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The stratabound Attu Zn-Pb-Cu massive sulfide deposit occurs in an early Pro
terozoic Svecofennian domain which covers most of the southern part of Finland 
and central Sweden. The geology of the surrounding area is dominated by a 
supracrustal sequence of amphibolites, amphibole gneisses and mica gneisses, 
which were intruded by synorogenic and late-orogenic plutonic rocks. The ore
body is hosted by a tremolite-quartz rock, cale-silicate rocks (diopside-tremolite 
skarn) and cordierite-anthophyllite rocks. At least two folding phases (Fn and Fn +,) 
and associated metamorphism obliterated the primary features of the ore and 
changed the mineralogical composition of the wall rocks during the Svecofennian 
orogeny. Sulfides occur as strati form or lens-shaped bodies or as dissemination, 
controlled by F n+ ' folding. Garnet-pyroxene and sulfur isotope geothermometric 
determinations suggest that the peak temperature of metamorphism in the Attu 
area was around 740 oe. Pressures between 4.5 - 5.1 kb were measured from ortho
pyroxene-garnet-plagiodase-quartz and sphalerite geobarometers. 

Pyrrhotite, sphalerite, galena, pyrite and chaleopyrite are the main sulfide min
erals. Ag-, Sb-, Sn- and As-bearing sulfosalts are common and often associated 
with galena. Sulfides are considered to represent recrystallized equilibrium assemb
lages formed during metamorphism at a temperature range of ca. 580° to 740 oe. 
The main gangue minerals are quartz, diopside, tremolite, dolomite, caleite, antho
phyllite and cordierite. Geochemically, the ore elements show variation with rock 
types and depth . Lead is enriched in the cale-silicate rocks and copper in the cord
ierite-anthophyllite rocks, while zinc predominates in the quartz rock. Metal zo
nation within the orebody is best indicated by copper and lead ; copper contents 
increase with depth , whereas lead is enriched in the upper parts of the orebody. 
Lead in the Attu galena has an isotopically weil mixed mantle-crustal source. Sulfur 
isotope ratios suggest that iso topic equilibrium was established between the sulfi
des and that the bulk of the sulfur in the Attu deposit is of magmatic origin. 

The Attu sulfide deposit is of submarine exhalative origin. This is suggested by 
the mineral association, wall-rock alteration and metal zonation as weil as by the 
similarity with other Svecofennian massive sulfide deposits (e.g., Aijala-Orijärvi
Metsämonttu and Garpenberg) and with other representatives of the world-wide 
dass of stratabound massive sulfide deposits. 
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INTRODUCTION 

Attu is an island between longitudes 22° 17' 
and 22° E and latitudes 60° 12' and 60° 09' N, 
in the archipelago of southwestern Finland. It 
belongs administratively to the municipality of 
Pargas (Parainen). The island of Attu covers an 
area of approximately 18 sq km, most of which 
is grown over with forest; and only 15 % of the 
land is arable. The elevations range from sea 
level to about 35 m, and there are relatively 
good outcrops and a few minry tracts. Geologi
cally, Attu belongs to the Svecofennian domain 
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which transects southern Finland in a roughly 
E - W direction and extends over to central 
Sweden (Fig.1). 

The occurrence of sulfide ore in the northern 
part of the island of Attu has been known since 
the 17th century under the name "Attu 
Silvergruva" (Attu Silver Mine). The name was 
derived from the silver-bearing galena that was 
mined there (pehrman 1932). The age of the 
Attu mine and the type of ore extracted cannot 
be exactly verified but could be inferred from 

FI NLAND 

Fig. 1. The loeation of the Attu Zn-Pb-Cu sulfide deposit in the Sveeofennian domain, southern Finland. 
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the colourful recollection of Holmberg (1858, 
p. 77-78): "On the estate of Attu .... is an old 
trench. It is related that it was dug by the 
assessor of the Court of Appeal at Turku, Olof 
Dufva, .... , who in 1630 had mined silver-ore 
there. Tilas 1, who visited the place in 1737, did 
not find any trace of galena, but chalcopyrite 
and an indication of a green copper mineraliz
ation. The mine was then 8 cords (1 cord = 

1.75 m) long, 1 cord deep and 1.5 cords wide. 
Tilas met an old man at the Attu pub. The man 
was 108 years old and said that the mine was 
older than he was" (Translated from the Swe
dish by Prof. Herman Stigzelius). 

Pehrman (1932) reported that in 1835 Westl
ing paid a visit to the Attu mine and said he had 
found pyrite and pyrrhotite but no trace of ga
lena or chalcopyrite. During the period 
1890-1891, Mining Engineer H. A. Mueller 
carried out mining operations at Attu and as a 
result thereof about 20 tons of ore were shipped 
to Germany. Mining activities were discon
tinued, allegedly because they had proved to be 
uneconomic and the complex ore composition 
made the ore-enrichment process technically 
difficult. After 1891 no mining or related activi
ties were reported on the sulfide ore occurren
ces of Attu. The first reference on the occurren
ces was made by Pehrman (1927) in his paper 
on the Ti-Fe ore deposit, at Jermo, south of 
Attu. The Ti-Fe ore occurrences were dis
covered in the middle of the 16th century but 
exploited for only two decades. A more de
tailed report on the geology and mineralogy of 
the Attu sulfide deposit was published by Pehr
man in 1932. 

As a result of the increased demand for met
als during the Second World War, the Vuoksen
niska Company carried out investigations of 
the Attu ore between 1942 and 1944. The work 
included mapping and diamond drilling; al
together 37 boreholes were drilled. With the 
help of geologists from the Boliden Mining 
Company in Sweden, Vuoksenniska estimated 

I Daniel Tilas (1712 - 1772) was a Swedish mining officer 
who made a study of mineral occurrences in Finland in 
1737 and 1738 (Stigzelius 1986). 

that the ore reserves at Attu were 230000 
metric tons (L unden 1964). The deposit was 
found to be uneconomic and the exploration 
work was consequently halted. However, in 
1956, the Vuoksenniska Company resumed its 
investigations, which included additional drill
ing. Further evaluation by this company within 
the light of the additional information obtained 
put the ore reserves at 550 000 tons. 

In 1958 Vuoksenniska transferred the pro
specting rights in the Attu area to the Pargas 
Kalkbergs Aktiebolag2

, which carried out map
ping and drilling in the area until 1961 under 
the supervision of Prof. Metzger. Part of the 
result of this work was reported by Lunden 
(1964). The actual ore reserves at Attu were es
timated by Pargas Kalkberg Aktiebolag to be 
1 200 000 tons, and the probable on es 3 000 000 
tons (Lunden 1964). 

In 1979 Oy Partek Ab entered into an agree
ment with Outokumpu Oy regarding the Attu 
sulfide deposit. According to this agreement, 
Outokumpu Oy was to investigate the techni
cal and economic feasibility of the Attu deposit. 
Outokumpu Oy carried out investigations of 
the deposit in 1981 and 1982. The exploratory 
work included detailed mapping on the scale of 
1 :4000 at and around the ore deposit as weil as 
a diamond drilling program totalling 3 268 m 
(Rauhamäki & Karppanen 1982). On the basis 
of its own investigations, Outokumpu Oy esti
mated the reserves at the Attu deposit to be 4.3 
million tons; 1.5 million being underground 
and 2.8 million open pit reserves (Table 1). 

The estimation was based on the "mining 
technical" factors, i.e., estimation of the most 

Table 1. Estimated ore reserves in the Attu deposit 

Open pit Underground 

Ores 2.8 million tons 1.5 million tons 
Was te 4.6 million tons 
Zn-grade 1.81 % 1.68 % 
Pb-grade 1.10 % 0.96 % 
Cu-grade 0.14 % 0.21 % 
Ag-grade 43 g/ t 43 g/ t 

2 renamed and now called Oy Partek Ab. 



economic alternatives at given metal prices and 
working costs (mining, concentrating, trans
port, melting, etc.). The underground reserves 
were found not to be economically viable and 
actually to diminish the proportional import
ance of the copper ore. Owing to the low level 
and sharply downward trend of metal prices, it 
was concluded that the Attu reserves are un
economic (Rauhamäki & Karppanen 1982). 

In 1974 the Department for Economic Ge
ology, Mineralogy and Petrology of the Free 
University of Amsterdam started a geological 
and petrological project in the Kemiö-Orijärvi 
region, southwestern Finland. Within the 
framework of this project, areport on the ge
ology of the northern part of the island of Attu 
was compiled (Schellekens 1976, 1980). 

In spite of several attempts to mine it, no sys
tematic scientific study of the Attu deposit has 
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been done. The present work seeks to fill that 
gap. The study was suggested by Professor 11-
mari Haapala. On his initiative, the Oy Partek 
Ab and Outokumpu Oy companies kindly of
fered me the right and the materials to under
take the work. Its main objectives are to investi
gate the petrology and geochemistry of the 
rocks hosting the orebody, to study the minera
logy and geochemistry of the deposit, especially 
the ore elements, and to explain, on the basis 
of ~he results obtained, the genesis of the de
POSIt. 

The work was started in the summer of 1984. 
The author carried out field work in the area 
during the summers of 1984 and 1985. The 
study was conducted at the Department of Ge
ology and Mineralogy, University of Helsinki. 
Various petrographic, geochemical and isotope 
geochemical methods were used. 

MATERIALS AND ANALYTICAL METHOD S 

Most of the materials used in this work were 
provided by the Outokumpu Oy Exploration. 
These include maps, drill-co re profiles, thin and 
polished sections as weil as the atomic absorp
tion spectrophotometry (AAS) and the instru
mental neutron activation analysis (INAA) 
analyses of the drill cores. Oy Partek Ab con
tributed valuable material in the form of drill
core sampies, maps, drawing facilities as weil as 
logistical assistance. 

More than 200 thin and polished sections 
were studied under the microscope. As x-ray 
diffractometer, a Philips wide angle goniometer 
with a Wallac single analyzer was used. 
Nickel-filtered CuK radiation and metallic sili
con as the internal standard were used through
out. 

Major ore elements from drill co res were 
analyzed in the Geological Laboratory of 
Outokumpu Oy with the AAS method. Gold 
and other trace elements were analyzed with 
the INAA method at the Reactor Laboratory 
of the Technical Research Centre of Finland. 
Whole-rock analyses of the surrounding rocks 
were analysed with a Philips 1400 x-ray fluores-

cence spectrometer (XRF) at the Research Lab
oratory of Rautaruukki Oy. Microprobe analy
ses of the ore minerals were performed with a 
Camebax Microprobe with a voltage of 20 k V 
at the Metallurgical Laboratory of Outokumpu 
Oy in Pori. Electron microprobe mineral analy
ses for the estimation of metamorphic con
ditions were done by Dr Hein E. Wever at the 
Laboratory of the Department for Economic 
Geology, Mineralogy and Petrology of the Free 
University of Amsterdam with a Cambridge 
Microscan-9 Electron microprobe with an ac
celerating voltage of 20 kV and a specimen cur
rent of 25 nA. 

Factor analyses of the geochemical data were 
done at the Geological Survey of Finland with 
the Factor Analyses Program. 

Sulfur isotope determinations were per
formed at the Laboratory of Economic Ge
ology, Helsinki University of Technology, us
ing the method described by Mäkelä and Tam
menmaa (1977). 

Lead isotope analyses were done in the Iso
tope Laboratory of the Geological Survey of 
Finland following the method described by M. 
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Vaasjoki (1987, pers. commun.). According to 
this method, the whole rock sampies were in
cinerated in teflon bombs sealed in steel at 
170°C for 24 hours using 300 mg of rock 
powder mixed with 2 ml of HF and 1 ml of 
HN03• After evaporation with 0.2 ml H 3CI04 

added and a second evaporation with 3 ml 
HN03 in order to expel all SiF4 residue, the 
sampies were dissolved overnight in the same 
teflon vessels at 170°C in 3 ml of 6.2N HC1, 
and converted to bromide salts by evaporating 
with 4 ml 1 N HBr. 

The sulfide sampies were digested in a 1:1 
mixture of 6.2N HCl and HN03 conc, evapor
ated to dryness and converted to bromide salts. 
The chemical purification of the lead was 
achieved by anion exchange chromatography in 
HBr solutions followed by anodic electrodepo
sition (cf., Gulson & Mizon 1979). 

The isotopic determinations were carried out 
on the MS3 thermal ionization solid source 
mass-spectrometer built at the Geological 

Survey of Finland. The instrument is equipped 
with an automated data-acquisition system and 
uses a VG CA3 chopper amplifier for signal 
magnification. The analogue signals are digi
talized by a Fluke 8500-series digital voltmeter. 
The MS3 has a 900, 25 cm radius stigmatic mag
net giving an effective resolution comparable to 
a 50 cm radius conventional geometry. During 
each mass-spectrometric determination, the fi
lament temperature was monitored by an opti
cal pyrometer. 

Lead was run at 1 100 °C ± 50°C from single 
rhenium filaments using conventional silica 
gel-phosphoric acid emitters. Frequent stan
dardization with the CIT, SRM981 and 
SRM982 standards demonstrate that the ratios 
reported are on a 2 (95.5 %) confidence level, 
accurate within ±0.07 % for the 207Pb/206Pb 
ratio and 0.15 % for all other ratios. All the 
lead results have been normalized to the ac
cepted values of the previously mentioned stan
dards. 

OUTLINE OF THE REGIONAL GEOLOGICAL SETTING 

The Finnish bedrock is mainly composed of 
granitoids and greens tone belts of late Archean 
(about 2.7-2.8 Ga) age and the early Proter
ozoic Svecokarelian complex (Fig. 2). The 
Svecokarelian is divided into the Karelian do
main in eastern and northern Finland and the 
Svecofennian domain in southern and western 
Finland (Simonen 1980, Gaal & Gorbatschev 
1987). The Karelian domain consists mostly of 

epicontinental sediments (e.g., quartzites and 
dolomites), deposited on the Archean crust 
2.45-1.9 Ga ago (cf., Huhma 1986). The Sveco
fennian supracrustal rocks constitute an oro
genic terrain, ca. 1.9 Ga old, which is charac
terized mainly by volcanic rocks and gray
wacke-schists deposited in marine environ
ments (Simonen 1980). 

The Svecofennian domain 

The Svecofennian domain (Figs.l and 2 ), is 
mainly composed of metamorphosed and mig
matized supracrustal rocks and plutonic rocks 
(Hietanen 1975, Latvalahti 1979, Simonen 1980, 
Schreurs 1985a, b). The predominant supracrus
tal rocks are micaceous schists and gneisses, 

amphibolites, quartz-feldspar schists and 
gneisses (leptites), cordierite-anthophyllite 
rocks, limestones and calc-silicate rocks. The 
volcanic rocks often indicate calc-alkaline af
finities but tholeiitic trends are also en
countered (e.g., Latvalahti 1979, Colley & 
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Fig. 2. Main Precambrian units of southern and central Finland (based on Simonen 1980). 1. Jotnian sediments, 
2. Rapakivi granites, 3. Svecokarelian plutonic rocks, 4. Svecokarelian schists and gneisses, 5. Presvecokarelian 
schists, 6. Early Proterozoic layered intrusions, 7. Archean gneisses. 

Westra 1987, Kähkönen 1987). Most of the 
Svecofennian sediments are regarded as pro
ducts of turbidity currents (Simonen 1980, Gaal 
1982, Ojakangas 1986). 

The Svecofennian domain has been inter
preted as an early Proterozoie volcanic island 
are system (Hietanen 1975, Berthelsen 1980, 
Bowes et al. 1984, Gaal 1982, 1986). Recent 
Nd-isotope studies indicate that the Svecofenn-

ides are not underlaid by an Archean basement 
but that a new crust was genera ted during the 
early Proterozoie (patchett et al. 1984, Huhma 
1986). 

The metavolcanic rocks are basaltic to felsic 
(amphibolites and quartz-feldspar gneisses ). 
The micaceous schists were mainly sediments 
of the graywacke-type, interbedded with argil
laceous-arenaceous layers and metavolcanic 
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rocks (Hietanen 1975, Simonen 1960, 1980). 
The mica gneisses are commonly medium

grained, banded or veined and distinctly 
schistose. The leptites are recrystallized equi
granular supracrustal, quartz-feldspar rocks 
with an average grain size of about 0.5 to 1.0 
mm. A more fine-grained equivalent is gen
erally called hälleflinta (Löfgren 1979). The lep
tites have been generally interpreted as metavol
canic rocks, mainly acid pyroclasts (Latvalahti 
1979, Vivallo 1984). 

The hornblende amphibolites in the Sveco
fennian domain occur as thin layers or as thick 
beds in the mica gneisses. Voleanic rocks like 
pillow lavas, agglomerates are common. The 
chemical composition of the amphibolites 
varies from basaltic to andesitic. The quartz
bearing types show transitions to hornblende
gneisses and are either metamorphosed dacites 
or mixtures of voleanic and sedimentary mater
ial (Edelman 1985). The voleanic structures and 
the chemical composition suggest that the am
phibolites were originally lavas or tuffs. 

Limestones and associated cale-silicate rocks 
occur as thin lenses or as layers in the quartz
feldspar gneis ses and also as thicker layers along 
the contact between the amphibolites and the 
mica gneisses. The limestones are mainly cal
citic, but dolomitic ones also occur (Sirnonen 
1980, Edelman 1985). 

