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Cu-Zn-Pb Ores in the Aijala-Orijarvi Area,
Southwest Finland
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Abstract

The Aijala Cu-Zn ore deposit, the Metsimonttu Zn-Pb ore deposit, and the Orijarvi
Zn-Cu ore deposit are located in the leptite zone of southwest Finland. The sulfide ores
of central Sweden belong to the same metallogenic province. The zone can be inter-
preted as a mid-Precambrian island-arc structure.

The volcanic rocks in the Aijala-Orijarvi area are predominantly volcanoclastic,
although units of lava origin are also encountered. In chemical composition they are
predominantly calc-alkalic, although basaltic volcanite layers of tholeiitic composition
are also met with. The lower section of the volcanite formation is composed of a
silicic volcanic group whose composition varies from rhyolite to dacite. The chemical
composition of the intermediate-basic and basic volcanite groups in the upper section
varies from basaltic to andesitic. They often show primary volcanic structures, such as
pillow lavas, volcanoclastic structures, and phenocrysts. The volcanites are overlain by
argillaceous and arenitic weathering sediments that exhibit primary sedimentary struc-
tures such as graded bedding and slumping.

The rocks in the area were metamorphosed in the lower-pressure amphibolite facies.
In the Aijala-Orijirvi zone the rocks were folded in two phases, F; and F,. The gen-
eral regional folding, F,, is often isoclinal with a gently plunging fold axis. The younger
crossfolding, F,, is more local and shows subvertical fold axes.

The Cu-Zn deposit of Aijala and the Zn-Pb deposit of Metsimontttu are both sulfide
disseminations or breccias in the upper part of the acid volcanite group in a pyroclastic
unit with quartz and plagioclase phenocrysts. The Orijarvi Zn-Cu ore deposit consists
of sulfide disseminations, breccias, and veins of massive sulfides in a zone of cordierite-
sericite and cordierite-anthophyllite rocks. The wall rocks of the ores include chlorite-
bearing skarns, dolomitic limestones, quartz rocks, and cordierite-anthophyllite rocks.

The mineralization took place after the decline of intense acid pyroclastic volcanism.
All three ore deposits are severely deformed and partly remobilized. They are composed
of several minor orebodies which in detail cut and brecciate the wall rock but as a whole
are stratabound in relation to the country rock.

Each ore deposit has alteration zones whose rocks exhibit dolomitization, silicification,
sericitization, and magnesium-iron metasomatism. Associated with the ore deposits at
Metsimonttu and Aijala there are alteration pipes of cordierite-anthophyllite rocks and
a “blanket” type of alteration zone. As a rule the alteration around the ores has depleted
the rocks in sodium and increased the abundances of magnesium, iron, manganese and
titanium. The behavior of silicon, aluminum, calcium, and potassium varies when com-
pared with the presumed primary composition.

Even though the proportion on massive sulfides is low, the Aijala Cu-Zn, Metsi-
monttu Zn-Pb, and Orijarvi Zn-Cu ores may be allied with massive Precambrian vol-
canic-exhalative sulfide ores as their proximal ore types.

m.y. ago (Kouvo and Tilton, 1966; Simonen et al.,
1978). In Finland this west-trending zone is roughly
110 km long and extends from the southwest coast
of the country to the Lohja district in the northeast.
It varies in width from 5 to 20 km.

Typical of the leptite zone is an acidic supracrustal

Introduction

Tue Aijala-Orijirvi area is part of a leptite zone
that in lithology and structure is comparable with
the leptite zone in central Sweden (Eskola, 1963;
Gavelin et al., 1976). The area is occupied by
Svionian schists that are part of the Svecofennian

schist zone of the Svecokarelian orogeny (Simonen,
1971).

The volcanic activity took place about 1,880 to
1,920 m.y. ago and the orogeny about 1,800 to 1,950

rock rich in quartz and feldspar that, depending on
the grain size, is hilleflinta, leptite, or leptitic gneiss.
It includes both volcanogenic and sedimentogenic lep-
tites. The volcanogenic leptites predominate in the
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Aijala-Orijarvi area and on Kemid, an island some
50 km to the west. Associated with them are basic or
intermediate volcanic members, or both. The leptites
that are weathering sediments in origin occur in the
environment of Lohja, about 30 km east of Aijala-
Orijiarvi and in the area between Kemi6 and Aijala-
Orijarvi.

Synkinematic diapiric intrusions occur at the mar-
gins of the schist zones. The leptite zone is bordered
in the west by what Simonen in his classification of
plutonites (1960a) calls a trondhjemitic rock, in the
Aijala-Orijarvi area by granodioritic, and in the east
by charnockitic plutonic rocks (Hietanen, 1947;
Eskola, 1963 ; Parras, 1941). Associated with them
are more basic plutonites, such as quartz diorites,
diorites, gabbros, and hornblendites. As a rule the
contact of the plutonites with the supracrustal rocks
is conformable. In addition to the above synkine-
matic intrusive rocks, there are postkinematic micro-
cline granites south and north of the leptite zone.

The leptite zone is also a metallogenic zone and in-
cludes the sulfide and iron occurrences of southwest
Finland and Bergslagen in central Sweden. The
largest Swedish ore deposits are the Cu-Zn-Pb de-
posit at Falun (Geijer, 1916; Koark, 1969) and the
Zn-Pb deposits at Kalvbiack (Hiibner, 1966), Gar-
penberg (Du Rietz, 1968), and Saxberg. In Finland
the principal ore deposits are the Aijala Cu-Zn de-
posit, the Metsimonttu and Attu Zn-Pb deposits, and
the Orijirvi Zn-Cu deposit. The iron ore deposits in
the leptite zone consist of banded iron ores (Nord-
berg in Sweden and Jussar6 in Finland) and skarn
iron ores (Dalkarlsberg in Sweden and Malmberg in
Finland) (von Knorring, 1955; Frietsch, 1975).
There are also small subeconomic apatite- and titan-
ium-bearing iron occurrences in the zone (Wenner-
virta and Papunen, 1974 ; Frietsch, 1975).

The Aijjala-Orijirvi area was made famous by
Eskola in his classical paper on metamorphic facies
(1914, 1915) and in a number of works expounding
the concept of magnesium metasomatism developed in
this area (Eskola, 1920; Tuominen and Mikkola,
1950; Tuominen, 1951). The synorogenic intrusive
rocks have been discussed by Tuominen (1961, 1966a
and b) and Mikkola (1955); the structure of the
area has been studied by Tuominen (1957), the ore
deposits by Varma (1954 and 1975), and the litho-
geochemistry by Wennervirta and Papunen (1974).

The present study is based on investigations carried
out in the area by the Exploration Department of the
Outokumpu Company in 1974 to 1978. They in-
cluded detailed geological mapping, geophysical
ground surveys, and revision of known ore deposits.
The revision was based on information from the
mines and on old drill cores; thus it was possible to
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elaborate previous concepts of the character of the
rocks and the origin of the ores in the Aijala-Orijarvi
area and to introduce some new aspects.

In the following,. geology of the Aijala-Orijarvi
area is revised in light of the results of the studies
undertaken ; the ore deposits at Aijala, Metsimonttu,
and Orijarvi are described, the emphasis being on
Atjala and Metsimonttu.

Geology of the Aijala-Orijdrvi Area
General

The Aijala-Orijirvi area is located in the middle
of the Finnish part of the leptite zone, where the bed-
rock is well exposed. The synkinematic intrusive
southeast of the Aijala mine divides the leptite zone,
which trends roughly westward in two parts (Fig. 1).
The southern fork extends east via Kuovila. The
northern part of the zone, which bends northeast,
contains the Aijala and Metsdmonttu sulfide deposits.
Some 6 km northeast of Aijala the schist zone forks
again into two parts and forms a synclinal structure
that widens toward the northeast. The northwestern
flank of the syncline, and schist zone as well, trends
northeast, whereas the part of the schist zone that
forms the southeastern flank of the syncline turns
east. Associated with the latter is the sulfide ore
deposit of Orijirvi.

The synkinematic intrusive is a diapirically up-
lifted anticline batholith (Eskola, 1914; Hietanen,
1975}, which varies from granodiorite to gabbro in
composition but also shows hornblenditic portions.
In some places, e.g., east of Orijarvi, the intrusive
has forced the schists to bend outward from it. The
grano- and quartz diorites contain partly assimilated
fragments. Small amphibolite fragments predom-
inate, although some 6 km southeast of Aijala there
is a schist fragment, 50 to 200 m in size, that consists
of layered arkosite and limestone and includes the
small occurrence of massive Zn-Cu ore at Nyckeln.

Mapping has shown that the acidic fragmentary
pyroclastic rocks grade laterally into volcanic-sedi-
mentary and again into slightly sorted weathering
sediments that are predominantly arkosites. In Fig-
ure 1 the areas largely occupied by the weathering
sediments are included in the sedimentary facies.
Likewise areas dominated by volcanogenic rocks are
marked on the map as volcanic facies.

In the Aijala-Orijérvi area the volcanogenic rocks
are more abundant than in the leptite zone in general,
exhibiting large variation in rock types.

Stratigraphy

In his description of the stratigraphy of the Sveco-
fennian schist zone, Simonen (1953, 1960b, 1971)
divides it into three parts: the lower, middle, and
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F1c. 1. Generalized geologic map of the Aijala-Orijarvi area with a detailed map of the
environment of the Aijala and Metsamonttu ore deposits in the lower right corner.

upper Svecofennian groups. According to him, the
lower Svecofennian group contains graywacke schists
and quartz-feldspar rocks, or leptites. These are
overlain by the middle Svecofennian basic volcanites
with sedimentary interlayers. The upper Svecofen-
nian group is composed of argillaceous sediments.
The basement of the sequence has not been estab-
lished. The stratigraphy of the subareas of the lep-
tite zone has been studied in the southwest archipelago
by Edelman (1960) and Ehlers (1976), in the Ori-

jarvi area by Mikkola (1961), and in the Lohja area
by Hiarme (1954, 1956).

Table 1 and Figure 2 illustrate the stratigraphy of
the Aijala-Orijarvi area based on the classification by
Simonen (1960b). The lower Svecofennian group
contains the rocks of the leptite formation, including
both volcanogenic rocks and rocks derived from
weathering products.

In areas predominantly of volcanogenic rocks, such
as east of Aijala, or of weathering sediments, such
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TaBLE 1. Stratigraphy of the Aijala-Orijarvi Area

Upper Svecofennian Group

Argillaceous and arenaceous sediments—mainly phyllites,
mica

schists, graywackes, graywacke schists, mica
gneisses, and arkosites; thickness, highly wvariable,
< 3,000 m.

