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Gold in ��e �en�ral �apland Green��one Bel�, Finland
Ojala, V.J. (ed.) 
Geological Survey of  Finland, Special Paper 44

EditOr’s PrEfacE

The purpose of this special paper is to summarise the gold research and 
explora�ion in ��e �en�ral �apland Green��one Bel� (and i�� �urrounding 
area) in nor��ern Finland conduc�ed by ��e Geological Survey of Finland 
(GTK). Gold exploration in northern Finland has a long history and the 
first signs of gold were found in early 1800’s in the Kemi area, in southern 
�apland�� Even ��oug� ��e�e did no� lead �o any di�coverie�, in�ere�� in ��e 
gold prospecting was seeded. After many years of prospecting along the 
major rivers in Lapland small placer deposits were discovered in 1868 
in the Ivalojoki area in northeastern Lapland. Recorded gold production 
�ill 2006 i� abou� 1300 kg�� Individual pro�pec�� con�ain �ypically few 
hundreds of grams to few tens of kilograms of pannable gold, and hobby 
mining and small-scale panning operations have continued more or less 
continuously since 1870’s. Many small vein-style gold occurrences were 
loca�ed in ��e panning area� in early 1900’��� Several explora�ion ��af�� 
were sunk and although reported gold grades were several grams per 
tonne in places, the veins were narrow and no economic deposits were 
found�� T�e�e vein ��yle occurrence� were explored again in 1950’�, bu� no 
significant discoveries were made. Geologically these are located within 
the Lapland Granulite Belt, which is mainly composed of psammitic 
and pelitic sedimentary rocks with minor volcanic rocks and intrusives 
metamorphosed at granulite facies metamorphic conditions.

Although the early exploration was not successful locating gold de-
posits, it was the foundation for further geological mapping and research 
in northern Finland. Greenstone belts were recognized and their ore 
potential was noticed and a small gold mine operated (production 3 kg 
of Au) in near the Sirkka village in the Central Lapland Greenstone Belt 
in 1955–1956. GTK’s mapping and exploration in northern Finland was 
boosted in 1970’s when the regional office was opened in Rovaniemi. In 
la�e 1970’� �ig� gold price increa�ed ��e in�ere�� for gold�� Explora�ion 
for gold with improved geochemical and geophysical methods lead to 
discoveries three gold mines: Saattopora (mined 1988-1995), Pahtavaara 
(opened 1996–), and Suurikuu�ikko (under con��ruc�ion, publi��ed 
resource 2.4 Moz in 2006). Saattopora was discovered by Outokumpu 
company, and Pahtavaara and Suurikuusikko were discovered by GTK. 
In addi�ion, over 30 drilling indica�ed occurrence� �ave been loca�ed 
in the Central Lapland Greenstone Belt. Research into the formation 
of gold depo�i�, and e�pecially on ��e orogenic gold depo�i�� �a� been 
particularly important for the recent exploration success.

Rovaniemi, October 10, 2007 

V. Juhani Ojala
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Hölttä, P��, Väisänen, M., Väänänen, J. & Manninen, t. 2007. Paleoproterozoic meta-Paleoproterozoic meta-
morphism and deformation in Central Lapland, Finland. Geological Survey of Finland, 
Special Paper 44, 7–56, 23 figures 2 tables and 2 appendices.

Three main ductile deformations, D1-D3, and contemporaneous and later shear zones 
account for most structures in Central Lapland. The oldest tectono-metamorphic feature 
is the bedding-parallel, mostly microscopic S1, overprinted by the main foliation S2, 
which is the most prominent structural feature seen in almost all rock types throughout 
the study area. Subhorizontal S2 is an axial plane foliation to tight or isoclinal, inclined 
to recumbent F2 folds. Kinematic indicators in the central and southern parts of the 
��udy area indica�e a nor��ward �ran�por� direc�ion, bu� clo�e �o ��e S and SW border ��e 
 Lapland Granulite Belt it may be of opposite direction. F3 folds deform the D2 structures. 
F3 folding show an extreme variety regarding the fold vergence with N-vergent folds 
in south, SW-W-vergent folds in north and E-vergent folds in west close to the Kolari 
shear system. Apparently, the F3 folding seems to be associated with complex tectonic 
movement directions, from S to N direction in the south, from NE to SW in the north 
and northeast part, and from W to E in the western part of the study area. 

 Several metamorphic zones have been mapped in the area. These are I) granulite 
facies migmatitic amphibolites south of the granulite complex (including the so called 
Tanaelv belt next to the granulites); II) high pressure mid-amphibolite facies rocks 
south of Zone I, characterised by garnet-kyanite-biotite-muscovite assemblages with 
local migmatisation in metapelites, garnet-hornblende-plagioclase assemblages in ma-
fic rocks, local cordierite-orthoamphibole rocks intercalated with mafic volcanics; III) 
low-pressure mid-amphibolite facies rocks south of Zone II, garnet-andalusite-staurolite-
chlorite-muscovite assemblages with retrograde chloritoid and kyanite in metapelites, 
hornblende-plagioclase-quartz±garnet in metabasites; IV) greenschist facies rocks of the 
Central Lapland Greenstone Belt, fine-grained white mica-chlorite-biotite-albite-quartz 
in metapelites, actinolite-albite-chlorite-epidote-carbonate in metabasites; V) prograde 
metamorphism south of Zone IV from lower amphibolite facies (andalusite-kyanite-
staurolite-muscovite-chlorite±chloritoid schists, V.1–2) to mid-amphibolite facies 
(kyanite-andalusite-staurolite-biotite-muscovite gneisses,V.3) and upper amphibolite 
facies garnet-sillimanite-biotite gneisses (V.5); VI) amphibolite facies pluton-derived 
metamorphism related with heat flow from central and western Lapland granitoids, 
where Zone VI.2 represents both andalusite and sillimanite-present, and Zone VI.3 only 
sillimanite-present, andalusite absent gneisses. Pelitic rocks exhibit decompressional 
PT paths where andalusite grade metamorphism was preceded by higher pressure. 
Metamorphism was partly related with tectonic thickening during overthrusting of the 
Lapland Granulite Belt to the south, but the present metamorphic structure may record 
later, postmetamorphic faulting and folding events.

Key words (GeoRef Thesaurus AGI): metamorphic rocks, metapelite, metabasite, min-
eral assemblages, P-T conditions, Central Lapland Greenstone Belt, Paleoproterozoic, 
Finland��
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Geological Survey of Finland, Special Paper 44
Pentti Hölttä, Markku Väisänen, Jukka Väänänen and Tuomo Manninen

8

1 Geological Survey of Finland, P.O. BOX 96, FI-02151 Espoo, Finland
2 present address: Department of Geology, FI-20014 University of Turku,  
Finland
3,4Geological Survey of Finland, P.O. Box 77, FI-96101 Rovaniemi, Finland

email: 1 pentti.holtta@gtk.fi 2 markku.vaisanen@utu.fi 3 jukka.vaananen@gtk.fi  
4 tuomo.manninen@gtk.fi

iNtrOdUctiON

The Central Lapland Greenstone Belt and adjacent 
area� bordering ��e cla��ical �apland Granuli�e Bel� in 
��e �ou�� and �ou��-we��, �ave recorded �ix �undred 
million years of Paleoproterozoic depositional evolu-
tion from c. 2.5 Ga to 1.88 Ga (Lehtonen et al. 1998, 
Hanski et al. 2001). The structural and metamorphic 
�i��ory of ��e �apland Granuli�e Bel� �a� been con-
strained in many papers (e.g. Eskola 1952, Hörmann 
et al. 1980, Raith et al. 1982, Marker 1988, Barbey & 
Raith 1990, Korja et al. 1996, Perchuk et al., 2000), 
but systematic large-scale regional metamorphic and 
structural mapping has not been accomplished in 
the adjacent lower grade Proterozoic areas, although 
many special studies have dealt with the tectonometa-
morphic evolution of these regions (Gaál et al. 1978, 
Kärkkäinen 1982, Gaál et al. 1989, Ward et al. 1989, 
Rastas and Kilpeläinen 1991, Sorjonen-Ward et al. 
1997, Lehtonen et al. 1998, Tuisku & Makkonen 

1999, Hölttä & Väisänen 2000, Perchuk et al., 2000, 
Evins & Laajoki, 2002). However, the structural and 
metamorphic history of these areas is in a key position 
in tectonic modelling of the Proterozoic orogeny in 
��e nor��ern Fenno�candian S�ield��

The purpose of this work is (i) to map the regional 
metamorphic zones in Central Lapland (Fig. 1) by 
describing the distribution of metamorphic mineral 
assemblages in metapelites and metabasites and by 
using geothermometry and geobarometry, (ii) describe 
the petrography and mineral chemistry of metapelites 
and metabasites, (iii) outline the main deformation 
phases and their relationship to metamorphism. This 
paper is mainly descriptive, trying to give a general 
framework for further development of both tectonic 
models and detailed structural and metamorphic 
analysis of metamorphogenic ore genesis. 

GEOLOGicaL sEttiNG

The Proterozoic evolution of the Central Lapland 
area started with rifting of the Archean crust, produc-
ing andesitic lava flows and dacitic to rhyolitic ash-
flow tuffs and ignimbrites of the Salla Group a� ��e 
Archaean-Proterozoic boundary. These subaereally 
erupted volcanics are followed by crustally contami-
nated komatiites, siliceous high-Mg basalts and mafic 
volcanic rock� of the Onkamo Group. T�e 2��4 Ga old 
Koitelainen layered intrusion cuts the volcanic rocks of 
the Salla Group but not those of the Onkamo Group. 
This initial rifting-related volcanism was followed by 
the sedimentation of arkosic quartzites, carbonate rocks 
and mica schists of the Sodankylä Group, probably 
before 2.2 Ga that is the age of the mafic/ultramafic 
�ill� of ��e gabbro-we�rli�e a��ocia�ion (Han�ki 1996) 
that have intruded these metasediments. Investiga-
tions of sedimentary facies of these metasediments 
suggest a continental margin setting. Deepening of 
the sedimentary basin caused accumulation of fine-
grained  sediments  like  phyllites  and  black  schists  of 
��e Matarakoski Formation, the Savukoski Group�� 

These pelitic metasediments are conformably overlain 
by     basaltic     and     peridotitic     komatiites     and     picrites 
of the Sattasvaara Formation. Emplacement of 
the 2.05 Ga old Keivitsa layered intrusion gives a 
minimum age for the Savukoski Group. The sedi-
mentary-volcanic associations described above are 
in �ec�onic con�ac� wi�� the Kittilä Group, in�erpre�ed 
as an allochtonous oceanic unit comprising various 
MORB- (mid-ocean ridge basalts), OIB- (ocean-island 
basalt) and IAT-type (island arc tholeiitic) volcanic 
rocks, ophiolitic mantle rocks of Nuttio, and chemical 
sediments (Hanski 1997). The allochtonous nature of 
this group is, however, questioned by Sorjonen-Ward 
e�  al��  (1997),   w�o  regard  i�  a�  an  en�ialic,  au�oc�-
tonous unit. Younger quartzites and conglomerates 
of the Lainio and the Kumpu Groups cap all ��e pre-
vious rocks with unconformity. These molasse-type 
sediments contain pebbles of ca 1.88 Ga magmatic 
rocks, providing the maximum age of sedimentation 
(Han�ki e� al�� 2000)�� De�ailed de�crip�ion� of ��e above 
mentioned stratigraphic successions are provided by 
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Fig. 1. The location of the study area as indicated by the box on the geological map of Finland after Korsman et al., 1997. 

�e��onen e� al�� (1998) and Han�ki (2001) and Han�ki(1998) and Han�ki (2001) and Han�ki 
e� al�� (2001)��(2001)�� 

The oldest dated Proterozoic intrusion is the Nilipää 
grani�e in ��e nor��ern �ide of ��e �en�ral �apland 
Granitoid Complex. Th U-Pb age on zircon in this 
grani�e i� 2��1 Ga, bu� al�o younger grani�oid�, da�ed a� 
c. 1.84 Ga, occur in the complex (Huhma, 1986). Rocks 

of ��e �o called Haaparan�a Sui�e occur in ��e we��ern 
part of Central Lapland and comprise c. 1.88–1.89 Ga 
deformed (foliated) tonalites, granodiorites and mon-
zonites (Lehtonen et al. 1998), but granitoids of this age 
have been found also in the Sodankylä area in eastern 
Lapland (Räsänen & Huhma 2001). They probably 
represent the magmatism associated with the main 



Geological Survey of Finland, Special Paper 44
Pentti Hölttä, Markku Väisänen, Jukka Väänänen and Tuomo Manninen

10

Svecofennian accre�ional �ec�onic��� So called He��a 
granites in the northern part of the Kittilä greenstone 
area are fine- to medium-grained, variously foliated, 
granodioritic to tonalitic intrusive rocks. Some of them 
are dated at c. 1.80 Ga, while some contain an older 
inherited component (Huhma 1986), suggesting the 
origin of deeper �ource by cru��al ana�exi��� Younge�� 
grani�oid� in ��e area are po��-orogenic, 1��77 Ga old 
Nattanen-type granites (Huhma 1986; Haapala et al. 
1987; Wennerstöm and Airo 1998).

Rastas and Kilpeläinen (1991) and Lehtonen et al. 
(1998) made structural analyses on selected key areas 
in �en�ral �apland�� T�ey repor�ed a polyp�a�e folding 
from various directions with at least two late folding 

p�a�e�, of w�ic� E-W folding i� younger ��an N-S 
folding. Gaál et al. (1978), however, had an opposite 
opinion. Ward et al. (1989) and Sorjonen-Ward et 
al. (1997) on the other hand, provided a kinematic 
approach. They suggested a plate motion from two 
directions: the Svecofennian movement from south 
to north and a more or less simultaneous transport 
of the Lapland Granulite Belt from north to south or 
�ou��we���� T�i� crea�ed fold� of oppo�ing vergence� in 
nor�� and �ou��, re�pec�ively�� Dex�ral ro�a�ion cau�ed 
some of the interference patterns seen on geophysical 
maps. The overall structural style of the area resembles 
��a� of a fold and ��ru�� bel� (Ward e� al�� 1989)��

deformation

We describe here those ductile deformation events 
w�ic� are clo�ely rela�ed wi�� ��e evolu�ion of ��e 
regional metamorphism (D1–D3). Apart from these 
there is later postmetamorphic deformation that e.g. 
accounts for the evolution of late shear zones (Lehtonen 
et al. 1998; Väisänen, 2002).

S�ruc�ural correla�ion acro�� �uc� a large area i� 
problematic without detailed geochronological data 
of differen� �ec�onic epi�ode�, recalling ��e po��ibili�y 
that even a single deformation can locally produce 
superimposed structures (e.g. Burg 1999). Since the 
now exposed orogen probably was formed by plate 
motions from different directions, at different times, 
and at varying intensities, the resulting tectonic mosaic 
is extremely heterogeneous. Therefore, the group-
ing of ��ruc�ure� under label� D1–D3 below i� only 
de�crip�ive and i� ba�ed on ��e overprin�ing cri�eria 
within smaller subareas. There are many different 
kinds of tectonic and metamorphic blocks exposed 
in ��e area and ��erefore, we do no� believe ��a� 
differen� ��ruc�ure� (e��g�� D3 ��ruc�ure�) in differen� 
places were formed simultaneously. Therefore in a 
��ric� �en�e, ��e ��ruc�ure� can no� be correla�ed�� T�e 
geometrical structure analysis has its limitations in 
�en�ral �apland�� 

Volcanic and sedimentary depositional structures 
(bedding) are quite common in Central Lapland, 
�elping �o iden�ify rock �ype� and ��e paleoenviron-
ment. Unambiguous younging criteria were, however, 
observed very rarely during mapping, the observations 
were mostly made on quartzites. This hampered the 
identification of possible overturning of the strata. 
According to Ward et al. (1989) and Evins & Laajoki 
(2002), however, in spite of recumbent folding, there 
are sufficient younging data to preclude the existence 
of large-�cale fold nappe� in �en�ral �apland�� 

D1 deformation

The oldest tectono-metamorphic feature in Central 
�apland i� ��e bedding-parallel folia�ion, S1�� I� can 
be seen in mica rich sedimentary rocks within F2 fold 
�inge�, perpendicular �o S2 axial plane folia�ion, bu� 
rarely observed macroscopically. S1 is also preserved 
a� inclu�ion �rail� wi��in andalu�i�e, garne� and ��au-
rolite porphyroblasts. Hölttä and Väisänen (2000) 
called i� a� S1a folia�ion (preda�ing D1), becau�e ��e 
origin of the foliation was ambiguous and it was not 
a mappable unit. However, the S1 foliation appears to 
be locally even ��ronger ��an S2�� T�erefore, we believe 
��a� i� i� of �ec�onic origin, older ��an S2 and de�erve� 
a separate D1 term, in accordance with terminology 
in �e��onen e� al�� (1998)�� However, we did no� de�ec� 
any fold� a��ocia�ed wi�� S1 ��a� would �ave been 
clearly overprinted by D2 deformation. 

D2 deformation

The most prominent structural feature seen in most 
rock types throughout the study area is the main fo-
liation, S2. In most cases it is subparallel to bedding, 
but in some competent rock types such as quartzites 
and �and��one�, ��e folia�ion can be in larger angle �o 
bedding. Minerals defining the foliation are protolith 
and metamorphic grade dependent: in lowest grade 
rocks foliation in pelitic rocks comprises chlorite and 
muscovite, whereas in higher grade rocks chlorite is 
replaced by bio�i�e�� W�en a��ocia�ed wi�� F2 fold�, 
S2 is an axial plane foliation to commonly tight or 
isoclinal folds deforming bedding, S0, and the bed-
ding-parallel, microscopic S1. The orientation of the 
main foliation and the early folds vary, but in most 
places S2 is gently dipping to flat-lying, and the folds 
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are either recumbent or reclined (Figs 2a and 2b). Ver-
�ical axial plane� wi�� ��eep fold axe� al�o exi���� T�e 
field observations suggest that this early deformation 
was caused by horizontal movements related to thrust 
�ec�onic��� However, i� i� no� �ure if S2 wa� originally 
horizontal throughout Central Lapland (see also Ward 
et al. 1989 and Evins & Laajoki 2002). 

In the study area, the gently dipping to horizontal 
foliations are still preserved in many places, with an 
approximately NNE-SSW elongation lineation on 
��e folia�ion plane�� In Fig� 2b, 2d, 3a and 3b, four 
independent observations from different parts of the 
study area are presented to argue that the movement 
direction was from SSW to NNE. The measurements 
of the main lineations are plotted on Fig. 4 and F2 
folds on Fig. 5. Some of the S2 form lines, main 
thrusts, shear zones and tectonic transport directions 
are pre�en�ed in Fig�� 7��

In Fig. 2b, the fold vergence in recumbent F2 folds 
indica�e a nor��ward �ran�por� direc�ion in an ou�crop 
situated close to the Sirkka shear zone (Fig. 7). Fig. 

2d displays a vertical section of an ultramafic rock, 
partly altered to serpentinite. This belongs to the same 
rock �erie� a� ��e Nu��io �erpen�ini�e ��a�, according �o 
Hanski (1997), is a piece of mantle part of an ophiolite. 
T�e ou�crop di�play� a well-developed S-� ��ruc�ure� 
that occurs both in millimetre and metre scales, indi-
cating top-to-the NNE movement direction. Fig. 3a 
shows a spectacular example of a sigmoidal garnet, 
where shear sense is top-to-the N. The example in 
Fig. 3b shows a thin section photomicrograph of a 
strongly deformed quartzite with a well-developed 
quartz rod lineation on a subhorizontal foliation plane. 
Small-scale shear bands show top-to-the NNE move-
ment direction.

The examples above indicate northward transport 
during D2�� I� i� po��ible, �owever, ��a� ��e ��ruc�ure� 
described above were reactivated during D3 and some 
of them display a composite D2+D3 structure (see 
below). Kinematic information from this tectonic 
stage is lacking in this work from the S and SW bor-
der the Lapland Granulite Belt. Korja et al. (1996),Korja et al. (1996),(1996), 

Fig. 2. (a) Recumbent folds on a vertical wall of an abandoned marble quarry in Äkäsjokisuu. Pen in the lower right corner points north. N 7490585,  
E 3355993. (b) Recumbent N-vergent folds in chlorite-muscovite schist in Rajala. Pen points north. N 7502895, E 3460515. (c) Photomicrograph of 
the rock in Fig. 2b displaying a vertical S1 and horizontal S2. Field of view is 5 mm. (d) Sheared ultramafic rock in Tarpomapää displaying a metre 
scale NNE-vergent S-C structure. The hammer shaft points north. N 7527806, E 3453228. Locations of the photograph sites are presented in Fig. 7.
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Fig. 3. (a) Sigmoidal garnet in mica schist, north is to the right. Field of view is 10 mm. Nuttion Tuorelaki. N 7515889, E 3457831. (b) Dextral shearNu��ion Tuorelaki�� N 7515889, E 3457831�� (b) Dex�ral ��ear(b) Dex�ral ��ear 
bands in quartzite. Field of view is 10 mm. Petkula. N 7510986, E 3490942. (c) Subvertical S2 is folded by E-W late folds with gently S-dippingPe�kula�� N 7510986, E 3490942�� (c) Subver�ical S2 i� folded by E-W la�e fold� wi�� gen�ly S-dipping(c) Subver�ical S2 i� folded by E-W la�e fold� wi�� gen�ly S-dipping 
axial surfaces. Hammer shaft points north. Petäjävaara. N 7476509, E 3495903. (d) Mica schist folded by inclined N-vergent late folds. Pink granitePetäjävaara. N 7476509, E 3495903. (d) Mica schist folded by inclined N-vergent late folds. Pink granite(d) Mica �c�i�� folded by inclined N-vergen� la�e fold��� Pink grani�e 
is folded and intrudes along axial surfaces (lower right corner). The hammer shaft points north. Pikku-Venevaara. N 7482989, E 3516295. LocationPikku-Venevaara. N 7482989, E 3516295. Location�oca�ion 
of ��e p�o�ograp� �i�e� are pre�en�ed in Fig�� 7

Fig. 4. Measurements of lineations. Broad arrows show the interpreted tectonic transport directions.

surface
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however, describe SE verging recumbent folding, 
bu� ��e correla�ion �o ��ruc�ure� de�cribed above and 
below i� unclear��

D3 deformation  

T�e geological ��ruc�ure� de�cribed above are 
overprin�ed by a �e� or �e�� of la�e fold� (�ere collec-
tively called F3 folds) and late shear zones of various 
orientation and attitudes (Väisänen 2002). Folds with 
E-W, N-S, NE-SW and NNW-SSE axial �race� are all 
observed and measured, but the E-W and N-S orienta-
tions dominate. The dips of the axial surfaces of F3 
folds also vary from horizontal through moderately 
dipping to vertical. These observations closely resem-
ble ��a� of a polyp�a�e folding previou�ly de�cribed 
as F3 and F4 by Rastas and Kilpeläinen (1991) and 
�e��onen e� al�� (1998)�� 

We did not find any unambiguous systematic and 
repe�i�ive overprin�ing rela�ion��ip� of la�e fold� of 
differen� orien�a�ion� in ��i� work�� On ��e con�rary, 
some observations suggest that they could have been 
formed approximately simultaneously or in the 
course of the same progressive deformation, possibly 
accompanied by rotation. These include e.g. (i) the 
similar fold geometry, (ii) the similar metamorphic 
grade using mineral growth as criteria, (iii) same 
relationship to vein material (carbonate veins, quartz 
vein�, iron carbona�e vein�), (iv) fold axe� of differ-
en� orien�a�ion and a��i�ude were found occa�ionally 
within same outcrops without any obvious overprint-
ing rela�ion��ip��� 

In general, in ��e �ou��ern and �ou��-ea��ern par� 
of the study area (Sodankylä area), late folds, plotted 
a� F3 in Fig�� 5, are E-W �rending, ��eir axial �urface� 
range from vertical to moderately dipping, locally even 

Fig. 5. Measurements of the F2 and F3 folds. Boad arrows show the interpreted tectonic transport directions.
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Fig. 6. (a) Asymmetric NNE-vergent late fold with a steep northern fold limb and a gently dipping southern limb. Rovalaki. N 7511749, E 3463811.Rovalaki. N 7511749, E 3463811.  
(b) Inclined W-vergent late fold, view looking south. Haapanalehto. N 7555046, E 3458000. (c) W-vergent inclined fold, view looking south. Lompolo,Haapanalehto. N 7555046, E 3458000. (c) W-vergent inclined fold, view looking south. Lompolo,(c) W-vergent inclined fold, view looking south. Lompolo,Lompolo, 
N 7557161, E 3409693. (d) Granite dike intrudes along the N-S axial surface of a late fold, the hammer shaft pointing north. Vuomilehto. N 7553309,(d) Granite dike intrudes along the N-S axial surface of a late fold, the hammer shaft pointing north. Vuomilehto. N 7553309,Vuomilehto. N 7553309,  
E 3496939�� T�e ��in do�-da�� line ��ow� ��e con�ac� of grani�e wi�� ��e folded fel�ic gnei���� �oca�ion� of ��e p�o�ograp� �i�e� are pre�en�ed inT�e ��in do�-da�� line ��ow� ��e con�ac� of grani�e wi�� ��e folded fel�ic gnei���� �oca�ion� of ��e p�o�ograp� �i�e� are pre�en�ed in  
Fig�� 7��

subhorizontal with N-vergent fold asymmetry (Fig. 3c). 
Occasionally, pink granite dikes, folded and injected 
along axial surfaces, suggest at least some syn- to 
late tectonic granitoid magmatism (Figs 3d and 6d). 
�a�e fold� are uprig�� �o ��eeply inclined, di�playing 
a nor��ward vergence in ��e cen�ral par� of ��e area 
(Fig�� 6a), bu� ea��ward vergen� in SW and W par� of ��e 
area close to the Kolari Shear system (Sorjonen-Ward 
e��� al�� 1997)�� W-vergen� fold� �ave been ob�erved in 

N and NE part of the area, close to shear zones (Figs 
6b and 6c), and la�e fold� appear �o be uprig�� in 
the north-central part of the area. Kinematically, the 
late folding seems to be associated with a complex 
tectonic movement directions with S to N direction 
in the south, from NE to SW or ENE to WSW in the 
northern and northeastern parts, and from W to E in 
��e we��ern par� of ��e ��udy area (�ee Fig�� 7)�� 

surface

surface

surface

surface
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Fig. 7. Tectonic map of the Central Lapland Granitoid Complex. Arrows show the interpreted tectonic transport directions. 
Thick solid lines with ticks are thrusts, dashed thick lines are steep shear zones, solid medium lines are late faults, dashed 
medium lines are S2 form lines, thin solid lines are S3 axial surfaces. Ki SZ = Kiistala Shear Zone, SZ = Shear Zone, LGB 
= Lapland Granulite Belt. Below the map, schematic vertical sections along lines A-A’, B-B’ and C-C’. Numbers with letters 
��ow ��e loca�ion� of ��e p�o�ograp�� pre�en�ed in Fig� 2, 3 and 6��

Metamorphism

Based on the observed mineral assemblages in 
mafic and pelitic rocks, the following metamorphic 
zones have been observed in the study area (Fig. 8). 
Mineral assemblages in each zone are listed in Table 
1. Mineral abbreviations are after Kretz (1983).
I Granulite facies migmatitic mafic rocks with grt-

hbl-pl-qtz±cpx±opx assemblages, rare peralumi-
nous migmatites with grt-bt-sil-pl-qtz. Assemblage 
grt-hbl-cpx-pl-qtz was observed only in this zone 
in ��e ��udy area��

II Mid-amphibolite facies high pressure rocks, grt-

ky-st-bt-ms-pl-qtz assemblages in pelites, local 
minor migmatisation, grt-hbl-pl-qtz in mafic rocks, 
locally cordierite-orthoamphibole. 

III  Mid-amphibolite facies low-pressure rocks, 
grt-and-st-chl-ms-pl-qtz±bt assemblages with 
retrograde chloritoid and kyanite, hbl-pl-qtz±grt 
in metabasites, typically a strong retrograde meta-
morphism with extensive chloritisation.

IV Greenschist facies rocks, fine-grained ms-chl-
bt-ab-qtz in metapelites, act-chl-ep-ab-crb-qtz in 
mafic rocks.
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Fig. 8. Metamorphic map of the study area. See Tabel 1 and text for explanation of the zones, indicated by the Roman numerals. Yellow spots indicate 
��e known gold de�o�i�� af�er Eilu (1999)��

Table 1. Observed silicate mineral assemblages in metapelites and metabasites.

Zone assemblages retrograde minerals

I – grt-bt-sil-ms-chl-pl-qtz±kfs
– grt-hbl-pl-qtz±cpx±bt±cum±ep±chl±ttn
– hbl-pl-qtz±bt±ep±chl
– grt-hbl-opx-cpx-cum-pl-qtz

ms, ep, chl, cum, grt, partly hbl

II – grt-bt-ms-qtz±ky±st±pl 
– ky-bt-pl-qtz
– grt-bt-qtz±pl±cc
– hbl-pl-qtz±grt±ep±chl
– tre-chl±ol±crb
– tre-spl-pl-chl
– tre-cor-pl-ch
– oam-crd-pl-qtz±bt 
– oam-pl-qtz-chl±bt 
– grt-bt-chl-pl-qtz±oam±crd
– grt-oam-chl-pl-qtz

c�l, ep

III – grt-st-ms-chl-qtz ±ctd±and±ky±pl
– ms-chl-qtz±tur 
– hbl-pl-qtz±grt±ep±chl
– grt-cum-qtz

ctd, ky, partly ms, chl, st

III��1 – grt-ms-bt-chl-st-pl-qtz±ctd
– bt-ms-qtz±tur±chl±pl

ctd, chl, partly ms, chl

�on�inue nex� page��
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Zone assemblages retrograde minerals

IV – chl-ms-qtz±pl±bt±tur±mnz 
– bt-chl-qtz±crb
– chl-act-pl-qtz±ep±crb ±ttn
– chl-pl-qtz±crb±rt±ep
– act-pl-ep-qtz-±rt
– act-chl±cum 
– chl-crb-ep-pl±qtz
– bt-chl-qtz-±ms
– bt-ms-pl-qtz-mnz 
– bt-cum-qtz±pl
– ol-crb-srp-op
– srp-op
– ol-tre-op±opx

V.1 – and-chl-ms-qtz±cld±ky±pl
– st-cld-chl-pl-qtz±ky 
– ky-chl-ms-qtz±pl±and
– and-bt-ms-pl-qtz±chl
– ms-bt-ky-qtz±grt±chl

par�ly cld, c�l

V.2 – st-ms-chl-pl-qtz±ky±tur
– and-ms-chl-pl-qtz±st±ky 
– ky-st-ms-chl-pl-qtz 

c�l (?)

V.3 – st-ky-ms-chl-bt-pl-qtz±sil
– st-ky-and-sil-ms-chl-bt-pl-qtz
– st-bt-ms-pl-qtz±chl
– ky-st-bt-ms-pl-qtz±grt
– ky-bt-ms-pl-qtz±and

chl, partly ms 

V.4 – ky-st-bt-ms-pl-qtz±grt±st
– bt-ms-pl-qtz

V.5 – st-sil-bt-ms-pl-qtz±grt±ky
– sil-bt-ms-pl-qtz±chl±grt

chl, partly ms

VI.1 – bt-ms-qtz-tur±chl±pl±crd ±and±grt
– bt-scp-crb-qtz
– bt-cum-chl-qtz
– chl-ms-qtz±bt±pl
– bt-ms-kfs-pl-qtz
– bt-ms-ep-pl-qtz
– grt-bt-crb-tlc±cum
– grt-bt-crb-cum
– grt-bt-Fets-crb±cum±qtz
– grt-Fets-bt-chl-qtz
– hbl-chl-ep-qtz-crb
– hbl-pl-qtz-ep-ttn
– hbl-pl-bt
– hbl-ep-pl
– bt-chl-ep-qtz
– cpx-tr-scp-bt-qtz
– cpx-tr-bt-kfs-qtz±scp
– cpx-hbl-kfs-pl-qtz-ttn± bt

VI.2 – bt-ms-pl-qtz±and±chl±tur
– ms-chl-pl-qtz±grt
– grt-st-bt-ms-pl-qtz 
– and-crd-bt-ms-qtz±grt±chl±st
– and-st-bt-ms-pl-qtz±sil ±grt±chl
– grt-st-bt-pl-qtz±sil±and ±chl
– bt-ms-ky-crd-qtz±and±sil ±chl
– ky-and-sil-ms-crd-qtz
– and-bt-ms-qtz-pl±crd±sil
– hbl-pl-qtz±grt

chl, partly ms, partly st

VI.3 – bt-ms-pl-kfs-qtz±sil±pl±chl
– st-sil-bt-ms-pl-qtz±grt
– bt-ms-sil-pl-qtz±chl
– bt-ms-crd-qtz±sil±pl
– grt-bt-ms-pl-qtz±st±chl
– grt-bt-sil-pl-qtz 
– grt-bt-ms-ep-pl-qtz
– grt-bt-ms-sil-kfs-qtz
– grt-bt-cum-chl-crd-pl-qtz
– hbl-pl-qtz±ep±chl±cpx

chl, ep, partly ms, partly crd, partly st
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V Prograde metamorphism from lower amphibolite 
facies (and-ky-st-ms-chl-cld-pl-qtz schists = V.1) 
to mid-amphibolite facies (ky-and-st-ms-pl-qtz 
gneisses =V.2, st-als-bt-ms-pl-qtz gneisses = V.3, 
ky-st-bt-ms-pl-qtz-grt gneisses = V.4 and upper 
amphibolite facies grt-sil-bt bearing gneisses = 
V.5), hbl-pl-qtz in metabasites.

VI Amphibolite facies, pluton-derived metamor-

phism-related with Central and Western Lapland 
granitoids, grt-and-ky-sil-crd-bt-ms assemblages, 
grade increasing from ms-bt-chl schists (VI.1) 
to and-sil-st-bt-ms gneisses (VI.2), and to grt-
bt-ms-sil (VI.3) gneisses towards the granitoid 
contacts, locally migmatites, hbl-pl-qtz±grt and 
hbl-pl-qtz±cpx in metabasites.

Petrography 

Zone I

In Zone I, mafic rocks are mostly migmatitic, the 
proportion of tonalitic leucosome varying from few 
per cents to >50 % of the rock volume. Garnet-bearing 
migmatites have the assemblage grt-hbl-pl-qtz±cpx, 
indicating that migmatites were at least partly produced 
in a melting reaction

(1)  hbl + pl + qtz = grt + cpx + liq.

T�i� reac�ion i� con�idered a� a �ran�i�ion reac�ion 
from amphibolite to granulite facies in high pressures, 
although in some compositions it may take place also 
in amphibolite facies (Pattison, 2003). High degree 
of melting and thermobarometric results indicate 
in ��i� ca�e granuli�e facie� condi�ion��� Me�a�exi�e� 
and schlieren-type migmatites are common, epidote, 
chlorite and cummingtonite being retrograde phases 
after amphibole and pyroxene. Primary brownish 
green hornblende has commonly been altered into 
bluish amphibole. Orthopyroxene is rare but it occurs 
locally in the grt-hbl-opx-cpx-cum-pl-qtz assemblage, 
where cummingtonite is a retrograde phase. The 
texture of the mafic rocks is granoblastic, and main 
minerals are mostly in textural equilibrium forming 
dihedral angles. Leucosomes have a typical magmatic 
texture, where interstitial quartz is surrounding idi-
omorphic and subidiomorphic plagioclase crystals. In 
the Mäkärä area, close to the Lapland Granulite Belt 
contact zone, garnet occurs both as big grains and 
narrow corona� be�ween �ornblende and plagiocla�e 
(Fig�� 9a) in clinopyroxene-ab�en� rock�, indica�ing, 
in��ead of reac�ion (1), a con�inuou� reac�ion 

(2)  hbl + pl = grt + qtz + H2O��

In the Mäkärä area, there are metavolcanic rocks 
with primary volcanic textures like amygdules, and 
randomly oriented, euhedral plagioclase phenocrysts 
in a fine-grained matrix. These rocks have the high-
grade assemblage with grt-amph-pl-qtz±cpx but 
annealing has not destroyed the primary magmatic 
texture, although these rocks have metatexite interlay-

ers. Garnet forms coronas around plagioclase in these 
rocks, too. In the Lisma area, there are metadolerites 
in which clinopyroxene is altered from crystal rims 
in�o browni�� green �ornblende, indica�ing a reac�ion 
��a� �ook place during cooling,

(3) cpx + pl + H2O = hbl 

and garnet coronas are formed between clinopyrox-
ene and plagiocla�e (Fig�� 9b) in a reac�ion 

(4) cpx + pl = grt + qtz.

Melting reaction (1) has a steep dP/dT slope so that 
melting is favoured by increasing temperature (Patti-
son, 2003). Reactions (2) and (4) have shallow positive 
dP/dT slopes that indicate either near-isobaric cooling 
or pre��ure increa�e during cooling or �ea�ing��

Zone II

The rocks in the zone II represent lower grade meta-
morphic conditions than in the zone I. Mafic rocks are 
not migmatized but metapelites have leucosomes in 
small abundances in the northern part of the zone II. 
Migmatization of the metapelitic gneisses is schlieren-
type. Leucosomes form 5–20 mm wide veins and they 
are compositionally tonalitic, indicating melting in 
water-saturated conditions (Whitney & Irving 1994, 
Mouri & Korsman 1999). Bt-st-grt-ms-ky-pl-qtz as-
semblages are common (Figs 9e, 14a, 14c.). Rims 
of ��auroli�e and kyani�e cry��al� �ave of�en al�ered 
re�pec�ively, in�o �erici�e, and garne� in�o c�lori�e and 
biotite, some kyanites are intergrown with muscovite, 
biotite and staurolite inclusions occur in muscovite, 
garnets are crystallized on staurolite rims, and garnet 
has sometimes staurolite inclusions, indicating that peak 
metamorphic conditions were probably close to the 
univariant KFMASH reaction boundary (Fig. 23a)
(5) bt + st + qtz = grt + ms + als + H2O��

T�e PT condi�ion� of ��e reac�ion (5) are clo�e �o 
the univariant melting reaction

(6) bt + ms + st + pl + qtz = grt + ky + liq
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in the system CNKFMASH (Fig. 23b). Because me-
tapelites are migmatitic in the zone II, it is evident 
that the reaction (6) or the divariant melting reactions 
emanating from this univariant caused most migmati-
�a�ion in ��auroli�e and kyani�e bearing rock��� 

In the Pokka area, there are boninitic mafic rocks 
whose mineral assemblage is colourless-pale green 
tremolite and anorthitic plagioclase. These rocks 

locally contain corundum, which is texturally in 
equilibrium with amphibole and plagioclase (Fig. 9c). 
Also spinel inclusions occur in amphibole (Fig. 9d). 
In the same area, migmatitic pelitic gneisses have the 
assemblage grt-ky-bt-ms-pl-qtz. 

In a few locali�ie�, ��ere are �c�i��� ��a� �ave ��e 
assemblage grt-bt-qtz±pl±cc. In places, garnets in 
carbonate-bearing schist (sample PSH-00–62.1) have 

Fig. 9. Metamorphic textures and reactions in Zones I–III. a) garnet corona between hornblende and plagioclase. Zone I, sample PSH-97-20.2, N 
7572940, E 3494520, b) garnet corona between clinopyroxene and plagioclase in metadolerite. Zone I, sample PSH-00-42.1 N7590218, E 3440182, 
c) corundum in a mafic rock. Zone II, sample PSH-99-100.3, N 7579148, E 3437489, d) spinel inclusions in tremolitic amphibole. Zone II, sample 
PSH-99-101.2, N 7578910, E 2561370, e) kyanite replacing muscovite. Zone II, sample JTV-98-49.1, N 7576663, E 3445005, f) chlorite, quartz and 
biotite replacing orthoamphibole, sample PSH-97-2.1, N 7544660, E 3494130.
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inclusion-free domains that have preserved the crys-
tal shape of the reactant garnet-producing mineral, 
probably epido�e (Fig�� 11a)�� Epido�e and c�lori�e are 
common retrograde phases after amphibole in mafic 
rocks of Zone II. Amphibole is often green to bluish 
green hornblende. In the Siltaharju area, there are hyrdo 
thermally altered cordierite-orthoamphibole rocks, 
which are intercalated with mafic metavolcanic rocks. 
Typically, in these rocks coarse-grained, orthoamphi-
bole-bearing layers alternate with quartz and plagi-
ocla�e-bearing layer�, giving ��e rock a �pec�acular 
centimetre-scale banded structure. Orthoamphiboles 
garnets of the area may be up to centimetre in size, 
the latter containing many quartz inclusions. There 
are some exposures where the peak metamorphic 
mineral assemblage is not retrograded, but in most 
cases amphiboles and biotites are strongly altered 
in�o c�lori�e w�ic� occur� only a� a re�rograde p�a�e�� 
Orthoamphiboles typically occur as pseudomorphs that 
are totally replaced by chlorite, quartz and biotite (Fig. 
9f). Unaltered orthoamphiboles are mostly brownish 
gedrites having, crystals sometimes almost colourless 
anthophyllite rims. 

Zone III

Me�apeli�e� in Zone III are ��rongly �c�i��o�e, al-
though the primary bedding structures are still observa-
ble in many places. Grt-st-ms-chl-qtz ±cld±and±ky±pl 
and ms-chl-qtz±tur are typical mineral assemblages. 
��lori�oid wa� ob�erved only in ��e �ou��ern par�� 
of Zone III�� Bio�i�e i� rare in rock� ��a� �ave gr�-��-
Al2SiO5-ms assemblages, and when present it is only 
an acce��ory or a re�rograde p�a�e�� In��ead, bio�i�e i� 
common in mica gneisses which have less aluminium 
or more calcium than the Al-rich pelitic gneisses of 
the zone, having bt-ms-qtz±tur±chl±pl or grt-bt-
qtz±pl±ep±crb assemblages. Biotite-bearing gneisses 
occur �poradically ��roug�ou� ��e area �o ��a� any 
biotite-in isograd cannot be defined. Garnet-stauro-
lite-andalusite-chlorite assemblages are common, and 
staurolite tends to form pseudomorphs after garnet, 
�oge��er wi�� c�lori�e (Fig�� 10a)�� T�i� indica�e� ��e 
divariant FMASH cooling reaction

(7) grt+H2O=st+chl+qtz. 

Garnet has sometimes chloritoid inclusions, which 
may indicate that some garnet was formed in the 
univariant FMASH reaction 

(8) cld + qtz = chl + grt + st + H2O��

Kyanite occurs as small crystals that overgrow an-
dalusite and muscovite and in coronitic aggregates on 
staurolite and muscovite, often together with chlorite 

(Figs 10b–10c). The latter texture indicates that much 
of the kyanite was formed in a divariant FMASH 
cooling reac�ion

(9) st + qtz + H2O = chl + als.

Kyanite occurs also as inclusions in andalusite and 
may therefore also be an earlier phase than anda-
lusite. However, inclusions in andalusite are similarly 
randomly oriented as kyanites in the matrix (Fig. 
10b), reflecting more likely that kyanite overgrows 
andalu�i�e ��a� occur� a� big �eli�i�ic grain� w�ic� 
may be centimetre-sized. The reaction relationship of 
andalusite with staurolite is not clear, but sometimes 
andalu�i�e �a� ��auroli�e inclu�ion�, indica�ing ��a� 
andalu�i�e wa� a� lea�� par�ly produced in ��e reac-
�ion (9)�� 

In garne�-ab�en� rock� c�lori�oid occur� in c�lori�e 
and muscovite-filled pseudomorphs after staurolite, 
of�en �oge��er wi�� kyani�e (Fig�� 10d) indica�ing ��a� 
chloritoid was formed in a cooling reaction 

(10) chl + st + qtz + H2O = cld + als.

Chloritoid also occurs in pseudomorphs after garnet 
that are filled with chlorite, chloritoid, muscovite, 
quartz and sometimes andalusite (Fig. 10f), but 
bio�i�e no� being pre�en� in ��e ��in �ec�ion�� T�e�e 
pseudomorphs have many relic garnet inclusions. It 
is possible that garnet first decomposed into chlorite 
and ��auroli�e in ��e reac�ion (7) and ��en ��auroli�e 
was consumed and chloritoid was formed in the cool-
ing reac�ion (10)��

Zone III.1

In ��e �ou��we��ern �ide of Zone III, ��ere i� a nar-
row zone belt honzon where, unlike in Zone III, biotite 
occurs in peraluminous rocks. Sedimentary rocks 
in this zone are more coarse-grained and gneissose 
compared with the schists in Zone III. Therefore this 
zone is considered a separate metamorphic Zone III.1. 
Some peraluminous rocks contain garnet, staurolite and 
retrograde chloritoid, but Al2SiO5 polymorphs where 
not observed in this zone. Biotite is mostly randomly 
oriented and occurs in muscovite and chlorite-filled 
pseudomorphs, where biotite overgrows muscovite and 
chlorite and replaces also garnet from the rim. Pseu-
domorphs are sometimes elongated, having the crystal 
form of staurolite. Small randomly oriented staurolite 
crystals are sometimes present in these pseudomorphs. 
T�e�e �ex�ure� indica�e ��a� ��e reac�ion

(11) chl + ms (± grt) = bt + st + qtz + H2O

proceeded in�o bo�� direc�ion� during cooling and re-
heating (Fig. 23c), staurolite having been decomposed 
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into chlorite and muscovite and then recrystallized 
wi�� bio�i�e again�� ��lori�oid occur� only in ��e�e 
pseudomorphs (Fig. 10e, PSH-98–41), having obvi-
ously been crystallized in the reaction 

(12) st + chl + H2O = cld + qtz

during cooling (Fig�� 23c)��

Zone IV

Zone IV represents the lowest grade metamorphic 
zone in the study area. The rocks sampled for this study 
are ultramafic, mafic and intermediate metavolcanic 
rock� and peli�ic �c�i���, al��oug� ��e la��er are rare 
in Zone IV. Mafic and ultramafic metavolcanic rocks, 

Fig. 10. Metamorphic textures and reactions in the zone III. a) Staurolite and chlorite replacing garnet, a big andalusite in the lower right corner of 
the figure. Sample PSH-98-60, N 7518130, E 3481410, b) Small kyanite crystals overgrowing andalusite and muscovite. Sample PSH-97-11.1, N 
7517280, E 3478240, c) Small kyanite grains intergrown with muscovite on staurolite rims. Sample PSH-01-14.2, N 7521952, E 3519947, d) Chlo-
ritoid, chlorite and muscovite filled pseudomorph after staurolite, sample PSH-97-7.3, N 7528450, E 3485900, e) Biotite, chloritoid and muscovite 
filled pseudomorph. Sample PSH-98-41.2, N 7517980, E 3457930, f) Chlorite, chloritoid, muscovite and quartz filled pseudomorph after garnet. 
Sample PSH-97-7.4, N 7528450, E 3485900.
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belonging to the Savukoski and Kittilä Groups, are 
the most abundant rock types in Zone IV. These rocks 
have generally preserved their primary volcanic tex-
tures with randomly oriented plagioclase phenocrysts, 
although in many cases these are carbonatized and 
epidotized. Carbonate seems to be more common in 
the NW part of the greenschist zone than in its eastern 

parts. Ultramafic rocks have usually preserved their 
magmatic mineral compositions, which are ol-tre-
op±opx. 

Pelitic schists are fine-grained, and if not pervasively 
sheared, they have preserved the primary structures, 
commonly seen as millimetre to centimetre scale 
sedimentary layers. Typical mineral assemblages are 

Fig. 11. Metamorphic textures and reactions in Zones III and V.1. a) A pseudomorph after epidote where the original crystal shape is preserved in 
garnet. Zone III, sample PSH-00-62.1, N 7548844, E 3460628, b) Cummingtonite inclusions in garnet. Sample PSH-00-1.4, N 7523465, E 2512075, 
c) Cummingtonite altering from rims to ferrotschermakite. Sample PSH-00-1.8, N 7525947, E 3385536, d) Kyanite inclusion in andalusite. Sample 
PSH-98-8.2, N 7480252, E 3486120, e) Chloritoids in the rock matrix and possible chloritoid pseudomorphs in andalusite. Sample PSH-98-4, N 
7471821, E 3495325, f) Chloritoid inclusions in andalusite north of Zone IV. Sample PSH-98-59.3, N 7512570, E 3486600.



Geological Survey of Finland, Special Paper 44
Paleoproterozoic metamorphism and deformation in Central Lapland, Finland

23

chl-white mica-qtz-opaque minerals±pl±bt±tur±mnz 
and bt-chl-qtz-op±crb. The coarsest average grain 
size in the studied samples was ca. 0.05–0.1 mm, but 
finer-grained schists are common. Schists with the 
coarsest grain size are texturally granoblastic. Biotite 
and chlorite sometimes occur as porphyroblasts whose 
grain size is up to 0.5–1 mm in diameter. 

Zone V

Zone V consist mostly of metapelites, and it shows 
a progressively increasing metamorphic grade from 
fine-grained andalusite schists to coarse-grained sil-
limanite gneisses east of the Sodankylä village (Fig. 
8). Zone V.1 consists of pelitic schists which have 
centimetre-sized andalusites and ca 3–10 mm stau-
rolite porphyroblasts in a fine-grained (ca 0.02–0.1 
mm) matrix. The matrix of the rock is formed of 
chlorite, muscovite, chloritoid and quartz, and also 
magnetite grain aggregates are common. The matrix 
grain size is finest in rocks close to Sodankylä. The 
average grain size of the matrix generally coarsens 
southwards and eastwards in this Zone. Kyanite occurs 
as randomly oriented prisms (normally 0.2–0.5 mm in 
length but some prisms may be several millimetres) 
in the rock matrix and on andalusite grain boundaries 
and a� inclu�ion� in andalu�i�e (Fig�� 11d)�� ��lori�oid 
inclu�ion� in andalu�i�e are rare, bu� andalu�i�e of�en 
has inclusion free domains which have the shape of 
the chloritoid crystals in the matrix (Fig. 11e) which 
indica�e� ��a� in cld-bearing rock� andalu�i�e wa� 
formed in the reaction 

(13) cld + qtz = and + chl + H2O��

Some andalusite porphyroblasts have retrograde 
coronas formed of inner muscovite layer and outer 
c�lori�e layer�� Plagiocla�e, w�en pre�en�, occur� like 
kyanite as randomly oriented idiomorphic 0.5–1 mm 
grains having many quartz and sometimes chloritoid 
inclusions. Biotite-bearing assemblages are rare, and 
�iny garne� wa� ob�erved only in one ��in �ec�ion�� 
Millimetre-sized pseudomorphs filled with chlorite, 
albite and muscovite are common, evidently these 
are �ydra�ed plagiocla�e�, ��auroli�e� and andalu�i�e��� 
Chloritoid is sometimes present in these pseudo-
morphs, indicating back-reaction (13). Monazite is a 
common accessory mineral in Zone V.1.

Prograde c�lori�oid occur� al�o nor�� of ��e green-
schist facies zone IV in a small area in the southern 
part of the zone III, where its textural relationships 
(inclu�ion� in plagiocla�e and in andalu�i�e, Fig�� 11f) 
are exactly the same as in the zone V.1. It is possible 
��a� ��e green�c�i��� are lying on ��e rock� of Zone 
III and Zone V, the metamorphic zonation of the 

pelite formation continuing under the allochthonous 
green�c�i�����

In Zone V.2, chloritoid disappears, evidently in the 
reac�ion� (9), (10), (13) or in 

(14) cld + qtz = chl + st + H2O

(Fig. 23d). Metapelites in Zone V.2 are medium 
grained gneisses, not schists as in Zones V.1–2. Melting 
has not started and primary bedding is visible in many 
places. Staurolite and andalusite may be up to 1–2 cm 
in size, and kyanite prisms up to 1 cm are common. 
T�ere are andalu�i�e-bearing layer� wi��ou� kyani�e 
and al�o kyani�e-bearing layer� wi��ou� andalu�i�e�� 
Kyanite and andalusite occur also together, in these 
rocks kyanite is found in the matrix, as inclusions in 
andalusite, and as needles on andalusite rims (Fig. 
12a). Kyanite inclusions found in andalusite may be 
an effect of two-dimensional thin sections, because 
on ou�crop� kyani�e needle� growing in�o andalu�i�e 
are common. 

In Zone V.3, biotite becomes stable occurring often 
as large flakes, and grain size the matrix of the coars-
ens in pelitic rocks. Sillimanite also rarely occurs as 
fibrolitic grains. Chlorite is less abundant in biotite-rich 
��an in bio�i�e-poor rock�, ��erefore i� i� po��ible ��a� 
Zone V.3 represents the divariant KFMASH chlorite 
breakdown reaction (11) chl + mu = bt + st + qtz +chl + mu = bt + st + qtz + 
H2O, (Fig. 23d) that has consumed chlorite in some (Fig. 23d) that has consumed chlorite in some that has consumed chlorite in somethat has consumed chlorite in some 
layers but not completely everywhere. In some out-
crops andalusite, kyanite and sillimanite are found 
in the same thin section; in these rocks fibrolitic sil-
limanite is crystallized on plagioclase and mica rims 
ra��er ��an replace� kyani�e or andalu�i�e (Fig�� 12b)�� 
This texture indicates that temperature increased into 
the field where the divariant KFMASH reaction 

(15) st + ms = bt + als + H2O

�ook place (Fig�� 23d)�� ��lori�e i� of�en a re�rograde��lori�e i� of�en a re�rograde 
phase, and in some exposures staurolites have almost 
completely altered into chlorite and muscovite, indi-
ca�ing back-reac�ion (11)��

In Zone V.4, garnet was observed in one exposure 
where it occurs in textural equilibrium with relatively 
coarse-grained kyanite in the assemblage ky-st-bt-ms-
pl-qtz-grt (Fig. 12c). This texture indicates that garnet 
was formed in reaction (5) bt + st + q = grt + ms + ky 
+ H2O. The assemblage and absence of other Al2SiO5 
minerals indicates similar metamorphic conditions 
as in Zone II, differing clearly in pressure from the 
progressive zoning in V.1–3 and V.4.

