec
cia) (Himmi et al. 1979). As discussed on page 
22, Himmi et al. (op. cit.) suggest a brecciation 
in two stages : First an explosive discharge of 
hot gases followed by gas flow. Then, after 
the discharge, pressure was reduced , and the 
feeding channel was blocked until an in
crease in gas pressure caused a new explo
sion, now at a lower explosive pressure. 

If equilibrium was reached und er such con
ditions, the two types of sphalerite in Ylöjär
vi may refer to the variation in the pressure 
conditions of the brecciation processes. The 
maximum temperature that prevailed in the 
breccia cannot be estimates. Sharp but total
ly silicified layers of fragments and the fact 
that the cores of the fragments and the wall 
rock in the contacts are unaltered suggest a 
rather high temperature but one of short 

duration. 

Although tentative, the numbers ofthe esti
mated pressures (- 7.5 kb and - 4 kb, see 
Fig. 7) indicate a two-stage event offormation 
for the Ylöjärvi breccia. 

The samples from Nokia (4) had only six 
grains in contact with hexagonal pyrrhotite. 

The others plotted in Fig. 7 were in contact 
with monoclinie pyrrhotite. The pressure of 
the peak of regional metamorphism in the 
I Tampere schist belt, as given by measure
ments in Nokia, was 6-7 kb. 
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For Säviä (8) , Vuohtojoki (0), Vihanti (11) 
and probably Pattijoki (12b) (Ylipää) , the 
pressure estimates are within 6-7 kb (Fig. 7). 
The (A) sphalerites in these deposits give 
model pressures within the range of the (B) 

sphalerites. At Pyhäsalmi (9), however, one 
(A) sphalerite measurement indicates a pres
sure of 6 kb, whereas the other gives > 10 kb, 
as do the sphalerite in the triple junction (er. 
Tables 1 and 2). 

This suggests that the peak pressures of 
metamorphism during the formation of the 
various ores in the Vihanti ore zone and in the 
Tampere schist belt were very similar, about 
6- 7 kb. 

The Outokumpu zone is represented by 
the data on the Keretti ore body alone (7). The 
pressure of 5- 6 kb is , nearly, the same as 
that estimated for the Vihanti zone. 

The manganese-rich sphalerites [rom Patti
joki (l2a), Sotkamo (13) and Outokumpu (7) 
pose a special problem (see Fig. 7). At Sotka
mo (Kuusilampi) (13b) and Outokumpu the 
metamorphie pressures are about the same, 
whereas at Kolmisoppi 03a), as at Pattijoki, 
low-pressure portions are also encountered. 

The schists at Outokumpu and Sotkamo 
are very alike. The manganese content of the 
sphalerites is high, 2 wt-% at Outokumpu and 

4- 6 wt-% at Sotkamo. The only other deposit 
where sphalerite shows such high manganese 
contents is Pattijoki (up to 8 wt-%). At Patti
joki and Sotkamo alabandite occurs together 
with the other sulphides. As discussed by 
Törnroos (982), the alabandite was formed at 
Pattijoki and Sotkamo in the presence of 
manganese in very reducing environments. 
Such reducing conditions also favour the for
mation of black schists, which are present in 
both areas. The results given by the (A) sphal
erites from Outokumpu and Pattijoki (see 
Table 2) are not different from those given by 
the forementioned B-type sphalerites in these 
occurrences. Sphalerites from the Ylipää 
prospect at Pattijoki give the same pressure 
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as do those at Outokumpu and Kuusilampi 
and in some parts of Kolmisoppi. 

The formations at Sotkamo and Outokum
pu and in some instances at Pattijoki as well 
show many similarities to each other. The 
deposits are bordered by or within black 
schists. At Outokumpu and Sotkamo the ores 
are associated with a black schist-serpenti
nite-carbonate-quartz rock assemblage. The 
grade of metamorphism is , however, differ
ent: low to medium at Sotkamo and medium 
at Outokumpu. The sphalerite contains un
usually high contents of manganese. Ala
bandite is present at Pattijoki and Sotkamo, 
and problably at Outokumpu as well (Y. Vuo
relainen pers. comm.). 

It has been demonstrated that small 
amounts of contaminants in sphalerite do not 
affect the geobarometer (cf. p. 10). What the 
case would have been if the manganese con
tent had risen as high as it has at Outokumpu, 
Sotkamo and Pattijoki, is not known. There 
might have been a reduction in the model 
pressure estimates. Because the influence of 
manganese is unknown, the pressure esti
mates for these deposits should be accepted 
with caution. 

The lowering of the model pressure at Pat
tijoki and Sotkamo, however, seems to be too 
great to be wholly attributed to manganese. 
It is always possible that low-pressure reg
imes exist in these deposits. 

A regime with such low pressure may be 
very small in size. The black schists of Sotka
mo have undergone tectonisation that has 
caused lamellae and brecciation in the pri
mary sediments. The breccia is partly filled 
with remobilised sulphides. In such regimes 
the press ure is likely to vary substantially 
from place to place. The grains analysed from 
specimen 11738 (cf. p . 18) are from remobi
lised sulphides of this kind. The assemblage 
sphalerite-pyrite-pyrrhotite is present, but 
pyrite predominates. Because oftectonisation, 
it is quite possible that equilibrium was not 

reached in some places. Und er these condi- I 
tions , the f S2 may not have been completely 
buffered. Hence, the differences may be due 
to either disequilibration or variation in fS2 

and /or total pressure. 

A comparision between pressure estimates 
on the silicates at Outokumpu (Koistinen 
1981) and the sphalerite geobarometer (3.5 ± 
1 kb versus 5.8 kb) sheds no light on the prob
lem with manganese. On the other hand, the 
model pressures for Outokumpu and the Vi
hanti zone, as given by the sphalerite geo
barometer, are practically the same. This 
seems to suggest that the pressure metamor
phism in the ore at Outokumpu differs from 
that in the surrounding rocks. 

The Hammaslahti (6) ore deposit occurs in 
rocks that, being only slightly affected by 
regional metamorphism, are intensely de
formed (Isokangas 1978), i.e. exposed to cata
clastic metamorphism. In other words , al
though the temperature was low, the pres
sure may have been high. A high model pres
sure, such as 7 -8 kb at Hammaslahti, may 
therefore be consistent with the above con
cept. The sphalerites encapsulated in pyrite 
gave low model pressures, e .g. 4.0- 4.8 kb. 