Middle Svecofennian Group

Basic and intermediate volcanogenic—lavas, pyroclastites,
and epiclastites; random limestone interlayers; thickness
500 to 1,000 m.

Lower Svecofennian Group

Leptite—hilleflinta—includes: (1) acidic volcanogenic
rocks—lavas, pyroclastites, and epiclastites; limestone
and iron-formation interlayers; and (2) arenitic sedi-
ments; limestone and iron-formation interlayers. Thick-
ness, <3,000 m.

as in the environment of Kuovila, the rocks do not
show clear contacts but grade laterally into one an-
other. The acidic volcanic rocks are mainly pyro-
clastic or volcanic-sedimentary in origin with occa-
sional lava interlayers. The weathering sediments are
poorly sorted arkosites, whose constituents derived
from acidic volcanites. The leptites often exhibit
narrow limestone and iron-formation intercala-
tions, whose frequency is clearly higher in the sedi-
mentary facies of the leptite zone. The iron-forma-
tions are predominantly chert banded or skarn iron
interbeds, a few meters in thickness. In the Orijarvi
area the volcanites are overlain by a tuff and tuffite
unit rich in biotite and containing plagioclase pheno-
crysts. In the contact there is a narrow limestone
bed and a chert-banded iron-formation. There the top-
most member in the lower Svecofennian group is a
skarn-bearing volcanic conglomerate unit whose peb-
bles are cherts and fine-grained acidic volcanites with
occasional plagioclase phenocrysts.

The basic and intermediate volcanites of the middle
Svecofennian group are predominantly pyroclastites
and lavas, with some narrow limestone intercalations
in the basal part. The lowest member consists of
lava layers with plagioclase phenocrysts in the Ori-
jarvi area. The upper part of this bed has pillow lava
layers and several layers of agglomerate and tuff.
The ejecta are angular and often large, andesitic or
dacitic volcanites in composition. The horizon of the
basic volcanites shows lateral variation. Eastward
the abundance of pyroclastics, 1.e., agglomerate layers,
decreases and they are replaced by tuffites with diop-
side skarn interlayers, which presumably means that
the eruption channel was located in the western mar-
gin of the Orijarvi area. The width of the layers
fluctuates between 2 and 10 cm.

Between the lower and middle Svecofennian vol-
canic stages, the Aijala and Orijarvi areas probably
underwent a long and peaceful evolution stage, dur-
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Fr1c. 2. Stratigraphic sections across the vicinity of the
Aijjala, Metsimonttu, and Orijarvi deposits.

ing which tuffites and chemical sediments, such as
layers of limestone and iron-formation, were formed
in the basin. When volcanic activity started again
more basic material, mainly basaltic and andesitic in
composition, was erupted. ,

The upper Svecofennian group in the Aijala and
Orijarvi areas includes argillaceous and arenitic
rocks, in origin from weathering sediments. In the
Aijala area they are layered mica gneisses with occa-
sional narrow interlayers of iron-formation, which
are predominantly of silicate facies although oxide
facies interlayers are also encountered. In the Ori-
jarvi area the lower part of the weathering sediment
unit contains a fine-grained layered mica schist with
cordierite porphyroblasts, which is overlain by a
narrow bed of a graywacke schist that shows primary
sedimentary structures, such as graded-bedding, cur-
rent bedding, and slumping. This horizon is suc-
ceeded by a phyllite with iron sulfides and a narrow
volcanic conglomerate bed. The pebbles in the con-
glomerate are usually of fine-grained acidic volcanites
that markedly resemble the acidic volcanite interbed
in the lower Svecofennian group. The topmost layers
of the sequence are arkosite rich in quartz and feld-
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spar, and mica schist, both of which grade into one
another.

No counterpart has been found in the Aijala-
Orijarvi area for the mica schist formation that is the
lowest member in the Finnish southwest archipelago
(Edelman, 1960).

Gavelin et al. (1976) have published a paper on
the stratigraphy of the leptite zone in the Stockholm
archipelago based on the classification by Simonen
(1960b). According to them the lower Svecofennian
group consists of metamorphic graywackes and sub-
graywackes. The middle Svecofennian group is com-
posed of the leptite-halleflinta formation. The upper
Svecofennian group includes dacitic tuffites and para-
gneisses. The Stockholm archipelago and the Aijala-
Orijarvi area differ in stratigraphy. In the Stock-
holm archipelago the leptite-hilleflinta formation,
which correlates with the acid volcanites, belongs to
the middle Svecofennian group and the dacitic tuffites
to the upper Svecofennian group.

In central Sweden the acidic quartz-feldspar rocks
of the leptite zone are divided into three groups ac-
cording to their chemical composition. Lowest in
stratigraphy is natron leptite, in which sodium pre-
dominates over potassium. This is overlain by kali
leptite, in which potassium predominates over sodium.
Between them in composition is the group known as
alkali-intermediate leptite, which occurs as inter-
layers in the natron and kali leptites (Gorbatsev,
1969). As shown by their chemical and mineralog-
ical compositions the pyroclastic volcanites are so-
dium predominant in the Aijala-Orijirvi area. The
potassium abundance increases simultaneously with
the decrease in volcanic constituents in the rocks.
Hence, the rocks of the sedimentary facies are mainly
potassic leptites. In some places, however, e.g., at
Aijala, the upper part of the acidic pyroclastic vol-
canic interbed with quartz and plagioclase phenocrysts
contains narrow potassium-bearing tuffite interlayers.

Tectonics

Two folding phases can be discerned in the leptite
zone of southwest Finland (Tuominen, 1957 ; Ehlers,
1976). The older folding phase, F,, produced in the
Aijala-Orijarvi area isoclinal folding with axes plung-
ing gently toward the east. The second and younger
folding phase, F., resulted in isoclinal folding with
subvertical axes plunging at high angles toward the
southwest. The axial plane schistosity is subvertical
in both cases. Owing to the differences in compe-
tence the skarn, limestone, and iron-formation inter-
layers often show small-scale folding.

In contrast the acidic volcanites seldom exhibit
folds or any other tectonic structures. The lineation
of folding phase F. is practically always visible
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whereas that of phase F; only seldom. Compared
with the environment at Orijarvi, Aijala is a “high
strain” region, as suggested by the distinctly more
deformed ejecta in the agglomerate layers. Likewise
the axial plane foliation is more intensely developed
at Aijala than at Orijarvi.

Numerous young, postmetamorphic fault zones are
encountered in the Aijala-Orijdrvi area; the most
prominent are the Jyly fault zone east of Orijarvi
and the Kirkkojarvi-Kiskojoki fault zone (Fig. 1).
Smaller faults are also met with, e.g., in the orebodies.
The Metséimonttu ore deposit is cut at the +135
level by a fault gently dipping southward, Figure 10
is a reconstruction of the contacts between the rock
types before the faulting. The displacement of the
upper part of the orebody is some 270 m north. The
orebody is also cut by another and similar fault at the
+540 level, which displaced the upper part of the ore-
body about 8 m northward. The Aijala orebody
comes to an abrupt end at the 4220 level in a fault
and shear zone that dips steeply north (Fig. 12).
The Orijirvi deposit is also cut by several faults and
shear zones, of which the most prominent are the
north-trending faults east and west of the ore deposit.

Metamorphism

Regional metamorphism preceded the emplacement
of the microcline granite. Folding phase F;, which
partly preceded and partly overlapped the regional
metamorphism, reached its climax before the folding
phase Fo. The rocks of the Aijala-Orijarvi area
were metamorphosed to low-pressure amphibolite
facies. Farther east, in the I.ohja area, the meta-
morphism reached granulite facies (Parras, 1958).
The diagnostic mineral assemblage in the Aijala-
Orijdrvi area is muscovite-quartz-plagioclase (Anyg).

The PT conditions of the regional metamorphism
were close to those of the reaction

KALSI0304,(0OH)» 4+ SiOs — KAISi305 +
AlSi05 + H,O.
muscovite + quartz — potassium feldspar +
sillimanite

At Orijarvi the cordierite-sericite mica gneiss con-
tains andalusite together with sillimanite. Thus, the
temperature of metamorphism exceeded 580°C and
the pressure was lower than 5 kb (Vernon, 1976).
Since we are dealing with a low-pressure subfacies,
the total pressure was presumably about 3 kb. Ex-
periments show that muscovite is decomposed at
650° = 30°C (Winkler, 1974) ; thus regional meta-
morphism took place at a pressure of roughly 3 kb
and a temperature of 650° = 30°C. Eskola (1915)
maintains that the Orijarvi granodiorite body caused
contact metamorphism whose PT conditions were ap-
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proximately the same as or slightly lower than those
of the succeeding regional metamorphism.

Geology of the Environment of the Ore Deposits
Acidic volcanic rocks

The ore deposits of the Aijala area occur in acidic
pyroclastic rocks in a volcanic environment close to
the contact of an intermediate-basic volcanite. A
pyroclastic rock with quartz and plagioclase pheno-
crysts and tuff and agglomerate interlayers predom-
inates. Southeast of Aijala a few quartz-porphyry
lava units are met with. Some layers show autoclas-
tic structure due to the brecciation of a viscose acid
“flow” lava. The breccia matrix and the fragments
are of the same quartz and plagioclase phenocryst-
bearing material. As a rule the layers are from 2
to 10 m in thickness. In the upper portion of the
unit the contacts of the individual layers are rich in
skarn minerals. The ejecta in the agglomerate layers
are predominantly fine-grained acidic volcanites, al-
though mica-rich tuffite ejecta from 5 to 20 cm in
diameter have also been encountered. Some of them
contain quartz phenocrysts. Small mica schist frag-
ments, which are easily corroded on the weathered
surface to form cavities, are fairly common in some
tuff layers; their average diameter is about 5 cm.
The size and abundance of the quartz and plagioclase
phenocrysts vary from one tuff layer to the next.
Some layers contain only quartz phenocrysts. The
size of the phenocrysts fluctuates between 0.1 and 2
cm.

The acidic volcanic unit of the Orijarvi area oc-
curs north of and resting on the zone composed of
cordierite-sericite and cordierite-anthophyllite rocks.
Owing to the decline in sericite abundance the contact
of the cordierite-sericite mica gneiss with the acidic
volcanite is gradual. No primary volcanic structures
except layering have been noted in it. The layers
vary from 0.2 to 10 m in width, having contacts rich
in skarn minerals. The lower part of the unit is often
brecciated by skarn- and carbonate-bearing veins
(width <1 cm), also containing disseminated
pyrite. Also encountered in the Orijarvi area is a
hypabyssal acidic vein with quartz phenocrysts, which
occurs conformably in the zone of the above rocks
and varies in width between 50 and 100 m. Similar
quartz-porphyry veins are also encountered elsewhere
in the Aijala-Orijirvi area.

