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The Vähäjoki iron ores occupy the uppermost part of the Karelian (Early Pro-
terozoic) quartzite-dolomite sequence deposited on the late Archaean basement in 
southern Lapland. The ores occur as magnetite veins brecciating dolomite and as 
magnetite disseminations in chlorite and mica schists. Their average iron content 
is 40%, and they contain up to 3.8% P 20 5 , features which together with the divi-
sion of the ores into 14 small bodies make them uneconomic. 

The only main ore mineral is magnetite, with which there occur accessory il-
menite, haematite, pyrite, chalcopyrite, pyrrhotite, arsenopyrite and cobaltite with 
small gold inclusions. The main gangue minerals classified by microanalysis are dolo-
mite or Fe-dolomite in the dolomites, ferri-tremolite, tremolite, ferri-actinolite and 
ferrian actinolite, cummingtonite, magnesio-hornblende and tschermakitic horn-
blende in amphibole-bearing hosts rocks, green Mg-rich biotite, brown Fe-rich bi-
otite and Ba-bearing (BaO 0.18—7.9%) biotite, and chlorite in chlorite and mica 
schists. 

Major and trace elements were analyzed in 18 samples. The dolomites contain 
24—53% CaO and 3—20% MgO, while the amphibole rocks, amphibole schists, 
chlorite schists and mica schists are chemically rather similar, containing about 
13—27% Felot and 7—21% MgO, the amphibole-bearing varities being a little 
richer in these elements than the phyllosilicate-bearing ones. The ore samples from 
magnetite matrix of the breccia type contain 71—85% Fe203 and 0.05—0.2% P 2 0 ; . 

The garnet-biotite and calcite-dolomite geothermometers and the mineral chemis-
try of the Ca-amphiboles suggest that the Vähäjoki iron ores were metamorphosed 
under greenschist — amphibolite facies conditions ( T = 465 °C and P = 2—4 
Kbar). Flunctiation in metamorphic grade is reflected in the change in amphibole 
composition from tremolite-actinolite to tschermakitic hornblende. 

The Vähäjoki iron ores were remobilized and enriched during early Proterozoic 
regional metamorphism and deformation, forming an epigenetic iron ore. 
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Introduction 

The Vähäjoki iron ores are located in two 
north-south trending zones, 3,5 x 1,5 km2 in to-
tal area, the commune of Tervola (Figs. 1 and 
2). They were found in 1938 and drilled for the 

first time in 1943 (drill holes Nos. 1 — 10). 
Prospecting was continued in 1959—1969 by the 
Otanmäki company, later the Rautaruukki com-
pany, which drilled holes Nos. 11—28. A third 
drilling period occurred in 1979—1982 when Lap-
in Malmi drilled holes Nos. 29—52. The total ore 
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Fig. 1. Geological units of the Peräpohja area, after Perttunen (1989). 

Fig. 2. Geological map of the Vähäjoki iron ore area after Korvuo (1982). Key to legend: 1 = dolomite, 2 = amphibole 
mica schist, 3 = mica schist, 4 = iron ore, 5 = quartzite, 6 = black schist, 7 = basic tuff , 8 = basic volcanite, 9 = 
magnetite veins, 10 = ball structure, 11 = dolomite interlayers, 12 = amphibole and chlorite schists interlayers, 13 = 
drill hole, 14 = top of the beds, 15 = contact, 16 = road. 
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resources of the 14 separate ore bodies amount 
to 10.5 million tons, but due the fragmentation 
of the ore bodies, their low metal content and 
difficulties in concentrating the ore, exploitation 
is uneconomic (Korvuo 1982). 

Mikkola (1947) was the first to describe the ge-
ology of the Vähäjoki ores, while later an unpub-
lished Master's thesis was written on them by 
Vornanen (1963) and further research was done 
by Lehto in 1975 and 1977. 

This article is based on the Master's thesis of 
the first author (Liipo 1990) in which drill holes 
numbers 4, 5, 8, 9, 10, 33, 36 and 46 were stud-
ied in detail and additional samples were taken 
from outcrops at Vähäjoki. 153 electron 
microprobe analyses and 18 major element and 
trace element analyses were performed and 106 
thin sections were studied. 

Petrography of the host rocks and ores 

The area forms part of the Karelian (Early Pro-
terozoic) Peräpohja Schist Belt, which has recent-
ly been mapped by Perttunen (1971, 1980, 1983, 
1985, 1989). This Belt consists of a quartzite-
dominated lower supracrustal sequence (»Jatu-
li») deposited nonconformably on the late Ar-
chaean Pudasjärvi granitoid-gneiss complex and 
overlain by a thick monotonous sequence of 
metapelites (»Kaleva»). The upper part of the 
Jatuli contains the Rantamaa Dolomite Forma-
tion. The Vähäjoki ores occur in this Formation 
in the form of veins brecciating the dolomite or 
disseminations in the chlorite schits and mica 
schists. 

Dolomite 

Dolomite is the main host rock of the iron ores 
and occurs in thick beds or interbedded with mica 
schists and amphibole rocks. It is also met with 
as fragments in the breccias and interbeds in the 
quartzite. The rock is homogeneous and is mainly 
composed of dolomite with accessory calcite, 

quartz, tremolite-actinolite, biotite, talc and chlo-
rite. It is brecciated by calcite veins in some 
places. 