In the Orijärvi-Kimito zone, the data on 
Attu (1) cluster at 3 kb whereas those on Aija
la (3) and Metsämonttu (2) are more spread . 
At Aijala and Metsämonttu the pyrrhotite in
version to monoclinic modification is more 
evident. Data on (e) sphalerites are few, and 
they give clear and anomalously high model 
pressures (Fig. 7) as does the (A) sphalerite at 
Aijala (see Table 2) . The pressures given by 
the (A) sphalerites from Metsämonttu range 
from 4.4 to 6.5 kb, which is slightly (0.5 kb) 

less than those given by the (B) sphalerites, 
or in ac cord an ce with the suggestion on p. 27. 

The sparse occurrence of sphalerite means 
that the results from Riikonkoski (14) are less 
reliable. The few grains found are more or 
less heterogeneous, and the data must be 
considered with caution. Latvalahti's (1973) 
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Fig. 6. pT diagram showing 
the main types of metamor
phism after Miyashiro (1973). 
The shaded area represents 
the suggested model pressure
temperature conditions of 
metamorphism in the sul-

phide ores. 

estimate of 4 ± 1.5 kb for Pahtavuoma (15) 

may be accepted for Riikonkoski as weIl. As 
was pointed out on page 23, Fig. 7 shows that 
the sphalerite geobarometer is of little or no 
use at Riikonkoski. The data are spread over 
the entire barometer range, clearly owing to 
differences in the aFeS and fS2 during regional 
metamorphism, i .e. equilibrium was not 
reached. 

Characteristic of regional metamorphism 
is the depth at which a given temperature is 
attained . According to Miyashiro (1973), there 
are three main types of metamorphism: low
pressure, medium-pressure and high-pres
sure (Fig. 6). As a characteristic mineral of the 
low-pressure type he mentions andalusite 
commonly accompanied by biotite, cordier
ite, staurolite and sillimanite. Kyanite is typi

cal of the medium-pressure type and is fre
quently accompanied by biotite, almandine, 
staurolite and sillimanite. 

In the majority of Finnish Precambrian 
rocks metamorphism is of the low-pressure 
type (Simonen & Vorma 1978). According to 
these authors, the Karelian schist belt as a 

whole was metamorphosed at a lower meta
morphic grade than were the Svecofennidic 
schists. The Karelides near the Archean 
basement were metamorphosed under con

ditions of greenschist facies . Otherwise the 
conditions oflow-pressure amphibolite facies 
prevailed. In the Svecofennides the meta
morphism took place mainly under condi
tions of low-pressure amphibolite facies, 
and in so me places under conditions of gran
ulite facies. 

Most of the sulphide ore deposits investi
gated in this study belong to the Svecofen
nides. The ore deposits of Hammaslahti (6), 
Outokumpu (7), Sotkamo (13) and Riikon
koski-Pahtavuoma (14-15) belong, however, 
to the Karelides. 

The model press ures derived by the sphal
erite geobarometer indicate apressure that 
corresponds to a lithostatic load of 15 to 30 
km (Fig. 6). If it is accepted that the »setting» 
temperature ofthe sulphides was 310°-500°C 
(cf. p. 26), then the type of metamorphism 
suggested for the ores is slightly above the 
medium-pressure type (shadowed area in 
Fig. 6). 
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CONCLUSIONS 

Pyrrhotite is a problematic mineral in 
sphalerite geobarometry as applied to some 
sulphide deposits in Finland. It is mostly 
inverted from the hexagonal high-tempera
ture form to the monoclinie low-temperature 
form, sometimes depleting sphalerite from 
FeS. The possibility also exists, especially in 
occurrences submitted to tectonic move
ments or brecciation, that equilibrium is not 
reached and that the fS 2 is not completely 
buffered . 

Therefore the sphalerite geobarometer has 
to be used with caution, and equilibrium 
conditions must be fulfilled . Carefully se
lee ted sphalerite grains in triple junction 
(sphalerite + pyrite + hexagonal pyrrhotite 
in mutual contact with each other) give 
reliable results. 

It has been established that the pressure 
estimates of Finnish ores by the sphalerite 
geobarometer are roughly compatible with 
the pressure conditions of the peak of meta
morphism estimated with the aid of certain 
silicate minerals in associated rocks. The sul
phide ores have undergone medium-pressure 
metamorphism. Sometimes, however, the 
pressures measured on the ores are some
what lower than those estimated for the sur
rounding rocks, suggesting that the ore min
erals were accumulated in the pressure 
minima. 

Fig. 1 indicates that the pressures of meta
morphism were generally similar in the Vi
hanti ore zone (points 8- 12), the Outokumpu 
ore district (7) and the Tampere (points 4-5) 
schist belt, or 6-7 kb. In the Svecofennidic 

schists in southern Finland and in the Kare
lides in Lapland the pressure of formation 
was somewhat lower (3 - 5 kb). The high man
ganese-bearing sphalerites at Pattijoki (12a) 
and Sotkamo (13) give a considerably lower 
model press ure (1 - 3 kb). The influence of 
marked manganese contents on the sphaler
ite geobarometer has not yet been studied. 

Most ofthe ores were formed at the bound
ary of medium- to high-grade metamorphism, 
at the very limit of the temperature-inde
pendent region of the sphalerite geobaro
meter. 

The temperature estimates exhibit large 
variations , depending on the method used. It 
should therefore be assumed that during 
metamorphism the ores were fo rmed at tem
peratures below the upper temperature limit 
of the sphalerite geobarometer; hence, cor
rections due to temperature are not needed. 

In the Vihanti ore zone the grade of meta
morphism may be low at Pattijoki in the 
northwest, rising to medium grade towards 
the southeast. The mean model press ures for 
the ores in the zone are : 1- 2 kb (12a) (Mn-rich 
sphalerite) and 5.3 kb (12b) for Pattijoki, 
6.8 kb for Vihanti (11) and Vuohtojoki (10) , 
6 kb for Pyhäsalmi (9) and 6.3 kb for Säviä 
(8). With the exception of Pattijoki, they are 
all very similar. 