The main minerals in the tuff layers with quartz
and plagioclase phenocrysts are quartz, plagioclase
(Angg_39), and biotite with variable amounts of mi-
crocline. The narrow equigranular tuffite interlayers
in the upper part of the unit contain notably more
microcline than plagioclase. The quartz phenocrysts
are often rounded ellipsoids enveloped by micas:
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biotite, phlogopite, and sericite. Many of the pheno-
crysts are partly recrystallized grain aggregates.
Nevertheless, some layers free from micas exhibit
beautiful subeuhedral quartz phenocrysts that are oc-
casionally surrounded by a seam of microcline grains.
The plagioclase phenocrysts are aggregates of several
grains in which some of the grains are partly or com-
pletely recrystallized. The recrystallization has
started from the margins of the phenocrysts, and the
cores often contain relicts of primary phenocrysts.
Owing to recrystallization, the plagioclases have
changed in composition from oligoclase to labradorite.
The microscopic fragments, mainly lapilli, are pre-
dominantly composed of quartz, plagioclase (Ansg),
and random biotite.

Intermediate-basic and basic volcanites

The intermediate-basic volcanite group that occurs
higher in the sequence than the Aijala and Met-
samonttu ore deposits is mainly composed of pyro-
clastic and tuffitic rocks. The agglomerate, lapilli,
and tuff layers contain banded mica-rich tuffite inter-
layers 0.1 to 1 m wide. In general the thickness of
the individual layers varies from 1 to 5 m. Between
the agglomerate and tuff layers in the lower section
of the volcanite group there are narrow diopside
skarn interlayers that suggest the volcanism was at
least partly submarine. Only a few fragmentary lava
bads with plagioclase phenocrysts have been en-
countered as interlayers in the pyroclastic rocks.

The ejecta in the agglomerate layers are rounded
and usually more acidic in composition than the mat-
rix. Acidic, fine-grained volcanites, andesitic-dacitic
plagioclase porphyries, and equigranular volcanites
of similar composition predominate. In the layers
the ejecta vary in size from lapilli (diameter about
1.5 cm) to bombs (diameter about 15 c¢m) ; the larg-
est ejecta are some 25 cm in diameter. The tuff
layers are homogeneous with frequent plagioclase
phenocrysts. The layers are between 0.1 and 10 m in
thickness.

The interbeds of basic volcanites in the Orijarvi
area are located farther from the ore horizon than
in the Aijala area. Their volcanic primary structures
are well preserved. The basic lava beds are predom-
inantly plagioclase porphyrites and show pillow lava,
amygdaloidal, and porphyric structures. The ag-
glomerate layers contain abundant angular ejecta, the
largest of which measure 25 cm in diameter. In com-
position they are generally dacitic or rhyodacitic and
more acidic than the matrix. The tuff layers are
equigranular and homogeneous and, like the agglom-
erate, often form piles of beds. They occasionally
contain small lapilli (diameter, 2 cm). East of the
Orijarvi area the tuff layers show diopside skarn
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TABLE 2. Chemical Composition and CIPW Norms of the Acidic Rocks in the Aijala-Orijirvi Area

1 3 3 4 5 6 7 8 9 10 11 12 13 14 15
Si0, 77.59 71.24 7151 72.80 77.52 6597 70.16 69.52 7206 71.50 7136 73.91 7450 7830 73.82
TiO, 0.10 0.13 0.15 0.23 0.11 0.19 0.21  0.64 0.34 034 034 0.22 0.18 0.12 0.38
AlO; 11.75 12.88 1520 14.25 12,31 13.53 1290 13.58 12.51 13.79 13.31 1390 13.13 12.5 14.61
Fe,O; 0.15! 0.20! 0.23t 0.35¢ 0.17t 0.29! 0.32t  0.51* 0.72 0.76  0.99 0.14 1.60 0.17 0.60
FeO 1.12 2.94 1.82 2.32 2.22 1.32 3.55 3.75 3.93 2.07 3.36 1.01 1.36 2.59  0.00
MnO 0.02 0.03 0.03 0.04 0.02 0.05 0.01 0.19 0.19 0.06 0.10 0.00 0.02 0.08 0.00
MgO 0.28 3.32 0.91 1.50 0.21 3.07 3.52 1.22 4.14 1.47  0.87 0.28 0.30 0.07 0.36
CaO 1.86 4,94 3.03 2.90 2.52 3.66 5.88 4.53 1.70 3.54 285 1.00 142 1.25 2.23
Na, 0O 3.96 0.74 3.02 2.77 391 1.92 0.61  3.55 1.59 448 358 2.42 4.08 3.5 4.74
K.,O 1.65 2.10 3.20 1.83 0.71 1.53 2.17 1.47 2.20 1.11 2.26 6.53 3.21 1.25 2.09
H,O+* 0.07 0.08 0.08 0.05 0.07 1.73 0.70 0.71 1.03 0.39 045 0.33 IO 39 nd nd
H,0~ 0.09 0.74 0.52 0.06 0.59 0.10 0.06 : : 0.17 0.25 0.19 nd nd
P,0; 0.05 0.07 0.06 1.04 0.07 0.04 0.11 0.20 0.00 0.10 0.21 nd 0.01 nd 0.05
CO., 0.58 0.22 0.25 0.00 0.02 0.05 0.24 nd nd nd nd nd nd nd nd
Total 99.27 99.63 100.01 100.45 100.14 93.46 100.44 99.87 100.41 99.78 99.93 9993 100.2 99.81 98.37
Cu 15 68 15 55 16 28 nd nd nd nd nd nd nd 50 nd
Zn 43 110 65 73 84 692 nd nd nd nd nd nd nd 0 nd
Ni 35 28 28 28 48 40 nd nd nd nd nd nd nd nd nd
Co 38 68 43 38 16 24 nd nd nd nd nd nd nd nd nd
Pb 5 13 23 275 56 440 nd nd nd nd nd nd nd 0 nd
S 0.05 0.15 0.05 0.06 0.33 3.65 nd nd nd nd nd nd 0.06 nd nd
Q 43.8 41.8 329 449 42.5 39.0 38.8 30.9 42.3 31.2 32.7 32.3 34.7 48.5 33.4
C 0.19 0.58 1.4 0.70 4.9 2.3 4.6 1.0 0.39 3.1 0.62
Or 9.9 12.6 19.1 4.2 10.8 9.9 12.9 8.8 13.1 6.6 13.5 38.9 19.0 7.3 12.5
Ab 34.0 6.4 25.8 33.2 23.5 17.7 5.2 303 13.0 382 30.6 20.7 346 29.7 40.6
An 9.0 24.4 14.8 12.1 7.6 19.5 26.2  16.9 8.5 144 137 5.0 7.0 6.2 109
Di 2.0 3.7 2.7 0.49
Hy 2.5 13.5 5.3 4.3 7.4 10.5 13.8 7.0 16.8 51 7.0 1.4 1.7 4.7 0.91
Ol
Fem 0.22 0.29 0.33 0.25 0.51 0.45 0.46 0.74 1.1 1.1 1.4 0.23 2.32 0.24
Iim 0.19 0.25 0.28 0.21 0.44 0.39 0.40 1.2 0.7 0.65 0.65 0.41 0.34 0.22
Ap 0.12 0.16 0.14 0.16 2.5 0.10 0.26 0.48 0.24 0.48 0.02 0.12

Wet chemical analyses.
1 Fe,O3 computed as 1.5 X TiO, (Irvine and Baragar, 1971).

Oxides and S in wt%, trace elements in ppm, nd = not determined.

CIPW norms according to Bingler et al. (1976).

1, Acidic tuff with quartz and plagioclase phenocrysts and lapilli, Aijala.

2, Acidic tuff with quartz phenocrysts, Aijala.

3, Acidic tuff with quartz and plagioclase phenocrysts, Metsimonttu.
4, Acidic tuff with quartz and plagioclase phenocrysts, Metsimonttu.

5, Equigranular acidic tuff, Metsimonttu.
6, Acidic tuff with quartz phenocrysts, Metsimonttu.
7, Arkosite (lower Svecofennian group), Orijirvi.

8, Arkosite (upper Svecofennian group), Orijirvi, Vetjo (Eskola, 1914).
9, Subvolcanic sill with quartz phenocrysts, lillampi, 1.7 km west of Orijirvi (Eskola, 1914).
10, Quartz porphyry, a contact variant of the Orijdrvi granodiorite, Orijirvi (Eskola, 1914).

11, Granodiorite, Orijirvi (Eskola, 1914).
12, Microcline granite, Kisko, Sillanpidi (Eskola, 1914).

13, Quartz porphyric leptite, central Sweden, Falun (Geijer, 1915).
14, Rhyolitic tuff with quartz eyes, Canada, Kidd Creek (Hopwood, 1976).
15, “White rhyolite” lava domes, Japan, Kosaka (Tatsumi and Clark, 1972).

interlayers. The Orijdrvi ore deposit is cut by a
basic subvolcanic dike.

The volcanic layers differ conspicuously from each
other in mineralogy. The main minerals in the pyro-
clastic rocks are hornblende and cummingtonite, often
as intergrowths. Other main minerals are plagio-
clase, biotite, and quartz. Plagioclase occurs as
euhedral phenocrysts and as a constituent in the
matrix. The phenocrysts are often zonal and vary
from andesine to labradorite in composition. The
predominant minerals in the tuffitic layers are biotite,

plagioclase (Anggg0), and quartz, some layers also
contain garnet and cordierite porphyroblasts. The
major minerals in the diopside skarn layers are diop-
side, plagioclase (Angg_50), tremolite, and quartz.