Amphibole rocks and schists 

Amphibole schists are also dominant rocks in 
the iron ore zone alongside dolomite. There are 
two main types: actinolite-chlorite schists and 
actinolite-biotite schists, of which the former is 
the main one. In some places, the schists are so 
rich in tremolite-actinolite that they form 
monomineralic tremolite-actinolite rocks. 

The actinolite-chlorite schists are composed of 
tremolite-actinolite porphyroblasts embedded in 
a chlorite-rich matrix. Biotite, if present, occurs 
in the form of porphyroblasts. The actinolite-
biotite schists contain small flakes of biotite in 
the place of chlorite. The main accessory miner-
al is magnetite, with some cummingtonite, horn-
blende, quartz, calcite, epidote and allanite. 

Chlorite schists and mica schists 

Fine grained chlorite schists and mica schists 
usually occur as interbeds in the dolomite and 
with the amphibole rocks and schists. They are 
composed of variable amounts of chlorite or bi-
otite and quartz with accessory epidote, calcite, 
tourmaline, feldspar, garnet, sphene and allanite. 
A specific structural feature of the chlorite schists 
is the presence of white pebbles, mainly consist-
ing of quartz with accessory biotite and albite. 

Breccia 

The breccia forms a north-south trending zone 
and consists fragments of dolomite, chert, mica 
schist and magnetite ore stretched parallel to the 
lineation. The fragments are from rounded to an-
gular in shape and 2—50 cm across in size. 

The dolomite fragments have been altered to 
calcite-tremolite-actinolite rocks during meta-
morphism, while the slighty altered fragments 
(Fig. 3) consist of a dolomite core surrounded by 
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Fig. 3. Breccia in which the dolomite balls have been altered 
completely. Outcrop group 1. Scale is 14 cm. 

a reaction rim of calcite. Completely altered Mg-
rich sediment fragments (Fig. 4) are composed 
of calcite, biotite, quartz and cummingtonite or 
only of cummingtonite with accessory magnetite, 
haematite and quartz. The chert fragments are 
made up of fine-grained quartz and magnetite 
with accessory cummingtonite, the mica schist 
fragments of fine-grained biotite, quartz, calcite 
and magnetite, which occurs as a dissemination, 
and the ore fragments mainly of magnetite. 

The matrix of the breccias can be divided into 
two types. The first is composed of a cumming-
tonite-bearing chlorite schist or cummingtonite 
rock with euhedral biotite, garnet, magetite, 
pyrite and chalcopyrite porphyroblasts. In both 
cases the cummingtonite is altered to hornblende. 
The second matrix type consists of biotite schist 
with hornblende and epidote porphyroblasts. 

Iron ores 

The iron ores can be divided into two main 
types, breccia and dissemination ores, the main 
ore mineral being magnetite in both cases. The 
breccia ores, met with only in the drill holes, oc-
cur mainly in dolomite, whereas the dissemina-
tion ores occur in amphibole rocks and schists. 
There is also a third type termed the E-W ore be-
cause, unsually, it trends east-west, which is 
found just south of the main ore zone (Fig 5). 

Fig. 4. Breccia in which the balls are slightly altered. Out-
crop group 2. Scale is 14 cm. 

Fig. 5. Iron ore types from Vähäjoki: A) breccia type, B) dis-
semination type, and C) E-W ore type. 

The contacts between the dolomite and the iron 
ore are sharp, and some of the them present no 
reaction rims, although dolomite has been altered 
to calcite at such points. 

The degree of brecciation in the breccia type 
varies from narrow magnetite veins brecciating 
the host rock to the breccia ore, which contains 
dolomite fragments in a magnetite matrix. This 
has been described as a ball texture (Geijer 1971) 
or durchbewegung texture (Vokes 1969 and 
1973), the latter term being widely accepted (Gil-
ligan & Marshall 1987). The dolomite fragments 
are either unaltered or have been altered only 
slightly, possessing a thin outer rim of calcite. 
The ore material is composed mainly of magne-
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tite with accessory cummingtonite, biotite and 
tremolite-actinolite. 

The typical feature of the dissemination type 
of ore is that in addition to even dissemination 
also thin magnetite layers in which the grain size 
of the magnetite varies f rom one layer to anoth-
er occur. The rock is composed of chlorite or bi-
otite, magnetite, cummingtonite and tremolite-
actinolite. 

In addition to its exeptional trend, the E-W ore 
differs from the others in occurring in both dolo-
mite and amphibole schists. The most typical va-
riety is a dolomite with magnetite bands. It also 
stands out from the other ores in possessing 
greater amounts of chalcopyrite. The E-W ore 
is composed mainly of magnetite, chalcopyrite, 
biotite and tremolite-actinolite. 

Mineralogy and mineral chemistry 

In order to establish the mineral chemistry and 
metamorphism of the hosts and ores, 153 elec-
tron probe microanalyses were analyzed by JEOL-
JCXA-733 microprobe at the Institute of Elec-
tron Optics, University of Oulu. Amphiboles 
were tabulated and named by means of the 
AMPHTAB program (Rock 1987). Composi-
tional variations for the minerals are described 

below. The analyses are presented in full in Lii-
po (1990). 