The clustering of the data on (C) sphalerites 
(in contact with monoclinie pyrrhotite) sug
gests that, after the main metamorphie stage 
in the Vihanti - Vuohtojoki region, events, 
most probably hydrothermal, took place, giv
ing rise to re-equilibration reactions at tempe
ratures below 300°C. 
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Table 1. Application of the sphalerite geobarometer to the assemblage sphalerite + pyrite + pyrrhotite 
(h = hexagonal, m = monoclinic , A , B . .. = different depos its within the Vuohtojoki ore). 

Sph ale rite d ata Sam pie No. 
Location mole-% FeS p (kb) g rains Comments 

mean range mean range 

Attu (1 ) 15.5 15.4-15.6 4.1 4.0 - 4.2 3 R133/106.5 h 
16.3 16.1- 16.5 3.4 3.2 - 3.6 7 /130.5 h 

Aijala (2) 14.8 14.5 - 15.1 4.7 4.6 - 4.9 3 P -6910 h 
14.6 14.5- 14.7 4.9 4.8 - 5.0 2 P -6913 h 
12.8 12.3 - 13.3 6.8 6.2- 7.3 3 P -6913 h 
13.3 12.8 - 13 .8 6.2 5.7- 6.8 3 P -7108 h 
14.5 13.7- 15.3 5.0 4.3 - 5.7 3 P-9060 h 
15.1 14.6 - 15.5 4.5 4.1- 4.9 3 P -9060 h 
15.1 4.5 1 P-9067 h 
14.3 5.2 1 P -9111 h 

6.6 6.2 - 7.1 > 10 2 P-9098 m 
4.2 3.6 - 4.8 > 10 2 m 

11.3 10.8 - 11 .8 8.5 7.9- 9.1 3 m 

Metsämonttu (3) 13.1 12.2- 13 .9 6.4 5.6 - 7.4 4 P -6411 h 
13.4 13.0- 13.8 6.1 5.7-6.5 2 P -6417 h 
14.0 5.5 1 P-6442 h 
14.0 13.7 - 14.3 5.5 5.2-5.8 2 P -6444 h 
14.4 14.3 - 14.5 5.1 5.0- 5.2 2 P -6446 h 
12.9 12.5-13.9 6.6 5.6-7 .1 3 P-6447 h 
15.1 14.9- 15.3 4.5 4.3 - 4.6 3 P-6452 h 
13.6 13.1- 14.1 5.9 5.4-6.4 2 P -6454 h 
15.5 4.1 1 P-6454 h 

7.1 6.2- 7.8 > 10 3 P -6454 m 

Nokia (4) 12.8 12.7 - 13.0 6.7 6.5- 6.9 3 2899 h 
12.9 12.5-13.5 6.6 6.0 - 7.1 3 2990 h 

12.5 7.1 1 2905 m 
13.2 12.4-14.0 6.3 5.5- 7.2 3 2991 m 
13 .8 13.5 - 14.1 5.7 5.4 - 6.0 3 2998 m 
11.0 10.2- 11.5 8.9 8.3-9.9 3 3015 m 
13.7 5.9 1 3024 m 
13.4 12.7 - 14.5 6.1 5.0 - 6.9 3 3026 m 

Ylöjärvi (5) 16.0 15.8-16.2 3.7 3.5 - 3.8 2 2118 h 
15.1 14.8 -15.3 4.5 4.3 - 4.7 2 h 
12.1 11.6 - 12.5 7.5 7.1- 8.2 2 h 

Hammaslahti (6) 11.9 11 .2- 12.7 7.8 6.9 - 8.7 9 9717 h 
12.1 7.5 1 9718 h 
12.3 12.1- 12.9 7.3 6.7 - 7.5 3 9719 h 
12.4 12.4 - 12.4 7.2 7.2 - 7.2 2 9720 h 
13.5 13.1- 13.9 6.0 5.7 - 6.4 3 9721 h 

Outokumpu (7) 14.6 14.4 - 14.9 4.9 4.6 - 5.2 2 P -10107 h 
14.3 13.5 - 15.3 5.3 4.3 - 6.1 3 P-101l7 h 
14.5 13 .9-15.0 5.1 4.6 - 5.6 4 P -10170 h 
13.8 13.5- 14.2 5.7 5.4 - 6.0 2 P-10121 h 
12.8 6.8 1 P -8822 h 
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Table 1. cont. 

Sphalerite data 
mole-s Fes P (kb) 

mean range mean range 
grains 

Sample No. 
Comments 

Savia (8) 

Pyhasalmi (9) 

Vuohtojoki (10) 
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Table I. cont. 

S phale rite d a ta Sam pIe No . 
Location mole-o/, FeS p (kbl grains Commen ts 

mean range m ean range 

Vihanti (11) 12.9 12.7 - 13 .2 6.6 6.4 - 6.8 2 2317 h 
12.8 12.6 - 13.0 6.8 6.6- 7.0 2 2318 h 
12.9 12.5 - 13 .3 6.7 6.3 - 7.1 2 2343 h 
12.7 12.3 - 13.0 6.9 6.6 - 7.3 4 2355 h 
13.2 13.0 - 13.4 6.3 6.1- 6.5 3 2367 h 
13.2 12.6 - 13.7 6.4 5.8 - 7.0 2 2612 h 
12.2 11.7 - 12.5 7.4 7.1 - 8.0 4 2618 h 
12.7 12.4 - 13.0 6.9 6.6 - 7.2 3 2621 h 

14.4 13.0 - 15.9 5.2 3.7 - 6.5 3 2238 m 
11.6 11.3 - 11.9 8.1 7.8 - 8.5 3 2316 m 
11.9 11.5 - 12.2 7.8 7.5 - 8.2 2 2317 m 
11.1 10.2- 12.2 8.8 7.5 - 9.9 4 2322 m 
10.9 10.5 - 11.1 9.0 8.8 - 9.5 3 2367 m 
13.4 13.0 - 13.8 6.1 5.7 - 6.5 3 2612 m 