In Zone V.5 andalusite was not detected any more 
and kyanite occurs only as small relics. Staurolites up 
to 1 cm and garnets and plagioclases up to 5–6 mm 
are common. Sillimanite is fibrolitic and replaces 
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sometimes staurolite porphyroblasts together with 
biotite (Fig. 12d). These assemblages indicate that 
the reactions (5) and (15) locally consumed all stau-
rolite in the sillimanite field. The matrix micas have 
strong preferred orientation (S3) but matrix quartz 
and feldspar have a granoblastic texture. Some garnet 
porphyroblasts are helisitic, containing plenty of quartz 
inclusions, but others are almost inclusion-free. When 
present, kyanite occurs locally as randomly oriented, 

small grains, and it commonly exists as inclusions in 
plagiocla�e, probably repre�en�ing prograde relic� 
(Fig�� 12e)��

Zone VI

Zone VI covers the area around granitoids of the 
central and western Lapland. At the western margin 
of Central Lapland Granitoid Complex, the grade 

Fig. 12. Metamorphic textures and reactions in the zones V and VI. a) kyanite-andalusite assemblage, zone V.3, sample PSH-99-72.1, N 7485560, E 
3511380; b) kyanite-andalusite-sillimanite-staurolite-biotite assemblage, zone V.4, sample PSH-00-113.2, N 7491153, E 3503060; c) garnet-kyanite-
biotite-muscovite assemblage, zone V.4, sample PSH-98-53.2, N 7494530, E 3505680; d) fibrolitic sillimanite and biotite replacing staurolite, zone 
V.5, sample PSH-01-17.1, N 7521105, E 3535306; e) kyanite inclusions in plagioclase, zone V.5, sample PSH-01-17.2, N 7521105, E 3535306; f) 
garnet inclusions in cordierite, zone VI.2, sample PSH-98-69.1, N 7469020, E 3472710.
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of metamorphism increases progressively towards 
the complex without abrupt change. In the eastern 
and nor��ern �ide of ��e �en�ral �apland Grani�oid 
Complex the change in grade from Zone IV and from 
Zone V is connected with shear zones. 

In Zone VI.1, metapelites are fine-grained schists 
(average matrix grain size < 0.1 mm). Locally, biotite 
forms flakes up to 5 mm in a fine-grained matrix, and 
in one exposure there was one ca 10 mm cordierite; 
�iny andalu�i�e� and garne�� are very rare in ��i� Zone�� 
In the country rock of the Pahtavuoma Cu-ore, garnet 
is locally present in the alteration zone as 1–3 mm 
idiomorphic grains, in skarns that are formed between 
amphibole-rich and carbonate-rich layers. The garnet-
bearing assemblage is grt-bt-crb±cum±Fets. Garnet has 
often cummingtonite inclusions and cummingtonite is 
altered from rims to bluish green ferrotschermakite, 
which occurs also as idiomorphic grains, several mil-
limetres in size (Figs 11b–c). These textures indicate 
that garnet and ferrotschermakite were formed in the 
reac�ion

(16) cum + cal = grs + Fets.

Another garnet-bearing locality is in the southern 
side of Zone IV, where garnet occurs in an iron-
rich rock in the assemblage grt-amph-qtz. In the 
Pahtavuoma area schists with the matrix assemblage 
bt-qtz-cc locally have scapolite porphyroblasts 3–7 
mm in diameter. Scapolite is not restricted only in 
this zone and in these assemblages but occurs also 
el�ew�ere in ��e �en�ral �apland area�� De�crip�ion� 
of ��e �capoli�e-bearing rock� are given by Tui�ku 
(1985) and Frie��c� e� al�� (1997)��

In Zone VI.2, metapelites are medium grained 
gneisses with granoblastic matrix. Andalusite is a 
common Al-silicate but it often co-exist with fibrolitic 
sillimanite. Cordierite was observed only in a few 
locali�ie��� In ��e cordieri�e-bearing rock� garne�, w�en 
rarely pre�en�, occur� a� inclu�ion� in cordieri�e and 
on andalusite rims (Fig. 12f). Cordierite has also many 
muscovite inclusions, whose optical orientation does 
not differ from muscovite in the matrix, and it seems to 
replace andalusite from rims. It has also some chlorite 
inclusions, so the univariant KFMASH reaction

(17) chl + ms + and + qtz = bt + crd + H2O 

may have produced cordierites. In the cordierite-
bearing rock� garne�, w�en rarely pre�en�, occur� a� 
inclusions in cordierite and on andalusite rims (Fig. 
12f). Because cordierite has some staurolite inclusions, 
the garnet may also have been a reactant and earlier 
mineral than cordierite in a reaction such as

(18) grt + and + H2O = crd + st + qtz. 

Fibrolitic sillimanite often replaces andalusite from 
rims, indicating reaction

(19) and = sil

Kyanite was observed only in one outcrop (PSH-98–
11). There andalusite, kyanite and sillimanite occur in 
the same Mg-rich, coarse-grained metapelite. Assem-
blages in this rock are bt-ms-ky-crd-qtz±and±sil±chl, 
bt-ms-crd-qtz±sil and ky-and-sil-ms-crd-qtz. Silli-
manite occurs as fibrolitic grain aggregates, kyanite 
forms coarse-grained prisms up to 5–10 millimetres 
and andalusite occurs as centimetre-sized helisitic 
grains with abundant quartz inclusions. Sillimanite 
of�en replace� andalu�i�e in grain boundarie� (Fig�� 
13a) but rarely kyanite, which forms intergrowths with 
muscovite and cordierite. Kyanite and andalusite occur 
a� inclu�ion� in cordieri�e, and cordieri�e corona� are 
formed between kyanite and biotite, cordierite form-
ing embayments into biotite (Figs 13b–c). Sillimanite 
replaces this muscovite and sometimes occurs as inclu-
sions in cordierite together with muscovite. Although 
of�en clo�e �o eac� o��er, andalu�i�e and kyani�e were 
not found in contact, therefore their cystallization 
order is unclear. However, if they underwent similar 
metamorphism than Zones V.1–4, kyanite crystal-
lization may have been roughly simultaneous with 
andalusite. With increasing temperature they were 
partly altered into sillimanite and cordierite was 
formed in a continuous reaction between Al-silicate 
(ky, and, �il) and bio�i�e

(20) bt + als + qtz = crd + ms.

In garnet and staurolite-bearing rocks of Zone VI.2,n garnet and staurolite-bearing rocks of Zone VI.2, 
andalusite contains inclusions of quartz, biotite, mus-
covi�e, c�lori�e, �kele�al ��auroli�e and eu�edral garne� 
(Fig. 13e), indicating that andalusite was formed in 
reac�ion� �uc� a� (5), (15) and

(21) chl + st + qtz = grt + and + H2O�� 

In ��e Mer�avaara area ��ere are garne� and anda-
lusite-bearing muscovite-free rocks, where both garnet 
and andalu�i�e �ave ��auroli�e inclu�ion�, indica�ing 
reac�ion� (5) and (21)��

S�rong re�rogre��ion i� a �ypical fea�ure in Zone 
VI.2. Hydration has often destroyed previous garnet, 
andalusite and staurolite that are now pseudomorphs, 
filled with fine grained muscovite, biotite and chlorite. 
Garne�� �ave al�o been al�ered in�o plagiocla�e and 
chlorite (Fig. 13f), and sometimes staurolite, plagi-
oclase and biotite replace garnet from rims indicating 
back-reaction (5). Some back-reaction (16) obviously 
�ook place in andalu�i�e-bearing rock�, becau�e anda-
lusite is often rimmed by staurolite.

Zone VI.3 represents sillimanite grade, where the 
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high grade seems to be caused mainly by granitoid 
intrusions. Sillimanite is the only Al2SiO5 polymorph 
in this zone. There may be some changes in grade 
inside the zone, depending e.g. on the distance from 
grani�oid con�ac��, bu� ��o�e varia�ion� could no� be 
mapped during the course of this study. Locally me-
tapelites are migmatitic, for example on the western 

side of the Central Lapland Granitoid Complex, where 
pelitic rocks become migmatitic close to the contact 
of granitoids, having granitic leucosomes as narrow 
stromatic veins. In Zone VI.3, sillimanite is the only 
Al2SiO5 mineral, although these rocks still contain 
grt-als-st-bt-ms-chl-pl-qtz assemblages, typical for 
Zone VI.2. This indicates, that the Al2SiO5-forming 

Fig. 13. Metamorphic textures and reactions in Zone VI.2 a) Fibrolite needles on andalusite rim, sample PSH-98-97.3, N 7495066, E 3416256, b) 
Kyanite intergrowths with cordierite and muscovite. Sample PSH-98-11B, N 7466644, E 3466995, c) Coexisting andalusite, fibrolitic sillimanite and 
kyanite, andalusite is replaced by cordierite corona. Sample PSH-98-11.2, N 7466644, E 3466995, d) Cordierite corona between kyanite and biotite. 
Sample PSH-98-11B, e) Staurolite, sillimanite and garnet inclusions in andalusite. Sample PSH-98-97.5, N 7495066, E 3416256, f) Garnet altering 
into plagioclase and chlorite. Sample PSH-98-18.2C, N 7485693, E 3447609.
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reactions observed in Zone VI.2 started in the anda-
lusite and continued in the sillimanite field in Zone 
VI.3. The western part of the zone VI.3 is character-
ized by potassium-feldspar-rich, reddish gneisses, 
which often are plagioclase-free. Idiomorphic and 
subidiomorphic potassium-feldspars are surrounded by 

interstitial quartz in these rocks, a texture suggesting 
that feldspars were crystallized from melt. 

In mafic rocks, clinopyroxene is a rare mineral. 
With normally a granoblastic texture. In these rocks, 
epidote and chlorite are retrograde minerals, typically 
occurring in frac�ure� and ��ear plane��� 

Metamorphic zones and gold mineralization

T�e �en�ral �apland area �a� �en� of known gold 
occurrences; some of those are economic (Eilu, 1999). 
T�e�e occurrence� belong �o ��e orogenic gold de-
posit group following the classification of Groves et 
al�� (1998)�� T�ey argued, ��a� orogenic gold depo�i�� 
were formed during compressional to transpressional 
deformation processes at convergent plate margins 
in accretionary or collisional orogens. According to 
McCuaig & Kerrich (1998), the accretionary environ-
ment is indicated by the distribution of orogenic gold 
deposits in belts of great geological complexity, with 

gradients of lithology, strain, and metamorphic grade. 
Mo�� – al��oug� no� all – and ��e large�� of ��e�e 
deposits occur in terranes that were metamorphosed 
in greenschist facies. In Fig. 8, there are plotted most 
of ��e known gold occurrence� in ��e ��udy area�� T�i� 
figure shows, that the majority of them are located in 
the greenschist facies Zone IV. The country rocks of 
orogenic gold deposits are mostly strongly altered, ma-
fic and ultramafic volcanic rocks, having white mica, 
biotite and carbonate assemblages in the alteration 
zones (Korkiakoski 1992, Eilu 1994, Patison 2007). 

deformation and the growth of metamorphic minerals

In �en�ral �apland, ��e early ��ruc�ural evolu�ion 
(D1+D2) is characterized by subhorizontal folds and 
folia�ion� ob�erved ��roug�ou� ��e ��udy area, al��oug� 
in some subareas this might have caused more steeply 
dipping ��ruc�ure��� T�e la�e ��ruc�ural evolu�ion (D3 
and later) is characterized by highly variable strike, 
dip and intensity of different structural elements. 
Becau�e ��e area i� generally poorly expo�ed, ��e 
relationship of the metamorphic mineral growth with 
these deformations can be reliably demonstrated only 
in a few locali�ie���

In Zone I, the rock texture is normally granoblastic, 
indicating annealing close to the metamorphic peak. 
In Zone II, the main foliation of the rock (S2) wraps 
around garne�� and ��auroli�e� w�ic� �ave curved 
inclu�ion �rail�, �ugge��ing �yn�ec�onic grow�� wi�� 
D2 (Fig. 14a). Some big garnets have plenty of quartz 
inclu�ion� in ��e core bu� very few in ��e edge (Fig�� 
14b), indica�ing rapid grow�� during ��e early ��age 
of the garnet crystallization. Many kyanites are elon-
gated along the S2 (Fig. 14a), but generally randomly 
oriented kyanites overgrow S2. Some muscovites in 
these rocks are similarly randomly oriented (Fig. 14c). 
T�e�e fea�ure� �ugge�� ��a� kyani�e grow�� par�ly �ook 
place during a static period of deformation in reactions 
�uc� a� (7) or (11)�� 

In Zone III, garne� and ��auroli�e �ave curved inclu-
�ion �rail�, indica�ing �yn�ec�onic grow�� during D2�� 
S2 wrap� around ��e�e porp�yrobla��� (Fig�� 3a)�� S2 i� 
no� curved around andalu�i�e, bu� andalu�i�e grow�� 
eviden�ly �ook place during D2 becau�e ��e early S2 

crenula�ion cleavage i� pre�erved a� inclu�ion �rail� 
in andalu�i�e�� T�e S2 crenula�ion cleavage i� ab�en� 
or weak in the matrix close to andalusite (Fig. 14d). 
Kyanite and chloritoid are fine-grained and overgrow 
S2 as randomly oriented crystals (Figs 10d–f and 14e) 
al��oug� c�lori�oid occur� al�o elonga�ed along S2�� 
In Zone� II–III, ob�erva�ion� could only rarely be 
made from fold, hinges, so e.g. Fig. 14d can record 
a situation on the limb of F3 fold where S2 and S3 
are parallel, con�equen�ly ��e crenula�ion cleavage 
in andalu�i�e in Fig�� 14b could repre�en� ei��er S2 
or S3. In the cordierite-orthoamphibole rocks of the 
Siltaharju area, orthoamphibole is generally elongated 
along S2, but may also randomly overgrow the F3 
fold �inge� (Fig�� 15a)�� 

Zone V is relatively well-exposed, so that observa-
tions on the porphyroblast growth could be made on 
the fold hinges. In this area, D3 deformation formed 
upright, slightly reclined and even recumbent folds, 
w�o�e axial �urface� are in E-W direc�ion and ver-
gence� �o ��e nor���� F3 fold� �ave a well developed 
axial plane crenulation cleavage, S3. In Zone V.1, an-
dalu�i�e and ��auroli�e occur a� �eli�i�ic porp�yrobla��� 
having many quartz and magnetite inclusions trails 
which are sometimes sligthly curved near the grain 
boundaries when the bedding parallel S1/S2 foliation 
is well developed in the matrix. Generally andalusite 
overgrows S1/S2, but occasionally S1/S2 foliation 
wraps around andalusite porphyroblasts. S1/S2 wraps 
clearly around c�lori�oid grain� (Fig�� 11e)�� In Zone� 
V.2 and V.3, andalusite, kyanite, staurolite and plagi-
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ocla�e overgrow ��e S3 crenula�ion cleavage w�ic� can 
be seen as inclusion trails in these minerals (Figures 
15b–c). This observation was also made by Evins & 
Laajoki (2002), their D2 corresponding with D3 of this 
study. The S3 crenulation cleavage sometimes wraps 
around andalu�i�e and ��auroli�e, indica�ing ��a� ��eir 
growth took place during D3. Kyanite mostly occurs 
as randomly oriented grains (Fig. 15c). The relation-

ship of kyanite to D3 deformation is similar to that 
of orthoamphibole in the Siltaharju area, although 
this does not mean that D3 was coeval everywhere 
in Central Lapland. In Zones V.3–V.5, rock textures 
show signatures on annealing, matrix minerals forming 
dihedral angles. In annealed rocks, biotite sometimes 
occur as randomly oriented flakes. 

Also in the zone VI.2, the F3 crenulation cleavage is 

Fig. 14. Textures indicating the relationship of mineral growth with deformation phases in Zones II–III. a) Curved inclusion trails in staurolite and 
garnet and S2 parallel kyanite. Zone II, sample PSH-99-102.2, N 7563820, E 3450900, b) Curved quartz inclusion trails in a garnet with an inclusion-
poor rim. Zone II, sample JTV-98-32.1, N 7552059, E 3457464, c) Randomly oriented kyanites and muscovites overgrowing the S2 schistosity. Zone 
II, sample PSH-99-99, N 7576623, E 3445579, d) S2 Crenulation in andalusite. Zone III, sample PSH-98-60, N 7518130, E 3481410, e) Randomly 
oriented kyanite grains overgrowing the main foliation. Zone III, sample PSH-97-11.1, N 7517280, E 3478240, f) Randomly oriented chloritoids 
overgrowing the main foliation. zone III, sample PSH-97-7.2, N 7528450 E 3485900.
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�een a� inclu�ion �rail� in big andalu�i�e porp�yrobla����� 
In ��e we��ern par� of ��e ��udy area, ��e S3 crenula�ion 
cleavage wrap� around andalu�i�e� grain�, w�ic� �ave 
sigmoidal quartz inclusion trails (Fig. 15d). 

Above mentioned textural features indicate that 
regional metamorphism started during D2 and in 
the northern zones it may have reached its peak dur-
ing the D2. In Zone V.1, the PT conditions were in 

the chloritoid field during D2. Some andalusite and 
staurolite may have crystallized already then, but as 
in Zone VI.2, their growth took place mainly during 
D3, especially in Zones V.2–V.5 where chloritoid is 
not stable. In Zone V.1 the D3, structures are more 
brittle forming shear planes where all minerals are 
deformed. 

Fig. 15. Textures indicating the relationship of mineral growth with deformation phases in the zones II–VI. a) chloritized orthoamphiboles overgrowing 
F3 fold hinges, sample PSH-97-32.4, zone II, N 7544700, E 3494300; b) S3 crenulation as inclusion trails in andalusite, sample PSH-99-72.2, zone 
V.3, N 7485560, E 3511380; c) S3 crenulation as inclusion trails in kyanite prism, same exposure than in Fig. 16b, sample PSH-99-72.5; d) open S3 
crenulation in andalusite, zone VI.2, sample PSH-98-97.5, N 7495066 E 3416256.

Mineral compositions

Analytical procedure

Mineral analy�e� were done in ��e laboro�ory of ��e 
Geological Survey of Finland, and at the microprobe 
laboratory of Department of Earth Sciences in the Upp-
sala University using CAMECA SX-50 microprobes. 
The beam width was 10 µm for micas and feldspars 
and 1 µm for other minerals. The sample current was 
25 nA for micas, garnets and amphiboles 15 nA for 
feld�par� and cordieri�e��� T�e accelera�ion vol�age 
was 15 kV. Natural standards and the ZAF correction 
program were used. All analyses at the Uppsala Uni-

versity microprobe laboratory were done using sample 
current of 15 nA and acceleration voltage of 20 kV 
and. Altogether 1700 microprobe analyses were done 
from the study area. Selected analyses from various 
metamorphic zones are presented in Appendix 1. 

Garnet

Although the Lapland Granulite Belt was not 
included in ��i� ��udy, one garne� wa� analy�ed for 
comparison from peraluminous migmatite of this 
belt, whose zoning profile is presented in Fig. 16a 
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(PSH-00–39). This garnet is Mg-rich with Mg-number 
(Mg/Mg+Fe) at around 0.35, which is clearly higher 
than in any analysed garnet in the other metamorphic 
zones. 

In Zone I, garnets were analysed only in mafic 
rocks. Garnet in the sample PSH-97–22.8 is Ca-rich 
compared with other garnets, the X�a is from 0.25 to 
0.34, increasing from core to rim (Fig. 16a). XMg in 
this garnet is low, from 0.05–0.07. Sample PSH-00–40 

Fig. 16a. Composition profiles of garnets. Y-axis of the figures is the mole fraction. Symbols: open squares = Mg/(Mg+Fe), 
filled squares = Mg/(Fe+Mn+Mg+Ca), open triangles = Ca/(Fe+Mn+Mg+Ca), filled diamonds = Mn/(Fe+Mn+Mg+Ca). 
Sample PSH-00-39, Lapland Granulite Belt, N 7599934, E 3460762; sample PSH-97-22.8, zone I, N 756382, E 
3493470; sample JTV-98-49.1, zone II, N 7576663, E 3445005; sample JTV-98-32.1 (the same garnet as in Fig. 14b), 
zone II, N 7552059, E 3457464; sample PSH-97-28.2, zone III, N 7543200, E 3495550; sample PSH-97-1.1, zone III, 
N 7544752, E 3493952; sample PSH-98-41.1, sample PSH-98-41.2, zone III, N 7517980, E 3457930.

has also Ca-rich garnets with X�a from 0.31–0.32, 
but the XMg is higher, from 0.08 in the rim to 0.14 in 
��e core��

In Zone II, garnets were analysed in metapelites. 
Compositionally, small inclusion-free garnets are 
only weakly zoned, but the zoning is much stronger 
in large garnets like JTV-98–32.1 in Fig. 16a. In this 
garnet, XMg is increasing and X�a and XMn decrea�ing 
from the core to the rim. In many of the zone III gar-
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Fig. 16b. Composition profiles of garnets. Sample PSH-01-14.3, zone III, N 7521952, E 3519947; sample PSH-01-
17.2, zone V.4, N 7521105, E 3535306; sample 92.3-MJV-99, zone V.4, N 7476970, E 3533028; sample PSH-01-8.2, 
zone V.4, N 7504537, E 3513451; sample PSH-98-15.2, zone VI.2, N 7481728, E 3449834; sample PSH-98-97.1, 
zone VI.2, N 7495066, E 3416256; sample PSH-98-83.2, zone VI.3, N 7493544, E 3378613; sample PSH-00-10.3, 
zone VI.3, N 7557588, E 3409926. Symbols as in Fig. 16a.

nets, both in pelitic and mafic compositions, the XMg 
is increasing from the core to the rim and the XMn i� 
decreasing. Big garnets of the samples PSH-98–41.1 
and PSH-98–41.2.2 from Zone III.1 have several 
decreases and increases in Ca and Mg in composition 
profiles that are made across large grains (Fig. 16a). 
T�i� probably doe� no� indica�e �everal PT c�ange� 
during the garnet crystallization because the decreases 
in XMg in ��e core area of ��e grain are near frac�ure� 

w�ic� were �ealed during ��e la�e garne� grow���� T�e 
general zoning pattern in these garnets is that that they 
have Ca and Mg rich core areas and these components 
are decreasing to the rim.

Garnet extracted from the sample PSH-97–28.2 
(Fig. 16a) is from cordierite-orthoamphibole rock 
of Zone III. The zoning profile across this garnet is 
18 mm, and it shows only a slight increase in XMg from 
the core (0.10–0.12) to the rim (0.12–0.14). It has Ca 
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and Mn in small abundances, X�a �lig��ly decrea�ing 
to the rim. Garnets from skarns and iron formations 
from Zone VI.1 are very Mg-poor and rich in gros-
sular and almandine. 

Muscovites in the rocks of the Kumpu group (Zone 
IV) clearly differ from most other white micas in their 
Na contents (Fig. 17). The Na/(Na+K) is lower than 
0.1 in the white micas of the Kumpu formation in 
Zone IV, but higher than 0.1 in most muscovites from 
the other zones. Muscovites from other rocks in the 
zone IV have higher Na/(Na+K) ratios, indicating that 
their crystallization does not represent the same PT 
conditions than muscovites from the Kumpu forma-
tion (cf. Guidotti 1984). Some muscovites from Zone 
VI.3 and in the Lapland Granulite Belt also have low 
Na/(Na+K), which indicates a retrograde origin for 
these white micas. Fe and Mg contents are slightly 
higher in muscovites with low Na/(Na+K) than in 
other white micas. 

Biotites have Mg-numbers roughly between Mg30–60 , 
depending generally on ��e Mg con�en� of garne�, and 
��erefore bo�� ��e PT condi�ion� and ��e w�ole rock 
Fe/Mg ratio (Table 2 and Fig. 18). Biotites in skarns 
and iron-formations in Zone VI.1 have the lowest 
Mg-numbers. AlVI values are lowest in biotites from 
the greenschist facies zone IV. TiO2 is from 1–3 wt% 
in the other zones but 3.2–3.7 wt% in the zone I sam-
ple� and 4��1–4��3 w�% wi��in bio�i�e� in ��e �apland 
Granuli�e Bel���

Chlorites have highly variable Mg-numbers from 
Mg30–Mg75, mostly varying between Mg40–Mg70�� T�e 
Si content is higher in most chlorites from the zone 
IV (Si 2.9–3.4) than in chlorites from the other zones 
(Si 2.7–2.9). Si content is high also in chlorites from 
one sample from Zone VI.3 (Fig. 19), indicating that 
these chlorites are retrograde. AlVI is lower in many 

chlorites from zone IV (0.9–1.6) than in the other 
zones (1.3–1.5) but AlVI

 al�o overlap� wi��in variou� 
metamorphic zones, indicating that chlorite in amphi-
bolite facies zones is mostly retrograde. 

Calcic amphiboles are mostly actinolites in Zone 
IV, with a few ferroactinolitic compositions, following 
the amphibole classification by Leake (1978). Actin-
oli�ic and ferroac�inoli�ic �ornblende� occur clo�e �o 
the boundaries of Zone IV. In the other zones amphi-
boles are magnesiohornblendes, ferrohornblendes, 
tschermakitic and ferrotschermakitic hornblendes. In 
the analysed skarns and Fe-rich rocks from the zone 
VI.1 amphiboles are ferrotschermakites (Fig. 20). 
In Zone VI.3 Mg-rich actinolite occurs in scapolite, 
biotite and clinopyroxene-bearing mafic rock. In the 
zone III the analysed optically zoned amphiboles 
have bluish green magnesio-hornblende cores and 
lighter ferrotschermakitic rims. Orthoamphibole from 
Zone III (sample PSH-97–28.3) have Mg-numbers at 
Mg33–36 �� T�e Na2O content is 1.6–1.8 wt% and Al2O3 

Fig. 17. Fe2++Mg vs. Na/(Na+K) plot of muscovites. Fig. 18. Plot of biotites in the phl-ann-east-sid field. Symbols as in Fig. 
17��

Fig. 19. AlVI vs. Si of chlorites. Symbols as in Fig. 17.
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Table 2. Summary of the composition of garnets, plagioclases and biotites. Garnet compositions deviating remarkably from the 
average and their sample codes in each metamorphic zone are in italics.

Zone grt grt grt grt pl bt

Rock type 100��XFe 100��XMn 100��XMg 100��X�a 100��X�a 100��Mg-nr

�GB peli�ic core� 61–63 01 34–35 03 46 56–58

rims 69–72 01–02 23–26 03

I mafic core� 55–60 03–04 18–22 19–23 48–68 36–48

rims 57–60 03–04 09–18 19–22 61–71

PSH-00–40 mafic core 52–55 02 13–14 31–32 62 39

rim 55–56 03–05 07–12 31 57

PSH-97–22.8 mafic core 61–65 02–03 05–07 25–30 41

rim 59–61 01–02 04–06 32–34 47

II peli�ic core� 73–76 05–06 15–17 04–06 32–38 49–54

rims 75–78 03–04 13–15 03–04

III peli�ic core� 68–75 02–11 07–12 11–16 42–53 51–59

rims 76–89 01–07 05–14 04–11

PSH-98-41��2��2 peli�ic core 68–70 02–04 15–17 10–11 41 33

rim 82–89 005–008 06–09 03–08

PSH-97-1��1 mafic core 66–69 05–07 11–12 13–14 39

rim 68–70 03–04 13–14 13–14

PSH-97-38.2 mafic cores 73–74 09–11 03–04 11–16 36 29–30

rims 74–75 09–11 03–04 9–15

crd-oam
rock�

core� 79–82 03–05 11–14 03–06 05–19 41–48

rims 77–82 02–06 12–14 02–06 03–20

IV.1 mafic 01–20

peli�ic 09–31 55–63

Kumpu peli�ic 43–44

Kumpu quartzite

IV.2 �karn core� 59–67 15–25 02–03 13–17 49–57 19–22

rims 62–67 14–17 02–03 13–16

83.2-MJV-99 Fe-formation core 72–73 15 04 09–10 86–87 27–28

rim 72 14 04 11

V.4 peli�ic core� 74–78 05–08 11–17 04–06 36–51 38–50

rims 75–77 07–10 10–11 04–05

PSH-01-8.2 pelitic core 62–63 19–24 10–13 06 49 49–50

rim 61–62 24 10 05

VI.2 peli�ic core� 50–56 23–31 06–13 05–15 38–39 38–60

rims 52–56 25–31 06–12 06–12

PSH-98-15��2 peli�ic core� 76–79 003–02 11–13 10–11 35–38 38–41

rims 76 02–03 11 09 35–37

PSH-98-11 pelitic 76

PSH-98-16��1 mafic core� 61–63 07–09 07–08 22–24 40–43

rims 61–62 06–07 08 23

VI.3 peli�ic
Mn-ric�

core� 51–55 23–31 12–15 05–09 40–44 57–60

rims 52–56 26–31 12–14 04–06

peli�ic core� 74–80 01–06 16–18 03–07 40–43 37–58

rims 75–83 01–04 10–15 03–05

PSH-98-80��1 peli�ic 
Mn-ric�

core� 24–26 57–60 06–08 09–11 97–99 61–62

rims 24–26 56–59 06–08 09–10

PSH-98-85��3 peli�ic 
Mn-ric�

core� 25–26 41–45 07–08 22–24 97–99 55–56

rims 27 45 05 23

mafic 61–92 74–75
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14.0–16.1 wt%. Cummingtonite which is an alteration 
product of ferrohornblende in skarn in the zone VI.1 
has Mg-number at around Mg30�� 

�ordieri�e wa� found only in ��ree locali�ie� in ��e 
study area. In the cordierite-orthoamphibole rock 
sample PSH-97–28.4 from Zone III, the Mg-number 
i� Mg63 and ��e Na2O i� 0��41–0��42�� In a Mg-ric� 
peraluminous rock PSH-98–11B (Appendix 1) In 
Zone VI.3, the Mg-number is high, Mg87�� In Zone 
VI.2, one cordierite-bearing locality was found, where 
��e cordieri�e �a� Mg75. In the two latter samples the 
Na2O-con�en� i� 0��10–0��14 w�%��

Clinopyroxenes were found from the zones I and 
VI.3. In Zone I, the Mg-numbers are Mg67–68, Al2O3 
2��7–2��9 w�% and Na2O 0.58–0.66 wt%. In the zone 
VI.3, the scapolite-bearing rock PSH-00–69.2 has 
a high Mg-number, Mg83–86, lower Al2O3 (0��59– 
0��66 w�%) and �ig�er Na2O con�en� (0��99–1��36 w�%) 
��an o��er analy�ed clinopyroxene�, w�ic� �ave 
1.2–1.8 wt% Al2O3, 0��13–0��36 w�% Na2O and Mg-
numbers of Mg46–66. Sample PSH-00–4 which is close 
to the greenschist facies zone has lower Mg-number 
and lower Na2O than sample PSH-00–17 which is 
farther from the zone IV (Appendix 1).

Plagioclases are albites in the mafic rocks of Zone 
IV, and also in most pelites. In other Zones, plagi-
oclases are mostly oligoclases and andesines, but also 
labradorites and depending on the metamorphic grade 
and �a-con�en� of ��e w�ole rock, even anor��i�e��� 
(Table 2 and Appendix 1).

Staurolites were analysed from Zones III and VI.3. 
Mg-numbers are Mg12–19 in Zone III and in o��er 
Zone� Mg23–25�� T�e MnO con�en�� are lowe�� in ��au-
rolites of Zone III, 0–0.47 wt%. In Zone VI.3, MnO 
is from 0.83–1.03. Also the ZnO content varies from 
0��04–2��44 w�%, and ��ere i� no� a correla�ion wi�� ��e 
metamorphic zone. 

Chloritoid was analysed only in one locality from 
Zone III��1, w�ere i� i� an al�era�ion produc� of ��auro-
lite. There the Mg-number is Mg09–13, w�ile ��e MnO 
con�en� i� low, being 0–0��13 w�%�� 

Fig. 20. Classification of the analysed amphiboles. Symbols as in  
Fig�� 17��

Geothermometry and geobarometry

Metamorphic pressures and temperatures were 
calculated using the Thermocalc v. 3.1 software 
(Powell & Holland, 1988 1994; Powell & al. 1998). 
The summary of the results, mineral assemblages 
used in calculations, and end member activities are 
presented in Appendix 2. Metamorphic pressures and 
temperatures were calculated using both the core and 
rim compositions of garnets with compositions of the 
matrix and minerals adjacent to garnet, respectively. 
In Zones II–VI, this method gives a strong pressure 
decrease and moderate or small temperature decrease 
from core to rim, as indicated by the arrows in Fig. 21. 
These differences are mainly caused by the garnet zon-
ing, because normally the compositional differences of 
other minerals are small when the matrix minerals are 
compared with those minerals touching garnet. This 
difference doe� no� nece��arily ��ow ��e real PT pa�� 
experienced by these rocks, because garnet core may 
be chemically isolated and does not represent chemical 
equilibrium with the present rock matrix (Marmo et 

al. 2002). However, most garnets have only a narrow 
outer rim, where there is a decvease in XMg (Fig�� 16)�� 
This may record diffusion during cooling and reaction 
only with the adjacent minerals, not with the whole 
matrix. In these cases the usage of the composition 
of the garnet core with the matrix minerals probably 
gives temperatures and pressures that are close to the 
real maximum T and corresponding P. Some garnets 
have a strong zoning from the core to rim (e.g. gar-
ne�� PSH-98–41��1–2 in Fig�� 16a), w�ic� eviden�ly i� 
growth zoning during changing PT conditions. In these 
cases the T and P calculated using the compositions 
of the garnet core and matrix minerals not touching 
garnet may be meaningless. However, garnets in the 
sample PSH-98–41 have remarkably higher Mg and 
Ca contents in the mineral core than in the edges, 
which indicates higher temperatures and pressures 
during ��e early garne� grow����

In Zone I, the peak temperatures and pressures that 
were achieved using the core compositions of garnets 
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and compositions of matrix amphiboles, plagioclases 
and pyroxenes (when present) are mostly from 770–
890 oC and 9.7–11.8 kbars. Also Tuisku and Makkonen 
(1999) determined a pressure of around 11 kbars for 
one sample from Zone I, although their temperature 
(670 oC), is lower, but it may represent cooling, espe-
cially becau�e Tui�ku and Makkonen (op�� ci���) u�ed 
double coronas on olivine in an ultramafic rock for 
their PT determination. One sample (PSH-00–40) 
give� 966 o� and 13��2 kbar�, w�ic� i� unreali��ically 
high. In this sample the difference between results 
given by garnet core and rim compositions is greatest 
(257 oC and 2.8 kbars), so the garnet core may not 
represent equilibrium with the matrix assemblage. For 
the Zone I, temperatures and pressures are calculated 
a� aH2O of 0.4, because in this Zone mafic rocks are 
mostly migmatised, and melting evidently decreased 
the water activity. Temperatures and pressures calcu-
lated using the garnet rim compositions with adjacent 
plagioclases and amphiboles are 50–80 o� and 0��2–1��4 
kbars lower than those given by garnet cores. In most 
garnets from Zone I, the pressure difference between 
the garnet core and rim results are not as remarkable as 
in other zones, which indicates a near-isobaric cooling 
a� �ugge��ed al�o by ��e reac�ion� in Figure� 9a–b�� T�e 
��andard devia�ion� are ra��er �ig� for bo�� pre��ure� 
and temperatures because of the uncertainties in the 
thermodynamic properties of amphibole. 

In Zone II, the Thermocalc pressures given by garnet 
cores are from 7.4–9.9 kbars, to some extent depending 
on the mineral assemblages and water activities used 

in calculations. In the three studied samples from Zone 
II the temperatures given by garnet cores are ca 600– 
690 oC, the highest temperature (and the lowest pres-
sure) being from the northern part of the zone where 
melting has already started in metapelites. In the sample 
JTV-98–28, where the Mg content of garnet is increas-
ing from core to rim the rim compositions give higher 
pressures and temperatures than cores. In this sample 
garnet has inclusion-rich core and inclusion free rim. 
In these kind of samples the garnet zoning represent 
growth during the prograde stage of metamorphism, 
and the ‘core’ pressures and temperatures may be 
meaningless because they probably do not represent 
equilibrium with the matrix assemblage.

For Zone III the ‘core’ temperatures are ca. 560– 
615 o� w�en ��e aH2O is set at 1.0, which may be not 
far from the real value because these rocks were not 
melted. Otherwise the assemblage used in the Thermo-
calc calculations has a strong influence in the pressures. 
In the zone III, most peraluminous schists have both 
andalusite and kyanite. If one or both of the Al-sili-
cates are eliminated, the pressures are from 6.1–7.9 
kbars, which is too high for the grt-and-st-chl-pl-qtz 
assemblage, typical for these rocks. However, if both 
andalusite and kyanite are included in the assemblage 
used by the Thermocalc, pressures are from 3.9–4.8 
kbar�, w�ic� are rea�onable for andalu�i�e-bearing 
assemblages. 

Temperatures for Zone III.1 are similar with the 
temperatures in Zone III, but the strong zoning in some 
garnets is reflected in pressures. In the samples PSH-
98–41.1–2 which have the strongest garnet zoning in 
the studied rocks (Fig. 16a), garnet rims give 2.7–2.8 
kbar lower pre��ure� (4��5–5��5 kbar�) ��an garne� core� 
(7.2–8.3 kbars), the ‘rim’ temperature being ca 10– 
40 oC lower than the ‘core’ temperature.

For the greenschist facies zone IV, it was not possible 
to calculate meaningful Thermocalc temperatures and 
pressures. In Table 3, there are temperatures calculated 
using the chlorite thermometer of Cathelineau (1988). 
Mo�� of ��e�e are around 350–400 o�, w�ic� are rea-
sonable for the greenschist facies rocks. Temperatures 
given by the chlorite thermometer for one rock from 
the Kumpu group are around 260 o��� T�i� i� clearly 
lower than elsewhere in the zone IV, but also chlorite 
from a metavolcanic rock close to Kumputunturi give 
a similar low temperature (Fig. 22), indicating that 
the area close to Kumputunturi represents the lowest 
metamorphic grade in the greenschist facies zone. 
On the other hand, most analysed chlorites also from 
the higher grade zones give temperatures at around 
350–400 o�, w�ic� indica�e� ��e re�rograde origin of 
chlorite and perhaps simultaneous retrogression with 
the greenschist facies metamorphism in Zone IV. The 

Fig. 21. Thermocalc average PT results plotted on the PT diagram. Symbols: 
open dots = zone I, diamonds = zone II, filled squares = zone III, filled dots 
= zone V.5, open triangles = zone VI.2, filled triangles = zone VI.3. 
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sample PsH-99-37 PsH-99-47 PsH-99-52 PsH-99-57 PsH-99-59 MJV-99-83.2

nor��ing 7480840 7510050 7512820 7500240 7508350 7478895

ea��ing 3478370 3451480 3437620 3491400 3491190 3474068

SiO2 24,23 25,36 26,45 25,88 24,23 22,88

TiO2 0,01 0,07 0,04 0,1 0,12 0,12

Al2O3 23,37 20,8 19,37 21,04 21,53 22,61

FeO 25,75 24,03 25,09 22,38 25,31 32,22

MnO 0,26 0,37 0,44 0,18 0,15 0,26

MgO 14,56 15,19 15,16 17,58 15,12 7,86

To�al 88,18 85,82 86,55 87,16 86,46 85,95

Cations/14 oxygens

Si 2,545 2,716 2,823 2,693 2,596 2,566

AlIV 1,455 1,284 1,177 1,307 1,404 1,434

AlVI 1,435 1,339 1,257 1,271 1,313 1,552

Ti 0,001 0,006 0,003 0,008 0,01 0,01

Fe 2,261 2,152 2,239 1,947 2,268 3,022

Mn 0,023 0,034 0,04 0,016 0,014 0,025

Mg 2,279 2,425 2,412 2,727 2,415 1,314

T°� 407 352 317 359 390 400

Table 3. Examples of chlorite compositions and temperatures given by the chlorite thermometer of Cathelineau (1988)

Fig. 22. Regional distribution of the temperatures given by the chlorite thermometer for the greenschist facies Zone 
IV. Colours for the metamorphic zones are as in Fig. 8.
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temperatures are close to 400 oC in Zone VI.1 on the 
southern side of Zone IV. The sample PSH-00–1.7 
(Appendix 2) is from the zone VI.1, located in the 
western part of the zone IV, where the temperature 
�a� been �ig� enoug� for garne� grow�� in �karn��� 
The Thermocalc pressure for the core of this garnet 
i� 3��2 kbar�, w�ic� probably i� clo�e �o ��e pre��ure 
for the greenschist facies metamorphism before garnet 
crystallized, probably as a consequence of heat flow 
from the adjacent granitoids.

Rocks from the sillimanite grade Zone V.5 give 
Thermocalc pressures which are of the same order 
(3��7–5��3 kbar� w�en aH2O =1) than those given by 
grt-st-and-ky assemblages in Zone III. Advective heat 
flow from granitoids probably caused the sillimanite 
grade  metamorphism  in  this  zone.  Thermocalc  aver-
age PT calcula�ion� were no� done in ��i� ��udy for 
Zones V.1-3 because of the absence of garnet, but 
��e coexi��ence of andalu�i�e and kyani�e (Fig�� 12a) 
indicates, however, that metamorphic pressures were 
clo�e �o ��e andalu�i�e-kyani�e boundary al�o in ��e�e 
rock���

Both sillimanite-bearing and Al-silicate-absent 
pelitic rocks as well as garnet amphibolites from 
Zones VI.2–3 give relatively high ‘peak’ Thermocalc 
pre��ure�, (6��1–8��1 kbar� a� ca 610–730 o�), and 
similar decreasing pressure trends as other zones in 
the core-rim thermobarometry (Fig. 21). However, 
when these rocks have both andalusite and sillimanite 
(sample PSH-98–97.1, Fig. 13a) or all three Al2SiO5 
polymorphs (sample PSH-98–11B, Fig. 13c) and all 
minerals present are used in the Thermocalc calcu-
lation, the pressures are low (from 3.3–3.8 kbars), 
w�ic� i� in accordance wi�� ��e pre�ence of andalu�i�e�� 
�ordieri�e and andalu�i�e-bearing, plagiocla�e-free 
sample PSH-98–69.1 gives pressures and temperatures 
of 4��1–5��1 kbar� and 534–627 o��� T�e �ig� pre��ure� 
in some samples, as well as the reaction (21) bt + als 
+ qtz = crd + ms which has a relatively flat dP/dT 
slope indicate decompression also for this zone. The 
temperatures and pressures in many other samples 
from Zones V–VI, especially those given by garnet 
rims, plot in the sillimanite field in Fig. 21. 

Phase diagrams

The core-core and rim-rim thermobarometry fits 
relatively well with the petrogenetic grids for the zones 
II, III, V and VI in Figures 23a–e, which were con-
structed using the Thermocalc 3.25 software (Powell 
& Holland 1988, 1994; Powell et al., 1998; see the web 
page http://www.earthsci.unimelb.edu.au/tpg/thermo-
calc/). The whole rock compositions are from samples 
analysed using the XRF method. These compositions 

are examples, e.g. a higher Mg/Fe ratio in the whole 
rock would rai�e in eac� ca�e ��e univarian� curve� 
and divariant fields to higher pressures. In Zone II the 
maximum temperature conditions are interpreted to 
have been close the reaction boundary bt + ms + st + 
pl + qtz = grt + ky + liq (Fig. 23b), which fits well with 
the average pressures and temperatures given by the 
garnet cores. Neither sillimanite nor andalusite was 
observed in the zone II, so the post-peak cooling took 
evidently place in the kyanite field, as illustrated by 
��e arrow in Fig�� 23a�� 

In Zone III, the garnet zoning does not clearly 
indica�e ��e early �ig� pre��ure, and kyani�e i� a 
late retrograde phase. However, some garnets have 
chloritoid inclusions, which may indicate that they 
were reactants in the reaction (8) cld + qtz = grt + st 
+ chl + H2O, w�ic� �ake� place in pre��ure� ≥ 7 kbar� 
in the compositions represented by the analysed me-
�apeli�e��� T�erefore ��e early pre��ure in ��e PT pa�� 
may have been as high as given by those average PT 
calculations where the Al-silicate is absent. Same rocks 
�ave andalu�i�e, re�rograde kyani�e and c�lori�oid 
w�ic� indica�e� cooling down �o condi�ion�, w�ere 
the univariant cooling reaction chl+st+qtz+H2O = 
cld+als took place, straddling at the andalusite-kyanite 
boundary (Fig�� 23c)��

In Zone III.1, garnets have altered from rims into 
bio�i�e, and ��auroli�e� are clo�e �o ��e�e garne��, w�ic� 
indicates that PT conditions were in the field where 
the divariant KFMASH reaction grt + ms + Hgrt + ms + H2O = bt = bt= bt 
+ st + qtz takes place (field grt-bt-st in Fig. 23d). Thistakes place (field grt-bt-st in Fig. 23d). This 
i� in accordance wi�� ��e 7��2–8��3 kbar average pre�-
�ure� given by ��e garne�� ��a� �ave Mg and �a ric� 
cores. Because the average Thermocalc pressure for 
the garnet rims were around 5 kbars, and there seems 
to be late biotite growth in chlorite-muscovite filled 
staurolite pseudomorphs, caused by the reaction (15) 
chl + mu = bt + st + qtz (field chl-bt-st in Fig. 23d), 
��e PT pa�� wa� probably a� indica�ed by ��e arrow 
in Fig. 23d, with some reheating before cooling to 
the chloritoid field. 

In Zone V, the metamorphic field gradient from the 
chloritoid grade to the sillimanite grade is demonstrated 
by the dashed arrow in Fig. 23e. Andalusite was pro-
duced at least partly by the divariant KFMASH reaction 
(13) cld + qtz = and + chl + H2O (field chl-cld-als-ms 
in Fig. 23e), and chloritoid was consumed by the uni-
variant and divariant reactions (10) als + cld = chl + st 
+ qtz + H2O and (14) cld + qtz = chl + st + H2O (field 
chl-st-cld-ms), the PT conditions being also in these 
reac�ion� clo�e �o ��e andalu�i�e-kyani�e boundary�� 
With rising temperature, sillimanite was formed in 
the divariant reaction st + ms + qtz = bt + sil + H2O 
(field bt-st-als-ms). Crossing the univariant boundary 
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Fig. 23. Pseudosections showing the fields for some of the observed mineral assemblages and reactions in metapelites for various 
metamorphic zones in the system KFMASH, apart from Fig. 23b which is for the CNKFMASH. Solid arrows are for possible PT 
paths, dashed arrows are for the metamorphic field gradients. a) = zone II, composition SiO2 70.16, Al2O3 15��57, MgO 3��44, FeO 
8.82, K2O 2.01 mol.%; b) zone II, composition SiO2 68.15, Al2O3 15��12, MgO 3��34, FeO 8��57, �aO 0��63, Na2O 2.23, K2O 1��95, 
mol.%; c) zone III, composition SiO2 70.16, Al2O3 15.57, MgO 3.44, FeO 8.82, K2O 2.01 mol.%; d) zone III.1 composition SiO2 
71.18, Al2O3 15.13, MgO 3.24, FeO 8.72, K2O 1.73 mol.%; e) zone V.1–5, SiO2 69.58, Al2O3 18.16, MgO 2.12, FeO 7.80, K2O 2��33 
mol.%; f) zone VI.1–3, SiO2 73.99, Al2O3 11.79, MgO 5.44, FeO 5.37, K2O 3.42 mol.%. Heavy lines are for univariant reactions, 
narrow lines are borders of the divariant and trivariant fields.
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T�e on�e� of ��e �ec�onic evolu�ion of �en�ral 
Lapland is characterized by a prolonged extensional 
rifting of the Archaean basement and the related vol-
canism, magmatism and sedimentation. This stage 
lasted at east 500 Ma from ca 2.5 Ga to ca 2.0 Ga 
(papers in Vaasjoki 2001). The orogenic evolution of 
�en�ral �apland ��a� ��ar�ed ca 2��0–1��89 Ga ago, i� a 
combination of two main tectonic events: the north-
ward or nor��ea��ward direc�ed Svecofennian �ec�onic 
movement that thrusted the earlier formations onto the 
Archaean basement, and the thrusting of the Lapland 
Granulite Belt towards the approximately opposite 
direction (Ward et al. 1997). As a result, the associated 
��ruc�ure� in differen� par�� of ��e �en�ral �apland are 
no� ��raig��forwardly correla�ed wi�� eac� o��er�� T�e 
correlation of structures is further hampered by the 
pauci�y of �ui�able ��ruc�urally con�rolled grani�oid� 
that could be dated for time markers for different 
�ec�onic even���� 

The early structural evolution (D1+D2) of Central 
Lapland is characterized by subhorizontal folds and 
folia�ion� ob�erved ��roug�ou� ��e ��udy area, accep�-
ing the possibility that in some subareas this might 
have caused more steeply dipping structures (Ward et 
al. 1989), as is common in many younger fold-and-
��ru�� bel���� In ��e �ou��ern and cen�ral par� of ��e 
study area, the fold vergences and other kinematic 
indicators suggest a N or NE directed tectonic move-
ment during this stage. Subhorizontally deformed 
tonalites suggest that the age of the deformation is 
around 1.88–1.87 Ga, assuming that the tonalites cor-
rela�e wi�� ��e Haaparan�a �ui�e in�ru�ion�, indica�ing 
a typical Svecofennian age of deformation (see e.g. 
Nironen 1997)�� �lo�e �o ��e �apland Granuli�e Bel�, 
inclined W- �o SW-vergen� fold� were ob�erved, bu� 
��eir correla�ion wi�� N-NE-vergen� ��ruc�ure� in ��e 
south is not known. It is most plausible that the thrusts 
were ini�ia�ed a� ��i� period al��oug� ��ey were clearly 
reac�iva�ed in la�er ��age��� 

T�e la�e ��ruc�ural evolu�ion (D3 and la�er) in �en-
tral Lapland caused the extreme variety concerning 

strike, dip and intensity of different structural elements 
now seen on geological and geophysical maps and 
observed at outcrop scale. At this stage, the thrusts 
��a� were ini�ia�ed in earlier ��age were reac�iva�ed 
and ��e ��ruc�ural pa��ern wi�� oppo�ing fold vergence� 
and high strain shear zones developed. Simultaneous 
or progressive thrusting from different directions to-
wards the oceanic Kittilä group is a peculiar feature in 
Central Lapland and cannot be explained by a simple 
head-on thrusting. During thrusting older formations 
were juxtaposed over younger ones in some places and 
vice verse in other places. Metamorphic boundaries at 
��ru�� plane� indica�e ��a� ��ru��ing wa� a� lea�� par�ly 
late metamorphic or postmetamorphic.

The mineral assemblages and thermobarometry 
show very large PT differences between metamorphic 
zones, especially pressure differences are remark-
able. When not caused by advective heat from large 
granitoid massifs, the changes in metamorphic grade 
are connected with shear zones and D3 thrust planes. 
The eastward prograde increase in metamorphic grade 
in the zone V may reflect an oblique cut of the crust, 
revealed by ��e D3 ��ru��ing w�ere �ig�er grade 
eastern zones represent deeper crustal sections. The 
increase in grade may also be caused by heat flow from 
granitoids which are abundant in Zone V.5.

The present structural geometry shows an inverted 
gradient where pressure and temperature increase 
upwards in the present tectonostratigraphy from 
greenschist facies in the zone IV through garnet-anda-
lusite-staurolite grade in the zone III and garnet-kyanite 
grade amphibolite facies in Zone II to granulite facies 
in Zone I�� T�e inver�ed gradien� could be explained 
by cru��al ��ickening cau�ed by over��ru��ing of ��e 
hot granulite complex onto the lower grade rocks, 
a� inferred by �ec�onic �ran�por� direc�ion� in Fig�� 7�� 
Krill (1985) proposed this mechanism for the Kara-
sjok-Levajok area in the western side of the Lapland 
Granulite Belt in northern Norway, where the meta-
morphic zonation is similar to that in our study area. 
Tuisku & Makkonen (1999) explained the high pres-

bt + st + q = grt + ms + als + H2O may have produced 
garnet-sillimanite assemblages in zone V.5.

T�e da��ed arrow in Fig�� 23f illu��ra�e� ��e c�ange 
in PT conditions from Zones VI.1 to VI.3. Because all 
three Al2SiO5 polymorphs are present in zone VI.2, it 
is evident that the PT path was not far from their triple 
point. Because some average pressures are high, from 
6��1–8��1 kbar�, ��e PT pa�� wa� probably a� indica�ed 
by ��e �olid arrow in Fig�� 23f, going down �o pre��ure� 
where the reaction (21) bt + als + qtz = crd + ms (Fig. 