The supracrustal rocks in the Svecofennian 
domain have undergone intensive deformation, 
which resulted in polyp hase folding (Hopgood 
et al. 1983, Latvalahti 1979, Campbell 1980, 
Verhoef & Dietvorst 1980, Schreurs & Westra 
1986). It has been indicated (e.g., Gaal & Gor
batschev 1987), that two principal periods of 
deformation and metamorphism, correspond
ing roughly to the emplacement times of the 
early and late Svecofennian granitoids, can be 
distinguished throughout almost the whole of 
the Svecofennian domain. In southern Finland, 
the major phases of deformation, metamor
phism and migmatization all occurred in a short 
period between 1900 and 1885 Ma ago (Hop
good et al. 1983, Gaal 1986, Huhma 1986, Gaal 
& Gorbatschev 1987). Generally, the main 
folds and associated foliation trend E-W. The 
axial planes are commonly steep ( e.g., Verhoef 

& Dietvorst 1980). The Svecofennian rocks are 
often metamorphosed in low-pressure, high
temperature conditions (Dietvorst 1981, 
Schellekens 1980, Schreurs 1985, Hölttä 1986). 

The metavoleanic and metasedimentary 
rocks of the Svecofennian domain were in
truded by both synorogenic and late-orogenic 
plutonic rocks. Nurmi and Haapala (1986) have 
reported that the synorogenic plutonic rocks of 
Finland display I -type characteristics. They 
form a differentiated suite of caleic and cale
alkaline rocks, ranging in composition from 
gabbros and diorites through dominant tonali
tes and granodiorites to granites (Nurmi & 
Haapala 1986, Front & Nurmi 1987). Geo
chemical and isotopic studies suggest that the 
synorogenic plutonic rocks are composed of 
material newly segregated from the mantle dur
ing the early Proterozoic time (Patchett & 
Kouvo 1986, Huhma 1986, Patchett et al. 
1987). The late-orogenic plutonic rocks, on the 
other hand, exhibit features typical of S-type 
granites (Sirnonen 1980, Nurmi & Haapala 
1986). Microcline granites, monzo- and syeno
granites, and pegmatites constitute the late
orogemc stage. 

According to radiometric zircon U-Pb age 
determinations, the synorogenic plutonic rocks 
show ages ranging between 1.86 to over 1.9 Ga 
with a peak value at 1.87- 1.89, and the late
orogenic plutonic rocks show ages of 1.8 to 
1.85 Ga (Vaasjoki 1981 , Hopgood et al. 1983, 
Nurmi & Haapala 1986). The youngest gran-

Table 2. Generalized stratigraphy of the Svecofennian do
main after Simonen (1960, 1980) 

GROUP ROCK TYPES 

U pper Svecofennian Argillaceous and arenaceous 
sediments 

Middle Svecofennian Mafic and intermediate volcanics 
(lavas, pyroclastics, epiclastites) 
intercalated arkoses, graywackes 
and conglomerates 

Lower Svecofennian Leptites, arkoses,graywackes, 
arenitic sediments, random 
calcareous interlayers 

I 

I 

I 

I 



ites, the rapakivi granites have U-Pb zireon ages 
of 1.54 to 1.7 Ga (Kouvo 1958, Vaasjoki 1977). 

The Sveeofennian domain contains sulfide 
and iron ore deposits of both economie and 
sub-eeonomie value. In eentral Sweden, the do
main hosts ore deposits of Cu-Zn-Pb at Falun 
(Koark 1969), Zn-Pb at Kalvbäek (Hubner 
1966) and Zn-Pb-Cu at Saxberg and Garpen
berg (Du Rietz 1968, Vivallo 1984). The prin
eipal eorresponding ore deposits in Finland are 
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the Aijala Cu-Zn deposit, the Metsämonttu and 
Orijärvi Zn-Cu deposits and the Attu Zn-Pb
Cu deposit (Latvalahti 1979). 

It is diffieult to establish a full stratigraphie 
sequenee of the whole Sveeofennian domain, 
mainly beeause of the folding, metamorphism 
and migmatization. Simonen (1960, 1980) divi
des the stratigraphy of the Sveeofennian do
main into three sueeessions: lower, middle and 
upper Sveeofennian subgroups (Table 2). 

GEOLOGY OF THE AREA AROUND THE ATTU SULFIDE DEPOSIT 

The island of Attu is a westerly extension of 
the Kisko-Kimito belt, whieh is part of the 
Sveeofennian domain (Edelman 1960, Sehellek
ens 1980). Reports on the geology of Attu have 

been presented by Pehrman (1 927, 1932) and 
Edelman (1 960), and for the northern part of 
the island by Sehellekens (1976). 

Figure 3 gives the geology of the area, about 
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Fig. 3. Lithological map around the Anu Zn-Pb-Cu sulfide deposit. 
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1.5 km wide and 2.5 km long around the sulfide 
deposit, mapped on the scale of 1 :4000 for the 
present study. The geology of the area is domi
nated by an early Proterozoic supracrustal se
quence which consists mainly of amphibolites, 

amphibole gneisses, mica gneisses, cordierite
anthophyllite rocks, marble and calc-silicate 
rocks. These rocks were deformed, metamor
phosed and intruded by synorogenic and late
orogenie Precambrian plutonic rocks (Fig. 3). 

Lithology 

Amphibolites and amphibole gneisses 

Amphibolites are dark, homogeneous or 
banded, fine- to medium-grained rocks with a 
granoblastic to porphyritic texture. They occur 
as thin layers in the gneisses or as xenoliths in 
the granitic gneisses. The banding of the am
phibolites is due to variation in contents of 
plagioclase and hornblende, which are the ma
jor minerals (Table 3, Fig. 4). Minor and ac
cessory minerals are quartz, biotite, augite, hy
persthene, diopside, cummingtonite and gamet. 

Acting as competent bodies during folding, 
amphibolites could endure metamorphism, so 
that certain primary volcanic rocks (pillow la
vas, agglomerates and porphyrites) preserved 
their primary textures (Fig. 5, see Schellekens 

Mica gneis ses 

Rocks designated as mica gneisses include 
biotite gneisses, amphibole-biotite gneisses and 
hypersthene-biotite gneisses. They display a 
great diversity in appearance, as they vary from 
homogeneous to banded and from fine- to 
medium-grained. The banding is caused by 
variations in grain size and mineral content and 
it ranges in scale from 0.1 cm to 1 dm in width. 
Medium-grained, garnet-rich quartz-feldspar 
veins, which run parallel to the ban ding, are 

1976, Edelman 1985). 
Amphibole gneisses form a transltlon from 

banded mi ca gneisses to banded amphibolites. 
They also occur as intercalations in mica 
gneisses. They are generally fine-grained, 
banded and granoblastic with a marked foli
ation resulting from the alignment of am
phibole crystals. Plagioclase (andesine), horn
blende and quartz are the major minerals (Table 
3, Fig. 4). Hypersthene, biotite and K-feldspar 
constitute the minor minerals. Secondary and 
accessory minerals are chlorite, carbonate, gar
net, cummingtonite, apatite, sericite, opaque 
and prehnite. 

encountered in the banded biotite gneiss type. 
With the increase in the amount of leucosome, 
the migmatitic mica gneiss gradually changes 
into gneissose granite. The contacts between 
the banded veined biotite gneiss and the granite 
are gradual, whereas those between the homo
geneous biotite gneiss and the granite are sharp . 

The main minerals of the biotite gneisses are 
plagioclase (andesine), quartz and biotite (Table 
3, Fig. 4). Hornblende, hypersthene and gamet 
occur in subordinate amounts and in variable 
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Fig. 4. Modal ratio of quartz (Q ), plagioclase (PI) and hornblende (Hbl) for the amphibolites, 
amphibole gneisses and biotite gneisses from Attu. 

mm 

Fig. 5. Phenocrysts of plagioclase in the amphibolite from Attu. 2.5x, nicols crossed. (Attu-
43-LSH-85). 



14 Geological Survey of Finland, Bulletin 341 

Fig. 6. A ca1c-s ilicate rock from Attu with forsterite (fo ), dolomite (do), serpentine (se) and 
tale (ta). 2.5x, nicols crossed. (Attu-23 -RAB-80) . 

proportions. Chlorite, muscovite, sencJte and 
prehnite are the most common minor minerals 
while zircon, epidote, opaques and carbonate 
occur as accessory minerals. 

Table 3. Average modal mineral compositions for biotite 
gneisses, amphibole gneisses and amphibolites from Attu. 
Total number of thin sections are given in brackets (caleula
ted to 1000 points for each section) 

Quartz 
Plagioclase 
K-Feldspar 
Biotite 
Hornblende 
Pyroxene 
Chlorite 
Muscovite 
Gamet 
Opaque 
Others 

Mica gneisses Amphib. gneisses Amphibolites 
(15) (14) (12) 

33.5 21.0 
34.4 34 .2 

2.9 2.3 
20.0 3.8 

3.0 33.5 
2.1 1.5 
0.6 0.6 
0.4 
2.5 1.0 
0.5 0.1 
0.1 2.0 

3.9 
37.0 

4.3 
52 .1 

1.7 

0.3 
0.7 

In the Attu area two types of biotite gneis ses 
could be recognized: a fine-grained type with a 
granoblastic texture, and a medium-grained 
type which contains plagioclase (An43) as mega
cryst and which has a significant amount of 
hornblende and orthopyroxene. The hypers
thene-biotite gneiss occurs intercalated in the 
mi ca gneiss sequence. Biotite and hypersthene 
are the major mafic minerals. 

Cordierite-anthophyllite rocks 

Cordierite-anthophyllite rocks commonly 
occur as host rocks of the ores. They are gen
erally coarse-grained, massive or schistose and 
occasionally porphyroblastic. As the quartz and 
cordierite content increases and the anthophyl
lite content decreases, the rock changes into a 
cordierite gneiss. 



Cordierite-anthophyllite rocks consist of 
large cordierite poikiloblasts with radial aggre
gates of anthophyllite. The poikiloblastic cord
ierite grains range in diameter from 0.2 to 0.5 
mm. Quartz, biotite, microcline and gamet are 
common inclusions in cordierite. Pinitization 
and sericitization are regular phenomena. 
Quartz and biotite are common and occur in . . 
varymg proportions. 

Cordierite-anthophyllite rocks are con
sidered to be alte red rocks which have und er
gone varying degrees of Mg-Fe metasomatism 
(e.g., Eskola 1914). Similar rocks in Finland 
have been described by, e.g., Eskola (1914) and 
Latvalahti (1979) from the Orijärvi and Metsä
monttu ore deposits and in Sweden by Vivallo 
(1984) and Wolter and Seifert (1984). 

Tremolite-quartz rock 

Tremolite-quartz rock (quartzite) IS a 
quartz-rich (Si02 about 82 wt. %), coarse
grained, banded and distinctly foliated rock. 
The banding is the result of variation in the 
contents of quartz, tremolite and diopside. Tre
molite-quartz rock is the main host rock of the 
ore body and a shaft has therefore been made 
in it to mine the underlying Zn-Pb-Cu deposit 
(Fig. 3). Quartz, the principal mineral, occurs 
as large, tabular grains, which are often prefer
entially orientated. Tremolite, which occurs oc
casionally with diopside and anthophyllite, is 
the prominent mafic mineral. Common ac
cessory minerals are carbonate, zircon and spi
nel. 

The mafic minerals are often found as in
clusions in the quartz, mostly concentrated at 
the grain boundaries or in small interstitial 
aggregates. The amphibole lenses have been 
boundinaged and quartz as well as sulfide min
erals are concentrated in the boundinaged area. 
Mafic and sulfide minerals are also found con
centrated in lenses or on planes of the cleavage 
fractures parallel to the foliation of the host 
rock. 

The tremolite-quartz rock is a metamor
phosed and deformed rock which has been en-

Geological Survey of Finland, Bulletin 341 15 

riched, through metasomatism, in Ca, Mg and 
Fe. 

Marble and cale-silicate rocks 

Marble in the mapped area occurs as a lens 
of about 50 m wide and 850 m long (Fig. 3). 
The rock is medium- to coarse-grained and 
contains both dolomite and calcite. Sulfide ore 
minerals are found associated with both dolo
mitic and calcitic marbles. As a result of meta
morphism and hydrothermal fluid activity, do
lomite has reacted with diopside or tale to form 
forsterite and calcite: 

CaMgSi20 6 + 3 CaMg(C03)2 = 2 Mg2Si04 + 
4 CaC03 + 2C02 

1 Diopside + 3 Dolomite = 2 Forsterite + 
4 Caleite + 2C02 

It has been reported by Winkler (1979, p. 
124) that this reaction holds at temperatures 
above 650 oe. The forsterite has alte red to ser
pentine. 

Cale-silicate rocks are found in association 
with sulfides or as wall rocks. They are fine- to 
medium-grained, foliated and generally banded. 
Dolomite, tremolite, diopside, forsterite, cal
cite, scapolite, quartz and plagioclase occur as 
the main minerals. Serpentine is chiefly an alter
ation product of forsterite and/or diopside. 
Talc, together with carbonate, occurs as an 
alteration product of forsterite and tremolite. 
Figure 6 shows forsterite occurring together 
with dolomite, serpentine, and tale. Fine
grained quartz-feldspar fragments are also 
found in the calc-silicate rocks, accessory min
erals being epidote, titanite, green spin el and 
grossular. 

Granitoid rocks 

Granitoid rocks found in the mapped area 
include massive microcline granite, the domi-
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nant granitoid rock, gneissose granite and mig
matitic granitoid rocks. According to Edelman 
(1985), most of the granitoid rocks were formed 
through a number of processes, such as meta
morphism, metasomatism, anatexis and/or in
trusion. 

Microcline granite shows a great textural 
variability. Two types are especially common, 
namely a grey, coarse-grained and porphyritic 
type, and a red-coloured type with an aplitic 
texture. The microcline granite consists of 
microcline, quartz, plagioclase, biotite, horn
blende and occasionally gamet. Gahnite has 

been found in the grey microcline granite. 
Microcline often occurs as megacrysts. Chlor
ite, sericite, epidote and caleite are common se
condary minerals while zircon, apatite, graphite 
and opaque constituents occur as accessory 
minerals. The gneissose granitoid is homo
geneous, medium-grained and moderately 
foliated. Leucocratic veins are abundant in the 
mapped area. According to Simonen (1960, 
1980), the microcline granites are la te- to post
orogenie and they are considered to be the 
youngest Precambrian rocks in the area. 

Geochemistry of the supracrustal rocks 

The average chemical composition of the am
phibolites, mica gneisses, tremolite-quartz rock 
and cordierite-anthophyllite rocks are given in 
Table 4. Appendix 1 gives whole rock analyses 
of these rocks. In Figure 7, the major oxides are 
plotted against SiOz. The total Fe content is 
~omputed to FeO after subtracting the sulfide 
iron. 

The composition of the host and altered wall 
rocks (tremolite-quartz rock, cordierite-antho
phyllite rocks and cale-silicates rocks) at the 
Attu sulfide deposit reflects the effect of the in
teraction between these wall rocks and hydro
thermal solutions. The hydrothermal solutions 
deposit altered the existing chemical balance 
and caused a general redistribution of the 
chemical elements. The wall rocks were mainly 
enriched in Mg, Fe, Al, Zn, Cu and Pb, and 
depleted in Na and Ca. 

The SiOz content in the amphibolite from 
Attu ranges between 47 and 62 wt.% (Table 4). 
In the AFM and AlzOrFeO+TiOrMgO dia
grams (Fig. 8), the amphibolite specimens plot 
into both tholeiitic and cale-alkaline fields, 
whereas in the NazO+ KzO vs. SiOz diagram 
(Fig. 9), some amphibolite specimens show an 
alkaline character. However, in the MnO
TiOrPzOs diagram (Fig.l0), most of the am
phibolite specimens plot in the field of island 

are tholeiites. The amphibolite is enriched in 
FeO, MgO and CaO, and has a medium con
tent of Zr and Ti (Table 4) . Sehre urs (1985) 
noted that the FeO and MgO contents in the 
amphibolites from the West Uusimaa area in
crease with increasing metamorphism. 

The Ti and Zr contents of the Attu amphibo
lites and mica gneisses are plotted against each 
other in Figure 11. The average Ti content is 0.4 
wt. % whereas that of Zr is 105 ppm. These 
values are consistent with the composition of 
both tholeiitic basaltic and cale-alkaline rocks 
(Pearce & Cann 1973). Sr is enriched relative to 
Rb. 

The petrographie and geochemical evidence 
suggest that the Attu amphibolites were pri
marily lavas or tuffites of basaltic to andesitic 
composition. Edelman (1985) came to a similar 
conclusion in his description of the amphiboli
tes from the Attu area. 

The mica gneisses are characterized by high 
SiOz, Alz0 3, KzO and NazO values as weIl as 
by low Ti and Mn contents . The SiOz content 
ranges from 67.3 to 76.2 wt. % , whereas that 
of Alz0 3 is from 11.7 to 15.2 wt.% (Table 4). 
In the AFM diagram (Fig. 8), the mica gneisses 
plot into the cale-alkaline field, whereas in the 
NzO+ KzO vs. SiOz diagram the mica gneisses 
are sub-alkalic. The Sr, Rb, Y, Ce, Cs, Rb and 
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(a) F 

A M 

MgO 

Fig. 8. (a) AFM diagram and (b) Jensen (1976) AI20rFeO+Fe20 3+TiOz-MgO plot for am
phibolites and mica gneisses from Attu. Explanations to symbols as in figure 7. 