Carbonates 

The major carbonate mineral is a dolomite 
which occurs in tiny grains and is largely dolo-
mite or Fe-dolomite. Some dolomite grains are 
zoned, with their rims richer in iron than the 
cores. Calcite occurs in distinct grains or veins 
cutting and brecciating dolomite. Representative 
carbonate analyses are given in Table 1. 

Amphiboles 

Tremolite-actinolite is the main amphibole in 
the host rocks, whereas cummingtonite is encoun-
tered mostly in the ores and hornblende in the 
breccia zone (Fig. 6). Representative amphibole 
analyses are given in Table 2. 

Tremolite-actinolite occurs in elongated grains 
or porphyroblasts, and its rims may contain 
hornblende. Tremolite is usually ferri-tremolite. 
Actinolite is found in composite grains with cum-
mingtonite, the latter always being richer in Fe 
than the actinolite (Fig. 7). Actinolite is largely 
ferri-actinolite or ferrian actinolite. 

Cummingtonite occurs in small porphyrob-
lasts, the rims of which have been altered to horn-

Table 1. Representative carbonate analyses. Analyzed at the Institute of Electron Optics, University of Oulu. Sample codes 
give the drill hole number and the depth in meters. 

1 2 3 4 5 6 

FEO 1.64 1.23 2.09 6.96 0.39 3.14 
MNO 0.33 0.35 0.22 0.50 0.23 0.47 
MGO 1.63 1.10 17.97 14.42 0.69 17.57 
CAO 53.93 51.98 28.99 27.78 55.41 28.45 
c o 2 42.47 45.34 50.73 50.33 43.28 50.37 

Total 100.00 100.00 100.00 100.00 100.00 100.00 

FECOj 2.6435 1.9875 3.3673 11.222 0.6319 5.0614 
CACO, 96.193 92.722 51.708 49.553 98.837 50.748 
MNCOj 0.5314 0.5605 0.3613 0.8116 0.3661 0.7679 
MGCOj 3.4130 2.3032 37.551 30.144 1.4505 36.719 

1 = 10/170.00 Calcite, 2 = 10/170.00 Calcite, 3 = 10/ 170.00 Dolomite, 4 = 10/170.00 Dolomite, 5 = 46/59.30 Calcite, 
6 = 46/59.30 Dolomite 
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Fig. 6. Classification of Ca amphiboles 
after Leake (1978). Key: 1 = amphibole 
schist, 2 = iron ore, 3 = dolomite and 
4 = mica schist. The arrow indicates a 
change in composition from core to rim. 
Amphiboles were tabulated by means of 
the AMPHTAB program (Rock 1987). 

Table 2. Representative amphibole analyses. Explanation: NAB = Na M4, NAKA = NaA + K, ALVI = A1VI, MGFE 
= Mg/(Mg + Fe2) CANA = (Ca + Na)B. Analyzed at the Institute of Electron Optics, University of Oulu. Amphiboles were 
tabulated and named by means of the AMPHTAB program (Rock 1987). 

1 2 3 4 5 6 

s i o 2 58.29 53.70 54.49 43.62 47.69 55.31 
TIO2 0.03 0.05 0.06 0.36 0.25 0.03 
AL2O, 0.16 2.03 1.80 12.50 9.22 0.53 
FEO 7.14 11.40 10.74 14.89 11.80 19.37 
MNO 0.26 0.19 0.10 0.15 0.09 0.18 
MGO 19.80 16.90 16.89 10.80 13.99 19.80 
CAO 12.45 11.56 11.39 11.90 11.82 0.61 
NA2O 0.04 0.22 0.22 0.66 0.72 0.04 
K2O 0.01 0.05 0.05 0.33 0.19 0.01 
NIO 0.00 0.03 0.02 0.00 0.00 0.00 
v 2 o 3 0.01 0.00 0.00 0.02 0.07 0.01 
CR2O3 0.00 0.01 0.00 0.00 0.00 0.00 

Total 98.18 96.14 95.75 95.23 95.84 95.89 

CANA 1.851 1.830 1.806 2.000 2.00 0.11 
NAB 0.011 0.061 0.061 0.101 0.161 0.01 
NAKA 0.002 0.009 0.009 0.152 0.076 0.00 
ALVI 0.026 0.012 0.096 0.689 0.501 0.09 
MGFE 0.865 0.845 0.828 0.672 0.785 0.65 

1 = 46/62.40 Actinolite, 2 = 4/29.00 Actinolite, 3 = 9/169.10 Actinolite, 4 = 10/170.00 Tschermakite hornblende, 5 
= 46/146.10 Magnesio-hornblende, 6 = 8/98.85 Cummingtonite 

(Na + K A ) < 0.50: Ti < 0.50 
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Fig. 7. An actinolite porphyroblast with cummingtonite rim. 
Sample 9/169.10. Scale is 0.1 mm. 

Fig. 8. A hornblende porphyroblast with cummingtonite core. 
Sample 8-V-89. Scale is 0.1 mm. 

blende. Hornblende occurs in distinct porphyrob-
lasts or as rims to tremolite-actinolite and cum-
mingtonite grains (Fig. 8). Hornblende is usual-
ly magnesio-hornblende or tschermakitic horn-
blende. 

This shows that the amphiboles are quite sta-
ble in composition, and it is only in the ore and 
near the magnetite bands that they are richer in 
iron than elsewhere. 