13d) starts with decreasing pressure (field crd-bt-als). 
Reaction (21) is strongly dependent on the Fe/Mg ratio 
of the rock, in compositions that are Mg richer than 
��e one u�ed in Fig�� 23f ��e reac�ion �ake� place in 
�ig�er pre��ure��� On ��e o��er �and, i� i� al�o po��ible 
��a� ��e reac�ion (21) doe� no� repre�en� decrea�ing 
pressure but increasing temperature in near-isobaric 
conditions, resulting from advective heat flow from 
��e grani�oid in�ru�ion���

discUssiON
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sure at the margin of the Lapland Granulite Belt as a 
consequence of subduction of the Karelian foreland 
under the overriding Kola Plate. 

These kind of ‘hot-over-cold’ models have been 
propo�ed al�o �o explain ��e inver�ed gradien�� e��g�� in 
Zanskar Himalaya (Searle & Rex 1989). To preserve 
the inverted isograds a rapid exhumation and cooling is 
needed (Thompson & Ridley 1987). Therefore Searle 
& Rex (1989) favoured a model where subsequent 
folding and thrusting deformed the normal upward 
decreasing Barrovian metamorphic sequence, caus-
ing the present inverted gradient structure. To some 
extent similar process may be an explanation also for 
the southward decreasing grade from Zone I to the 
zone III south of the Lapland Granulite Belt, where 
the higher grade gneisses may have been thrusted 
onto lower grade schists during the late stage of meta-
morphism, although the granitoids also have had a 
thermal input into metamorphism in Central Lapland. 
T�ru��ing probably ��ickened ��e cru�� in a large area 
and was followed by decompression as indicated by 
the inferred PT paths. Peraluminous metasediments 
were no� found in ��e ea��ern par� of Zone II, �o i� i� 
unclear w�e��er ��e ea��ern �ide of Zone II underwen� 
similar PT evolution than its western part that exhibit 
many kyanite-bearing rocks. However, kyanite-bear-
ing metasediments were described by Perchuk et al. 
(2000) ca 150 km east of our study area, from the 
�ou��ern con�ac� of ��e Tanaelv bel�, a� well a� by 
Krill (1985) from the western contact of the Tanaelv 
bel� in Norway, on ��e we��ern �ide of ��e granuli�e 
complex. Therefore it is probable that also in our study 
area, the eastern part of Zone II, represents similar 
PT-condi�ion� ��an i�� we��ern par�, a� indica�ed by 
the Thermocalc pressures of ca 7.5 kbars given by 
garnet amphibolites and orthoamphibole rocks from 
the Siltaharju area. 

Generally, ��e Tanaelv bel� (Zone I) �a� been 
de�cribed a� a �epara�e uni� no� belonging �o ��e 
granulite complex, its metamorphism being caused by 
hot granulites (Barbey et al. 1980, 1982, 1984; Krill 
1985, Perc�uk e� al�� 2000)�� However, ��e ��ruc�ure� 

in the Tanaelv belt are similar to those in the Lapland 
Granulite Belt (Nironen and Mänttäri 2003) and the 
metamorphic conditions do not differ from those in 
lower parts of the granulite complex. The lithology 
of the Tanaelv belt differs from that of the Lapland 
Granulite Belt but evidently they were metamorphosed 
together in the same thickening process. 

There is a several kbar change in the metamorphic 
pressure from the kyanite grade Zone II to the anda-
lusite grade Zone III, but the zoning profiles of garnet 
and the thermobarometry indicate that the zone III also 
underwen� a �ig�er pre��ure ��age, reac�ing ��e ‘peak’ 
temperatures after thickening and decompression. 
Zone II may represent the upper plate in thickening 
which was cooled more rapidly without reaching 
the andalusite field while still reactive. Lower grade 
rocks further from the granulites stayed close to their 
maximum temperature down to the andalusite field 
or �o ��e andalu�i�e-kyani�e boundary, and ��i� period 
wa� followed by a near-i�obaric cooling �o ��e kyani�e 
field, maybe representing decompression and cooling 
af�er ex�en�ional collap�e�� In Zone I, ��e near-i�obaric 
cooling period took place in much higher pressure, 
bu� ��e�e cooling even�� (Fig��� 9a–b and 10b) were 
not necessarily simultaneous in Zones I and II.

During ��e ��ickening, ��e green�c�i�� facie� rock� 
(the Kittilä Group) were probably not in their present 
position, but they represent a late metamorphic al-
loc��on ��a� wa� accre�ed �o Zone� II and III during 
late D3. Lithological boundaries around the Kittilä 
Group are mostly also metamorphic boundaries 
which supports this idea. However, the rocks Kittilä 
of ��e group �ave been propo�ed �o con�inue nor�� �o 
the Karasjok area in Norway (Lehtonen et al. 1998) 
through Zone II, although there is a major change in 
PT conditions from Zone IV to Zone II. This may mean 
��a� ��e volcanic rock� in Zone II do no� belong �o ��e 
Kittilä Group, but it is also possible that some parts 
of ��e oceanic uni� were included in ��e ��ickening 
that produced high pressure ampibolite facies rocks 
in Zone II, and other parts were juxtaposed later with 
Zone� II and III��
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Gold in the Central Lapland Greenstone Belt, Finland
V. Juhani Ojala (ed.)
Geological Survey of Finland, Special Paper 44, 57–    

cHaractEristics Of GOLd MiNEraLisatiON iN 
tHE GrEENstONE BELts Of NOrtHErN fiNLaNd

by
Pa�i Eilu1, Heikki Pankka2, Veikko Keinänen3, Vesa Kortelainen4,  

Tero Niiranen5, Eeli� Pulkkinen6

Eilu, P., Pankka, H., Keinänen, V., Kortelainen, V., Niiranen, t. & Pulkkinen, E. 
2007. Characteristics of gold mineralisation in the greenstone belts of northern Finland. 
Geological Survey of Finland, Special Paper 44, 57−106, 31 figures, one table, 4 ap-
pendices. 

More ��an 60 drilling-indica�ed gold occurrence� �ave been di�covered in ��e Palaeo-
proterozoic greenstone belts (orogenic belts) of northern Finland during 1985–2004. 
Gene�ic depo�i� �ype� de�ec�ed in ��e region include ��e orogenic, iron oxide-copper-gold 
(IO�G) and palaeoplacer �ype�� T�e orogenic �ype can be fur��er divided in�o ��e gold 
only and the atypical metal association subtypes.

Most of the features of gold occurrences in northern Finland are similar to those detected 
in Palaeoproterozoic greenstone belts globally. In all epigenetic occurrences in northern 
Finland, structure is the regionally the most significant control for mineralisation. Locally, 
the two most significant controls are structure and rock type. Fluid compositions suggest 
variable, mixed, origins for volatiles and metals with no obvious indications of a local 
�ource�� T�e orogenic gold-only �ype i� c�arac�eri�ed by carbona�i�a�ion wi�� �erici�i�a-
�ion or bio�i�i�a�ion, PT condi�ion� a� 300–450°� and 1–3 kbar, pyri�e, pyrr�o�i�e and 
arsenopyrite being the main ore minerals, consistent enrichment of Ag, Au, As, CO2, K, 
Rb, S, Sb, and Te, and a low-salinity fluid with hydrothermal quartz showing δ18O at +11 
– +13‰ and carbonate δ13C at -8 – -1‰. Orogenic gold occurrences with atypical metal 
association are similar to the gold-only type, except having significant chalcopyrite ± 
cobaltite, gersdorffite and/or uraninite contents, enrichment also in Cu and, in some cases, 
in Co, LREE, Ni and/or U, and intense albitisation predating the gold-related alteration. 
T�e iron oxide-copper-gold (IO�G) occurrence� are c�arac�eri�ed by regional albi�i�a-
tion ± scapolitisation, multi-stage local alteration, formation T at 400–600°C, main ore 
minerals of magnetite, pyrite, pyrrhotite, chalcopyrite ± cobaltite, consistent enrichment 
in Ag, Au, Bi, Cu, Fe, S, and Te, and an aqueous high-salinity mineralising fluid with 
variable salinity and Eh, and δ18O at +9.6 – +17.5‰. The palaeoplacers are Au-only, 
sedimentary facies-controlled, occurrences in molasse-like sediments of the uppermost 
stratigraphic formation of the Central Lapland greenstone belt.
Timing of gold mineralisation in northern Finland is not well-constrained. Most or all 
of orogenic gold mineralisation took apparently place during the continental collision 
epoch of the evolution of the Fennoscandian shield, at 1.85–1.79 Ga, although some 
orogenic mineralisation may be related to the earlier compressional stage, the micro-
continent accretion, at 1.92–1.88 Ga. For the IOCG type of mineralisation, both of the 
extensional epochs of the Palaeoproterozoic orogenic evolution seem to be possible: the 
occurrences were formed during the continental extension at 1.88–1.85 Ga, or orogenic 
collapse and stabilisation at 1.80–1.77 Ga, or both. For the IOCG deposits in the Kolari 
area, the ca. 1.80 Ga timing appears to be the most probable. The probable time frame 
for the palaeoplacer mineralisation covers the 1.88–1.85 Ga epoch and the early parts 
(pre-D3?) of ��e 1��85–1��79 Ga epoc���

Key words (GeoRef Thesaurus AGI): gold ores, greenstone belts, mineral deposits, 

106, 2007��
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Nor��ern Finland��

1-4.6 Geological Survey of Finland, P.O. Box 96, FI-02151 Espoo, Finland
5 Northland Exploration Finland Oy, Teknotie 14-16, tsto 11, FI-96930  
Rovaniemi, Finland

E-mail: pasi.eilu@gtk.fi, 5TNiiranen@goldgroup.com

iNtrOdUctiON

Explora�ion for gold in nor��ern Finland wa� boo��ed 
during the 1980’s for three major reasons: 1) significant 
increa�e in ��e price of gold during ��e la�e 1970’�, 
2) globally extensive research into the formation of 
gold depo�i��, w�ic� �a� re�ul�ed in a range of gene�ic 
exploration models, and 3) technical developments 
in exploration and analytical methods (e.g., Hirvas 
et al. 1977, Kontas 1981, Boulton 1984, Niskavaara 
& Kontas 1990).

Glacial drif� cover� abou� 95% of ��e bedrock in 
northern Finland. The drift is, on average, 5 m thick 
and is mostly composed of till. Central Lapland was 
an ice divide area during ��e Plei��ocene glacia�ion��� 
T�e ba�al ice veloci�y i� rela�ively �low wi��in an ice 
divide area, and glacial erosion is minimal (Boulton 
1984)�� �on�equen�ly, ��e preglacial wea��ered cru�� 
be�ween ��e �ill blanke� and ��e fre�� bedrock i� 
common in Central Lapland (Hirvas et al. 1977). In 
area� of �ig�ly al�ered rock�, w�ic� con�ain abundan� 
carbonate and sulphide minerals, the thickness of the 
weathered crust may extend from one metre to up to 
the depth of hundred metres. Till and bedrock-surface 
geochemical surveys, combined with low-altitude 
airborne (flight altitude 30–40 m) and ground geo-
physical survey and bedrock mapping, have, hence, 
proved to be the most effective tools in the pre-drilling 
stages of gold and base-metal exploration in Lapland 
(e��g��, Eilu 1999)��

The discovery of palaeoplacer gold in the conglomer-
ates of the uppermost, less than 1.9 Ga old quartzites 
of the Central Lapland greenstone belt (Härkönen 
1984) initiated modern gold exploration in the region, 
at first in the Kittilä and Sodankylä area and later on 
el�ew�ere in �apland�� In ��e la�e 1980’�, explora�ion 
targets changed from palaeoplacer to orogenic types 
mineralisation (then called mesothermal).

As a result of exploration during 1985–2004, more 
than 60 gold occurrences with >1 ppm Au per metre of 
drill core have been reported in the Palaeoproterozoic 
volcano-sedimentary (greenstone) belts of northern 
Finland�� Of ��e�e, 36 �ave been di�covered in ��e 
Central Lapland greenstone belt, 24 in the Kuusamo 
schist belt and 5 in the Peräpohja schist belt (Fig. 1). 

All together, 14 of them have been regarded as eco-
nomical or nearly economical. The gold deposit types 
de�ec�ed in nor��ern Finland include orogenic gold 
(including many with atypical metal associations), 
iron oxide-copper-gold and palaeoplacer gold (Table 
1 and App. 1). The most important gold occurrences 
of nor��ern Finland are de�cribed in ��i� paper and 
other reports in this volume.

The object of this paper is to provide a summary 
and review of ��e c�arac�eri��ic� of Palaeopro�ero-
zoic gold deposits in northern Finland. First, based 
on publicised information, we briefly describe the 
general geological �e��ing and give de�crip�ion� of 
�elec�ed depo�i���� T�en, we review ��e exi��ing da�a 
�o provide an up �o da�e �yn��e�i� on gene�ic a�pec�� 
of gold mineralisation in the region. With a review, we 
attempt to reclassify the gold occurrences according 
to the present views in research on economic geology 
and to relate the gold mineralisation with the general 
cru��al evolu�ion of ��e region��

table 1. Main gold bel�� in nor��ern Finland�� �oca�ion of ��e 
orogenic belts and gold deposits mentioned are indicated in 
Figure 1��

Belt Genetic deposit types1 Major  
deposits

�en�ral �apland 
green��one bel�

Orogenic Pa��avaara,  
Saa��opora,  
Suurikuu�ikko

Iron oxide-copper-gold Laurinoja

Palaeoplacer none major

Kuusamo schist belt Orogenic Juomasuo

Peräpohja schist belt Orogenic none major

Iron oxide-copper-gold Vähäjoki
1 Gene�ic �ype� a� defined in ��i� repor�



59

 Geological Survey of Finland, Special Paper 44Geological Survey of Finland, Special Paper 44
Characteristics of gold mineralisation in the greenstone belts of northern Finland

GENEraL fEatUrEs Of tHE PaLaEOPrOtErOZOic GrEENstONE BELts Of 
NOrtHErN fiNLaNd

Fig. 1. General geological map of northern Finland, and gold occurrences in the area. Rectangles indicate the areas 
shown in Figures 3–5. Coordinates according to Finnish National Grid (ykj-grid) metric values. Compiled by Vesa 
Nykänen. Basemap © National Land Survey 521/MYY/07.

Four major components form the bedrock of 
northern Finland (Fig. 1): 1) Archaean granite-gneiss 
complexes and greenstone belts, 2) Palaeoproterozoic 
green��one bel��, 3) ��e 1��9 Ga �apland Granuli�e Bel�, 
and 4) Svecokarelian �yn- �o la�e- (1��89–1��80 Ga) 
and po��-orogenic (1��80–1��77 Ga) grani�oid� (Han�ki 
e� al�� 1997)�� In ��i� �ec�ion, we concen�ra�e on ��e 
Palaeoproterozoic greenstone belts, as they form the 
host to gold in the region. For more comprehensive 
de�crip�ion� of ��e general geological evolu�ion and 

setting of northern Finland, see the papers by Hölttä 
et al., and Patison in this volume.

Finnish Lapland, which comprises a significant 
portion of the northern part of the Archaean Karelian 
cra�on (Fig�� 2), record� a prolonged and epi�odic �i��ory 
of sedimentation, rifting and magmatism throughout 
the Palaeoproterozoic times. The Palaeoproterozoic 
green��one bel�� in nor��ern Finland include ��e �en�ral 
Lapland greenstone belt, and Kuusamo and Peräpohja 
�c�i�� bel�� (Fig��� 1 and 3–5, Table 1)�� T�e�e bel�� 
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were all initially formed in intracratonic rift settings 
related to the Archaean craton (Hanski et al. 1997, 
Sorjonen-Ward et al. 2003).

According to Lahtinen et al. (2003), the Palaeoprot-
erozoic evolution of the region after 1.92 Ga includes 
the following major epochs or orogens: 1) microcon-
�inen� accre�ion (1��92–1��88 Ga), 2) con�inen�al ex�en-
�ion (1��88–1��85 Ga), 3) con�inen�-con�inen� colli�ion 
(1��85–1��79), and 4) orogenic collap�e and ��abili�a�ion 
(1.80–1.77 Ga). The first epoch includes collision of 
the Kola and Karelian cratons in the northeast and 
collision of the Norrbotten and Karelian cratons in the 
west (Fig. 2). This resulted in the amalgamation of 
the Archaean parts of the Fennoscandian shield. This 
was followed by the formation of extensional basins 
in �apland, in ��e far �in�erland of �ubduc�ion in ��e 
west (epoch 2). The third epoch is defined by the col-
lision of Fennoscandia, Sarmatia and Amazonia (the 
la��er being la�er rif�ed away)�� T�e 1��80–1��77 Ga epoc� 
was a period of thermal resetting and post-orogenic 
magmatism. We consider all of the above-mentioned 

epochs as potentially significant for gold mineralisation 
in nor��ern Finland, a� al�o i� �ugge��ed by �a��inen e� 
al. (2003) and by Weihed and Eilu (2003). Sorjonen-
Ward et al. (2003) present two major orogenic epochs 
for the region: 1) crustal-plate collision and compres-
sion during 1.91–1.86 Ga, and 2) active deformation 
and regional metamorphism during 1.84–1.80 Ga due 
to crustal thickening or mantle underplating; they also 
suggest that orogenic mineralisation took place during 
��e la��er epoc���

T�e �en�ral �apland green��one bel� (��GB; Fig��� 
1 and 3) is the largest mafic volcanic-dominated 
province pre�erved in Finland�� T�e �equence ��ar�� 
with bimodal komatiitic and felsic volcanic rocks, 
dated at ca. 2.5 Ga (zircon U–Pb data from felsic 
volcanic rock�, Pel�onen e� al�� 1988, Manninen e� 
al. 2001), which unconformably overlie Archaean 
basement and represent the onset of rifting (Peltonen 
e� al�� 1988, �e��onen e� al�� 1998)�� �on�inued rif�ing 
of the Archaean crust resulted in the widespread em-
placement of gabbro-norite layered intrusions in the 

Fig. 2. Present position of pre-1.92 Ga crustal components of the Fennoscandian shield. Modified from Lahtinen et 
al�� (2003)��
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region between 2.45–2.39 Ga (Alapieti & Lahtinen 
1989). Terrigenous clastic sedimentary rocks discord-
an�ly overlie ��e�e layered in�ru�ion�, wi�� fur��er 
episodes of mafic magmatism recorded as sporadic 
lava� and �ill� da�ed a� ca�� 2��2 Ga, ca�� 2��10 Ga, and 
ca. 2.05 Ga (single-zircon U-Pb data, Huhma 1986, 
Vuollo et al. 1992, Huhma et al. 1996, Räsänen et al. 
1996, Lehtonen et al. 1998, Vaasjoki 2001). All mafic 
igneous episodes mentioned above coincided with 
rifting and subsidence along the whole of the Karelian 
craton margin, recorded by coarse-clastic turbidites, 
carbonate rocks, iron formations and graphitic schists. 
Rifting culminated in extensive mafic and ultramafic 
volcanism and the formation of oceanic crust at ca. 
1.97 Ga. Fragments of oceanic crust were subsequently 
emplaced back onto the Karelian craton, as the Nuttio 
ophiolite in Lapland and the Jormua and Outokumpu 

ophiolites further south (Kontinen 1987, Gaál 1990, 
Sorjonen-Ward et al. 1997, Lehtonen et al. 1998). 
The emplacement of the ophiolites was followed by 
the main compressional deformation associated with 
the Svecofennian synorogenic plutonism, between 
1.90–1.86 Ga (Vaasjoki 2001). If we apply the scheme 
of �a��inen e� al�� (2003) in�o above, ��e op�ioli�e 
emplacement and the compressional deformation in 
��e pre�en� area of ��e ��GB belong �o ��e accre�ional 
and colli�ional epoc�� a� 1��92–1��88 Ga and 1��85–1��79 
Ga, re�pec�ively��

Deformation evolution of the CLGB for 1.90–1.77 
Ga is discussed in detail by Patison (2007). The main 
deformational stages took apparently place as follows 
(Ward et al. 1989, Sorjonen-Ward et al. 1992, Mänttäri 
1995, Patison 2007): D1 and D2 during 1��90–1��88 Ga, 
D3 ei��er during 1��90–1��88 Ga or 1��84–1��80, and ��e 

Fig. 3. Gold occurrences in the Central Lapland greenstone belt. Numbers identify occurrences listed in Table 3. 
Coordinates according to Finnish National Grid (ykj-grid) metric values. Geology after Lehtonen et al. (1998).
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latest, completely brittle, D4 in ca�� 1��77 Ga or �lig��ly 
po��-1��77 Ga�� T�e D1–D4 evolution appears to fit into 
��e evolu�ional epoc�� of �a��inen e� al�� (2003) fairly 
well. Note, however, that the timing for D1 �o D4 i� 
chiefly indirect with a very few robust radiometric 
dates setting definite values for any of the stages; es-

pecially, the timing of D3 may either be 1.90–1.88 Ga 
or 1.84–1.80 Ga (Patison 2007). Similar geotectonic 
evolu�ion, a� for ��e ��GB, can be envi�ioned for 
both the Kuusamo and Peräpohja belts for the entire 
Proterozoic (e.g., Lahtinen et al. 2003).

Fig. 4. Gold occurrences in the Kuusamo schist belt. Numbers identify occurrences listed in Table 4. FM = Formation. 
Coordinates according to Finnish National Grid (ykj-grid) metric values. Geology after Vanhanen (2001).
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In the CLGB, the majority of the deposits and 
drilling-indica�ed occurrence� di�covered (Fig�� 3) are 
spatially associated with the 0.2–2 km wide Sirkka 
Shear Zone (SSZ). Some occurrences are within the 
SSZ, but a large number is in shear and fault zones sub-
sidiary to it, within three km from the main structure. 
The SSZ represents a major, crustal-scale, long-lived 
shear zone with a distinct thrust reverse component 
to the south and, in detail, a complex zone involv-
ing several parallel faults and fault segments (Lanne 
1979, Ward e� al�� 1989, �e��onen e� al�� 1998, Pa�i�on 
2007)�� In addi�ion �o ��e gold depo�i��, ��e SSZ i� 

al�o c�arac�eri�ed by in�en�e al�era�ion (albi�i�a�ion, 
sericitisation and carbonatisation), and anomalous Au 
along i�� en�ire leng����

A number of gold occurrences are further away from 
��e SSZ, �o��ed by ��rike-�lip faul�� a� a �ig� angle �o 
��e SSZ, and in�erpre�ed a� reac�iva�ed �ran�fer faul�� 
or reorien�ed early ��ru��� (Ward e� al�� 1989, Pa�i�on 
2007). Of these structures, one of the most notable 
is the Kiistala Shear Zone (KSZ; Fig. 3) which hosts 
the 3 Moz Suurikuusikko deposit (App. 2). The NNE-
trending KiSZ extends for about 30 km; in the south 
crosses the SSZ near the Hirvilavanmaa gold occur-

GOLd iN cENtraL LaPLaNd GrEENstONE BELt

Geological setting

Fig. 5. Gold occurrences in the Peräpohja schist belt. Geology after Perttunen (1989, 2002, 2003). The grey areas 
(‘Other formations’ in the legend) contain no signs of gold mineralisation. Coordinates according to Finnish National 
Grid (ykj-grid) metric values.
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rence and in the north it seems to converge or ends 
with the longer, NE-trending, Kuotko Shear Zone. 
Along strike, the KiSZ is consistently anomalous in 
gold for at least 15 km (Härkönen 1992, 1997, Rid-
dar�y��an 2005)��

Below, we briefly describe selected gold occurrences 
wi��in ��e ��GB; ��eir ��ruc�ural con�rol i� di�cu��ed 
in detail by Patison in this volume. Suurikuusikko is 
no� di�cu��ed �ere, a� i� i� de�cribed in de�ail in ��e 

paper by Patison et al. in this volume. Note also, that 
the deposits at Kaaresselkä, Levijärvi-Loukinen and 
Päivänenä-Hirvilavanmaa are described in more detail 
in this volume by Holma & Keinänen, Hulkki & Pulk-
kinen, and Hulkki & Keinänen. Detailed information 
on all drilling-indica�ed gold occurrence� i� li��ed in 
Appndix 2 and is also available from the FINGOLD 
database at: http://en.gtk.fi/ExplorationFinland/Com-
modities/Gold/gtk_gold_map.html�� 

Gold deposits and occurrences

Saattopora

The Saattopora mine is located in the western, E-W 
�rending �ec�ion of ��e SSZ (Fig��� 3 and 6)�� T�e depo�i� 
was mined by Outokumpu during 1988–1995. A total 
of 2��1 M� ore wa� exploi�ed�� T�e bulk grade of ��e 
ore prior to treatment was 3.29 ppm Au and 0.28% 
Cu (App. 2), yielding a total of 6278 kg Au and 5177 
t Cu (Korvuo 1997b).

The area around Saattopora is hosted by metavol-
canic and metasedimentary rocks of the Matarakoski 
Formation (Savukoski Group), here located between 
Linkupalo Formation (Savukoski Group) and Vesma-
järvi Formation (Kittilä Group) metavolcanic rocks 
in the south and north, respectively. The Au-Cu lodes 
are �o��ed by in�en�ely albi�i�ed, grap�i�ic p�ylli�e or 
intermediate tuffite units, close to partially carbonated 
but not albitised, tholeiitic and komatiitic, metalavas 

Fig. 6. Plan view and cross section at Saattopora. The mafic metavolcanic rock apparenlty belongs 
to the Vesmajärvi Formation of Kittilä Group; the rest of the lithological units depicted belong to the 
Matarakoski Formation of the Savukoski Group. Geology based on Korvuo (1997b), stratigraphy 
on �e��onen e� al�� (1998)��
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(Fig. 6). The host rocks are metamorphosed and altered 
under lower- or mid-greenschist facies conditions. 
Brittle deformation characterises the deposit.

The ore bodies at Saattopora comprise two subpar-
allel sets of lodes, a southern (B) and a northern (A) 
set, which are separated by a weakly albitised tuffite 
and a metakomatiite unit (Fig. 6). Native gold occurs 
in a few millimetres to several metres thick quartz-
ankerite-dolomite-pyrite-pyrrhotite veins and their 
immediate, brecciated wallrock, closely associated 
with quartz and carbonate gangue (Fig. 7). The veins 
have a N-S trend, but form E-W trending clusters which 
also define the trend of mineable ore bodies. The ore 
bodies are 1–25 m wide and up to 250 m long. The 
auriferou� vein� �ave preferen�ially developed in ��e 
most competent rock units in the area, i.e. in the most 
in�en�ely albi�i�ed rock��� T�i� i� in accordance wi�� 
the deformation and alteration sequence at Saattopora 
suggesting that albitisation predated gold mineralisa-
�ion (Pa�i�on 2007)��

The ore minerals are dominated by pyrite and pyrrho-
tite with minor chalcopyrite, gersdorffite, arsenopyrite, 
pentlandite, tucholite, uraninite, bismuthinite, niccol-
ite, tellurides and native gold (Korvuo 1997b, Grön-
holm 1999). Alteration related to gold mineralisation, 
and overprin�ing ��e albi�i�a�ion, i� c�arac�eri�ed by ��e 
formation of the mineral assemblage quartz – sericite 
– albite – Fe dolomite/ankerite – sulphides.

In addi�ion �o gold, ��e depo�i� i� enric�ed, in variable 
degree, in a large number of elements, as listed in Ap-
pendix 2 (Nurmi et al. 1991, Korvuo 1997b). However, 
it remains to be investigated which elements, and to 
w�a� degree, were enric�ed during ��e differen� ��age� 
of alteration at Saattopora. Mineral assemblages from 
ore and unmineralised rock suggest that most or all 
Na enrichment took place before gold mineralisation, 
some carbonatisation also predates gold, and that most 
or all Ag, As, Au, Bi, Cu, S, Se, and Te enrichment 
took place during gold mineralisation.

Other occurrences within Sirkka Shear Zone

T�e sirkka kaivos and sirkka W copper-gold 
occurrences (Fig. 3, App. 2) are about 1.5 km apart, 
along the SSZ, in Matarakoski Formation rocks. They 
comprise sets of 10–20 m wide lodes formed by min-
eralised quartz-carbonate-albite veins and their altered 
wallrocks (Vesanto 1978). The Sirkka kaivos deposit 
comprises, at least, eight distinct lodes within a kilo-
metre of the strike of the SSZ. Two lodes have been 
reported from the Sirkka W (Hugg 1987b). Main host 
to mineralisation in both occurrences is intermediate 
metatuffite with komatiitic and tholeiitic metalavas 
forming minor hosts to ore (Vesanto 1978, Lehtinen 
1987). Alteration mineral assemblages documented 
(Vesanto 1978, Inkinen 1985) suggest that mineralisa-

Fig. 7. Pyrrhotite-chalcopyrite dominated ore in brecciated massive albite rock at Saattopora. Field of view 7 cm. 
Photo: Jari Väätäinen.
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tion took place under mid- or upper-greenschist facies 
conditions. Main ore minerals are pyrite, pyrrhotite 
and chalcopyrite, with minor to trace amounts of 
gersdorffite, pentlandite, Ag pentlandite, sphalerite, 
mackinawite, violarite, cobaltite, melnikovite and 
native gold (Hänninen 1977, Vesanto 1978, Inkinen 
1985, �e��inen 1987)��

Four major gold (± Cu, Ni) lodes have been detected 
in ��e Levijärvi-Loukinen area, a 5 km long section of 
the SSZ (Figs. 8 and 9, App. 2). The lodes are depicted 
a� �epara�e occurrence� in Figure 8 bu�, in fac�, gold 
mineralisation of variable grade is continuous through 
the entire area shown in Figure 8 (V. Keinänen, pers. 

comm. 2002). The lodes are formed by quartz-carbon-
ate veins and sulphidised quartz-carbonate breccia 
zones hosted by komatiitic (main host) and tholeiitic 
metavolcanic rocks, graphitic phyllite, and contact 
zones between the lithological units. The potentially 
economic lodes are up to a few hundreds of metres 
long and tens of metres wide. They are within the 
SSZ, in and clo�e �o loca�ion� w�ere dex�ral NNW- 
to N-trending strike-slip faults cut across the main 
shear zone (Patison 2007). Alteration is characterised 
by carbonatisation and sericitisation in the metavol-
canic rock� and albi�i�a�ion and �erici�i�a�ion in ��e 
phyllite. Typical ore minerals are pyrrhotite, pyrite, 

Fig. 8. Geological map of the Levijärvi-Loukinen area. Coordinates according to Finnish National Grid (ykj-grid) metric values. Compiled by VeikkoCompiled by Veikko 
Keinänen. Basemap © National Land Survey 521/MYY/07.Basemap © National Land Survey 521/MYY/07.

Fig. 9. A long section along the Loukinen lode. Au and Cu in ppm. Compiled by Veikko Keinänen.Compiled by Veikko Keinänen.
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chalcopyrite, gersdorffite and native gold. Minor 
and trace ore minerals detected in the lodes include 
pentlandite, violarite, Ag pentlandite and sphalerite. 
Holma and Keinänen describe the deposit in more 
detail in this volume.

Four gold occurrence� �ave been di�covered in a 
three-kilometre-long, NW-trending, dominantly exten-
�ional, �ec�ion of ��e SSZ in ��e Päivänenä-Hirvila-
vanmaa area: Hirvilavanmaa, Päivänenä, Soretialehto 
and Soretiavuoma (Figs. 3, 10 and 11, App. 2, and 
Hulkki & Keinänen 2007); the Päivänenä occurrence 
has also been known by the names Lälleävuoma and 
Kettukuusikko. The main host rock in all occurrences 
is metakomatiite, with graphitic phyllite (Soretialehto) 
and tholeiitic metabasalt (Hirvilavanmaa, Päivänenä, 
Soretialehto) forming minor hosts to ore (Härkönen & 
Keinänen 1989, Hugg 1991, Keinänen 1997). Silicate 
mineral assemblages indicate lower- to mid-green-
schist facies metamorphic and alteration conditions. 
In�en�e carbona�i�a�ion and �erici�i�a�ion c�arac�eri�e 
the occurrences, except at Hirvilavanmaa where the 
degree of �erici�ic al�era�ion i� excep�ionally low�� In 

metakomatiites, a distinct alteration sequence can be in-
dicated, from the distal chlorite-dolomite-talc through 
the intermediate chlorite-Fe dolomite-ankerite-quartz 
to the proximal Fe dolomite-ankerite-fuchsite-albite-
quartz-pyrite (Fig. 11). Mineral assemblage quartz-
albi�e-�erici�e-ankeri�e c�arac�eri�e� ��e p�ylli�e� 
proximal to and hosting gold mineralisation. Brittle 
style of deformation dominates and the host rocks 
are cu�, even breccia�ed, by �e�� of pyri�e- and gold-
bearing quartz-carbonate veins (Fig. 11, and Hulkki & 
Keinänen 2007). At least three generations of quartz 
vein� are known, bu� only ��e �econd genera�ion 
contains gold. The dominant ore mineral is pyrite. 
Na�ive gold, pyrr�o�i�e, c�alcopyri�e, ar�enopyri�e, 
gersdorffite, galena, tetrahedrite, bismuthinite, ulman-
nite, molybdenite, millerite, violarite and vaesite occur 
in minor and trace amounts (Härkönen & Keinänen 
1989, Keinänen & Hulkki 1992). Gold is closely as-
sociated with pyrite or occurs free within the quartz-
carbonate gangue in all four occurrences (Härkönen 
& Keinänen 1989, Keinänen & Hulkki 1992, Hulkki 
& Keinänen 2007).

Fig. 10. Geological map of the Kettukuusikko-Soretialehto area. Contacts between the lithological units are based on ground-geophysical surveys. 
The ’shear zone’ indicates the local trend of the SSZ; its location is based on a local negative IP anomaly. Coordinates according to Finnish National 
Grid (ykj-grid) metric values. Compiled by Veikko Keinänen. Basemap © National Land Survey 521/MYY/07.Compiled by Veikko Keinänen. Basemap © National Land Survey 521/MYY/07.Basemap © National Land Survey 521/MYY/07.
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Kaaresselkä

Kaaresselkä is hosted by the volcano-sedimentary 
sequence of the Matarakoski Formation of the Savuko-
ski Group rocks (Fig. 3). It is located just to the south 
of the SSZ, in minor, W- to WNW-trending, shear zones 
branching from the SSZ. Several N-trending faults, 
also mineralised, cut these shear zones. Brittle-ductile 
to ductile deformation characterises the deposit. There 
are eight individual lodes in the area, hosted chiefly 
by mafic tuffite (Figs. 12 and 13). Other hosts to ore 
are metadolerite, metakomatiite, metaconglomerate 
and sericitic quartzite (Pulkkinen 1998, 1999). Hulkki 
and Pulkkinen describe the deposit in more detail in 
this volume.

T�e �o�� rock� are in�en�ely ��eared and al�ered by 
K metasomatism. Free-milling gold dominates and is 
chiefly associated with chlorite and carbonates, but 
al�o occur� wi�� �erici�e, adularia(?), pyri�e, c�alcopy-
rite, arsenopyrite and, in the weathered zone, goethite 
(Fig. 4 in Hulkki & Pulkkinen 2007). Significant gold 
occurs both in quartz-carbonate and pyrite-carbonate 
vein� and in ��e al�ered �o�� rock�� W�en a��ocia�ed 
with the sulphides, gold grains are mainly in small 

frac�ure� of ��e �ulp�ide� and in con�ac�� be�ween 
sulphide grains. At the Vanha lode, there also are 1–3 
m wide discrete chalcopyrite-carbonate lenses with 
a �ig� gold concen�ra�ion�� T�e�e are a��ocia�ed wi�� 
altered ultramafic rocks outside the core of the local 
shear zone.

Two less extensive auriferous shear zones occur 500 
m to the SW and to the NW of the Vanha lode (Fig. 12). 
The SW lodes (‘Lampi’) are hosted by volcanogenic 
metaconglomerate and by the contact zone between 
quartzite and the conglomerate. The NW lodes (‘Tien-
varsi’) are at the contact zone between volcanogenic 
metaconglomerate and mafic metavolcanic rocks. In 
��e SW and NW lode�, ��e gold i� clo�ely a��ocia�ed 
wi�� pyri�e��

Gold-related alteration at Kaaresselkä is character-
ised by biotitisation and carbonatisation with minor 
chlorite, sericite, tourmaline, adularia and sulphides. 
Regional albitisation of variable degree, detected in 
all rock types, has preceded gold mineralisation. The 
mineral assemblages, except the presence of adularia, 
suggest that metamorphism and mineralisation took 
place under green�c�i�� facie� PT condi�ion��� Ex�en-
�ive pre�ence of bio�i�e in bo�� al�ered and unal�ered 

Fig. 11. Geological map of Soretialehto. Coordinates according to Finnish National Grid (ykj-grid) metric 
values. Compiled by Veikko Keinänen.Compiled by Veikko Keinänen.
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rocks, and absence of fuchsite in ultramafic rocks 
poin� �oward� upper-green�c�i�� facie� condi�ion��� 
An open question is, how the adularia fits into the 
picture, as it is a mineral normally only formed in 

condi�ion� prevailing a� or very clo�e �o ��e �urface, 
under lower temperature and much lower pressure than 
��o�e a� green�c�i�� facie� (e��g��, Deer e� al�� 2001) and 
being, for example, part of the diagnostic alteration 

Fig. 12. Geological map of the Kaaresselkä area. The three main lodes, Lampi, Tienvarsi and Vanha, are shown. The albite breccia comprises car-
bonatised dolerite fragments in albite-dominated matrix. The location of the section presented in Figure 13 is indicated by a heavy line. Compiled 
by Eeli� Pulkkinen��

Fig. 13. A section across the Vanha lode at Kaaresselkä. Compiled by Eelis Pulkkinen.
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assemblage in low-sulphidation epithermal systems 
(Hedenquist et al. 1996). At Kaaresselkä, adularia 
has been identified by polarisation microscopy and 
microprobe work (H. Hulkki, pers. comm. 2002). 
Post-metamorphic, post-mineralisation formation at 
near-surface conditions might provide an explanation 
for the presence of adularia at Kaaresselkä.

Pahtavaara

The Pahtavaara mine (Fig. 14) is located 25 km NW 
from the town of Sodankylä in the eastern central part 
of the CLGB, within the extensive, predominantly 
pyroclastic Sattasvaara metakomatiite complex. The 
mine was active in 1996–2000 and was reopened in 
2003�� During 1996–2000, �o�al produc�ion wa� 3300 
kg gold from the average grade of 4 ppm Au (H. 
Alaniska, pers. comm. 1998, 1999, H. Vartiainen, 
pers. comm. 2001). In the end of 204, the mine had 
an indica�ed re�ource and re�erve of 2��985 M� @ 3��2 
ppm gold (Scanmining 2005).

The deposit is hosted by the Sattasvaara Formation 
(Savukoski Group), which here forms an E–W trend-
ing, 40 km long, 5 km wide, several kilometres thick 
sequence of metakomatiitic lava flow and pyroclastic 
units, and komatiite-related mafic metavolcanic rocks 
(Korkiakoski 1992, Lehtonen et al. 1998). The deposit 
is near the northern margin of the volcanic sequence, 

in the contact zone between a pyroclastic and a lava 
flow units (Hulkki 1990, Korkiakoski 1992).

The host rocks have been metamorphosed under 
upper-green�c�i�� facie� condi�ion��� T�e regional-
metamorphic mineral assemblages in the area include 
chlorite – tremolite – antophyllite and tremolite – talc 
– chlorite – dolomite(?) – antophyllite in pyroclastic 
rocks, and tremolite – antophyllite(?) ± chlorite, 
carbonate, plagioclase in the lava flow units (Hulkki 
1990, Korkiakoski 1992, Lehtonen et al. 1998). Duc-
tile deformation dominates in unaltered komatiites 
whereas brittle-ductile deformation characterises the 
gold-mineralised domain. The Pahtavaara deposit 
comprises a set of lodes generally 5–10 m wide, trend-
ing roug�ly NW-SE and dipping �o ��e nor�� a� abou� 
70–80° (Korkiakoski & Kilpelä 1997). This and the 
regional ��ruc�ure� �ugge�� ��a� ��e local con�rol for ore 
is formed by locations where NW-trending faults cut 
across an E-W trending shear zone possibly branch-
ing from the SSZ.

The ore is characterised by biotite-talc ± magnetite 
breccias that typically are surrounded by a more mas-
sive tremolitic amphibole rock with irregular dilational 
arrays of barite-carbonate-quartz veins. All this is 
surrounded by biotite-carbonate-magnetite alteration 
of the komatiitic host rock. Nearly all gold is free 
na�ive, and occur� be�ween �ilica�e, carbona�e and 
barite grains, locally also as inclusions in magnetite; 

Fig. 14. Pahtavaara mine, Sodankylä. View to the NW. Photo Terra Mining Oy.View to the NW. Photo Terra Mining Oy.
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gold grain� and grain aggrega�e� are al�o pre�en� in 
coarse-grained amphibole rock. Less than 10 % of 
gold i� pre�en� a� inclu�ion� in pyri�e and c�alcopyri�e 
(Kojonen & Johanson 1988, Hulkki 1990, Korkiakoski 
1992). The most common ore mineral at Pahtavaara is 
magnetite which may form up to 5–10 % of ore, par-
ticularly in intensely biotitised komatiite. Pyrite is the 
second ore mineral forming up to 1% of rock volume. 
Minor and trace ore minerals detected at Pahtavaara 
include c�alcopyri�e, ru�ile, pen�landi�e, pyrr�o�i�e, 
violarite, millerite, cubanite, native gold, clausthalite, 
and merenskyite (Kojonen & Johanson 1988, Hulkki 
1990, Korkiakoski 1992). The presence of most of 
the latter minerals reflects the relatively high primary 
Cu, Ni and PGE contents of the ultramafic host rock 
– there are no indications of Cu, Ni or PGE enrichment 
during gold mineralisation at Pahtavaara.

Two ��age� of al�era�ion �ave been de�cribed a� 
Pahtavaara (Hulkki 1990, Korkiakoski 1992, Eilu 
1997): 1) Partial albitisation and carbonatisation which 

preceded gold mineralisation. This stage possibly pre-
pared ground for gold mineralisation by making the 
Na-�O2 altered komatiite more competent than the sur-
rounding talc- and chlorite-dominated komatiites and, 
hence, a structurally favourable site for the mineralising 
fluids to precipitate gold. 2) Biotitisation, formation 
of nematoblastic tremolite in breccia zones, and ad-
ditional carbonatisation, with formation of abundant 
quartz veins, are related to the gold mineralisation. 
This stage produced the assemblage biotite-talc-dolo-
mite/ankerite-tremolite/actinolite-quartz-pyrite-rutile 
± albite, richterite, barite, magnetite, tourmaline in 
��e �o�� rock��

Kuotko

The Kuotko deposit is hosted by the NE-trending, 
brittle-ductile, Kuotko Shear Zone (KuSZ, Figs. 3 and 
15), in a loca�ion w�ere a NW-�rending, lower-order, 
shear or fault zone branches from the KuSZ. The 

Fig. 15. Geological map of the Kuotko area (Härkönen et al. 2001). Coordinates according to Finnish 
National Grid (ykj-grid) metric values. Compiled by Veikko Keinänen.Compiled by Veikko Keinänen.
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deposit is hosted by the Kittilä Group rocks (Fig. 3). 
Pyroclastic Fe-tholeiitic metabasalts form the major 
host and felsic dykes minor host to ore (Härkönen 
& Keinänen 1989, Härkönen 1994, Lehtonen et al. 
1998, Härkönen et al. 2001). Mineral assemblages 
at Kuotko indicate that both regional metamorphism 
and gold mineralisation have taken place at lower- to 
mid-greenschist facies conditions.

Four �ubparallel lode� �ave been di�covered a� 
Kuotko. For two of them, enough drilling was per-
formed until 2001 to warrant a preliminary resource 
estimate for the upper 40–50 m of bedrock (Härkönen 
et al. 2001): this is the resource indicated in Appendix 
2 for Kuotko. All lodes detected are open at depth 
and along strike. The main lode, Kati (Fig. 16), is up 
to 15 m wide, and has been followed by drilling for 
150 m along strike. According to in-hole geophysical 
survey, the Kati lode extends to the depth of 100–300 
m or even into greater depths (Härkönen et al. 2001). 
Auriferous quartz-ankerite veins characterise the de-
posit (Härkönen & Keinänen 1989). The main sulphide 
minerals are pyrite, arsenopyrite, gersdorffite and 
pyrr�o�i�e�� Na�ive gold occur� a� free grain� (60%) 
among gangue and as inclusions in arsenopyrite.

Ruosselkä

The Ruosselkä gold prospect is located about 65 
km north from the town of Sodankylä. The area is 
dominated by metavolcanic and metasedimentary 
rocks of the Sodankylä and Savukoski Groups and 
by ��e po��-orogenic Na��anen-�ype grani�e� (Fig��� 3 
and 17) (�e��onen e� al�� 1998)��

The first gold in the area was found in 1988 when 
�everal gold grain� were di�covered by panning �ill 
from areas which were detected anomalous in gold in 
regional geochemical till survey (Salminen 1995). In 
January 1999, GTK started a new project to investigate 
the gold anomalies in the region. The old till samples 
were reanalysed for Au and Te. The concentrations of 
both elements were found to be tens of times higher 
than the regional background in about 100 samples. 
In addition, a major part of the gold anomalies in till 
appeared to be associated with Cu and Mo anomalies 
de�ec�ed previou�ly in ��e region (Pulkkinen e� al�� 
2005)��

The supracrustal sequence at Ruosselkä includes 
komatiitic metavolcanic rocks, mafic metatuff, and 
graphitic felsic metatuff forming a large fold opening 
�o ��e ea�� (Fig�� 17)�� T�e �equence i� in�ruded by a 

Fig. 16. Section across the Kati lode at Kuotko (Härkönen et al. 2001).
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ca. 1.77 Ga granite pluton in the north, 1–20 m wide 
quartz porphyry, pyrite-disseminated monzogranite 
and grani�e dyke�, and cu� by a �e� (or �e��) of bar-
ren quartz veins. Drilling and trenching in the area 
revealed al�ered, auriferou�, W-, WNW-, NNW- and 
NE-trending, up to 200 m wide, shear and fault zones 
apparen�ly concen�ra�ing in ��e �inge area of ��e ea��-
ward-opening fold (Fig. 17). Some of the granite dykes 
cut across the WNW-trending shear zones, whereas 
others are parallel to them. These features indicate 
that, at least, most of the deformation along the shear 
zones took place before granite intrusion. Gold grades 
in the WNW-trending shear zone locally range from 
0.3 to 1.5 ppm Au forming lodes 1–10 m wide. The 
NNW-trending auriferous shear zone contains an 8 
m wide zone with 3–11 ppm Au (Fig. 18, App. 2). 
Na�ive gold �a� al�o been de�ec�ed a� inclu�ion� in 
hornblende sampled from an outcrop 0.5 km northeast 
of the above-mentioned shear zones (Rantala 2003), 
apparently in the NE-trending shear zone(s) shown 

in Figure 17. The latest results from diamond drill-
ing in the Ruosselkä area include a 3 m section with 
244 ppm Ag and 0.1 % Zn, and an 1 m section with 7 
ppm Au; both of these sections are closely associated 
with felsic dykes (E. Pulkkinen 2003, pers. comm., 
Pulkkinen e� al�� 2005)��

One of the lodes at Ruosselkä, at the Sakiatieva 
locality, is 150 m long and 10 m wide, but it is open 
a� dep�� and along ��rike a� bo�� end��� Ba�ed on ��e 
ground geophysical survey, the entire altered zone there 
is 50–200 m wide and 400 m long. The Sakiatieva 
lode is hosted by mafic volcanic rocks and graphitic 
phyllites. The main gangue minerals are carbonate, 
quartz, diopside, biotite, feldspar and chlorite. Main 
sulphide mineral is pyrrhotite. Gold occurs as native, 
free grains with gangue and pyrrhotite. Other ore min-
eral� de�ec�ed a� Sakia�ieva are c�alcopyri�e, pyri�e, 
tellurides galena, sphalerite, scheelite and molybdenite 
(Pulkkinen e� al�� 2005)��

Alteration in the auriferous parts of the shear zones 

Fig. 17. Geological map of the Ruosselkä area. The map is chiefly based on ground-magnetic and electromagnetic 
survey with controlling data from exploration trenches, drill holes and the few outcrops present in the area. Compiled 
by Eeli� Pulkkinen��
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has produced a mineral assemblage of hornblende-
biotite-chlorite in the metakomatiites (Sattasvaara 
Formation), chlorite-sericite-quartz-Fe sulphides and 
disappearance of graphite in the metatuffs (Matarako-
ski Formation). The latter is represented by the ‘sericite 
schist’ in Figure 18. Alteration in the granite dykes is 
minimal suggesting that the dykes postdate gold and 
gold-rela�ed al�era�ion in ��e area��

iron oxide-copper-gold in Kolari area

Several magnetite orebodies (ironstone) and skarn-
like units of diopside-hornblende rock in the Kolari area 
of the westernmost Central Lapland greenstone belt 
host Cu-Au mineralisation (Figs. 19–24). All deposits 
�ave a ��ruc�ural con�rol and are loca�ed in or clo�e �o 
a fault or shear zone. The ironstone bodies are hosted 
by a supracrustal sequence containing abundant mafic 
metavolcanic rocks and marbles (calcitic and dolom-
i�ic), and are clo�e �o, or a� ��e con�ac� wi��, a ca�� 1��86 
Ga synorogenic monzonite intrusion (Hiltunen 1982, 

�e��onen e� al�� 1998, Niiranen e� al�� 2007)�� Magne�i�e 
deposits at Rautuvaara and Hannukainen have been 
exploi�ed a� iron ore�, bu� gold and copper �ave been 
extracted only from the Laurinoja orebody (Figs. 20 
and 21) a� Hannukainen (Hil�unen 1982)��

Magne�i�e con�en� in ��e iron��one� i� 20–80%, and 
that of sulphides 1–5%. Gangue chiefly comprises 
diopside and hornblende with minor tremolite-ac-
tinolite, albite, biotite, K feldspar, scapolite, calcite, 
quartz, garnet and epidote. At Cu-Rautuvaara, the 
gangue comprises albite, antophyllite and biotite with 
minor diopside, quartz and titanite. The main sulphide 
minerals are chalcopyrite, pyrite and pyrrhotite which 
form dissemination, millimetre-wide veins and weak 
��ockwork��� Gold i� clo�ely a��ocia�ed wi�� �ulp�ide�, 
particularly chalcopyrite, occurs in native form, and 
�a� been de�ec�ed a� inclu�ion� or in crack� in  c�al-
copyrite, magnetite, diopside and amphibole (Fig. 
23) (Hiltunen 1982, Niiranen & Eilu 2003, Niiranen 
e� al�� 2007)��

Early regional, ��ruc�urally-con�rolled al�era�ion 

Fig. 18. A 50 m long, 2 m wide exploration trench across gold mineralisation in a shear 
zone at the Sakiatieva locality at Ruosselkä. Compilation by Eelis Pulkkinen, photo: V.Compilation by Eelis Pulkkinen, photo: V. 
Mäntynen.
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Fig. 19. Geological map of the Kolari region, westernmost CLGB. Geology based on Lehtonen et al. (1998), location 
of Fe deposits from Hiltunen (1982).

Fig. 20. Section across the Hannukainen mine area, which includes the Laurinoja Fe-Cu-Au orebody, Kolari area, western Central Lapland greenstone 
belt. Modified from Hiltunen (1982).
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Fig. 21. Chalcopyrite- and native gold-rich, massive magnetite rock at Laurinoja. The pen is 12 cm long. Photo: Pasi Eilu.Photo: Pasi Eilu.

Fig. 22. A section across the Kuervitikko occurrence, after Hiltunen (1982). Most of the gold and copper is hosted by the ”Iron ore” unit.
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Fig. 23. Siting of native gold in the Kolari IOCG occurences. A) Gold in a crack in magnetite, associated(?) with chalcopyrite, Laurinoja. B) Gold inB) Gold in 
silicate gangue, Laurinoja. C) Gold in gangue near magnetite, Kuervitikko. Field of view in A 0.4 mm, in B and C 0.2 mm. Abbreviations: Au = gold,Field of view in A 0.4 mm, in B and C 0.2 mm. Abbreviations: Au = gold, 
cpy = chalcopyrite, mag = magnetite, po = pyrrhotite. All imaging by Tero Niiranen.

in nearly all rock �ype� in we��ern �apland include� 
weak-to-moderate albitisation and scapolitisation. This 
Na-�a al�era�ion i� followed by a� lea�� �wo ��age� of 
local alteration extending for hundreds of metres to 
kilometres along strike and tens to hundreds of me-
tres across the strike of the host rocks in Kolari. The 
first stage produced magnetite, diopside, titanite and 
minor iron sulphides in the ironstones surrounded by 
abundan� �ornblende, diop�ide and plagiocla�e, and 
minor K feldspar, biotite, garnet, titanite, magnetite 
and �capoli�e (‘�karn’ in Fig��� 20, 22, 24)�� In ��e �econd 
stage, most of the sulphides and gold, with hornblende 
and variable but minor amounts of albite, quartz, 
calcite, K feldspar, biotite, calcite, talc and epidote, 
overprint the ironstone. The adjacent granitoids also 
show the effects of hydrothermal alteration, includ-
ing formation of albite, quartz, hornblende, epidote, 
biotite, ± pyrite and chalcopyrite (‘albite-quartz rock’ 
in Fig�� 22) (Niiranen e� al�� 2007)��

Palaeoplacer gold

Palaeoplacer gold deposits are hosted by mono- and 
polymictic conglomerates of the uppermost unit, the 
Kumpu Group (Fig. 3), of the CLGB (Lehtonen et al. 
1998). The conglomerates were deposited in deltaic 
and fluvial fan environments after ca. 1913 Ma and 
before ca. 1800 Ma (Härkönen 1984, 1986, Rastas et al. 
2001). Most of the gold is hosted by the central major 
unit of the Kumpu Group, in up to 3 m thick and 30 
m long conglomerate lenses. Within these lenses, the 
Au grade in most cases varies from 0.1 to 5 ppm, but 
locally reaches 22 ppm (Härkönen 1984). However, 
only in two cases, Outapää and Kaarestunturi (Fig. 
3, App. 2), does the Au content exceed 1 ppm for an 
interval more than 1 m across a lode.