Pattijoki (l2a) 17.6 2.3 1 3776 h 
21.0 20.3 - 21.7 0 0.0 - 0.3 2 3771 h 
18.0 17.8 - 18.2 2.0 1.8 - 2.1 2 3865 h 
18.3 18.1- 18.4 1.8 1.7 - 1.9 2 6265 h 
18.2 1.8 1 6267 h 
18.1 18.0- 18.1 2.0 1.9 - 2.0 2 6269 h 
19.1 18.6 - 19.6 1.2 0.8 - 1.5 4 6271 h 
19.7 19.0 - 20.6 0.8 0.2 - 1.3 6 6273 h 

14.6 14.2 - 15.2 4.9 4.4 - 5.3 3 3861 m 
20.1 18.0- 22 .2 0.5 0 - 2.0 2 3917 m 
16.9 16:9 - 16.9 2.9 2.9 - 2.9 2 6266 m 
16.2 3.5 1 6267 m 
16.1 15.9- 16.4 3.5 3.4 - 3.7 2 6269 m 
18.6 1.6 1 6270 m 
20.2 20.2 - 20 .3 0.4 0.3 - 0.4 2 6271 m 

Pattijoki (l2b) 14.1 13.9 - 14.3 5.4 5.2 - 5.6 3 5431 h 
(Ylipää) 

Sotkamo, 14.6 14.4 - 14.8 4.9 5.1 - 4.7 3 11738 h 
Kolmisoppi (13a) 17.0 16.8 - 17.5 2.8 3.0 - 2.4 3 11738 h 

18.0 17.4 - 18.6 2.0 1.6 - 2.5 5 11740 h 
14.3 13.7- 14.9 5.2 4.6- 5.8 4 11744 h 

Kuusilampi (l3b) 12.7 12.4 - 13.0 6.9 6.5 - 7.2 5 11790 h 
(outs ide ore) 

14.6 13.6 - 15.6 4.9 4.0- 5.9 8 11746 h 
14.1 13.8 - 14.4 5.4 5.1- 5.7 4 11749 h 
14.3 13.7- 14.9 5.2 4.6 - 5.8 4 11752 h 

Riikonkoski (14) 13.3 6.3 12288 
17.4 17.0-17.7 2.5 2.2 - 2.8 2 12288 
18.7 1.5 1 196 
16.5 3.2 1 196 
14.4 5.1 1 196 
13.9 12.9 - 14.9 5.6 4.6-6.7 3 10059 
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Table 2. Application of the sphalerite geobarometer to sphalerite grains encapsulated within pyrite. 
(D and Cl as in Table 1). 

S phalerite d ata 
Location mole·% FeS p (kb) grains SampIe No. 

Aijala (2) 11.1 8.8 P-9060 

Metsämonttu (3) 13 .1- 13.8 5.7 - 6.5 2 P-6444 
15.2 - 16.3 3.4- 4.3 3 P -6447 
14.7 4.9 1 P -6452 
13.3 6.2 1 P-6454 

Nokia (4) 12.1 7.5 2899 

Ylöjärvi (5) 8.2 > 10 1 2064 
3.9 >10 1 2080 

13.5 6.0 1 2127 

Hammaslahti (6) 14.7 - 15.6 4.0-4.8 3 9721 

Outokumpu (7) 12.8 - 13.5 6.1-6.7 2 P-10130 

Säviä (8) 12.9 6.6 1 9206 
14.0 5.5 1 9209 
13 .0 - 16.0 3.7- 6.5 2 9210 

Pyhäsalmi (9) 13.5 6.0 1 51 
5.5 > 10 1 21509 

Vuohtojoki (10) 13 .3 6.2 6021 D 
13.5 6.0 6087 Cl 

Vihanti (11) 12.9 - 15.3 4.3 - 6.7 2 2322 
13.8 - 14.0 5.5- 5.7 2 2612 

P attijoki (l2a) 19.6 0.8 5811 



38 Geological Survey of Finland, Bulletin 323 

ACKNOWLEDGEMENTS 

Dr Ilmari Haapala, formerly my principal at the 
Geological Survey of Finland and now Professor of 
Geology and Mineralogy at the University of Hel
sinki (Helsingfors) , aroused my interest in the sub
ject. His encouragement and constructive criticism 
helped me during the work and in the preparation 
of the manuscript. 

Professor Heikki Papunen of the University of 
Turku, Dr Aulis Häkli of Outokumpu Oy and Dr 
Martti Lehtinen ofthe University ofHelsinki critic
ally read the manuscript and suggested many cor
rections and improvements. Their help and sup
port are gratefully appreciated. 

r also wish to thank Dr Aulis Häkli for providing 

specimens from the Outokumpu, Aijala and Met
sämonttu mines and from the prospect at Attu . 

The author is indebted to the staff members of 
the Geological Survey of Finland: Mrs . Rauha Ta
panainen for typing the manuscript; Mrs. Marjo 
Kujala-Tammi and Miss Sari Lehtola for drawing 
the figures ; and Mr. Bo Johanson for assisting me 
in the laboratory. 

The English of the manusc ript was corrected by 
Mrs. Gillian Häkli, B.A. 

r also wish to extend my thanks to all my col
leaugues not mentioned here for fr uitfu I discus
sions and helpful comments at various stages of 
the work. 



Geological Survey of Finland, Bulletin 323 39 

REFERE NCES 

Aho, L. , 1977 . Manganoan ilmenite from the Säviä 
ore deposit. Pielavesi. Central Finland. Bull. 
Geol. Soc. Finland, 49, 25 - 3l. 

-, 1979. Mineraloginen kuvaus Sotka mon Talv i
vaaran mustaliuskevyöhykkeestä. Unpublished 
report M 19 /3433 /-7911110. Arch . Geol. Surv. 
Finland. 18 p. 

Barton, P. B . & Kullerud, G., 1957. Preliminary 
report on the system Fe-Zn-S a nd implications 
regarding the use of the sphalerite geothermo
meter (abstract). Geol. Soc. America Bull. 68. 
1699. 
1958. The Fe-Zn-S system. Carnegie 1nst. Wash .. 
Year Book 57. 227 - 229. 

Barton, P . B. & Toulmin, P . IH, 1966. Phase rela
tions involving sphalerite in the Fe-Zn-S sys
tem. E con. Geol. 61 , 815 - 849. 

Boctor, N. Z., 1980. Sphalerite geobarometry in 
Bodenmais ore, Bavaria. Amer. Mineral. 65 , 
1031-1037. 