Phyllosilicates 

Biotite occurs in small flakes or porphyrob-
lasts. Two types occur in terms of Mg/Fe ratio 
and colour: green, Mg-rich biotite and brown, 
Fe-rich biotite which are encountered in dolo-
mites and schists, respectively. The brown bio-
tites have higher Ti0 2 content (1.68—3.99% vs. 
0.56—1.68%), and this may be the reason for the 
difference in colour (Robinson et al. 1982). One 
significant feature of the mineral chemistry of the 
brown biotites is their high BaO content (0.18— 
7,90%), the green biotites containing much less 
(0.14—0.23%). Representative biotite and bari-
um analyses are given in Tables 3 and 4, respec-
tively. 

Chlorite is one of the main gangue minerals 
together with the biotite and amphiboles. It oc-
curs in small flakes. Small flakes of talc occur 
in the dolomite and in shear zones. 

Feldspars 

The plagioclase in the samples studied is albite 
(An0) and occurs in small grains in the dolomite 
and in pebbles together with quartz and biotite. 
The orthoclase is mostly altered to sericite, but 
in small relicts may occur locally. 

Other gangue minerals 

Epidote occurs in idiomorphic or hypidio-
morphic porphyroblasts with actinolite and horn-
blende. Inclusions of metamict allanite occur in 
some epidote porphyroblasts. 

Tourmaline is met with in the form of zoned 
idiomorphic porphyroblasts, of a composition 
between the buergerite and dravite end members. 

Almandine (aim 62.62~8o.3o) is a rare mineral at 
Vähäjoki. It is stretched out tectonically paral-
lel to the lineation in the ore zone and has quartz 
and magnetite inclusions. Beyond of the iron ore 
zone it occurs as idiomorphic grains with cum-
mingtonite inclusions. Representative garnet ana-
lyses are given in Table 5. 

Ore minerals 

The most common ore mineral is magnetite, 
typically with great variations in grain size, from 
0.01 mm in disseminated types to 0.3 mm in por-
phyroblasts, but mostly in the range 0.01 — 
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Table 3. Representative biotite analyses. Analyzed at the Institute of Electron Optics, University of Oulu. 

1 2 3 4 5 6 

s i o 2 40.82 39.76 32.07 30.90 31.04 33.17 
TIO2 0.58 0.68 3.89 3.99 3.65 3.56 
AL2O3 13.47 14.62 16.42 15.92 16.57 15.51 
FEO 10.15 9.99 26.18 27.18 26.97 27.07 
MNO 0.05 0.03 0.10 0.14 0.12 0.10 
MGO 19.57 18.92 4.46 3.86 3.16 4.61 
CAO 0.18 0.01 0.01 0.01 0.04 0.08 
NA2O 0.54 0.61 0.09 0.06 0.10 0.06 
K2O 7.00 7.82 5.54 5.09 5.58 5.82 
NIO 0.02 0.01 0.04 0.04 0.01 0.00 
ZNO 0.00 0.00 0.00 0.00 0.00 0.00 
v 2 o 3 0.05 0.04 .0.18 0.18 0.15 0.19 
CR2O3 0.01 0.00 0.02 0.02 0.13 0.05 

Total 92.41 92.48 89.00 87.38 87.53 90.23 

Cations per 22 oxygens 
SI 6.5630 6.4218 5.8504 5.7879 5.8072 5.9924 
TI 0.0703 0.0823 0.5333 0.5615 0.5133 0.4833 
AL 2.5521 2.7831 3.5301 3.5144 3.6535 3.3025 
FE2 1.3646 1.3491 3.9952 4.2576 4.2192 4.0892 
MN 0.0063 0.0040 0.0158 0.0222 0.0197 0.0159 
MG 4.6891 4.5534 1.2134 1.0785 0.8801 1.2412 
CA 0.0310 0.0014 0.0025 0.0030 0.0086 0.0149 
NA 0.1677 0.1913 0.0318 0.0214 0.0377 0.0196 
K 1.4350 1.6104 1.2903 1.2155 1.3317 1.3413 
CR 0.0009 0.0000 0.0035 0.0025 0.0198 0.0077 
NI 0.0023 0.0016 0.0054 0.0060 0.0020 0.0000 
ZN 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
V 0.0062 0.0045 0.0257 0.0266 0.0231 0.0278 

1 = 36/97.20, 2 = 36/97.20, 3 = 2-JPL-89, 4 = 2-JPL-89, 5 = 2-JPL-89, 6 = 2-JPL-89. 

Table 4. Representative barium analyses from differnt minerals. Analyzed at the Institute of Electron Optics, University 
of Oulu. 

1 2 3 4 5 6 

s i o 2 36.80 36.52 50.74 
TIO, — — 1.07 0.85 — 0.02 
AL2O3 — — 15.14 15.90 — 2.04 
FEO 22.84 22.08 12.58 15.85 28.53 9.31 
BAO 7.90 7.21 0.39 0.23 0.04 0.02 
CL 0.27 0.24 — — 0.01 
F 0.01 0.22 — — 0.01 — 

ND2O3 — — 0.15 0.06 — 0.00 
SM2O3 — — 0.02 0.04 — 0.09 

1 = 6.2-JPL-89 Biotite (brown), 2 = 6.2-JPL-89 Biotite (brown), 36/160.20 Biotite (brown), 4 = 33/123.40 Biotite (green), 
5 = 6.2-JPL-89 Chlorite, 6 = 46/ 160.20 Actinolite 

0.05 mm. The small magnetite grains are usual- phyroblasts have spinel and silicate inclusions or 
ly idiomorphic, whereas the magnetite por- ilmenite exsolution lamellae. 
phyroblasts are rounded and crushed. Some por- There are at least two generations of magne-
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Table 5. Representative garnet analyses. Analyzed at the Institute of Electron Optics, University of Oulu. 