Chemical composition of the volcanites

Volcanites have been classified on the basis of their
chemical composition and the parameters derived
from it by many investigators, e.g., Nockolds (1954),
Irvine and Baragar (1971), Middlemost (1972),
and Le Maitre (1976). In the present study the
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TaBLE 3. Chemical Compositions and CIPW Norms of the Intermediate and Basic Rocks
in the Aijala-Orijarvi Area

1 2 3 4 5 6 7 8 9 10
SiO, 50.91 49.72 52.43 47.72 49.22 49.92 50.99 50.56 49.15 48.90
TiO, 0.54 0.55 0.39 0.65 0.41 0.67 0.65 0.96 1.52 0.97
Al,O; 19.02 19.30 18.58 18.47 18.41 13.09 15.18 16.38 17.73 17.58
Fe 03 0.81! 0.83! 0.59! 0.98! 0.62 1.01! 1.87 1.78 2.76 1.46
FeO 10.94 10.09 7.88 10.54 11.16 10.72 8.09 6.67 7.20 10.74
MnO 0.21 0.19 0.14 0.15 0.02 0.23 0.18 0.16 0.14 0.16
MgO 5.88 4.49 3.64 5.70 4.66 9.99 10.00 7.70 6.91 7.79
CaO 7.57 12.28 10.65 11.05 11.88 9.98 8.60 10.06 9.91 10.82
Na,O 2.69 1.85 2.92 2.55 2.49 1.48 2.67 2.25 2.88 2.32
K0 0.27 0.35 1.16 0.83 0.42 0.45 0.38 0.90 0.72 0.27
H,0* 0.22 0.06 0.08 0.07 0.78 0.11 0.95 2.06 nd nd
H.0~ 1.74 0.87 1.07 1.22 0.08 2.03 0.10 0.23 nd nd
P,0; 0.14 0.13 0.10 0.11 0.16 0.12 nd 0.12 0.26 0.09
CO. 0.08 0.00 0.00 nd 0.24 0.00 nd nd nd nd
Total 101.02 100.71 99.63 100.04 100.55 99.80 99.66 99.82 101.76 101.10
Cu 115 88 64 136 nd 116 nd nd nd nd
Zn 100 112 96 104 nd 108 nd nd nd nd
Ni 20 68 12 68 nd 144 nd nd nd nd
Co 60 64 56 68 nd 72 nd nd nd nd
Pb 0 52 24 44 nd 56 nd nd nd nd
S 0.24 0.20 0.05 1.85 nd 0.36 nd 0.10 nd nd
Q 1.03 0.72 0.75 0.74
C 0.88
Or 1.6 241 7.0 5.0 2.5 2.7 2.3 5.6 4.2 1.5
Ab 23.0 15.7 25.7 21.7 21.2 12.8 22.9 19.5 23.9 19.4
An 37.0 43.4 34.7 37.0 38.0 28.4 28.7 32.7 32.8 36.4
Di 14.1 15.4 14.8 17.0 17.5 11.8 14.4 11.4 13.3
Hy 33.9 21.4 15.3 9.5 35.1 25.1 22.6 8.0 12.9
Ol 18.4 9.7 0.26 5.2 13.0 12.3
Fem 1.2 1.2 0.87 1.4 0.90 1.5 2.7 2.6 3.3 1.8
Ilm 1.0 1.0 0.75 1.3 0.78 1.3 1.3 1.9 2.84 1.8
Ap 0.34 0.31 0.24 0.26 0.38 0.29 0.29 0.61 0.21

Wet chemical analyses

1 Fe,0; computed as 1.5 X TiO; (Irvine and Baragar, 1971).
Oxides and S in wt9, trace elements in ppm, nd = not determined.

CIPW norms according to Bingler et al. (1976).

1, Tuff with plagioclase phenocrysts, Metsimonttu.
2, Tuff with plagioclase phenocrysts, Metsimonttu.
3, Tuff, Metsimonttu.

4, Tuff with plagioclase and uralite phenocrysts, Metsimonttu.
5, Lava with plagioclase phenocrysts, 4.2 km west of Orijirvi.
6, Dike with uralite phenocrysts, about 500 m west of Metsimonttu.

7, Basic sill, Orijirvi (Eskola, 1914).
8, Hornblende gabbro, Kisko, Hauksuo (Eskola, 1914).

9, An average basalt with high alumina, North America, Cascades, and Oregon Plateau (Waters, 1962).
10, High alumina basalt, Japan, Sukokumo-Yama (Kuno, 1967).

classification is based mainly on that by Irvine and
Baragar (1971). Tables 2 and 3 list some chemical
compositions of volcanites from the Aijala-Orijarvi
area. The CIPW norms were calculated by means
of a computer program by Bingler et al. (1976). The
analytical data of the diagrams were obtained by
X-ray diffraction. The total iron was computed to
FeO subtracting the sulfide iron.

The volcanites of the Aijala-Orijarvi area are of
subalkaline composition (Fig. 3). The line that
separates the alkaline and subalkaline fields from each
other was drawn after Irvine and Baragar (1971),
and the rocks were subdivided into acidic, intermedi-
ate-basic, and basic volcanites.

The differentiation series of the volcanites can be
determined by means of an AFM diagram. The
boundary between the calc-alkalic and tholeiitic series,
however, varies as shown by the classifications of
Kuno (1953) and Irvine and Baragar (1971). The
AFM diagram of the volcanites of the Aijala-Orijarvi
area (Fig. 4) shows that the majority of the chemical
compositions of the rocks fall within the field of the
calc-alkalic series. The compositions of the inter-
mediate-basic and basic volcanites show a large scat-
ter and some of the rocks seem to belong to the
tholeiitic series.

The composition of the differention series, how-
ever, shows a trend perpendicular to the FeO-MgO
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side of the AFM diagram, a feature that has been
used to distinguish tholeiitic from calc-alkalic vol-
canites (Miyashiro, 1974). Irvine and Baragar
(1971) prefer the diagram in which the composition
of the normative plagioclase is plotted as a function
of Al,O; (Fig. 5). In both diagrams the location
and scatter of the composition points of the rocks is
partly due to the narrow biotite-rich tuffite inter-
layers in the intermediate-basic volcanites in the
Aijala area. Apart from calc-alkalic volcanites, there
are also tholeiitic volcanites, basalts in composition,
in the Aijala-Orijarvi area.

The Ab-An-Or diagram (Fig. 6) mainly reflects
the chemical composition of the feldspars in the rocks
and the classification based on that. The figure shows

Calc -alkalic

. . . . . L . . R M

F16. 4. Chemical compositions of volcanic rocks in an
AFM diagram: 1, acidic volcanic rocks, 2, intermediate and
basic volcanic rocks. Boundaries: 3, Irvine and Baragar

(1971) ; 4, Kuno (1953).
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Baragar (1971).

that, consistent with the chemical composition of
dacite given by Nockolds (1954), the acidic vol-
canites are sodium-bearing dacites. The acidic vol-
canites with plagioclase of high normative anorthite
content occur in the contacts of the layers of tuff with
quartz and plagioclase phenocrysts. The equigran-
ular microcline-bearing tuff in Aijala and the acidic
volcanite in Orijirvi are richest in potassium. The
intermediate-basic and basic volcanites fall in the
andesite and basalt field with a rather high potassium
content. The Al,O3z content varies, some of the
basalts showing abundances exceeding 16 percent
(Table 3).

o Potassic
rhyolite

Or

F1c. 6. Chemical compositions of volcanic rocks in a nor-
mative Ab-An-Or diagram: 1, acidic volcanic rocks; 2, inter-
mediate and basic volcanic rocks; 3, average composition
fields of rock types and boundaries according to Irvine and
Baragar (1971).
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The Hoist and Grade of the Ores in Aijala, Metsimonttu, and Orijirvi Mines

Aijala (1949-1958)

Metsimonttu (1952-1974) Orijirvi (1932-1954)

Ore hoist Ore hoist Ore hoist

(metric tons) Grade (metric tons) Grade (metric tons) Grade
Cu % 840,000 1.58 491,500 0.27 552,700 0.74
Zn 9, 126,500 3.51 552,700 3.01
Pb %, 860,200 0.79 552,700 0.87
S 9 791,600 14.23 408,500 13.29
Au g/metric ton 783,200 1.40
Ag g/metric ton 783,200 25.02

Grades are averages weighed by the annual hoists.

Aijala Cu-Zn, Metsimonttu Zn-Pb, and Orijirvi
Zu-Cu Ore Deposits

General

The Aijala, Metsimonttu, and Orijirvi sulfide ore
deposits are mined out. Mining started at the Ori-
jarvi deposit in 1757 but considerably later at Aijala
and Metsamonttu. The deposits were mined in the
1950s and 1970s. The total ore hoist from the mines
and the metal contents are listed in Table 4. As the
table indicates, the Aijala deposit was mined mainly
for copper; Metsamonttu for zinc, lead, and silver;
and Orijarvi for zinc and copper.

Figure 7 shows the Zn-Pb-Cu diagrams of the ore
deposits. In the Aijala ore the metal contents fall
close to the Cu-Zn side; in the Metsimonttu ore the
contents plot closer to the Zn-Pb side ; in the Orijarvi
ore there are portions that in composition resemble
both the Aijala and Metsimonttu ores.

The Aijala and Metsimonttu ore deposits, which
are about 1.5 km apart, are located in a stratigraphic
horizon that exhibits signs of mineralization for a
distance of about 3 km (Fig. 1). The Orijarvi ore
deposit is also located in a zone that shows signs of
mineralization for a distance of several kilometers; it,
however, is the only deposit that has been exploited
in this zone.

The orebodies were small and their metal contents
varied greatly. The sulfides occurred as dissemina-
tions or breccia matrix and less seldom as massive
veins. The orebodies often showed sharp contacts
with the wall rock. The high-grade sulfide accumula-
tions are marked on the map as ores; the deposits do
not contain massive sulfides in amounts worth men-
tioning.

The stratigraphic position of the ore deposits

On a large scale all three ore deposits are strata-
bound; in detail, however, they show cutting and
breccia structures in relation to the wall rock. The
most distinctly stratabound are the Aijala and
Metsamonttu deposits, which occur in the contact be-
tween the acidic volcanite and the intermediate-basic

pyroclastic volcanites (Metsimonttu) or close to it
(Aijala).

The Orijarvi ore deposit is located in a zone of
acidic cordierite-sericite and cordierite-anthophyllite
rocks. Eskola’s (1914) opinion was that the rocks
are pelitic sediments in origin which underwent mag-
nesium metasomatism brought about by synkinematic
granodiorite. In the stratigraphic classification by
Simonen (1960b, 1971), the Aijala, Metsimonttu,
and Orijarvi deposits belong to the lower Svecofen-
nian group (Fig. 2).