Boorman, R . S., 1967 . Subsolidus studies in the 
ZnS-FeS-FeS2 system. Econ. Geol. 62, 614 - 63l. 

Bristol, C. C., 1979. Application of sphalerite geo
barometry to ores from the R uttan Mine. Econ. 
Geol. 74, 1496- 1503. 

Brown, P . E., Essene, E . J . & Kelly, W. C., 1978. 
Sphalerite geobarometry in the Balmat-Ed
wards district, New York. Amer. Mineral. 63, 
250 - 257. 

Browne, P . R . L. & Lovering, J. F. , 1973. Composi
tion of sphalerites from t he Broadlands geo
thermal field and their significance to sphaler
ite geothermometry and geobarometry. Econ. 
Geol. 68,381 - 387 . 

Chernyshev, L . V. & Anfilog ov, V. N., 1968. Sub
solidus phase relations in the ZnS-FeS-FeS2 

system. Econ. Geol. 63, 841 - 844. 

Chernyshev, L. V., Anfilog ov, V. N., P a tushkova, 
T. M. & Sutorina, T . A., 1968. A s tudy of the 
system Fe-Zn-S under hydrothermal condi
tions . Geochem. 1nt. 5, No. 1. 196 - 209. 

Craig, J. R. & Scott, S. D., 1974. Sulfide phase 
equ ilibria, in Ribbe. P. H. , ed. , Sulfide miner
alogy. Mineralog. Soc. America Short Course 
Notes 1, CS I - CS I04. 

Currie, K . L. , 197 1. The reactio n: 3 cordierite = 2 
garnet + 4 s illimanite + 5 quar tz , as a ge ological 
thermometer in the Opinicon Lake Region , 
Ontar io . Contr ib . Miner. Petrol. 33. 215 - 226. 

- 1974. Note on the calibratio n of the garnet
cordierite geothermometer and geobarometer. 
Contrib. Miner. Petrol. 44 , 35 - 45. 

Desborough , G. A. & Carpenter, R. H ., 1965. Phase 
relations of pyrrhotite. Econ. Geol. 60, 1431 -
1450. 

Die tv ors t , E. I. L., 1982. Prograde metamorphic 
zoning in amphibolite facies pelitic gneisses 
from Kemiö. southwest Finland. Geol. Rund
schau 71. 245-262. 

Einaudi , M. T., 1968. Sphalerite-pyrrhotite-pyrite 
equilibria - a re-evaluation. Econ. Geol. 63, 
832 - 834. 

- 1971. The intermediate product of pyrrhotite 
alteration. Amer. Mineral. 56, 1297 - 1302. 

Ervamaa, P . & Heino, T ., 1980. Väliraportti Kai
nuun - Ylä-Savon mustaliuske-serpentiniittijak
son malmitutkimuksista v. 1977-1979. Sotka
mon Talvivaaran nikkeli-kupari-sinkki-esiinty
män tutkimukset. Unpublished report M 191 
3344 /-80 /1/10. Arch. Geol. Surv. Finland, 42 p. 

Eskola, P ., 1914. On the petrology of the Orijärvi 
region in southwestern F inland. Bull. Comm. 
geol. F inlande 40. 277 p. 

- 1915. Om sambandet mellan kemisk och min
eralogisk sammansättning hos Orijärvi traktens 
metamorfa bergarter (English summary). Bull. 
Comm. geol. Finlande 44, 145 p . 
1950. Orijärvi reinterpreted. BuH. Comm. geol. 
Finlande 150, 93 - 102. 

- 1963. The Precambrian of Finland. Pp. 145 - 263 
in The Precambrian vol. 1; ed. by K. Rankama. 
1nterscience Publishers. New York. 

Ethier, V. G., Campbell , F. A., Both, R. A. & 
Krouse, H . R. , 1976. Geological setting of the 
Sullivan orebody and estimates oftemperatures 
and pressure of metamorphism. Econ. Geol. 7l. 
1570- 1588. 

Ferry, J . M. & Spear , F . S., 1978. Experimental 
calibration of the partitioning of Fe and Mg be
tween biotite and gamet. Contrib. Miner. Petrol. 
66 , 113 - 117. 



40 Geological Survey of Finland. Bulletin 323 

Frietsch, R. , Papunen, H. & Vokes, F . M., 1979. The 
ore deposits in Finland. orway. and Sweden -
a review. Econ. Geol. 74, 975 - 1001. 

Gaal, G., Kois tinen, T. & Mattila, E., 1975. Tecto
nics and stratigraphy of the vicini ty of Outo
kumpu, North Karelia, Finland. Geo l. Surv. F in
land, Bull. 271. 65 p. 

Gaal, G., Mikkola, A. K . & Söderholm, B., 1978. 
Evolution of the archean crust in Finland. Pre
cambrian Res. 6. 199 - 215. 

Genkin, A. D.,1971. Some replacement phenomena 
in copper-nickeJ sulphide ores . Miner. Deposita 
6, 348 - 355. 

Groble, R. J ., Scott, S. D. & Hancock, R. G. V., 
1979. Diffusion rates of Zn and Fe in sphalerite 
(abstr.). Geol. Assoc . Canada - Mineral. Assoc . 
Canada Abstr. with Programs 4, 53 p. 

Groves, D. 1., Binns, R . A., Barnett, F. M. & 
Me Queen, K. G., 1975. Sphalerite compositions 
from Western Australian nickel deposits, a 
guide to equilibria below 300°C. Econ. Geol. 70, 
391-396. 

Häkli, T. A., Vormisto, K. & Hänninen, E ., 1979. 
Vammala, a nickel deposit in layered ultrama
fite , southwest Finland. E con. Geol. 74, 1166 -
1182. 

Heino , T. & Havola, M., 1980. J ormasjärven - Ta l
vivaaran alueen geologiasta. Unpubl. report M 
19/3344/-80/2/10, Arch. Geol. Surv. F inland. 10 p. 

Helovuori, 0 ., 1979. Geology of the Pyhäsalmi ore 
deposit, Finland. E con. Geol. 74, 1084- 1101. 