Gold nearly exclu�ively occur� a� free, de�ri�al grain� 
with a size of 0.03–0.4 mm and, in minor amounts, as 
smaller inclusions in quartz clasts (Härkönen 1984). 
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Heavy minerals occurring in the same beds as the gold 
are magnetite, haematite, uraninite, pyrite, ilmenite, 
rutile, native silver, tourmaline, monazite, titanite 
and zircon (Härkönen 1984). The host rocks are 

metamorphosed under greenschist-facies conditions. 
No alteration of the host rock or any mobilisation or 
hydrothermal precipitation of Au has been reported 
in ��e�e occurrence���

Fig. 24. A section drilled across the Lauttaselkä Cu-Au occurrence. The Cu-Au mineralisation is hosted by both amphibole-rich, skarn-like, mafic 
volcanic(?) rocks and by felsic rocks of sedimentary origin. The Cu, Fe and S concentrations are in %, Au in ppm. After Hiltunen (1989). Coordinates 
according to Finnish National Grid (kkj-grid) metric values.

GOLd iN KUUsaMO scHist BELt

General geological features of the Kuusamo schist belt

The formation of the stratigraphic sequence of 
the KSB is summarised here based on Silvennoinen 
(1972, 1991), Pankka (1992), and Räsänen and Vaas-
joki (2001). It started with the deposition of a thin, 
discontinuous polymictic conglomerate unit directly 
on Archaean crust. This was followed by Greenstone 
Formation I (Fig. 4) which chiefly comprises mafic 
and intermediate amygdaloidal and massive lava 
units with tuffitic interlayers deposited in a subaerial 

environment. The volcanic activity ended with the 
formation of tuffites. The following unit, the Sericite 
Quartzite Formation, was deposited under transgres-
sive conditions and is now composed of sericitic 
quartzite, feldspathic quartz-pebble conglomerates, 
sericite schists, carbonate rocks (dolomitic marbles) 
and fel�ic volcanicla��ic rock��� Prior �o ca�� 2206 Ma 
(U-Pb zircon, baddeleyite and titanite ages in cross-
cu��ing doleri�e�; Silvennoinen 1991), erup�ion of a 
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thin, but extensive, basalt (the Greenstone Formation 
II) followed the sedimentary formation. Then the 
sedimentation continued during regressive condi-
tions, producing the Siltstone Formation, which now 
is composed of meta-arkose, orthoquartzite, phyllite 
and dolomitic marble members. This was followed by 
erup�ion(�) of ex�en�ive, con�inen�al ��oleii�ic ba�al� 
(Greenstone Formation III), and deposition of arena-
ceous sediments, the present Rukatunturi Quartzite 
Formation comprising sericitic and arkosic quartzites 
and orthoquartzite. These, in turn, were covered by 
the Dolomite Formation which separates the quartzites 
from the uppermost stratigraphic unit of the KSB, the 
volcanogenic Amphibole Schist Formation.

Differen�ia�ed doleri�e �ill� and dyke�, ‘albi�e dia-
bases’, intruded into all of the formations of the KSB, 
except into the Amphibole Schist Formation. Accord-
ing to Silvennoinen (1991), the mafic intrusives belong 
to two age groups, 2206±9 Ma and 2078±8 Ma (U-Pb 
zircon, baddeleyite and titanite ages). These intrusive 
stages probably represent major rifting stages of the 
intracratonic Kuusamo basin, as the dolerite units 
are voluminous, up to tens of metres thick, and occur 
throughout the belt (Pankka and Vanhanen 1992).

The KSB was probably subjected to the same oro-
genic epochs as the CLGB during Palaeoproterozoic 
(cf., Lahtinen et al. 2003). During the compressive 
epoc�� (1��92–1��88, 1��85–1��79 Ga), ��e degree of re-
gional metamorphism varied from lower-greenschist to 
upper-amphibolite facies (Silvennoinen 1972, 1991). 
The highest metamorphic grade was attained in the 
W and NW, near ��e con�ac� wi�� ��e �en�ral �apland 
Granite Complex. From there, the metamorphic grade 
a� ��e pre�en� �urface decrea�e� �oward� ��e cen�ral 
par�� of ��e bel� w�ic� al�o �o��� all gold occurrence� 
(Fig. 4). From the central parts, the metamorphic grade 
again increases towards the eastern flank of the belt.

Gold mineralisation

The Kuusamo gold occurrences (App. 3) are mainly 
hosted by the two lowermost, dominantly sedimen-
tary, supracrustal formations (Sericite Quartzite and 
Siltstone Formation). Although the known deposits 
are preferen�ially in cer�ain ��ra�igrap�ic uni��, ��e 
main regional and local control for mineralisation is 
structure: two roughly SW- to NW-trending antiforms 
in the middle of the KSB, Hyväniemi-Maaninkavaara 
and Käylä-Konttiaho anticline (Fig. 4), control all 
gold occurrences. In deposit scale, the main controls 
for mineralisation are the intersections between 
antiforms and shear and fault zones and, probably, 
al�o ��e regional pre-gold albi�i�a�ion (Pankka 1992, 
Pankka & Vanhanen 1992). Most of the deposits are 

��rongly elonga�ed along ��e local ��earing linea�ion�� 
Individual lodes may be controlled by smaller struc-
tures; for example, the mineralised pipes at Konttiaho 
appear to be in hinges of meso-scale folds (J. Ojala, 
pers. comm. 2001).

Uranium, Fe-sulphide and Au-Co-Cu±U deposits 
have been discovered in the KSB (Pankka 1992, Pan-
kka & Vanhanen 1992, Korteniemi 1993, Vanhanen 
2001). Except for most of the uranium deposits, which 
belong to the stratiform sandstone type, the deposits 
are epigenetic. The Au-Co-Cu±U deposits can be 
divided into two end members based on structural 
setting: 1) replacement mineralisation (e.g., Juomasuo) 
in a ductile deformation regime, and 2) breccia min-
eralisation (e.g., Konttiaho) in a brittle deformation 
regime (Vanhanen 2001). The Fe-sulphide deposits 
are essentially comprised of pyrrhotite and pyrite, 
are weakly enriched in cobalt but lack precious met-
als or uranium.

Alteration is extensive and multistage in the KSB. 
The whole belt was affected by the first three main 
stages of alteration (Vanhanen 2001): 1) Diagenetic, 
par�ial albi�i�a�ion of feld�par� and �erici�i�a�ion of 
clay minerals in all sedimentary units. 2) Local, partial 
to total albitisation of clastic sedimentary units and 
�pili�i�a�ion of volcanic uni�� w�en ��e ca�� 2��206 Ga 
mafic sills and dykes generated fluid circulation near 
��e con�ac�� of ��e in�ru�ion��� 3) T�e early �pili�i�a�ion 
and diagenetic albitisation are overprinted by much 
more extensive albite and scapolite alteration and 
variable carbona�i�a�ion acro�� ��e bel��� In�en�i�y of 
the latter alteration varied from weak (<10% albite) 
to strong, locally resulting in almost pure albite rocks 
(99% albite + traces of carbonate, rutile, quartz).

In addi�ion �o ��e regional ��yle� of al�era�ion, ��e 
sites of structurally controlled fluid flow have been 
affected by a number of hydrothermal alteration stages 
of local ex�en��� T�e be�� known of �uc� area� are ��e 
gold occurrences and their immediate surroundings. 
Below, we use the Juomasuo and Konttiaho deposits 
as examples to describe typical alteration directly 
related to the KSB gold occurrences, as these two 
are among the most intensely investigated deposits 
in ��e bel���

At Juomasuo (Fig��� 25 and 26), ��e al�era�ion �e-
quence po��da�ing ��e �wo regional al�era�ion even�� 
is, from the earliest to the latest (Korteniemi 1993, 
Vanhanen 2001): A) Local carbonatisation control-
led by structures formed in early stages of orogeny 
(1.92–1.88 Ga ?). B) Formation of the assemblage 
magnetite-albite-quartz-chlorite-phlogopite-biotite-
amphibole-talc. This stage is distinctly controlled 
by the same structures that control gold mineralisa-
tion. At Juomasuo, this alteration extends only up to 
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Fig. 25. Geological map of the Juomasuo area; after Pankka (1992). Line 
AB indicates the location of the section shown in Figure 25.

50 m away from gold mineralisation. C) The main 
mineralising stage: formation of the assemblage 
albite-quartz-chlorite-pyrrhotite-cobaltite-Co pentlan-

dite-chalcopyrite-gold ± uraninite. D) Formation of 
the mineral assemblage quartz-sericite-pyrite ± gold, 
uraninite, and tellurides; this assemblage formed very 
locally in the domain characterised by the Stage C 
mineral assemblage.

At Konttiaho, the local alteration comprises the fol-
lowing stages (Vanhanen 2001): A) Local carbonatisa-
tion similar to that at Juomasuo. B) Main mineralised 
stage with proximal biotitisation and chloritisation, 
and formation of Fe sulphides, chalcopyrite, uraninite, 
gold, enveloped by di��al, par�ial albi�i�a�ion�� �) Sec-
ond ��age of bio�i�i�a�ion and c�lori�i�a�ion, a��ocia�ed 
with formation of Fe sulphides, molybdenite, tellurides 
and minor gold.

Similar sequences, as at Juomasuo or Konttiaho, 
have been detected in practically all gold-mineral-
ised localities in the KSB. This is also the case at 
Meurastuksenaho (Fig�� 27), excep� for a �ig�er 
temperature during gold mineralisation. There, the 
proximal, gold-related alteration mineral assemblage 
is chlorite-biotite-garnet-staurolite-amphibole-mag-
netite-cobaltite-gold (Vanhanen 2001).

The most common ore minerals in the Kuusamo de-
posits are pyrrhotite and pyrite (App. 3). They also are 
��e only �ulp�ide� in ��e barren Fe-�ulp�ide depo�i�� 
w�ic� in ��eir ��yle of al�era�ion and ��ruc�ural con�rol 
resemble the Au-Co-Cu±U deposits (Vanhanen 2001). 
Gold is dominantly in free native form, associated with 
gangue (Pankka 1992, Korteniemi 1993, Vanhanen 
2001). In only a few deposits, significant volumes 
of gold occur� a� inclu�ion� in pyri�e and cobal�i�e�� 
Chalcopyrite is the only significant carrier for Cu and 
cobalt pentlandite and cobaltite are the main carriers 
of Co. In the U-rich deposits, native gold, uraninite, 
galena, and variou� �elluride� are �ypical acce��ory 
minerals. Molybdenite is a typical accessory mineral 
in some deposits but absent from others. Magnetite and 
rutile are the typical oxides of the KSB Au deposits 
forming dissemination in the altered rocks.
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Fig. 26. Section across the Juomasuo Co-Au deposit; after Pankka (1992).

Fig. 27. Geological map of Meurastuksenaho; after Vanhanen (2001).
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The Palaeoproterozoic Peräpohja schist belt (PSB) 
forms the southwesternmost corner of the Lapland 
domain of the Precambrian of Finland. It covers 
a �riangular area bounded in ��e S and SE by ��e 
Archaean Pudasjärvi Gneiss complex. To the N and 
NE, i� �a� a grada�ional boundary wi�� ��e �en�ral 
Lapland Granitoid Complex (Figs. 1 and 5). To the 
we�� of ��e Finland–Sweden in�erna�ional border, ��e 
PSB i� bounded by ��e N-S �rending Bal�ic–Bo��nian 
Megashear (Berthelsen & Marker 1986).

The formation of the stratigraphic sequence of the 
PSB is summarised below based on Perttunen (1989, 
2002, 2003), and Perttunen and Vaasjoki (2001). The 
cen�ral, we��ern and �ou��ern par�� of ��e bel�, w�ere 
all gold occurrences are, is composed of a distinct 
sequence of volcanic and sedimentary formations (Fig. 
5): The stratigraphic sequence started by the deposition 
of a thin polymictic conglomerate, the Sompujärvi 
Formation, unconformably on the Archaean Pudasjärvi 
gneisses. The overlying volcanic rocks of the Runkaus 
Formation are subaerial amygdaloidal tholeiitic basalts 
with evolved compositions. The following formation 
is the Palokivalo quartzite. The Jouttiaapa Formation, 
which consists of dozens of subaerial tholeiitic basalt 
flows, covers the Palokivalo quartzite. The overlying 
Kvartsimaa Formation is composed of pure ortho-
quartzite with local dolomitic quartzite and dolomite 
interbeds. It is covered by mafic tuffitic rocks of the 
Tikanmaa and Hirsimaa Formations, with the dolo-
mite-dominated Poikkimaa Formation located between 
the two tuffitic formations. The Rantamaa Formation 
consists of stromatolitic dolomite with thin quartzite 
interlayers. The Martimo and Väystäjä Formations 
are the uppermost of the main units of the PSB; the 
former is composed of turbiditic greywackes with 
black shale interbeds and the latter chiefly of mafic 
pillow lava���

T�e PSB i� in�ruded by 2��2 Ga and 2��1 Ga differ-
en�ia�ed �ill�, albi�e-ric� doleri�e�, w�ic� cu� acro�� 
all formations up to the quartzite of the Palokivalo 
Formation (Perttunen & Vaasjoki 2001). As like as 
in Central Lapland and Kuusamo, these mafic in-
trusive stages most probably represent major rifting 
stages in the belt (Huhma et al. 1990). In the west and 
nor��, ��e bel� i� in�ruded by orogenic (1��89–1��80 Ga) 
granitoids. Also, a number of felsic dykes have been 
de�ec�ed ��roug�ou� ��e bel�, bu� all w�ic� �ave been 
investigated contain xenocrystic, Archaean zircons, 
and their emplacement age is unknown (Perttunen & 
Vaasjoki 2001). Regional metamorphic grade varies 

from mid-greenschist to upper-amphibolite facies 
increasing from south to north across the belt.

Gold deposits and occurrences

Five drilling-indica�ed gold occurrence� are known 
from the PSB (Fig. 5; App. 4), four of which are oro-
genic and one, Vähäjoki, is of iron oxide-copper-gold 
(IOCG) type. The overall control on gold mineralisa-
�ion i� no� well known becau�e of �carci�y of de�ailed 
investigations, but the control possibly is the antiform 
��ruc�ure� and ��e cro��-cu��ing faul��, a �i�ua�ion 
similar to the KSB. All deposits are in rocks metamor-
p�o�ed under upper-green�c�i�� facie� condi�ion�, and 
all orogenic gold deposits are hosted by metadolerites 
and have a metal association of Au-Cu.

T�e Kivimaa depo�i� (Fig�� 28) i� e��en�ially de-
fined by an E-W trending, 350 m long and 1–6 m 
wide, auriferous calcite-quartz vein in metadolerite 
(Rouhunkoski & Isokangas 1974). The vein is in a 
dip-�lip faul� and i� enveloped by an al�era�ion �alo 
that is characterised by the mineral assemblage calcite-
chlorite-biotite-albite-pyrite. The main ore minerals at 
Kivimaa are pyrite and chalcopyrite with minor to trace 
amounts of arsenopyrite, pyrrhotite, ilmenite, rutile, 
bismuthinite, native bismuth, native gold, galena and 
fahlore (Rouhunkoski & Isokangas 1974, Lehtinen & 
Eilu 1987). Native gold and bismuth occur as inclusions 
in ar�enopyri�e�� T�e depo�i� wa� exploi�ed in 1969 

GOLd iN PErÄPOHJa scHist BELt

General geological features of the Peräpohja schist belt

Fig. 28. Section across the Kivimaa Cu-Au deposit (Rouhunkoski & 
I�okanga� 1974)��
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when 18000 t of Au-Cu ore was mined (Rouhunkoski 
& Isokangas 1974). Other orogenic gold occurrences 
in ��e PSB include Petäjävaara, sivakkajoki and 
Vinsa (Fig��� 5 and 29) w�ic� in nearly all fea�ure� 
are similar to Kivimaa (App. 4).

More than 30 individual ore bodies, with sizes from 
0.04 to 1.0 Mt, comprise the Vähäjoki Fe-Cu-Co-Au 
occurrence (Fig. 30) in the SE part of the PSB (Korvuo 
1982). The first lodes were discovered by ground-
magnetic survey in 1943 (Laitakari 1943, 1944), and 
Vähäjoki was for a long time investigated essentially 
as an iron deposit. Only in early 1980’s other metals 
were seriously evaluated and some of lodes we found 
to contain significant concentrations of gold, cobalt 
and copper (App. 4; Korvuo 1982).

The ore bodies at Vähäjoki comprise magnetite 
with gangue dominated by tremolite-actinolite, cum-
mingtonite and hornblende (Liipo & Laajoki 1991), 
and are hosted by  skarn-like rocks within dolomitic 
marble and mafic tuffite units of the ca. 2.14–2.0 
Ga(?) Tikanmaa Formation (Perttunen 1989, Huhma 
e� al�� 1990)�� S�ruc�ural con�rol of ��e depo�i� i� no� 
well defined, but the ore bodies seem to be hosted by 
N- to NNE-trending shear zones within a major, N-
trending fault zone. According to Liipo and Laajoki 
(1991), the peak metamorphic conditions at Vähäjoki 
were 400–500o� and 2–4 kbar��

All alteration detected at Vähäjoki is of local extent, 

Fig. 29. Sample from the main gold- and copper-rich quartz vein from 
Vinsa. Quartz (Qz) – pyrite (Py) – chalcopyrite (Cpy) – pyrrhotite (Po) 
assemblage in the vein. The black domains are intensely altered host rock 
(dolerite). Field of view 9 cm. Imaging Jari Väätäinen.Imaging Jari Väätäinen.

Fig. 30. Surface geology at Vähäjoki. The Au-Co-Cu mineralisation is hosted by the magnetite lodes. Coordinates 
according to Finnish National Grid, Zone 2, metric values. After Liipo and Laajoki (1991).
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characterised by Ca-Fe±K metasomatism expressed 
by formation of magnetite, cummingtonite, tremolite, 
�ornblende, bio�i�e and c�lori�e�� No ex�en�ive albi�i�a-
�ion �a� been de�ec�ed; only low-degree �capoli�i�a�ion 
and albitisation has been observed in the rocks adjacent 
to the magnetite bodies (Niiranen & Eilu 2003).

Magnetite forms breccia matrix, veins, small blobs 
and larger masses in the country rocks at Vähäjoki 
(Vornanen 1963, Korvuo 1982). The main ore miner-
als are magnetite and pyrite with locally significant 
volumes of chalcopyrite and cobaltite. Ilmenite, 
haematite, arsenopyrite, sphalerite, galena, mack-

inawite, linneaite, bornite, marcasite, pyrrhotite, and 
native gold are present as minor to trace volumes 
(Vornanen 1963, Korvuo 1982). Native gold occurs 
as inclusions in cobaltite (chalcopyrite is common 
in the same inclusions), and locally associated with 
arsenopyrite, chalcopyrite, pyrite, haematite and quartz 
(Fig. 31) (Vornanen 1963, Korvuo 1982, T. Niiranen 
unpublished data). Ore mineral assemblages suggest 
��a� precipi�a�ion of ��e �ulp�ide� and gold po��da�e 
the formation of magnetite at Vähäjoki (Niiranen & 
Eilu 2003)��

discUssiON

Three genetic types of gold mineralisation have 
been detected in the Palaeoproterozoic of northern 
Finland: orogenic, iron oxide-copper-gold (IOCG) 
and palaeoplacer�� T�e orogenic �ype we �ave fur��er 

divided into the normal (gold only) and the atypical 
metal association subtype. The latter term is from 
Grove� e� al�� (2003); in nor��ern Finland, we �ave 
included in�o ��a� �ub�ype ��o�e gold occurrence� 

Fig. 31. Siting of native gold in the Vähäjoki IOCG occurrence. A) Gold in pyrite surrounded by magnetite. B) Gold (yellow) as inclusions in haema-
tite; drill hole R42, 53 m down-hole depth. C) Gold (yellow) as inclusions in linneaite or cobaltite (pale grey). Field of view in all images 0.2 mm. 
Abbreviations: Au = gold, cob = cobaltite, cpy = chalcopyrite, haem = haematite, py = pyrite. All imaging by Tero Niiranen.
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where all significant features except the potential 
commodities are characteristic for a classic orogenic 
mineralisation (App. 1).

Certain features are common to all epigenetic gold 
occurrences in the Palaeoproterozoic greenstone belts 
of northern Finland: 1) Structure is regionally the 
most significant and locally one of the two significant 
controls of the siting of a gold occurrence: deposits 
and occurrences are hosted by fault or shear zones, 
in�er�ec�ion� of ��e�e, and in�er�ec�ion� of an�icline� 
and faults. 2) Rock type, especially where competence 

is enhanced by pre-gold albitisation, is the other signifi-
cant local control of mineralisation. 3) Mineralisation 
is related to Palaeoproterozoic orogenic evolution of 
the Lapland Domain of the Fennoscandian Shield 
during ca. 1.92–1.77 Ga. 4) Alteration related to min-
eralisation is intense. Albitisation and carbonatisation 
of variable degree are rela�ed �o all occurrence�, bu� 
the timing relationship between gold and albitisation 
and carbona�i�a�ion ��age� varie� be�ween ��e �ype� of 
mineralisation and between individual deposits.

Orogenic gold

Host rocks

Sedimentary, volcanogenic sedimentary, and mafic 
to ultramafic volcanic rocks are the dominant hosts to 
orogenic gold in Central Lapland and Kuusamo (App. 
2 and 3). In most cases, there is more than one host 
rock although, generally, one rock type is dominant. 
These features are typical for any Precambrian region 
in ��e world �o��ing orogenic gold depo�i�� (Grove� 
et al. 1998, McCuaig & Kerrich 1998, Goldfarb et al. 
2001). In contrast to many other Precambrian shields 
(cf., McCuaig & Kerrich 1998), there is nearly a com-
plete lack of banded iron formation-hosted deposits. 
A significant difference regarding the host rocks also 
occurs between CLGB and KSB: in the latter, sedi-
mentary rocks dominate whereas mafic to ultramafic 
volcanic rocks and volcanogenic sedimentary rocks 
form the overwhelming majority in the former area 
(App. 2 and 3). A notable exception of the extensive 
variation in host rock type occurs in the Peräpohja 
�c�i�� bel� w�ere ��e orogenic gold occurrence� are 
exclusively hosted by dolerite (App. 4).

The importance of different host-rock types reflects 
��e general di��ribu�ion and abundance of rock �ype� 
in the greenstone belts of northern Finland: BIF is 
relatively uncommon, komatiites are more abundant 
in the CLGB than elsewhere, and metasedimentary 
units in Kuusamo are extensive and located in struc-
turally favourable position for gold mineralisation 
(Vanhanen 2001). Another reason for increasing the 
share of metasedimentary rocks as hosts to gold is 
the extensive albitisation predating gold mineralisa-
tion in some areas in the CLGB and, especially, in 
the KSB (Pankka 1992, Grönholm 1999, Vanhanen 
2001, Holma & Keinänen 2007). This albitisation is 
thought to have, at least in some cases, rendered the 
metasedimentary units more competent than other 
lithological units and, hence, mechanically favourable 
for localising mineralisation.

Ore mineralogy and metal association

A characteristic feature of orogenic gold deposits 
anywhere is that, in spite of enrichment of an exten-
sive suite of elements, gold is usually the only metal 
present in economically significant amounts (Colvine 
e� al�� 1988, Goldfarb e� al�� 1997, Grove� e� al�� 1998)�� 
Gold-only occurrences dominate in the CLGB, too 
(App. 2). Also the other components typically enriched 
in ��e gold depo�i�� of nor��ern Finland (e�pecially, 
Ag, As, Bi, CO2, K, Rb, S, Sb, Te, W) are the same 
as in orogenic gold deposits in other Precambrian 
terrains (App. 1).

Orogenic gold deposits with an atypical metal 
association (App. 1) occur in all greenstone belts 
in northern Finland. They contain economically 
recoverable Co, Cu, Ni or U concentrations. Other 
components enriched are roughly the same as for the 
gold-only subtype. Only in Kuusamo the situation is 
different, as also Fe, Mo and/or LREE are significantly 
enriched there. Other components abundant in the 
Finnish occurrences (App. 1–4) show enrichment in 
only locally and only to a low degree (Nurmi et al. 
1991, Vanhanen 2001). Overall, the metal association 
of the atypical subtype in northern Finland is similar 
�o ��e repre�en�a�ive� of ��e �ub�ype el�ew�ere in ��e 
Fennoscandian Shield (Ettner et al. 1994, Lindblom 
et al. 1996), other Proterozoic terrains (Boer et al. 
1995, Rowins et al. 1997, Santos et al. 2001, Sener 
e� al�� 2005), and younger area� (Haeberlin e� al�� 2002, 
Zhang 2003) with Au-Cu being the most common 
commodity association (App. 1).

Ore mineral association in both subtypes is domi-
nated by pyrite, pyrrhotite or arsenopyrite or a com-
bination of these. Pyrite is the major Fe sulphide in 
the CLGB and PSB and pyrrhotite in the KSB. This 
difference may reflect PT conditions of mineralisation 
with pyrite being common in lower- to mid-greenschist 
facie� and pyrr�o�i�e in upper-green�c�i�� facie� de-
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posits (Eilu et al. 1998). Alternatively, or in addition, 
it reflects variation in oxidation state and amount of 
sulphur available in the mineralising system.

The variation in the commodity association is re-
flected in the major ore minerals present (App. 2–4). 
��alcopyri�e i� abundan� in all �u-enric�ed depo�i��, 
whereas the volume of other Cu minerals is insignifi-
cant. Cobalt minerals, notably cobaltite and cobaltian 
pentlandite, are among the main ore minerals in the 
Co-rich deposits in Kuusamo (Vanhanen 2001). In 
the CLGB, only cobaltite is significant in Co-rich 
and gersdorffite in Ni-rich deposits (Vesanto 1978, 
Holma & Keinänen 2007). In addition, uraninite is a 
significant ore mineral in some of the KSB deposits 
(Vanhanen 2001).

Among ore minerals present in minor to trace vol-
umes, only native gold is significant for the economy 
of the deposits. Detailed mineralogical studies indicate 
that, although gold grains in many deposits occur inter-
grown with As minerals, gold is in most cases present 
in free-milling form (Nurmi et al. 1991, Korkiakoski 
1992, Pankka 1992, Vanhanen 2001). Only in a few of 
��e depo�i��, in �en�ral �apland, ��e gold-ar�enopy-
rite association can be problematic. This is the case 
at Suurikuusikko where about 73 % of Au is in the 
cry��al la��ice of ar�enopyri�e and 23 % a� inclu�ion� 
in pyrite (Kojonen & Johansson 1999).

Metamorphism and structural style

Orogenic gold occurrence� in nor��ern Finland are 
hosted by rocks metamorphosed and altered at lower-
greenschist to lower-amphibolite facies conditions 
(App. 2–4). The style of deformation varies from 
bri��le ��roug� bri��le-duc�ile �o duc�ile wi�� increa�-
ing PT condi�ion� wi�� ��e bri��le-duc�ile ��yle being 
the most common. Practically all deposits studied 
in de�ail ��ow an elonga�ed, pla�e-like, ��ape along 
the host structure (e.g., Grönholm 1999, Patison et 
al. 2007). The lodes within the mineralised shear or 
fault zones tend to form en echelon swarms and fol-
low the dominant lineation within the structure, as 
exemplified by the Suurikuusikko deposit (Patison et 
al. 2007). All these features are typical for the major-
ity of Precambrian greenstone belts (Anhaeusser and 
Ma�ke 1986, Grove� e� al�� 1998 and 2003, Mc�uaig 
& Kerrich 1998).

Alteration

Palaeoproterozoic greenstone belts of northern 
Fennoscandian Shield has been subject to several 
��age� and ��yle� of al�era�ion�� T�o�e de�ec�ed in and 

around orogenic gold occurrence� can be divided in�o 
1) syngenetic, 2) orogenic albitisation ± carbonatisa-
tion ± scapolitisation (‘Na-Ca alteration’), and 3) 
�yn-orogenic gold ��yle���

T�e syngenetic styles comprises synvolcanic 
�pili�i�a�ion of volcanic rock�, diagene�ic albi�i�a-
tion of feldspars in clastic sedimentary rocks and 
o��er �upracru��al �equence�, and albi�i�a�ion and 
carbonatisation in the contact zones of the ca. 2.2 Ga 
metadolerites possibly soon after the intrusion of the 
dyke� and �ill� in, a� lea��, cen�ral par�� of ��e ��GB 
and the KSB. Albitisation and carbonatisation took 
possibly place also in the contact zones of the ca. 2.10 
Ga and 2��05 Ga doleri�e� in ��e region�� T�e �pili�ic and 
diagene�ic al�era�ion ��yle� �ave a regional c�arac�er, 
and �ave been de�ec�ed in ��roug�ou� ��e green��one 
bel�� in nor��ern Finland (Per��unen 1989, Eilu 1994, 
Vanhanen 2001).

Par�ial �o �o�al albitisation with (or without) minor 
carbona�i�a�ion, �urrounded by �capoli�i�a�ion, c�ar-
ac�eri�e� ��ruc�ure� ac�ive during ��e ca�� 1��84–1��80 
Ga(?) orogenic ��age of ��e evolu�ion of ��e region 
(Sorjonen-Ward et al. 1992, 2003) especially in the 
CLGB and KSB and, also, the orogenic belts in north-
ern Sweden and Norway. Alteration was extensive: 
domains of structurally controlled albitisation and 
scapolitisation extend for up to tens of kilometres 
along major structures (>100 km along the SSZ) 
and, laterally, kilometres away from them (Pankka 
& Vanhanen 1992, Ettner et al. 1994, Frietsch et al. 
1997, Korvuo 1997b, Bergman et al. 2001, Vanhanen 
2001). Pankka and Vanhanen (1992) and Vanhanen 
(2001) �ave in�erpre�ed ��e al�era�ion �o be a produc� 
of greenstone belt-scale, orogenic, hydrothermal cir-
culation of magmatic and/or basinal brines. Timing of 
al�era�ion i� no� well-con��rained, �owever, and ��ere 
are two main views on it: 1) it is coincident with the 
orogenic gold mineralisation and the peak-compres-
sional deformation associated with the Svecofennian 
synorogenic plutonism of the accretional epoch (Et-
�ner e� al�� 1994, Frie��c� e� al�� 1997), or 2) i� preda�e� 
orogenic gold mineralisation (Ward et al. 1989, Hulkki 
1990, Pankka 1992, Grönholm 1999, Vanhanen 2001). 
If ��e la��er i� correc�, ��en ��e in�en�e albi�i�a�ion 
prepared ground for orogenic gold mineralisation near 
��ruc�urally favourable loca�ion�, �uc� a� along and 
around ��e Sirkka S�ear Zone (Fig��� 3, 6 and 8) and 
the central antiforms of the KSB (Fig. 4). Because 
the gold-mineralising fluids were of low-salinity, 
near neu�ral and H2O-�O2-rich (Korkiakoski 1992, 
Grönholm 1999) in many localities, it is unlikely that 
these fluids could have directly been responsible for 
the albitisation. Also the textural relationship between 
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albitisation- and gold-related mineral assemblages 
suggest that, at least in most cases, the extensive 
albitisation preceded gold mineralisation.

S�yle of alteration directly related to orogenic 
gold mineralisation and the relationship between al-
teration mineral assemblages and metamorphic grade 
are largely similar to those recorded in orogenic gold 
deposits in other parts of the world (App. 1) reflecting 
��e low-�alini�y, neu�ral �o �lig��ly alkaline, H2O-
�O2-dominated, mineralising fluid (cf., Groves et al. 
1998, McCuaig & Kerrich 1998). Alteration includes 
sericitisation and carbonatisation at lower- to mid-
green�c�i�� facie�, and bio�i�i�a�ion and carbona�i�a-
tion in upper-greenschist to lower-amphibolite facies 
rocks (Korkiakoski 1992, Vanhanen 2001, Hulkki & 
Keinänen 2007). Also the low-degree sulphidation 
i� a c�arac�eri��ic fea�ure; �ypically ��e ore� con�ain 
1–5 % sulphides. The main exception to the typical 
orogenic-gold alteration is formed by the Fe-rich al-
teration assemblages in the Kuusamo deposits which 
are characterised by the formation of magnetite, and 
Fe-rich biotite and chlorite (Korteniemi 1993, Van-
hanen 2001). The unusual alteration assemblages 
in Kuusamo reflect the Fe-enriched atypical metal 
association subtype of orogenic gold mineralisation 
and a saline fluid.

Structural and lithological control

S�ruc�ural con�rol i� eviden� for ��e orogenic 
gold occurrences in northern Finland (App. 1). In 
the CLGB, the Sirkka Shear Zone (SSZ), a major, 
crustal-scale structure is located close to most of the 
gold occurrences (Fig. 3). Some occurrences, for 
example Hookana, Kaaresselkä and Pahtavaara, are 
in lower-order shear zones branching from the SSZ. 
In addi�ion, ��ere are occurrence� in �econd-order(?), 
NNE- to NE-trending, fault zones obviously younger 
than the original formation of the SSZ, as the former 
structures also cut across the latter: Kuotko, and Rov-
aselkä, Ruoppapalo, Sukseton and Suurikuusikko. In 
Kuusamo, nearly all occurrences are located within 
two parallel, NE- to NW-trending, antiforms located 
in ��e cen�ral par� of ��e green��one bel� (Fig�� 4), a� 
or near intersections between antiforms and cross-
cutting faults (Pankka 1992, Vanhanen 2001). Little 
structural data is available from Peräpohja. Despite 
��i�, ��ruc�ural con�rol i� �ugge��ed al�o for ��e PSB 
occurrences: for example, there is a major, E-W 
trending, fault zone near three of the occurrences 
in ��e cen�ral par� of ��e bel� (Fig�� 5)�� T�e ��ruc�ural 
control for gold mineralisation in northern Finland, 
for both the gold-only and the atypical metal associa-

tion subtype, does not show any deviation from that 
de�ec�ed for orogenic gold el�ew�ere (Grove� e� al�� 
1998, McCuaig and Kerrich 1998).

Lithological control is a significant local control 
for orogenic mineralisation in northern Finland. 
Competent rock types are the most favourable host 
rocks, particularly where they are chemically reactive. 
At Saattopora, where all lodes are in rocks that were 
pervasively albitised prior to gold mineralisation (Fig. 
6), the pre-gold albitisation significantly increased the 
competency of the host tuffites and phyllites, provid-
ing pathways for the mineralising fluids where these 
units were brecciated (Grönholm 1999). Grönholm 
(1999) fur��er �ugge��� ��a� precipi�a�ion of gold a� 
Saa��opora wa� induced by reduc�ion-oxida�ion reac-
tions between the mineralising, H2O-�O2-dominated, 
fluid and graphite in the albitised wallrock. Increased 
competency due to pre-gold albitisation has also been 
suggested for most of the Kuusamo deposits (Pankka 
& Vanhanen 1992, Vanhanen 2001). Reduction-oxi-
dation reactions may also have been significant for 
precipi�a�ing gold in ��e originally grap�i�e-ric� rock� 
at Ruosselkä (E. Pulkkinen, unpublished data). Also 
favoured for mineralisation are the contact zones 
between chemically reactive rocks with a significant 
competency difference: the SSZ-related occurrences 
of Kutuvuoma, Levijärvi-Loukinen, Päivänenä, Pikku-
Mu��avaara, Saa��opora, Sirkka kaivo�, Sirkka W, 
Soretialehto and Tuongankuusikko (Fig. 3, App. 2) 
are all within a few metres of a contact zone between 
pervasively carbonated, hence competent, komatiitic 
metalava and plastic, graphitic, tuffite or phyllite.

Tectonic setting

The timing and the anomalous metal associations in 
orogenic gold occurrence� in nor��ern Finland require� 
�pecial a��en�ion�� T�e�e �opic� are clo�ely rela�ed �o 
��e �ec�onic �e��ing of ��e nor��ern Fenno�candian 
S�ield, a� di�cu��ed below��

Anomalous metal associations

According to Goldfarb et al. (2001), where defor-
mation of older, intracratonic basins are included 
into the processes of orogenic mineralisation, the ore 
fluids may become anomalously saline and produce 
base metal-rich orogenic gold deposits. Goldfarb et al. 
(2001) suggest this as an explanation for the formation 
of base metal-enriched gold deposits in the Sabie–Pil-
grim’s Rest in South Africa, and in Tennant Creek, 
Pine Creek and Telfer in Australia. Similar conditions 
may have produced many of the Au-Cu deposits in the 
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Tapajos–Parima orogenic belt, Amazon Craton (Santos 
et al. 2001) and Au ± Ag ± base metal deposits in the 
Pataz area in Peru (Haeberlin et al. 2002). Some of 
��e�e depo�i�� �ave been �ugge��ed �o be gene�ically 
rela�ed �o ��e local grani�oid� bu� recen�, robu��, age 
dating has shown that, for example in Pine Creek (Sener 
e� al�� 2005), ��e in�ru�ion� in que��ion preda�e gold 
mineralisation by tens of millions of years. These data 
indica�e ��a� ��e local in�ru�ion� need no� �o �ave any 
part in the mineralising process when an epigenetic, 
base metal-enriched gold deposit is formed.

For ��e nor��ern Fenno�candian S�ield, ��e �ce-
nario by Goldfarb e� al�� (2001) appear� a� an a��rac-
tive explanation for the polymetallic nature of many 
gold deposits whose timing, and P-T, structural and 
alteration features best fit with the orogenic type of 
mineralisation (App. 1). The northern part of the Fen-
no�candian S�ield i� c�arac�eri�ed by Palaeopro�ero-
zoic rifted basins of intracratonic setting, extensive 
�upracru��al �equence and probable evapori�e��� T�e�e 
sequences accumulated, compacted, were intruded by 
several stages of basaltic magma, and were subject 
�o �everal al�era�ion proce��e� during ��e abou� 600 
million years between the end of the Archaean and 
start of the Palaeoproterozoic orogenies at ca. 1.92 
Ga (Vuollo et al. 1992, Eilu 1994, Huhma et al. 1996, 
Räsänen et al. 1996, Lehtonen et al. 1998, Vaasjoki 
2001, Lahtinen et al. 2003). This means that there was 
an excep�ionally wide range of rock �ype�, ��ruc�ure�, 
and fluid and metal sources to be subjected to the 
orogenic proce��e� during 1��92–1��79 Ga�� S�all an 
orogenic fluid meet such an sequence, it may well 
become more saline when meeting evaporites and/or 
connate brines and, hence, become able to leach, 
transport and precipitate both gold and base metals. 
No active part from the local intrusions are needed for, 
nor do we nece��arily need local pre-orogenic enric�-
ment for the base metals, as the brines would be able 
to leach metals from extensive volumes of the crust. 
On ��e o��er �and, in lack of evidence o��erwi�e, we 
cannot completely reject the possibility that some of 
the base metals are derived from the local syngenetic 
base-metal occurrences.

Timing

Orogenic gold mineralisation takes place during 
�errane accre�ion, �ran�la�ion, or colli�ion, w�ic� 
are related to plate subduction and/or lithospheric 
delamination. The mineralisation typically occurs in 
the latter part of the deformational and metamorphic 
�i��ory of an evolving orogen (Grove� e� al�� 1998, 
2003)�� Following ��e �equence of orogenie� �ugge��ed 

by �a��inen e� al�� (2003) for ��e Fenno�candian ��ield, 
and the ore-genetic definition above, two possible 
epochs for orogenic mineralisation can be suggested 
for the Palaeoproterozoic of northern Finland: micro-
con�inen� accre�ion a� 1��92–1��88 Ga, and con�inen�-
con�inen� colli�ion a� 1��85–1��79 Ga�� Mo�� of ��e age 
dating from the gold occurrences and their wallrocks 
suggest that mineralisation took places during the lat-
�er epoc��� However, ��e age da�ing� are no� ba�ed on 
very robust direct methods but on indirect methods, 
chiefly sulphide Pb/Pb model ages with rare Pb/Pb 
whole-rock and monazite, U/Pb sulphide and U/Pb 
titanite ages from wallrocks (Mänttäri 1995, Rastas 
e� al�� 2001)�� T�i� leave� u� ��e po��ibili�y of, a� lea��, 
some orogenic mineralisation during the 1.92–1.88 
Ga, �oo��

Sorjonen-Ward et al. (1992, 2003) suggest the pe-
riod 1��84–1��80 Ga a� ��e probable age for orogenic 
gold in nor��ern Finland�� T�eir �ugge��ion i� ba�ed on 
metamorphic Ar/Ar mica and U/Pb titanite ages, timing 
of extensive late-orogenic granitoid magmatism and 
��ruc�ural in�erpre�a�ion� of ��e green��one bel���� T�i� 
interpretation also suggests that most or all orogenic 
gold mineralisation is related to the 1.84–1.79 Ga 
colli�ional epoc� of �a��inen e� al�� (2003)��

We can also try to set the timing by investigating the 
relationship between gold mineralisation and the main 
stages of deformation and regional metamorphism. 
Patison (2007) presents four main stages of deforma-
tion for the CLGB, and concludes that all or most of 
orogenic gold mineralisation took place during the 
D3. The present knowledge of the timing of the D3 i� 
insufficient. All we know is that the D3 �ook place af�er 
1.89 Ga and before 1.77 Ga (Patison 2007). According 
Sorjonen-Ward et al. (2003), structurally controlled 
albitisation, which is pre- to syn-gold mineralisation, 
is associated with late-tectonic shear systems – this 
implies timing no earlier than 1.84–1.80 Ga for gold. 
On the other hand, the relationship between mineralisa-
tion and peak metamorphism seems not to be consist-
en� ��roug�ou� ��e nor��ern Finland�� Suurikuu�ikko, 
Kuotko, and many occurrences in the SSZ seem to 
be syn-peak or post-peak metamorphic, whereas 
mineral assemblages at Pahtavaara and some deposits 
in Kuusamo suggest slightly pre-peak metamorphic 
mineralisation (Korkiakoski 1992, Grönholm 1999, 
Vanhanen 2001, Holma & Keinänen 2007).

T�e evidence available give� ��e following �cenario 
for the tectonic setting of orogenic gold mineralisation 
in northern Finland. Some mineralisation may have 
taken place during the peak or late stages of the mi-
crocon�inen� accre�ion epoc� a� 1��92–1��88 Ga�� If ��i� 
was the case, at least some of the shear zone-controlled 
albi�i�a�ion al�o �ook place during ��i� orogenic epoc��� 
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Shear zone-controlled albitisation and scapolitisation 
may also relate to continental extension at 1.88–1.85 
Ga, and/or the early to peak stages of the continent 
collision epoch at 1.85–1.79 Ga. In any case, most of 
orogenic mineralisation appears to be occurred during 
the peak deformation stage of the collisional epoch at 
1.85–1.79 Ga. This would also mean that the age of 
��e D3 (Pa�i�on 2007) i� be�ween 1��85 and 1��79 Ga��

Both of the potential periods of orogenic mineralisa-
tion in northern Finland fit into one of the main global 
periods of orogenic gold mineralisation, at ca. 2.1–1.8 
Ga, which occurred prior to the final Palaeoproterozoic 
cratonisation in all Precambrian cratons (Goldfarb et 
al. 2001). This indicates that orogenic mineralisation 
in Lapland may be related to a global-scale processes. 
In any case, more work, especially robust dating 
and investigations on mineralising fluids, is clearly 
needed for defining the timing and processes of gold 
mineralisation in northern Finland.

iron oxide-cu-au (iOcG)

The most probable IOCG occurrences in Finland 
are the Kolari deposits in the westernmost CLGB 
and Vähäjoki in the PSB (Figs. 20–22 and 30). They 
have the following common features (App. 1, 2 and 4; 
Hiltunen 1982, Niiranen & Eilu 2003, Niiranen et al. 
2007): 1) nearly all are hosted by epigenetic magnetite 
rock, 2) Cu-Au occurrences are in the central parts 
of the magnetite bodies, 3) main sulphide minerals 
are chalcopyrite, pyrite and pyrrhotite, 4) most of Au 
occur� a� na�ive gold a��ocia�ed wi�� �ulp�ide�, 5) 
gangue is dominated by Ca amphibole, with significant 
diopside in Kolari, with minor albite and quartz, 5) 
components enriched are Ag, Au, Bi, Ca, CO2, �u, Fe, 
S, Te ± As, Ba, Cl, Co, K, LREE, Mo, Na, Pb, Rb, Sb, 
Se, U, 6) formation of the ironstone predates Cu-Au 
mineralisation, 7) multi-stage alteration, 8) formation 
in ��e P-T range of 400–600°�, 1��5–3��5 kbar, 9) ��ruc-
�ural con�rol, 10) occur in orogenic bel�� ��a� probably 
originally con�ained evapori�e�, and 11) ��e region� 
have experienced both extensive compression and 
extension. The main differences between the Kolari 
and PSB depo�i�� are ��e ex�en�ive early albi�i�a�ion 
and scapolitisation, highly saline fluids, and a close 
�pa�ial (if no� gene�ic) rela�ion��ip wi�� grani�oid� in 
Kolari, and the intense enrichment of As and Co in the 
PSB. In Kolari, the fluid inclusion data suggests that 
the mineralising fluids were highly saline (up to 56 % 
Na�l eq��) H2O±CO2 fluids (Niiranen et al. 2007).

All the features mentioned above fit into the exten-
sive class of IOCG mineralisation originally defined 
by Hitzman et al. (1992) and further redefined by 
Barton and Johnson (1996), Hitzman et al. (2000), 

Marschink et al. (2000), and Partington and Williams 
(2000)�� Fea�ure� con�idered �ypical for ��e IO�G 
category (e.g., Hitzman et al. 1992, Hitzman 2000), 
but missing in the Kolari and PSB deposits are the 
absence of F and P enrichment, and lack of sulphides 
with a high Cu/S ratio, such as bornite or chalcocite. At 
Vähäjoki, also missing from the typically diagnostic 
features are indications of highly saline fluids and 
ex�en�ive albi�i�a�ion��

If the Kolari and Vähäjoki Fe-Cu-Au deposits be-
long to the IOCG category, they were formed during 
��e po��-accre�ion con�inen�al ex�en�ion a� 1��88–1��85 
Ga, or during orogenic collap�e and ��abili�a�ion a� 
1.80–1.77 Ga, or both. The extensional tectonic regime 
of both of these epochs fits into the mineralisation 
models of (Hitzman et al. 1992, Barton & Johnson 
1996, Hitzman 2000). In Kolari, the ages of a partially 
mineralised pluton (1864±5 Ma) and cross-cutting 
granite dykes (1766±5 Ma) bracket the timing of 
mineralisation there. Work by Niiranen et al. (2007) 
further suggests that the most probable timing for the 
Kolari IOCG mineralisation is ca. 1.80 Ga. On the other 
hand, more than just one period of IOCG mineralisa-
�ion in nor��ern Finland i� �ugge��ed by ��e pre�ence 
of several stages of IOCG mineralisation in the nearby 
northern Sweden (Weihed & Eilu 2003).

Palaeoplacer gold

The sedimentary facies of the host rocks, and the 
��ape of bo�� ��e lode� and gold grain�, ��rongly �up-
port the detrital, placer, origin of gold mineralisation 
in the Kumpu Formation of the CLGB. There are no 
indications of epigenetic gold. The placer mineralisa-
�ion in ��e ��GB �ook place af�er ca�� 1913 Ma and 
before abou� 1800 Ma, w�ic� are ��e earlie�� and 
��e la�e�� age�, re�pec�ively, for ��e depo�i�ion of ��e 
Kumpu Formation sediments (Härkönen 1984, 1986, 
Rastas et al. 2001).

I� �a� been �ugge��ed ��a� ��e palaeoplacer gold i� 
derived from the underlying greenstones, especially 
from the numerous orogenic gold deposits (Fig. 3) 
and from small and low-grade, but even more numer-
ou�, �yngene�ic �ulp�ide occurrence� of ��e ��GB 
(Härkönen 1984, 1986). This is reasonable, considering 
the unconformity between the Kumpu Formation and 
the underlying, mineralised, greenstones.

T�e �equence �o��ing ��e palaeoplacer occurrence� 
is metamorphosed and deformed during the late stages 
of orogenic evolu�ion of ��e region, probably during 
bo�� ��e D3 and D4, bu� doe� no� ��ow any �ign� of 
��e D1 or D2 deformation (Lehtonen et al. 1998). If the 
D1 and D2 are rela�ed �o ��e 1��92–1��88 Ga accre�ional 
epoc� and ��e D3 �o ��e 1��84–1��78 Ga colli�ional 
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epoch, sedimentation and placer formation could be 
rela�ed �o ��e con�inen�al ex�en�ion during 1��88–1��85 
Ga. Extensive erosion and clastic sedimentation in 
extensional conditions is expected for, making the 
1.88–1.85 Ga timing probable for Palaeoproterozoic 
placer mineralisation in northern Finland. However, 
placer accumulation may well have continued during 
��e early par�� of ��e 1��85–1��79 Ga epoc�, un�il ��e end 

of erosion and deposition of sediments derived from 
the possible mountains created by the collision in that 
time. This timing suggests that the placers may have 
deposited before the formation of all or majority of 
orogenic gold occurrences and implicates source for 
gold chiefly being the syngenetic base metal-dominated 
�ulp�ide occurrence� of ��e ��GB�� 

cONcLUsiONs

T�e gene�ic gold depo�i� ca�egorie� de�ec�ed in 
nor��ern Finland include ��e orogenic, iron oxide-cop-
per-gold (IO�G) and palaeoplacer �ype�� T�e orogenic 
type can be further divided into the normal (gold only) 
and the atypical metal association subtype.

Wi�� a few excep�ion, all fea�ure� of ��e gold occur-
rences in northern Finland are similar to those detected 
in Palaeoproterozoic greenstone belts elsewhere in 
the world (App. 1). For all epigenetic occurrences 
in northern Finland, structure is the regionally most 
significant and locally one of the two significant con-
trols, as all occurrences are in first- to low-order shear 
or fault zones, in intersections of these, or in or near 
to intersections between antiforms and cross-cutting 
fault and shear zones. Another significant local control 
for mineralisation is rock type. The mineralising fluid 
wa� aqueou� in all ca�e�, �aving a variable �alini�y and 
�O2 content. The fluid compositions suggest variable, 
mixed origins for volatiles and metals with apparently 
no obviou� local �ource��

When connected to the orogenic scheme of Lahtinen 
et al. (2003), the evolution of the Palaeoproterozoic 
greenstone belts and formation of gold deposits in 
northern Finland can be summarised as follows:
1. The Palaeoproterozoic evolution of the region 

during ca�� 2��5–1��92 Ga i� c�arac�eri�ed by rif�ing 
of Archaean Karelian craton. Rifting took place 
in several stages and resulted in mafic intrusive 
and extrusive magmatism at ca. 2.45–2.39, 2.2, 
2.10, and 2.05 Ga, and culminated in extensive 
mafic and ultramafic volcanism and the formation 
of oceanic crust at 1.97 Ga. Simultaneously, ter-
rigenous clastic sedimentary units were deposited 
in the rifted basins. Also syngenetic alteration 
characterises the regional evolution in that time. 
Submarine synvolcanic spilitisation took place in 
volcanic rock�, and diagene�ic albi�i�a�ion of feld-
spars in clastic sedimentary rocks, throughout the 
�upracru��al �equence��� In addi�ion, albi�i�a�ion and 
carbonatisation took place in the contact zones of 
��e ca�� 2��2, 2��10 and 2��05 Ga doleri�e� apparen�ly 
�oon af�er ��e in�ru�ion of ��e dyke� and �ill��� No 

significant gold mineralisation has been detected 
�o be �aken place during ��e 2��5–1��92 Ga period��

2. Microcontinent accretion and extensive compres-
sional deformation took place at ca. 1.92–1.88 Ga 
resulting in the amalgamation of the Archaean 
par�� of ��e Fenno�candian ��ield�� T�e epoc� wa� 
characterised by the main deformational stages D1 
and D2. It remains unclear whether the stage D3 i� 
related to the culmination of this epoch of crustal 
evolu�ion, or i� rela�ed �o ��e 1��85–1��79 Ga epoc��� 
Most evidence points towards the latter timing. 
Open questions also are: a) is part or all of the 
��ruc�urally con�rolled albi�i�a�ion and �capoli�i�a-
tion (Na-Ca alteration), and b) formation of some 
of ��e orogenic gold occurrence� during 1��92–1��88 
Ga�� Mo��, bu� no� all, of ��e evidence i� again�� 
the Na-Ca alteration and orogenic mineralisation 
being this early. It still remains a possibility that 
��ere �a� been ��ruc�urally-con�rolled al�era�ion 
and mineralisation in several stages in the region 
allowing for the accretion-related timing for the 
Na-Ca alteration and orogenic mineralisation in 
some parts of the greenstone belts.