The lowest member in the volcanic formation, the
equigranular volcanite bed, is exposed south of
Metsdmonttu, about 300 m south of the ore deposit
(Fig. 1). It shows a dome-like rounded structure,
some 400 X 400 m in size, which is almost completely
surrounded by a tuff with quartz and plagioclase
phenocrysts and which rests stratigraphically on equi-
granular tuff. Interlayers of equigranular, potas-
sium-bearing (microcline-bearing) tuffite occur in the
upper part of the unit of volcanite with quartz and
plagioclase phenocrysts, close to the contact with the
intermediate-basic volcanite group. In the top por-
tion of the unit the contacts between the layers are
often rich in skarn minerals. The sulfide horizon
proper is located in the upper part of the acidic pyro-
clastite with skarn and carbonate rock interlayers.
In the lateral extension of the sulfide horizon there
is first a pyrite-rich horizon (the sulfide facies of
iron-formation) that is succeeded by the horizons of
the banded iron-formation (the oxide facies of iron-
formation).

The intermediate-basic volcanite unit resting on the
acidic volcanite formation is a product of volcanic
activity. It contains agglomerate and tuff interlayers,
which were formed during a stage of active volcanism,
and tuffite interlayers which refer to subdued vol-
canism. As a rule the tuffite interlayers are most
abundant at the base of the unit, where narrow di-
opside skarn and mica (biotite) -rich interlayers, from
1 to 10 cm in thickness, alternate.

In the Orijarvi area there are two mineralized
horizons in the zone of andalusite-, cordierite-, seri-
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METSAMONTTU ORE DEPOSIT
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Frc. 7. Compositions of the Aijala, Metsaimonttu, and
Orijarvi ores in a Cu-Zn-Pb triangular diagram.

cite-, and anthophyllite-bearing rocks ; the ore deposit
is located in the lower part of this zone. The second
mineralized horizon is the upper part of the zone and
includes a small Zn-Pb-Au-Ag showing (Iillampi)
about 1.7 km northwest of the Orijarvi ore deposit.
Its wall rocks contain andalusite-bearing cordierite
sericite mica gneisses that often have gahnite as an
accessory. Higher in the sequence above the Orijirvi
deposit there are andalusite-sericite mica gneisses
with a narrow magnetite-bearing skarn interlayer
(Fig. 8).

Cordierite- and anthophyllite-bearing lenses occur
in the zone in several horizons, although only some of
them are related to the mineralized horizons. In
composition and texture the rocks vary greatly in and
among the lenses, ranging from cordierite-anthophyl-
lite gneisses to cordierite-anthophyllite mica gneisses
and rocks. Some of these rocks, however, show pri-
mary layering as relict structure. The cordierite-
anthophyllite rock below the Orijiarvi deposit is
homogeneous and coarse-grained. A hypabyssal
contact variant with quartz phenocrysts of syn-
orogenic granodiorite is encountered about 200 m
southwest of the Orijirvi deposit.

Mode of occurrence of the ores

The ore deposits consist of several separate ore-
bodies, small in size and narrow and elongated in
shape. Their major axis lies parallel to the b-linea-
tion of folding phase F,. The orebodies occur either
side by side or en enchelon, depending on their rela-
tion to the fold structures (Figs. 9 and 11). The
shapes of the Aijala, Metsamonttu, and Orijirvi ore-
bodies have been affected by folding phase Fa, whose
direction parallels the major axes of the orebodies.
In Aijjala and Metsimonttu the axis is subvertical,
about 80° to 85° southwest, but at Orijarvi it is
somewhat less steep, 45° to 50° northeast. The
Orijarvi ore deposit is cut by a subvolcanic dike of
basaltic composition, which further enhances its in-
coherent character.

Postfolding fault and shear zones brecciate and cut
the orebodies. Often associated with them are dense
joint networks filled with narrow zeolite veins or
slickensides coated with chlorite. The largest dis-
placements are due to faults that cut the Metsdmonttu
deposit and whose surface is coated with unmeta-
morphosed clay.

The Aijala copper ore deposit contains several sep-
arate orebodies (Figs. 9 and 10). As shown by
Figure 9 there is a fold structure at the eastern end
of the formation in which the orebodies conform with
the axial plane foliation of a fold (F:). In the
Metsdmonttu deposit the dolomitic limestones and
chlorite-bearing tremolite-diopside skarns are more
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GEOLOGICAL MAP OF THE ORIJARVI DEPOSIT, surface plan

1

[o°] 2

Fic. 8.
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Surface plan of the geology of the Orijarvi ore deposit: 1, cordierite-anthophyllite

60 m

rock; 2, acidic cordierite-bearing sericite mica gnesis; 3, quartz rock; 4, magnetite-bearing
skarn; 5, ore; 6, hypabyssal contact variant of granodiorite; and 7, basic, subvolcanic dike.

abundant close to the surface than deeper down
(Figs. 11 and 12). The cordierite-anthophyllite
rocks and cordierite mica gneisses increase in abun-
dance from the upper part of the ore deposit down-
ward so that at the +510 level they predominate
distinctly over the dolomitic limestones and skarns.
At the same time the size of the orebodies, notably
their width but also their zinc and lead contents, de-
creases. The ores of the Aijala, Metsimonttu, and
Orijarvi are at their thickest, up to 20 m, in the
dolomitic limestones and skarns; in general, however,
they are less than 10 m thick. Their length along the
strike varies from 100 to 150 m.

The Orijarvi deposit resembles that of Met-
samonttu ; the wall rocks, distribution of metals, and
their mode of occurrence are all much alike. The
economic orebodies are located in chlorite-bearing
tremolite-diopside skarns, although quartz rocks and
cordierite-anthophyllite rocks also occur as wall rocks.
At Orijarvi the orebodies are smaller and more
broken than at Metsdmonttu.

The lead in the Aijala and Orijirvi ores is 1,750
to 1,800 m.y. old (Kouvo and Kulp, 1961 ; Simonen
et al.,, 1978). The sulfur isotope composition of the
Aijala galena is 8*S = —2.7 per mil and that of the
Orijarvi galena §2*S = +0.0 per mil (Ault and Kulp,

1960). To date no statistical studies have been done
on the sulfur isotopes.

Ore types

Structural ore types: The ores of Aijala, Met-
samonttu, and Orijirvi can be classified as breccia
ores, massive vein ores, and disseminations.

The breccia ores are economically the most impor-
tant ore types. In detail they clearly brecciate, cut,
and replace the wall rocks but as a whole they con-
form with bedding. The contacts of the ores with the
wall rocks are sharp in both structure and metal con-
tents. As a rule the breccia ores occur in chlorite-
bearing tremolite-diopside skarns, dolomitic lime-
stones, and occasionally also in quartz rocks. They
are submassive and contain only a few small wall-
rock fragments. Microscopic examinations show
that the sulfides replace amphiboles and pyroxenes
along the cleavages and brecciate the carbonate,
quartz phlogopite aggregates. The breccia ores in
skarns and dolomitic limestones are distinctly richer
in lead and silver than are the other ore types. The
breccia ores in quartz rocks and cordierite mica
gneisses are iron sulfide-predominant, with some
sphalerite and sporadic chalcopyrite.
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Veins of massive sulfides from a few centimeters
to several meters in width are common in all three ore
deposits and are composed mainly of pyrrhotite and
pyrite. The veins cut the wall rocks with sharp con-
tacts and occasionally contain wall-rock fragments.
The chlorite-bearing shears are filled with veins of
remobilized iron sulfides or contain coarse-grained
iron sulfide disseminations.

Disseminated sulfides occur in places in association
with the breccia ores, replacing amphibole and py-
roxene grains. A persistent dissemination of iron
sulfides is met with in the cordierite-anthophyllite
rocks and sericite or muscovite gneisses; the former
contain pyrrhotite and pyrite but the latter only
pyrite.

Compositional ore types: In chemical composition
the ores of Aijala, Metsimonttu, and Orijdrvi can be
divided into several types.

The Aijala deposit consists of copper and pyrite
orebodies. The copper orebodies occur predom-
inantly from the surface down to the +220 level and
contain sphalerite, galena, arsenopyrite, and iron sul-
fides in variable grades. As a rule the margins of the
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Geologic plan of the Metsimonttu ore deposit (4320 level).

Fic. 11.

orebodies are richer in iron sulfides in relation to
chalcopyrite than are the cores. The pyrite ores,
with pyrite as the major ore mineral, occur in the
downward continuation of the copper orebodies.
Some trace elements in the ores show the following
abundances expressed in geometric means: Ni, 48
ppm; Co, 74 ppm; and Hg, 10.44 ppm (n = 37).

On the basis of their chemical composition the ore-
bodies in the Metsamonttu deposit can be classified
as zinc-lead, zinc-iron, and copper orebodies. The
zinc-lead orebodies occur mainly in chlorite-bearing
diopside skarns and dolomitic limestones. The zinc-
iron orebodies are located in muscovite and cordierite
gneisses. The copper orebody in cordierite gneiss in
the eastern part of the deposit has a slightly min-
eralized continuation that extends to the Aijala de-
posit. The geometric means of some trace element
abundances are: Ni, 27 ppm; Co, 19 ppm; and Hg,
20.15 ppm (n = 19).

The ores at Aijala and Metsidmonttu are excep-
tionally rich in mercury, which correlates distinctly
with zinc; highest recorded mercury content was 142
ppnm. Some samples were assayed for Sb, which
correlates with lead; the highest abundance encoun-
tered was 575 ppm Sb.

The Orijirvi ore deposit has the same ore types as
the Metsamonttu deposit. At Orijirvi, however,
they do not form such discrete systems as at Met-
samonttu but occur in narrow, broken, and discon-
tinuous orebodies. In both places the ores show
variations in the (Zn, Pb)/Cu ratio among the ore-
bodies : the ores in the dolomitic limestones or skarns
have a higher (Zn, Pb)/Cu ratio than those in cor-
dierite-anthophyllite rocks. At Orijarvi the occur-
rence of copper in the cordierite-anthophyllite rocks
is more common than it is at Metsdmonttu.

Ore mineralogy

The Aijala, Metsamonttu and Orijirvi deposits are
simple in ore mineralogy. Pyrrhotite, pyrite, chal-
copyrite, sphalerite, and galena are the major ore
minerals and only their mutual abundances vary from
deposit to deposit and orebody to orebody. The de-
posits show, however, a marked difference in the
accessory minerals.

The ore minerals fill cracks in or replace silicates.
They also occur as veins of massive sulfides, blebs,
and disseminations. Fault and shear zones of differ-
ent ages have affected the ore, remobilizing and re-
crystallizing it partly. The sheared ores have been
susceptible to supergene alterations, which are best
manifested at Aijala in the alteration of pyrrhotite
into pyrite and marcasite; the unsheared ores are
practically unaltered.
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F16. 12. Section across the Metsamonttu ore deposit (Y = 9,500).
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Fic. 13. Plan of the Metsimonttu ore deposit showing
the alteration zones associated with the ore (+320 level).