Table 4. Average chemical composition of the host rocks 
of the Attu sulfide deposit ; tremolite-quartz rock (1), cor
dierite-anthophyllite rocks (2 ), amphibolites (3 ) and mica 
gneisses (4) FeO

t 
= Total iron, N = number of sampies. 

Oxides, Zn, Pb, Cu and S in per cent, trace elements in 
ppm. 

N 

Si02 
Al20 J 

MgO 
CaO 
Na20 
K20 
FeO t 

MnO 
Ti02 
P20 S 

CO2 

S 
Zn 
Pb 
Cu 

TOTAL 

Cr 
Zr 
Ni 
Ba 
Sn 
Sr 
Rb 
V 
Cl 
Ce 
Cs 
Ta 
La 
Th 
U 
Y 

(10) 

81.5 
0.2 
3.9 
2.9 
0.3 
0.0 
1.9 
0.1 
0.0 
0.0 
0.1 
3.8 
1.8 
0.5 
0.1 

99.4 

221 
10 
17 
25 
10 
14 
10 
10 

8 

2 

o 
5 

13 
18 
18 
8 
o 
o 

••••• 

2 

(11 ) 

53 .2 
17.2 
11.2 
0.3 
0.5 
1.9 

10.6 
0.2 
0.6 
0.0 
0.1 
1.7 
0.7 
0.3 
0.4 

99 .0 

171 
17 
18 
35 

116 
13 
18 
13 
o 

20 
12 
10 
18 
5 
5 
o 

• 

3 

(12) 

55 .5 
15.7 
4.2 
8.0 
2.1 
1.4 
9.9 
0.1 
0.4 
0.2 
0.1 
0.3 
0.0 
0.0 
0.0 

99.8 

104 
78 
30 

222 
19 

213 
40 

163 
62 
28 
13 
10 
o 
5 
o 
8 

4 

(8) 

72.7 
13.3 

2.1 
1.5 
2.5 
2.0 
3.8 
0.1 
0.2 
0.0 
0.1 
0.0 
0.0 
0.0 
0.0 

98.3 

111 
226 

16 
473 

10 
102 

79 
19 
o 

52 
19 
15 
o 
o 
2 

31 
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Si0 2 
Fig. 9. Na20+ K20 vs. Si02 plot for the Anu amphibolites 
and mica gneisses. The subalkaline/ alkaline boundary is 
based on Colley & Westra 1987. Symbols as in figure 7. 
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CAB 

MnO x 10 

Fig. 10. Analyses of the Anu amphibolite ploned on a Mul
len (1982) MnO X 10-Ti02-P20 s X 10 discriminant dia
gram. CAB = calc-alkaline basalts, lAT = island arc 
tholeiites, MORB = mid ocean ridge and marginal basin 
basalts, OlT = ocean island tholeiites, OlA = ocean island 
alkalic basalts. 

La contents are variable. The mica gneisses are 
considered to be metamorphic derivates of 
geosynclinal turbiditic sediments, namely gray
wackes and argillites. 

The cordierite-anthophyllite rocks are 
characterized by a marked enrichment In 

Al20 3 , MgO, FeO, Zn, K20 and Cu, and de
pletion in CaO and Na20 (Table 4). The cord
ierite-anthophyllite rocks are geochemically 

T i 
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Fig. 11. Ti vs. Zr for the amphibolites and mica gneisses 
from Anu. Symbols as in figure 7. 
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and mineralogically similar to those in the Ori
järvi area, as described by Latvalahti (1979), 
Schippers (1983), and Schreurs and Westra 
(1985). In both the AFM and Jensen Cation 
Plot diagrams (Fig. 8), the cordierite-antho
phyllite rocks indicate a tholeiitic affinity. 

Many workers (e.g., Latvalahti 1979, Schip
pers 1983) have suggested that the cordi
erite-anthophyllite rock is a product of meta
morphism of hydrothermally alte red chlorite
bearing volcanic rocks. This conclusion is based 
on the model proposed by Vallance (1967). A 
similar origin which suggests pre-metamorphic 
exhalative activities, is thought for the Attu 
cordierite-anthophyllite rock. 

The tremolite-quartz rock is chemically 
characterized by a high Si02 content, averaging 
82 wt. %. The rock is depleted in A120 3, alkalis 
and REE contents while slightly enriched in 
CaO and MgO. The high but variable FeO and 
MgO contents are well reflected in the AFM 
dia gram (Fig. 8). Allen (1979) interpreted low 
K20 values in metamorphic felsic rocks as indi
cative of K2 depletion during granulite meta
morphism. 

The ore metal contents (Zn, Pb, Cu) in the 
tremolite-quartz rock are significantly higher 
than in other rocks owing to the hydro thermal 
mineralization. 

Estimates of the metamorphic conditions 

Temperatures of 6000 to 800 °C at pressures 
between 3-5.5 kb have been reported in the 
Svecofennian domain of southwest Finland (e.g. 
Schreurs 1985a, b, Schreurs & Westra 1985, 
Hölttä 1986). To date, these are among the hig
hest grades of regional metamorphism in the 
Svecofennian domain. Various independent 
geothermometric and geobarometric methods 
were used to establish these metamorphic con
ditions. Schreurs (1985) and Schreurs and 
Westra (1985) applied the mineralogical changes 
and pro grade mineral reactions in the West 
Uusimaa complex and obtained internally con
sistent results . The cordierite-garnet geother
mometer and geobarometer applied by 
Schellekens (1980) to the gneisses of Attu sug
gested metamorphism in the amphibolite and 
lower granulite facies. The sphalerite geobaro
meter study on the Attu sulfide deposit gave 
pressure in the range of 4.0 to 4.2 kb (Törnroos 
1982). 

In this study, geothermometric and geobaro
metric methods based on the composition of 
co-existing minerals were used to estimate the 
conditions of metamorphism of the rocks of the 
Attu area. The thin sections of the analysed 
sampies were examined for any sign of disequi-

librium such as mineral zonation, symplectites, 
coronas, exsolution or obvious alteration. After 
careful examination, specimen 51-LSH -85 
(mica gneiss) appeared most promising and was 
consequently selected for mineral analyses. 

The mineral analyses were carried out in the 
Mineralogical Laboratory of the Free 
University in Amsterdam. The main elements 
were measured with reference to a set of natural 
and synthetic standards. The mineral homo
geneity was carefully examined by analysing at 
least three grains of one mineral. Each grain 
was analysed at three or four points. The modal 
composition of the analysed specimen is given 
in Table 5 and that of analysed minerals in 
Table 6. 

Table 5. Modal composltlon of the analysed sampie 
Ref N o. 51-LSH-85, x = 6675.87, Y = 573.42 

Plagioclase (% anor 83) 46 
Quartz ++ 
Amphibole 32 
Orthopyroxene 10 
Gun~ 7 
Biotite 2 
Ilmenite 2 

Total 99 



Table 6. Electron microprobe analyses for plagioclase 
(plag), amphibole (amph), grunerite (gru) gamet (ga) and 
orthopyroxene (opx). X mg = Mg/ (Mg+ Fe); X an = Ca! 
(Ca+ Na+ K). x = 6675.87, Y = 573.42. Cation numbers on 
the basis of 8 for plag, 23 for amph, 12 for ga and 6 for opx 
(0) (Analyst, H . E. Wener) 

Si02 

Ti02 

Al20 3 

FeO 
MnO 
MgO 
CaO 
Na20 
K20 

Total 

Si 
Ti 
Al 
Fe 
Mn 
Mg 
Ca 
Na 
K 

Total 
Xmg 

X,n 

Plag 

46.87 

33.48 

16.88 
1.89 
0.05 

99.17 

2.169 

1.826 

0.837 
0.170 
0.003 

5.004 

0.826 

Amph 

40.86 
0.73 

11.79 
25.69 

0.19 
4.88 

11 .02 
1.24 
1.45 

97.85 

6.414 
0.086 
2.181 
3.373 
0.025 
1.142 
1.854 
0.376 
0.290 

15.741 

Gru 

50.57 
0.02 
0.82 

37.07 
0.73 
8.14 
0.46 
0.08 
0.00 

97.89 

7.915 
0.002 
0.151 
4.853 
0.097 
1.898 
0.077 
0.025 
0.000 

15.019 
0.280 

Ga 

37.90 

20.92 
31.82 

1.83 
1.89 
7.08 
0.02 

101.45 

3.004 

1.954 
2.108 
0.123 
0.223 
0.601 
0.003 

8.016 
0.096 

Opx 

48.71 
0.04 
0.53 

41.33 
0.78 
8.51 
0.67 
0.09 

100.66 

1.986 
0.001 
0.025 
1.410 
0.027 
0.517 
0.029 
0.007 

4.003 
0.268 

The temperature was caleulated at a given 
pressure of 5 kb with garnet-orthopyroxene 
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thermometer of Sen and Bhattacharya (1984). 
This thermometer is based on the partitioning 
of Mg and FeH between coexisting garnet and 
orthopyroxene which can be represented by the 
reaction: 

3 MgSi03 + Fe3Al2Si3012 = 3 FeSi03 + 
Mg3AlzSi30 12. 

A value of 740°C was obtained for the tem
perature of metamorphism by this method. The 
plagioclase - Ca-amphibole thermometer cali
brated by Spear (1980) gave a value of 725°C 
for the same specimen. Pressure was caleulated 
from the Fe-reaction of the orthopyroxene
garnet-plagioclase-quartz assemblage (Perkins 
& Chipera 1985) at an assumed temperature of 
750 oe. A value of 5.1 kb was obtained for the 
pressure. 

The obtained temperature and pressure esti
mates for the Attu gneisses are in excellent 
agreement with those reported by other work
ers for regional metamorphism in the southwest 
part of the Svecofennian domain (cf. Schellek
ens 1980, Törnroos 1982, Schreurs & Westra 
1985, Hölttä 1986). They are also constant with 
the isotope geothermometry and sphalerite geo
barometry results caleulated in this study. 

Structures 

At least two folding phases, Fn and Fn+ 1> 

could be recognized in the area studied (Fig. 
12). The existence of Fn folds is not always no
ticeable, since the Fn and Fn+ ! axial planes are 
sub-parallel. F n folds are distinguishable only if 
found together in the same outcrop with Fn+ 1 
folds. 

The style of deformation varies from one 
rock type to another. In general, the older Fn 
folding is characterized by rootless intrafolial 
folding. Associated with F n is a penetrative axial 
plane schistosity (Sn), defined by preferred 
orientation of micas and other minerals and 
transposed layering, probably associated with 

metamorphie segregation. Sn has been deformed 
by open to isoclinal Fn+1 folds (Fig.12) with 
E-W striking axial planes dipping at high 
angles southward. These structural features are 
more abundant and evidently pronounced in 
banded mica gneiss and amphibole gneiss. 

The cale-silicate rocks, limestones and iron
formation interlayers often show symmetrie 
folding with gently dipping axial planes. 

Leucocratic veins in the banded mi ca gneiss 
were deformed into smalllenses with pinch and 
swell structures. Microcline granite forms a 
sharp contact with the banded mica gneiss and 
in places crosscuts the foliation. This suggests 
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Fig. 12. Deformation phase relationships in mi ca gneiss from Attu. Fn = older, rootless isoclinal fold; Fn+1 
= younger folding phase; Sn = penetrative schistosity and AP = axial plane of Fn+1• (x = 6676.12, Y = 
573.58) 



that the banding of mica gneiss is probably 01-
der than both the intrusion of the microcline 
granite and Fn+1 folding. This conclusion is in 
agreement with the observations of the S2 in the 
Kemiö area described by Verhoef and Dietvorst 
(1980). 

The prominent structural features in the tre
molite-quartz rock are the penetrative E-W 
striking, subvertical schistosity (Sn) and the 
fractures subparallel to it. The fractures were 
apparently formed during the Fn+1 folding 
phase. Sulfide and mafic minerals are concen
trated in the fracture planes. A major fold 
found in the area studied is about 80 m north 
of the shaft, where the foliated tremolite-quartz 
rock is isoclinically folded. The folcIaxis plun
ges about 75° W. On the hinge zone of the fold, 
there are tensional fractures parallel to the axial 
plane, filled with pegmatitic material and 
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\ 
sulfide minerals . The fold is interpret'ed as an 
F n+ 1 fold, and the fracturing subparallel to Sn 
as a result of Fn+1 folding. The dominant, 
roughly E-W trending foliation is thus mostly 
a composite structure in the limb areas of Fn+1 
folds. 

The orientation and style of both Fn and Fn+1 
at Attu conform to structural observations 
from other southwestern parts of the Svecofen
nian domain (cf., Latvalahti 1979, Verhoef & 
Dietvorst 1980, Staal & Williams 1983, Edel
man 1985). The similarity in the orientation and 
style of the Fn and Fn+1 folds indicates that 
both generations are a response to a continuous 
progressive deformation (Verhoef & Dietvorst 
1980). The structural features at the Attu sulfide 
deposit indicate that Fn+1 folding affected both 
the orebody and the country rock. 

THE ATTU SULFIDE DEPOSIT 

Orientation of the sulfide orebody 

The orientation of the orebody is schemati
cally presented in a three-dimensional block 
diagram (Fig. 13), which is based on the data 
obtained from the drill cores. The longitudinal 
axis of the orebody plunges about 45° WSW 
(250°/45°), subparallel to the axis of the Fn+1 
folds. The strike of the lenticular orebody is 75° 
and it dips 80° south. The plunge of the longi
tudinal axis steepens with depth. The length of 
the longitudinal axis is unknown, whereas that 
of the short axis ranges from 40 to 80 m. 

The form of the orebody is in accordance 
with the prevailing structural features of the 
area, i.e., the orebody is elongated parallel to 
the Fn+1 fold axis , foliation and !ineation of the 
area. On the basis of the evidence cited, it is 
suggested that the present form of the orebody 

is controlled mainly by Fn+! folding. 
The sulfide mineralization occurs mostly as 

stratabound, massive, lenticular bodies elon
gated parallel to the bedding and dominant 
schistosity or as dissemination. The massive ore 
is composed of about 50-90 % sulfide min
erals, which is in agreement with the definition 
of a massive sulfide deposit as given by Hut
chison (1973) and Sangster and Scott (1976). 

The main host rock is a tremolite-quartz 
rock, which shows banding and a gneissie tex
ture. The ore is also hosted by the cordierite
anthophyllite and calc-silicate (diopside- and 
tremolite-skarn) rocks (Fig. 14). The main host 
rock and the adjacent mineralized wall rocks 
constitute an alteration pipe (cf., Gilmour 1976, 
Large 1977, Franklin et al. 1981). 
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Fig. 13. The orientation of the Attu orebody schematically presented in a three-dimensional fo rm between 
profiles 102 and 116. 

Ore minerals 

Well over 20 ore minerals have been ident
ified in the Attu sulfide deposit (Table 7). The 
dominant ore mineralogy consists mainly of 
varying proportions of intimately intergrown 
pyrrhotite, sphalerite, galena, chalcopyrite and 
pyrite (Fig. 15). Arsenopyrite occurs in associ
ation with pyrite, marcasite, loellingite and 
electrum. Other minor ore minerals are magne
tite, ilmenite, molybdenite, and rutile. 

Various sulfosalts, such as Ag-bearing tetra
hedrite (argentian tetrahedrite), tennantite, kes
terite, boulangerite, pyrargyrite, bournonite 
and sinnerite, are found. Also breithaupite and 
hessite are encountered in association with ga
lena. Native elements Ag, Au and Bi have been 
found. The main gangue minerals are quartz, 
diopside, tremolite, dolomite, calcite, antho
phyllite and cordierite. 

The mode of occurrence of the sulfides ran
ges from fine-grained, poor dissemination to 

Table 7. Ore minerals and metals found at the Attu sulfide 
deposit. 

Main minerals Minor minerals 

Sulfosalts Others 

pyrrhotite arsenopyrite tetrahedrite ilmenite 
sphalerite magnetite boulangerite mackinawite 
galena marcaslte tennantlte hessite 
chalcopyri te loellingite bournonite breithaupite 
pyrite pyrargyrite rutile 

kesterite molybdenite 
smnente electrum 

metallic Ag 
metallic Au 
metallic Bi 
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Fig. 14. Cross-sections of profiles (a) 102 and (b) 108 of the Attu sulfide deposit.!. tre
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ore. 5. other country rocks (Modified from Rauhamäki and Karppanen 1982). 
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Fig. 15. The main sulfide minerals in the Attu deposit, suggesting crystallization under equilibrium con-

ditlons: sphalerite (sph), pyrrhotite (po), galena (ga), chalcopyrite (cp), pyrite (py), and arsenopyrite
(ap). (r) Attu-305 1,J7.33, 12.5x. (b) Attu-l3l 195.55- 196.55, 5Ox.



coarse-grained, pyrrhotite-dominated, rich 
massive or network orebody. The sulfides are 
thought to represent equilibrium assemblages, 
as can be inferred from the boundaries between 
the sulfide grains (Fig. 15). Inclusion and ex
solution textures are common. Oxidation and 
hydration phenomena were not observed. Re
crystallization and remobilization of the sulfi
des into fractures have taken place. The meta
morphism has also caused the coarsening of the 
sulfide grains. 