3. Accretion was followed by continental extension 
during 1.88–1.85 Ga. This is one of the two most 
probable timings for extensive structurally-con-
�rolled albi�i�a�ion and �capoli�i�a�ion (Na-�a 
alteration). This implies circulation of hydrother-
mal fluids in scales of tens of kilometres across 
��e green��one bel�� during ��e epoc��� Po��ibly 
al�o ��e iron-oxide-copper-gold (IO�G) depo�i�� 
in Kolari and Peräpohja were formed then. In 
any ca�e, ��e depo�i�� po��da�e ��e regional-�cale 
Na-Ca alteration. In Kolari, the ca. 1.86 Ga age 
for an IOCG-mineralised pluton further restricts 
the maximum age for IOCG mineralisation there. 
S�ruc�ural evidence and ��e ex�en�ional �ec�onic 
style also suggests that some or all of the gold 
palaeoplacers were formed during the epoch.

4. The second major compressional stage was a con-
�inen�-con�inen� colli�ion epoc� a� ca�� 1��85–1��79 
Ga�� Mo�� of ��e age da�ing and ��ruc�ural evidence 
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indica�e� ��a� ��e bri��le-duc�ile D3 and most or all 
of orogenic gold mineralisation and, hence, crustal-
scale hydrothermal circulation of the mineralising 
H2O-�O2 fluids, is related to this orogenic epoch. 
This also is another of the two most probable tim-
ing� for ��e ��ruc�urally-con�rolled albi�i�a�ion and 
scapolitisation. Some or all of the palaeoplacer 
mineralisation occurred in the pre-D3 par� of ��e 
epoc���

5. An orogenic collapse and stabilisation epoch took 
place during 1.80–1.77 Ga. As this was an exten-
�ional epoc�, i� al�o could �ave been a period of 
IOCG mineralisation in northern Finland, as also 
is supported by the age data from the Kolari IOCG 
depo�i����

6�� T�e en�irely bri��le D4 is contemporaneous with 
or �lig��ly po��-da�e� ��e po��-orogenic, 1��77 Ga, 
Nattanen-type granitoid magmatism. The D4 al�o 
post-dates all gold mineralisation and the alteration 
��age� de�cribed above��

The variation in metal association in orogenic gold 
occurrences possibly reflects variation in the environ-
ment of the hydrothermal system. The occurrences 
with an atypical metal association (Au ± Cu ± Co ± 
LREE ± Ni ± U) were probably formed as a result of 
the complex geologic and tectonic setting of northern 
Finland�� T�e region i� c�arac�eri�ed by Palaeopro�ero-
zoic rifted basins of intracratonic setting, extensive 
�upracru��al �equence and probable evapori�e��� T�e�e 

sequences accumulated, compacted, were intruded by 
magmas, and were subject to several major stages of 
alteration predating gold mineralisation. Hence, there 
wa� an excep�ionally wide range of rock �ype�, ��ruc-
tures, and fluid and metal sources to be subjected to 
the orogenic processes. When an orogenic fluid met 
such an sequence, during 1.92–1.88 and/or 1.85–1.79 
Ga, it became more saline when meeting the possible 
evaporites and connate brines, became able to leach 
and transport both gold and base metals. Eventually, 
the metals were precipitated when the brines met 
structural and chemical traps in the greenstone belts. 
On the other hand, where the fluids did not become 
saline, gold-only occurrences were formed.

From the work done so far, more gold deposits can 
be expec�ed �o be di�covered in nor��ern Finland�� T�e 
area� of grea�e�� po�en�ial for ��e di�covery of new 
orogenic and IO�G depo�i�� probably are ��e �en�ral 
Lapland and Kuusamo belts. The real potential of the 
Peräpohja belt is difficult to assess, because not enough 
explora�ion �a� been done in ��e area, bu� indica�ion� 
for more gold deposits to be discovered are good also 
for that region. Also, it is obvious that more work, 
especially robust dating and investigations on min-
eralising fluids, is needed for defining the timing and 
processes of gold mineralisation in northern Finland. 
This would also significantly help in more precisely 
defining future exploration targets.
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Gold in the Central Lapland Greenstone Belt, Finland
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STruCTuraL CONTrOLS ON GOLD miNEraLiSaTiON iN 
ThE CENTraL LapLaND GrEENSTONE BELT

by
N�� ��� Pa�i�on

Patison, N. L. 2007�� S�ruc�ural �on�rol� on Gold Minerali�a�ion in ��e �en�ral �apland 
Green��one Bel��� Geological Survey of Finland, Special Paper 44, 107–124, 7 figures 
and 4 �able��� 

Early Proterozoic gold mineralisation in the Central Lapland Greenstone Belt (CLGB) 
�a� a di��inc� �pa�ial correla�ion wi�� ��ruc�ural fea�ure� genera�ed by convergence 
events, and by subsequent wrench deformation during the orogenic development of the 
CLGB. This research aims to provide basic guidelines for assessing the prospectivity of 
CLGB structures, and involves examining the deformation history and timing of gold 
mineralisation at 10 locations. Mineralisation at these occurrences is in or near discrete 
strike-slip shear zones, or other deformation products of a similar relative age developed 
within zones of complex earlier deformation. Gold-bearing structures are typically part 
of the final regional deformation phase to affect the CLGB (D3), and are overprin�ed by 
only minor (low-displacement) brittle faults. 

W�ile iden�ifying D3 shear zones is a useful exploration guideline, the localised effects 
of earlier deformation and alteration events also need to be considered. In many cases, 
the combined effect of early and late events constrains mineralisation to a particular 
location. The late orogenic timing of mineralisation is one of many features making 
CLGB gold mineralisation comparable to well-documented global examples of orogenic 
greenstone-hosted gold mineralisation.

Key words (GeoRef Thesaurus AGI): gold ores. structural controls, deformation, shear 
zones, Central Lapland Greenstone Belt, Paleoproterozoic, Kittilä, Sodankylä, Lapland 
Province, Finland�� 

N. L. Patison, Economic Geology Research Unit, School of Earth Sciences, 
James Cook University, Townsville QLD 4811 Australia. Current address: 
Geological Survey of Finland, P.O. Box 77, FI-96101 Rovaniemi, Finland. 

E-mail: nicole.patison@gtk.fi 

iNtrOdUctiON

Gold mineralisation occurs at numerous sites 
wi��in ��e �en�ral �apland Green��one Bel� (��GB) 
of nor��ern Finland�� T�e area �a� clear po�en�ial for 
further discoveries, exemplified by the discovery of 
the now 2+ million ounce Suurikuusikko gold deposit. 
T�e Geological Survey of Finland found ��e depo�i� in 
1996 af�er �en year� of explora�ion in ��e region�� T�e 
Ministry of Trade and Industry sold it to Riddarhyt-
tan Resources in 1998 and it is currently owned by 

Agnico-Eagle Mines Limited. Mining of the deposit 
will begin in 2008, targeting 14.2 million tonnes of 
estimated probable reserves with an average gold 
grade of 5.16 grams per tonne (Agnico-Eagle Mines 
Ltd. media release 06.05.2006).

Known CLGB gold occurrences are orogenic green-
stone-hosted gold mineralisations, analogous in many 
ways to those in more established mineral districts such 
as the Yilgarn region of Western Australia (e.g., Witt 

122, 2007��
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& Vanderhor 1998) and Superior Province of Canada 
(e.g., Robert & Poulsen 1997). A brief comparison of 
CLGB greenstone-hosted gold mineralisation and fea-
tures documented as defining the orogenic gold deposit 
�ype (Grove� e� al�� 1998) i� pre�en�ed in Table 1�� In 
detail some CLGB gold occurrences, particularly those 
in ��e we��ern par� of ��e Bel�, di�play fea�ure� ��a� 
could be con�idered �ran�i�ional be�ween orogenic gold 
deposits and iron-oxide copper-gold (Hitzman et al. 
1992) depo�i���� T�e�e include �ig� copper-gold ra�io� 
and ex�en�ive albi�e al�era�ion�� Iron-oxide copper-gold  

deposits are the dominant deposit type in the northern 
Norrbo��en region of nor��ern Sweden (e��g��, Frie��c� 
et al. 1997), immediately west of the CLGB. 

The CLGB remains under-explored compared to 
o��er green��one bel� �errain�, de�pi�e being a region 
of proven re�ource po�en�ial in a coun�ry wi�� level� 
of economic development and political stability equal 
to any major developed nation. Little CLGB-focused 
re�earc� or explora�ion ac�ivi�y occurred un�il ��e 
mid-1980s, and levels in 2001 remain low. To improve 
background information available on the CLGB, in 

Orogenic gold mineralisation cLGB mineralisation

Host terrane:
• Volcano-plutonic rocks 
(greenstone belts hosting Archaean deposits 
interpreted as most commonly having an oce-
anic back-arc setting, dominated by back-arc 
basalt and felsic to mafic arc rocks)

• Convergence-dominated deformation

• Typically greenshist-facies metamorphic 
grade

• Ultramafic to mafic volcanic (tholeiitic) host rocks, + minor clastic 
marine sediments and BIFs. Pre-, syn-, and post-tectonic plutonic rocks 
present but not hosting known deposits. Depositional environment evolves 
from intra-cratonic rifts (Onkamo and Salla Groups) to an opening ocean 
phase (Kittilä Group), followed by collision (Laino Group) and foreland 
basin development (Kumpu Group). Plutonic rocks with island-arc  
affini�ie� occur wi��in ��e Haaparan�a Sui�e (�e��onen e��� al�� 1998)�� See 
Figure 1
• At least three major deformation events, two of which (D1 and D2,) w�ic� 
are clearly rela�ed �o convergence even��
• Typically greenschist-facies metamorphic grade (see Hölttä et al., this 
volume)

Host structures:
• Ho��ed by �econd- or ��ird-order bri��le-
ductile structures near large-scale compressive 
��ruc�ure�
• Minerali�ed ��ruc�ure� �ave ver�ical and 
down-plunge extents of several 100 m to  
2 km

• Known deposits are near first-order thrusts and within later strike-slip 
shear zones. Mineralisation within/near first-order thrusts generally hosted 
by cro��cu��ing D3 ��ear� or D3 vein�
• Suurikuusikko mineralisation has a down plunge extent of at least 500 m 
(open at depth), and the host strike-slip shear zone is mineralised for  
a strike-length of at least 5 km

Deposit mineralogy and alteration:
• Au in Qtz-dominated vein systems

• Au mostly in Fe and As sulfides (but re-
flecting host rock composition)

• Au-Ag ratio 10-1 (usually high within this 
range)
• Au grades 5 – 30 g/t
• Element enrichments typically As, Bi, B, 
Hg, Sb. Te and minor W, Cu, Pb, Zn)

• Alteration involving CO2, S, K, H2O, SiO2, 
Na and �I�E addi�ion Typical p�a�e� pyri�e, 
pyrr�o�i�e, ar�enopyri�e, �erici�e, fuc��i�e, 
biotite, k-spar, albite, and amphibole

• �ow �alini�y, near-neu�ral pH, H20-�O2+�H4 
ore fluid�

• Au in carbonate-dominated vein systems (with quartz + albi�e) or �ulfide 
disseminations
• Au mostly within pyrite and arsenopyrite, and also in gersdorffite (Ni-
Co-As sulfide) at some sites. Au occurs as inclusions and/or within the 
lattice of sulfide phases. Free Au is less common
• In�ufficien� da�a, bu� Suurikuu�ikko value� are wi��in ��i� range (ra�io 
increases with increasing Au grade)
• Similar
• Limited available data, but As, Cu, Ni, Fe, and Ag typically enriched, 
+ Sb, Te, Ni, and W. Cu and/or Ni enrichment common at several occur-
rence� (�ee Eilu 1999)
• �O2 (distal calcite, and proximal ankerite/dolerite+amorphous ‘graph-
itic’ carbon), S (sulfide), Na (albite) and Si (quartz) addition dominates. 
Potassic alteration limited except for areas with fuchsite alteration (Cr+K). 
Biotite, sericite, potassic feldspar, amphibole, leucoxene and tourmaline at 
some sites only
• Insufficient data. Ore fluids likely to be similar given the abundance of 
carbonate associated with mineralisation. High base-metal content (Cu) at 
some sites may suggest more saline fluids for these areas1. Reducing fluids 
likely a� occurrence� wi�� ‘grap�i�ic’ al�era�ion

Timing:
• Late orogenic Au mineralisation
• Precambrian Au typically 20-70 million 
years after the youngest volcanism

• Gold i� la�e (rela�ed �o D3 ��ruc�ural fea�ure� pre�en� a� eac� loca�ion)
• Insufficient dating, but probably <35 million years after the majority of 
mafic volcanism (see Table 4)

1�� Low salinity fluids have been attributed as responsible for the common lack of base-metal enrichments within orogenic lode-gold 
deposits (Kerrich and Fryer 1981). However, CLGB Cu-rich gold occurrences are also proximal to Savukoski Group sediments 
that cold be a source of base metal enrichment in there deposits. Documented orogenic deposits in other regions with high-salinity 
fluids have a spatial association with sedimentary basin sequences (see Groves et al. 2000 and references within).

Table 1. Comparison of selected features defining the ‘orogenic gold’ deposit class (after Groves et al. 1998) and CLGB gold 
occurrence�
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1998 ��e Geological Survey of Finland ini�ia�ed a 
multidisciplinary research project aiming to generate 
new information on regional structure and deforma-
tion events, metamorphic events, and deposit-scale 
structure and fluid-flow. Combined with the revised 
��ra�igrap�ic rein�erpre�a�ion of ��e ��GB (�e��onen 
et al. 1998), the results of this project will provide 
solid background information of benefit to both 
fu�ure re�earc� and explora�ion in ��e region�� T�i� 

article presents the initial results for a component of 
this research entitled ‘Structural and fluid-chemical 
characteristics of gold mineralisation in the CLGB, 
nor��ern Finland’�� 

T�e gold occurrence� included in ��i� re�earc� are 
the three gold mines – Sirkka (Sirkka Kaivos) which 
underwent test mining 1955–1956 (Räisänen 2001), 
Saattopora (mined 1988–1995), and Pahtavaara (mined 
1996–2000, reopened 2003–); ��e Suurikuu�ikko 

Fig. 1. Simplified lithostratigraphic map of the Central Lapland Greenstone Belt (afer Lehtonen et al 1998), showing 
the location of the gold prospects included in this work and major fault zones. Only basic fault traces are shown in 
this figure. The detailed morphologies of these are more complex, as demonstrated by their appearance in Figure 
2. A detailed discussion of stratigraphic elements is provided by Hölttä et al. (this volume). Deposits: 1. Sirkka, 5. 
Isomaa, 6. Iso-Kuotko, 7. Kaaresselkä, 8. Loukinen, 9. Soretialehto, 10. Soretiavuoma North.
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deposit; and six mineralised prospects – Isomaa, 
Iso-Kuotko, Kaaresselkä, Loukinen, Soretialehto and 
Soretiavuoma North (Figs. 1 & 2). Gold mineralisa-
�ion a� ��e�e �i�e� i� u�ually a��ocia�ed wi�� in�en�e 
albite- and carbonate-rich alteration assemblages. At 
some occurrences mineralised rocks also contain fine 
‘graphitic’ carbon indicating extremely reduced condi-
tions. This carbon is extremely fine-grained amorphous 
carbon wi�� a grap�i�ic appearance and i� i� referred 
�o a� grap�i�ic al�era�ion wi��in ��i� ar�icle, bu� ��e 
material is not crystalline graphite. In most occur-
rences gold is within sulfide minerals (mainly pyrite, 

arsenopyrite and gersdorffite (Ni-Co-As sulfide)) and 
less commonly as free gold grains. 

The data presented here was derived from detailed 
mapping of man-made bedrock exposures of limited 
extent, from sporadic natural outcrops, from drill 
core, and from aeromagnetic images. The aim of this 
paper is to briefly summarise the field-based results 
of this research, and other information relating to the 
��ruc�ural �e��ing of a �elec�ion of ��GB occurrence��� 
Ba�ic conclu�ion� regarding �o�� ��ruc�ure� and re-
gional-�cale guideline� �o ��e likely pro�pec�ivi�y of 
CLGB deformation features will be presented.

Fig. 2. Aeromagnetic map of the area shown in Figure 1, with prospect locations (Aerogeofysical data, GTK).

rEGiONaL dEfOrMatiON EVENts – KEY fEatUrEs 

The following sequence of deformation events, 
modified and simplified from interpretations by Ward et 
al. (1989) and Väisänen (2002), is used as the regional 
structural framework for the occurrence-scale work 
reviewed �ere, and i� con�i��en� wi�� curren� re�ul�� 
of this project. Extensional deformation relating to 
volcanism and some intrusions can be expected to have 
occurred during ��e depo�i�ion of ��GB rock�, and 

there is some evidence for later extensional events. The 
summary presented here does not include extensional 
events as these are yet to be clearly documented. The 
compressional deformation phases are simplistically 
correla�ed wi�� ��e regional even� likely �o be gener-
ating deformation. See Hölttä et al. (this volume) forSee Hölttä et al. (this volume) for(this volume) for 
details of individual deformation products assigned 
�o eac� p�a�e�� 
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The oldest mappable deformation features relate 
to thrusting at CLGB margins. N- to NE-directed 
thrusting occurred at the southern margin, driven by 
Svecofennian orogenic even�� occurring �o ��e �ou���� 
T�e �apland Granuli�e Bel� wa� placed over ��e N 
and NE margins of the CLGB by S- to SW-directed 
thrusting during another collision event at a similar 
time. Belt-wide thrusts and related deformation were 
produced by each event. A lack of clear overprinting 
relationships and precise geochronology discriminat-
ing ��e�e �wo even�� curren�ly preven�� deno�ing ei��er 
a� D1 or D2 respectively, but these are the first two 
major regional deformation events after volcanism 
ceased for which clear evidence exists. Away from 
CLGB margin areas correlating to convergent zones, 
it is difficult to assign deformation products formed 
at this time specifically to D1 or D2. This is mostly 
becau�e al��oug� ��e �ec�onic �ran�por� direc�ion� 
of eac� even� were oppo�i�e, ��e bulk ��rain orien�a-
tions during each event were approximately parallel, 
re�ul�ing in ��e genera�ion of ��ruc�ural fea�ure� wi�� 
similar strike orientations. The D1 p�a�e repor�ed by 
Hölttä et al. (this volume) is here grouped with the 
major thrust events of D1/D2��

T�e Sirkka ‘�ine’ or Sirkka S�ear Zone (Fig��� 1 
& 2) includes a series of closely spaced S-dipping, 
�ub-parallel ��ru��� and fold ��ruc�ure� rela�ing �o 
convergence at the southern margin of the CLGB. 
Thrusts within this zone have average dips of ap-
proximately 40°, interpreted from seismic refraction 
profiles (Berthelsen and Marker 1986; Gaál et al. 
1989). The Sirkka Line is the main rheological bound-
ary wi��in ��GB ��ra�igrap�y, �epara�ing a �equence 
of sediment-dominated rocks to the south (Savukoski 
Group) from a volcanic-dominated package to the north 
(Kittilä Group). In detail it is a complex structural 
zone involving several parallel shear zones and shear 
zone segments. Some segments along this zone were 
at least partially reoriented and/or reactivated during 
subsequent deformation, although interpreting exact 
movement histories on these shear zones is difficult. 
Thrust zones shown on regional maps for the western 
and eastern margins of the CLGB (Fig. 1) have unre-
�olved origin� and are poorly under��ood��

D3 involved the development of strike-slip shear 
zones (e.g., Kiistala Shear Zone, Fig. 1) that displace or 
in�er�ec� D1/D2 thrust zones. D3 shear zones generally 
��rike NW-SE, N-S and NE-SW, a� �ig� angle� �o ��e 
strike of most D1/D2 ��ru����� Nei��er ��e ex�ernal even�� 
driving the development of these shear zones nor the 
exact timing of their initiation is clearly understood. 
It has been suggested that these shears may utilise 
segments of early thrusts (Väisänen 2002), or transfer 
shear zones formed during pre-D1 ex�en�ion rela�ing 

to volcanism (Ward et al. 1989). It is also possible 
��a� ��e�e ��ear� were ini�ia�ed a� a re�pon�e �o ��e 
opposing compressions operating during D1/D2 a� a 
compensating response to thrusting. Strike-slip shear 
zones relating to CLGB deformation and potentially 
correla�able even�� fur��er �ou�� were al�o recogni�ed 
by early re�earc�er�, al��oug� in�erpre�ed u�ing a va-
riety of theoretical frameworks (e.g., Tuominen et al. 
1973; Talvitie 1976; Mikkola & Vuorela 1977). Other 
deformation products were also generated during D3 
(e.g., Väisanen et al. 2002), but strike-slip shear zones 
are the most obvious features. D3 is a complex and 
incompletely understood deformation phase, with 
shear zones here classified as D3 likely to have formed 
la�e wi��in ��i� p�a�e��

Ward et al. (1989) proposed that movement on 
large D3 ��ear� produced a dex�ral ro�a�ion of ��e 
entire CLGB, generating its SE-bulging geometry 
and con�rolling ��e di��ribu�ion of �ig� and low 
strain zones associated with D3 shears. A dextral 
rotation of maximum principle stress (σ1) ��roug�-
out the development and/or activity of D3 ��ear� i� 
supported by observations made during this research 
for the Kiistala Shear Zone, where σ1 ro�a�e� ��roug� 
NW- and NNW-directed to a final NE-directed σ1 for 
deformation events observed in the immediate area 
of ��e Suurikuu�ikko occurrence�� Favourably orien�ed 
�ec�ion� of D1/D2 ��ru��� were po�en�ially reac�iva�ed 
during ��i� ro�a�ion, in par�icular a NW-��riking �ec-
�ion of ��e Sirkka �ine coinciding wi�� �everal gold 
occurrence� (�ec�ion con�aining ��e Sore�iale��o and 
Soretiavuoma North occurrences labeled in Fig. 1). 
T�e orien�a�ion of D3 features is strongly influenced 
a� a local �cale by pre-exi��ing ��ruc�ure�, e�pecially 
in area� �ou�� of ��e Sirkka �ine��

Importantly, an association between gold minerali-
�a�ion and D3 ��earing �a� been recogni�ed by ��i� 
and other studies (e.g., Sorjonen-Ward et al. 1992; 
Väisänen 2002). A summary of selected key features 
a��ocia�ed wi�� D1 �o D3 deformation is given in Table 
2�� D4 involved numerous discontinuous, low displace-
ment brittle shear zones (usually conjugate sets).

CLGB stratigraphy ranges in age from 2.5 Ga to 
1��88 Ga (�e��onen e��� al�� 1998)�� T�e ab�olu�e age� 
of deformation events require further constraint, but 
a maximum age for deformation (D1/D2) of 1��89 Ga 
�a� been propo�ed (�e��onen e��� al�� 1998)�� Po��ible 
D3 deformation ages include 1.89 to 1.88 Ga (for 
CLGB deformation, Sorjonen-Ward et al. 1997); 
1.88 Ga (for similar structures adjacent to the CLGB, 
Wikström et al. 1996); 1.90–1.85 Ga and 1.84–1.80 
Ga (for successive movements on the Kolari Shear 
Zone, a strike-slip shear zone similar in orientation 
�o ��GB D3 shear zones but located at the western 
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margin of the CLGB, Berthelsen & Marker 1986; 
not shown in Fig. 1), and a minimum age of 1.77 Ga 
(for an undeformed felsic dyke intruding D1/D2 ��ru�� 
related folds within the CLGB (Väisänen 2002)). 
Po��-colli�ional Na��anen-�ype grani�e� (Fig�� 1) cu� 
by D4 faul�� al�o �ave an age of 1��77 Ga (�e��onen 
et al. 1998), providing a minimum age for D3 and a 
maximum age for D4�� 

Estimated age ranges for mineralisation based on 
the isotopic composition of lead in sulfides include 
1.99–1.87 Ga for mineralisation in the Saattopora area; 
1.89–1.85 Ga for mineralisation in the Soretiavuoma, 
Kiistala (Suurikuusikko) and Iso-Kuotko areas; and 
1.85–1.82 Ga for mineralisation in the Pahtavaara area 
(Mänttäri 1995; locations in Fig. 1). The resolution 
offered by the available age dates for mineralisation is 

Table 2. Key deformation events, inferred σ1 directions and/or tectonic transport directions of these events, and typical strike 
orien�a�ion� of ��e ��ruc�ure� genera�ed

Major 
deformation phase

regional σ1 direction or tectonic 
transport direction

strike of key structures

D1/D2 N-NE �ran�por� in �ou��

S-SW �ran�por� in nor��

Sirkka �ine, con�aining E-��riking �o NW-��riking �eg-
ments. NW-striking sections may reflect later deformation 
of ��e Sirkka �ine

NW-striking margin thrusts at the northeastern CLGB/Lap-
land Granuli�e Bel� con�ac�

D3 Generally NW-SE �o NE-SW σ1 (olde�� 
to youngest movements respectively), 
but variably modified by local condi-
�ion�

E.g., N- to NE-striking Kiistala Shear Zone. D3 ��ear� 
are most likely to have more variable strikes south of the 
Sirkka �ine, and WNW- �o NW-��riking D3 ��ruc�ure� are 
common in this area

   

Mineralisation  
(Pb-sulfide age range)D4D3

D1/D2

Host rock 
deposition 

phase

Age
~Ga

1.70

2.20

2.10

2.00

1.90

1.80

Intra-cratonic 
rifting 
2.5-2.2 Ga

Cratonic/ 
cratonic 

margin phase

Opening 
ocean basin

Collision

Foreland  
basin 

Post-
tectonic

intrusions 

Maximum 
D1/D2 age 
1.89 Ga 

Minimum 
D3 age
1.77 Ga 

Possible  
D3 ages 

Maximum 
D4 age
1.77 Ga 

Table 3. Summary of available dates and timing relationships between CLGB deposition, deformation, 
metamorphic, and mineralising events. Plotted date ranges include error bars. Only post-tectonic intrusions 
(1��77 Ga Na��anen grani�e�) �ave been included due �o ��eir relevance �o age da�e�, bu� pre- and �yn-�ec�onic 
intrusions are also present within CLGB stratigraphy. Data sources: columns 1, 2 and 3 Lehtonen et. al. 
1998; column 4 (date ranges left to right, exact values quoted previously in text) Sorjonen-Ward et al 1997, 
Wikstöm et al. 1996, Berthelsen and Marker 1986, maximum age Väisänen et al. 2002; column 5 Väisänen 
et al. 2002; column 6 Mänttäri 1995, ranges left to right for Saattopora (1.990–1.870 Ga), Soretiavuoma 
North/Kiistala/Kuotko (1.890–1.852 Ga), and Pahtavaara (1.850–1.820 Ga) areas respectively
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strUctUraL cONtrOLs ON MiNEraLisatiON

A clear regional spatial relationship exists between 
shear zones and mineralised sites within the CLGB 
(Fig�� 2)�� Gold occurrence� a� Saa��opora, Sirkka, 
Soretialehto and Soretiavuoma North are located on 
or immediately adjacent to Sirkka Line structures, 
and a� lea�� 12 o��er gold occurrence� are loca�ed 
within 3 kilometres of the Sirkka Line (Eilu 1999). 
A significant spatial relationship between regional 
lineaments such as the Sirkka Line and gold has also 
been repor�ed for o��er orogenic gold di��ric�� (e��g��, 
Ei�enlo�r e� al�� 1989)�� 

The Suurikuusikko and Iso-Kuotko occurrences 
occur on D3 shear zones. The Pahtavaara, Kaaresselkä 
and Isomaa gold occurrences also coincide with shear 
zones with interpreted strike-slip movements, although 
whether these features represent shear zones generated 
or reac�iva�ed during D3 i� le�� clear�� T�e �oukinen 
occurrence i� �pa�ially a��ocia�ed wi�� bo�� ��e Sirkka 
�ine and an in�er�ec�ing D3 shear zone. The task for 
this project and for exploration within the CLGB is 
to understand the causes and practical implications of 
��e�e �pa�ial correla�ion��� 

deposits spatially associated with the sirkka Line

Saattopora

The Saattopora deposit (Figs. 1 & 2) is on an E- to 
ESE-��riking �ec�ion of ��e Sirkka �ine, and provide� 
a good introduction to the complexities of dealing 
wi�� Sirkka �ine-a��ocia�ed depo�i���� D3 ��ruc�ure� 
are not obvious on regional map sheets of the imme-
dia�e area of Saa��opora, or clearly �een in regional 
aeromagnetic images. It might therefore be assumed 
that the location of Saattopora is wholly influenced 
by Sirkka �ine ��ruc�ure�, bu� in de�ail ��i� connec�ion 
i� no� �o clear��

Surface Sirkka �ine ��ruc�ure� a� Saa��opora are 
sub-vertical, as are the Sirkka Line aeromagnetic 
features in the immediate area (Airo M-L., pers. com. 
2001), unlike the moderately south-dipping structures 
that would be expected in a simple thrust zone. The 
envelope of in�en�e albi�e al�era�ion a��ocia�ed wi�� 
and con�aining ��e Saa��opora ore lode� ��rike� paral-
lel �o ��e Sirkka �ine, bu� dip� ��eeply �o ��e nor�� 
(Korvuo 1997; Fig. 3). This distribution of alteration 
may reflect a preferentially altered stratigraphic unit 
��a� ob�ained i�� curren� ��rike during ��ru��ing, bu� 
the dip of the zone is opposite to that expected within 
a simple thrust-interlayered stratigraphy. 

A detailed alteration and deformation history exists 
at Saattopora, with an early carbonate-dominated (low-
iron carbona�e) al�era�ion p�a�e overprin�ed by ��e 

��rongly albi�i�ed envelope �o ore-bearing vein� (Fig�� 
3), followed by fur��er carbona�e (�ig�-iron carbon-
ate) alteration hosting gold mineralisation. In order of 
formation, a WNW- to NW-striking foliation, E-verg-
ing and N- �o NNW-verging fold�, and a NE-��riking 
cleavage all predate mineralisation and have variable 
timing with respect to alteration events. Gold occurs 
in la�e, bri��le carbona�e-ric� vein�, and in a��ocia�ed 
breccia zones in the immediate wall rock of the veins. 
T�e�e vein� �ave �everal orien�a�ion� bu� are u�ually 
vertical, very planar N-S-striking veins approximately 
or��ogonal �o Sirkka �ine ��ruc�ure� in ��e area�� T�e 
veins are not fibrous and their mechanism of formation 
is not certain. Gold-bearing veins are not deformed at 
a macroscopic scale, and appear to be the youngest 
��ruc�ural fea�ure ob�erved a� Saa��opora�� 

Most features within this complex deformation 
sequence cannot be fully explained by a simple, 
cau�a�ive rela�ion��ip be�ween N- �o NE-direc�ed 
D1/D2 thrust-related deformation and mineralisation. 
As is evident from the numerous broken and displaced 
Sirkka Line segments visible in Figure 2, Sirkka Line 
thrusts have undergone significant post-thrusting de-
formation and/or reactivation. This and the complex 
nature of deformation at Saattopora, compared to 
the undeformed nature of ore veins, suggest that the 
veins were emplaced after most of the deformation 
and �uppor� a D3 timing for mineralisation.

insufficient and requires better paragenetic constraint. 
More analyses of the dominant gold-bearing sulfide 
phases and alteration minerals at individual occur-
rence� are needed �o con��rain ��e ab�olu�e age(�) of 
mineralisation. 

Peak regional metamorphism in areas containing 
gold occurrence� al�o require� fur��er con��rain�, 

but results to date suggest that peak metamorphism 
began during D1/D2 thrusting in some areas (Hölttä 
et al., this volume). Table 3 presents a brief timeline 
of CLGB events as constrained from available age 
dates. This data, though insufficient, suggests a late 
orogenic timing for gold mineralisation.
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Sirkka (Sirkka Kaivos) 

Minerali�a�ion a� Sirkka al�o �a� a clo�e �pa�ial 
association with the Sirkka Line (Figs. 1 & 2). An 
obviou� c�arac�eri��ic �ere and a� o��er loca�ion� along 
��e Sirkka �ine i� an in�en�e cleavage ��a� give� rock� 
a banded appearance�� T�i� fabric i� well developed in 
meta-sedimentary and meta-basic host rocks, has an 
E-W to NW-SE strike and moderate to steep dip, and 
is interpreted as an early deformation feature associ-
a�ed wi�� Sirkka �ine ��ru��ing�� Evidence for gold-ric� 
mineralisation clearly synchronous with or pre-dating 
��i� fabric �a� no� been found a� any loca�ion during 
this research. At Sirkka, mineralised quartz-carbonate-
sulfide breccias containing gold as inclusions within 
gersdorffite and arsenopyrite (Vesanto 1978) post-date 
��i� fabric, a� doe� ��e a��ocia�ed perva�ive carbona�e 
alteration of host rocks, implying that mineralisation 
po��-da�e� D1/D2 ��ru��ing�� 

Gold is also present in veins within Kumpu Group 
sediments (Hugg R., pers. com. 2003) deposited dur-
ing ��e la�e colli�ional �o early foreland ba�in ��age of 
CLGB evolution, and which disconformably overlie 

the ore-host sequence at Sirkka. These veins are simi-
lar in composition to mineralised breccias at Sirkka, 
and may provide further evidence for mineralisation 
post-dating thrusting if belonging to the same phase 
of mineralisation. 

Loukinen

Ea�� of Saa��opora and Sirkka, ��e �oukinen occur-
rence (Figs. 1, 2, & 4), provides a clear example of the 
role of D3 strike-slip shear zones in influencing deposit 
loca�ion wi��in D1/D2 deformation zones. Loukinen is 
loca�ed on an E- �o ESE-��riking �ec�ion of ��e Sirkka 
Line that contains several gold occurrences. Limited 
interpretive modelling of drill core data suggests the 
envelope of mineralised zones is steeply dipping, and 
strikes approximately parallel to the trend of the Sirkka 
Line (Keinänen V., pers. com. 2001). However, avail-
able �urface expo�ure� provide evidence con��raining 
mineralised breccias to intersection points between 
��e Sirkka �ine and N- �o NNE-��riking D3 dex�ral 
strike-slip shear zones (Figs. 4a & 4c). Gold at Louk-
inen occurs as free gold, or in pyrite and gersdorffite 

Fig. 3. Simplified surface geological map and cross-section of the Saattopora mine area. Block diagram illustrates the morphology of the ore. Gold 
is contained within pyrite, pyrrhotite and lesser amounts of chalcopyrite hosted by planar carbonate-rich veins and vein-associated quartz-carbonate-
sulfide breccias intruding and cross cutting earlier layering. Surface map and cross section modified after Korvuo (1997)
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Fig. 4. Simplified interpretation of features present in aeromagnetic images (a) in the vicinity of the Loukinen, Soretiavuoma North, and Soretialehto 
prospects (circled). A similar interpretation to that shown in Figure 4a, covering an area further north and including the Suurikuusikko property (b). 
Figures 4a and 4b are designed to highlight the location of prospects relative to major faults. Simplified map of surface exposure at the Loukinen 
prospect (c), showing the presence of N- to NNE-striking shears associated with graphitic alteration and brecciated zones. Example of Loukinen ore 
(d; Dark aversin fig a + b = magnetic high)
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(a� inclu�ion� or wi��in ��e la��ice; Eilu 1999) wi��in 
graphitic quartz-sulfide breccia zones generated by 
movement on these D3 ��ear���

Soretialehto and Soretiavuoma North

Sou��ea�� of �oukinen, Sirkka �ine ��ruc�ure� bend 
�o ��rike NW and decrea�e in dip (Airo M-L. pers. 
com. 2001; Figs. 1 & 2). This bend in the Sirkka 
Line has been interpreted to result from deformation 
(folding and shearing) of this zone during the rotation 
of ��e ��GB a��ocia�ed wi�� D3 (Ward e� al�� 1989)�� 
More information is required to establish whether the 
curren� orien�a�ion of ��i� bend rela�e� �o�ally �o D3 
deformation, to a combination of D3 deformation and 
pre-D3 events, or preserves an original thrust segment 
orien�a�ion +/ syn-thrusting deformation. 

Common in parts of this area are rocks with intense 
potassic alteration. Ultramafic protoliths have been 
variably altered to fuchsite-carbonate-rich assem-
blages. The timing of this alteration event relative to 
early Sirkka Line movements is unclear. However, the 
distribution of alteration visible in drill core from this 
area indicates that it is more sporadic than would be 
expec�ed if i� were a �yn-depo�i�ional al�era�ion even��� 
Some gold deposition has accompanied this altera-
�ion even�, wi�� al�ered rock� ou��ide concen�ra�ed 
occurrence� �aving gold grade� averaging up �o 0��5 
ppm (Pekkala & Puustinen 1978). Higher grade gold 
mineralisation in these rocks is restricted to zones 
cro��-cu��ing ��e al�ered �o���, bu� i� i� no� clear if ��e 
background and �ig� gold grade� repre�en� di�cre�e 
mineralisation phases, or stages of the same event. 

Eleva�ed gold grade� a� ��e Sore�iale��o occurrence 
(Figs. 1 & 2) occur adjacent to a contact between 
fuchsite-carbonate-altered meta-komatiites and 
�erici�i�ed and carbona�e-al�ered grap�i�ic p�ylli�e�� 
At Soretialehto, gold occurs in pyrite within quartz-
carbonate-rich breccia zones cutting the altered 
komatiites, and in pyrite or as free gold within later 
planar quartz-carbonate extensional veins. Apart from 
some evidence for early E-W compression, fabrics at 
this site strike NE, and are overprinted by mineralised 
breccia zones bound by N- to NE-striking shear zones. 
These shear zones experienced strike-slip movements, 
with variable displacement senses indicated. The 
gold-bearing veins are not folded and have a similar 
orientation to mineralised veins at Saattopora, strik-
ing N �o NNE�� No NW-��riking fabric� paralleling 
��e orien�a�ion of ��e Sirkka �ine in ��i� area were 
�een a� Sore�iale��o��

The nearby Soretiavuoma North occurrence (Figs. 1, 
2, & 5) occurs along a similar NW-striking lithologi-
cal contact as Soretialehto, but the meta-komatiitic 

host rocks here do not appear to show the extreme 
po�a��ic al�era�ion expre��ed a� fuc��i�e-ric� rock� a� 
Soretialehto. An early WNW- to NW-striking foldedAn early WNW- to NW-striking folded 
fabric (local S1) i� ��e olde�� ��ruc�ural fea�ure pre�er-
ved. This fabric appears to reflect non-coaxial strain,This fabric appears to reflect non-coaxial strain, 
wi�� a poorly pre�erved �-c fabric indica�ing ��rike-�lip 
movement evident in some samples. The nature of 
��i� fabric �ugge��� an a��ocia�ion wi�� ��e ��rike-�lip 
dominated D3 phase of deformation. What remains to 
be e��abli��ed i� w�e��er S1 ini�ially developed during 
D3, or wa� a fabric produced in a��ocia�ion wi�� D1/D2 
��ru��ing ��a� wa� la�er ��eared (per�ap� during ��e 
folding �een a� ��i� �i�e)�� S1 is approximately paral-
lel �o ��e Sirkka �ine, bu� re�olving ��e cau�e of ��e 
Sirkka �ine orien�a�ion �ere i� al�o required before 
��e origin� of ��i� local S1 can be under��ood��

Fold� of SS1 �ave �ub-ver�ical axial plane� ��riking 
NE, and axes typically plunging ~45° NE. An axial-° NE. An axial- NE. An axial-. An axial-
planar, NE-��riking crenula�ion cleavage i� a��ocia�ed 
with these folds, and numerous quartz-carbonate shear 
veins with similar orientations to the crenulation cleav-
age cut the limbs and hinges of the folds. Pervasive 
iron-ric� carbona�e al�era�ion occurred pre- �o �yn-vein 
formation, and intensifies at the margins of veined 
zones and sections of tighter folding. 

Folded S1 and ��e crenula�ion cleavage are in �urn are 
cu� by a �erie� of NW- and NE- ��riking ��ear�, followed 
by or �ync�ronou� wi�� NNE- �o N-��riking ��ear��� 
These are strike-slip shears, with movement lineations 
pitching less than 20°. The dominant movement sense 
is ambiguous, with both sinistral and dextral senses 
observed for all shear zone orientations, and no clear 
timing relationships observed between the two senses 
of movement. Gold-bearing quartz-carbonate-sulfide 
infill zones have developed within these shears. The 
highest gold grade in outcrop at Soretiavuoma North 
occur� a� ��e in�er�ec�ion poin�� be�ween ��e ��ear 
zones labelled a and b in Figure 5.

T�e inferred σ1 direc�ion a��ocia�ed wi�� folding a� 
Soretiavuoma North is approximately NW-SE. Such 
a compression orientation is similar to that required 
�o dila�e ��e �ec�ion of ��e Sirkka �ine �o��ing Sore-
tialehto, Soretiavuoma North, and other occurrences, 
as it is approximately parallel to the NW-strike of 
this zone (Fig. 1). The map of altered lithologies 
in Figure 5 al�o �ugge��� a widening of ��e al�ered 
zone around Soretiavuoma North in NW-striking sec-
tions, and the simplified envelopes of gold-bearing 
zones (veins and breccias) are consistent with the 
orientation of failure zones predicted to result from 
dilation of this zone, either as internal breccia zones 
or breccias associated with shearing at the margins 
of a dilated zone. 

At least the NW-striking mineralised shear zones 
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at Soretiavuoma North fit the above suggestion, with 
��ear� in o��er orien�a�ion� po��ible rela�ing �o ��e�e 
NW-��riking ��ear�, or �o o��er D3 shear zones in 
the immediate area. The strike of late shear zones The strike of late shear zones 
associated with mineralisation at Soretialehto and 
Soretiavuoma North most resemble the orientation 
of D3 shear zones north of the Sirkka Line, including 
��e N- to NE-trending Kiistala Shear Zone hosting the 
Suurikuusikko deposit. The Kiistala Shear Zone poten-
�ially in�er�ec�� ��e Sirkka �ine near bo�� Sore�iale��o 
and Soretiavuoma North (although its exact southern 

termination point is unclear), further supporting the 
exi��ence of D3 deformation in this area. 

In the case of the Kiistala Shear Zone, D3 i� ex-
pressed as a distinct shear zone, but at Soretialehto 
and Soretiavuoma North D3 may be expressed either 
as re-use of earlier structures and/or an overprinting 
of early fea�ure� by D3 deformation. As at the previ-
ous occurrences described, complex post-thrusting 
deformation is again suggested by the features pres-
ent at Soretialehto and Soretiavuoma North, making 
a D1/D2 timing for mineralisation unlikely.

Fig. 5. A simplified map of surface exposures at Soretiavuoma North with gold values shown as an overlay. Shear zones have strike-slip movement 
with low-angle vectors (pitch values < 20°), and are steeply dipping or vertical. Veins are pre-shear quartz-rich quartz-carbonate veins and earlier 
carbonate-rich veins of variable dip. Pre-shear fabrics have moderate to vertical dips. Folds of S1 plunge approximately 45˚ NE. Note scale difference 
between the main and inset figure. Assay values relate to nine combined mini-core samples taken for each square meter of outcrop. Values shown 
outside mapped areas correspond to exposure that is now covered

deposits spatially associated with strike-slip shear zones in the south and southeastern cLGB

The deformation history of the southern and south-
eastern CLGB is clearly complex (Fig. 2) and remains 
to be investigated in detail. However, mineralisation at 
these sites shows similar features to the other occur-
rences discussed so far. In each case, mineralisation 
is spatially constrained to strike-slip shear zones, and 
occurs late in the sequence of deformation and altera-
�ion even�� recorded for eac� occurrence�� 

Isomaa

At Isomaa (Figs. 1 & 2), an auriferous quartz-pyrite 
breccia occur� near an E-��riking bend of a NE-��rik-
ing shear zone interpreted from surface mapping. It is 
likely ��a� ��e breccia occur� wi��in ��i� ��ear bu� ��i� 
could not be proven from current surface exposures. 
The shear zone bend is defined by intensely sheared 
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quartz-tourmaline-sericite-sulfide altered host rocks, 
and is also mineralised. Recorded movements on this 
shear zone were dextral strike-slip on a sub-horizontal 
elongation lineation, and the locations of mineralisa-
tion are consistent with deposition in a dilatant zone 
generated by movement on this shear zone. The 
mineralised breccia is paragenetically late and only 
partially deformed, probably by later movement on 
the host shear zone. The relationship of this shear zone 
�o Sirkka �ine ��ruc�ure� i� no� known��

Kaaresselkä

The Kaaresselkä area (Figs. 1, 2, & 6) contains sev-
eral gold occurrences, and the timing of mineralisation 
at each is the same relative to the local deformation 
�equence�� No concre�e evidence for N-NE-direc�ed 
thrust-related deformation was encountered during 
mapping, but several fabrics older than the mineralised 
structures exist. It is possible but not demonstrable 
due �o lack of ou�crop ��a� one of ��e�e older fabric� 
may relate to early thrusting, and the Kaaresselkä 
area lies near a complex WNW-striking southeastern 
continuation of the Sirkka Line (Figs. 1 & 2). 

Gold occur� a� free gold or wi��in pyri�e and c�al-
copyri�e (a� la��ice �ub��i�u�ion�; Eilu 1999) in in�en�ely 
foliated zones associated with WNW-striking, steep- to 

vertically-dipping sinistral strike-slip shear zones; and 
in la�e NE-��riking, ��eep- �o ver�ically-dipping bri�-
�le carbona�e-ric� vein��� Bo�� fea�ure� cu� all earlier 
fabrics, and are not themselves deformed apart from 
minor displacement by late faults. Pervasive carbonate 
alteration is also associated with mineralisation. 

Minerali�ed �i�e� and NW- �o WNW-��riking ��ear 
zones in the area are concentrated within a steeper 
western limb section of a fold (sketched in detail 
in Fig. 6, and evident in Fig. 2). These shears may 
have been initiated on this limb in response to fold 
tightening, but the timing of this folding relative to D3 
is not clear. Mineralised shears at Kaaresselkä have 
a similar orientation to Sirkka Line thrust remnants 
in this area, but the movements immediately pre- to 
syn-mineralisation are clearly strike-slip. This and the 
generally undeformed nature of ore hosting structures 
suggest a connection between mineralisation and D3 
deformation. 

Pahtavaara

The Pahtavaara occurrence (Figs. 1 & 2) is also 
in a structurally complicated location. Units of the 
Sattasvaara komatiite complex host the deposit, and 
ex�en�ion-rela�ed ��ruc�ure� a��ocia�ed wi�� ��e evo-
lution of this complex are likely to have provided an 

Fig. 6. Aeromagnetic image of the Kaaresselkä area (a). Equivalent faults in surface exposures have sub-vertical to vertical dips. Gold-bearing carbon-
ate-rich veins cutting sheared quartzite (b; pencil is approximately five centimetres long). Sheared ore host (c). Gold occurs in sulfides overprinting 
the dark shear fabric and augen-shaped clasts. In detail the shear fabric displays an s-c fabric (sketch) indicative of sinistral fault movement (figure 
width on short side is three centimetres)
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inherent crustal weakness utilised by later deformation 
events. This complex is interpreted to have formed in 
an E- striking rift system, the products of which now 
lie in an E-striking, refolded syncline (Räsänen 1999). 
Rifts and shear zones striking ENE and NE also existed 
during depo�i�ion (Saverikko 1985)�� T�e nor��ern 
and western margins of the complex are described as 
intensely folded and overthrusted (Räsänen 1999), and 
geop�y�ical da�a �ugge��� ��a� ��e nor��ern con�ac� 
may be a reverse fault (Lehtonen et al. 1998).

A NE-striking cleavage, followed by an ENE-strik-
ing cleavage occur in ��i� area, and an E-��riking ��ear 
zone generating a segregation layering overprints 
both. In the area of most intense shearing, two types 
of mineralised structures occur. The oldest hosts the 
A-type (higher grade) mineralisation, which occurs 
within a series of E-striking alteration zones dipping 
70° to 80° N (Korkiakoski & Kilpelä 1997). Gold-
bearing, irregularly oriented barite-carbonate-quartz 
veins and infill breccias cut biotite-talc altered rock 
and tremolite-altered rock within these zones. The 
overprinting, lower-grade B-type mineralisation 
within the same alteration zones is hosted by a series 
of NNW-striking quartz-dominated veins and less 
abundant E-striking veins of the same composition 

(Niiranen K., pers. com. 2001). Gold in both miner-
ali�a�ion �ype� occur� a� di�cre�e na�ive grain� a� ��e 
grain boundaries of silicates and along micro-fracture 
surfaces (Korkiakoski & Kilpelä 1997), suggesting 
paragenetically late mineralisation. It is not certain if 
the two mineralisation phases are parts of the same 
fluid event.

Shear sense on the host shear zone is unknown, but 
��e rela�ively regular repe�i�ion of NW- �o NNW- ��rik-
ing B-ore vein� �ugge��� a dex�ral �en�e if ��e ��re�� 
field generating the host shear also produced these 
veins. A NW-SE σ1 for ��e Sa��a�vaara area wa� al�o 
suggested from a study of magnetic lineaments, the 
results of which also indicate dextral movement on 
several NW- to WNW-striking lineaments in the area 
(Airo 1990). Sorjonen-Ward et al. (1992) suggested that 
the shear zone hosting Pahtavaara evolved as a high-
strain zone during reorientation of a regional strike-
�lip folia�ion (D3). The timing of mineralisation and 
nature of the host shear zone suggest that Pahtavaara 
mineralisation was a late (D3) event in a zone with a 
long history of deformation and alteration. However, 
an earlier timing for gold mineralization (even potential 
formation during a sea floor alteration phase) cannot 
be excluded for this deposit (Korkiakoski 1992).

d3 shear-shear hosted deposits north of the sirkka Line

Occurrences associated with strike-slip shear zones 
nor�� of ��e Sirkka �ine �ave rela�ively clearer and 
less complex settings than those further south. Dis-
cre�e N- �o NE-��riking D3 ��rike-�lip ��ear� are ��e 
dominant tectonic feature north of the Sirkka Line, 
where the voluminous Kittilä Group rocks provide a 
large volume of relatively homogenous stratigraphy. 
T�e ex�en� of di�cre�e D3 shear zones into areas south 
of ��e Sirkka �ine i� no� clear al��oug�, a� di�cu��ed 
above, strike-slip shears or movements on shear zones 
are pre�en� ��ere a� well��

Suurikuusikko

Suurikuu�ikko, ��e large�� known gold re�ource 
in the CLGB, is hosted by a shear zone similar in 
orien�a�ion �o ��a� w�ic� �runca�e� ��e Sirkka �ine 
at Loukinen (Figs. 1, 2 & 4). Suurikuusikko occurs 
within a mostly N-striking segment of an otherwise 
NE-��riking D3 structure (the Kiistala Shear Zone). All 
parts of this N-striking shear segment (and associated 
NE-striking segments to the south) are mineralised 
where drilled to date (<2001; along a strike length of 
5.5 kilometres). 

The Kiistala Shear Zone has a complex movement 

�i��ory, wi�� ��e younge�� D3 movements recording 
dex�ral ��rike-�lip ��earing�� Early folding, a �ub-re-
gional NW-striking shear fabric, and sinistral move-
ments on the Kiistala Shear Zone all pre-date the 
latest shear movements. A direct correlation appears 
�o exi�� be�ween ��e in�en�i�y of ��earing wi��in ��e 
Kiistala Shear Zone and the amount of gold-bear-
ing arsenopyrite present. As with mineralisation at 
Loukinen, ‘graphitic’ alteration also accompanies 
intense shearing and mineralisation at Suurikuusikko. 
In�en�e albi�e and carbona�e al�era�ion i� al�o pre�en� 
in ore zones, decreasing sharply away from intensely 
deformed zones. Gold occurs as inclusions and lattice 
�ub��i�u�ion� (��erne� e� al�� 1999) wi��in ar�enopyri�e 
(73��2 %) and a� inclu�ion� in pyri�e (22��7 %), wi�� ��e 
remainder as free gold (Kojonen & Johanson 1999). 
Gold-bearing arsenopyrite and pyrite occur dissemi-
nated on microfractures, shear fabrics, and stylolitic 
fea�ure�, all �pa�ially bound be�ween N- �o NE-��riking 
sections of the Kiistala Shear Zone.

Known ore zones at Suurikuusikko plunge mod-
erately north, but the mechanisms controlling this 
plunge are not completely resolved. Ore zones are 
likely to occupy high strain zones generated during 
D3 shearing on the Kiistala Shear Zone, although 
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o��er fac�or� including preferen�ial �o�� li��ologie�, 
and shear zone/lithological contacts also influence the 
location and orientation of ore lodes. A more detailed 
di�cu��ion of Suurikuu�ikko i� given by Pa�i�on e� al�� 
(this volume). 

Iso-Kuotko

The Kiistala Shear Zone can be followed north until 
it joins others at a complex intersection of shear zones. 
The Iso-Kuotko occurrences lie close to the junction 
of these shears (Fig. 7). All of these shear zones are 
likely �o be D3 in age, bu� �ave no� been ��udied in 
exposures with the exception of the Kiistala Shear 
Zone. The NE-trending shear zone shown in Figure 
7 continues to the NE, causing sinistral displacement 
of D1/D2 ��ru�� ��ruc�ure� a� ��e �apland Granuli�e 
Belt/CLGB contact (Fig. 1), indicating a D3 age for 
��i� ��ruc�ure�� 

Several phases of mineralisation have been reported 
at Iso-Kuotko, all of which overprint a series NW-
��riking fabric� eviden� in �urface expo�ure��� However, 
considering paragenetic and compositional similari-
ties evident in all mineralised sections of drill core, 
i� i� likely ��a� ��e�e ‘p�a�e�’ indica�e ��a� a �erie� 
of structures have been utilized or generated by one 
mineralising event. Most mineralisation occurs in 

identical quartz-carbonate-sulfide veins and associ-
ated breccia zones, with over 60 % of gold occurring 
a� free gold be�ween ��e grain boundarie� of ��e vein 
and breccia minerals. (Härkönen et al. 2001). The(Härkönen et al. 2001). TheT�e 
first phase is reported occurring within a shear fabric 
dipping approximately 45° NE and containing parallel 
gold-bearing veins (Härkönen et al. 2001). Subsequent 
mineralisation phases include shear-hosted sub-verti-
cal NW- and N-striking veins (Härkönen et al. 2001). 
S�ear �en�e� in ou�crop� indica�e dex�ral ��rike-�lip 
movement on some host shears. 