The mineral assemblage of the Aijala ore contains
pyrite, pyrrhotite, and chalcopyrite as major ore min-
erals. Sphalerite, galena, and arsenopyrite also occur.
Cubanite, magnetite, fahlore, native silver, and vari-
ous sulfosalts in association with galena are the acces-
soties. Pyrrhotite often exhibits deformation lamellae
and pyrite cataclastic fracturing.

Three ore mineral assemblages occur in the Met-
samonttu deposit, both separately and together with
other assemblages:

noo
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and ore
F1c. 15. Plan of the Aijala ore deposit showing the altera-
tion zones associated with the ore (4115 level).

1. The predominant ore minerals in the zinc-lead
ores are sphalerite, galena, pyrrhotite, and pyrite.
Chalcopyrite, boulangerite, tetrahedrite, arsenopyrite,
molybdenite, magnetite, and geochronite are the ac-
cessories, to mention but a few. Various sulfosalts
and native metals, such as arsenic, antimony, bismuth,
silver, and gold, are often encountered in association
with galena. Sphalerite frequently contains exsolu-
tion bodies of chalcopyrite and pyrrhotite. Boul-
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angerite occurs mainly as inclusions in galena. Chal-
copyrite exhibits cubanite lamellae and tetrahedrite
inclusions.

2. The predominant ore minerals in the zinc-iron
ores are pyrrhotite, pyrite, and sphalerite. Chalcopy-
rite, galena, magnetite, ilmenite, and marcasite are
the accessories. Marcasite is a supergene alteration
product of pyrrhotite. Sphalerite often shows ex-
solved pyrrhotite.

3. The copper ores contain chalcopyrite, pyrrhotite,
and pyrite as major minerals and galena, sphalerite,
cubanite, and native gold as accessories.

The major ore minerals of the ore types at Orijarvi
are the same as those at Metsimonttu. Chalcopyrite,
however, is more often included in the major min-
erals. In addition to it the ores contain sphalerite,
galena, pyrrhotite, and pyrite. The predominant ac-
cessories are ilmenite, magnetite, fahlore, gudmundite,
molybdenite, uraninite, cubanite, and native gold.
Sulfosalts and silver minerals as well as various na-
tive metals are rather rare.

Altered Rocks
General

The dolomitic limestones, chlorite-bearing tremolite-
diopside skarns, quartz rocks, cordierite-biotite
gneisses, cordierite-anthophyllite rocks, and often also
cordierite-bearing sericite and muscovite schists and
gneisses that are associated with the Aijala, Met-
samonttu, and Orijarvi ores are considered as rocks
of altered chemical composition ; the degree of altera-
tion in the rocks varies greatly, however.

The rock types in the alteration zones at Orijarvi
and Metsiamonttu (Figs. 13 and 14) are similar; at
Metsamonttu, though, the pattern is simpler. In
both deposits cordierite-anthophyllite rocks occur be-
low the ore as funnel-shaped alteration pipes related
to the mineralization and are generally located close
to the volcanic discharge channel. Above, partly be-
low, and on the continuation of both deposits there is
a “blanket” type of alteration zone consisting of
cordierite-bearing sericite and muscovite schists and
gneisses. Folding, deformation, and the remobiliza-
tion of ores have to a certain extent affected mutual
locations of the ores and the alteration zone.

The alteration zone of the Aijala ores is of the
blanket type and no alteration pipe has been encoun-
tered around the ores (Figs. 15 and 16). The altera-
tion zone is composed of cordierite-bearing sericite
and muscovite schists and gneisses, chlorite-bearing
tremolite-diopside skarns, and dolomitic limestones.

On the basis of the areal distribution and chemical
composition of the rock types the alteration zones
associated with the ores can be divided into an inner
alteration zone, composed of the alteration pipe and
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the wall rocks of the ore lenses, and an outer zone,
made up of blanket-type altered acidic rocks.

In the following the alteration zones of the Aijala
and Metsamonttu ores are discussed, but the char-
acteristics are applicable also to the Orijirvi ore de-
posit.

Outer alteration sone

The outer alteration zones of the Aijala, Metsa-
monttu, and Orijarvi deposits have undergone seri-
citization. The internal heterogeneity of the zones
partly reflects the primary heterogeneity of the tuffs
with quartz and plagioclase phenocrysts and partly
the variation in the degree of alteration. The zones
exhibit all the intermediate types from slightly
altered cordierite- and sericite-bearing acidic rocks
with quartz eyes to completely altered sericite and
muscovite schists and gneisses. Some of the quartz
eyes are relicts of quartz phenocrysts. The contact
of the outer alteration zone with the underlying acidic
tuff is gradual.

The Aijala and Metsamonttu deposits have a com-
mon outer alteration zone, which is about 3 km long
and extends from west of the Metsimonttu deposit to
east of the Atjala deposit. It is widest, 50 to 100 m,
at Atjala but narrows down to 0.5 to 2 m in width
in the extensions of the ore deposit.

The predominant minerals in the rocks of the al-
teration zone are quartz, plagioclase (Angg_50), mus-
covite, sericite, biotite, phlogopite, and cordierite.
The quartz eyes are recrystallized quartz aggregates
enveloped by mica. Plagioclase is partly or com-
pletely sericitized and the cordierite porphyroblasts
pinitized. Pyrite, which often occurs as dissemina-
tions, is the most common opaque.

Inner alteration zone

The rocks in the inner alteration zone have under-
gone varying degrees of magnesium-iron metasoma-
tism and silicification. The impure limestones have
turned into dolomitic limestones and chlorite-bearing
tremolite-diopside skarns. The acidic tuffs with
quartz and plagioclase phenocrysts have altered
into cordierite-biotite gneisses, and cordierite-
anthophyllite rocks. The former contain sporadic
quartz eyes. The plagioclase phenocrysts are partly
or completely altered. The quartz rocks are the re-
sult of the silicification of an acidic rock.

Quartz rocks and chlorite-bearing tremolite-di-
opside skarns are only encountered as wall rocks of
the ores. The cordierite-anthophyllite rocks and
cordierite-biotite gneisses constitute alteration pipes
below the Metsamonttu and Orijirvi ore deposits;
in the Metsamonttu deposit the pipe is about 100
to 200 m long and 50 to 100 m wide, extending down
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TaBLE 5. Chemical Compositions of Rocks in the Alteration Zones associated with the
Ores in the Aijjala-Orijarvi Area

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Si0, 82.15 874 23.41 58.72 56.29 43.71  65.85 60.6 43.55 57.65 7434 7647 649 51.60
TiO, 0.10 0.1 0.10 0.10 0.62 0.50 0.27 0.2 0.56 0.00 0.14 0.16 0.2 0.58
Al,Os 11.10 5.6 3.7 11.51 1798 18.84 13.07 19.7 20.50 16.84 14.19 10.28 18.4 26.9
Fe:0;  0.150 0.15¢ 0.15 0.15¢  0.93: 075! 0.41' 0.5 0.84 0.85 0.21t 024 1.2 0.87!
FeO 0.41 3.3 7.13 1.59 9.23  18.65 5.65 8.6 1098 10.33 1.52 3.30 4.5 3.51
MnO 0.01 0.0 0.31 0.03 0.11 0.12 0.03 0.2 0.01  0.00 0.02 0.02 0.0 0.01
MgO 0.28 3.1 11.39 9.94 7.68 9.40 2.59 8.6 1501 530 2.14 1.93 4.8 7.24
CaO 1.71 0.1 30.76 11.17 1.65 0.63 4.13 0.2 0.36 1.28 1.58 1.65 2.3 2.50
Na,O 2.38 0.1 0.15 0.43 0.37 0.36 2.05 0.1 044 234 222 1.69 0.3 1.57
K.,O 1.59 0.0 0.09 1.34 0.86 1.59 2.11 0.4 4.70 2.36 2.38 1.80 2.2 4.07
H,0+ 0.07 0.3 0.08 0.11 0.17 0.22 0.09 {0 9 212 1.60 0.09 0.06 12 0.89
H,0- 0.15 { : 1.82 1.71 2.32 2.64 1.53 : 0.12 1.08 1.00 0.72 { : 0.12
P;0; 0.03 nd 0.05 0.06 0.13 0.18 0.10 nd 0.17 0.03 0.06 nd 0.18
CO, 0.25 nd 21.07 1.45 0.17 0.20 nd 0.16 nd nd nd nd 0.03
Total 100.38 100.0  100.22 98.31 99.34 97.76 98.08 100.0 99.52 99.63 99.86 98.38 100.0 100.07
Cu 85 nd 68 2,530 40 155 380 nd nd nd 4 30 nd nd
Zn 20 nd 115 123 148 105 500 nd nd nd 48 120 nd nd
Ni 33 nd 45 35 48 5 25 nd nd nd 20 35 nd nd
Co 23 nd 45 58 44 75 35 nd nd nd 12 0 nd nd
Pb 490 nd 113 17,150 60 0 65 nd nd nd 28 85 nd nd
S 0.05 nd 2.05 0.83 0.72 3.52 2.70 nd nd nd 0.07 2.45 nd nd
Q 58.0 79.5 18.6 26.2 5.9 30.2 38.6 16.5 45.3 52.2 40.0 8.9
C 2.4 5.3 13.1 16.7 0.15 189 149 8.4 5.2 2.8 11.5 16.1
Or 9.4 8.3 11.4 9.9 13.0 24 286 144 143 10.9 13.2 24.5
Ab 20.2 0.85 3.8 3.2 3.2 18.9 0.85 38 204 19.0 14.6 2.6 13.5
An 8.3 0.50 11.9 26.8 7.6 2.1 20.6 1.0 0.70 6.5 7.7 8.0 11.5 11.4
Di 24.4
Hy 1.2 13.7 17.4 35.6 59.6 16.7 37.2 27.3 32.5 7.9 10.7 19.1 24.0
0Ol 39.1 22.0
Fem 0.22 0.28 0.23 1.4 1.14 0.62 0.73 1.3 1.3 0.31 0.35 1.8
Ilm 0.19 0.19 0.25 0.20 1.2 1.0 0.53 038 1.1 0.27 0.31 0.38 1.1
Ap 0.07 0.15 0.15 0.32 0.45 0.25 0.41 0.07 0.15 0.43

Wet chemical analyses.

! FeqO; calculated as 1.5 X TiO; (Irvine and Baragar, 1971).
Oxides and S in wt9, trace elements in ppm, nd = not determined.