Pyrrhotite 

Pyrrhotite is the main iron sulfide mineral in 
the Attu deposit. It is generally non-magnetic 
and occurs as large anhedral masses or granular 
grains dis semina ted between the silicate grains. 
Pyrrhotite has also been found in fracture fill
ings or as elongated grains following the min
eral lineation of the host rock, suggesting a 
common deformational event with the enclos
ing host rock. It forms assemblages and inter
growth with other sulfides, especially sphaler
ite, chalcopyrite and, to a certain extent, pyrite 
(Figs. 15 and 16). Alteration to marcasite has 
also taken place. 

Five pyrrhotite samples from the Attu de
posit were studied by XRD. The d-values for 
the reflections 200, 201, 202 and 220 as well as 
the unit cell dimensions are given in Table 8. 
U sing the method of Arnold (1962, 1966) and 
Arnold and Reichen (1962), the intensity of 202 
peak was used to calculate the Fe content of the 
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pyrrhotite; the mean is 47.69 atomic per cent. 
For ao and co, the values obtained are 6.888 and 
5.749 , respectively. 

Hexagonal pyrrhotite is the common type 
found at the Attu deposit, which is confirmed 
by its single 202 reflection, non-magnetism, 
atomic per cent iron content and absence of the 
lamellae intergrowth between the monoclinic 
and hexagonal types (see Vokes 1969, Plimer & 
Finlow-Bates 1978). 

According to Sangster (1972), Sangster and 
Scott (1976) and Nold (1983), most of the 
pyrrhotite occurring with sphalerite in the 
Precambrian massive sulfide ores is formed 
from primary pyrite. Vokes (1976) shares the 
same opinion about the formation of pyrrhoti
tes in the Scandinavian massive deposits. Ac
cordingly, the pyrrhotite in the Attu deposit is 
considered to be a product of increasing meta
morphism, mostly formed from primary pyrite. 

Sphalerite 

Sphalerite is economically the most import
ant base metal sulfide mineral in the deposit. It 
occurs as irregular masses of anhedral grains, 
which commonly show a preferential associ
ation with pyrrhotite and chalcopyrite. In the 
massive ore, the sphalerite content may exceed 
50 %. Macroscopically, sphalerite is chocolate
brown, while under reflected light it displays a 
light to medium gray colour. Sphalerite does 
not show any zoning under transmitted light. 

In addition to its occurrence as crack filling, 

Table 8. Unit cell dimensions and composition of pyrrhotite from Attu. 

SampIe 
dzoo dZ01 dzoz d220 ao Co at.% Fe 

No. 

1. 2.982 2.647 2.068 1.725 6.894 5.738 47.50 
2. 2.983 2.644 2.070 1.724 6.890 5.743 47.69 
3. 2.978 2.648 2.073 1.720 6.879 5.775 47.96 
4. 2.976 2.637 2.068 1.722 6.876 5.739 47.60 
5. 2.981 2.648 2.070 1.723 6.888 5.751 47.68 

IIIo 32 42 102 27 

Average 6.888 5.749 47.69 

1 = 2-LSH-85, 2 = Attu-304 73.80, 3 = Attu-304 93.70, 4 = Attu-308 172.05, 5 = Attu-310 25.05. 
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sphalerite has also replaced carbonates and sili
cates in the host rock. Chalcopyrite and 
pyrrhotite inclusions are common. The parage
netic association of sphalerite with other sulfide 
minerals as given in Figure 15 suggests that 
these minerals were formed under similar equi
librium conditions. 

Table 9 shows the chemical composition of 
the sphalerite. Its average Fe content is 8.83 
wt. % and 7.4 atomic per cent, corresponding to 
the formula (ZnO.8SFeO.1S)S, 

Wiggins and Craig (1980) have suggested that 
most of the natural sphalerites coexisting with 
pyrite, pyrrhotite and chalcopyrite contain 
< 0.5 wt. % Cu. Several of these sphalerites are 
assumed to have equilibrated at temperatures 
above 400 oe. The average Cu content in the 
Attu sphalerite is < 0.2 wt.% (Table 9). 

Table 9. Average ehemieal eomposition (mieroprobe analy-
ses) of pyrrhotite (po), pyrite (py), sphalerite (sph) and 
ehalcopyrite (ep). ns = number of sampies analyzed, tp = 
total number of analyzed points, n = not analyzed 

po py sph ep 

ns (7) (6) (10) (5) 
tp (20) (14) (25) (15) 

Fe 60.67 45.83 8.83 30.44 
W Zn 0.00 0.00 55.83 0.00 
e Cu 0.01 0.02 0.19 33.40 

Co 0.00 0.01 0.00 0.Q1 

g Ni 0.02 0.01 0.00 0.01 
Mn 0.00 0.00 0.17 0.00 
Cd 0.00 0.00 0.19 0.00 

% Hg n n 0.05 n 
As 0.05 0.07 0.00 0.01 

S 38.83 52.37 34.56 34.58 

TOTAL 99.58 98.52 99.82 98.48 

Fe 47.70 33.38 7.40 25 .34 
A Zn 0.00 0.00 42.17 0.00 

Cu 0.00 0.01 0.00 24.44 
0 Co 0.00 0.15 0.00 0.01 
m Ni 0.01 0.00 0.15 0.00 

Mn 0.00 0.00 0.00 0.00 
e Cd 0.00 0.00 0.00 0.00 

Hg 0.12 
% As 0.00 0.04 0.00 0.07 

S 52.26 66.42 50.09 50.14 

Chalcopyrite 

Chalcopyrite is the only significant Cu-bear
ing mineral found at the Attu deposit. It often 
occurs as coarse-grained or irregular crystals, 
which form mutual boundaries with other sulfi
des, mainly pyrrhotite and sphalerite (Figs. 15, 
16 and 20). Small-sized, elongated and rounded 
chalcopyrite inclusions, which in places have a 
similar crystallographic orientation, were ob
served within sphalerite and pyrrhotite. 

The average grade of Cu in the Attu deposit 
is 0.14 %. Cu tends to concentrate more in the 
cordierite-anthophyllite rocks, which form the 
footwall of the orebody. Monomineralic chal
copyrite veins are also found in the quartz-rich 
or pegmatitic parts of the tremolite-quartz 
rock. 

The amount of Cu increases within the ore 
body with increasing depth, thereby displaying 
a phenomenon of metal zonation (Large 1977). 

Suzaki et al. (1975) have shown that chal
copyrite has a small solid solution field, extend
ing from a nearly stoichiometric CuFeS2 to a 
slightly Fe-rich composition. The solubility of 
Zn in chalcopyrite solid solution generally de
creases with decreasing temperature (Hutch
inson & Scott 1981, Kojima & Sugaki 1985). 
The chemical composition of chalcopyrite from 
Attu (Table 9) corresponds to the formula 
(Cu0.49FeO.Sl)S2. 

Pyrite 

Pyrite is the common iron sulfide mineral in 
most volcanogenic massive sulfide deposits (So
lomon 1976, Sangster & Scott 1976, Franklin et 
al. 1981). Pyrite is stable up to 743 °C, at which 
level it breaks down to hexagonal 1 C pyrrhotite 
and sulphur (Kullerud & Yoder 1959, Craig & 
Vaughan 1981). Studies on the pyrrhotite-pyr
ite solvus indicate that the stability of pyrite 
depends , on the coexisting pyrrhotite compo
sition, temperature, pressure and activities of 
FeS and sulfur (Arnold 1962, Toulmin & Bar
ton 1964, Scott & Barnes 1971). The pyrrhotite 
superstructures below 300 °C complicate the 
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situation. In the presence of sulfur- and iron
bearing solutions, pyrite remains stable and 
unchanged in composition, whereas pyrrhotite 
reacts and changes to a more iron- or sulfur 
rich modification. Simple oxidation enriches 
pyrrhotite with sulfur and even causes it to 
change to pyrite or marcasite. Marcasite can be 
converted to pyrite at a temperature as low as 
150 °C in the presence of excess sulfur, but 
above 400 °C in the absence of sulfur (Craig & 
Scott 1974). 

Contrary to most other massive sulfide de
posits, pyrite is not a prominent iron sulfide 
mineral in the Attu deposit. This is probably 
partly due to metamorphism, which has caused 
the primary pyrite to be converted into pyrrho
tite. As a major mineral, pyrite occurs as eu
hedral grains, forming sharp contacts with 
other sulfide minerals. Mutual inclusions of 
pyrite in sphalerite and galena are common 
(Fig. 17). 

The average cell parameter ao obtained for 
pyrite by XRD is 5.418 A. The microprobe 
analyses are given in Table 9. The analyses 
show that the Attu pyrite has a low Co content 
equivalent to 0.01 wt. %. 

Galena 

Pb is economically the second most import
ant base metal in the Attu sulfide deposit. The 
average Pb grade is 1.1 %. Lead ore occurs in 
massive form or as impregnations, preferen
tially in the diopside cale-silicate rocks. Under 
reflected light, galena forms anhedral masses 
with its distinct characteristic cleavage triangles 
(Fig. 17). Inclusions of Ag-bearing tetrahedrite, 
electrum, chaleopyrite, sphalerite and sulfosalts 
are common. 

The importance of galena as a host of min
erals that contain appreciable quantities of 
other elements, especially Ag, Sb, As, Cu, Zn, 
Sn, Cd, Fe, Se and Te, has been discussed by a 
number of authors (e.g., Ramdohr 1980, Sack & 
Loucks 1985). In the Attu deposit, galena hosts 
Ag-bearing tetrahedrite, kesterite, tennantite, 
boulangerite, bournonite and pyrargyrite. The 

presence of tetrahedrite in the Attu galena was 
reported earlier by Pehrman (1932) . In his 
spectrographic studies on the galena from the 
Attu deposit, Vaasjoki (1956) reported that ga
lena has high Ag, Bi and Sn contents . He at
tributed the high Sn content in the galena to a 
relatively high temperature of formation of the 
galena-bearing assemblage. Microprobe studies 
of the galena (Table 10) suggest that most of the 
Ag crystallized as an independent mineral and 
that only a trace amount of about 0.07 wt. % of 
Ag occurs in galena. No Sn has been detected 
in the lattice of galena from Attu. The presence 
of Ag-bearing minerals in the galena is gen
erally regarded as a result of the breakdown of 
high temperature solid solutions (Craig 1967). 

Table 10. Average chemical composition (microprobe ana
lyses) of galena. 

Weight % Atomic % 

Pb 87.54 49.85 
Zn 0.22 0.30 
Sb 0.06 0.06 
Ag 0.07 0.08 
Au 0.00 0.00 
S 13.54 49.71 

TOTAL 101.43 

Arsenopyrite 

An As-rich zone occurs at the depth of 
190-200 m in the Attu deposit. Arsenopyrite, 
sphalerite and pyrrhotite are the main ore min
erals and loellingite is an accessory mineral. 
Arsenopyrite occurs as euhedral grains, and in 
places it forms large irregular bodies with cata-

Table 11. Average chemical composition of the Anu arse
nopyrite . 

Weight % Atomic % 

Fe 34.41 33.94 
Cu 0.02 0.01 
Co 0.03 0.03 
Ni 0.02 0.02 
As 44.60 32.79 
S 19.33 33 .21 

TOTAL 98.40 



clastic texture. Mutual intergrowth and in
clusions with other sulfides prevail, suggesting 
a cogenetic origin (Fig. 15b). Although elec
trum is found associated with arsenopyrite, no 
Au has been detected in the solid solution of 
arsenopyrite (Table 11). 

Silver-bearing minerals 

On the whole, the Ag content of the Attu 
massive sulfide ores is quite low, averaging only 
about 43 g/t. Argentian tetrahedrite (frei
bergite) and electrum are the principle silver
bearing minerals. Other silver-bearing minerals 
are hessite, pyrargyrite and metallic Ag which 
have been met with in association with galena. 

Und er reflected light, the color of tetrahe
drite ranges from yellow brown to grayish. It 
has been found in fractures as independent an
hedral grains, but more often it occurs in galena 
as inclusions of about 50-100 11m in diameter 
(Fig. 18). The microprobe analyses of tetrahedr
ite are given in Table 12. The order of metal 
abundance is Sb > Ag > Cu. The average Fe 
content is 5.6 wt.%, while that for Zn is 0.59 
wt. %. The formula obtained for the Attu tetra
hedrite is {( Ag4.QoC US.42F e 1.87ZnO.17SnO.17) 
(Sb4.17Aso. 16)} S13' corresponding to freibergite 
(Riley 1974, Ramdohr 1980). 

Reciprocal relationships between the con
tents of As, Sb, Cu and Ag in tetrahedrite have 
been observed by, among others, Miller and 
Craig (1983), and Sack and Loucks (1985) . The 
As content rises as that of Sb decreases, the 
copper content decreases with increasing Ag 
and the Sb content increases with increasing 
Ag. Hackbarth and Petersen (1984) suggested 
that the observed patterns in tetrahedrite could 
be produced during the process of hydrother
mal ore deposition. Tetrahedrite deposited 
nearest to the source of the solutions is en
riched in Cu and As because these elements are 
precipitated preferentially in tetrahedrite rela
tive to Ag and Sb. Ag and Sb become residually 
enriched in the solution relative to Cu and As 
as crystallization proceeds. 
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Pyrargyrite and hessite are rarely present, 
but have been met with in galena as inclusions 
of no more than 10 11m in diameter. Metallic 
Au occurs in association with arsenopyrite as 
weIl as in fractures. The Ag content in metallic 
Au is 15.2-28.8 wt.%, while the Au content in 
metallic Ag is about 18.8 wt. %. Microprobe 
studies performed on the galena hosting Ag
bearing minerals indicate that the galena con
tains only 0.08 wt. % of Ag. This suggests that 
most of Ag crystallized as separate Ag minerals. 

Electrum occurs in association with arseno
pyrite and chalcopyrite, or as granular grains in 
fractures (Fig. 19). Und er reflected light, elec
trum is pale yellow to light yellow, depending 
on the Agl Au .ratio. The Ag-rich grains are dif
ficult to distinguish from arsenopyrite while the 
Au-rich grains resemble chalcopyrite in appear-

Table 12. Average chemical composltlon of tetrahedrite 
(tetra), boulangerite (bou), kesterite (kes) , bournonite (bn) 
and eiectrum (eiec). Abbreviations ns and tp as in Table 9. 
(Analyst, V. Polvi) 

tetra bou kes bn elec 

ns (6) (4) (2) (2) (4) 
tp (13) (12) (6) (7) (16) 

W Cu 18.49 0.01 27.80 14.03 0.16 
e Zn 0.59 0.02 11.80 0.03 0.13 

Fe 5.62 0.02 1.74 0.34 0.47 
g Sb 27.24 24 .15 0.00 18.95 0.21 
h Bi 0.00 0.00 0.00 0.00 0.14 

Pb 0.00 57.07 0.00 40.79 0.00 
Sn 0.12 0.00 27.34 0.00 

% Ag 23.16 0.01 0.53 0.76 56.40 
As 0.66 0.04 0.61 4.12 0.23 

Au 0.00 0.13 0.00 0.16 41.20 
S 22.38 17.95 29.22 20.22 0.0 

TOTAL 98.26 99.40 99.05 99.03 99.40 

Cu 18.81 0.15 24.26 17.34 0.35 
A Zn 0.58 0.02 10.Q1 0.04 0.29 

Fe 6.51 0.04 1.73 0.48 1.06 
0 Sb 14.47 19.13 0.00 12.23 0.71 
m Bi 0.00 0.00 0.00 0.00 0.01 

Pb 0.00 26.56 0.00 15.46 0.00 
c Sn 0.06 0.00 12.77 0.00 

Ag 13.88 0.01 0.27 0.55 68.54 
% As 0.57 0.05 0.45 4.31 0.41 

Au 0.00 0.06 0.00 0.06 28.16 
S 45.12 53.98 50.52 49.52 0.38 
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ance. The high reflectance is, however, a sharp 
diagnostic feature. The amounts of Ag and Au 
in the electrum vary from grain to grain, aver
aging 56.40 wt. % Ag and 41.20 wt. % Au. The 
electrum contains Zn, Fe, Sb, Bi, As and S, but 
they amount to no more than 1.5 wt. % (Table 
12). 

Other minerals 

Kesterite, boulangerite, bournonite and Pb
bearing sinnerite occur as small grains in associ
ation with sphalerite and galena. According to 
microprobe analyses, the formulas for the Attu 
boulangerite and bournonite are (PbS.41 Sb3.90-
AUO.OI ASO.QJ)SII and (PbO.94 CUI .osSbo.74Aso.26)S3, 
respectively. 
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Kesterite was first found by Z. V. Orlova in 
the Kester deposit, Yakutia, USSR in 1956. It is 
a Zn analogue of stannite (Kissin & Owens 
1975, Hall et al. 1978). To date, this mineral has 
not been reported in Finland. It was reported 
recently by Moh (1986) and Osadechii (1986) 
that kesterite and cernyite (CuZCdSn4) form a 
close intergrowth and that these two end mem
bers are structurally analogous but crystallized 
in different space groups. The formula of 
the Attu kesterite is {CUl.92(Zn0.79Feo. 14)
Aso.o4Snl.Oz}S4' It has Ag and As contents of 
0.53 and 0.61 wt. %, respectively (Table 11), 
which has not been taken into account in the 
foregoing formula. Other minerals and native 
metals met with in the the Attu sulfide deposit 
are listed in Table 7. 