The NW-striking shear-related mineralised struc-
tures are likely to relate to the NW-striking shear zone 
in ��e area �een in Figure 7�� T�e N-��riking vein� are 
contained within shear zones of the same orientation 
to the Kiistala Shear Zone in the Suurikuusikko area 
immediately south of Iso-Kuotko. Apart from the ore 
veins and breccias described above, disseminated 
arsenopyrite is also present at Iso-Kuotko. These dis-
seminations are more like Suurikuusikko mineralisa-
tion than the Iso-Kuotko ore veins and breccias, but 
the gold-bearing potential of disseminations needs 
further testing. The timing of all shears in the Iso-
Kuotko area, and the undeformed nature of ore-bearing 
vein� and breccia� �uppor� a D3 age for mineralisation 
in ��i� area�� 

Fig. 7. Simplified map showing the location of prospects at Iso-Kuotko (after Härkönen and Keinänen 1988, and Sorjonen-Ward et al. 1992) 
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cONcLUsiONs

These examples provide a good introduction to the 
��ruc�ural c�arac�eri��ic� of ��GB gold occurrence��� 
Clearly much work remains to be done to fully under-
stand many aspects of deformation and mineralisation 
within the CLGB. However, several useful findings 
have emerged form this work to date, and these are 
reviewed below��

1. Strike-slip shear zones are prospective for min-
eralisation throughout the CLGB

From the summary of key gold-bearing structures 
presented in Table 4, it is clear that shear zones with 
strike-slip displacements are the most common host 
��ruc�ure� for gold occurrence�, a correla�ion ��a� ex-
ists throughout the CLGB. However, the complexity 
of ��i� correla�ion varie���

Occurrences hosted by strike-slip shear zones away 
from the Sirkka Line, such as Suurikuusikko and Iso-
Kuotko, provide clear examples of this correlation. 
T�e�e occurrence� are al�o wi��in �ec�ion� of fairly uni-

form (dominantly mafic volcanic rocks) stratigraphy. 
However, among other features, the localised effects 
of li��ological varia�ion�, of in�er�ec�ing ��ruc�ure�, 
and of early structures in constraining mineralisation 
�o par�icular �i�e� need� �o be inve��iga�ed fur��er �o 
aid identification of the most favourable locations for 
mineralisation within these long host shears.

Areas south of the Sirkka Line and in the south-
eastern CLGB are the most complicated to interpret. 
The mix of lithologies (Fig. 1), and the variety and 
abundance of deformation features present here (Fig. 
2) make these areas substantially more heterogeneous 
��an area� nor�� of ��e Sirkka �ine�� Occurrence� �uc� 
as Isomaa, Kaaresselkä and Pahtavaara indicate that 
D3 strike-slip shear movement is also associated with 
mineralisation in these areas. However, at some of 
these occurrences (e.g., Kaaresselkä), the orientation 
of strike-slip shear zones may be partially inherited 
from the orientation of pre-D3 deformation zones. 
Similarities in occurrence-specific paragenetic events 
that can be correlated between most of the occur-

Occurrence dominant strike 
of closest pre-syn 
d1/d2 deformation 
feature 

Post d1-d2 feature

strike of mineralised shear zone and displace-
ment sense (where known)

strike of mineralised veins 
and type (where clear)

Saa��opora E �o ESE 
(Sirkka �ine)

– N

Sirkka (Kaivos) E 
(Sirkka �ine)

Breccia zone(s) of unclear strike

�oukinen E
(Sirkka �ine)

N �o NNE
Minerali�ed breccia� wi��in dex�ral ��rike-�lip 
shear zone(s)

–

Sore�iale��o NW
(Sirkka �ine)

N �o NE
Minerali�ed breccia� wi��in ��rike-�lip ��ear 
zones

N �o NNE
Minerali�ed ex�en�ional or 
hybrid veins cutting mineral-
i�ed breccia�

Soretiavuoma 
Nor��

NW
(Sirkka �ine)

NW �o N and NE
Mineralised shear infill within dextral + sinistral 
strike-slip shear zones

–

Isomaa Mul�iple NE
Minerali�ed infill wi��in a dex�ral ��rike-�lip 
shear zone

–

Kaaresselkä WNW
(Sirkka �ine – very 
fragmented)

WNW
Disseminated mineralisation within sinistral 
strike-slip shear zone(s)

NE

Pa��avaara E-��riking rif�?
Pre-D1 

E
Minerali�ed breccia wi��in �ub-ver�ical ��ear 
zone

NW
Minerali�ed vein� cu��ing 
��ear-rela�ed breccia

Suurikuu�ikko n/a? N-NE
Disseminated, fabric and micro-veinlet hosted 
mineralisation within a strike-slip shear zone 
with early sinistral and late dextral movements

–

Iso-Kuotko n/a? NW and N
Shear infill and breccias/shear veining associated 
wi�� dex�ral (exclu�ively?) ��rike-�lip ��ear�

NW and N
Minerali�ed ��ear vein� �yn-
chronous with shear zones 

Table 4. Summary of structural features associated with CLGB gold occurrences



Geological Survey of Finland, Special Paper 44 
N. L. Patison

122

rence� reviewed �ere, regardle�� of loca�ion, �ugge�� 
that strike-slip shear movements in southern areas 
are likely to be the same age as D3 ��earing nor�� of 
��e Sirkka �ine�� 

2. The Sirkka Line is a prospective area, but has 
a more complicated relationship to mineralisation 
than might be assumed from the spatial associa-
tion between gold occurrences and Sirkka Line 
structures

Sirkka Line structures represent the major zone of 
prolonged deformation within the CLGB. Through its 
role in aligning volcanic-dominated mafic rocks to the 
north against a sediment-rich sequence to the south, 
the Sirkka Line also generates the major stratigraphic 
and litho-chemical boundary in the area containing 
most gold occurrences. These two factors alone are 
enoug� �o increa�e ��e likely pro�pec�ivi�y of area� 
proximal to the Sirkka Line. Highly deformed zones, 
and the most deformed areas within these (e.g., fault 
jogs and splays), are widely acknowledged as the most 
likely sites for concentrating mineralising fluids (e.g., 
�ox e� al�� 2001)�� 

However, occurrence� coinciding wi�� ��e Sirkka 
Line demonstrate that while it is in general a prospec-
tive zone, care must be taken to understand the more 
detailed events constraining mineralisation to specific 
locations. This is essential because mineralisation ap-
pear� �o po��-da�e ��e D1/D2 structures which dominate 
these areas. For example, despite the Sirkka Line-paral-
lel alteration envelopes associated with mineralisation 
a� ��e �oukinen, Saa��opora and Sirkka occurrence�, 
the N- to NE-striking strike-slip shear zones contain-
ing mineralised breccias at Loukinen clearly suggests 
��a� D3 structures determined the final location of 
mineralisation at this occurrence. Additional timing 
cri�eria a� Saa��opora and Sirkka (a� di�cu��ed) al�o 
indica�e a po��-D1/D2 age for mineralisation.

The Soretiavuoma North occurrence also provides 
some evidence for reactivation of D1/D2 segments of 
��e Sirkka �ine during D3. Like Kaaresselkä, this oc-
currence i� a��ocia�ed wi�� ��rike-�lip ��earing ��a� lie� 
parallel �o pre-exi��ing ��ruc�ure� eviden� in regional 
aeromagnetic images that are within or near the Sirkka 
Line. Regardless of whether these occurrences are or 
are not hosted by reactivated Sirkka Line segments, 
the late timing of mineralisation supports a post-D1/D2 
age for mineralisation.

The focusing of fluids into pre-existing, localised 
irregulari�ie� (��ruc�ural or li��ological) during la�er 
deformation events, and an association between re-
activation of earlier structures and mineralisation 
have been documented as common occurrences in 

similar deformed belts elsewhere (e.g., Colvine 1989; 
Vearncombe et al. 1989; Groves et al. 2000). The 
po�en�ial for �uc� even�� i� �ig� in area� of Sirkka 
Line deformation, and these are critical questions to 
con�ider w�en exploring wi��in ��e�e area� in order 
to determine which zones were more favourable for 
mineralisation during D3�� 

3. Most gold occurrences studied were generated 
during D3 

The relative timing of mineralisation and deforma-
�ion fea�ure� reviewed �ere indica�e� ��a� gold oc-
currence� ��roug�ou� ��e ��GB region are �ypically 
rela�ed �o D3 even��, ��e Pa��avaara depo�i� being a 
po��ible excep�ion�� D3 deformation also appears to 
�ave coincided wi�� ��e general ��GB-wide evolu�ion 
from ductile to brittle deformation conditions. Post-D3 
ductile deformation events were not documented dur-
ing ��i� work, and D3 ��rike-�lip ��ear� are �ypically 
the last major deformation features observed in the 
local deformation sequences established at individual 
gold occurrences. Low-displacement D4 bri��le faul�� 
were occasionally present, but these have little impact 
on mineralised structures.

Minerali�ed ��rike-�lip ��ear� are of�en a��ocia�ed 
with semi-synchronous brittle deformation products, 
which are also mineralised (e.g., mineralised shears 
and veins at Kaaresselkä – Fig. 6; and at Soretialehto). 
These veins are similar in composition to the ore 
breccias they crosscut, and/or to proximal alteration 
mineralogy relating to the shear-associated mineralisa-
�ion a� ��e�e �i�e��� Minerali�ed vein� a� ��e�e occur-
rences are also very planar and undeformed. These 
points suggest that these examples of vein-hosted gold 
mineralisation are products of the late stages of D3�� 
The loose cluster of Pb-sulfide ages shown in Table 3 
are reasonably consistent with the timing of D3, and 
favours mineralisation that is synchronous with or 
immediately post-dating the convergent margin phase 
of CLGB development. 

There is much scope for reviewing the observa-
�ion� and idea� pre�en�ed �ere by applying ��eore�ical 
concep�� propo�ed for ��ruc�urally con�rolled gold 
deposits. More information and interpretations are 
required regarding the impact of regional and local 
scale stress and fluid pressure variations, fluid-chemi-
cal �i��orie�, and ��e effec�� of pre-exi��ing ��ruc�ural 
and li��ological varia�ion� in locali�ing depo�i���� T�e�e 
and other factors have been identified as determining 
sites most likely to become mineralised. (e.g., Cox et(e��g��, �ox e� 
al�� 2001)�� Suc� a review wa� no� ��e purpo�e of ��i�Suc� a review wa� no� ��e purpo�e of ��i� 
paper, bu� under��anding �ow ��ruc�ural fea�ure� a�-
sociated with CLGB gold mineralisation have acted 
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as fluid transporting and focusing mechanisms is an 
overall aim of this research project. The results of 
investigations using whole-rock geochemistry, stable 

isotopes, fluid inclusions and other relevant techniques 
are being added �o ��e ini�ial ob�erva�ion� pre�en�ed 
here to address some of these questions.
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T�e Suurikuu�ikko gold depo�i� i� ��e large�� known gold re�ource in nor��ern Europe�� 
Current resource estimates identify over of two million ounces of gold, and clear potential 
exi��� for fur��er ounce� bo�� a� dep�� and along ��rike of ��e �o�� ��ruc�ure�� T�e depo�i� 
occurs in Kittilä Group rocks of the Early Proterozoic Central Lapland Greenstone Belt 
(CLGB). The CLGB is a vastly under-explored terrane compared to similar gold-bearing 
districts elsewhere despite the presence of numerous gold prospects that are genetically 
similar to those in well-known mining districts (e.g., Yilgarn of Australia, Superior 
Province of �anada)��

Suurikuusikko host rocks are dominantly mafic volcanic rocks. Individual ore lodes 
occur within an over 25-kilometre long strike-slip shear zone (Kiistala Shear Zone) active 
during the later stages of the orogenic development of the CLGB. Gold is refractory, oc-
curring within arsenopyrite (majority) and pyrite as lattice-bound gold or inclusions. 

T�e Geological Survey of Finland di�covered ��e depo�i� in 1986 and ��e Finni�� 
Ministry of Trade and Industry sold it to Riddarhyttan Resources AB in 1998 after an 
international tendering process. In preparation for mine development, Riddarhyttan ex-
panded the resource, obtained permits and completed mine feasibility studies. In 2005, 
Agnico-Eagle Mines Limited took over Riddarhyttan and plans to commence mining 
the deposit as the ‘Kittilä Mine’ in 2008.

Key words (GeoRef Thesaurus AGI): gold ores, host rocks, metavolcanic rocks, shear 
zones, Central Lapland Greenstone Belt, Paleoproterozoic, Suurikuusikko, Lapland 
Province, Finland
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ada. 
3Agnico-Eagle, Finland. Pakatinie 371, FI-99100 Kittilä, Finland. 
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1 See Patison (Table 1, this volume) for a comparison between features  See Patison (Table 1, this volume) for a comparison between features 
defining orogenic gold deposits, and the characteristics of CLGB gold 
mineralisation.

iNtrOdUctiON

The aim of this paper is to provide a practical and 
useful summary of the basic geological characteristics 
and developmental status of the Suurikuusikko gold 
deposit. As the next likely gold-producing deposit 
wi��in ��e �en�ral �apland Green��one Bel� (��GB), 
Suurikuusikko provides a good example of the gold 
po�en�ial of ��e region and ��e ��yle of depo�i�� 
present. Recent information about the deposit and its 
development is available from the following website: 
http://www.agnico-eagle.com (follow links to Kittilä 
Mine page�)��

T�e Suurikuu�ikko gold depo�i� i� loca�ed approxi-
mately 50 kilometres northeast of the town of Kittilä, 
in ��e �ear� of Finni�� �apland�� Suurikuu�ikko i� an 
orogenic gold deposit (as defined by Groves et al. 
19981) occurring within the Palaeoproterozoic Central 
�apland Green��one Bel� (��GB, Fig�� 1)�� T�e �o�� 
rocks, timing of ore formation relative to regional 

Fig. 1. Stratigraphic map of the Central Lapland Greenstone Belt, showing the location of Suurikuusikko, the Kiistala 
Shear Zone, and other known gold prospects. After Lehtonen et al. 1998.
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deformation, metamorphic grade, alteration assem-
blage� pre�en�, and ��ruc�urally con�rolled na�ure of ��e 
deposit make it analogous to better known deposits in 
green��one bel�� ��roug�ou� ��e world�� To illu��ra�e ��i� 

point, a brief comparison will be presented between 
the CLGB and the Ashanti Belt of Ghana, a region 
that shows particular similarities to the CLGB.

rEsEarcH & EXPLOratiON

Early re�earc� a��ocia�ed wi�� Suurikuu�ikko’� 
di�covery and wi�� preparing ��e pro�pec�’� relea�e for 
in�erna�ional �ender wa� conduc�ed by ��e Geological 
Survey of Finland (GTK) (e.g., Härkönen & Keinänen 
1989; Härkönen 1992, 1997; Härkönen et al. 1999a & 
b)�� Sub�equen� and ongoing ��udie� �ave focu�ed on 
e��abli��ing ��e exac� loca�ion of gold wi��in �ulp�ide�, 
examining the metallurgical performance of the ore 
as part of mine pre-feasibility studies, and on gaining 
an improved understanding of the host lithologies 
and structures, deformation history, and geophysical 
signatures of the deposit (e.g., Bolin & Larsson 1999; 
Chernet et al. 1999; Durance et al. 1999; Kojonen & 
Johanson 1999; Sandahl 1999; Kojonen & Pakkanen 
2000; Markström et al. 2000; Markström & Larsson 
2000a & b; Patison 2000; Sandahl 2000a & b; Barclay 
2001; Patison 2001; & Powell 2001)��

GTK Research Assistants P. Puhakka and J. Valkama 
discovered visible gold a few kilometres SSW of 

Suurikuu�ikko in 1986�� Sub�equen� ground geop�y�i-
cal surveys and geochemical sampling lead to the 
identification of the Kiistala Shear Zone (KSZ), and 
follow-up diamond drilling by GTK along the KSZ 
re�ul�ed in Suurikuu�ikko’� di�covery�� By 1996, a 
total of 77 diamond drill holes (9,320 metres) were 
completed by GTK, outlining a resource of 1.5 mil-
lion tonnes with an average grade of 5.9 grams per 
tonne (g/t; or 285,000 ounces of gold). The resource 
boundary was defined over a strike length of just over 
one kilometre, and down to an average depth of ap-
proximately 75 metres.

In April 1998, the Finnish Ministry of Trade and 
Industry announced that Riddarhyttan Resources AB 
�ad �ucce��fully acquired ��e depo�i� and �urrounding 
exploration permits by way of an international tender. 
Riddarhyttan immediately initiated an extensive pro-
gram of infill and step-out drilling on the known zones 
of gold mineralization. Within a year of Riddarhyttan’s 

Fig. 2. Arial view of known ore zones in the Suurikuusikko area (view to the south). Dashed line shows approximate 
scale. Rimminvuoma area (not marked) is approximately 1.5 kilometres north of Northern Rouravaara. (photo by 
courtesy of Riddarhyttan Resources Ab).
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acquisition of Suurikuusikko, the size of the known 
gold resource was more than double the original. 

Exploration conducted following Riddarhyttan’s 
acqui�i�ion of Suurikuu�ikko �a� lead �o a be��er 
delineation of the original mineralised zone, and has 
resulted in the discovery of several new ore zones along 
the host structure (Figs. 2 & 3), and to an increase in 
the size of the resource to over two million ounces of 
gold (Bar�le�� 2002)�� Minerali�a�ion �a� been found 
over a five-kilometre strike length of the host structure 
and ��e ��ruc�ural and ��ra�igrap�ic loca�ion� of ore 
zones are similar. Gold grades well in excess of 10 
g/t intercepted at depths of up to 400 metres below 
surface demonstrate the continuity of mineralised 
zones at Suurikuusikko. 

Riddarhyttan Resources AB initiated mine feasibility 
��udie� on Suurikuu�ikko in ��e win�er of 2000�� T�e 

feasibility initiative encompassed a comprehensive 
campaign of infill drilling, metallurgical test work, 
and engineering studies. Riddarhyttan’s studies an-
ticipated production levels via a combined open pit 
and underground opera�ion of over 125,000 ounce� 
of gold per year for a 9��5-year period (Micon 2001)�� 
In 2004, Agnico-Eagle acquired a 14% ownership 
interest in Riddarhyttan, and in 2005, commenced 
acquisition of the remaining Riddarhyttan shares. 
In June 2006, a decision was made to begin mine 
development. At this time the estimated probable 
reserves for the Kittilä Mine were 2.4 million tonnes 
of gold ore with an average grade of 5.16 grams per 
tonne. The current production estimate is 150,000 
ounces annually for 13 years (Agnico-Eagle Mines 
Ltd. media release 06.05.2006) via a combination of 
open pit and underground mining.

Fig. 3. Long section (vertical, N-S section) of drill core gold assay data from all larger ore zones of Suurikuusikko (as at February 2003). Southeast and 
Main zones appear on the lower section, the SW zone and western section of the Main zone in the upper. Colour gradations indicate grade multiplied 
by the true thickness of mineralised intercepts. Grid squares are 40 m2 each. Surface elevation is approximately 210 metres, and the deepest intercepts 
plotted are at a vertical depth of –280 metres (~500 metres below surface). 2002/2003 Central Rouravaara drilling results and deep intercepts at the 
southern end of the Main Zone have not been included on this plot. A plan map of ore zone strikes is included for reference above the main figure. 

GEOLOGY

Host rocks

Suurikuusikko occurs within rocks of the Kittilä 
Group, a ��ra�igrap�ic uni� of ��e �en�ral �apland 
Green��one Bel� (��GB; �ee �e��onen e� al�� 1998)�� 

The approximately 2.0 Ga Kittilä Group is dominated 
by mafic volcanic rocks and contains smaller volumes 
of metamorphosed sediments, banded iron formation 
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(BIF), ultramafic, intermediate and felsic rocks (Lehto-
nen et al. 1998). The Kittilä Group is the thickest and 
most volcanic-rich package within the CLGB, and has 
a current thickness between six and seven kilometres 
(�uo��o e� al��1989) in ��e Suurikuu�ikko area��

The Kittilä Group is subdivided into two main 
formations: the Kautoselkä Formation, dominated 
by iron-tholeiite igneous rocks; and the Vesmajärvi 
Formation, dominated by magnesium-tholeiite igneous 
rocks. The depositional environment of each Forma-
tion has been interpreted as continental and marine 
re�pec�ively (�e��onen e� al�� 1998)�� I� �a� been �pecu-
la�ed ��a� Suurikuu�ikko occur� a� ��e con�ac� be�ween 
the Kautoselkä and Vesmajärvi Formations, but this 
has not been convincingly demonstrated. Elsewhere 
within the CLGB, the Porkonen Formation, a thin 
sequence of metamorphosed and graphitic shallow 
water sediments, cherts, and BIF separates these two 
formations. Intermediate and felsic rocks also occur 
within the Kautoselkä and Vesmajärvi Formations. All 

Kittilä Group rocks have undergone greenschist-facies 
metamorphism, and the least-altered barren rocks in 
the Suurikuusikko surrounds have assemblages typical 
for rocks metamorphosed to this extent (see Hölttä et 
al. this volume). Widespread carbonate alteration and 
�poradic �odic (albi�e) and po�a��ic al�era�ion �ave ac-
companied regional metamorphism in many areas.

Ou�crop in ��e Suurikuu�ikko area con�i��� only 
of a few man-made outcrops, severely limiting lo-
cal mapping. Several lithological sections through 
Suurikuusikko have been constructed from drill core 
data (Fig. 4). In the area of the ‘Main’ ore zone (Fig. 
4), host rocks grade from mafic pillow and massive 
lavas west of mineralised zones to mafic transitional 
to intermediate lavas (andesite flows of Powell 2001) 
and pyroclastic material within mineralised zones. 
A sediment-dominated horizon including BIF, chert 
and argillitic material occurs at the eastern margin of 
mineralised zones, followed further east by more mafic 
lava packages and ultramafic volcanic rocks. 

Fig. 4. Cross section of the Suurikuusikko Main ore zone. Reconstructed from core log data from numbered drill holes only. The eastern side is in-
tensely folded and the orientation of stratigraphic units on this side represents only an approximate enveloping surface for this folding. The dip of the 
Kiistala Shear Zone is vertical in surface outcrop, but dips steeply to the west at depth (outer limits of intense shearing marked). Red patches parallel 
to drill holes indicate sampled intervals with gold grades of 5 g/t or more.



130

Geological Survey of Finland, Special Paper 44
N. L. Patison, G. Salamis & V. J. Kortelainen

Although shearing is the main factor determining 
the location of mineralisation at Suurikuusikko, host 
rock primary texture and composition also appears to 
be significant. Mineralisation is preferentially con-
cen�ra�ed wi��in uni�� of ��e �o�� ��ra�igrap�y wi�� 
pyroclastic or other clear extrusive textures and/or 
volcano-sedimentary origins. These include lapilli-
bearing and pumaceous material, mafic lava auto-
breccias and slightly reworked volcano-sedimentary 
material. These preferential host rocks (blue units in 
Fig. 4) contain alteration assemblages (leucoxene-
ric�) and o��er pe�rograp�ic evidence �ugge��ing ��a� 
these units have a more intermediate composition than 
the surrounding mafic lavas. Another preferentially 
mineralised unit is a narrow zone (generally under 15 

metres wide) of rock with intense albite and quartz 
alteration that may have had a felsic primary compo-
�i�ion (pink uni� in Fig�� 4)�� T�e�e uni�� are curren�ly 
mapped and logged as intermediate and felsic, but 
detailed geochemical analyses are required to confirm 
these assumptions. 

No mineralisation occurs in ultramafic units, or 
within primary sedimentary material that has expe-
rienced little deformation. Zones of intense shearing 
typically occur at contacts between volcanic-domi-
nated, and sediment-rich material (argillite, chert, and 
BIF in Fig�� 4), and u�ili�e ��e rela�ively weaker rock 
displaying primary textural variation (described above) 
or contact zones between massive lavas.

Host structure

Orogenic events relating to CLGB development 
have generated several phases of deformation. The 
earliest deformation phases preserved (D1, D2) involved 
roug�ly �ync�ronou� N- �o NNE- and S- �o SW-direc�ed 
thrusting at the southern and northeastern margins of 
��e ��GB (Ward e� al�� 1989)�� Nor��we��-, N-, and 
NE-�rending D3 strike-slip shear zones, including the 
Kiistala Shear Zone hosting Suurikuusikko, cut early 
folding and ��ru��ing�� Po��-D3 events are limited to 
brittle, low-displacement faults. A detailed discussion 
of regional deformation events and the deformation 
�i��ory of �everal individual ��GB gold pro�pec�� are 
provided by Hölttä et al. (this volume) and Patison 
(this volume).

The Kiistala Shear Zone (KiSZ) strikes N to NE 
for a distance of at least 25 kilometres. The dip of 
this shear zone in the Suurikuusikko area is steeply 
west to sub-vertical. Known mineralisation occurs on 
N-trending, and less frequently NE-trending (Ketola 
mineralisation only) shear zone segments. All parts of 
the KiSZ drilled to date (an approximately 5.5 kilo-
metre N-trending strike section) are mineralised. The 

KiSZ is a complex structure, recording several phases 
of movement. Aeromagnetic images of the KiSZ 
indicate early sinistral strike-slip movement along 
the zone. Immediately above the widest mineralised 
zones, late dextral strike-slip movements are recorded 
on shear planes bounding mineralised zones. A minor 
degree of west-up movement has occurred, but move-
ment is dominantly strike-slip. The KiSZ overprints 
�everal regional fabric� pre�en� in ��e Suurikuu�ikko 
area ��a� were genera�ed by earlier even��, including 
regional folding��

A strong correlation exists between points of more 
intense shearing within the KiSZ and the amount of 
gold pre�en� in �o�� rock��� I� i� no� ye� clear if ��e 
timing of mineralisation coincides with a combination 
of early and la�e ��earing, or only �o ��e la�er dex�ral 
shearing event which now delineates the limits of gold 
mineralisation in some ore zones. Ongoing work is 
attempting to more accurately predict the controls on 
the location of high-grade mineralisation within this 
complex shear system.

Gold mineralisation

The gold-bearing sulphides have a late timing within 
��e paragene�ic �equence a� Suurikuu�ikko�� Gold-
bearing p�a�e� occur nuclea�ed wi��in ��ear fabric� 
and associated micro-fractures, with lesser amounts 
of dissemination into host rocks. Sulphides and host 
rocks show some evidence for deformation relating to 
post-mineralisation movements on host shear planes, 
but this does not appear to significantly affect the 
continuity of ore zones. Post-mineralisation brittle 
faults crosscut mineralised zones but are not known 
to cause significant displacement of ore lenses.

The majority (73,2%) of gold occurs within arse-
nopyri�e, and vi�ible ar�enopyri�e i� a reliable indica-
tion of the presence of gold within samples. Remaining 
gold occur� in ar�enian-pyri�e (22,7% of gold), and 
as free gold (Kojonen & Johanson 1999). Sub-micro-
�copic gold i� found a� inclu�ion� or �olid-�olu�ion 
la��ice �ub��i�u�ion� wi��in ar�enopyri�e and pyri�e 
(Chernet et al. 1999). Gold as inclusions is common 
in pyrite but rare in arsenopyrite. The composition 
of gold inclu�ion� include� variou� alloy� wi�� �ilver 
and mercury (Chernet et al. 1999). The gold typi-
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cally has a grain size from <1 to 100 µm (Kojonen 
and Johanson 1999; Fig. 5a). Rare stibnite veins and 
amorphous grains contain extremely high gold grades 
and overprint the main ore-bearing sulphides.

In�en�e carbona�e and albi�e al�era�ion are a��ocia�ed 
wi�� gold-bearing ar�enopyri�e and pyri�e (Fig�� 5b)�� 
Ore rock i� in�en�ely albi�i�ed, wi�� albi�e occurring 
as a matrix overprint and as micro-veinlets. Intense 
albi�i�a�ion grea�ly increa�e� ��e �ardne�� of ��e ore, 
but generally extends less than two metres into bar-
ren rock�� �arbona�e al�era�ion include� di��al calci�e 
veins, and dolomite/ankerite veins and infill breccia 
proximal and within ore zones respectively. Carbonate 
veins and breccias are not mineralised, but infill brec-
ciated (tectonically and hydrothermally) mineralised 
and albi�i�ed rock�� ‘Grap�i�ic’ al�era�ion i� a fea�ure 
of most mineralised zones. Other alteration phases 
include albi�e, carbona�e�, leucoxene, and le�� abun-
dan� c�lori�e, �erici�e, ru�ile, �e�ra�edri�e, c�alcopyri�e, 
gersdorffite, chalcocite, sphalerite, pyrrhotite, bornite, 
chromite, galena, talnahkite, and Fe-hydroxides (relat-

Fig. 5. Photomicrograph of gold-bearing arsenopyrite (silver), and pyrite 
(yellow) as seen under reflected light (a). The darkness of the non-sulfide 
matrix results from poor light and does not reflect the true colour of the 
sample. Field of view is 1.2 millimeters wide (after Chernet et al. 1999). 
P�o�ograp�ed poli��ed block Suurikuu�ikko ore (b)�� T�e bleac�ed colour 
of the sample reflects intense albite and carbonate (dolomite/ankerite) 
alteration. This sample is more competent than most ore host rocks, and 
has responded to deformation by fracturing rather than developing intense 
shear fabrics. The veining in this sample is dominantly albite-quartz-car-
bonate. Black material results from minor amounts of amorphous carbon 
within the sample. Field of view is 12 mm long.

ing �o wea��ering) in varying abundance� (��erne� 
e� al�� 1999)�� 

Free carbon (amorphic ‘graphitic’ carbon rather 
than crystalline graphite) also accompanies shearing 
(at least the late dextral phase) and mineralisation. The 
presence of this carbon suggests extremely reducing 
fluid conditions during shearing and mineralisation. 
Gold-bearing sulphides commonly nucleated on shear 
plane�, ��yloli�ic cleavage, and frac�ure� bearing ��i� 
material. Carbon isotope data indicates that this mate-
rial is sourced from carbon-rich sediments within the 
host sequence (Patison, unpublished data). Argillite-
rich horizons intercalated with volcanoclastic material 
have high primary carbon contents, and may have 
been chemically important for localising gold-bear-
ing phases given the association between amorphous 
carbon alteration and mineralisation. 

Gold-bearing p�a�e� �ave no known geop�y�ical 
response, but the KiSZ is best detected as a total mag-
netic field and resistivity lows (Fig. 6). Extreme total 
magnetic field lows potentially relate to the intense 
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albite alteration associated with mineralisation. Most 
highs on total magnetic field maps indicate unminer-
alised sulfide-bearing (pyrrhotite) metasediments, and 
less commonly ultramafic units. Extreme resistivity 
low� �ave a be��er correla�ion wi�� ��earing and �ence 
mineralised zones than total magnetic field lows, and 
are believed to reflect the graphitic alteration associ-
a�ed wi�� ��earing��

Multiple mineralised zones have been discovered 
to date, all of which lie parallel to the margins of the 
KiSZ (Figs. 2 & 3). Table 1 provides examples of 
typical mineralised intercepts within some ore zones. 
The envelopes of mineralisation strike N and have a 

Fig. 6. Geophysical response of the Kiistala Shear Zone – magnetic total field (a), and electromagnetic (slingram) out-of-phase image (b) covering 
a 2.2-kilometre area including the Ketola, Etelä, SW, SE and Main ore zones. Mineralised zones correlate with lows in the total magnetic field lows 
(blue areas in Fig. 6a), and resistivity lows (blue areas in Fig. 6b) in electromagnetic measurements. These anomalies mostly indicate alteration associ-
ated with mineralisation (albitisation and graphitic carbon respectively). Only the western margin (best seen in Fig. 6b) of these anomalies has been 
explored to date. Magnetic highs (red areas) and resistivity highs (orange areas) reflect variations in host rock composition. Value ranges: Figure 6a: 
–50 to +400 nT; Figure 6b: –40 % to +30 % anomaly field (14 kHz at 50 metres). Data used with permission of Riddarhytten Resources AB.

moderate northerly plunge (Fig. 3). Some zones in the 
Ketola area have a NE strike direction, but appear to 
maintain the same plunge as other zones. The control 
on the northerly plunge of ore zones is not completely 
resolved. Factors to be explored in attempts to resolve 
the cause of ore zone plunges include the role of in-
tersections between multiple shear planes, and of the 
in�er�ec�ion� of depo�i�ional �urface� and ��ear plane��� 
The orientation of regional fold axes may also have 
a role in determining favourable sites for mineralisa-
�ion during ��earing�� Suc� i��ue� canno� be re�olved 
wi��ou� be��er expo�ure of ��e depo�i��� 
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cOMParisON BEtWEEN tHE cLGB aNd tHE asHaNti BELt Of WEst africa.

T�e ��GB lack� ��e re�earc� and explora�ion �i�-
�ory �o be a� in�erna�ionally recogni�ed a� o��er gold 
producing greenstone belts. However, the number of 
known prospects, the style of gold mineralisation at 
each, and associated host rocks and structures make 
the CLGB extremely similar to better-known belts. 

To illustrate this point, a very brief comparison will 
be given between the CLGB and the Ashanti Belt of 
G�ana (Table 2)�� 

These two districts differ in terms of overall belt 
geometry, and more significantly by the amount of 
exploration which has occurred in each. The Ashanti 

Table 1. Example ore intersections for selected Suurikuusikko ore zones (modified after Bartlett 2002). Ore zone locations are 
shown in Figures 2 and 3 (except Rimminvuoma). Note that several of the holes in this table contain multiple mineralised sec-
tions, although only one section may be included in this table.

Zone drillhole
number

Northing
(m)

Example mineralised
section length (m)

averaged
grade of section (g/t)

Ketola 02114 7534650 6��40 4��20

Ketola 02107 7535090 7��00 11��10

Ketola 02107 7535090 3��20 7��10

Ketola 02104 7535135 10��70 4��00

Etelä R407 7535437 7��00 7��50

Etelä 01802 7535480 5��60 8��60

Etelä 02039 7535535 8��10 9��50

SW R505 7535937 15��00 5��20

SW R498 7535978 7��00 13��40

SW R471 7536019 6��30 11��60

SE 00710 7535980 4��10 10��40

Main R473 7536224 14��00 10��40

Main R504 7536244 10��80 9��10

Main 00717 7536265 14��30 10��60

Main R478 7536266 18��20 5��10

Main 99002 7536303 18��20 16��50

Main R479 7536306 26��80 17��30

Main 00730 7536315 18��90 9��10

Main 98004 7536345 29��60 11��90

Main 00903 7536365 46��20 8��90

Main 99010 7536505 16��90 5��10

Main 99001 7536509 25��40 8��00

Main 99008 7536665 21��00 6��20

Main 99011 7536705 20��10 7��20

Main 02019 7536945 10��40 5��50

Southern Rouravaara R507 7537203 9��10 4��30

Southern Rouravaara 02043 7537500 4��20 8��70

Central Rouravaara 02051 7537850 16��40 3��30

Northern Rouravaara 00210 7538050 9��00 8��80

Northern Rouravaara R517 7538100 11��80 5��20

Northern Rouravaara R514 7538200 18��00 5��40

Rimminvuoma 00307 7539400 5��40 4��50
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Belt is a linear greenstone-dominated sequence 
w�erea� ��e ��GB i� a non-linear �ec�ion developed 
within the more linear Karasjok-Kittilä Greenstone 
Belt extending from northern Norway to western 
Russia. Over 200 years of geological work has been 
conducted in the Ashanti Belt, but the CLGB has 
only undergone limited exploration and study for ap-
proximately the last 30 years. This difference makes 
it unrealistic to compare gold production figures in 
each belt at this stage. However, the composition of 
��e regional �o��-rock package, �o��-rock age�, ��e 
nature and scale of mineralised host structures, and 
the style of gold mineralisation present within the two 
Belts are similar.

The Ashanti Belt is a NNE-trending, linear, shear-
bound belt of Early Proterozoic greenstones, including 
metamorphosed tholeiitic basalts, lesser amounts of an-
de�i�e�, and in�ercala�ed grap�i�ic p�ylli�e� (Ei�enlo�r 
et al. 1992). This sequence is essentially the same as 
that throughout the CLGB, although meta-sedimentary 
rocks in close contact with mafic volcanic rocks more 
commonly host gold deposits within the Ashanti Belt. 
Intrusive rocks are present in similar volumes in each 
belt. Like the Sirkka Line and KiSZ (CLGB; Fig. 1), 
major structures within and bounding the greenstone 

package of the Ashanti Belt spatially correlate with 
known deposits. For example, the Obuasi deposit oc-
cur� wi��in ��eeply dipping NNE- and NE-�rending 
shear zones with an overall strike length of over 24 
kilometres (Oberthür et al. 1997). This shear zone is 
similar in strike length to the KiSZ. 

The most significant similarity between the CLGB 
and Ashanti Belt is the style of gold mineralisation oc-
curring within each. The Obuasi area (western Ashanti 
Belt) has two different types of gold mineralisation, 
the dominant of which is disseminated auriferous arse-
nopyri�e wi�� a��ocia�ed pyri�e and pyrr�o�i�e, like ��e 
ar�enopyri�e-ric� Suurikuu�ikko ore�� T�e �econd �ype 
of mineralisation common to the Obuasi area is high 
grade, non-refractory quartz-vein hosted gold. Gold-
bearing vein� found in ou�crop led �o ��e di�covery 
of Suurikuu�ikko, al��oug� vein-�o��ed gold i� no� a 
feature of the major mineralised zones. Vein-hosted 
free gold is present at the gold prospects immediately 
north and south of Suurikuusikko, at the Iso-Kuotko 
(dominantly vein-hosted gold) and Soretialehto (brec-
cia and vein-hosted gold) prospects. The two mined 
��GB gold re�ource�, Saa��opora and Pa��avaara, 
also contained vein-hosted gold as major and second-
ary ores respectively (Eilu 1999). Other similarities 

Table 2. Comparison between the Central Lapland Greenstone Belt (Finland) and Ashanti Belt (Ghana).

ashanti Belt
(data from Oberthür et al.1998)

central Lapland Greenstone Belt
(data as referenced)

Ages Host rocks:           Early Proterozoic
Au mineralisation:   2.1 – 2.0 Ga

Host rock:            Early Proterozoic
Au mineralisation:   Dates cluster at 
                        1��89-1��82 Ga
                        (Mänttäri 1995; available
                        data limited)  

Ore �ype� 1. Disseminated sulfide ore bodies associated 
with shear zones. Arsenopyrite as major gold 
hosting phase. E.g. Ashanti Mine (>30 million 
ounces); Prestea Mine (>3 million ounces); 
Bogosu Mine (>3 million ounces)

2. Vein-hosted gold in sulfides and/or as na-
tive gold. E.g., Ashanti Mine (> 50 million 
ounce�); Pre��ea Mine

3. Paleoplacer quartz pebble conglomerate 
hosted ore. E.g., Tarkwa Mine (>3 million 
ounces); Iduapriem Mine (> 3 million ounces)

1. Gold in disseminated sulfides associated with shear 
zones. Arsenopyrite as major gold hosting phase. E.g., 
Suurikuusikko (>2 million ounces; Bartlett 2002)

2. Vein- and associated breccia-hosted ore. Gold in 
sulfides and/or as native gold. E.g., Pahtavaara (> 0.5 
million ounces, partly vein hosted; Eilu 1999); Saat-
topora (> 0.2 million ounces, mostly vein hosted; Eilu 
1999); Iso-Kuotko (> 0.05 million ounces, vein and 
breccia �o��ed; Eilu 1999)

3. Paleoplacer gold noted within the Kumpu Group, the 
uppermost stratigraphic unit of the CLGB (Härkönen 
1984)

Estimated past 
re�ource�

Estimated cur-
ren� re�ource�

�eng�� of 
explora�ion 
ac�ivi�y

> 80 million ounces

> 50 million ounces

200+ years

<0.5 M ounces (Eilu 1999)

>2 million ounces (Suurikuusikko current resource only)

Approximately 30 years (+ limited earlier activity). Ac-
cessible to foreign exploration companies for just over 
10 year�
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sUMMarY 

Suurikuusikko is an orogenic gold deposit compa-
rable �o depo�i�� in gold-producing green��one bel�� 
el�ew�ere in ��e world�� I� al�o lie� wi��in an under-
explored region, bu� ��e gold po�en�ial of ��e ��GB i� 
fast becoming recognised by international exploration 
companies. The total resource potential of the CLGB 
cannot yet be compared to other producing areas due 
the small amount of exploration and development 
ac�ivi�y conduc�ed in ��e region �o da�e�� De�pi�e ��i�, 
the comparison presented between the Ashanti Belt 
and CLGB highlights the similarities between host 
rock age and type, host structures, and mineralisation 
��yle� be�ween ��e ��GB and one be��er-known gold 
producing region�� 

Gold mineralisation at Suurikuusikko is refractory, 
the sub-microscopic gold occurring as lattice substitu-
tions and inclusions mostly within arsenopyrite, but 
also within pyrite. Although quite evenly distributed 
throughout ore zones, in detail gold-bearing sulphides 
occur mostly on graphitic shear fabrics, stylolitic 
cleavages, and micro-fractures. Strong correlations 
exi�� be�ween gold and ��ear in�en�i�y, in�en�e albi�e 

alteration, the presence of free (‘graphitic’) amorphous 
carbon, and pyrocla��ic and volcanocla��ic �o�� uni�� 
with a more intermediate composition than surround-
ing rocks. All ore zones are bound within the Kiistala 
Shear Zone, with the better-delineated zones plunging 
moderately north. The consistency of alteration and 
mineralisation styles along the strike sections of the 
Kiistala Shear Zone explored to date (over 5.5 kilo-
metres of strike length), and down plunge of identified 
zones (to a depth of 400 metres) clearly demonstrates 
the potential of the KiSZ to host more gold.

Ongoing geological work is aiming to better un-
derstand controls on Suurikuusikko mineralisation 
by constructing three-dimensional models of the 
di��ribu�ion of ��ra�igrap�y, al�era�ion, �ulp�ide� (ar-
senopyrite and pyrite distribution) and shear zones. 
T�i� work, explora�ory drilling �o �e�� idea� abou� �o�� 
��ruc�ure�, and ��e availabili�y of new expo�ure� a� 
mine development proceeds will increase our current 
understanding of the geometry of Suurikuusikko ore 
lodes and ore controlling mechanisms. 
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rEfErENcEs

include the presence of refractory gold (grain size of 
< 1 micron to 35 microns at the Bogosu and Prestea 
Mines; Mumin et al. 1994), and the highly reducing 

carbon-rich assemblages associated with most ores 
of the Ashanti Belt (Mumin et al. 1996).
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Hulkki, H. & Keinänen, V. 2007. The Alteration and Fluid Inclusion Characteristics ofThe Alteration and Fluid Inclusion Characteristics of 
the Hirvilavanmaa Gold Deposit, Central Lapland Greenstone Belt, Finland. Geological 
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The Hirvilavanmaa gold deposit is situated in the southern part of the Central Lapland 
Greenstone Belt. First indication of mineralization in the area was a polymetallic till and 
stream sediment anomaly with Cu, Co, Au, As, Mo and W contents detected in 1983. 
The area consists mainly of pyroclastic komatiites altered into albite-carbonate-chlorite 
and carbonate-dominated assemblages. The area is at the intersection of the NW trending 
Sirkka Shear Zone and N–S trending fault. At Hirvilavanmaa, the altered rocks define 
a NNE trending zone 270 m long and 90 m wide where quartz breccias and veins form 
roughly N–S trending subzones. The rocks around the quartz breccias are impregnated 
with pyrite whereas hematite occurs further from the veins. Native gold occurs as small 
inclusions and fracture fillings both in pyrite and in vein quartz and carbonate. Four stages 
of alteration have been established at Hirvilavanmaa. The earliest stages of alteration 
are hydration and albitization. Later, the rocks were fractured and the alteration more 
closely associated with the gold-mineralization is pyritization, silification, carbonatiza-
tion, hematitization, and minor tourmalinization and albitization. This was followed 
by late carbonation. During alteration chemical changes were rather small. The most 
intensely altered zone is clearly defined by the increased levels of CO2, S, Cl, Na and 
Au which are considerably higher than in the distal alteration zones. Three types of fluid 
inclusions were recognized at Hirvilavanmaa; Type I and II represent H2O-CO2-salt 
fluids with varying H2O/CO2. Type III fluids are CO2-bearing H2O-(CO2-Solid)-salt 
fluids. The salinities of fluid inclusions show a variation from 5 to 22 equivalent weight 
percent NaCl. Phase separation and interaction between wall rock and hydrothermal fluid 
were mechanisms which influenced gold precipitation at Hirvilavanmaa. The minimum 
conditions at the beginning of opening of the fracture system were 330–370ºC and 
about 3000 bars. After the main opening of the fracture zone, the pressure fluctuated 
between 1000–2200 bars due to deformation, cracking and sealing of the vein systems, 
and mineralization took place at 220–310ºC. At the late stages of mineralization and 
alteration, the late fluids migrated through the system reacting with the host rocks and 
causing further carbonatization.

Key words (GeoRef Thesaurus AGI): gold ores, komatiite, alteration, geochemistry, quartz 
veins, fluid inclusions, microthermometry, P-T conditions, Central Lapland Greenstone 
Belt, Paleoproterozoic, Hirvilavanmaa, Lapland Province, Finland
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The Hirvilavanmaa gold deposit is situated in the in 
��e �ou��ern par� of ��e �en�ral �apland Green��one 
Belt, 15 km northeast from the Kittilä town (Fig. 1). 
The resource at Hirvilavanmaa is estimated at 0.11 Mt 
at 2.9 g/t (Scan Mining, 2002). Detailed geochemical 
studies by the Geological Survey of Finland (GTK) 
started in the area in 1983 (Johansson et al., 1986). 
These studies revealed a polymetallic till and stream 
moss anomaly with high Cu, Co, Au, As, Mo and 
W values. Further investigations (till geochemistry, 
ground geop�y�ic�, �renc�ing and drilling) led �o ��e 
discovery of mineralized zones; one enriched in tung-
sten (Soretiapulju) and three in gold (Soretiavuoma N, 
Hirvilavanmaa and Soretialehto). The results of the 
explora�ion ac�ivi�ie� (1985–1990) of ��e area �ave 
been reported by Keinänen, 1987; Keinänen et al., 
1988; Härkönen and Keinänen, 1989; Keinänen and 
Hulkki, 1992; Keinänen, 1994, Keinänen and Holma, 

iNtrOdUctiON

Fig. 1. Location of the Hirvilavanmaa deposit in the Central Lapland Greenstone Belt.

2001�� In ��i� paper, only ��e gold depo�i� a� Hirvila-
vanmaa is described and discussed in more detail.

The study area mainly consists of ultramafic rocks 
of komatiitic affinity (Table 1). Due to hydrothermal 
alteration and deformation, the ultramafic rocks are 
now repre�en�ed by variou� kind� of �c�i���, albi�e-
carbona�e-c�lori�e-�erici�e rock� and carbona�e rock� 
including green fuchsite altered varieties (commer-
cially marketed as “chromian marbles”) (Fig. 2). The 
ultramafic rocks are magnetite rich and are, hence, 
easily identified in magnetic maps which shows that 
the komatiites strike NW in the area. Sulphide-bearing 
graphite-rich schists occur to the east of the ultramafic 
schists and also as intercalated lenses among the lat-
ter. Mafic volcanic rocks, predominantly tuffites, are 
present in the northeastern part of the area. Quartz-
i�e�, wi�� a��ocia�ed albi�e rock�, are loca�ed a� ��e 
�ou��we��ern par� of ��e ��udy area�� T�e �upracru��al 
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�equence i� in�ruded by doleri�e� of variable albi�e 
con�en� and by albi�e porp�yry �ill��� T�e NW �rending 
Sirkka Shear Zone (SSZ) crosses the area. Another fault 
or shear zone, running roughly north-south, has been 
identified in induced polarization ground survey in the 

area. All rocks in the area have been metamorphosed 
under green�c�i�� facie� P-T condi�ion��� Hence, ��e 
prefix “meta” is implied but omitted from the names 
of ��e rock �ype���

Fig. 2. Generalized geological map of the study area. Basemap © National Land Survey 521/MYY/07

tHE MiNEraLiZEd ZONE aNd its VEiN MiNEraLOGY

General characteristics

At Hirvilavanmaa, the altered rocks define a NNE 
trending zone which is 270 m long and 90 m wide 
(Fig. 3). The altered domain is divided into three zones: 
distal, proximal outer and proximal inner zone (Fig. 
3)�� The distal zone consists of talc-chlorite-amphibole 
schist and the proximal outer zone of albite-carbon-
ate-talc-chlorite schist. Albite-carbonate-chlorite 
rock represents the most intensely altered inner part. 
Quartz breccias and veins form nearly N-S trending 
narrow zones which commonly are located at or 
near ��e con�ac�� be�ween ��e in�en�ely and weakly 
altered rocks. The rocks around the quartz veins and 
breccias are pyrite altered whereas hematite occurs 
further from the veins. The altered domain and the 

quartz breccias are intersected by late stage quartz 
veins. These younger veins are gold-rich (up to 30 g/t 
Au) and have a strike of N10W-N15W. The gold-rich 
lode� are narrow len�-like bodie� w�ic� coincide wi�� 
the zones of quartz breccias and veins (Fig. 3) and, 
�ypically, ��e �ig�e�� grade ore i� pyri�e ric��� 

The altered rocks have been interepreted to be mainly 
pyroclastic komatiite in origin. Textural features in the 
sequence suggest that minor volumes of mafic rocks are 
pre�en� in ��e �o��ing �equence, �oo�� T�e lea�� al�ered 
komatiitic rock detected in the area has a metamorphic 
mineral assemblage of amphibole, chlorite, sphene, 
chromite, magnetite and minor amounts of carbon-
ate and talc. Destruction of amphibole and sphene, 
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Veins chiefly comprise quartz, carbonate and albite. 
Some of them are clearly deformed and boudinaged. 
The veins typically have marginal zones composed of 
albite and in some cases of carbonate and tourmaline. 
T�e vein� con�ain pyri�e and c�alcopyri�e w�erea� ��e 
late stage quartz veins contain chalcopyrite, pyrite and 
pyrr�o�i�e �oge��er wi�� carbona�e in frac�ure� in ��e 
vein quartz. Native gold occurs as small inclusions or 

fracture fillings (locally together with chalcopyrite and 
carbona�e) in pyri�e (Fig��4b)�� Gold grain� �ave al�o 
been observed in vein quartz and carbonate. In addi-
�ion �o gold, c�alcopyri�e, ru�ile, galena, �e�ra�edri�e, 
tellurides, molybdenite, monatzite and Y-phosphate 
inclusions have been documented in pyrite (Härkönen 
and Keinänen, 1989).

Fig. 3. Generalized geological setting of Hirvilavanmaa gold deposit and a cross-section of the alteration zone and 
i�� gold concen�ra�ion���

Vein mineralogy

formation of albite, rutile and hematite and increase 
of the volume of carbonate and talc characterize the 
distal alteration zone. The transition from the distal 
into the proximal alteration zone is gradual and in-
dicated by a considerable decrease in the amounts of 
�alc, c�lori�e, and �r- and Fe-oxide�, and an increa�e 
in the amounts of albite, carbonate and pyrite. In the 

inner proximal alteration zone, rutile and quartz are 
common accessory minerals. The rocks of the proximal 
alteration zone lack the planar tectonic fabric typical 
for unaltered rocks and distal alteration zone and 
usually have coarser grain-sizes than the rocks of the 
distal alteration zone.
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Four ��age� of al�era�ion �ave been e��abli��ed a� 
Hirvilavanmaa (Fig. 5). These are described below 
from the earliest to the latest. The earliest stage of 
al�era�ion ob�erved in ��e area i� �ydra�ion w�ic� 
caused the formation of talc and of chlorite. The hydra-
�ion even� i� regional in na�ure and i� no� re��ric�ed �o 
that area where the Au-mineralization took place. At 
that stage, the metamorphic amphibole was replaced 
by �alc and c�lori�e, �p�ene by ru�ile and la��-��aped 
rutile-hematite clusters were formed probably as an 
alteration product of ilmenite grains. Low-degree car-
bonatization is related to this stage and is demonstrated 
by carbonate-talc microveinlets. In these veins, some 
biotite was also observed, otherwise K-metasomatism 
is negligible at Hirvilavanmaa.