1 2 3 4 5 6 

s i o 2 37.72 37.50 38.85 38.63 38.76 38.40 
TIO2 0.10 0.09 0.14 0.09 0.13 0.10 
AL2O3 20.94 20.90 21.36 21.16 21.33 21.16 
FEO 27.35 28.17 30.90 32.16 31.86 29.26 
MNO 8.41 7.14 4.47 1.42 3.99 4.99 
MGO 1.26 1.35 0.75 0.89 0.72 0.51 
CAO 4.34 4.19 4.66 6.37 4.61 6.00 
NA2O 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 
NIO 0.00 0.00 0.00 0.01 0.00 0.00 
ZNO 0.00 0.00 0.00 0.00 0.00 0.00 
v 2 o 3 0.03 0.05 0.02 0.00 0.02 0.02 
CR2O3 0.03 0.01 0.02 0.04 0.01 0.00 

Total 100.20 99.41 101.16 100.78 101.44 100.44 

Cations per 24 ogygens 
SI 6.0670 6.0696 6.1569 6.1345 6.1405 6.1333 
TI 0.0125 0.0113 0.0161 0.0110 0.0150 0.0124 
AL 3.9697 3.9863 3.9888 3.9610 3.9831 3.9823 
FE2 3.6778 3.8140 4.0945 4.2713 4.2213 3.9085 
MN 1.1460 0.9794 0.5997 0.1916 0.5356 0.6751 
MG 0.3025 0.3260 0.1779 0.2119 0.1693 0.1212 
CA 0.7471 0.7274 0.7907 1.0837 0.7826 1.0264 
NA 0.0009 0.0000 0.0000 0.0012 0.0000 0.0000 
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
CR 0.0038 0.0019 0.0026 0.0048 0.0010 0.0000 
NI 0.0004 0.0000 0.0000 0.0014 0.0000 0.0000 
ZN 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
V 0.0044 0.0061 0.0027 0.0000 0.0027 0.0027 

ALM 62.620 65.230 72.310 74.170 73.940 68.200 
SPE 19.510 16.750 10.590 3.3300 9.3800 11.780 
GRO 12.720 12.440 13.960 18.820 13.710 17.910 
PYR 5.1500 5.5800 3.1400 3.6800 2.9700 2.1100 

1 = 10/79.25, 2 = 10/79.25, 3 = 2-JPL- 89, 4 = 2-JPL- 89, 5 = 2-JPL- 89, 6 = 5-JPL- 89. 

tite, and some grains are zoned, with cores rich 
in inclusions and purer rims. 

Small amounts of ilmenite usually occur in dis-
tinct grains, sometimes with haematite, and as 
exsolution lamellae in the magnetite of the ores 
the gangue of which is rich in chlorite. Otherwise 
ilmenite is not a common mineral. 

Haematite usually occurs only as an alteration 
product, but is sometimes encountered with 
pyrite or in inclusions as pyrite. 

Anhedral grains of pyrite, chalcopyrite and 

pyrrhotite are found filling the spaces between 
magnetite grains. Cubic pyrite crystals occur 
randomly in mica-rich zones and in the dolomite, 
and some pyrite grains have inclusions of chal-
copyrite and linneaite. The pyrite contains 44.04 
—44.80% FeO and 51.39—52.88% S. Some 
grains are zoned, with a Co-rich rim and a Co-
poorer core, but the relation may be reverse in 
some cases. Arsenopyrite and cobaltite, with 
small gold inclusions, always occur in idiomorph-
ic grains. 
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Table 6. Representative major element and trace elemet analyses. Analyzed by ILPMS at X-Ray Laboratories, Ontario, 
Canada. 

1 2 3 4 5 6 

Major elements 
s i o 2 38.30 44.60 1.82 54.20 8.26 7.17 
TIO2 1.35 0.43 0.04 1.05 0.18 0.07 
AL2O3 13.20 7.03 0.37 11.80 1.42 1.62 
FE2O3 17.40 16.00 1.83 12.40 84.80 71.20 
MNO n.d. n.d. 0.43 n.d. n.d. 0.11 
MGO 14.60 21.10 19.90 12.70 3.67 7.63 
CAO 2.30 1.99 30.10 0.41 0.77 5.12 
NA2O 0.35 0.08 0.17 0.02 0.10 0.09 
K2O 6.83 0.02 0.03 0.19 0.21 0.02 
P2O5 0.12 0.16 0.09 0.08 0.05 0.19 
LOI 1.00 6.00 44.90 7.08 -1.00 5.77 