Hensen, B. J ., 1971. Theoretical phase relations in
vo lving cordierite and garnet in the system 
MgO-AI 20 3 -Si02 . Contrib. Miner. Petrol. 33, 
191 - 214. 

Hensen, B. J. & Green, D. H. , 1973. Experimental 
s tudy of the stability of cordierite and garnet in 
pelitic compositions at high pressure and tem
perature III: synthesis of experimental data and 
geological applications. Contrib. Miner. Petrol. 
38,151 - 166. 

Hirnrni, R. , Huhma, M. & Häkli, T. A., 1979. Min
eralogy and metal distribution in the copper
tungsten deposit at Ylöjärvi, Southwest Fin
land. Econ. Geol. 74, 1183- 1197. 

Holdaway, M. J., 1971. Stability of andalusite and 
the aluminium s ilicate phase diagram. Amer. J. 
Sci. 271, 97 - 131. 

- 1976. Mutual compabi lity relations of the Fe2 • 

Mg silicates at 800°C and 3 kb. Amer. J . Sci. 
276, 285 - 308. 

HOldaway, M. J . & Lee, S. W., 1977 . FeMg cordierite 
in high grade pelitic rock s based on experi-

mental. theoretical and natural observations . 
Contrib. Miner. Petrol. 63, 175- 198. 

Huhma, A. & Huhma, M., 1970. Contribution to the 
geology and Geochemistry of the Outokumpu 
region. Bull. Geol. Soc. Finland 42 , 57 - 88. 

Huhtala, T ., 1979. The geo logy and zinc-copper 
deposi ts of the Pyhäsalmi-Pielavesi dis tri c t, 
Finland. Econ. Geol. 74. 1069- 1083. 

Hutcheon, 1. , Froese, F. & Gordon, I. M., 1974. The 
assa m blage q uartz-sillimanite-garnet-c6rdierite 
as an indicator of metamorphic conditions in 
the Da ly Bay Complex, N. W. T. Contrib. Miner. 
Petrol. 44. 29 - 34. 

Hutehison, M. N. & Seott, S . D., 1980. Sphalerite 
geobarometry applied to metamorphosed sul
fide ores of the Swedish Caledonides a nd U. S. 
Appalachians . Norges G eol. Unders. 360, 59 - 71. 

-, 1981. Sphalerite geobarometry in the Cu-Fe
Zn-S system . E con. Geol. 76, 143 - 153. 

Hyvärinen, L., 1969. On the geology of the copper 
ore field in the Virtasalmi area, eastern Finland. 
Bull . Comm. geol. Finlande 240. 82 p . 

H yvärinen, L., Kinnunen, K . & Mäkelä, M., 1977. 
The geochemistry, fluid inclusions, s ulfur iso
topes and origin ofthe Hammaslahti copper ore 
deposit, Finland. Geol. Surv. Finland, Bull. 
293 . 23 p . 

Inkinen, 0., 1979. Copper, zinc , and uranium oc
curre nces at Pahtavuoma in the Kittilä green
stone complex, northern Finland. Econ. Geol. 
74, 1153- 1165. 

Isokangas, P., 1978. Finland. Pp. 39-92 I n Mineral 
deposits of Europe, ed. by S.H.U. Bowie, A. 
Kvalheim and H. W. Haslam. Inst. Min. Metall. 
London and Min. Soc. 

Kahma, A., 1973. The main metallogenic features 
of Finland. Geol. Surv. Finland, Bull. 265. 28 p . 

-, 1978. The main sulphide ore belt of Finland 
between Lake Ladoga and the Bothnian Bay. 
Bull. Geol. Soc. Finland 50, 39-43. 

Kahma, A., Saltikoff, B. & Lindberg, E., 1976. Ore 
deposits of F inland, general geologic map. Geol. 
Surv. Finland. 

Kajiawara, Y. & Krouse, H. R., 1971. Sulphur iso
tope partitioning in metallic sulphide systems. 
Can. J . Earth Sci. 8, 1397 - 1408. 

Koistinen, T . J., 1981. Structural evolution of an 
early proterozoic strata-bound Cu-Co-Zn depos
it, Outokumpu, Finland. Trans . Royal Soc. 
Edinb., Earth Sci. 72,115-158. 

Kokkola, M. & Penttilä, V. J., 1976. Aittojärvi: 
molybdenum in humus, drift a nd bedrock. 
J. Geochem. E xplor . 5, (3), 198- 208. 



Kullerud, G ., 1953. The FeS-ZnS system: a geolog
ical thermometer. Norsk. Geol. Tidsskr. 32, 61 -
147. 

Laitakari, A. J ., 1968. Säviän kupariesiintymän 
geologiasta. Unpubl. report M 17 Plv-68/2, Arch. 
Geol. Surv. Finland. 72 p. 

Latvalahti, U., 1973. Kittilän Pahtavuoman malmi
geologiasta. Unpubl. manuscript. Dept. Geol. 
Univ. Turku. 90 p. 
1979. Cu-Zn-Pb ores in the Aijala-Orijärvi area, 
southwest Finland. Econ. Geol. 74, 1035- 1059. 

Lee, S. M. & Holdaway, M. J., 1977. Significance of 
Fe-Mg cordierite stability relations on tempera
ture, pressure, and water pressure in cordierite 
granulites. In The Earth 's Crust. ed. by J . G . 
Heacock, Geoph. Monogr. 20, 79 - 94. 

Lusk, J. & Ford, C. E. , 1978. Experimental exten
sion of the sphalerite geobarometer to 10 kbar. 
Amer. Mineral. 63, 516-5 19. 

Makkonen, H., 1981. Säviän Iiuskejakson granaat
ti-kordieriitti-antofylliittikivet. Unpubl. manu
script, Dept. of Geol. , Univ. of Oulu. 84 p. 

Marmo, V., 1957. Geology of the Nokia region, 
southwest Finland. Bull. Comm. geol. Finlande 
176. 38 p . 

Mäkelä, M., 1974. A study of sulfur isotopes in the 
Outokumpu ore deposit, Finland. Geol. Surv. 
Finl. , BuH. 267 , 45 p. 

-, 1977 . Sulphur isotope stratigraphy in so me 
F innish ore deposits. Geol. För. i Stockh. Förh. 
99 , 163 - 17l. 