Metamorphism of the sulfide deposit 

Deformation and metamorphism have modi
fied the shape and geometry of the Attu ore
body, obliterated primary features of the ore 
minerals and changed the mineralogical and 
chemical composition of the hydrothermally 
altered host rocks. 

Ore minerals, such as galena, chalcopyrite 
and arsenopyrite, have migrated into fracture 
zones and cracks. In places, these minerals also 
form parallel, thin to large monomineralic veins 
in wall rocks. Sulfosalts, like tetrahedrite, fre
quently accompany galena in these veins. In 
many places, arsenopyrite grains have a cata
clastic texture. 

The granoblastic texture, mutual inter
growths and inclusions of the Attu sulfides 
reflect recrystallization under metamorphic 
conditions, as observed by many other workers 
elsewhere (e.g., McDonald 1967, Vokes 1969, 
1976; Mookherjee 1976, Secord & Brown 
1986). Similarly, the coarse grain size of the ore 
minerals suggests metamorphic effects (Stanton 
1972). Recrystallization is believed to have 
taken place und er equilibrium conditions, as 
can be deduced from the contacts of the sulfide 

grains (Fig. 15) and from sulfur isotope studies. 
The main factor in causing recrystallization and 
coarsening of the sulfides during metamor
phism is, according to Vokes (1969), the ther
mal energy provided by metamorphism. 

Equally common is variation of the grain size 
within a single thin section, a phenomenon re
ported by Deb (1980) to have resulted from 
metamorphic effects. Chalcopyrite and pyrrho
tite occur as lamellae or inclusions in sphalerite. 
These inclusions form parallel dots and small, 
thin, needle-like grains, which have a similar 
orientation (Fig. 20). Arsenopyrite and pyrrho
ti te form long veins in fractures of the host rock 
(Fig. 21). The chalcopyrite and pyrrhotite blebs 
in sphalerite are thought to be a product of ex
solution formed as a result of high temperature 
recrystallization during metamorphism, as has 
been reported elsewhere (see McDonald 1967, 
Kojima & Sugaki 1984, 1985; Sugaki et al. 
1987). 

Most of the Attu pyrrhotite is considered to 
be a product of metamorphism due to desul
furization of primary pyrite. This is consistent 
with many observations in metamorphosed 
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Fig. 20. Chalcopyrite exsolution lamellae in sphalerite from the Attu sulfide deposit assumed to have

been formed at higher metamorphic temperatures. (Attu-304 52.10 (1), 50x).

Fig.2l. Pyrrhotite and arsenopyrite (white) from the Anu sulfide deposit occurring as veins because of deformation pro-

cesses associated with metamorphism (Attu-304 52.10 (2), 50x).
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Precambrian ores (e.g., Sangster & Scott 1976, 
Plimer 1978). 

The effect of metamorphism on the chemical 
composition of sulfide minerals in most meta
morphosed massive sulfide deposits is indicated 
by the variation of the Fe content in sphalerite 
and by the Co/Ni ratio in pyrite, which in
creases with increasing grade of metamorphism 
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(e.g., Mookherjee 1976, Boctor 1980). At Attu, 
these phenomena are not marked, suggesting 
that the ore minerals have crystallized in ap
proximately isothermal metamorphie con
ditions. Metamorphism also had a profound 
effect on the mineralogical composition of the 
associated wall rocks. 

Geochemistry of the sulfide deposit 

The essential chemical constituents of the ore 
at the Attu deposit are Zn, Pb, Cu, Fe and S. 
Ag and Au are the only precious metals ob
served. Other significant metals are Sn, As and 
Sb. In addition, metals such as Co, Cr, Bi, Ba 
and Mo occur in minor quantities. 

The relationships between the elements as
sociated with the deposit were studied with a 
correlation matrix (T able 13) and a varimax ro
tated factor analysis (Table 14). Antimomy 
shows significant correlation coefficients with 
As, Ag and Pb, whereas Pb shows with Cu, Ag, 
Sb and Zn. Au shows moderate correlation co
efficients with Ag and Sb. 

Several models with different numbers of fac
tors and variables were tested. The model pres
ented in Table 13 with 20 variables and 4 fac
tors explains 68.3 per cent of the total variance 
in the data (Table 14). The first factor has high 

positive loadings of La, Sm and Th, moderate 
positive loadings of U and Na, and a moderate 
negative factor of Zn. It thus reflects lithologic 
variation. As, Sb and Ag are associated with 
factor 2. Factor 3 explains the occurrences of 
the major sulfides, the associated minor min
erals and sulfosalts. This has been reflected by 
the high loadings of Pb, Cu, Ag and the moder
ate loadings of Sb, Zn and Au. Fe, Co and Ni 
are associated with factor 4. 

Distribution of the main ore elements 

The distribution and ratios between Zn-Pb
Cu, Ag-Pb-Au, Ag-As-Au and Co-Ni-Cu in 
the ore host rocks (tremolite-quartz rock, calc
silicate and cordierite-anthophyllite rocks) are 
given in Figures 22 and 23. Zn predominates in 

Table 13. Correlation matrix between selected elements for 62 sampies from the Attu sulfide deposit. Values equal to or 
higher than 0.50 bold faced. Square root values used for S; values for other elements after logarithmic transformation. 

Cu Zn Ni Co Pb Ag Fe As Sb Au Ba S 

Zn 0.52 1.00 
Ni -0.24 -0.22 1.00 
Co 0.35 0.13 0.37 1.00 
Pb 0.73 0.61 -0.24 0.11 1.00 
Ag 0.47 0.44 -0.10 -0.26 0.72 1.00 
Fe 0.10 0.21 0.41 0.65 -0.01 -0.18 1.00 
As 0.05 0.28 0.06 -0.49 0.36 0.77 -0.29 1.00 
Sb 0.23 0.41 -0.02 -0.44 0.60 0.86 -0.23 0.89 1.00 
Au 0.41 0.21 -0.02 -0.09 0.49 0.53 -0.27 0.44 0.50 1.00 
Ba -0.26 -0.08 0. 19 -0. 12 -0.08 0.25 0.10 0.39 0.30 0.07 1.00 

S 0.54 0.64 -0.11 0.14 0.41 0.43 0.33 0.30 0.36 0.38 0.05 1.00 
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Fig. 23. Variation of (a) Pb, Au and Ag; (b) As, Au and Ag; (a) 
(c) Ni, Cu and Co ratios in cale-silicate rocks, tremoli te
quartz rock and cordierite-anthophyllite rocks from the 
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Table 14. Factor loadings in a 4-factor model, after varimax 
rotation (loadings less than 0.25 excluded). Based on 62 
sampies from the Attu sulfide deposit. Square root values 
used for S; values for the other elements after logarithmic 
transformation. 

Factors 
Variable Communality 

1 2 3 4 

La 0.93 - -0.28 - 0.95 
Sm 0.91 - -0.30 - 0.92 
Th 0.81 0.30 -0.30 - 0.84 
Na 0.58 - - 0.37 0.48 
As - 0.89 0.29 - 0.90 
Sc - -0.83 - 0.30 0.79 
Sb - 0.79 0.56 - 0.95 
U 0.56 0.65 - - 0.75 
Ba 0.40 0.42 - 0.26 0.40 

Pb - - 0.96 - 0.95 
Cu - - 0.74 - 0.63 
Ag - 0.61 0.70 - 0.96 
Zn -0.46 - 0.54 - 0.56 
Au - 0.30 0.46 - 0.33 
S - 0.26 0.39 - 0.32 

Fe - - - 0.77 0.64 
Co -0.26 -0.53 - 0.66 0.81 
Ni - - - 0.61 0.47 
Rb 0.44 - - 0.60 0.59 
Cs 0.42 - - 0.54 0.51 

Cumulative 
percentage 

26 .3 49.7 60.9 68 .3 
of total 
vanance 

Eigenvalue 5.2 4.7 2.3 1.5 

the tremolite-quartz rock, Pb is mostly associ
ated with calc-silicate wall rocks, while the Cu 
has a dose affinity with the cordierite-antho
phyllite rocks. Ag occurs with Pb in the calc
silicate rocks but they occurs also together in 
the cordierite-anthophyllite rocks. Ni and Co 
do not show any significant variation with the 
rock type. 

Figure 24 indicates that the geochemical dis
tribution of the ore elements in the Attu ore
body shows variation with depth. To elucidate 
the variation with depth, the average distri
bution of Zn, Pb, Cu, Ag, Au, Fe, S, Ba, As 
and Sb between the depth intervals of 5 to 
150 m of drill core No. 309 (profile 102), and 

between the depth interval of 355 to 480 m of 
drill core no. 311 (profile 113) (Fig. 13), was 
studied in detail. The results are given together 
with the lithology of the two depth intervals in 
Figures 24 and 25. 

Cu contents increase with depth, whereas Pb 
is enriched in the upper parts of the deposit. 
The distribution of Zn throughout the orebody 
remains more or less constant (Fig. 26). Figure 
26 is compiled from the average values of each 
profile (see Figure 13, profiles 102A to 116). 

The decrease in the Pb content and the simul
taneous increase in the Cu values with increas
ing depth constitute a sequence of metal zo
nation, a common phenomenon in volcano
genic massive sulfide deposits (Solomon 1976, 
Large 1977, Large 1980, Finlow-Bates 1980, 
Susaka & Crerar 1982). Crerar et al. (1985) em
phasized that the transport, deposition and 
zoning of hydrothermal ores are controlled by 
three main factors: (1) the crystal chemistry and 
stability of the mineral phase, (2) the physio
chemical properties of aqueous electrolyte so
lutions at high temperature and pressure, and 
(3) the thermodynamics and molecular proper
ties of aqueous species of metals. Large (1977) 
discussed in detail the sequence of metal zo
nation in the volcanic-hosted deposits on the 
basis of mineral equilibria, and the variation of 
the metals as a result of changes in the physical 
chemistry of the solution. He interpreted base 
metal zonation as being primarily the result of 
temperature with influences of pressure as weil 
as sulphur and oxygen concentrations in the 
hydrothermal solution. Barnes (1979) states 
that the least soluble mineral in a particular so
lution will be deposited first near the source of 
the metal-carrying solution, followed by others 
in order of increasing solubility. Barnes and 
Czamanske (1967) gave the mobility of com
mon ore metals in the decreasing order of 
Hg>Pb>Cu>Zn>Sn>Ni>Fe>Co which is 
related to the free energy of sulfide complex 
formation. A similar decreasing order of 
stability of the chloride complexes of ore-form
ing metals at 25°C was reported earlier by Hel
geson (1964). 

The sequence of metal zonation at the Attu 
sulfide deposit is reflected in the systematic in-
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Fig. 26. Variation with depth in the average contents of Zn, Pb and Cu along the longitudinal axis of the Attu sulfide deposit. 

crease of Cu/ Pb, the moderate increase of Cu/ 
Zn and the decrease of Pb/Zn with depth (Fig. 
27). Fe is present throughout the sequence in 
the form of pyrrhotite and/or pyrite. Galena 
and sphalerite are supposed to have precipitated 
later and therefore deposited at a considerable 
distance from the vent, while chalcopyrite and 
iron sulfides would have precipitated at the top 
or in the proximity of the vent. 

The geochemical distribution of Zn is such 
that it occurs in all three rock types and at all 
mineralized depths studied. It is relatively more 
abundant, however, in the tremolite-quartz 
rock. Sphalerite is the major Zn-bearing min
eral but, according to the microprobe studies, 
Zn has been detected also in the kesterite (11.80 
wt. %), tetrahedrite (0.59 wt. %), galena (0.22 
wt. %) and electrum (0.13 wt. %). 

Pb content is often high in the diopside calc
silicate wall rocks. Galena is the principal Pb 
ore mineral. The significant Pb-bearing 

sulfosalts met with are boulangerite and bour
nonite. Cu ores tend to concentrate in the 
cordierite-anthophyllite rocks, as also observed 
by Latvalahti (1979) at Metsämonttu. 

0 .5 

o 50 100 150 200 250 300 350 400 450 
Depth (m) 

Fig. 27. The variation of the ratios Pb/ Zn, Cu/ Pb and Cu/ 
Zn with depth along the longitudinal axis of the orebody 
at the Attu sulfide deposit indicating metal zoning. 
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The occurrence of Ag is closely linked to Pb 
because Ag is normally contained within ga
lena: partly as sulfosalt inclusions in galena and 
partly as solid solution in the crystal lattice. 
The main Ag-bearing ore minerals are tetra
hedrite and electrum. Electrum has been found 
in association with arsenopyrite and chaIcopy
rite (Fig. 21). The average Ag content in the 
electrum is 58.40 wt. % and that of Au 41.20 
wt.%. 

As a result of the close association of Ag and 
Pb, the sulfide orebody is relatively enriched in 
Ag above the +350 level (vertical distance from 
the surface), where Pb ores are more pro
nounced. The Ag values have not been found to 
exceed 120 ppm while the average value is 45 
ppm. Au has an average value of 0.15 ppm, 
with the highest measured value being 0.90 
ppm. 

Arsenopyrite is the main As-bearing mineral 
at the Attu deposit. Loellingite occurs mostly 
as an accessory mineral. In addition to arseno
pyrite and loellingite, As has been detected in 
the bournonite (4.12 wt. % ), tetrahedrite (0.66 
wt.%) and in kesterite (0.61 wt. % ). As-bearing 
sulfosalts tenn anti te and sinnerite have been 
observed to be present in trace amounts. 

Although cassiterite and/or stannite have 
been reported to occur in the ores and the as
sociated wall rocks of several massive sulfide 
deposits (e .g. Bell 1982, Petersen 1986), kester
ite is the only Sn-bearing mineral met with at 
the Attu deposit. Analytical data of Sn could 

not generally be used because the content of Sn 
was not within detection limits. However, high 
Sn values are associated with Pb, As and Sb, 
reflecting the presence of kesterite. Petersen 
(1986) suggested that the presence of cassiterite 
in a sulfide deposit indicates high f(02) in the 
hydrothermal solutions. Correspondingly, its 
absence, as at the Attu deposit, might suggest 
low f(02) content in the ore-bearing solutions. 

Kesterite occurs in association with chal
copyrite and/or as inclusions in galena. The in
timate association of kesterite with galena and 
Cu ores suggests that Sn was deposited at the 
same time as these base metals and by similar 
mechanisms. 

No particular systematic enrichment or dis 
tribution of Ba was observed in the sulfide ore
body. However, relatively high Ba values, of 
about 900 ppm were met with in the cordier
ite-anthophyllite Eootwall rocks along drill co re 
No. 309 (Fig. 24). 

The contents of Cr, Co and Ni in the ore
body average around 300 ppm Cr, 25 ppm Ni 
and 30 ppm Co. About 0.15 wt. % Co is con
tained within the pyrite, possibly as a solid so
lution in the crystal lattice. A similar amount 
oE Ni has also been detected within the sphaler
ite (Table 9). 

Ag, Sb, Sn and As occur in sulEosalts which 
are associated with galena. As a result, their in
ter-elemental correlations are more pronounced 
(Table 13). 

THE SPHALERITE GEOBA ROMETRY 

The concept oE the sphalerite geobarometer 
is based on the variation of the FeS content oE 
sphalerite in equilibrium with ' Fe sulfides as a 
function oE pressure, temperature and activity 
of FeS (aFeS)' The theory behind the sphalerite 
geobarometer has evolved through the investi
gations of Barton and Toulmin (1966), Scott 
and Barnes (1971), and Scott (1973). The 
pressure dependence oE the composition oE 

sphalerite in equilibrium with pyrite and 
pyrrhotite has been expressed by Hutchison 
and Scott (1981) as p(kb) = 42.30-32.10 log 
mole per cent FeS. The concept is now firmly 
established in the literature as conEirmed by its 
increasing application to metamorphosed sul
fide deposits (e.g., Scott 1976, Scott et al. 1977, 
Brown et al. 1978, Boctor 1980, Hutchison & 
Scott 1980, Sangameshwar & Marshall 1980, 



Sundblad et al. 1984). Törnroos (1982) applied 
the sphalerite geobarometer to some metamor
phosed sulfide ore deposits in Finland, includ
ing the Attu deposit. 