TOT 96.00 97.40 99.70 100.00 98.50 99.00 
Trace elements 
AU < 1 2 < 1 < 1 2 54 ppb 
c u 56.0 <0.5 1.0 54.0 2.0 1700 ppm 
ZN 98.0 130 14.0 340 220 110 
S 180 <100 140 <100 740 6000 
V 290 40 20 250 80 50 
CR 120 < 2 < 2 120 < 2 < 2 
MN 390 340 n.d. 440 140 n.d. 
CO 65 16 4 32 95 188 
NI 100 84 8 94 1 4 
AS 2 3 1 3 6 43 
MO 4 < 2 2 4 < 2 < 2 
RB 201 21 15 20 <10 <10 
SR <10 <10 <10 <10 <10 <10 
Y <10 13 <10 <10 <10 <10 
ZR 63 50 <10 29 <10 <10 
NB 15 22 22 28 31 <10 
BA 5040 97 <10 170 606 155 
TA < 1 1 < 1 < 1 < 1 < 1 
PB < 2 < 2 < 2 < 2 6 30 
TH < 1 2.5 < 1 <1 <1 2.8 
U 1.2 0.7 <0.5 <0.5 <0.5 5.6 

1 = 46/160.20 Actinolite-biotite schist 
2 = 33/63.50 Actinolite rock 
3 = 36/26.95 Dolomite 
4 = 36/11.20 Mica schist 
5 = 33/76.90 Ore 
6 = 36/90.00 Ore 

Whole rock chemistry 

18 major element and trace element analyses 
for the drill holes numbers 33, 36 and 46 were 
performed by X-Ray-Assay Laboratories, On-
tario, Canada, and previous analyses by the Rau-
taruukki and Outokumpu companies were also 

available. Representative analyses are given in 
Table 6, and full data in Liipo (1990). 

Dolomite 

The dolomites contain 23.91—53.50% CaO 
and 3.20—19.90% MgO, and their CaO/MgO 
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ratios range from 1.4 to 16.7, although in most 
cases the figure is 1.5—1.6. These ratios indicate 
that the rocks are dolomite or slightly calcian 
dolomite (Frolova 1959). 

Amphibole rocks and schists 

In spite of some differences in the amouts of 
quartz and iron oxides, the amphibole rocks and 
schists are chemically very similar. They contain 
24.05—48.73 % Si02 , 8.54—39.90 % Fe203 and 
13.40—26.50 % Fetot, the variations being due 
to f luc tua t ions in the amouts of magnetite and 
pyrite. MgO and MnO contents are between 
7.70—21.10 % and 0.03—0.48 %, respectively, 
again due to the variations in the proportions of 
tremolite-actinolite, biotite and chlorite. The 
highest MgO concentrations are found in the 
tremolite-actinolite rocks and the lowest in the 
amphibole schists. Trace element concentrations 
are generally low, the amphibole rocks and 
schists containing <0.5—630.0 ppm Cu, 37.0— 
760 ppm Zn, < 100—940 ppm S and 4—222 ppm 
Co. Ba varies in the range 81.0—5040 ppm, be-
ing highest in the rocks rich in Ba-bearing bio-
tite. 

Chlorite and mica schists 

The chlorite and mica schists are highly con-
sistent in their main element concentrations, 
which also resemble those of the amphibole rocks 
and schists containing 22.00—61.73% Si02 , 
5.08—29.20 Fe203 , 13.50—20.90% Fe,ot, 4.60— 
15.20% MgO and 0.02—14.30% MnO. Cu is in 
the range <0.5—340 ppm, Zn 24.0—1100 ppm, 
S <100—360 ppm, Mo <2.0—156 ppm and Ba 
170.0—4120 ppm. 

Iron ore 

The average composition of the Vähäjoki iron 
ores is 39.4% Fetot, 0.07% P 2 0 5 , 14100 ppm S, 
1670 ppm Cu, 290 ppm Co and 0.1—0.6 ppm Au 
(Korvuo 1982). The analyses made by Lapin 
Malmi indicate a Si02 content of 7.17—42.95%, 
A1203 0.42—11.28% and P 2 0 5 0.05—3,84%. 

P 2 0 5 concentrations in the ores are usually be-
low 0.1%, but a substantially higher figure of 
3.48% is recorded in the E-W ore body which is 
cut by drill hole number 36. The dolomite with 
martite bands found in the same drill hole, also 
has a relatively high P 2 0 5 content (1.3%) near 
its contact with the quartzite (Korvuo 1982). 

The analyses of iron ores carried out here show 
them to contain 71.20—84.80% Fe203 , 
7.17—8.26% Si02 , 0.07—1.42% A1203 and 0.05 
—0.19% P 2 0 5 , together with 2—1700 ppm Cu, 
110—220 ppm Zn , 740—6000 ppm S, 95—188 
ppm Co and 155—606 ppm Ba (Table 2). 

Metamorphism 

The medium pressure epidote-amphibolite fa-
des is characterized by an albite + epidote + 
hornblende assemblage in metabasites. Since ac-
tinolite occurs in the greenschist facies metaba-
sites and coexists with hornblende in the transi-
tional zone with the epidote-amphibolite facies, 
the boundary between the greenschist and epi-
dote-amphibolite facies lies at the temperature 
where the dominant calcic amphibole changes 
from actinolite to hornblende (Miyashiro 1978, 
Maruyama et al. 1983). 