Hydration was followed by the albitization. Chlorite 
and talc, as well as minor rutile, commonly occur as 
inclu�ion� in an�edral and ragged albi�e grain� �uppor�-
ing the suggestion that the main stage of albitization 

po��da�e� ��e �ydra�ion even��� However, �ydra�ion 
and albitization probably are more overlapping than 
shown in Figure 5, and albitization may just signify 

Fig. 4. Typical ore mineral parageneses at Hirvilavanmaa:
a) Chromite-magnetite-pyrite (chalcopyrite as fracture fillings).
b) Gold as fracture fill in pyrite
c) Pyrite replaced by hematite

CA

HYdrOtHErMaL aLtEratiON

Hydration and albitization

Fig. 5. Generalized sequence of alteration at Hirvilavanmaa. Line thick-
nesses schematically depict the relative quantities of the mineral formed. 
Do��ed line� repre�en� uncer�ain�ie���

B
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a higher degree of fluid-wall rock interaction. Albite 
grains occur as dissemination and form discrete veins 
which commonly contain fan-shaped talc clusters 
��owing ��a� ��e precipi�a�ion of �alc con�inued during 
the albitization. Albitization consumed chlorite causing 
a distinct decrease in the chlorite amount where the 
albitization was intense. Some of the carbonate follows 
the mode of occurrence of albite and seems to be in 
equilibrium with it. This carbonate is usually fine-

grained and forms well-developed crystals. In addition, 
carbonate forms coatings with and without tourmaline 
along the quartz-rich vein walls. These observations 
suggest that the end of the main albitization event and 
the beginning of fracturing were accompanied by the 
carbonatization and that the early carbonatization may 
mark the beginning of the alteration events which are 
more closely related to the brittle deformation, quartz 
veining and gold mineralization.

Brittle deformation, and associated alteration

After hydration and albitization, the rocks were 
fractured and the alteration more closely associated 
with the Au-mineralizing fluids begun. Pyrite quite 
commonly contains inclusions of chlorite, albite, talc, 
rutile and in some cases carbonate supporting the idea 
that pyritization postdates hydration and albitization. 
Pyrite was formed at the expense of chlorite and 
magnetite. Pyrite grains in irregular stripes of chlorite 
are in some cases surrounded by talc indicating that 
MgO and SiO2 released from pyritized chlorite were 
partly preserved in the host rock by the formation of 
talc. However, the formation of talc at this stage was 
negligible compared to the early hydration stage.

The spatial association of pyrite with quartz-rich 
zones suggests that silification was partly contem-
poraneous with pyritization. In addition to discrete 
quartz veins, silification caused the precipitation 

of secondary quartz in the wall rocks. At this stage, 
also some tourmaline was precipitated along the 
vein margins or into the wall rocks. Minor albite was 
formed as shown by some quartz-rich veins having 
albite-rich selvages. Much more hematite seems to 
have been formed with pyrization than during the 
early �ydra�ion even��� However, ��e differen� �pa�ial 
distribution of these minerals (pyrite occurring closer 
to the quartz breccias) could indicate that the fluids 
which were penetrating from vein fractures into wall 
rock changed towards more oxidating state along their 
fluid paths or, alternatively, there were gross changes 
in the redox potential of the fluid in the course of time. 
T�e c�ange in ��e redox po�en�ial i� al�o �uppor�ed by 
��e ob�erva�ion of pyri�e locally being par�ly replaced 
by hematite (Fig. 4c).

Late carbonatization

The last major stage of alteration at Hirvilavanmaa 
is the carbonatization. The late carbonate has intensely 
replaced talc, quartz, chlorite and amphibole as well 
as forms overgrowths on the well-developed crystals 
of early carbonate. The late carbonatization has also 
destructed the fine-grained textures of the early car-
bonate by recrystallization and formation of larger 
grains which now replace the surrounding minerals. 
Due �o ��e de��ruc�ive ��yle of ��e la�e carbona�ion, 
it is difficult to separate the two generations of car-
bonatization and estimate their intensities. In spite of 
this, it is suggested that the late carbonatization was 
much more pronounced than the early one.

The late carbonatization postdates the formation of 
quartz breccias, but the precise relationship with the 
late stage quartz veins remains unclear. As indicated 
by ��e do��ed line� and arrow� in Figure 5, i� i� po�-
sible that the late carbonatization is a contemporane-
ous event with the formation of the late stage veins. 
T�e�e vein� could repre�en� ��e la�e�� ��age of ��e 
mineralizing event gaining their quartz in response to 
��e la�e �O2-metasomatism, which released SiO2 from 
carbonated minerals into circulating fluids.
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GEOcHEMicaL fEatUrEs Of aLtEratiON

rather small. There are no significant differences in 
mobility for Mn, Ni and P across the altered domain. 
On the other hand Na, K, Mg, Cr, Fe, S, CO2, �l2 and 
Cu seem to have been mobilized in contrasting way 
during al�era�ion (Fig�� 7), a� di�cu��ed below��

The distal alteration zone both in the hanging wall 
and in the footwall is distinguished from the proximal 
outer zone by its very low CO2, Na2O and S level��� 
The level of K2O i� very low in ��e w�ole al�era�ion 
zone, although clearly elevated in the hanging wall. In 
mineral assemblage, this relates to a weak biotitization 
of the rocks. The change from distal to proximal outer 
zone is easy to recognize with the increase in CO2 and 
Na2O. The most conspicuous is the increase of Cu 
and CaO, which define the proximal outer zone (see 
Fig�� 7)�� Probably ��i� i� due �o c�alcopyri�e- bearing 
calci�ic veinle����

The proximal inner alteration zone is clearly defined 
by ��e increa�ed level� of �O2, S, �l, Na2O and Au, 
a� ��eir concen�ra�ion� are con�iderably �ig�er ��an 
in the other parts of the area. Also, the level for Fe 
i� �lig��ly eleva�ed�� On ��e o��er �and, ��e level for 
MgO and SiO2 are lower in the most intensely altered 
par��� T�e deple�ion of SiO2 and MgO �ugge��� ��a� 
those elements were mobilized into the fluid and were 
precipitated in carbonate-quartz veins.

Following trends are possible to find in the section 
across the altered domain and mineralization (Fig. 
7)�� T�e �rend� of Na2O/Al2O3, S/Al2O3 and �O2/Al2O3 
are similar. Clear increase from the distal zone to the 
proximal zones indicates that the degree of mobility 
of these components increases with proximity to gold 

Fig. 6. Chemical compositions of altered komatiitic volcanic rocks from Hirvilavanmaa presented on Jensens cation 
plot and on CaO-MgO-Al2O diagram. Compositional fields as defined by Jensen (1976), Viljoen and Viljoen (1969), 
and Viljoen et al. (1982).

Although intensely altered, all ultramafic rocks from 
Hirvilavanmaa are situated in the field of ultramafic 
komatiites in the Jensen (1976) cation plot (Fig. 
6). The fine-grained albite-quartz-carbonate rocks 
detected in some of the holes drilled clearly differ 
from the komatiites by plotting close to the field of 
��oleii�ic ba�al���

The chemical changes related to alteration were 
studied in the samples from the drill hole R335 which 
cuts across the entire altered domain from the hanging 
wall to the footwall (Fig. 3). Samples (each 20-30 cm 
of drill core) were taken every five metres avoiding 
the quartz-rich types. Thus, the samples represent 
altered host rocks and are not diluted by vein mate-
rial. Altogether 30 samples were taken representing a 
section 153.30 m wide. The elements Na, Mg, Al, Si, 
P, K, Ca, Ti, Mn, Fe, S, Cl, Sc, V, Cr, Ni, Cu, Zn, Ga, 
As, Rb, Sr, Y, Zr, Nb, Mo, Sn, Sb, Ba, La, Ce, Pb, Bi, 
Th, U were analysed by XRF, and C by Leco, in the 
Espoo laboratory of the GTK. Gold was analysed in 
the Rovaniemi laboratory of the GTK by FAAS.

The possible immobility of the elements was first 
checked by plotting the most common immobile ele-
ments (MacLean and Kranidiotis, 1987) against each 
other. This procedure indicated aluminium being the 
most immobile element at Hirvilavanmaa. Mobile 
– immobile element ratios were then used to examine 
the chemical changes related to alteration. By this 
method, the general trends of chemical changes were 
possible to define at Hirvilavanmaa.

The examination of the mobile element-Al2O3 ra�io 
revealed that during alteration chemical changes were 
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mineralization. The slightly rising trend of SiO2 /Al2O3 
and MgO/Al2O3 with depth is clear. Also, its worth of 
no�icing ��a� ��e level of Na2O remains much higher in 

��e foo�wall ��an in ��e �anging wall�� T�e�e fea�ure� 
may hint for another intensely altered and mineralized 
zone in depth.

Fig. 7. Chemical trends across the drill hole DH 335. Color of the symbols as in figure 6.

fLUid iNcLUsiON stUdY

A fluid inclusion study was performed in order to 
provide information on the fluids associated with min-
eralization at Hirvilavanmaa. Temperature, composi-
tion and density data obtained from the fluid inclusions 
in the quartz-carbonate veins and breccias were used 

to estimate pressure-temperature conditions at which 
the gold mineralization took place. The fluid study was 
al�o in�ended �o iden�ify ��e proce��e� w�ic� cau�ed 
or influenced the gold precipitation.

sampling and methods

The fluid inclusion study is based on seven sam-
ples. The samples were taken from gold-bearing 
quartz-carbonate veins and breccias and they prob-

ably repre�en� differen� ��age� of veining during ��e 
mineralization. Altogether, nine double-polished 
quartz plates 0.2-0.3 mm thick were prepared from 
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these samples. Unfortunately, some samples were 
partly unfavourable for fluid inclusion study due to 
the deformation and recrystallization of vein quartz 
which had nearly completely destroyed the oldest 
populations of fluid inclusions. Also, the small size 
of inclusions in many cases restricted or prevented 
good and accurate measurements.

Microthermometric measurements were made on 
a Fluid Inc. heating-freezing stage and on a Linkam 

THMS 600 programmable heating-freezing stage 
attached to a Leitz Ortholux Pol transmitted light mi-
cro�cope (S�ep�erd e� al��, 1985)�� T�e ��age� were cali-
brated with synthetic fluid inclusion standards (Sterner 
and Bodnar, 1984). Precision in the measurements of 
the temperatures of phase changes ranged from 0.2ºC 
for temperatures below +30ºC to the maximum error 
of 3.0ºC for higher temperatures.

Table 2. Fluid types and microthermometric data of fluid inclusions from Hirvilavanmaa

cO2
Vol%

tmcO2
°c

thcO2
°c

tminitial
°c

salinity*
Wt% Nacl 

equiv

th(L-V)
°c

thtot**
°c

type i H2O-cO2, P-Ps

Breccia, P
(57) 22 – 48 -56��9 –  

-57��3
5��5 

– 24��1 -30��5 8��9 – 12��5 (c) 347 – 369

Breccia, PS
(57) 6 – 18 -57��1 –  

-57��8
19��6 

– 29��7
-40��5 – 
-28��3 16��1 – 19��2 (c) 160 – 252

Breccia, P-PS
(59) 5 – 30 -56��5 –  

-57��6
13��8 

– 30��4
-42��0 – 
-27��3

9��3 – 15��2 (i)
8��1 – 15��8 (c) 205 – 335

Waning phase, P
(61, 63) 5 – 23 -56��7 – 

-59��7
19��4 

– 28��3
-38��6 – 
-33��1

9��3 – 14��0 (i)
11��6 – 13��3 (c) 223 – 264

Young veins, P-PS
(27, 28) 7 – 25 -57��4 – 

-57��9
17��3 

– 26��9 - 17��7 – 19��8 (i)
16��4 – 17��1 (c) 181 – 233

type ii cO2-H2O, P-Ps

Breccia, P-PS
(57, 59) 70 – 100 -56��4 – 

-57��3
-5��5 

– 22��9 - 5��0 – 6��4 (c) 246 – 319

Waning phase, P
(61, 63) 80 – 90 -56��8 – 

-56��9
-3��5 

– 3��6 - - -

type 
iiia

H2O-(cO2-solid), 
P-Ps

Breccia, waning 
phase, young veins
(27, 28, 57, 63)

-40��9 – 
-28��9 

13��1 – 22��2 (i) 145 – 252 189 – 248

type 
iiiB H2O-(cO2)-solid, s

Breccia, waning 
phase, young veins
(27, 28, 57, 61, 63)

-45��2 – 
-32��2 19��8 – 22��5 (i) 92 – 165 153 – 235

P primary inclusions, PS pseudosecondary inclusions, S secondary inclusions
* Salinity is derived from final melting temperatures of ice (i) and clathrate (c)
** The total homogenization temperature = TmHalite (the last event is a dissolution of halite)

Nature and occurrence of fluid inclusions

Fluid inclusions were mainly examined in vein 
quartz and some inclusions were possible to identify 
in vein carbonate. Three types of fluid inclusions were 
recognized in the studied samples (Table 2). The clas-
sification of the fluid inclusions is based on their phases 
present at room temperature, their mode of occurrence 
and their cooling behavior. Commonly, fluid inclu-
sions form intra- and intergranular trails representing 
healed fractures now lined by fluid inclusions, or they 

occur in sparsely populated clusters in relatively small 
areas. Some isolated individual inclusions were also 
recognized in the samples.

Type I–II fluid inclusions are CO2-ric��� T�e volu-
metric portion of CO2 ranges from 5 to 100 percent. 
Typically, these inclusions are small (Ø <10–15 µm) 
with their shape varying from ellipsoidal to well-
formed negative crystal shapes. In some cases, they 
con�ain �ran�paren� and opaque �olid p�a�e(�)�� �O2-
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rich inclusions form short trails and sparsely populated 
small clusters and locally occur as isolated inclusions. 
These trails and clusters are confined to individual 
quartz grains and do not transect grain boundaries. This 
mode of occurrence indicates that the fluid inclusions 
may be primary and/or pseudosecondary in origin in 
respect to vein quartz and carbonate. In the samples 
of ��e waning ��age, inclu�ion� of Type I and II occur 
together in same clusters, but in the samples from 
breccia these two types seem to occupy somewhat 
different parts of thin sections. Samples taken from 
��e la�e ��age vein� do no� include inclu�ion� of Type 
II and inclu�ion� of Type I are rare��

All the samples studied contain aqueous inclusions 
of Type IIIB with or without a small cube of halite. In 
addition to small vapour bubble and halite crystal, iso-
tropic or anisotropic daughter minerals were observed 
in many inclusions. Type III inclusions commonly 
are irregular in shape and are larger in size than the 

�O2-rich inclusions. These inclusions usually form 
intergranular trails or they occur as dense dissemina-
tions throughout the host quartz grains. This kind of 
mode of occurrence indicates that the inclusions are 
secondary in origin in respect to vein minerals and 
that the fluids they represent were the latest trapped 
fluid phases.

Especially in the late stage intersecting quartz veins, 
an early genera�ion of Type III inclu�ion� i� ob�erved 
(Type IIIA) together with the late phase (Type IIIB) 
described above. Type IIIA is rare in other quartz 
veins or breccias. The Type IIIA inclusions are more 
regular in ��ape and ��ey occur a� �par�ely popula�ed 
short trails and small clusters in clear quartz close to 
sulphides or in quartz grains surrounded by sulphides. 
These inclusions rarely have halite as daughter min-
eral. Their mode of occurrence suggests that they are 
primary and/or pseudosecondary in origin.

Microthermometry

Some of the microthermometric data of fluid inclu-
sions from Hirvilavanmaa are listed in Table 2. The 
measurements show that inclusions of Type I and II 
repre�en� H2O-�O2-salt fluids with varying H2O/CO2 
ra�io��� In ��e inclu�ion� of Type III, a vapour bubble 
commonly shows clear expanding upon freezing 
suggesting the existence of compressible gases. Also, 
during the freezing-heating runs after the disappear-
ance of ice, a mush composing of tiny crystals was 
of�en ob�erved in Type III inclu�ion��� Wi�� con�inued 
heating, this crystal mush slowly melted with the last 
grain� u�ually di�appearing be�ween 12��0-25��0°��� T�e 
melting of crystals well above 0°C could be ascribed 
�o ��e exi��ence of ga�e� in aqueou� inclu�ion� cau�ing 
gas hydrates to appear. These observations imply that 
��e vapour bubble i� no� wa�er bu� con�i��� of low-
den�i�y �O2 (or some other gases) and that inclusions 
of Type III ac�ually are �O2-bearing H2O-(�O2)-�al� 
fluids as designated in Table 2.

The temperature of melting of CO2 (Tm�O2) in Type 
I and II inclusions varies from -56.4ºC to a maximum 
of -59.7ºC. The depression of melting points below 
��e �riple poin� of pure �O2 (-56.6ºC) indicates the 
presence of other compressible gases than just CO2�� 
T�i� i� al�o �uppor�ed by ��e ob�erva�ion of ��e above-
described melting of crystal mush in some inclusions of 
Type I (up �o 26��1°�)�� T�e�e �ig� value� in inclu�ion� 
of Type I cannot be explained by melting of CO2 or 
even �H4 ga� �ydra�e��� T�e pre�ence of H2S in ��e 
ga� p�a�e �oge��er wi�� �O2 could cau�e ��e ob�erved 
high values of melting of gas hydrate (Touray and 
Guilhaumou, 1984).

The salinities of fluid inclusions show a wide vari-
ation from 9 to 22 equivalent weight percent NaCl, 
and there seems to exist a rough correlation between 
the temperatures of homogenization of inclusions 
(T�(L-V)) and the salinity (Fig. 8). The T�(L-V)-sa-
linity plot shows a decrease in temperature with an 
increase in salinity. Upon warming after complete 
freezing of inclusions, the first melting (TmIni�ial) 
takes place in the range of -45.2 – -27.3ºC . The low 
temperatures of the first melting (below the eutectic 
poin� of ��e H2O-NaCl system) indicates the presence 
of some other dissolved constituents besides NaCl 
such as Ca-, Mg-, Fe- or K-chlorides (Roedder, 1984). 
T�u�, ��e �alini�ie� in Table 2 ��ould be con�idered 
as maximum values, because the other dissolved salts 
result in an overestimation of the actual total salinities 
w�en ��ey are expre��ed a� equivalen� weig�� percen� 

Fig. 8. Temperature of homogenization (Th(L–V) ºC) versus salinity for 
the Type I and III fluid inclusions.
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Na�l�� T�e �pread in ��e TmInitial values may indicate 
that the salt composition of fluids varied during the 
fluid entrapment.

T�e T�(L-V) values of Type I and III inclusions occur 
over a wide interval from 92ºC to 369ºC whereas Type 
II only show a minor variation in the measured T�(L-V) 
values (246–319ºC). The distribution in a histogram 
of T�(L-V) (Fig. 9) shows five discrete populations 
of inclu�ion��� T�e�e popula�ion� probably corre�pond 
to five different generations or phases of fluid. There 
seems to be a rough declining in the amount of CO2 
in inclusions when the oldest assumed fluid phases 
are compared to the youngest.

Fig. 9. Histogram of homogenization temperatures of Type I and III 
inclusions. The different generations of fluid phases are numbered from 
1 �o 5��

Relationship between fluid inclusions and mineralization

As described earlier, gold occurs in fractures of 
vein quartz and carbonate and is intimately associated 
with sulphides. This is consistent with the primary-
p�eudo�econdary na�ure of ��e �O2-bearing inclu-
sions and supports the interpretation that Type I–IIIA 
inclusions are related to the gold mineralization. Ad-
ditional support for this comes from the observation 
��a� �O2-bearing inclusions in some cases contain 
opaque (�ulp�ide?) and carbona�e grain��� T�u�, i� i� 
believed that there is a temporal coincidence between 
sulphides, quartz, carbonate and gold precipitation and 
entrapment of Type I–IIIA inclusions.

T�e olde�� popula�ion of inclu�ion� ob�erved (only 
present in quartz breccia) are those Type I inclusions 
w�ic� u�ually occur a� i�ola�ed individual inclu�ion� 
and have Th(L–V) values of 347–369ºC (Table 2, phase 
1 in Fig. 9). This fluid phase is probably closely related 
�o ��e beginning of breccia�ion and gold precipi�a�ion�� 
Similar style of occurrence of Type II and some Type 
I inclusions, as well as their spatial proximity with 
each other suggest that Type II and some of Type I 
inclusions are contemporaneous. The Th(L–V) values 

of Type II (246–319ºC) coincide with the Th(L–V) 
values of fluid phases 2 and 3 presented in Figure 9. 
These fluid phases probably represent the main and 
waning phases of mineralization. Type IIIA inclusions 
are mostly encountered in late stage veins as primary 
or p�eudo�econdary inclu�ion��� T�e in�er�ec�ing na�ure 
of the young veins indicates that fluid represented by 
Type IIIA inclusions (phase 4 in Fig. 9) is the young-
e�� p�a�e, w�ic� can be direc�ly connec�ed �o ��e vein 
formation and gold precipitation. However, there does 
not necessarily exist a large time gap between the fluid 
p�a�e� 4 and 3��

Type IIIB inclusions form a problematic group in 
respect to the gold mineralization. Their low Th(L–V) 
value� (p�a�e 5 in Fig�� 9), �econdary na�ure and ��e 
common irregular shapes point to late fluids. However, 
the compositional similarity of Type IIIB inclusions 
with Type IIIA suggest that they are in some way 
related to the gold mineralization. If this is the case, 
��e Type IIIB inclu�ion� repre�en� ��e la�e�� p�a�e of 
evolving fluids, trapped during conditions of decreas-
ing temperature and increasing salinity.

Possible mechanisms of ore deposition

Chemical changes due to the hydrothermal alteration 
involve in�erac�ion be�ween wall rock� and �ydro��er-
mal fluids. We argue that the wall rock alteration was 
not the main cause of gold precipitation at Hirvila-
vanmaa because the most intense alteration predates 
frac�uring and ore depo�i�ion�� However, gold i� no� 
completely vein-hosted and interaction between wall 
rock and fluid (sulphidation of wallrock Fe) cannot be 
completely excluded as a cause of gold precipitation. A 

decrease in temperature cannot alone be responsible for 
ore deposition, as the vein and wall rock assemblages 
do not suggest any significant temperature variations. 
Chemical changes due to fluid mixing are not supported 
by fluid inclusions studies as a depositional process. 
Phase separation (unmixing) is one of the most effec-
tive ore depositional mechanisms (e.g. Drummond 
and Ohmoto, 1985). It has significant effects on the 
chemistry of a hydrothermal fluid. Phase separation 
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and interaction between wall rock and hydrothermal 
fluid are regarded as the most likely mechanisms 
causing the gold deposition at Hirvilavanmaa. This 
conclusion is supported by the fluid inclusion study 
a� di�cu��ed below��

The observed changes in fluid salinity and overall 
decrease in the amount of CO2 in inclu�ion� over 
time could be explained by either phase separation 
or interaction between wall rock and fluid. In phase 
separation, a fluid will unmix to form two fluid phases, 
in w�ic� one i� of �ig� den�i�y and liquid-like and 
ano��er of low den�i�y and ga�-like�� If p�a�e �epara�ion 
was induced by sudden pressure drop from lithostatic 
to partly hydrostatic, unmixing would be appreciable 
leaving the residual liquid-like fluid much more saline 
��an i� would be af�er �low cooling�� In a �ec�onically 
active environment, fluid pressure probably varies 
in response to deformation, fracturing and opening-
sealing of the vein systems (e.g. Sibson, 1988). Such 
pressure fluctuations could drive fluids towards more 
saline by “pumping” gases out of the system over time. 
However, if unmixing took place at Hirvilavanmaa 
there should exist two different, contemporaneous, 
fluid phases (a liquid- and a gas-rich) with overlapping 
values of Th(L–V). According to the fluid inclusion 
investigations, Type II inclusions and some phases 
of Type I fulfill this criterion. Therefore, the phase 

separation was a possible depositional mechamism at 
Hirvilavanmaa during the gold mineralization.

Fluid� repre�en�ed by Type III inclu�ion� are clearly 
associated with the gold mineralization but their origin 
cannot be explained by the above-described simple 
unmixing event. There is no contemporaneous gas-
ric� p�a�e wi�� Type III inclu�ion� and ��eir value� of 
Th(L–V) are quite low, usually much less than 190ºC 
(Fig. 9). Also, some inclusions (especially Type IIIB 
inclusions) contain salt grains as daughter minerals 
that dissolve above the values of Th(L–V) of inclu-
�ion� and, ��u�, ��ey can no� be ��e �rue p�a�e of an 
unmixing fluid (Ramboz et al, 1982). However, if the 
fluid system was open enough for fluid movement, 
these fluids and the associated gas-rich phase could 
have escaped and taken a different path from the site 
of unmixing before trapping in vein minerals. This is 
�uppor�ed by ��e overall �carci�y of Type II inclu�ion 
in the studied samples. Due to its lower density and 
differen� we��ing proper�ie�, ��e ga�-ric� p�a�e of an 
unmixing fluid could most readily escape trapping by 
the same vein minerals which trapped a liquid-rich 
phase, if the system is open and free for fluids to flow. 
These escaping or migrating fluid phases could have 
reac�ed wi�� varying ex�en� wi�� ��e �o�� rock cau�ing, 
for example, the intense late carbonatization discussed 
above in ��e �ec�ion abou� al�era�ion��

P–T conditions of fluids entrapment

The temperature, composition and density data 
obtained from the fluid inclusion study are presented 
in a P–T diagram in Figure 10. The Th(L–V) values 
of Type II inclu�ion�, coinciding wi�� p�a�e� 2 and 
3 in Figure 9, are con�idered �o repre�en� �rue �rap-
ping temperatures due to unmixing. Type III inclu-
�ion� and ��o�e Type I inclu�ion� w�ic� �ave low 
Th(L–V) values represent evolved fluids and, thus, 
their Th(L–V) values can not be considered as true 
trapping temperatures without a pressure correction. 
T�e�e con�idera�ion� �ave been �aken in�o accoun� in 
��e following in�erpre�a�ion��

The oldest observed primary inclusions in quartz 
breccia samples (phase 1 in Fig. 9) were probably 
trapped very close to their solvus. Anyhow, the point 
where isochore meets the surface of the solvus gives 
the minimum P–T conditions for the beginning of 

the main fracturing event (the small box in Fig. 10). 
According to the fluid inclusion data, there was a 
major drop in pressure associated with only a minor 
drop in temperature, which induced the unmixing of 
��e H2O-�O2-salt fluid. After the main opening of 
the fracture zone the pressure probably fluctuated 
due to deformation, fracturing and opening-sealing 
of the vein systems producing the fluid phases 2–3 
and partly 4. At the late stage of mineralization and 
alteration, the late fluid phases migrated through the 
system reacting with the host rocks and causing the 
late carbonatization.

The minimum conditions for the start of opening of 
the fracture system are 330–370ºC and about 3000 bars. 
After the major drop in pressure, mineralization took 
place at 220–310ºC with pressure fluctuating between 
1000–2200 bar� (��e large box in Fig�� 10)��
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discUssiON aNd cONcLUsiONs

tization, probably accompanying the late stage of the 
mineralizing event, is necessarily not restricted to the 
gold-mineralized parts of the area. It may be more ex-
�en�ive and could po��ibly be con�rolled by ��e Sirkka 
S�ear Zone�� However, ��i� �a� no� been po��ible �o 
verify due �o lack of ou�crop� in ��e area��

In spite of pervasive alteration, the komatiitic na-
ture of the host rock is still obvious. By comparing 
the mobile element-Al2O3 ra�io�, i� wa� po��ible �o 
identify three chemically different zones: distal zone, 
proximal outer zone and proximal inner zone. Typi-
cal to the distal zone are very low contents of CO2, 
Na2O and S�� �opper, �O2 and Na2O are enric�ed in 
the proximal outer zone. Elevated levels of CO2, Cl, 
S, Na2O and Au define the most altered, proximal 
inner alteration zone.

At Hirvilavanmaa, phase separation and interaction 
between wall rock and hydrothermal fluid were the 
major causes of mineralization. The circulating H2O-
�O2-salt fluid with a high CO2 content demands high 
pressures to maintain CO2 in solution. Abrupt pres-

Fig. 10. P–T diagram showing sets of isochores and solvus curves for the fluid types of the Hirvilavanmaa deposit. The 
numbers above isochores refer to fluid densities in g/cm3. The isochores were calculated using the program Flincor 
(Brown, 1989). The numbers besides solvus curves refer to fluid composition expressed as mole fractions, all possible 
�olvu� curve� are no� drawn�� Solvu� da�a i� in�er- and ex�rapola�ed af�er Bower� and Helge�on (1983)��

The general sequence of mineralogical alteration 
suggests that the hydrothermal events seen at Hirvi-
lavanmaa were superimposed on the metamorphic 
mineral assemblage. The hydration and albitization 
events took place in an area larger than just the gold-
mineralized localities. At this early state, the Sirkka 
Shear Zone may have been the main control on the 
fluid flow.

The more localized alteration is associated with 
a N–S trending deformation zone. Fracturing was 
controlled by the competency differences between 
li��ological uni�� cau�ed by ��e original �e�erogene-
ity in the host rock types and further modified by the 
earlier hydration-albitization events. After fracturing, 
gold-bearing fluids flowing along fractures infiltrated 
into the wall rocks causing pyritization and hematiza-
tion of the host rock and quartz, carbonate, sulphides, 
tourmaline and minor albite and gold deposition to 
form the quartz-dominated breccias and veins.

The late carbonatization was superimposed on the 
previou�ly al�ered rock��� However, ��e la�e carbona-



152

Geological Survey of Finland, Special Paper 44
Helena Hulkki &Veikko Keinänen 

sure drop from about 3000 bars (and 330–370ºC) to 
or clo�e �o ��e �ydro��a�ic pre��ure, due �o frac�uring 
of host rocks, induced unmixing of the fluid. Phase 
separation caused perturbation on the chemistry of 
the fluid and led to the gold deposition in the tem-
perature range of 220–310ºC. After the main opening 
of the fracture zone, the pressure fluctuated between 
1000–2200 bar� due �o frac�uring and opening-�eal-
ing of the vein systems causing further unmixing and 
“pumping” gases out of the system. Due to density 
differences, the different fluid phases produced by 

unmixing migrated through the system and reacted 
wi�� varying ex�en� wi�� ��e �o�� rock re�ul�ing in 
alteration presently visible at Hirvilavanmaa.

The Hirvilavanmaa gold deposit is a typical lode-
type synorogenic, post-peak metamorphic mineraliza-
tion formed late in the structural history of the Central 
Lapland Greenstone Belt. Its geometry indicates a 
large scale hydrothermal fluid advection to a suitable 
structural trap along a well-defined channelway in the 
Sirkka S�ear Zone in ��e upper cru����
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The Kaaresselkä Au-Cu occurrence was discovered during a Pb-Zn-Cu exploration 
program in 1978–1979. Assayed iron-carbonate bearing schists and pyrite-impregnated 
albite rocks showed anomalous gold values (50–300 ppb Au). Regional geochemical 
mapping of till was completed in Central Lapland in 1987 and in the Kaaresselkä area 
the results showed two gold-anomalous sites (11–12 ppb Au) and led to a detailed till 
sampling program on a 50 m x 50 m grid over the anomalous area. The results showed 
more than 50 sampling sites where gold concentration in till exceeds 13 ppb. Investi-
gations of the anomalous sites lead to discovery of several gold and copper showings. 
The gold mineralization in the area is epigenetic and related to the shear zones at the 
contacts between different rock types and associated with carbonatization, sericitization, 
sulphidization and adularization. The mineralized shears are 4–16 m wide and form about 
one kilometre long zone with gold grades 1–10 g/t. The highest concentrations of gold 
occur in sulphide-carbonate breccias and veins as well as in chalcopyrite-quartz and 
pyrite-quartz veins. Because of the several assay methods used in sample preparation 
and analysis as well as up to 80% core loss during drilling, no reliable resource estimates 
could be calculated for the occurrences. Only a rough volume estimation of 160 000 m3 
of gold-ric� rock can be given�� 

Key words (GeoRef Thesaurus AGI): shear zones, mineral exploration, geochemical 
methods, till, geophysical methods, Paleoproterozoic, Kaaresselkä, Lapland Province, 
Finland
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iNtrOdUctiON

The Kaaresselkä gold-copper occurrence is located 
in Northern Finland, 20 km NW of Sodankylä (Fig. 1). 
The first reported gold mineralization in the Sodankylä 
area is at Kaarestunturi (Härkönen 1984), just to the 
north of Kaaresselkä (Fig. 1). The gold exploration 
program of the Geological Survey of Finland (GTK) 
in Kaaresselkä area was a continuation of a zinc and 
lead exploration program in 1970’s which resulting in 

a di�covery of ��ree low-grade Pb-Zn-�u occurrence� 
(Härkönen 1980, Karvinen 1997). The first indications 
of gold mineralization in the bedrock at Kaaresselkä 
were detected by GTK in 1984 when assays of iron-
carbonate-rich schist and pyritic albite-rock samples 
re�urned gold value� up �o 300 ppb��

Regional geochemical mapping of till was com-
ple�ed in �en�ral �apland in 1987 and ��e re�ul�� 

162, 2007��
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showed two gold-anomalous sites (11–12 ppb Au) 
in the Kaaresselkä area. This encouraged continuing 
exploration in the area. Consequently, a till sampling 
programme on a 50 m x 50 m grid was completed 
during the winter of 1988–89 and revealed that almost 
the entire Kaaresselkä exploration area is anomalous 
in gold�� However, explora�ion proceeded �lowly un�il 
Terra Mining Company received an exploration licence 
for ��e Pa��avaara pro�pec� in 1991 and ��ar�ed gold 
mining in 1995, only about 15 km NE from Kaaresselkä 
(Korkiakoski and Kilpelä 1997). This encouraged 
GTK to revitalize the exploration program in the 
Kaaresselkä area during the 1990’s.

The first six holes at Kaaresselkä intersected high-
grade gold mineralization (13-16 ppm) at depths of 
44 – 47 m (Pulkkinen 1998). During 1994–1998, 
additional drilling programs were to test anomalies 
based on the ground geophysical and geochemical 
till surveys. In all three showings (Vanha, Tienvarsi 
and Lampi) and five targets (Jänkä, Kumpu, Rakka, 
Rinne and Crossing) several targets were drilled 
(Fig. 2 and 7). The mineralized zones at Vanha and 
Tienvarsi have a combined length of approximately 
one kilometre and a width of 10–16 m and contain, 
at least, 160 000 m3 of rock with gold grades 1 – 10 
g/t (Pulkkinen and Hulkki 1999).

Fig. 1. Location of the Kaaresselkä prospect area and the Pahtavaara mine on the geological map by Lehtonen et al. (1998). The Sirkka Shear Zone 
passes through the southern part of the Kaaresselkä area. Basemap © National Land Survey 521/MYY/07

GEOLOGicaL sEttiNG 

The Kaaresselkä prospect (Fig. 1) is situated in a 
volcano-metasedimentary sequence of the Sodankylä 
Group of ��e �en�ral �apland Green��one Bel�, abou� 
four km north of the Central Lapland granite complex 
and clo�e �o ��e WNW-�rending Sirkka S�ear Zone 

(Lehtonen et al. 1998). The Kaarestunturi quartzite-
conglomerates of the Kumpu Group lie discordantly 
on the Sodankylä Group rocks three km north of 
Kaaresselkä (Räsänen 1977). Locally, the study area 
is associated with the so-called “Jeesiöjoki domain” 
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w�ere doleri�e� and gabbro� in�rude ��e �upracru��al 
rocks. Mafic and intermediate volcanic rocks cover 
the northern part (Härkönen 1980) and volcanic con-
glomerate is dominant in the southern part of the 
Kaaresselkä area. Ultramafic volcanic rocks and 
quartzites occur on the southern and the northern 
�ide of ��e ��udy area�� T�e only expo�ed rock �ype� 
of the study area are quartzites with the exception 
of a few �i�e� in ��eep-�loped �errain w�ere volcanic 
conglomerate crops out.

The gold-copper deposits of Kaaresselkä are as-
�ocia�ed wi�� layer-parallel ENE- and WNW- �rend-
ing brittle-ductile shear zones. North-South trending 
faults cut the mineralized shear zones. The Vanha and 
Lampi prospects are in a broadly E-W trending shear 
zone, which follows the northern margin of a mafic 
in�ru�ion (Fig�� 2)�� T�e Tienvar�i pro�pec� i� �o��ed in 
a WNW-trending shear zone, which has developed in 
a contact zone between intermediate tuff and volcanic 
conglomerate (Fig. 2).

Fig. 2. Geological setting of the Vanha, Tienvarsi and Lampi prospects in the SE part of the Kaaresselkä area and the location of DH R444 (Pulk-
kinen and Hulkki 1999)��

GLaciaL dEPOsits iN tHE arEa

The thickness of the till cover in the Kaaresselkä area 
is 1–4 m on hilly terrain, but mostly 4–10 m on flat, 
swampy areas. Glacial transport distances in Central 
Lapland are short (Härkönen and Pulkkinen 1991). The 
transport distance is remarkably short in the areas of 
thin glacial drift where the till cover formed mainly 
during the latest glaciation. An example of this short 

transport distance has been reported from Visasaari, 
which is located 10 km east of Kaaresselkä (Pulkkinen 
e� al�� 1980)�� In ��i� loca�ion, ��e average �ran�por� 
distance, which was estimated from the geochemical 
anomalies of magnesium, chromium and nickel in the 
topmost till, is 270 m from a 0.5 km wide ultramafic 
uni� in ��e �ource area��
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GEOcHEMicaL MEtHOds

Sc, Si, Sr, Th, Ti, V, Y and Zn by ICP-AES after hot 
aqua regia di��olu�ion��

Diamond drill cores were logged in one-meter inter-
vals and assayed by GAAS and ICP-AES. However, 
��e analy�ing procedure included varying weig��� of 
subsample. For assaying the first six drill cores 5 g 
subsamples were used. As a mineralization was found 
a conventional drilling was applied and samples were 
assayed by GAAS using 20 g subsamples. In the final 
stage of exploration, samples of the gold-rich zone, 
and e�pecially ��o�e, w�ic� con�ained grap�i�e, were 
assayed by fire assay (FAAS) using 50 g subsamples. 
All analyses were carried out in the chemical labo-
ratories of GTK.

The 10 km2 study area is mostly till covered and 
was sampled on a 50 m x 50 m grid, which resulted 
as a total of 4080 samples. The samples were sieved 
using a nylon screen. One gram of the silt and clay 
fraction (<0.06 mm) was analyzed for gold after 
hot aqua regia dissolution by GAAS (AAS graphite 
furnace atomisation; Kontas 1981). Initially, the 
concentrations of Al, Fe, Mg, Ca, Na, Ti, V, Mn, Cr, 
Ni, Co, Cu, Pb, Zn and Ba were determined by the 
semiquantative OES-quantometer method (Danielsson 
and Sundkvi�� 1959, Gu��av��on e� al�� 1979)�� �a�er, 
four samples from the corners of the grid were com-
bined and the concentrations of these 1020 samples 
were assayed for Ag, Al, As, B, Ba, Ca, Cd, Co, Cr, 
Cu, Fe, K, La, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, 

GEOPHYsicaL MEtHOds

Electromagnetic (HLEM) and magnetic (Z-compo-
nent) ground-geophysical measurements were com-
pleted over most of the study area during the lead-zinc 
exploration phase. In addition, electromagnetic VLF-R 
and magnetic (total field), induced polarisation (IP) 

and self potential (SP) methods were applied in areas 
of anomalous till geochemistry. Downhole geophysi-
cal measurements from 25 holes recorded magnetic, 
den�i�y, c�argeabili�y and radia�ion da�a��

rEsULts aNd discUssiON

Geology of the gold-bearing zones

T�e Vanha pro�pec� (Fig�� 2) i� con�rolled by a 
broadly E-W trending brittle-ductile shear zone. The 
shear zone has developed at the contact zone between 
mafic-intermediate volcanic rocks and mafic intru-
sion. This zone contains also some graphite tuffs and 
cherty-like quartz rocks (Fig. 3). Ultramafic tuffs, 
gabbro (mafic intrusion) and felsic dikes are present 
in the NE part of the target area. The gold mineralized 
zone is about 650 m long in the northern margin of 
the shear zone, but does not form a continuous lode 
because N-trending younger faults offset the miner-
alization (Fig. 2). However, there is a continuous, 200 
m long and 9–16 m wide, section of gold-rich rock in 
��e cen�re of ��e pro�pec���

The barren rocks in the shear zone are also sericite 
and albite altered whereas mineralized parts are rich 
in quartz, sericite, carbonate and pyrite. In addition, 
arsenopyrite, chalcopyrite, adularia and tourmaline 
are associated with the gold mineralization and define 
the proximal alteration zone. 

The distal alteration zone in mafic-intermediate 

volcanic rocks is defined by albite and chlorite and 
pyrr�o�i�e��

High gold values (proximal alteration) are related to 
al�ered rock�, w�ic� �ave a� lea�� one of ��e following 
features: (i) intense brecciation; (ii) intense pyritiza-
�ion and carbona�ion; or (iii) con�ain ei��er grap�i�e or 
adularia. Tiny gold grains (Ø 35–170 mm) have been 
found as small accumulations on the grain boundaries 
and frac�ure� of pyri�e, ar�enopyri�e, c�alcopyri�e and, 
e�pecially, in carbona�e gangue (Fig�� 4)�� Gold vi�ible 
to the naked eye (Ø 0.5–1.5 mm) has been detected 
in some drill cores.

The two best sections of drill core are a three metre 
wide zone containing 10–16 ppm Au in the western part 
and a six metre wide zone containing 5–6 ppm Au in 
��e ea��ern par� of ��e pro�pec��� Ba�ed on ��e�e da�a, 
the estimated volume of gold-rich rock is, at least, 110 
000 m3 when calculated to the depth of 55 m.

The gold mineralization in the tienvarsi pro�pec� 
is controlled by a WNW-trending shear zone, which 
follows the contact zone between volcanic conglom-
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Fig. 3. A section across the Vanha prospect and its Au and As concentrations. See fig. 2 for the location of DH 
R444.

Fig. 4. Photomicrographs from the Vanha target at Kaaresselkä. A: chalcopyrite (ccp) and gold (Au) as fracture fillings in arsenopyrite (aspy) B: 
gold in the contact surfaces and fractures of pyrite (py) C: a small accumulation of gold grains in carbonate gangue (po; pyrrhotite). Reflected light. 
P�o�o� by Helena Hulkki��
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erate and mafic-intermediate tuffs (Fig. 2). Graphite 
tuffs are always present in the contact zone. The main 
mineralization is about 200 m long and 4–13 m wide. 
In addition, there is a separate lode of the same type 
about 200 m southeast from the main zone. Interpreted 
from the geophysical surveys and till geochemistry, 
this SE-lode may continue both to the NW and SE.

The mineralized parts of the shear zone are intensely 
carbonatized and have weathered almost completely 
to the 40 m depth. Gold is associated with graphite-
bearing �ulp�ide-carbona�e breccia� and vein��� Micro-
scopic gold grains occur in sulphide-carbonate-quartz 
veins and are associated with goethite. Reliable gold 
value� and �onnage� canno� be given due �o in�en�e 
wea��ering, w�ic� cau�ed a core lo�� of 40–80 %�� T�e 
volume of gold-rich rock is about 56 000 m3 when 
calculated to the depth of 40 m.

The gold mineralization in the Lampi pro�pec� i� 

controlled by an ENE-trending shear zone. The min-
eralization is hosted by a volcanic conglomerate unit 
which straddles along the northern contact of a mafic 
intrusion and quartzite unit (Fig. 2). The mineralization 
related alteration is subtle and it compose of gold rich 
pa�c�e� in a ��eared �o�� rock�� T�e al�era�ion in ��e 
shear zone include albitization, chloritization, weak 
carbonatization, and sericitization. The best indica-
tion of gold-enrichment is the increasing amount of 
quartz and pyrite in the sheared rock. Quartz and very 
fine-grained pyrite form stringers with anomalous 
gold assays up to 6 ppm. Tiny gold grains have been 
found as small inclusions in pyrite.

In addition to above prospects, there are minor 
quartz-carbonate breccias and veins were located in 
the bedrock in other targets in the area. Samples from 
��e�e �arge�� re�urned gold value� be�ween 50–1430 
ppb��

Geochemical results

The results of the till geochemical surveys show 
anomalous gold values over most of the Kaaresselkä 
area (Fig. 5a). The mean of the concentration of gold 
in �ill i� 4��76 ppb and ��e 95�� percen�ile i� 13��7 ppb�� 
There are more than 50 sampling sites where the 
concen�ra�ion of gold exceed� 13 ppb (Fig�� 5a)�� �op-
per, magnesium, chromium and nickel delineate a 
NW-trending zone across the area reflecting sulphide 
enrichments in ultramafic host rock (Fig. 5b). This 
zone coincides with the magnetic anomalies seen in 
the airborne and ground magnetic maps (Fig. 7).

Interpretation of the detailed till geochemistry 
results was based on the assumption that there are 
relatively coarse gold in till all over the Kaaresselkä 
area (Härkönen 1981, personal communication). This 
means that the sporadic, single-point, “only gold” 
anomalies should not be considered as important as 
those anomalies, which are associated with anomalies 
of pathfinder elements like copper and arsenic. This 
was verified during exploration. Alternatively, those 
areas where gold anomalies form consistent elongated 
patterns should also be considered significant.

Geochemical analyses of drill core suggest that 
As, Te, Cu, Zn, Pb, Mo and Ag are closely associated 
with gold (Fig. 3 and 6). However, a more detailed 
examination reveals that Cu, Te and As are only partly 

gold-affiliated: Cu and Te form a broad enrichment 
halo beside or around gold-enriched zones, whereas 
As is more closely associated with gold. Anomalously 
high Pb, Zn, Mo and Ag concentrations in gold-bearing 
zones are more or less associated with the graphite-
rich rocks in the alteration zone.

The anomalous concentrations of Cu, Te and As, 
as well as in some extents also Pb, Zn, Mo and Ag, 
delineate the intensely altered rocks in the shear zone 
and do not define the exact location of the gold lodes. 
The Cu-Te anomalous zone typically is beside or over-
laps with the gold-enriched zone. This may indicate 
that the Cu-Te-mineralization and Au-mineralization 
has taken place in different time interval or they form 
a distal alteration zone. This could explain why high 
gold concen�ra�ion� occur al�o in �ulp�ide-poor and 
apparen�ly weakly al�ered rock���

Gold values vary over a wide range. This may 
par�ly be due �o ��e �ig� core lo�� cau�ed ��e ��rong 
wea��ering of al�ered rock� and par�ly �o ��e varying 
methods used in sample preparation and analysis 
during ��e �everal year� of explora�ion�� T�i� re�ul�ed 
in problems in estimating the tonnage of the deposit. 
Consequently, only the rough volume of the mineral-
ized zones could be estimated.
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Fig. 5. Concentration of Au, Cu, Cr and Ni in till in the Kaaresselkä area. A: Geochemical map of Au and Cu in till 
in the Kaaresselkä area. Note the close association of gold and copper along the shear zones (compare to fig. 7) and 
the elongated forms of the gold anomalies. B: Geochemical map of Cr, Ni and Cu in till in the Kaaresselkä area. The 
size of the symbols refers to the combined concentration of chromium and nickel and the colour to the concentration 
of copper��
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Fig. 6. Gold and copper concentrations of the drill holes RC1 – RC6 at Vanha. Note that the anomalous zones of copper and gold are only partially 
overlapping��

Geophysical results

The SP method was the most effective in locating 
mineralized zones because the ground water level is at 
the depth of even 40 m in the area. The VLF-R method 
wa� only u�eful in area� w�ere gold i� a��ocia�ed wi�� 
graphite-bearing rocks. The results of ground magnetic 
measurements (Jalander) delineate a positive anomaly, 
which almost coincides with the zone delineated by 
Cu, Mg, Cr and Ni (Fig. 5b and 7). This magnetic 

anomaly closely follows the trend of the deformation 
zone called the Sirkka Shear Zone.

The downhole measurements indicate that the total 
radiation in the gold-enriched shear zones is 15–25 
μmR/h compared with 5 μmR/h within the unaltered 
rocks. The high radiation values may be caused by 
potassic alteration or monazite, which occurs as an 
accessory mineral in the alteration assemblage.

Fig. 7. Ground magnetic map of Kaaresselkä. Proven and inferred fault and shear zone lines and  locations of the gold prospects (stars) 
are depicted. Prospects: 1. Vanha, 2. Tienvarsi, 3. Lampi, 4. Kumpu, 5. Rinne, 6. Rakka, 7. Jänkä.Prospects: 1. Vanha, 2. Tienvarsi, 3. Lampi, 4. Kumpu, 5. Rinne, 6. Rakka, 7. Jänkä.Rakka, 7. Jänkä.
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cONcLUsiONs

Gold mineralization in the Kaaresselkä area is epige-
netic and hydrothermal in origin. Gold has precipitated 
in low-displacement fault and shear zones, which are 
probably related to the adjacent crustal-scale deforma-
tion zone called the Sirkka Shear Zone.

Elevated concentrations of Cu, Te and As, and in 
some extents of Pb, Zn, Mo and Ag, are spatially as-
sociated with gold mineralization. However, the gold 
mineralization may not to be wholly coeval with the 
associated trace elements and may have partly dif-
feren� ��ruc�ural con�rol ��an ��e general �rend of ��e 
shear zone.

Carbonatization, sericitization, chloritization, bioti-
tization and formation of adularia, quartz, sulphides 
and tourmaline are the main alteration processes as-
sociated with the gold mineralized shear zones. These 
alterations were preceded by intense albitization, which 
may be related to intrusion of mafic intrusions (gabbros 
and dolerite dykes) in the region. Also carbonatiza-

tion, sericitization, chloritization and biotitization 
may be, at least partly, related to alteration caused 
by the intrusion of the dolerites, as mafic-ultramafic 
dykes and sills can generate large-scale hydrothermal 
activity around them as described by Eilu (1994). The 
formation of adularia, quartz, tourmaline and some 
of ��e �ulp�ide� clearly are clo�ely rela�ed �o ��e pre-
cipitation of gold and define the proximal alteration 
zone. There are no indications of gold enrichment 
during the albitization.

The Kaaresselkä gold-copper occurrences are analo-
gous to orogenic mesothermal gold deposits in other 
parts of the world in terms of geologic and structural 
setting, metamorphic grade, alteration and vein min-
eralogy (c.f. Groves et al. 1998, McCuaig and Kerrich 
1998). However, Kaaresselkä shows some features that 
point towards an epithermal origin, such as the pres-
ence of adularia (c��f�� Silli�oe 1993, Hedenqui�� e� al�� 
1996), bu� fur��er work i� required �o clarify ��i���

To get reliable gold assays large samples and 
consistency in drilling and sample preparation and 
analy�i� ��ould be applied�� More careful drilling 
and sampling are recommended to get more reliable 
resource estimates. In addition, ground-penetrating 

recommendations for further exploration at Kaaresselkä

radar could be a u�eful �ool �o delinea�e ��e deeply 
weathered gold-bearing zones and sensitive radiation 
measurements could be used in tracing the gold min-
eralization related potassic alteration and monazite-
bearing shear zones.
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tHE LEViJÄrVi-LOUKiNEN GOLd OccUrrENcE: 
aN EXaMPLE Of OrOGENic GOLd MiNEraLisatiON 

WitH atYPicaL MEtaL assOciatiON

by
Marko J. Holma1 &Veikko J. Keinänen2

Holma, M.J. & Keinänen, V.J. 2007. The Levijärvi-Loukinen gold occurrence: AnThe Levijärvi-Loukinen gold occurrence: An 
example of orogenic gold mineralisation with atypical metal association. Geological 
Survey of Finland, Special Paper 44, 163–184, 10 figures and 2 tables.

Four adjacent polysulphidic, multimetallic lode-gold prospects within the Palaeoprot-
erozoic Central Lapland greenstone belt have been studied. Mineralisation is continuous 
with variable grade along the Sirkka Shear Zone, the main structural feature in the area, 
for about 5 km.

The Levijärvi-Loukinen occurrence is enriched in Cu, Fe, Ni, Au ± Ag and Co, and is 
formed by variably sulphide-rich quartz-carbonate veins and stockworks. Deformation 
style is dominantly brittle. The host sequence belongs to the >2.05 Ga Savukoski Group 
and consists of volcano-sedimentary unit in the footwall (Matarakoski Formation) and 
metakomatiite unit in the hanging wall (Sattasvaara Formation). The footwall rocks 
can be subdivided into a sequence of phyllite, tuffite and graphitic phyllite and distal, 
less deformed Fe-tholeiitic rock. The most intensively altered metakomatiitic rocks are 
green fuchsite- and carbonate-rich rocks, listvenites. The metavolcanic rocks are partly 
metapyroclastic.

The proximal assemblage of quartz-carbonate-sericite/fuchsite ± albite-chlorite-pyrrho-
tite/pyrite-arsenopyrite-rutile chiefly characterises the alteration. Pyrrhotite, chalcopyrite, 
pyrite, arsenopyrite and gersdorffite are the dominant ore minerals in the occurrence. 
Native gold occurs mainly as inclusions and fracture fillings in the sulpharsenides and 
pyri�e�� T�ere i� no evidence of refrac�ory gold �o far�� Minerali�a�ion occurred under 
mid- to upper greenschist facies conditions soon after the peak of deformation and 
metamorphism.