For the applieation of the sphalerite geobar
ometer in this study, the following eriteria sug
gested by Seott (1976) were adhered to: 
(1) Sphalerite must have equilibrated with pyr
ite and hexagonal pyrrhotite. At the Attu 
sulfide deposit, the equilibrium eondition ean 
be inferred from the mutual tripie eontaet of 
the sulfides (Fig. 28) . 
(2) The temperature of formation or metamor
phism must have been higher than the abrupt 
reversal in the slope of the pyrite + hexagonal 
pyrrhotite (265 °C at 1 bar) and lower than the 
upper limit of the temperature-dependent re
gIOn. 
(3) The mieroprobe analyses of sphalerite in 
eontaet with py rite and pyrrhotite must be pre
eise. In this study , preeise mieroprobe analyses 
of sphalerite in eontaet with pyrite and pyrrho-
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tite were earried out and the results are pres
ented in Table 15 and Figure 29. 
(4) The sphalerite grains must be homogeneous. 
Heterogeneous sphalerite grains and grains that 
eontain chalcopyrite exsolutions were avoided. 
Aeeording to Hutehison and Seott (1981 ), Cu 
eontaminants may be problematieal to the geo
barometer, whereas traee amounts of Mn and 
Cd in the sphalerite solid solution have been 
reported by Craig and Seott (1974) to have no 
effeet on the press ure dependenee of FeS in the 
sphalerite. The maximum eontent of Mn in the 
analyzed sphalerites is 0.4 wt. % and that of Cd 
0.3 wt. %. The analyzed sphalerites are almost 
free of Cu (Table 15). Sphalerite was therefore 
found to be essentially homogeneous with re
speet to Cu, Fe, Zn, Mn and Cd eontents, indi
eating attainment of equilibrium in the Zn-Fe-S 
system und er uniform pressure (Deb 1980). 
The FeS mole per cent in sphalerite ranges be
tween 14.8 to 15.1 (Table 15). The average FeS 
contents of sphalerite in three speeimens range 

Fig. 28. Sphalerite (sph)-pyrrhotite (po )-pyrite (py) assemblage from the Attu sulfide deposit . The tripie 
contact of the sulfides suggest that the assemblage has equilibrated. (Attu-2-LSH-85, 25x) . 

. /" -~------
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Table 15. Average microprobe analyses of sphalerite in con
tact with pyrite + hexagonal pyrrhotite in weight percenta
ges. 

SampIe No. 2 3 

Number of analyses 5 4 5 

Zn 56.3 57.2 57.7 
Fe 8.6 8.7 8.6 

Mn 0.1 0.3 0.2 
Cd 0.1 0.2 0.2 
Cu 0.0 0.0 0.0 
H g 0.1 0.2 0.1 

S 33.6 33.5 33.7 

Total 98.8 100.2 100.5 

Mole % FeS 15.1 15.1 14.8 

Pressure (kb) 4.5 4.5 4.7 
At. %Fe in po 47.4 47.2 47.5 

1 = Attu-133/ 155.55-156.55, 
2 = Attu-133/ 176.55 - 177.55, 
3 = Attu-2-LSH-85, po pyrrhotite. 

from 14.8 to 15.1 mole per cent FeS (Table 15), 
but the range of the separate analyses is mark
edly wider (Fig. 29). 

The sphalerite geobarometer gives a total av
erage 15.0 mole per cent FeS, corresponding to 
the pressure of 4.5 kb for the Attu sulfide de-

PRESSURE (kb) 
3 4 5 6 

40 

30 

0 
w 0 a: 
u. 

Cl'! 10 

17 16 15 14 13 
MOLE % FeS 

Fig. 29. Frequency histogram of the FeS content of sphaler
ites from Attu in contact with pyrite + hexagonal pyrrho
tite (e.g., Fig. 28). 

posit (Table 15, Fig. 29). This value is dose to 
5.1 kb obtained in this study with the Fe-reac
tion method of Perkins and Chipera (1985) and 
to the one reported by Törnroos (1982) for the 
same deposit. 

ISOTOPE GEOCHEMICAL STUDIES 

Lead isotopes 

Lead isotope analyses were performed on the 
sulfide minerals galena, sphalerite, pyrrhotite 
and chalcopyrite as weH as for tremolite-quartz 
rock, amphibolite and mica gneiss as whole 
rock analyses. The results are presented in 
Table 16. 

In the Pb-Pb diagram of 207Pb/204Pb vs. 
206Pbj204Pb (Fig. 30), the sulfide isotopic com
position is shown together with the whole rock 
analyses. An isochron calculated for whole rock 
analyses gives an age of 1894±24 Ma. This age 
is comparable to that obtained by previous 
workers (e.g., Kouvo 1958, Patchett & Kouvo 
1986, Huhma 1986). 

Galena, sphalerite and pyrrhotite have an 
identical isotopic composition within experi
mental error, and therefore they plot at a single 
point in the 207Pbj204Pb vs. 206Pbj204Pb dia-
gram (Fig. 30). This suggests that these sulfides 
in the Attu deposit are from the same source 
(M. Vaasjoki 1986, pers. commun.). The differ
ent lead isotopic composition of chalcopyrite 
may be due to the addition of radiogenic lead 
to chalcopyrite after its deposition, as has been 
observed in many Precambrian ore deposits 
(cf., Gulson 1986). The isotopic values for the 
whole rock analyses lie on one line and this is 
interpreted to mean that the three supracrustal 
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Table 16. Lead isotopic data and model ag es for the Attu deposit 

Lead isotopic ratio 
SampIe mineral! 
No. Attu- rock 206Pb/204Pb 207Pb/204 Pb 208Pbp04Pb 

GOll galena 15.660 15.327 35 .1 92 
309/40.1 sphalerite 15.686 15.323 35 .180 
303/ 86.0 pyrrhotite 15.657 15.333 35.175 
303/ 144.5 chalcopyrite 16.065 15.383 35 .218 

l-LSH-85 quartz rock 15.595 15.249 34.929 
32-LSH-85 amphibolite 18.436 15.566 35.883 
28-LSH-85 mica gneiss 23 .906 16.210 38.978 

Model ages in Ma and milieu indices from the Attu galena 

Stacey and Kramers Cumming and Rickards 

Age ~ W Age w 

1792 9.91 36.60 1722 10.72 40.19 

Isochron age for the whole rock: 1894±24 Ma 

17.0.------------------------. 

16.5 
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Fig. 30. 207Pb/204Pb vs. 206Pb/204Pb diagram showing lead isotopic composition for galena, 
sphalerite, pyrrhotite, chalcopyrite and whole rock (tremolite-quartz rock, amphibolite and mica 
gneiss) analyses from Attu. The whole rock isochron gives an age of 1894 ±24 Ma. 
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rocks have identieal initial lead. 
The galena model ages, milieu indices ~ and 

W for both the two-stage model of Staeey and 
Kramers (1975) and the linear uranium ae
eretion model of Cumming and Riekard (1975) 
have been ealculated, and the results are given 
in Table 16. The ealculated galena model ages 
of 1792 and 1722 Ma, respeetively, eorrespond 
with those obtained by Vaasjoki (1981) for the 
same deposit. 

It has been shown in earlier studies (Vaasjoki 
1981, Riekard 1978) that the lead isotopie data 
of the Sveeofennian galenas in Finland form 
groups that are geographieally and geologieally 
distinet. On the 207Pb/ 204Pb vs. 206Pb/ 204Pb 
diagram, these isotopie groups define an oro
genie trend . In arecent study, Huhma (1986, 
pp. 36-38, Fig. 21) used both the two-stage 

15.5 

207Pb/ 
/204Pb 

model of Staeey and Kramers (1975) and the 
plumboteetonie model of Doe and Zartman 
(1979) to interpret this orogenie trend (Fig. 31). 
He attributed this trend to a varying degree of 
mixing. Aeeording to this model, the mixing, 
whieh involved a mantle eomponent and an 
Arehean upper erustal eomponent, took plaee 
about 1.9 Ga ago (T2). An Arehean upper erus
tal eomponent differentiated about 3.0 Ga ago 
(Tl)' A high U / Pb ratio in the Arehean upper 
erustal eomponent generated relatively radio
genie lead during the time between Tl and T2. 

Variable mixing du ring the 1.9 Ga orogeny is 
now manifested as lead isotope provinees (e.g., 
Outokumpu, Pyhäsalmi, Pihtipudas, Orijärvi) 
on a line in the 207Pb/ 204Pb vs. 206Pb/204Pb dia
gram. The lead isotopie data from Attu were 
fitted into Huhma's diagram (Fig. 31). In this 
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Fig. 31. Lead isotopie eomposition of the Attu galena plotted on Huhma (1986) 207Pb/204Pb vs. 206Pb/ 204Pb diagram illus
trating the lead isotopie evolution in the mantle and eontinental erust. Mixing whieh involved a mantle eomponent and an 
Arehean upper erustal eomponent took plaee 1.9 ago (T2). An Arehean upper erustal eomponent differentiated from the 
mantle about 3.0 Ga ago (Tl)' Finnish galenas exhibit lead isotope provinces (e.g., Outokumpu, Pyhäsalmi, Pihtipudas, 
Orijärvi) on a line. Lead isotope composition of the Attu galena plots dose to the Orijärvi provinee. 



diagram, the Attu isotopic data plot into the 
Orijärvi province, suggesting that the lead in 
the Orijärvi and Attu deposits could be from 
the same or a similar source. These data fall 
within the range for stratabound and vein ga
lena mineralizations from the contemporary 
formations of southwest Finland, as measured 
by Vaasjoki (1981) and those of Bergslagen, 
central Sweden, reported by J ohansson and 
Rickard (1985). Johansson and Rickard have 
conduded that the homogeneity of the ore 
leads in those stratabound deposits suggests 
that (1) the ores were formed on a similar large 
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scale, and (2) the lead was derived from a large 
common source, which was isotopically weil 
mixed. According to the model in Figure 31, 
much of the lead in the galenas from Attu had 
Archean upper crustal sourees. The equation 

C MA X (RM - RMA)3 
f= 

C C X (Rc - RM) + C MA (RM - RMA) 

derived from Faure (1977, p. 98), gives the 
weight fraction f of the crustal component in 
the mixture. In the case of Attu, this value is 
8.7 %. 

Sulfur isotopes 

~ -

Because several factors influence the sulfur 
isotope composition, the interpretation of sul
fur isotope data is often difficult. Ohmoto 
(1972) and Ohmoto and R ye (1979) stated that 
the 834S-values for the sulfides depend largely 
on f(02)' pH, T and the bulk sulfur isotope 
composition in the fluids. In a number of recent 
studies, sulfur isotope data have been used ; (1) 
to determine the temperature of sulfide depo
sition or metamorphism, (2) to determine the 
mechanism of sulfide deposition and (3) to de
termine the origin of sulfur (Rye & Ohmoto 
1974, Sangster 1976, FrankIin et al. 1981, Cole 
& Ohmoto 1986, Ohmoto 1986). The success
ful determination of these factors is based on 
the assumption that the isotopic equilibrium 
between the sulfide species has been established 
and preserved . The sensitivity of sulfur isotope 
fractionation to temperature among the com
mon sulfide minerals follows the order pyri te
galena > sphalerite(pyrrhotite )-galena > pyr
ite-chalcopy rite > pyrite-pyrrhotite( sphalerite) 
(Rye & Ohmoto 1974). In arecent study, Oh
moto (1986) reported that, under conditions of 
isotopic equilibrium, the relationships 834S 
among H 2S, ZnS, and PbS should be: 834SZnS > 
834SH,S > 834SPbS' Isotopic equilibrium among 
co-existing sulfides occurs when mH,S > > 
Lmmetals, whereas the reverse relationship mH,S 
« Lmmetals would imply isotopic disequi-

--- - - - - - - -

librium among co-existing sulfides. 
Sulfur isotope 834S-values are determined for 

galena, sphalerite, py rrhotite and pyrite from 
the Attu deposit. The results are presented in 
Table 17 and Figure 32. 

Table 17 and Figure 32 show that the Attu 
sulfides have light 834SO / 00 values dose to 0, 
with a narrow range from - 1.0 to 0.9 834S0/00, 
with an average of 0.1 834SO / 00' Within and be
tween co-existing sulfides, there is a systematic 
and constant variation in the 834S values. All 
the sulfides have 834S values dose to each other, 
except for the galena which has a distinctly 
lower value than the other minerals. This con
firms the existence of the relationship 834SZnS > 
834SPbS in the Attu deposit, suggesting that iso
topic equilibrium between the two sulfides was 
established (Ohmoto 1986). 

The calculated isotopic temperatures from 
pyrite-galena, sphalerite-galena and pyrrhoti
te-galena pairs, based on equations reported in 
Ohmoto and Rye (1979), are given in Table 17. 
The pairs sphalerite-galena and pyrrhotite-

3CMA, ce, RMA, RC are the Pb concentrations and 
206Pb/204Pb isotope ratios of mantle- and crustal-derived 
materials, respect1vely, and R M is the 206Pb/204Pb ratio in 
the mixture. CC = 15 ppm and CMA = 1 Emm (see e.g. 
Weaver and Tarney 1980 and Sun 1980), R C = 16.3 and 
RMA = 14.71 (see Huhma 1986). For the galena from Attu, 
RM = 15.66. 
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Table 17. Sulfur isotope data for the Attu deposit . (ga = galena, po = pyrrhotite, py = pyrite, sph = sphalerite) . 

834SO / 00 

Sampie 
sph py ga 

6/ 19.50 0.5 - 0.8 
16/ 70.80 0.3 - 0.5 
17/ 88.00 0.5 -0.5 0.5 
21 / 105.00 0.4 -0.6 0.4 
100/ 30.10 0.7 - -
309/40.10 0.3 -0.8 -

2-LSH-85 - -1.0 -

-
-2 

po 

0.6 
0.2 
-

0.6 
0.9 
0.2 
0.0 

-
-

Temperature in oe 
py-ga 

-
-

737 
737 
-

737 
-

galena 
sphalerite 

pyrrhotite 
pyrite 

2 

sph-ga 

-
-

577 
577 
-
-
-

po-ga 

-

-

-
500 
-

577 
577 

Fig. 32. Range of 834S values of pyrite, pyrrhotite, sphalerite and galena from the Attu deposit. 

galena give a temperature mostly at 577 °C, 
while pyrite-galena gives a constant value of 
737 oe. The explanation for the different tem
peratures is that different sulfide assemblages 
attain isotopic equilibrium at different tempera
tures. The temperature range of 537 °C to 
737°C, however, indicates amphibole-granulite 
facies regional metamorphism. It is worth not
ing that the temperature 737 °C is consistent 
with the values obtained in this study by the 
garnet-orthopyroxene (740 °C) and plagiodase 
- Ca-amphibole (725 °C) thermometers. 

The sulfur isotopic ratios of the Attu deposit, 

as given in Figure 32, are all dose to 0, a value 
reported by many authors to imply a magmatic 
origin of the sulfur (e.g., Ohmoto 1986). How
ever, the prevalent current opinion is that the 
major source of sulfur for the submarine exha
lative deposits is the direct reduction of coeval 
sea-water sulfate, especially during circulation 
in the ore-forming hydro thermal cell (e .g., 
Franklin et al. 1981, Ohmoto 1986). Therefore, 
the narrow range of sulfur isotope ratios in the 
Attu deposit is taken to me an that the sulfur 
was derived from a homogenized source. 
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DISCUSSION 

Comparison of the Attu deposit with other massive sulfide deposits 

The Attu deposit exhibits geological charac
teristics typical of those of the worldwide dass 
of stratabound massive sulfide deposits. The 
general features of these deposits have been re
viewed by, among many others, Sangster 
(1972), Hutchinson (1973), Sangster and Scott 
(1976) and Franklin et al. (1981). By 1983, more 
than a thousand volcanogenic stratabound 
massive sulfide deposits had been recognized 
(Ohmoto & Skinner 1983). They occur 
throughout geological time from Archean to 
Present and are found on all continents. They 
are considered to have been formed on the sea 
floor from discharged hydrothermal solutions. 
Among the most important characteristic featu
res of the stratabound massive sulfide deposits 
are stratiform mineralization, alteration of the 
footwall rocks, and zonation of metals within 
the mineralization. Massive sulfide deposits are 
the major source of most of the world's Cu, 
Zn, Pb, Ag, and Au, and produce significant 
quantities of Sn, Se, Bi as well as other minor 
metals (Franklin et al. 1981). They rank second 
only to porphyry coppers in economic import
ance among nonferrous metallic mineral de
posits (Rose et al. 1977). 

On the basis of metal content, Hutchison 
(1973) identified two distinct groups of strata
bound massive sulfide deposits, namely, the 
Cu-Zn group and the Zn-Pb-Cu group. Sangs
ter and Scott (1976) proposed a division based 
on rock association: (1) deposits of predomi
nantly volcanic association, (2) those of pre
dominantly sedimentary association, and (3) 
those of volcanic-sedimentary association. The 
most cited dassification is, however, the one 
that indudes the tectonic environment and ore 
element association, which broadly divide the 
massive sulfide deposits into the Kuroko-type 
and the Cyprus-type. Deposits of the Kuroko
type mineralization are mostly associated with 
felsic volcanics and occur in a calc-alkaline is
land-arc environment. They predominantly 
consist of Cu-Zn-Pb-Ag ores. The Cyprus-

type deposits are gene rally associated with ma
fic volcanics in an ophiolite sequence and are 
gene rally Cu-rich, often Pb-deficient and have 
variable Au and Ag contents. They occur at an 
accretionary plate margin or back arc basin 
(Constantinou & Govett 1973). Another exam
pIe of mafic association is the Besshi-type Cu
rich massive sulfide deposits, which are hosted 
in tholeiitic volcanics within a thick greywacke 
sequence in a tectonic setting of an immature 
oceanic island arc (Mitchell & Bell 1973, Klau 
& Large 1980). 