This change takes place under approximately 
the same P, T conditions as mark the appearence 
of almandine-garnet in the metapelitic rocks, i.e. 
at about 500 °C at medium and high pressures, 
and the temperature rises only slightly with in-
creasing pressure. The appearance of almandine 
is related to the Fe/(Fe + Mg) ratio in the rocks, 
so that it appears first within a narrow P-T zone. 
The first appearance of cummingtonite-grynerite 
amphiboles takes place at about 450—500 °C if 
the pressure is between 2 and 5 Kbar. 

Whether the cummingtonite forms composite 
grains with actinolite or hornblende depends on 
the chemistry of the rock and the grade of 
metamorphism. Cummingtonite-actinolite pairs 
have been encountered in the rocks varying from 
an epidote-amphibolite facies to granulite facies. 
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Table 7. Representative metamorphic temperatures obtained using the formulas of Perchuk et al. (1981) T l , Ferry & Spear 
(1978) T2, Pigage & Greenwood (1982) T3, Hodges & Spear (1982) T4, Perchuk & Lavernt'eva (1983) T5, Sheppard & Schwartz 
(1970) T6, Bickle and Powell (1977) T7, and Annovitz & Essene (1987) T8. Temperatures are given as °C. Samples 1—6 
are from breccia and samples 7—11 are from dolomite. 

garnet-biotite: 
1 2 3 4 5 6 

T1 631 496 507 552 541 521 
T2 686 485 504 584 559 511 
T3 840 606 636 761 700 624 
T4 760 536 556 654 613 563 
T5 374 543 527 467 481 508 

calcite-dolomite: 
7 8 9 10 11 

T6 473 388 468 539 — 
T7 481 416 477 531 315 
T8 504 454 496 543 329 

The Fe/(Fe + Mg) ratio in cummingtonite is 
usually higher than in the coexisting Ca amphi-
bole (Laird & Albee 1981). 

The chemical compositions of amphiboles pro-
vide valuable information on the metamorphic 
conditions under which they were formed. 
Tremolite molecules characteristically dominates 
the amphibole chemistry in greenschists, glau-
cophane molecules in blueschists, tschermakite 
molecules in amphibolites and edenite molecules 
in albite-epidote-amphibolites. The zonation and 
overgrowth in amphiboles record the evolution 
of metamorphic conditions in the rocks in ques-
tion (Holland & Richardson 1979). 

The occurrence of tremolite-actinolite at Vä-
häjoki marks the first increase in temperature. 
The appearance of cummingtonite may also be 
related to this event, but occurs later. The horn-
blende rimming the tremolite-actinolite and cum-
mingtonite then corresponds to the last increase 
in temperature, when the metamorphic facies 
changed from greenschist to epidote-amphibole. 

Temperature 

Six garnet-biotite pairs were analyzed in three 
samples from breccia. The temperatures obtained 

using the formulas of Perchuk et al. (1981), 
496—631 °C, and Ferry & Spear (1978), 482— 
681 °C, are less variable than those following Pi-
gage & Greenwood (1982), 603—836 °C, or 
Hodges & Spear (1982), 533—756 °C. The for-
mula proposed by Perchuk & Lavernt'eva (1983), 
374—543 °C, gives the most accurate results (cf. 
Chipera & Perkins 1988). 

Ten calcite-dolomite pairs were analyzed, but 
some of them give temperatures that are too low 
(T < 300 °C). The temperatures obtained using 
the formulas of Sheppard & Schwartz (1970), 
468—539 °C, and Bickle and Powell (1977), 
477—531 °C, do not differ very much from those 
of Annovitz & Essene (1987), 496—543 °C. These 
temperatures are lower than those obtained by 
means of garnet-biotite geo thermometers, though 
the mean values do not differ very much (Ta-
ble 7). 

Actinolites with Fe:Mg = 1, if coexisting with 
cummingtonites, are useful geothermometers and 
may be used to estimate, or place lower limits on, 
temperatures of metamorphism with a minimum 
error of + / — 35 °C (Cameron 1975). The cal-
cic amphibole at Vähäjoki has a composition of 
25—30 mole percent of actinolite, which suggests 
an equilibration temperature of 500 °C. 

The mineral assemblage dolomite + actinolite 
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Fig. 9. T -X c o 2 petrogenetic grid for the system CaO-FeO-
Mg0-Al 20 3 -Si0 2 -C0 2 -H 20 at 2 kbar projected from chlorite 
and C 0 2 - H 2 0 fluid. Key: amph = amphibole, chl = chlo-
rite, ta = talc, cpx = clinopyroxene, dol = dolomite, cc = 
calcite, q = quartz, magn = magnesite. Petrogenetic grid 
after Will et al. (1990). The arrows indicates the T-XC02 path 
of the Vähäjoki dolomite. 

+ chlorite + talc + calcite + quartz in the 
dolomite (Fig. 9), points to a lower temperature 
(475 °C) than those obtained by garnet-biotite ge-
othermometers, but is equal to those tempera-
tures obtained by calcite-dolomite geothermom-
eters. The XC02 of the fluid in the dolomites 
during the metamorphism was about 0.86. 

Pressure 

Compositions of the Ca amphiboles can be 
used to estimate the pressure at metamorphism 
(Raase 1974, Brown 1977 and Laird & Albee 
1981). Plotting of the Ca amphiboles from Vä-
häjoki on the Na M4—A1V1 diagram of Brown 
(1977) suggests a metamorphic pressure of 2—3 
Kbar, whereas the diagram of Laird and Albee 
(1981) denotes medium or high pressure condi-
tions (Fig. 10). 