Mikkola, A., 1963. On the sulphide mineralization 
in the Vihanti zinc deposit, Finland. Bull. 
Comm. geol. Finlande 205. 44 p. 

1980. The metaHogeny of Finland. Geol. Surv. 
Finland, Bull. 305. 22 p. 

Mikkola, E., 1941. The general geological map of 
Finland 1:400000, sheets B7-C7-D7. Muonio 
Sodankylä - Tuntsajoki. Explanation to the map 
of rocks. Geol. Surv. Finland. 286 p. 

Miyashiro, A., 1973. Metamorphism and metamor
phic belts. Allen & Unvin, London 492 p. 

Nenonen, E., 1975. Selostus Kittilän Riikonkosken 
ympäristön malminetsintätöistä vuosina 1971 -
1974. Unpubl. report M 19/2734/-75/1 , Arch. Geol. 
Surv. Finland. 

Nickel, E. H., Ross, J. R. & Thornber, M. R., 1974. 
The supergene alteration of pyrrhotite-pent
landite ores at Kambalda, Western Australia. 
E con. Geol. 69,93 - 107. 

Nykänen, 0., 1959. Ge0logical map of Finland 
1:100000, sheets 2441 - 2443 Raahe - P aavola. 
E x planation to the map of rocks. Geol. Surv. 
Finland. 38 p. 

Geological Survey of Finland, Bulletin 323 41 

Oivanen, P., 1962. Selostus geologisen tutkimuslai
toksen malmitutkimuksista Kärsämäen pitäjän, 
Ritomäen alueella v uos ina 1958- 1962. Unpubl. 
report M 17/Kär-58 - 62/1, Arch. Geol. Surv. 
Finland. 40 p . 

Patchett, P . J ., Kouvo, 0 ., Hedge, C. E. & Tatsu
moto, M., 1981. E volution of continental crust 
and mantle heterogenity: Evidence from Hf 
isotopes. Contrib. Mineral. Petrol. 78, 279 - 297. 

Peltola, E., 1960. On the black schists in Outokum
pu region in Eastern Finland. Bull. Comm. 
geol. Finland 192, 107 p. 
1980. Geology of the Vuonos ore deposit In 
Precambrian ores of Finland. ed. by T . A. Häkli, 
Guide to Excurs ions 078 A + C, Part 2 (Finland). 
26th Intern . Geol. Congr. , Paris 1980. 33-4l. 

Perchuk, L. L., 1977. Thermodynamic control of 
metamorphic processes, In Energetics of geo
logical processes, ed by S. R. Saxena, and S. 
Bhattacharji, p. 285 - 352, Springer Verlag, New 
York. 

Piirainen, T., Hugg, R. , Isohanni, M. & Juopperi, 
A., 1974. On the geotectonics and ore forming 
processes in the basic intrusive belts of Kemi
Suhanko and Syöte - Näränkävaara , northern 
Finland. BuH. Geol. Soc. Finland 46, 93 - 104. 

Plimer, I. R ., 1976. A metamorphogenic alteration 
zone around the strati form Broken Hili ore 
deposits, Australia. Geochem. J. 9, 2ll-220. 

Power , L. F . & Fine, H. A., 1976. The iron-sulphur 
system, part 1. The structures and physical pro
perties of the compounds of low-temperature 
phase field. Miner. Sci. Engen. 8. 106 - 128. 

Rauhamäki, E ., Mäkelä, T. & Isomäki, O-P., 1978. 
Geology of the Vihanti mine, in Metallogeny of 
the Baltic shield: Helsinki Symposium 1978, 
June 12.21 , Finland, IGCP Project 74/1/91 »Met
aHogeny of the Precambrian», Excursion guide, 
Acad. Finland, Helsinki, 35-56. 

Rehtijärvi, P. , Äikäs, O. & Mäkelä, M., 1979. A 
middle precambrian uranium- and apatite-bear
ing horizon associated with the Vihanti zinc ore 
deposit, western Finland. Econ. Geol. 74, l102 -
1117. 

Rouhunkoski, P. , 1968. On the geology and geo
chemistry of the Vihanti zinc ore deposit, Fin
land. BuH. Comm. geol. Finland 236, 121 p. 

Salli, 1., 1965. Geological map of Finland 1: 100 000, 
sheets 2432 - 2434 P yhäjäki - Vihanti. Explana
tion to the maps of rocks. Geol. Surv. Finland. 
51 p. 

Schellekens, J. H ., 1980. Application pf the garnet
cordierite geothermometer and geobarometer 
to gneisses of Attu , SV{ Finland; an indication 



42 Geological Survey of Finland, Bulletin 323 

of p and T conditions of the lower granulite 
facies . N. Jb. Miner. Mh. Jg 118. H . 1. 11 - 19. 

Scott, S. D., 1973. Experimental calibration of the 
sphalerite geobarometer. Econ. Geol. 68, 466 -
474. 

- 1974. Experimental methods in sulfide synthe
sis. in Sulfide mineralogy Ribbe. P. H. , ed .. 
Miner. Soc. America Short Course Notes 1. 
S I - S38. 
1976. Application of the sphalerite geobaro
meter to regionally metamorphosed terrains. 
Am. Mineral. 61. 661 - 670. 

Scott, S. D. & Barnes, H. L., 1967. Sphalerite geo
thermometry at 330° to 580° (abs.). Econ. Geol. 
62. 874 - 875. 
1971. Sphalerite geothermometry and geobaro
metry. Econ. Geol. 66. 653 - 669. 

Scott, S. D. & Kissin, S. A., 1973. Sphalerite compo
sition in the Zn-Fe-S system below 300°C. Econ. 
Geol. 68,475-479. 

Scott, S. D., Both, R . A. & Kiss in, S. A., 1977 . Sul
fide petrology of the Broken Hili region. New 
South Wales. Econ. Geol. 72, 1410 - 1425. 

Silvennoinen, A., Honkamo, M., Juopperi, H., 
Lehtonen, M., Mielikä inen, P., Perttunen , V., 
Rastas, P ., Räsän en, J. & Väänänen, J ., 1980. 
Main features of the stratigraphy of North Fin
land. In Jatulian geology in the eastern part of 
the Baltic shield ed. by A. Silvennoinen Proc. 
of a Finnish-Soviet symp. held in Finland 21st -
26th August 1979. 251 p. 