CIPW norms according to Bingler et al. (1976).
1, Quartz rock, Metsimonttu.

2, Quartz rock, Orijarvi mine (Eskola, 1920).

3, Dolomitic limestone, Metsimonttu.

4, Skarn, Metsimonttu.

5, Cordierite mica gneiss, Metsimonttu.

6, Cordierite-anthophyllite rock, Metsimonttu.
7, Cordierite mica gneiss, Metsdmonttu.

8, Cordierite-anthophyllite rock, Orijarvi mine (Eskola, 1920).

9, Cordierite-anthophyllite rock, Orijirvi.

10, Cordierite-anthophyllite rock, Orijarvi, Tarklahti (Eskola, 1914).

11, Cordierite-sericite mica gneiss, Metsimonttu.
12, Cordierite-sericite mica gneiss, Aijala,
13, Cordierite gneiss, Orijarvi mine (Eskola, 1915).

14, Cordierite-sericite mica gneiss, lillampi, 1.7 km west of Orijérvi.

to a depth of at least 600 m. In the Orijarvi ore
deposit the alteration pipe has not been intersected
by drilling but according to available data it is over
400 m long and 200 m wide and reaches a depth of
at least 250 m. In both deposits the cordierite-
anthophyllite rock grades into cordierite-biotite
gneiss. In Metsimonttu the contact with the under-
lying phenocrystic tuff is sharp.

The main minerals in the dolomitic limestone in the
inner alteration zone are carbonate, diopside, tremo-
lite, chlorite, olivine, and chondrite. The olivine

grains are often serpentinized. The main minerals
in the tremolite-diopside skarns are diopside, tremo-
lite, chlorite, biotite, phlogopite, quartz and plagio-
clase (Angg.go) with occasional opaques and carbon-
ate. In the quartz rocks the predominant mineral is
quartz, in addition to which they contain variable
amounts of muscovite, opaques, and chlorite. The
cordierite mica gneisses are composed of quartz, bio-
tite, phlogopite, cordierite, and plagioclase (Angzz-35)
with occasional microcline and muscovite, Cordierite
often shows pinitization and plagioclase sericitization.
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In the cordierite-anthophyllite rocks, cordierite, an-
thophyllite, phlogopite, biotite, chlorite, quartz, and
plagioclase (Angg-3p) are the main minerals, with
magnetite as a common accessory. There are vari-
ants that are free from plagioclase and contain quartz
as the sole light mineral.

Chemical Composition of the Altered Rocks

The altered rocks and the lithologic groups in the
alteration zones show changes in chemical composi-
tion compared with the presumed primary rocks. If
the comparison is based on the chemical composition
of the unaltered rocks, such as impure limestones or
acidic tuffs (Tables 5 and 6), the gains and losses of
the elements can be estimated.

Diagrams corresponding to those of the volcanites
were constructed for the altered rocks; these include
SiO, vs. Na,O + K,O (Fig. 17), AFM (Fig. 18),
normative anorthite in plagioclase vs. Al,O; (Fig.
19), and the Ab-An-Or diagram (Fig. 20). In all
these figures a distinction is made between the rocks
of the inner and outer alteration zones.

The primary rocks differ in composition and hence
the diagrams of the altered rocks also show large
scatter; nevertheless, the following generalizations
can be made.

1. The rocks in the inner alteration zone are fre-
quently poorer in SiO, and alkalies and richer
in MgO and FeO than the rocks in the outer altera-
tion zone. There are, however, no differences in the
compositions of the normative feldspars.

2. Comparison of the diagrams of the volcanites
and altered rocks shows that the sum of alkalies in the
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rocks of the inner zone is on an average lower than
that in the volcanites (Fig. 17). As a rule the altered
rocks are also richer in MgO in relation to FeO and
alkalies (Fig. 18). Moreover the volcanites are
poorer in KyO and CaO ia relation to Na,O than the
altered rocks (Fig. 20).

3. If it is presumed that the primary compositions
of the altered rocks were those of the tuffs with
quartz and plagioclase phenocrysts and impure lime-
stones; a rough estimate can be made of the changes
in the element abundances. Table 6 shows the chem-
ical compositions of the unaltered rocks and the geo-
metric means and standard deviations of the chemical
compositions of the altered rocks.” If the rocks were
altered at constant volume, then the abundances of all
the main elements must have changed.

4. In the outer alteration zone sericite and musco-
vite schists and gneisses are depleted in SiO,, Na,O,
and CaO, whereas the abundances of MgO, Al,Os,
FeO, and K,O have increased. The TiO2, MnO, and
P,O; contents are slightly higher than they are in the
tuff with quartz and plagioclase phenocrysts.

5. If the quartz rocks in the inner alteration zone
were primarily similar to the acidic tuff in composi-
tion, then the SiO, content increased in the alteration
process, the TiO, has remained the same, and the
contents of all the other main elements have de-
creased, notably those of AlOjs;, Na,O, and CaO.
The cordierite-biotite gneisses and cordierite-antho-
phyllite rocks of the alteration pipes show the most
distinct gain in MgO, FeO, AlyOs, and TiO; com-
pared with the acidic tuffs. They also exhibit slightly
higher MnO and P»O; contents than the acidic tuffs,

TaBLE 6. Chemical Compositions of Unaltered and Altered Rocks

Unaltered rocks

Alteration zones

Outer Inner
Sericite- Skarns and Cordierite-
Tuff with cordierite skarn-bearing Cordierite anthophyllite
quartz and rocks rocks mica gneisses rocks
plagioclase  Lime- n =28 Quartz n =15 n =13 n =11
phenocrysts  stone d =270 rock d =3.10 d=27 d =282
n=1 n =1 n=1 —_—
d=268 d=27 Ia SD d = 2.67 G SD Zg SD g SD
SiO, 77.59 8.47 71.66 4.40 82.22 37.86 19.97 62.51 4.46 56.19 4.32
TiO, 0.10 0.02 0.21 0.04 0.10 0.28 0.32 0.41 0.36 0.57 0.14
Al,Os 11.75 1.16 13.38 4.35 11.11 14.61 2.60 18.51 3.84 17.86 2.45
FeOx 1.12 0.72 2.10 1.82 0.41 3.95 3.29 4.61 3.51 10.91 3.19
MnO 0.02 0.13 0.09 0.05 0.01 0.98 0.05 0.15 0.21 0.15 0.09
MgO 0.28 1.65 2.83 1.12 0.28 8.30 4.26 497 2.53 9.86 2.39
CaO 1.86 51.47 1.57 1.73 1.17 10.82 6.75 2.02 2.76 1.26 2.04
Na,O 3.96 0.07 1.31 0.78 2.38 1.09 0.73 0.97 1.03 0.40 0.19
K:0 1.65 0.32 2.02 1.26 0.59 0.92 0.58 1.76 0.91 1.55 0.69
P05 0.05 1.78 0.07 0.11 0.03 0.35 1.67 0.14 0.09 0.13 0.03
Total 98.38 65.79 95.24 98.30 79.16 96.05 98.88
XRF analyses.

Zg = geometric mean, SD = standard deviation, FeOx = total iron as FeO, d = density.
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Fie. 17. SiO: vs. Na,O + K:O in altered rocks: 1, rocks
in inner alteration zone; 2, rocks in outer alteration zone;
3, the parent rock. Boundaries: 4, MacDonald and Katsura
(1964) ; 5, Irvine and Baragar (1971) ; 6, composition fields
of basic and intermediate volcanites; 7, acidic volcanites in
the Aijala-Orijarvi area.

provided that the volume has remained constant.
The abundances of SiO, and Na,O, however, have
decreased.

6. The skarns that primarily were carbonate-bear-
ing tuffs with quartz and plagioclase phenocrysts (in
the contacts between the layers) were depleted in
Si0s, NagO, and K»O and enriched in MgO, FeO,
and AlyOj3. The abundances of MnO and TiO; prob-
ably also increased while the abundance of CaO re-
mained the same.

7. In chemical composition the dolomitic lime-
stones and some of the skarns in the inner alteration
zone were originally impure limestones. In the dolo-
mitic limestones the MgO and FeO contents in-
creased while the CaO content decreased. The skarns

F Altered rocks

777

N 7

Fic. 18.
AFM diagram: 1, rocks in inner alteration zone; 2, rocks in
outer alteration zone; 3, the parent rock. Boundaries: 4,
Irvine and Baragar (1971) ; 5, Kuno (1954) ; 6, compositions
of basic and intermediate volcanites; 7, acidic volcanites in
the Aijala-Orijarvi area.
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Frc. 19. AlQs vs. anorthite content in normative plagio-
clase for the altered rocks: 1, rocks in inner alteration zone;
2, rocks in outer alteration zone; 3, the parent rock. Boun-
dary: 4, Irvine and Baragar (1971); 5, composition field of
basic and intermediate volcanites; 6, acidic volcanites in the
Aijala-Orijarvi area.

were depleted in CaO and POj; whereas the other
main elements increased in abundance.

8. Figure 21 illustrates the change in main element
abundances across the Metsimonttu ore deposit at the
+510 level. The differences between the composi-
tions of the unaltered intermediate-basic tuff above
the ore on the left and the outer and inner altera-
tion zones to the right of it are distinct as are the
internal elemental variations within the zones,

9. In the inner alteration zone, or alteration pipe,
the average abundances of FeO, MgO, TiO,, and S
are higher than in the outer alteration zone or in the
intermediate-basic volcanites. Figure 21 also shows
that the MgO and S abundances decline almost
linearly stratigraphically downward from the ore (to

An
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//A.K rlch basalts 5
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F16. 20. Chemical compositions of altered rocks in a nor-
mative Ab-An-Or triangular diagram: 1, rocks in inner
alteration zone; 2, rocks in outer alteration zone; 3, the
parent rock; 4, average compositions and boundaries of rocks
according to Irvine and Baragar (1971); 5, composition
fields of basic and intermediate volcanites; 6, acidic volcanites
in the Aijala-Orijarvi area.
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the right in Fig. 21), whereas the FeO abundances
increase outward from the ore. The MgO/FeO ratio
is highest adjacent to the ore and decreases gradually
away from it.

Discussion

Both the Precambrian volcanic-exhalative massive
sulfide ores and the younger Kuroko type of Zn-Pb-
ores are associated with hydrothermal alteration
zones (Tatsumi et al., 1972; Sangster, 1974).