The bulk of the ore-forming solutions in 
stratabound massive sulfide deposits is derived 
from seawater. The hydrothermal system in
volves the convection of seawater by a convec
tion cell, driven by the heat of a cooling, sub
volcanic igneous body (e.g., Barnes 1979). The 
seawater depth at which submarine hydrother
mal discharges occur range from very deep to 
shallow. This is taken to mean that the for
mation of the stratabound massive sulfide de
posits does not require a specific depth of water 
(cf. Franklin et al. 1981). Ore metals are gen
erally assumed to be leached from rocks 
through which the hydrothermal solutions have 
flown and/or to be generated directly from a 
magmatic source. A substantial portion of the 
sulfur is from seawater sulfate reduced to 
sulfide species orland directly from a magmatic 
source (Ohmoto 1986). 

Geologically, the Attu sulfide deposit be
longs to the same Svecofennian domain as the 
stratabound massive sulfide deposits of Aijala
Metsämonttu-Orijärvi in southwest Finland 
(Latvalahti 1979) and the metallogenie province 
of central Sweden, induding the Garpenberg 
and Falun deposits (e.g., Frietsch et al. 1979, 
Vivallo 1984). The domain has been interpreted 
as an early Proterozoic island-arc system where 
calc-alkaline magmatism predominated, al
though rocks with a tholeiitic affinity also oc
cur (e.g., Hietanen 1975, Gaal 1982, Schreurs 
1985a, b; Ehlers et al. 1986). Sulfide minerals 
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occur both as stratiform Zn-Pb-Cu massive and 
Cu-disseminated mineralizations in a metavol
canic-metasedimentary sequence. Major ore 
minerals in the massive sulfide deposits in the 
Svecofennian domain are commonly sphalerite, 
galena, chalcopyrite, pyrite, pyrrhotite, magne
tite and minor Ag-bearing minerals. Wall rocks 
are hydrothermally altered with Mg enrichment 
and depletion in Na and Ca. The massive 
sulfide deposits of the Aijala-Metsämonttu-Ori
järvi area and central Sweden were strongly de
formed and metamorphosed und er the am
phibolite/ granulite facies during the Svecofen
nian orogeny. A volcanogenic origin has been 
proposed for these massive sulfide deposits in 
southwest Finland and central Sweden - Gar
penberg - (Latvalahti 1979, Vivallo 1984). 

Like the Garpenberg deposit, the Attu de
posit displays a number of similarities as well 
as dissimilarities when compared with the Ca
nadian Precambrian massive sulfide deposits or 
with the Phanerozoic Kuroko deposits of Japan 

(Table 18). The similarities are, gene rally speak
ing, mostly expressed as stratiform mineraliz
ation, mineralogy, metal zonation within the 
deposits and the fact that the wall rocks have 
undergone a certain degree of alteration. 

Figure 33 compares the variations in the 
ratios of Pb-Cu-Zn of the Attu deposit with 
those of Metsämonttu, Garpenberg, the 
Precambrian deposits of Canada and the 
Kuroko deposits. Ohmoto et al. (1983) con
cluded that the principal parameters that de
termine the amounts and proportions of min
erals and metals in volcanogenic massive sulfide 
deposits are: (1) the thermal his tory of an ore
forming system, (2) the dominant type of 
country rocks, and (3) the composition of sea
water, particularly its oxygen and sulfate con
tents. The differences in these factors can ex
plain both the contrast between Precambrian 
and Phanerozoic deposits, and between de
posits associated with mafic volcanics and with 
felsic rocks. Variation in the metal ratios in Fig-

Table 18. Comparison between the Attu, Kuroko and the Canadian Archean massive sulfide deposits. 

Attu deposit Kuroko deposits Canadian Deposits 

Age Early Proterozoic Miocene Archean 

Host rock Volcanic-sedimentary Felsic volcanics Greenstone belt 
sequence Submarine Shallow water Shallow-water 

Type of Calc-alkaline Calc-alkaline Tholeiitic 
volcanism and island-arc mature island are Archean rift zones 
tectonic setting 

Major Pyrrhotite, sphalerite Chalcopyrite, sphalerite Sphalerite, 
sulfides galena, pyrite, galena, tetrahedrite- chalcopyrite, pyrite 

chalcopyrite tennantite, pyrite pyrrhotite, +-galena 

Barite Absent Major Trace 

Stratigraphie Increasing of Zn-Pb and Increasing of Zn-Pb and Increasing of Zn-Pb 
mineralization decreasing of Cu upwards decreasing of Cu upward and decreasing of Cu upward 
zomng 

Wall rock Mg, Fe enrichment Mg and Si02 enrichment Mg metasomatism and 
alteration and depletion of Ca and and depletion of Na in both depletion of Na, Ca and 

Na in the footwall foot- and hangingwall Si02 in the footwall 

Metamorphism Amphibolite facies None Greenschist to amphibolite 
facies 
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Fig. 33 . Pb-Cu-Cu ratios for (a) the Attu sulfide deposit (a) 
compared to those of (b) Metsämonttu (Drawn from Lat
valahti 1979), (c) the Precambrian deposits of Canada, 
Kuroko deposits of Japan and the Garpenberg sulfide ores 
from central Sweden (Drawn from Vivallo 1984). 
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ure 33 is, therefore, a reflection of the differen
ces in one or more of the aforementioned pa
rameters. 

Compared with the Kuroko deposits, 
Precambrian deposits that developed from, and 
in, reduced seawater would contain pyrrhotite, 
rare sulfates, high ratios of sphalerite/pyrite, 
sphalerite/chaleopyrite, Zn/Cu, Zn/ Ba, and 
Au/Ag, and 834S dose to o. The deposits devel
oped in areas dominated by basaltic rocks tend 
to have higher Cu/Zn, Cu/Pb, and Au/ Ag 
ratios, compared with the Kuroko deposits 
(Lambert & Sato 1974, Franklin et al. 1981, 
Ohmoto et al. 1983). 

Carbonate-rich sediments are the predomi
nant sedimentary facies at the Attu deposit, 
contrary to the Kuroko deposits where anhydr
ite, gypsum, barite and iron-rich minerals are 
the common facies. Mixing of the ore-forming 
fluids with cold seawater is an effective mechan
ism for the precipitation of anhydrite, gypsum 
and pyrite (Ohmoto et al. 1983). As in the case 
of many Canadian Archean sulfide deposits or 
metamorphosed deposits such as Mount Isa, 

Sulurian, McArthur River, no barite or gypsum 
has been found in association with the Attu ore 
minerals. It has been said (e.g., Sangster & Scott 
1976) that the absence of gypsum, barite and 
iron-rich sedimentary facies in the Precambrian 
massive sulfide deposits reflects the evolution 
of the seawater from Precambrian to 
Phanerozoic. Large (1980) stated that sulfate 
species are favored at low temperatures and 
high oxygen and sulfur concentrations. This 
view was shared by Cameron (1982), who 
noted that sulfate was a minor component of 
Archean and early Proterozoic seawater. In 
contrast, barite has, however, been reported 
from some Precambrian sulfide deposits in Fin
land, such as the Vihanti Zn ore deposit 
(Rouhunkoski 1968) and the Zn-Cu deposits of 
the Pyhäsalmi-Pielavesi district (Helovuori 
1979, Huhtala 1979). Tucker (1982) suggested 
that the presence of carbon-rich sediments as 
the dominant chemical sediments associated 
with the Precambrian massive sulfide deposits 
implies that the partial pressure of CO2 could 
have been higher in the Proterozoic seawater. 

Origin of the wall rocks 

The Attu Zn-Pb-Cu mineralization occurs in 
a metavoleanic-metasedimentary association. 
The voleanic suite is represented by the am
phibolites and the cordierite-anthophyllite 
rocks, whereas tremolite-quartz rock, marbles 
and cale-silicate rocks constitute the chemical 
sedimentary sequence. 

The genesis of the cordierite-anthophyllite 
rocks has attracted the interest of many petrol
ogists ever since the dassical study by Eskola 
(1914), who proposed a syn-metamorphic Mg
metasomatic process for the origin of such 
rocks. Reservations for the nature of such a 
process were expressed by a number of authors, 
among them Tuominen and Mikkola (1950), J a
mes et al. (1978), Schermerhorn (1978), Treloar 
et al. (1981) and Spear and Schumacher (1982). 

In the Attu deposit, the cordierite-antho-

phyllite rocks occur as a footwall of the sulfide 
ore. The rocks are thought to be derived from 
hydrothermally altered, chlorite-bearing sea
floor voleanic rock, analogous to the model 
proposed by Vallance (1967) and later advo
cated by other researchers (e.g. Berge 1978, 
Baker & Groot 1983, Schippers 1983). 

As a result of the reaction between the vol
canic rock and hydrothermal solutions, destruc
tion of the primary minerals, mainly feldspars, 
and a general redistribution of elements in the 
altered wall rock took place. The rock was en
riched in Mg, Fe, Zn, Pb, and Cu, and depleted 
in Na and Ca. Regional metamorphism in the 
amphibole facies during the Svecofennian 
orogeny, culminating in southern Finland 
about 1.81-1.83 Ga ago (Korsman et al. 1984, 
Hölttä 1986) isochemically transformed the 



previously altered chlorite-bearing rock into a 
cordierite-anthophyllite assemblage. Green
wood (1963) and Schreurs and West ra (1985) 
noted that under metamorphie conditions of 
granulite facies, anthophyllite breaks down to 
orthopyroxene: 

anthophyllite ~ 7 enstatite + quartz + H 20 

In its mineralogical and geochemical compo
sition, the cordierite-anthophyllite rocks at 
Attu are quite similar to those observed in the 
hydrothermally altered rocks genetically associ
ated with Precambrian voleanogenic massive 
sulfide deposits, e.g., at the Coronation mine in 
Canada (Whitmore 1969), Bergslagen, in central 
Sweden (Wolter & Seifert 1984), and Orijärvi 
(Latvalahti 1979). 

The tremolite-quartz rock, the main host 
rock of the sulfide ores, is interpreted to be a 
metamorphosed chert mixed with carbonate 
material. It was probably deposited as exhalat-
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ive hydrothermal silica on the sea floor. Meta
somatism and subsequent high-grade regional 
metamorphism led to the formation of cale-sili
cate minerals, such as tremolite and diopside. 

The marble is both of dolomitic and caleitic 
composition and has low contents of A120 3 , 

Si02 and Fe02. According to Vivallo (1984), 
low Al20 3 and Si02 contents suggest that the 
marbles are of chemical origin with little con
tamination of voleanoclastic material and iron 
oxides. 

The cale-silicate rocks (skarns) occur as 
alte red wall rocks of the orebody. In addition 
to dolomite and caleite, they consist of coarse
grained Ca-Mg-Fe silicates, mainly tremolite, 
diopside and minor forsterite, tale and serpen
tine. Cale-silicate rocks are interpreted as meta
morphosed impure dolomitic limestones, wh ich 
were initially alte red during the process of ore 
deposition. High temperature regional meta
morphism caused the breakdown of tremolitel 
diopside and dolomite to form forsterite and 
caleite (Winkler 1979). 

Genesis of the Attu sulfide deposit 

Textural and mineralogical evidence suggests 
a pre-metamorphic origin for the Attu strati
form deposit. The similarities, as shown in the 
geological setting, ore mineralogy, wall rock 
alteration and stratiform mineralization with 
other stratabound massive sulfide deposits (e.g., 
Orijärvi, Garpenberg, Kuroko), suggest a sub
marine exhalative origin for the Attu deposit. 
The ore metals were deposited in a submarine 
environment dominated by chemical sediments 
and sea-floor voleanic rocks. Hydrothermal so
lutions affected the adjacent wall rocks by alter
ing their chemical and mineralogical compo
sition. In analogy with many Precambrian 
sulfide deposits (e.g., Garpenberg) and in con
trast to the Pyhäsalmi-Pielavesi sulfide deposits 
and the Kuroko deposits, the presence of carbo
nate-rich sedimentary rocks and absence of 

gypsum and barite at the Attu deposit are indi
cative of a compositional difference between 
the Proterozoic and the T ertiary sea water. 

Under progressive regional metamorphism 
and deformation during the Svecokarelian 
orogeny, the primary features of the sulfides 
and their host rocks were coevally obliterated, 
as reflected by the recrystallization textures in 
the ore minerals and the chemical and minera
logical changes in the wall rocks. The peak of 
metamorphism in the Attu area was at the am
phibolite- to granulite-facies transition, with 
the temperature peak at about 740 °C and the 
pressure between 4.5 and 5.1 kb. These values 
were caleulated in the present study and are in 
agreement with earlier regional observations 
(Schellekens 1980, Törnroos 1982, Schreurs 
1985, Hölttä 1986). 
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The main ore mineral species, pyrrhotite, 
sphalerite, galena, pyrite and chalcopyrite, at 
the Attu sulfide deposit are typical constituents 
of stratabound massive sulfide deposits (Sangs
ter & Scott 1976, Franklin et al. 1981). Pyrrho
ti te is mainly considered to be a metamorphic 
product of pyrite, although the existence of pri
mary pyrrhotite is not ruled out (see Plimer & 
Finlow-Bates 1978). 

Study of the structural features at the Attu 
deposit indicates that the ores, together with 
the country rocks, were affected by at least two 
folding phases, Fn and Fn+1 Similar tectonic 
phenomena have been described from other 
parts of the Svecofennian domain (e.g., Verhoef 
& Dietvorst 1980). Ore minerals recrystallized 
under equilibrium conditions as can be deduced 
from their contacts as well as from sulfur iso
tope studies. The orientation of the longitudinal 
axes of the ore mineral grains parallel to the 
foliation and lineation of the enclosing host 
rock, the grain size of the ore minerals, their 
granoblastic texture and the grain boundaries 
are features that reflect deformation and recrys
tallization under metamorphic conditions and 
therefore confirm the pre-deformation and 
pre-metamorphic genesis of the Attu orebody. 

Chalcopyrite and pyrrhotite inclusions are 
common in the Attu sphalerite. According to 
the experimental data published by Wiggins 
and Craig (1980) and Kojima and Sugaki (1984), 
sphalerite dissolves significant amounts of both 
chalcopyrite and pyrrhotite at temperatures 
higher than 600 oe. Such inclusions have vari
ous shapes such as lamellae, blebs, dots, dust 
and vermiculae (e.g., Sugaki et al. 1987). Below 
500 °C, the solubility of copper in sphalerite 
solid solution is generally low (Kojima & 
Sugaki 1985, Sugaki et al. 1987). 

Hexagonal pyrrhotite with an average Fe 
content of 47.7 atomic % is the dominant iron 
sulfide at the Attu deposit. Lamellar inter
growth between monoclinic pyrrhotite and 
hexagonal pyrrhotite is rare. This suggests that 
the equilibration temperature was above 
254 °C, the upper stability limit of monoclinic 
pyrrhotite (Kissin & Scott 1982). 

The whole rock lead isochron frorn the Attu 
supracrustal rocks yield an isochron age of 
about 1.89 Ga, which is in agreement with that 

obtained for the Svecofennian supracrustal sui
tes (e.g., Huhma 1986). The model age of 
1.79-1.72 Ga provided by the plumbotectonic 
model for the Attu Pb is much lower than the 
geologic age. The galena, sphalerite and pyrrho
ti te show an identicallead isotope composition. 
This suggests that the ore metals are from the 
same source. According to a two-stage mixing 
model, the identical isotope composition occurs 
in the Pb of the galena from both Attu and 
Orijärvi (Fig. 31 ). The Pb in both places, there
fore, are derived from a similar mantle-crustal 
source (Huhma 1986). Johansson and Rickard 
(1985), commenting on the homogeneity of the 
ore leads in the stratabound deposits of south
west Finland and central Sweden, suggested 
that the ores were formed by similar processes 
and that they have a large common source, 
which was isotopically well mixed. Accord
ingly, the ore metals in the Attu sulfide deposit 
are interpreted to have been derived from ore
bearing fluids that extracted materials from a 
well mixed mantle-crustal source, which pre
cipitated them on the sea floor. The bulk of the 
ore-forming solution is considered to be hydro
thermally circulated seawater. 

The range of the 834S values in the Attu sulfi
des is narrow, close to O. This is often inter
preted to indicate a magmatic origin of the sul
fur (e.g., Ohmoto 1972, 1986). The narrow 
range shown by the sulfur isotope ratio of the 
Attu sulfides suggests a well homogenized 
source of the sulfur. Isotopic equilibrium 
among the sulfides was established at a tem
perature range of 580 °- 740 °C, as proposed by 
sulfur isotope thermometric determinations. 

Most of the sulfosalts found at the Attu de
posit are Ag-, As- , Sb-, and Sn-bearing. They 
commonly occur as inclusions in the galena. Au 
occurs as native element or electrum, in associ
ation with arsenopyrite and chalcopyrite. The 
intimate association of the sulfosalts with ga
lena, and arsenopyrite with chalcopyrite indi
cate that the metals that constitute the sulfosalts 
were probably deposited at the same time as the 
main ore metals of the deposit and by similar 
mechanisms. The occurrence of Sn-bearing kes
terite instead of cassiterite is interpreted to sug
gest low f(02) in hydro thermal solutions (cf. 
Petersen 1986). 
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SUMMARY AND CONCLUSIONS 

The geology of the Attu area is dominated 
by a supracrustal sequence of amphibolites, 
amphibole gneisses and mica gneisses, which 
were intruded by synorogenic to late-orogenic 
Precambrian plutonic rocks. The Attu Zn-Pb
Cu sulfide ores are hosted in tremolite-quartz 
rock, calc-silicate rocks (diopside-, tremolite 
skarn) and cordierite-anthophyllite rocks. 