Simonen, A., 1952. Geological map of Finland 
1:100000. sheet 2124 Viljakkala - Teisko. Ex
planation to the map of rocks. Geol. Surv. Fin
land. 74 p. 
1960. Pre-quaternary rocks in Finland. Buli. 
Comm. geol. Finland 191. 49 p. 
1971. Das finnische Grundgebirge. Geol. Rund
schau 60. 1406 - 1421. 

- 1980. The Precambrian in Finland. Geol. Surv. 
Finland. Bull. 304. 58 p. 

Si monen, A. & Vorrna, A., 1978. The Precambrian 
of Finland. Pp. 20 - 27. in Metamorphic map 01" 

Europe 1:250000, Explanatory text ed. by. H. J. 
Zwart, Leiden, 1978. 

Thompson, A. B., 1976. Mineral reactions in pelitic 
rocks: II Ca lculation of some p-T-X (Fe-Mg) 
phase relations. Am. J. Sci. 276 . 425 - 454 . 

Törnroos, R ., 1982. Properties of alabandite; ala
bandite from Finland. Neues Jb. Mineral. Abh. 
144, 107 - 123 . 

Toulmin, P., III & Barton, P. B., Jr., 1964. A ther
modynamic study of pyrite and pyrrhotite. 
Geoch. Cosmoch. Acta 28. 641 - 671. 

Treloar, P . J., Koistinen, T . J . & Bowes, D. R., 
1981. Metamorphic development of cordierite
amphibole rocks and mica schists in thevicinity 
of the Outokumpu ore deposit. Finland. Trans. 
Royal Soc. Edinb .. Earth Sci. 72. 201 - 215. 

Tuominen, H . V., 1957 . The structure of an Archean 
area: Orijärvi. Finland. Bull. Comm. geo l. Fin
lande 177. 32 p. 

Tuominen, H . V., Aarnisalo, J. & SÖderholm, B., 
1973. Tectonic patterns in the central Baltic 
shield. Bull. Geol. Soc. Finland 45. 205 - 217. 

Vaasjoki, 0., 1956. On the natural occw-rence of 
manganese in Finland . XX Congr. Geol. Intern. 
Mexico, Symp. deI manganeso. 5. 51 - 62. 

Vartiainen, H . & Woolley, R., 1974. The age ofthe 
Sokli carbonatite . Finland. and some relation
ships to the North Atlantic alka line igneous 
province. Bull . Geol. Soc. Finland 46. 81 - 91. 

VeItheim, V. 1954. Malmigeologisista tutkimuksis
ta Pattijoella. Unpublished report MI17!Ptj-53!1. 
Arch. Geol. Surv. Finland. 

Vuorelainen, Y., Häkli, T . A., Hänninen, E., Papu
nen, H ., Reino, J. & Törnroos, R ., 1982. Isomer
tieite and other platinum-group minerals from 
the Konttijärvi layered mafic intrusion. Nor"th
ern Finland. Econ. Geol. 77.1511 - 1518. 

Wiggins , L. B . & Craig, J . R. , 1980. Reconnais
sance of the Cu-Fe-Zn-S system: Sphalerite 
phase relationships. Econ. Geol. 75, 742 - 75 1. 

Winkler, H. G. F ., 1974. Petrogenesis 01" metamor
phic rocks. 3rd ed. Springer-Verlag. Berlin 
Heidelberg - New York 320 p. 



YALTIOH PAlHATUSJaaJJroS 
MAltXIOlfOJItTIOSASTO 

POltlmnd 
PL 518 
00101 JD:L8IIOO 10 
Pub. 110-531 011 

IUrJakaappa 

Almankatu " 
00100 HBLSINKI 10 
Pub. lO-l'lUl 

STATBNS TRYCKDICDI'l'IlAL 
IlARKNADSJ'OBDlGSAVDELlORGBH 

p..uOnllJalq 
PB 511 
00101 HBLSIHGJ'OBS 10 
Tel. 90-531 011 

Bokballdel 

Anneptan " 
00100 HlCLSIHGJ'OBS 10 
Tel. lO-l'lUl 

GOVDHIIBNT PIUN'l'lHG CD'I'BII 
MARKm'lNG DEPABTIIDT 

BooIIIIMIp 
Annmkatu 44 
00100 Bl:LSINKI 10 
Pbone lO-l'lUl 

cmten fnm • .,...: 
AKATDIIIND IDBIAKA1JI'PA 
lteüuakatu 1 
sr-oolOO BeJIIDJd 10 

USB~ 951-690-171-9 
I~~ 0367-522Jt 


	COVER PAGE
	TITLE PAGE
	CONTENTS
	INTRODUCTION
	THE MAIN GEOLOGICAL FEATURES
	General geology
	Ore geology

	THEORETICAL BACKGROUND TO THE SPHALERITE GEOBAROMETER
	Evolution of the Zn-Fe-S system as a geobarometer
	The Fe-S system

	APPLICATION OF THE THEORY
	EXPERIMENTAL
	Sample selection
	Microprobe analyses

	THE SULPHIDE ORES STUDIED
	The Vihanti ore zone
	Vihanti
	Lithology
	Sphalerite geobarometry

	Pyhäsalmi
	Lithology
	Sphalerite geobarometry

	Vuohtojoki
	Lithology
	Sphalerite geobarometry

	Säviä
	Lithology
	Sphalerite geobarometry

	Pattijoki
	Lithology
	Sphalerite geobarometry


	Sotkamo
	Lithology
	Sphalerite geobarometry

	Outokumpu
	Lithology
	Sphalerite geobarometry

	Hammaslahti
	Lithology
	Sphalerite geobarometry

	Orijärvi - Kimito zone
	Lithology
	Sphalerite geobarometry

	The Tampere (Tammerfors) schist beIt
	Ylöjärvi
	Lithology
	Sphalerite geobarometry

	Nokia
	Lithology
	Sphalerite geobarometry


	Riikonkoski- Pahtavuoma
	Lithology
	Sphalerite geobarometry


	DISCUSSION
	The influence of temperature on the pressure determinations.
	The pyrrhotite problem
	Estimated pressures and type of metamorphism

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES
	BACK COVER