The Kuroko-type ores occur on the flanks of domes
composed of acidic, rhyolitic-dacitic pyroclastic vol-
canites. Lower-most there is a copper-bearing pyrite
ore that is succeeded by a barite-bearing Zn-Cu-Ag
polymetallic sulfide ore. The alteration related to
the ores constitutes four zones: outer-most is the
montmorillonite and zeolite zone; this is succeeded
by the sericite-chlorite-pyrite zone, the sericite-chlor-
ite-quartz zone and, closest to the ore, the silicified
zone (Matsukuma and Horikoshi, 1970), which con-
tains some sericite and chlorite. According to Iijima
(1974), in the Hokuroku area all the alteration zones
associated with Kuroko ores are characterized by
magnesium metasomatism. Potassium metasomatism
has affected the sericite and chlorite zones. In con-
trast, the montmorillonite zone is depleted in potas-
sium. The sericite-chlorite zone has lost potassium
and all the zones are depleted in sodium.

The alteration took place owing to the influence of
sea water on unconsolidated sediments. In the ore
deposits the alteration zones occur in both the foot-
wall and hanging wall of the ore, i.e., the deposits
show an alteration pipe and blanket-type alteration
zones.

Precambrian massive sulfide ores occur in pyro-
clastic volcanites that vary from dacite to rhyolite in
composition on the flanks of the volcanic domes. The
acidic pyroclastic rocks show layers with quartz
phenocrysts or agglomerates containing the sulfide
fragments known as “mill rock” (Stanton, 1960;
Sangster, 1974 ; Hopwood, 1976 ; Vernon and Flood,
1977). They are subdivided into distal and proximal
types whose characteristics have been described by
Plimer (1978).

Sangster (1974) maintains that acidic intrusions
are more frequent than basic or ultrabasic intrusions
in the environment of massive sulfide ores. The
acidic intrusions represent that part of the magma of
acidic volcanism which later invaded the supracrustal
rocks. The ores exhibit zonality similar to that of
the Kuroko ores; the hanging wall of the ore is
predominantly zinc-lead and the footwall predomin-
antly copper-pyrite. The ores have lost their primary
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structures as a result of postdepositional metamor-
phism and several deformation stages.

The wall rocks of the ores are altered, showing an
alteration pipe in the footwall. Sericitization, silicifi-
cation, carbonatization, and chloritization are the
principal types of alteration. The latter is related to
magnesium metasomatism. With the increase in the
degree of metamorphism the chloritized zone has
often altered into cordierite-anthophyllite rocks
(Sangster, 1974).

The behavior of the elements in the alteration zone
of the massive Precambrian sulfide ores is not as
regular as in the Kuroko ores but varies from one
deposit to the other. Generally the alteration zones
show a gain in magnesium, iron, and manganese and
a loss in sodium, calcium, and silicon. Depending on
the deposit, aluminium, potassium, and titanium are
considered as elements whose contents have remained
almost unchanged (Simmons et al,, 1973; Franklin
et al., 1975; Nichol et al.,, 1977).

Alteration zones associated with Precambrian sul-
fide ores have been described from Canada by Des-
carreaux (1973), Spitz and Darling (1975), Frank-
lin et al. (1975), Roberts and Rearden (1978), and
MacGeehan (1978). Nilsson (1968), who has
described the alteration zone of the Boliden copper
ore in Sweden, subdivides the zone into three sub-
zones : nearest to the ore is the innermost alteration
zone with andalusite- and quartz-rich sericite-quartz
schists. It is depleted in iron and magnesium but
enriched in aluminum, potassium, titanium, silicon,
and water. The middle alteration zone is composed
of pale sericite-quartz schist, and it, too, has lost
iron and magnesium. The outermost zone is com-
posed of chlorite-bearing sericite-quartz schist and is
enriched in magnesium, iron, sulfur, and water in
relation to the other elements. Nilsson (1968) also
points out that all three alteration zones are depleted
in sodium and calcium in relation to the other ele-
ments.

The alteration zone associated with the Kalvbacken
Zn-Pb ore of the Falun type has undergone magne-
silum metasomatism and silicification. The zone in-
cludes quartz rocks, Ca-Mg skarns, and Mg skarns
(Hibner, 1966).

The Vihanti ore deposit in Finland has an altera-
tion zone of cordierite gneiss, skarns, and dolomite
with a gain in magnesium (Rouhunkoski, 1968).

With reference to the data in the literature on
Precambrian massive sulfide ores and Kuroko ores,
the Aijala, Metsimonttu, and Orijdrvi deposits ex-
hibit features that are typical of both ore types.

At Aijjala and Metsimonttu the environment of the
ore deposits is composed of acidic and intermediate-
basic pyroclastic rocks. The ores occur in acidic vol-
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canites close to the contacts between the rock types.
The volcanites belong predominantly to the calc-
alkalic suite.

The Orijirvi ore deposit occurs in a zone of
cordierite-sericite and cordierite-anthophyllite rocks
that grade into an unaltered acidic volcanite through
a cordierite-sericite schist.

Although ores are of breccia rather than massive
type, all three deposits are roughly stratabound; in
detail, however, they cut the wall rocks. The metals
are distributed in the orebodies at Orijarvi, Aijala,
and Metsamonttu in such a manner that the strati-
graphic upper parts are richer than the lower parts in
zinc and lead in relation to copper. The wall rocks
of the ores include dolomitic limestones, chlorite-
bearing tremolite-diopside skarns, quartz rocks,
cordierite-bearing sericite and muscovite gneisses and
schists, cordierite-biotite gneisses, and cordierite-
anthophyllite rocks.

A blanket type of alteration zone and an alteration
pipe are associated with the Metsimonttu and Ori-
jarvi ore deposit. Only the blanket type of alteration
has been encountered at Aijala.

Sericitization has taken place in the outer zone, due
to which the abundances of SiO,, Na,O, and CaO
have decreased and those of MgO, Al;O3, FeO, and
K,O have increased, provided that the alterations
took place in constant volume and that the primary
composition of the rocks was that of tuffs with quartz
and plagioclase phenocrysts. The inner alteration
zone is characterized by magnesium-iron metaso-
matism and silicification. The magnesium-iron meta-
somatism enhanced the abundances of MgO, FeO,
AlyOs, and TiO, but reduced those of SiO, and
NayO. The silicification depleted the zone in all
elements except SiOs.

Summary and Conclusions

The volcanism in the Aijala-Orijirvi area was
predominantly calc-alkalic, although tholeiitic layers
are also encountered. The volcanites of the inter-
mediate-basic and basic volcanite group are largely
volcanoclastic rocks that formed under submarine
conditions. The basaltic pillow lavas, the layering
and laminar structure in the tuffites and the lime-
stones, and the banded iron-formations encountered
in the area all suggest eruptions in fairly shallow
water.

Predominantly calc-alkalic volcanites occur at the
margins of the present island arcs and continents
(Miyashiro, 1974). Geological features similar to
those of recent young island-arc formations have been
reported from the Precambrian Abitibi greenstone
belts in Canada (Goodwin, 1974; Condie, 1976).
The leptite zone characterized by acidic calc-alkalic
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volcanites in central Sweden and southwestern Fin-
land, including the Aijala-Orijirvi area, has been
correlated with an island-arc structure (Hietanen,
1975). According to Simonen et al. (1978), the
lead isotope compositions of the ore deposits in south-
western Finland show that these deposits are located
approximately in an orogenic zone, i.e., their lead
derived from the earth’s crust. In both Finland and
Sweden Zn-Cu-Pb ores of Falun type occur in this
volcanite environment and have many geological
features in common.

It appears that when volcanic activity quieted down
i the Aijala-Orijirvi area, the earth’s crust sank
and the geosyncline north of Orijarvi filled with
sediments. The regional folding F; was very likely
related to the diapiric uplift of the synorogenic in-
trusions. The folding stage F» occurred before the
emplacement of the postorogenic microcline granites,
because the synorogenic intrusive rocks exhibit linea-
tion parallel to F,, which is not detectable in the
microcline granites. The regional metamorphism
was partly contemporaneous with phase F; and con-
tinued during and after phase F;. After the folding
the area underwent block movements; the most
marked produced the Kirkkojarvi-Kiskojoki and
Jyly shear and fault zones, in both of which the
eastern block was uplifted in relation to the western
one (Tuominen, 1957).

Eskola’s (1914, 1950) opinion was that the ores
of Aijala, Metsdmonttu, and Orijirvi are products
of pneumatolytic metasomatism brought about by
synkinematic granodiorite (oligoclase granite). The
intrusion generated a zone of altered rocks in which
iron and magnesium replaced calcium, sodium, and
potassium, resulting in the formation of the cordier-
ite-anthophyllite rocks and the ores.

The ores at Aijala, Metsimonttu, and Orijarvi
were formed during a period of subdued volcanic
activity. It was preceded by intense eruptions of
acidic pyroclastites, which gave rise to the tuff bed
with quartz and plagioclase phenocrysts. Because of
1ts porosity, sea water and hydrothermal solutions
circulated readily in the bed. Since quartz pheno-
crysts are encountered not only in the tuff with
quartz and plagioclase phenocrysts but also in the
matrix of the agglomerate layers and in the acid
ejecta in the agglomerate, it is possible that some
of the quartz phenocrysts were formed after the pil-
ing up of rocks. The silicon necessary for their
formation could have precipitated from the thermal
silica-bearing solutions circulating in the bed.

It was the porosity of the rock that allowed the
metal-bearing solutions to circulate and the metals
to precipitate. According to Large (1977) and
Andrews and Fyfe (1976), the commonest carriers
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of metals are slightly acidic (pH 4-6) and reducing
Na-Ca-Cl solutions from which metals precipitate
when conditions change, e.g., when the temperature
drops or when the pH, fo,, or sulfur content changes.

The Aijala and Metsimonttu ore deposits have a
common blanket type of alteration zone. Below the
Metsamonttu ore and associated with it 1s an altera-
tion pipe that is generally believed to form in or close
to a discharge channel (Sangster, 1974). Obviously
the Aijala and Metsimonttu ores are genetically re-
lated to each other ; thus the Aijala Cu-Zn ore repre-
sents the lower part of the ore formation and the
Metsimonttu Zn-Pb ore the upper part. The ores
occur in a common alteration zone with a slightly
mineralized zone between them that extends from
Aijala to Metsamonttu.

The Aijala, Metsamonttu, and Orijirvi ore de-
posits underwent several deformations, of which the
most significant were due to folding phases Fy and F»,
which gave the orebodies their present shape.
Younger faults and shear zones cut the orebodies
into pieces.

The Aijala, Metsimonttu, and Orijarvi deposits
share some features with the Precambrian massive
sulfide ores and the Kuroko type of Zn-Pb-Cu ores.
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