The amphibolites are interpreted to represent 
former lavas of basaltic to andesitic compo
sition. The quartz rock is considered to be a 
metamorphosed chert, probably deposited as 
exhalited hydrothermal silica on the sea floor. 
The cordierite-anthophyllite rock is thought to 
have been derived during regional metamor
phism from hydrothermally alte red chlorite
bearing volcanic rocks. As a result of the inter
action of the wall rocks and the hydrothermal 
solution, the wall rocks were alte red and chemi
cally enriched in magnesium, iron and ore met
als and depleted in sodium and calcium. 

The sulfide ores occur as stratiform massive, 
lenticular bodies or as disseminations. The main 
ore minerals are pyrrhotite, sphalerite, gaJena, 
chalcopyrite and pyrite. Arsenopyrite, magne
tite and ilmenite occur in subordinate amounts. 
Significant sulfosalts met with are argentian 
tetrahedrite, Sn-bearing kesterite, boulangerite, 
bournonite, tennantite and pyrargyrite. Gold 
occurs mainly as electrum. Anhydrite, gypsum 
and barite are virtually absent. The main gangue 
minerals are quartz, diopside, tremolite, dolo
mite, calcite, anthophyllite and cordierite. 

The Attu sulfide deposit displays a metal 20-

nation along the longitudinal axis of the ore
body. The Cu content increases with increasing 
depth while that of Pb increases upwards. No 
systematic 2Onation has been recognized with 
regard to Zn. Iron is present throughout the 
sequence in the form of pyrrhotite and/or pyr
ite. Cu shows a preferential association with the 
cordierite-anthophyllite rock while Pb is 
mostly associated with the calc-silicate rocks. 

During the Svecofennian orogeny, about 
1. 9 -1. 87 Ga ago, the Attu deposit was de
formed and regionally metamorphosed at the 
amphibolite-granulite transition. At least two 

folding phases, Fn and Fn +l> could be recog
nized in the Attu area. The parallel orientation 
of the sulfide mineral grains with the Fn+1 fold 
axis, the foliation and the lineation of the host 
rock suggest that the present form of the Attu 
orebody is controlled by Fn+1 folding. 

Geothermometric and geobarometric de
terminations suggest that the peak temperature 
of metamorphism was around 740°C and the 
pressure 4.5-5.1 kb. 

The whole rock lead isochron gives an age of 
1.89 Ga for the Attu supracrustal rocks. The 
model age of 1.79-1.72 Ga yielded by the 
plumbotectonic model is much lower than the 
geologie age of 1.9 Ga. The common lead iso
topic data of the galena, sphalerite and pyrrho
ti te have identical isotopic composition, in die at
ing that the sulfides are from the same source. 
A two-stage mixing model suggests that the 
lead in the Attu galena has an isotopically weil 
mixed mantle-crustal source. 

On the basis of the grain boundaries and the 
sulfur isotope thermometrie determinations, the 
Attu sulfides are considered to represent equi
librium assemblages established during regional 
metamorphism at temperatures from 580° to 
740 oe. Isotopic equilibrium among the ore 
minerals has also been attained. The sulfur iso
tope study suggests a homogeneous source for 
the sulfur in the Attu deposit. 

The Attu Zn-Pb-Cu sulfide ores were de
posited on the sea Hoor in a reduced milieu of 
the Svecofennian island are environment about 
1.9 Ga ago. Carbonate-rich sediments and sea
floor volcanic rocks dominated the deposition al 
environment. The mineralogical composition, 
wall rock alteration, metal zonation and the 
geotectonic setting suggest that the metamor
phosed, stratabound Attu Zn-Pb-Cu stratiform 
mineralization is a submarine exhalative sulfide 
deposit of a proximal type. 

In its mineralogieal, geochemical, textural 
and lithological features, the Attu deposit dis
plays characteristics similar to the Orijärvi and 
Garpenberg deposits in particular, and to those 
of the world-wide family of stratabound 
massive sulfide deposits in general. 
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APPENDIX 

Chemical analyses of the tremolite-quartz rock, cordierite-anthophyllite rocks, amphibolites and mica gneisses from Attu 
in wt. % if not otherwise stated. 

Table (i). Chemical analyses of the tremolite-quartz rock from Attu 

Sampie 
No. 2 3 4 5 6 7 8 9 10 

Si02 83 .89 84.41 90.00 69.17 80.73 96.08 81.16 79.14 73.68 76.52 
Al20 3 0.23 0.20 0.07 0.34 0.11 0.04 0.23 0.14 0.09 0.11 
MgO 1.66 1.66 1.53 0.70 4.41 0.41 10.14 7.75 3.98 6.78 
CaO 1.90 1.68 1.31 0.67 5.24 0.41 4.15 4.05 2.18 7.10 
Na20 0.36 0.53 0.03 1.36 0.15 0.09 0.12 0.09 0.37 0.29 
K20 0.01 0.01 0.01 0.02 0.00 0.02 0.03 0.03 0.03 0.01 
FeO, 1.84 1.78 0.66 3.42 2.24 0.96 2.47 2.25 0.80 2.40 
MnO 0.05 0.05 0.03 0.07 0.09 0.02 0.12 0.05 0.12 0.07 
T i0 2 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 
P20 S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CO2 0.11 0.15 0.22 0.05 0.18 0.11 0.07 0.07 0.22 0.18 
S 4.21 3.92 3.10 10.39 2.87 0.66 0.84 2.67 6.78 2.36 
Zn 1.83 2.49 0.28 7.87 0.62 0.57 0.30 0.37 1.95 1.23 
Pb 0.69 0.57 0.15 0.43 0.65 0.07 0.19 1.01 0.48 0.40 
Cu 0.17 0.13 0.06 0.15 0.15 0.01 0.04 0.09 0.23 0.14 

TOTAL 99.41 99.20 99.59 98.11 99.50 99.42 99.73 99 .81 99.8 1 99.53 

Trace elements in ppm 

Cr 310 240 240 230 320 280 110 130 140 210 
Zr 10 10 10 10 10 10 10 10 10 10 
Ni 20 20 20 30 10 20 10 10 20 10 
Ba 20 20 30 20 30 0 30 250 20 10 
Sn 10 10 10 20 10 10 10 20 10 10 
Sr 10 10 10 20 10 10 0 50 10 10 
Rb 10 0 0 10 10 0 0 10 10 0 
V 10 10 0 0 0 10 0 10 0 10 
Cl 0 0 0 0 0 0 0 0 0 0 
Ce 0 0 10 0 10 20 10 10 0 0 
Cs 10 20 0 30 30 0 0 10 10 10 
Ta 20 20 30 30 10 30 10 10 10 10 
La 20 20 30 30 10 30 10 10 10 10 
Th 20 0 0 0 30 0 0 30 0 0 
U 0 0 0 0 0 0 0 0 0 0 
y 0 0 0 0 0 0 0 0 0 0 

FeO, = total iron 

1. 1-LSH-85 2. 2-LSH-85 3. 4-LSH-85 4. Attu-11192 .00 5. 5-LSH-85 
6. 6-LSH-85 7. 8-LSH-85 8. Attu-9/ 98.00 9. Attu-19/ 72.00 10. Attu-22 / 107.50 

-J 
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Table (ii). Chemical analyses of the cordierite-anthophyllite rocks from Attu 

SampIe 
No. 2 3 4 5 6 7 8 9 10 11 

wt. % 

Si02 59.38 60.62 47.82 58.99 55 .24 50.06 48.60 52.42 44.62 57.82 50.11 
Al20 3 15.42 16.52 19.12 15.15 16.21 19.26 17.00 18.52 18.88 16.51 16.75 
MgO 9.25 8.76 13.Q1 9.59 10.21 13.85 11.96 10.31 12.55 10.84 12.85 
CaO 0.36 0.21 0.36 0.17 0.53 0.41 0.25 0.15 0.37 0.18 0.19 
Na20 0.25 0.16 0.45 0.38 0.97 0.49 0.58 0.72 0.45 0.42 0.54 
K20 1.65 0.75 2.43 1.21 2.12 2.11 1.77 2.00 2.86 1.52 2.34 
FeO 8.25 8.81 11.21 9.24 10.Q3 9.98 11.86 12.68 12.12 10.43 12.00 
MnO 0.21 0.23 0.04 0.08 0.11 0.09 0.08 0.38 0.42 0.08 0.12 
Ti02 0.23 0.34 0.57 0.37 0.62 0.72 0.56 0.43 0.83 0.78 0.68 
P20 S 0.Q1 0.00 0.02 0.03 0.04 0.00 0.02 0.01 0.00 0.02 0.00 
CO2 0.10 0.12 0.12 0.08 0.23 0.07 0.32 0.22 0.01 0.21 0.08 
S 2.21 1.65 2.02 1.74 1.53 0.97 2.99 2.21 0.87 1.01 1.11 
Zn 1.11 0.96 0.81 0.12 0.67 0.20 0.86 0.75 1.02 0.08 0.54 
Pb 0.65 0.43 0.41 0.52 0.21 0.00 0.32 0.32 0.64 0.00 0.15 
Cu 0.70 0.23 0.53 0.54 0.43 0.14 0.21 0.25 0.54 0.00 0.27 

TOTAL 99.69 99.79 98 .95 98 .21 99.56 98.35 98.38 99.55 98.30 99.76 98.63 

Trace elements in ppm 

Cr 90 200 215 150 180 220 120 179 110 217 200 
Zr 10 20 10 25 20 10 22 20 20 10 15 
Ni 30 25 10 20 10 10 25 30 10 15 20 
Ba 35 40 35 45 40 30 45 25 30 30 35 
Sn 150 100 200 100 110 115 90 95 125 85 105 
Sr 15 10 14 10 20 14 10 10 15 10 12 
Rb 25 15 10 20 30 15 15 20 10 15 25 
V 10 10 15 10 15 15 10 15 20 10 10 
Cl 0 0 0 0 0 0 0 0 0 0 0 
Ce 25 20 25 15 20 20 15 25 20 20 15 
Cs 10 10 10 15 10 15 10 15 10 10 15 
Ta 10 10 10 10 10 10 10 10 10 10 10 
La 20 20 25 20 25 15 20 20 10 15 15 
Th 5 10 10 0 10 5 5 10 0 5 0 
U 5 0 5 5 0 10 0 0 5 10 10 
Y 0 0 0 0 0 0 0 0 0 0 0 

FeO, = total 

1. 11-LSH-85 2. 13-LSH-85 3. 14-LSH-85 4. 19-LSH-85 5. Attu-17/ 82.00 
6. Attu-19/ 113.80 7. Attu-20/69.50 8. Attu-21 / 112.68 9. Attu-22/ 138.80 10. Attu-101l23 .19 

11. Attu-303/ 86 .00 

----- - - -
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Table (iii). Chemical analyses of the amphibolites from Attu 

SampIe 
No . 2 3 4 5 6 7 8 9 10 11 12 

wt.% 

Si02 47.89 50.42 61.14 53.81 54.03 60.91 49.9 52.62 57.50 57.50 61.76 59.05 
Al20 3 19.67 15.98 9.57 16.21 16.65 13.12 18.96 15.98 17.94 16.01 12.69 15.86 
MgO 4.42 4.53 4.25 6.42 4.55 4.47 4.54 5.86 2.16 3.12 2.98 3.33 
CaO 10.27 9.65 9.89 8.30 8.59 2.27 9.89 8.12 8.21 9.03 3.17 7.98 
Na20 2.01 2.45 0.08 2.58 1.76 1.65 2.34 2.58 2.64 2.21 2.45 2.34 
K20 1.47 1.38 0.82 1.37 1.10 2.46 1.71 1.63 0.96 0.71 1.79 0.82 
FeO

t 
11.95 10.99 11.39 8.11 10.60 12.45 11.08 8.12 8.31 8.00 10.64 7.49 

MnO 0.15 0.16 0.13 0.11 0.12 0.10 0.17 0.14 0.14 0.14 0.13 0.15 
Ti02 0.27 0.58 0.21 0.71 0.42 0.31 0.37 0.42 0.59 0.34 0.45 0.38 
P20 S 0.25 0.14 0.11 0.28 0.14 0.07 0.07 0.08 0.21 0.07 0.36 0.10 
CO2 0.11 0.18 0.26 0.15 0.04 0.11 0.04 0.18 0.11 0.11 0.26 0.18 
S 0.04 1.78 0.38 0.42 0.60 0.29 0.03 0.02 0.04 0.04 om 0.04 
Zn 0.02 0.11 0.03 0.05 0.02 0.04 0.02 0.0 1 0.03 0.02 0.01 0.02 
Pb 0.00 0.21 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.00 0.13 0.01 0.02 0.01 0.Q3 0.00 0.00 0.00 0.00 0.00 0.00 

TOTAL 98.52 98.69 98 .28 98 .54 98.68 98.19 99.02 95.76 98.84 97.30 96.70 98.11 

Trace elements in ppm 

Cr 60 30 120 28 120 160 120 160 110 130 100 120 
Zr 20 10 100 110 50 230 70 40 60 100 70 80 
Ni 20 10 20 100 20 40 40 30 20 10 20 30 
Ba 110 10 170 400 120 360 270 140 160 570 180 170 
Sn 20 10 10 20 20 20 10 10 20 20 10 20 
Sr 150 20 30 420 180 70 300 290 190 140 180 160 
Rb 80 0 30 40 40 110 20 10 20 100 10 20 
V 340 30 80 210 260 80 230 190 180 40 160 150 
Cl 90 0 0 30 70 180 0 0 60 280 0 30 
Ce 0 10 20 20 0 40 20 10 80 80 20 30 
Cs 30 10 0 20 20 20 0 0 10 10 20 20 
Ta 0 0 10 0 10 10 0 10 10 0 10 0 
La 0 0 0 0 0 0 0 0 0 0 0 0 
Th 0 0 10 0 10 20 0 0 10 0 0 10 
U 0 10 10 0 0 0 0 0 0 0 0 0 
y 0 0 0 10 20 10 0 0 0 50 10 0 

FeO
t 

= total 

1. 43-LSH -85 2. Attu-l0121.50 3. Attu-1211272.80 4. Attu-301/78.50 
5. Attu-303! 110.00 6. Attu-115!207.80 7. 57-LSH-85 8. 38-LSH-85 
9. 52-LSH-85 10. 46-LSH-85 11. 28-LSH-85 12. 41-LSH-85 

J 
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Table (iv). Chemical analyses of the mica gneisses from Attu 

SampIe 
No. 2 3 4 5 6 7 8 

wt.% 

Si02 76.22 75.30 74.32 75.24 69.77 72 .25 71 .34 67.32 
Al20 3 12.06 12.65 11.66 12.18 14.89 13.60 14.25 15.17 
MgO 1.45 1.58 1.77 2.00 2.13 2.55 1.32 3.98 
CaO 2.35 1.01 0.81 0.77 2.45 1.11 0.99 2.21 
Na20 2.45 2.07 2.21 1.38 2.74 2.11 2.99 3.65 
K20 1.85 3.16 2.11 1.69 0.77 1.55 3.21 1.31 
FeO

t 
2.79 3.04 3.27 4.28 4.54 4.88 3.21 4.11 

MnO 0.02 0.09 0.05 0.11 0.04 0.06 0.06 0.12 
Ti02 0.09 0.02 0.12 0.49 0.14 0.23 0.05 0.13 
P20 S 0.02 0.02 0.Q2 0.01 0.03 0.02 0.02 0.03 

CO2 0.07 0.07 0.07 0.03 0.23 0.14 0.15 0.08 

S 0.04 0.02 0.02 0.03 0.02 0.03 0.04 0.Q3 

Zn 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.01 

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

TOTAL 99.32 99.04 96.44 98.22 98.76 98.55 97.65 98.15 

Trace elements in ppm 

Cr 110 110 100 90 120 130 120 110 

Zr 270 190 220 270 190 250 200 220 

Ni 10 20 10 20 20 10 20 20 

Ba 400 310 520 550 760 430 450 360 

Sn 10 10 0 10 10 10 10 10 

Sr 90 100 60 60 250 40 110 102 

Rb 50 90 90 90 70 130 30 80 

V 20 20 10 10 60 10 10 10 

Cl 0 0 0 0 0 0 0 0 

Ce 70 40 70 60 30 40 60 50 

Cs 20 10 20 20 20 10 30 20 

Ta 10 0 20 10 10 10 10 20 

La 0 0 0 0 0 0 0 0 

Th 0 0 0 0 0 0 0 0 

U 10 10 0 0 0 0 0 0 

y 10 10 50 60 10 60 30 20 

FeO
t 

= total 

I. 27-LSH-85 2. 24-LSH-85 3. 32-LSH-85 4. 22-LSH-85 

5. 15-LSH-85 6. 27-LSH-85 7. 21 -LSH-85 8. Attu-17/61.80 
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