The compositions of Ca amphiboles and the 
temperatures obtained from the garnet-biotite 
and calcite-dolomite geothermometers suggest 
that the temperature during metamorphism was 

about 465 °C and the pressure about 2—4 Kbar. 
These estimates correspond well to the those 
reached in other parts of the Peräpohja schist 
area (Salonsaari 1990). 

Remobilization 

Remobilization is a process of regeneration of 
new ore bodies from pre-existing ores during a 
younger orogenic period with or without contem-
poraneous intrusion and subsequent volcanism, 
implying participation of fluid agencies, volcan-
ic or metamorphic (Mookherjee 1976). There is 
evidence that deformation processes in low to 
medium-grade metamorphic terrains have been 
controlled by aqueous mass transport mechan-
isms operating in conjuction with dissolution and 
precipitation processes (Cox et al. 1986). Differ-
ent types of mobilization can be classified as 
chemical, including solution, diffusion and vola-
tile transport; transitional, including partial melt-
ing and solution; or physical, including plastic 
flowage and melting (Mookherjee 1976). The 
metamorphic conditions assosiated with 
remobilization are different from those of depo-
sition (Hobbs 1987). 

The Vähäjoki iron ores belong to the class of 
polymetamorphic skarn iron deposits. These ores 
are considered to be iron-silica-carbonate-rich 
sediments which have attained their present 
mineral composition through later metamorph-
ic processes (Zitzmann & Neumann-Redlin 1977). 
Skarn is used here as a term for lime-bearing sili-
cates derived from nearly pure limestone and 
dolomite with the introduction of large amounts 
of Si, AI, Fe and Mg (Bates & Jackson 1987). 

Mikkola (1947) explains that skarn building 
reactions and contact metasomatic changes took 
place between phyllite and dolomite and trans-
ported material into the ore zone, where condi-
tions were favourable for the formation of 
magnetite, and the iron was stored there. Vor-
nanen (1963) is of opinion that the magnetite ore 
and the sulphides are heterogenetic, the magne-
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AI IV A,VI c „ 3 + t . AI AI + F e + Ti 
Fig. 10. Ca amphiboles from Vähäjoki placed on the diagram of Laird & Albee (1981). Key: 1 = high pressure field, 
2 = medium pressure field and 3 = low pressure field. Amphiboles were tabulated by means of the AMPHTAB program 
(Rock 1987). 

N a M 4 

AI 

tite being of sedimentary origin and the sulphides 
are related to the magmatic rocks. Lehto (1975) 
suspects that the ores went through several skarn 
building and mobilisation stages. 

Skarn building reactions took place within a 
specific bed without any reactions between the 
bed and the enclosing rocks indicate that there 
was a free fluid phase during the metamorphism. 

The fluids carrying the ore material are thought 
to have been metamorphic, because the ores are 
not directly connected with volcanites but occur 
in dolomites and there are no intrusives in the 
area. The north-south breccia zone in which the 
ores and amphibole schists are located acted as 
a channel for the fluids carrying the ore materi-
al. The focusing of fluid flow in high-perme-

2 
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ability fault zones or shear zones may locally en-
hance rates of dissolution and remobilization 
(Cox et al. 1986). 

During the early stages of metamorphism pre-
existing iron ores were remobilized partly physi-
cally and partly chemically, the durchbewegung 
textures of the breccia ores being caused by plas-
tic flowage. The fluid flow was focussed in the 
N-S zone, where the ores were formed. 

Conclusions 

The Vähäjoki iron ores occupy the uppermost 
part of the Karelian (Early Proterozoic) quartzite-
dolomite sequence deposited on the late Ar-
chaean basement in southern Lapland. The ores 
occur as magnetite veins brecciating dolomite and 
as magnetite disseminations in chlorite and mica 
schists. 

The only main ore mineral is magnetite, with 
which there occur accessory ilmenite, haematite, 
pyrite, chalcopyrite, pyrrhotite, arsenopyrite and 
cobaltite with small gold inclusions. The main 
gangue minerals are dolomite or Fe-dolomite in 
the dolomites, ferri-tremolite, tremolite, ferri-

actinolite and ferrian actinolite, cummingtonite, 
magnesio-hornblende and tschermakitic horn-
blende in amphibole-bearing hosts, green Mg-rich 
biotite, brown Fe-rich biotite and Ba-bearing bi-
otite, and chlorite in chlorite and mica schists. 

The garnet-biotite and calcite-dolomite geother-
mometers and the mineral chemistry of the Ca-
amphiboles suggest that the Vähäjoki iron ores 
were metamorphosed under greenschist — am-
phibolite facies conditions ( T = 465 °C and P 
= 2—4 Kbar). The XC 0 2 of the fluid in the 
dolomites during the metamorphism was about 
0.86. An increase in metamorphic grade is reflect-
ed in the change in amphibole composition from 
tremolite-actinolite to tschermakitic hornblende. 

During the early stages of metamorphism pre-
existing iron ores were remobilized partly physi-
cally and partly chemically, the durchbewegung 
textures of the breccia ores being caused by plas-
tic flowage. 
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