Despite its unusually high base metal content and atypical metal association for 
orogenic gold mineralisation, the occurrence is considered to represent an epigenetic 
mesothermal, lode type of gold mineralisation having considerably amount of similarity 
wi�� orogenic gold depo�i����

Key words (GeoRef Thesaurus, AGI): gold ores, polymetallic ores, metamorphic rocks, 
metakomatiite, alteration, veins, shear zones, ore minerals, Central Lapland Greenstone 
Belt, Paleoproterozoic, Levijärvi, Loukinen, Lapland Province, Finland.
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iNtrOdUctiON

The Palaeoproterozoic Levijärvi-Loukinen gold 
occurrence is situated in the municipality of Kittilä, 
northern Finland, about 145 km north of the Arctic 
Circle and approximately 17 km north from Kittilä, 
the administrative centre of the municipality (Fig. 1). 
During explora�ion i� wa� divided in�o four pro�pec��, 
namely Levijärvi Au-Ni, Paaminamaa Cu-Au-Ni, 
Loukinen Cu-Ni-Au, and Tienpää Ni-Cu-Au prospects 
(from now on, the lodes). However, as mineralised 
zone is about five km long without much of a change 
in c�arac�eri��ic�, gold-rela�ed or o��erwi�e, i� can be 
defined as a single occurrence. Accordingly, in the 
present paper, we will follow Holma et al. (2003) 
by employing the name Levijärvi-Loukinen for ��i� 
di��inc� group of gold lode���

All the lodes occur in the about 150 km long Sirkka 
Shear Zone (SSZ), a W- to WNW-trending zone of 
�ec�oni�ed and variably al�ered rock� coinciding wi�� 
the southern margin of the Kittilä Group area, a major 
volcanic terrane in the Kittilä greenstone area of the 
�en�ral �apland green��one bel� (��GB) (Fig�� 1)�� Gold 

Fig. 1. Gold deposits and occurrences in the Kittilä greenstone area, the largest subarea of the Central Lapland greenstone belt that extends from this 
area to the Finnish-Norwegian border in the north and the Finnish-Russian border in the southeast. Most gold occurrences presented here are interpreted 
to be orogenic, except the No. 4 (Fe-oxide Cu-Au deposit), No. 7 (possibly an Fe-oxide Cu-Au deposit), No. 5 and 6 (skarn-hosted or Fe-oxide Cu-Au 
deposits), and Nos. 24 and 25 (palaeoplacers). Apart from the multimetallic Au-Cu and Au-Cu-Ni±Co occurrences that are surrounded here by a red oval, 
all orogenic occurrence� are of gold-only type. Coordinates are in the Finnish National Grid, the ykj-grid. Geology after Lehtonen et al. (1998).

mineralisation is restricted to the altered intervals of 
fine-grained pelitic and volcanogenic metasedimentary 
rocks and massive and pyroclastic metavolcanic rocks. 
The amount of graphite in the metasedimentary rocks 
is in places considerably high. The metavolcanic rocks 
are Fe-tholeiitic and komatiitic in origin. Gold is hosted 
in a network of quartz-carbonate-sulphide veins and 
stockworks within a shear and fault zone system. In 
many areas, veined zones have been progressively 
deformed by subsequent strain localisation. In these 
ca�e� ��e vein gangue and �ulp�ide� (± gold) �ave 
been dispersed into a shear zone. 

Gold mineralisation in the area shows an unusual 
base metal enrichment and metal association for oro-
genic gold, typically Cu, Fe, Ni, Au ± Ag and Co. The 
single most common ore mineral is pyrrhotite, whereas 
chalcopyrite, the main carrier for Cu, is the second most 
common ore mineral. There are several nickeliferous 
minerals, including gersdorffite [(Co,Fe)AsS − NiAsS], 
nickeliferou� ar�enopyri�e, nickeliferou� cobal�i�e and 
acce��ory pen�landi�e��
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The main objectives of this study are: 1) to present 
the case history of the Levijärvi-Loukinen gold occur-

rence, and 2) to report its main field and petrographic 
characteristics in more detail than above.

casE HistOrY aNd PrEViOUs iNVEstiGatiONs

The first indications of this distinct multimetallic1 
ore type enriched in Cu, Fe, Ni, Au ± Ag and Co 
were a��ained a� early a� in ��e 1940’�−1950’� w�en 
an exploration company Atri Oy performed bedrock 
mapping, ground magnetic and electromagnetic sur-
veys, and diamond drilling in the region. In 1939−1953 
Atri Oy explored ~4−6 km west from Levijärvi in a 
loca�ion nowaday� known a� ��e Sirkka kaivos gold 
occurrence (no�� 10 in Fig�� 1)�� T�i� occurrence �a� been 

1  Note that the term “polymetallic” has been more often used to 
describe this local mineralisation than is “multimetallic”, the 
term we favour for the following reasons. In its most general 
usage, the word “polymetallic” has come to signify deposits 
that are characterised by a very specific metal association, like 
Cu-Pb-Zn-Ag, Cu-Mo±Au, or Cu-Zn-Au-Ag. In particularly 
a lot of Pb and Zn are expected from a polymetallic deposit 
(R. Goldfarb, pers. comm. January 2006). In many cases the 
polymetallic deposits sensu stricto are �yngene�ic in c�arac�er 
(e.g. polymetallic sedex-, porphyry- and VMS-type of depos-
its), although not always (e.g. polymetallic epithermal gold 
depo�i��)�� In con�ra��, all gold occurrence� in SSZ are di��inc�ly 
epigene�ic vein-�ype of depo�i�� and Zn and Pb con�en�� are 
not anomalous. This is confirmed by both geochemical surveys 
and microscopic studies (for example, only a few grains of 
acce��ory �p�aleri�e and galena �ave been ob�erved in our 
current occurrence). As the term “multimetallic” has not such 
connotations it fits better to the current context.

studied intermittently from ever since. After Atri Oy, 
Vuoksenniska Oy started underground exploration in 
the area. The exploration conducted by this company 
culminated in the establishment of a test mine and 
pilo� plan� during 1955−1956 (�e��inen 1987)�� In ��e 
end, they had developed 60 m deep shaft and 600−700 
m of drives down to 45 m level and produced about 
three kg of gold from 3000 t of ore (1 g/t Au, 0.16 % 
Co, 0.5 % Cu, 0.9% Ni). From these early workings 
stems the currently used name for this gold occurrence: 
“Sirkka kaivos”, meaning “Sirkka mine” (Sirkka is the 
nearby loca�ed village)�� In�ere��ingly, ��i� occurrence 
has much in common with the Levijärvi-Loukinen 
occurrence, and particularly with the Levijärvi lode 
(Fig��� 2 and 3)��

The Levijärvi prospect was discovered in 1993 by 
the Geological Survey of Finland (GTK). The first 
indication of mineralisation was the discovery of 
Ni-Co-Au-rich boulders by an amateur prospector, 
Mr. Jalmari Tammela. T�ey were analy�ed in ��e 
GTK to contain up to 25 % Ni, 3 % Co and 25 ppm 
Au. Magnetic and electromagnetic (VLF-R) surveys 
over an area of 0.42 km2 commenced in March 1994 
and continued in February 1996. The most interesting 
geophysical targets were studied by diamond drill-

Fig. 2. Geological map of the Levijärvi-Loukinen gold occurrence (the solid square in the inset). Its four lodes (prospects) are presented with nameplates 
and their best sections with red bars. All rock types belong to the Savukoski Group, except the quartzites that are of the Kumpu Group. Finnish National 
Grid, the kkj-grid, zone 2. Modified after Keinänen et al. (2001). Topographic map@National Land Survey of Finland. Licence 521/MYY/07.
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ing, w�ic� ��ar�ed 1994 and con�inued periodically 
until 2001 (Keinänen et al. 2001). The prospects of 
Paaminamaa, Loukinen and Tienpää (Fig. 2) were 
discovered soon after as the GTK investigated the 
eastward continuation of the Levijärvi lode by ground 
geophysical methods.

Previous work on the Levijärvi−�oukinen gold oc-
curence have been published in the following abstracts: 
Keinänen & Holma (2001), Holma et al. (2003),Holma(2003), Holma 
(2006) and Holma & Keinänen (2006). Note also theNo�e al�o ��e 
works of Ohlson (1969), Inkinen (1985), Härkönen 
& Keinänen (1989), Ward et al. (1989), Nurmi et al.(1989), Nurmi et al. 
(1991), Mänttäri (1995), Vanhanen (2001), Weihed & 
Eilu (2003) and Eilu e� al�� (2003,2006), ��epublica�ion�(2003, 2006), ��e publica�ion� 
of which all contain data that has general significance 
for the understanding of gold mineralisation in the 
��udy area��

The mineralogy of SSZ’s ultramafic rocks is re-
viewed by Riikonen (1997) (altered types) and Hanski 
e� al�� (2001b) (bo�� ��e lea�� al�ered and be��-pre�erved 
types). A reader interested especially in local structural 
geology is directed to Keinänen et al. (2001),Väisänen(2001), Väisänen 
et al. (2000) and Väisänen (2002). Some of the earli- Some of the earli-
e�� di�cu��ion� on SSZ (al��oug� ��en known a� ��e 
Sirkka Line) can be found from Berthelsen & Marker 
(1986), Gaál et al. (1989) and Ward et al. (1989). The 
present paper has also benefited from several unpub-
lished works in Finnish. These include Vesanto (1978), 
Vormisto (1969) and Lehtinen (1987), which describe 
the Sirkka Cu-Au occurrence, and Holma (2001) and 
Keinänen et al. (2001), which contain data about the 
Levijärvi gold lode of the Levijärvi−�oukinen gold 
occurrence��

Fig. 3. Photograph looking north from the top the Levi fell. The top of this fell rises ~330 m from the surroundings (531 m a.s.l.). The landscape in 
view con�i��� largely of pea� bog� and �ill-covered low �ill�, ��e la��er ��el�ered by coniferou� fore���� T�e �rend of ��e Sirkka S�ear Zone (SSZ) follow� 
approximately the W-trending chain of lakes and river sections in the middle of the image (in some extent obscured by the superimposing lines and 
marks). The area dominated by the predominantly volcanogenic Kittilä Group (No. 1) is separated from the metasedimentary-dominated Savukoski 
Group (Nos. 2–3) by a tectonic zone seen in the distance (purple dashed-dot line). This tectonic zone is related to SSZ, though in the study area it 
curves farther north than usual (~3 km north from the main trend of SSZ). The E-trending contact between clastic rocks of the Kumpu Group (No. 4) 
and the older rocks lie approximately in the central part of the area 3. The shaded ovals depict the locations of the Levijärvi (LV) and Paaminamaa 
(PA) lodes of the Levijärvi-Loukinen gold occurrence. Solid triangles depict in which directions the tectonic zones are assumed to dip. For comparison, 
see Fig. 1. Geology after Lehtonen et al. (1998). Photo: Vesa Kortelainen.Geology after Lehtonen et al. (1998). Photo: Vesa Kortelainen.
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The study area is poorly exposed owing to the flat 
�opograp�y and 1−20 m thick overburden of glacial till 
and younger fluvial sediments (Fig. 3). In places, the 
fre�� bedrock i� al�o covered by preglacial wea��ering 
cru�� now underlying ��e Qua�ernary depo�i�� (O�l�on 
1969). Hence, geology in the Fig. 2 is mainly based 
on geop�y�ic� and drilling��� 

The main tool defining the drilling targets was the 
VLF-R method (Table 1). In addition, the magnetic, 
IP, and SP properties of the rocks were measured. In 
places, several borehole survey methods, including 
measurements of density, magnetic susceptibility, ap-
parent resistivity, IP effect, and radiometric properties, 
were used to define drilling targets, contacts between 
the various rock types and the continuity of minerali-
sation at depth. All the results of these geophysical 
inve��iga�ion� were available for ��e curren� ��udy, 
although they were only used as a basis for making 
in�erpre�a�ion� abou� ��e local geology and c�arac�er 

of mineralisation. Geophysical results gained during 
exploration have been presented in Keinänen et al. 
(2001)��

The main methods for sampling during explora-
tion were diamond drilling and trenching. A total of 
163 diamond-drill holes, all drilled in an unoriented 
manner, with a total length of 11 334 m, were drilled 
in ��e area during 1994−2001�� T�e drill �ole� were 
35 mm, 45 mm and 56 mm in diameter. On structural 
interpretations the current paper relies on Väisänen et 
al. (2000) and Väisänen (2002) and the data reported 
in Keinänen et al. (2001). A summary regarding the 
explora�ion work done in ��e ��udy area �ince 1993, 
together with the material and analytical methods used 
in ��i� ��udy, i� ��own in Table 1��

Most of the geochemical analyses were carried out 
in the laboratories of the GTK over a period from 
1994 to 2001. The methods used were Inductively 
Coupled Plasma – Atomic Emission Spectroscopy 

Table 1. Summary of the existing data and exploration work done in the Levijärvi-Loukinen area by the GTK during 1993−2001�� 
The drillings are located in the following Finnish 1:20 000 base map sheets: 2741 10 (Levijärvi, Paaminamaa and part of Louk-
inen) and 2743 01 (Tienpää and part of Loukinen). The asterisk prefix refers to the sheet 2743 01.

Levijärvi Paaminamaa Loukinen tienpää

Time of drilling: 1994–1996 1997–2000 1998–2001 1998-2000

Drill �ole�:

Number of holes
(�ole id�� code)

78 (R401–R478) 20 (R479–R494, 
R506–509)

37 (R495–R502, 
R510–R530,  
*R559-R561)

28 (*R519–R546)

To�al leng�� 2892 m 2152 m 3678 m 2612 m

Exploration trEnchEs: – – 1 4

GEophysical survEys:

At ground Magnetic, VLF-R Magnetic, VLF-R Magnetic, VLF-
R, SP

Magnetic, VLF-R, SP, IP

Borehole measurements1 – 9 12 12

GEochEmical survEys: – Till geochemistry in an area 
of 500 x 850 m with a 50 
m grid (198 sample sites)

– Till geochemistry in a 
small-scale grid (~ 20 
sample sites)

GEochEmical and pEtro-
Graphic analysEs:

ICP-AES 1795 samples 1760 samples 1984 samples 1737 samples

XRF 
(w�ole-rock)

23 samples from 
13 drill core�

5 samples from 1 drill core 
(R480)

5 samples from 1 
drill core (R498)

–

GFAAS2 Used constantly Used constantly Used constantly Used constantly

T�in �ec�ion�3 ~100 ~40 ~15 ~30

1 Includes measurements of density, magnetic susceptibility, apparent resistivity, IP effect, and radiometric properties. Note, however,  
  that not all of these methods were applied to all drill holes
2 The GFAAS method was used for gold assays whenever they were needed. The GTK’s in-house method 704U, which combines  
  the GFAAS analysis with the Pb-Fire Assay preconcentration/separation procedure, was applied every now and then
3 The most of which are polished

MatEriaL aNd rEsEarcH MEtHOds
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(ICP-AES)2, Graphite Furnace Atomic Absorption 
Spectrometry (GFAAS)3 and X-ray Fluorescence 
Spectroscopy (XRF)4. All the ICP-AES and most of 
the GFAAS results were gained during exploration, 
but the majority of the XRF analyses were conducted 
during the study of Holma (2001) or later. However, as 
the focus of the current paper is not on geochemistry, 
bu� on ��e general geology, depo�i� c�arac�eri��ic� and 
mineralogy, geochemical analyses were merely utilised 
here as a mean to improve the quality of geological 
observations on drill core and to direct mineralogical 
work on ��in �ec�ion��� Hence, a reader in�ere��ed in 
geochemistry of the Savukoski Group and its lithos-
tratigraphical formations is instructed to Lehtonen et 
al�� (1998) and reference� ��erein��

Most of the mineralogical work was done with sam-
ples collected from Levijärvi (Fig. 2). Consequently 
most of the reported mineralogical data relates to that 
lode. Results from the other three lodes − Paaminamaa, 
Loukinen and Tienpää − are none��ele�� con�i��en� 
with observations from Levijärvi. Mineralogical and 

2  The chemical components analysed by ICP-AES were Ag, 
Al, As, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, La, Li, Mg, Mn, 
Mo, Na, Ni, P, Pb, S, Sb, Sc, Si, Sr, Th, Ti, V, Y and Zn.

3  Gold was assayed with the GFAAS method. In addition, the 
Pb-Fire Assay/GFAAS method (the GTK’s in-house method 
704U) was occasionally used to analyse Au, Pd, Te (with 
detection limit of 0.01 ppm) and Pt (0.02 ppm).

4  A total of 33 whole-rock geochemical XRF analyses were 
performed for all major elements and the following trace 
elements: As, Ba, Bi, Ce, Cl, Cr, Cu, Ga, La, Mo, Nb, Ni, Pb, 
Rb, S, Sb, Sc, Sn, Sr, Th, U, V, Y, Zn and Zr.

analytical examinations of more than 100 thin sections 
(from a collection of over 180 thin sections; Table 
1) were done in the University of Oulu, Finland, by 
conventional polarising microscopy at the Department 
of Geo�cience�, Divi�ion of Geology, and by elec�ron 
probe microanalyser (EPMA) JEOL JCXA-733 and 
scanning electron microscope (SEM) JEOL JSM-
6400 a� ��e In��i�u�e of Elec�ron Op�ic�5�� In addi�ion, 
many SEM-EDS analyses were done in Espoo unit 
of the GTK.

During ��e pre�en� ��udy ��e au��or� �ave al�o 
examined and sampled drill core from the occur-
rences of Muusanlammit, Sirkka W, Päivänenä (also 
known by the names Kettukuusikko, Ruostenenä and 
Lälleävuoma), Soretiavuoma N, Soretialehto, Naak-
enavaara, Palovaara (= Jerusaleminjänkä), Ahvenjärvi 
(= Isomaa), Lammasvuoma, and Pikku-Mustavaara 
(Fig�� 1)�� Since no u�able drill core wa� available 
from the Sirkka occurrence, the geology regarding 
that occurrence was evaluated by re-examining all 
the written material obtainable and by studying field 
samples collected from the old dumps. Although the 
work done wi�� ��e�e o��er gold occurrence� i� no� 
direc�ly rela�ed �o ��e pre�en� ��udy, ��e re�ul�� gained 
�o far �ave cer�ainly led �o a be��er under��anding of 
our curren� occurrence��

5  With a few exceptions, all EPMA mineral analyses were 
determined using a beam diameter of 10 µm. Accelerating 
voltage was set to 15 kV and sample current either to 15 nA 
(for silicates and ore minerals) or 12 nA (for carbonates). 
Results were corrected using the ZAF procedures.

rEGiONaL GEOLOGicaL sEttiNG

T�e ��udy area i� loca�ed in ��e nor��ern par� of ��e 
Fennoscandian Shield where the Palaeoproterozoic 
supracrustal rocks form an extensive belt across the 
Archaean basement. The Finnish part of this intra-
cra�onic, rif�-rela�ed, 2��5−1.8 Ga volcano-sedimentary 
�equence i� known a� ��e �en�ral �apland green��one 
bel� (��GB)�� ��GB record� a prolonged and epi�odic 
history of rifting, sedimentation and magmatism before 
��e colli�ion and rif� clo�ure a� ~1��9 Ga (Eilu e� al�� 2003, 
Wei�ed e� al�� 2005, Eilu e� al�� 2006, this volume)��

�e��onen e� al�� (1998)divide� ��e�upracru��al rock�(1998) divide� ��e �upracru��al rock� 
of CLGB into seven lithostratigraphic groups, from 
which the oldest and youngest are Salla and Kumpu 
Group�, re�pec�ively (Fig�� 1)�� In be�ween ��e�e �wo 
group� lie� ��e >2��05 Ga Savuko�ki Group ��a� con�i��� 
of fine-grained metasedimentary and metavolcanic 
rocks lying upon arkosic quartzites, orthoquartzites 
and mica schists of the >2.2 Ga Sodankylä Group. It 

is the Savukoski Group that hosts gold mineralisation 
in SSZ�� In ��e nor��ern �ide of SSZ ��e rock� belong �o 
��e ~2��02−1.99 Ga old Kittilä Group that comprises a 
greenstone-dominated basin up to 6 km thick (Lanne 
1979, Elo et al. 1989). The evidence supports the Kittilä 
and Savukoski Groups were juxtaposed at ~1.92−1��91 
Ga ago (Hanski et al. 1998, Rastas et al. 2001). The 
two uppermost groups, namely Lainio and Kumpu, 
the latter that deposited sometimes between 1.88−1��80 
Ga (Han�ki e� al�� 2001a), cap all ��e older, folded and 
metamorphosed rocks with unconformity.

In Finnish Lapland, the compressive stages at 
1��92−1��87 Ga and 1��84−1��79 Ga (�a��inen e� al�� 
2003, 2005) resulted in dominantly greenschist facies 
regional metamorphism and a formation of a fold and 
��ru�� bel��� Bo�� of ��e�e period� are �ugge��ed �o be 
gold-favourable in terms of orogenic gold mineralisa-
tion, but probably the latter is more profitable. These 
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collisional events resulted also in the emplacement of 
the allochthonous Lapland granulite belt from the NE 
(Fig. 1). This regionally important tectonic event was 
probably accompanied by coeval thrusting along the 
present SSZ to approximately NE (Lanne 1979, Ward 
et al. 1989, Sorjonen-Ward et al. 1992, Lehtonen et 
al�� 1998, Eilu e� al�� 2006, this volume). At least the 
southern and eastern contacts of the Kittilä Group 
area are tectonic (eg. SSZ), and parts of it may be 
allocn��nou� (Han�ki 1997, �e��onen e� al�� 1998)�� 
T�i� i� no� ba�ed only on geop�y�ic�, bu� al�o on ��e 
rocks themselves along SSZ: many rocks are evidently 
altered in several phases, spanning from early rifting-
rela�ed �o la�er ��ruc�urally con�rolled ��yle� (Eilu 1994, 
Eilu 1999b, Eilu e� al�� 2006, this volume)��

At least twenty Au, Au-Cu and Au-Cu-Ni±Co de-
po�i�� and drill-indica�ed pro�pec�� occur wi��in 0−3 
km from SSZ indicating that it is a major deformation 

zone (Eilu 1999a, Eilu et al. 2003, Eilu et al. 2006, this 
volume). One of these is Levijärvi-Loukinen. Most of 
these mineralisations appear to be small, but, in most 
cases, due to lack of detailed studies, the actual size 
of the occurrence is open to at least some degree of 
�pecula�ion�� T�e deep-�ea�ed na�ure of SSZ �a� been 
confirmed with the data from the deep refraction 
profile POLAR (Freeman et al. 1989) and the FIRE-4 
transect of the Finnish Reflection Experiment (Heik-
kinen e� al�� 2004)��

The most recent reviews on CLGB’s lithostratig-
raphy, geochemistry and structural and metamorphic 
evolution can be found from the present publication 
and from Hanski & Huhma (2005) and Lahtinen et 
al. (2005). The radiometric age determinations from 
northern Finland have been presented in Vaasjoki 
(2001)��

HOst sEQUENcE

Overview

The quartz-carbonate veins and stockworks that form 
the Levijärvi-Loukinen occurrence (Fig. 2) are hosted 
by ��e Savuko�ki Group rock� ��a� can be a��igned 
into two lithological units: volcano-sedimentary in 
the footwall and metakomatiite in the hanging wall 
(Fig�� 4)�� �i��ological con�ac�� be�ween ��e�e �wo uni�� 
are the main locus for gold mineralisation. This holds 
true also elsewhere along SSZ, although in some lo-
cations either of the two might prevail. All rocks are 
metamorphosed in mid- to upper-greenschist facies. 
T�e ��ra�igrap�y �rend� E−W and dip� �o ��e �ou�� 
with variable angle. Also the lodes are E-W striking 
and �ave ��eep S-dipping orien�a�ion�� T�e gold-rela�ed 
quartz-carbonate-sulphide veins are predominantly 
�ubver�ical��

Other primary rock types include minor intrusives, 
mostly metadolerites. They are dated to be older than 
gold-rich vein systems (see Eilu et al. 2006, this vol-
ume) and none is observed to host major amount of 
gold-related veins. It should also be kept in mind that 
the clastic, late-orogenic Kumpu Group is also exposed 
in the area, just a few hundreds of metres south from 
SSZ (Fig��� 1 and 2)�� T�e local �opograp�ic �ig�� are 
formed from these well-preserved rocks (Fig. 3).

Volcano-sedimentary unit

This unit (Fig. 4) consists of alternating metasedi-
mentary, volcanogenic metasedimentary and mafic 
metavolcanic rocks belonging to the 2.13−2��05 Ga 

Matarakoski Formation. Metasedimentary rocks in-
clude p�ylli�e, variably pyrr�o�i�e-ric� grap�i�ic p�yl-
li�e6, and minor chert. Volcanogenic metasedimentary 
rocks are mainly composed of tuffite. Individual beds 
are perhaps 10 m thick at most, but many layers are 
in the range of millimetres to centimetres.

The metasedimentary and volcanogenic meta-
sedimentary rocks are part of the same fine-grained 
sequence, which grades into a thicker subunit com-
prising volcanogenic conglomerate and Fe-tholeiitic 
metalava (Fig. 5), the former possible being a true 
metapyroclastic rock. Such intermediate to mafic 
metavolcanic subunits can be several tens of metres 
thick. They mainly occur in the footwall of gold 
mineralisation far away from it. Accordingly, they are 
not as seriously altered or deformed as the other rock 
�ype� in ��e drilled area (per�ap� carbona�ion being a� 
excep�ion)�� For ��a� rea�on ��ey were nei��er ��udied 
in de�ail in ��e pre�en� work nor drilled in�en�ionally 
during explora�ion��

It is notable that some graphitic beds comprise 
stratabound pyrrhotite and minor pyrite in thin dis-
con�inuou� layer��� T�e�e �ulp�ide� are par� of ��e 
minor syngenetic mineralisation in the host sequence. 
From this point of view, it is noteworthy that the 
Matarakoski Formation is regionally known to host 
several syngenetic, sediment-hosted, stratabound to 
stratiform base-metal occurrences, like the Kortelehto 

6  Owing �o ��eir �ig� average con�en� of grap�i�e, ��e�e �ave 
been termed also as graphitic schists or black schists��
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Zn-Cu and Pahtavuoma Cu-Zn-U occurrences near the 
Saattopora Au-Cu deposit (Korvuo 1997, Grönholm 
1999, Eilu e� al��, this volume), and Pälkättivuoma 
Zn occurrence 10 km east from Kittilä (Fig. 1). The 
neare�� of �uc� syngenetic orebodie� i� a� ��e Sirkka 
occurrence area (Fig�� 1)�� T�ere a �ulp�ide-facie� iron-
formation occurs adjacent to Au-Cu mineralisation 
(Holma et al. 2006).

Metakomatiite unit

The metakomatiite unit (Fig. 4) is representative of 
the >2.05 Ga ultramafic Sattasvaara Formation (Hanski 
e� al�� 2001a, 2001b)�� T�e�e rock� lie upon ��o�e vol-
cano-sedimentary rocks of the Matarakoski Formation 
that form the local footwall for gold mineralisation. 
Metamorphism, multistage hydrothermal alteration 
and tectonic movements along the host structure have 
destroyed most primary textures of ultramafic rocks. 
They are identified to be of ultramafic origin on the 

Fig. 4. Structural and lithologic 3D models for the Levijärvi-Loukinen area. a. Oblique view of the fault interpretation based on aeromagnetic derivative 
image. Pink grey planes are faults, except the “SSZ” that is the brittle-ductile Sirkka Shear Zone. Lodes: LV = Levijärvi, PA = Paaminamaa, LK = Louk-
inen, TP = Tienpää. b. Oblique view of the 3D lithologic block model based on geophysics and drillings. The Fe-tholeiitic rocks at Loukinen are located 
in the northern side of the view and are hence omitted. Both lodes are approximately in the same scale. Modified from Parkkinen (2002).

Fig. 5. Compositional diagram showing compositions of mafic metavol-
canic rocks of the volcano-sedimentary unit of the Levijärvi-Loukinen 
gold occurrence. Given compositions are based on XRF analyses of 
selected drill core samples from the Levijärvi lode. Analysed samples 
include both fine-grained (tuffite) and massive (lava and pyroclastic rock) 
volcanogenic rocks. Holma (2001).
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basis of their mineralogical and geochemical com-
positions, both of which are strikingly different from 
��o�e of o��er rock �ype��� T�e fea�ure� �uppor�ing ��a� 
these rocks are truly ultramafic include the relatively 
immobile trace elements Ni and Cr, the elements of 
w�ic� abundance� are eleva�ed in ��e al�ered rock�, 
as well as the minerals chromite (relict) and fuchsite 
(hydrothermal Cr mica). Besides, these strongly altered 
rock� grade in�o le�� al�ered varie�ie� being in place� 
talc-rich and containing magnetite impregnation. 
Detailed geochemical and field characteristics of the 
Sa��a�vaara rock� �ave been de�cribed in ��e li�era�ure, 
for in��ance by Saverikko (1983, 1985), �e��onen e� 
al�� (1998) and Han�ki e� al�� (2001b)��(1998) and Han�ki e� al�� (2001b)��(2001b)��

Main structural features and overview of the vari-
ous vein types

Structural style ranges from brittle-ductile to 
dominantly brittle. Plastic deformation is focused 
in anastomosing shear zones that may locally cut 
almost any rock type in the Savukoski Group. It can 
be said nonetheless that most of the deformation is 
concen�ra�ed in area� of li��ological con�ac�� be�ween 
the metakomatiite and volcano-sedimentary units. 
Also the intensity of hydrothermal alteration and the 
abundance of vein� con�inuou�ly ri�e �oward� �uc� 
contact zones. In contrast, the massive to pyroclastic 
Fe-tholeiitic rocks of the footwall, which are the most 
homogeneous rocks in the area, show the weakest 
intensity of deformation and alteration.

Both metakomatiites and fine-grained volcano-sedi-
mentary schists can be highly veined, especially next 
to each other. Veins in them are typically deformed 
but they are totally destroyed only in places. Veins 
hosted by the volcano-sedimentary unit appear to 
be more numerous in areas of highest heterogeneity 
where grading from one rock type to another is strong. 
In those parts of the sequence where plastic deforma-
tion has destroyed all primary features of the rocks, 
along with the veins in them, if there were any, up 
to tens of metres broad zones of intensively sheared 
rocks may occur. In such shear zones, fragments of 
earlier emplaced veins are the only observable fea-
ture implying that also these rocks were once veined. 
Such shear zones are commonly rich in graphite. The 
country rocks between the shear zones are relatively 
in�ac� and le�� ��rained (e��g�� a� �oukinen)�� T�ey are 
also less altered than the rocks in the proximity of the 
shear zones. As a whole, SSZ is up to several hundreds 
of metres wide. 

The three-dimensional geometry of the local bedrock 

is shown in Fig. 4. Note from that figure that there 
are metakomatiitic rocks in both sides of the volcano-
sedimentary unit at Loukinen. This relationship is not 
observed elsewhere. It is assumed to be caused by the 
NW- and N-striking faults, which greatly complicate 
the geometry of rock units and mineralisation.

The following conclusions can be drawn by compil-
ing data from our current study with data from Väisänen 
et al. (2000),Holma(2001),Keinänenetal. (2001)and(2000), Holma (2001), Keinänen et al. (2001)and(2001) and 
Väisänen (2002): 1) the main shears have developed 
along�ide li��ological con�ac��, �o ��a� vein ��ockwork� 
that follow structural breaks have an approximate 
trend from ~E-W; 2) there are two fold generations, 
��e older fold� being E-W �rending and ��e younger 
ones N-S trending; 3) both the dominating fabric (E-W 
trending foliation) and earliest quartz-carbonate vein 
genera�ion� are overprin�ed by N-S �rending folding 
and crenulation cleavage with accompanying shear-
ing; 4) ��e N-S �rending fabric� are a��ocia�ed wi�� 
sulphidised quartz-carbonate veins that penetrate into 
the axial planes of the N-S trending folds or form 
NW- and NE-�rending vein �e��; 5) ��e N-S �rending 
fabrics are postdated by barren coarse quartz-carbon-
ate veins representing the last major vein generation; 
��e�e well-pre�erved vein� are ra��er planar in ��ape; 
6) all previou� �ec�onic fabric� and vein genera�ion� are 
affected by <1.77 Ga brittle strike-slip faults, which 
are of different ages or belong to a conjugate system 
with NW- and NE-trending components; these are D4 
faul�� (Pa�i�on, this volume). According to Patison, 
all or most of orogenic gold mineralisation in CLGB 
�ook place during ��e D3��

Be�ide� ��e auriferou� vein� and vein ��ockwork�7, 
w�ic� are de�cribed la�er on, ��e local bedrock �o��� 

7  For simplicity, these are termed quartz-carbonate-sulphide 
veins ��roug�ou� ��e work��

Summary of the lithology

The host sequence is both heterogeneous and com-
plex. The nearest sulphide-facies iron-formation is 
located only ~5.5 km west from Levijärvi, close to 
the Sirkka occurrence, and even more importantly, 
within an identical supracrustal sequence (Holma et 
al. 2006). This suggests that some parts of the host 
sequence are analogous to sulphide-facies iron-forma-
tion. Hence there were, during mineralisation events, 
variably grap�i�ic and �ulp�idic rock� pre�en� �oge��er 
with mafic and ultramafic rocks.

structural, alteration and vein characteristics
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many other characteristically different vein types. Part 
of this variation in vein characteristics can be simply 
related to the lateral alteration zonation (which is 
also expressed in vein compositions) that surrounds 
the gold occurrence: examples of this are the quartz-
calcite veins and veinlets ��a� occur in area� di��al �o 
mineralisation, particularly in the massive Fe-tholeiitic 
foo�wall (Fig��� 2 and 4)�� T�ey are �ypically irregular 
in shape, fine-grained and light grey (quartz) to white 
(calcite) (Fig. 6a). They are a few centimetres wide at 
most. In addition to such veins and veinlets, there are 
also breccias (Figs. 7c and 8c). All these may contain 
minor amounts of pyrrhotite and chalcopyrite, the veins 
nevertheless more frequently. Breccias are commonly 
rela�ed �o area� w�ere al�era�ion (in�erpre�ed �o be 
pre-gold in timing) has made rocks more competent, 
bu� �uc� an al�era�ion �a� no� been a prerequi�i�e for 
breccia�ion (cf�� Fig��� 7c and 8c)��

Carbonate-dominated quartz-carbonate veins are 
the most widespread and voluminous vein types in 
the area, amounting to over 70 % of all veins in drill 
core. However, only a small proportion of these bear 
all the characteristics of sulpharsenide-rich quartz-
carbonate-sulphide veins (i.e. the vein type most of 
��e gold i� a��ocia�ed wi��)�� Quartz-dominated veins 

fall in�o �wo group�, one being older (Fig�� 7a) and 
one younger than carbonate-dominated veins. The 
younger �ype of vein� are broader, coar�er and le�� 
deformed than any other vein type. As they also are 
practically barren of ore minerals, they are not dealt 
here in more detail.

Main alteration features

The chemical character of mafic and ultramafic rocks 
in the area, comprising tuffitic, pyroclastic and mas-
�ive uni��, �a� con�ribu�ed �o ��e pre�ence of bio�i�e, 
c�lori�e, �alc and e�pecially ��e variou� carbona�e 
�pecie��� W�ere al�era�ion i� ab�en� or le�� in�en�e, 
the mineral assemblages in the rocks are found to be 
�ypical �o green�c�i�� facie� condi�ion���

the metakomatiite unit (hanging wall): Weakly 
to moderately altered metakomatiites are grey due to 
prevailing carbona�ion�� More in�en�ively al�ered �ype� 
are green-coloured and typically also more veined, 
their distinct colour resulting from fuchsite (Figs. 8f 
and 8g). Less altered metakomatiites may contain talc 
and c�lori�e in��ead of fuc��i�e and ��e lea�� al�ered 
bio�i�e in��ead of fuc��i�e�� I� i� in�erpre�ed �ere ��a� 
biotite is primarily metamorphic in origin; however, a 

Fig. 6. Main lithologic and vein features of graphitic phyllite. In some of the figures contrast has been exaggerated to promote better distinction between 
different mineral phases. a. Pyrrhotite-bearing tightly folded graphitic phyllite containing carbonaceous interlayers or deformed calcite-pyrrhotite veins. 
b. Pyrrhotite-pyrite-rich quartz-calcite veinlets in graphitic phyllite, probably gold-related. c. Typical gold-related quartz-carbonate-sulphide vein that 
contains sulpharsenides. Note the associated pyrrhotite±pyrite veinlets in the wall rock that are similar to those in the previous figure. Gold grade:  
0.03 ppm. d. Quartz-carbonate-sulphide vein rich in sulpharsenides, especially in Co-rich varieties (in a 0.60 m long section Co and Ni concentrations 
1.4 % and 0.16 %, respectively). The graphitic slivers peeled off from the wallrock indicate repeated failure. Gold grade: 7.27 ppm. e. Another quartz-
carbonate-sulphide vein. Here the sulpharsenide species is gersdorffite (Ni,Co,Fe)AsS. Gold grade: 0.07 ppm. f. Quartz-carbonate-sulphide vein with 
abundant arsenopyrite dissemination, no gersdorffite though. Gold grade: 0.12 ppm. g. Arsenopyrite, pyrrhotite, chalcopyrite and pyrite dissemination. 
No gersdorffite here. The blue hue is due to the usage of carbonate staining method described in Eilu et al. (1999). Abbreviations: Ab = albite, Ank 
= ankerite, Apy = arsenopyrite, Cal = Calcite, Ccp = chalcopyrite Fe-Dol = Fe-dolomite, Gdf = gersdorffite, Gr = graphite, Kfs = K-feldspar, Po = 
pyrrhotite, Py = pyrite, Rt = rutile, Ser = sericite, Qtz = quartz, LV = Levijärvi lode, PA = Paaminamaa lode, TP = Tienpää lode.
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Fig. 7. Main lithologic and vein features of phyllite, tuffite and Fe-tholeiite. a. Carbonate-dominated quartz-carbonate veins, the most common vein 
type in the occurrence. Note that these veins are build upon earlier bedding-parallel, boudinaged quartz veins. Although quartz-carbonate veins in 
phyllite and tuffite are generally not as rich in sulphides as the quartz-carbonate-sulphide veins in graphitic phyllite (e.g. Figs. 6d−6g), ��e�e vein� 
are part of the same veining stage(s). Such an interpretation gets support from the fact that many veins in graphitic phyllite are lacking sulphides, 
similarly to the veins shown in this figure and Fig. 7e. In addition, sulpharsenide-rich veins are met every now and then in phyllite and tuffite. b. Ex-
cep�ionally �ard and rigid SiO2-rich rock. The light-grey tightly folded strips are either early quartz veins or folded chert layers. c. Distal quartz-calcite 
veinle�� in ��e Fe-��oleii�ic foo�wall�� No�e ��e lack of bleac�ing (cf�� Fig�� 8c)�� d. Almost an unaltered, mafic, clast-rich volcanogenic conglomerate, 
probably pyrocla��ic in origin�� T�i� rock �ype occure� in place� in ��e weakly al�ered Fe-��oleii�ic foo�wall�� No�e ��a� ��ere i� no al�era�ion rela�ing �o 
the quartz-carbonate-sulphide vein in the upper right-hand corner. e. Relatively broad barren carbonate-dominated quartz-carbonate vein, otherwise 
similar to the gold-rich quartz-carbonate-sulphide veins. Note the vein breccia clasts from the wall rocks. Note also that there is no related bleaching. 
For abbrevia�ion�, �ee Fig�� 6��

Fig. 8. Main lithologic and alteration features at Levijärvi-Loukinen. Footwall: a. �ocally carbona�ed and �ulp�idi�ed grap�i�ic p�ylli�e�� b. In�en�ively 
bleached fine-grained schist containing hard bedding-parallel layers, which are here interpreted to be chert. The quartz-carbonate veins have pyrrhotite 
and c�alcopyri�e and ��e vein� overprin� ��e al�era�ion�� c. Intensively bleached volcanic rock where alteration predates gold mineralisation. Breccia 
infill is dominated by quartz and calcite, the minerals contributing to the distal alteration around the gold occurrence by occurring in narrow veins and 
veinlets and slightly larger breccias and as dissemination in wall rocks. d. Sericite-albite-altered tuffite where alteration predates gold mineralisation. 
T�e carbona�e-ric� vein cu��ing ��e in�en�ively folded rock wi�� ��arp con�ac�� con�ain� pyrr�o�i�e and c�alcopyri�e�� e. Altered fine-grained schist. 
Most of the sericite-carbonate-albite-dominated alteration seen here is assumed to be earlier than gold mineralisation (cf. Figs. 8b−8d)�� Ye�, a� lea�� 
part of the bleaching is related to the thin carbonate vein (red circles). Hanging wall: f. Intensively sericitised and carbonated metakomatiite outcrop, 
Tienpää. This so-called listvenite gets it distinct colour from fuchsite (Cr-muscovite) and weathered carbonate. Diameter of the lens cap is about  
6 cm. g. Close-up from a highly sericitised and carbonated listvenite that is rich in quartz-carbonate veins, Levijärvi. For abbreviations, see Fig. 6.
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more detailed study on alteration assemblages should 
be carried ou� un�il ��e que��ion w�e��er ��ere exi��� 
also hydrothermal biotite, relating to one or more 
of the many alteration stages the host sequence has 
undergone, can be answered with confidence. It must 
be emphasised, also, that while altered metakomatiitic 
rocks have been found to host gold mineralisation only 
in the central and eastern part of the Levijärvi-Louk-
inen area, some of the most intensively altered types 
are found west at Levijärvi (Fig. 8g). Mineralogically, 
the carbonated and sericitised ultramafic rocks are 
dominated by quartz, carbonate, fuchsite and pyrite. 
Typical accessory minerals include one or more of the 
following: chalcopyrite, pentlandite, chlorite, biotite 
and rutile. Relict chromite is common and it is inherited 
from the metakomatiitic protoliths.

Terms used in the literature for describing altered 
ultramafic rocks of the Sattasvaara Formation include 
such descriptive terms as chromian marble (Pekkala 
& Puustinen 1978), green carbonate rock (Keinänen 
1994) and listvenite (Riikonen 1997). We favour 
the term listvenite, the etymology and meaning that 
are discussed in Halls and Zhao (1995). Relatively 
weakly al�ered �ype� are called talc-carbonate schists, 
talc-magnesite schists or soapstones (O�l�on 1969), 
all being terms that illustrate their high talc content. 
Note that according to Pekkala & Puustinen (1978) 
the intensively altered “chromian marbles” were 
primarily of sedimentary origin, but the current con-
sensus is that these rocks are hydrothermally altered 
metakomatiitic rocks.

the volcano-sedimentary unit (footwall): T�e 
most common mineral assemblage in the proximal 
alteration zone in the clastic metasedimentary rocks 
is quartz-carbonate-sericite-albite. Chlorite is related 
�o �uffaceou� in�erbed���

In response to the varying ratios of alteration among 
the highly stratified and variable strained volcano-
sedimentary rocks, such descriptive field names as 
sericite schist, albite-sericite schist, sericite-car-
bonate-albite schist, and carbonate-chlorite schist 
�ave been u�ed frequen�ly in drill-core repor���� T�e 
term albitite i� one ��a� �a� been u�ed widely in ��e 
domestic literature to describe the regional spatial 
association of gold mineralisation, albite alteration 
and metasedimentary rocks in northern Finland. We 
do not use this term, because albite alteration is less 
wide spread at Levijärvi-Loukinen than it is illustrated 
to be in some other gold mineralised areas in CLGB. 
If there is strong albitisation somewhere in the host 
�equence, �o in�en�e ��a� i� bleac�e� ��e rock�, i� i� 
mainly outside the drilled area. Yet, there are some 
bleac�ed rock� encoun�ered �ere and ��ere in ��e drill 
core, but their amount is relatively minor and they do 

not appear to be as rich in veins as some other rock 
�ype��� T�i� ��rongly �ugge��� ��a� ��i� �ype of al�era-
tion predates gold mineralisation.

From all major rock types the least deformed and 
al�ered are ��e Fe-��oleii�ic foo�wall rock��� T�ey 
commonly show only distal alteration assemblages 
dominated by carbonate and chlorite (Fig. 7d). Lo-
cally, ��oug�, in�en�e bleac�ing-�ype of al�era�ion �a� 
taken place (Fig. 8c). As said above, this alteration 
is apparently an early feature; this is suggested from 
that there are no related veins, except some casual 
narrow calcite-quartz veins or breccias attributed to 
di��al gold-rela�ed al�era�ion�� Suc� vein� and breccia� 
are more common in areas of low degree of bleach-
ing-�ype of al�era�ion (Fig�� 7c)��

T�e locally occurring �ig� SiO2 con�en� in rock� 
(“silicification”) is generally related to early quartz 
vein��� �ocally, if ��i� i� no� ��e ca�e, �ard �ilica-ric� 
rocks are considered to be primary chert (Figs. 7b and 
8b)�� sulphidation i� generally ra��er weak, bu� in 
some instances the first few centimetres surrounding 
��e vein� are ric� in ar�enopyri�e, pyrr�o�i�e, pyri�e 
and/or chalcopyrite. Pyrite is a major alteration phase 
only in carbonate-fuchsite altered metakomatiitic 
rocks, whereas the other three may occur in all rock 
types. Seemingly strong sulphidation may occur in 
locations where veins cut graphitic rocks that comprise 
stratabound sulphides (mostly pyrrhotite) or where pyr-
rhotite, chalcopyrite and/or pyrite have been deposited 
as veinlets together with quartz and calcite (Figs. 6b 
and 8a). Sulphidation may reach its highest intensity 
al�o in area� w�ere �ulp�ide-ric� vein ��ockwork� 
have been sheared and their sulphides mechanically 
dispersed and/or hydrothermally remobilised into the 
intensively deformed wall rocks. Pyrrhotite is more 
common than pyrite in the proximal alteration zones 
w�ic� �ugge��� depo�i�ion in ��e upper green�c�i�� 
facie� condi�ion� (Eilu e� al�� 1999)�� T�i�, �owever, 
may also be a result of local variations in physico-
chemical parameters.

It is evident that gold mineralisation occurred with-
out much of a formation of oxides, ��e only no�able 
exceptions being rutile and ilmenite, which are rather 
common accessory minerals in altered rocks. On the 
contrary, earlier formed magnetite was destroyed in 
all places where the rocks were altered by fluids. 

To conclude proximal alteration assemblages sur-
rounding gold-rela�ed vein� and �ulp�idi�ed breccia� 
vary in accordance with lithology. The most general 
�ype� of al�era�ion are carbona�ion, �erici�i�a�ion (or 
fuchsite formation), chloritisation and, in lesser extent, 
albi�i�a�ion�� �arbona�ion and �erici�i�a�ion are e�pe-
cially important styles in the most altered ultramafic 
rock�, i��e�� li��veni�e� (Fig��� 8f and 8g)�� T�e�e rock� 
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are variably bleac�ed in place� w�ere �everal of ��e�e 
alterations occurred simultaneously. Observations on 
drill core �ugge�� al�o ��a� foo�wall albi�i�a�ion i� no� 
as widespread and intense as it is in some other loca-
�ion� along SSZ, a� lea�� no� in ��e drilled area�� T�e 
most bleached rocks are similar to those presented 
in ��e Figure� 8b–8e�� I� i� �ugge��ed ��a� al��oug� 
these rocks were probably more competent that they 
�urrounding�, ��ey were no� ��e be�� �o�� rock for 

the veins related to the gold mineralisation. Current 
re�ul�� indica�e ��a� if ��ere are vein� or breccia�, ��ey 
are dominated by quartz and calcite that characterise 
di��al vein� �o ��e gold occurrence��

The given characteristics point towards mid- to 
upper-greenschist facies conditions during meta-
morphism, and that the gold mineralisation occurred 
slightly after the peak metamorphic conditions.

GOLd OccUrrENcE

Mineralisation styles

Two textural types of gold mineralisation have been 
recognised: vein- and shear-hosted�� Mo�� breccia-like 
textures simply represent multiply veined stockworks 
rather than large-scale true breccia veins formed in 
one event of extensive fracturing (Valenta et al. 1994, 
Robert & Poulsen 2001). Hence, the abundance, or the 
lack thereof, of true breccia veins is uncertain. They may 
exist in some structurally favourable sites nevertheless 
(e.g. in the most competent parts of the sequence). 

 Vein mineralisation: An ordinary quartz-carbonate 
vein stockwork is clearly formed by veins stacked on 
one another. Separate veins range in width from a few 
millimetres up to 10 centimetres, while stacked arrays 
of such veins can be as wide as 25 m (at Levijärvi). The 
�ulp�ide con�en� �ypically average 1−5 vol��%, bu� in 
some veins ore minerals dominate the vein mineral-
ogy to the rare extreme of 100 vol.%. In many cases 
the sulphides are concentrated to form accumulations 
separated by barren gangue. Richest accumulations 
of �ulp�ide� are �pa�ially rela�ed �o grap�i�e (Fig��� 
6d−6g)��

To �ig�lig�� ��a� ��ere exi��� a clo�e �pa�ial a��ocia-
tion between gold and sulphides, and to discriminate 
the gold-related veins from barren quartz-carbonate 
veins, gold-rich veins are termed quartz-carbonate-
sulphide veins ��roug�ou� ��e work�� 

shear-hosted gold mineralisation: In area� w�ere 
strain has progressively accumulated upon previously 
emplaced vein arrays, there are up to tens of metres 
wide zones of highly deformed rock containing frag-
mented and/or boudinaged veins in a fine-grained, dark 
and variably sulphidised matrix. The matrix is typically 
rich in graphite. Such sheared zones are typified by 
well-developed folia�ion and an overall bri��le-duc�ile 
style of deformation (Fig. 9). Some parts of the shears 
are gold mineralised owing to the earlier existence 
of gold-hosting quartz-carbonate-sulphide veins. In 
place� w�ere ��e vein� u�ed �o be �ulp�ide-ric�, ��e 
sulphides have been mechanically dispersed and/or 
hydrothermally remobilised into the wall rocks. This 
may cause the rocks to look like they are sulphidised 
more intensively than usual.
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Fig. 9. Shear zone. In some of the figures contrast has been exaggerated to promote better distinction between different mineral phases. All the pho-
tographs shown here are taken from the same drill core from Loukinen (M52/2741/98/R501). This hole is drilled towards north so that it intercepts 
the E-striking shear zone. Although it does not reach as high gold grades as the nearby-located drill holes R515−R519, drilled towards west, it shows 
the same features. In the drill core R501, the section ~22−34 m is fine-grained schist (phyllite/tuffite) cut by a quartz-carbonate vein stockwork, the 
individual veins of which are relatively well preserved. Some veins contain sulpharsenides (at least gersdorffite). The section ~34−76 m is dominated 
by ductilely deformed graphitic phyllite in where most veins are sheared into tiny fragments. Although the veins are now mostly destroyed, this sec-
tion was once rich in quartz-carbonate-sulphide veins containing gersdorffite, pyrrhotite and chalcopyrite. However, gold grades are noteworthy only 
be�ween ~32−38 m (up to 0.24 ppm). a. Moderately deformed graphitic phyllite containing fragments of gold-related veins from a depth of 32.70 
m. The upper half of the photo is taken from a dry surface, whereas in the lower half the surface is wet. b. Highly deformed graphitic phyllite from 
a depth of 39.90 m. Vein clasts contain pyrrhotite and chalcopyrite. These minerals occur also in the graphitic matrix. c. Highly deformed graphitic 
phyllite from a depth of 55.95 m. d. Moderately deformed graphitic phyllite from a depth of 71.45 m. For abbreviations, see Fig. 6.

Lodes

Mineralisation consists of four potentially economic 
lodes: Levijärvi, Paaminamaa, Loukinen and Tienpää 
(Fig. 2). Each of these is up to a few hundreds of metres 
long and tens of metres wide. Their continuations at 
dep�� are open�� For de�ailed c�arac�eri�a�ion of ��e 
four lode�, �ee Table 2��

Of the four lodes, a mineral resource estimate has 
been done only for Levijärvi occurrence (Koistinen 
et al. 2000). There the up to 25 m wide mineralised 
zone has been delineated by diamond drilling for 
700 metres along strike to a depth of 30−110 m. Its 
indicated mineral resources are 0.114 Mt @ 0.5 ppm 

Au (at a cut-off grade 0.2 ppm) and 0.45 % Ni, or, 
alternatively, 9 500 tons @ 1.47 ppm Au (at a cut-off 
grade 1.0 ppm) and 0.25 % Ni. However, both tonnages 
and ore grade� are con�idered con�erva�ive, �ince ��e 
mineralisation is open at depth and its eastern continu-
ations were not included into the estimation.

The best intersections in other three lodes include: 
Paaminamaa: 1.52 % Cu @ 12.4 m and 0.44 ppm 
Au @ 5.4 m (drill hole R479); Loukinen: 0��53 % �u 
@ 76.1 m (R511), 0.47 ppm Au @ 20 m (R511) and 
8.51 ppm Au @ 0.5 m (R498); tienpää: 2��85 % Ni @ 
12.75 m (R522) and 3.87 ppm Au @ 1.6 m (R522).
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Table 2. List of the main features of gold mineralisation at Levijärvi-Loukinen. Some information may be inaccurate, as the 
availability of detailed data varies between the lodes (* = not studied as intensively as this subject category in the case of the 
Levijärvi lode). Note that all host rocks are metamorphosed, and the prefix meta is omitted from the rock names. Data derived 
from the present study and from Holma (2001), Keinänen & Holma (2001), Keinänen et al. (2001), Koistinen et al. (2000), Holma 
et al. (2003) and Holma (2006).

Levijärvi Paaminamaa Loukinen tienpää
commoditiEs: Au-Ni (± �u) Cu-Au-Ni Cu-Ni-Au Ni-Cu-Au

sirkka shEar 
ZonE:

E-W WNW-ESE E-W WNW-ESE

Known
mineralisation: 
Size

60 x 700 m 60 x 500 m (irregu-
lar)

70 x 250 m (mainly ir-
regular)

40 x 80 m

Dip Variably to south S�eeply �o �ou�� S�eeply �o �ou�� S�eeply �o �ou��

Ore fabric1
Vein stockworks Shear-hosted: veined 

zones brecciated due 
�o prolonged ��earing

Shear-hosted: veined zones 
breccia�ed due �o pro-
longed ��earing

Vein stockworks

GEoloGy:
Foo�wall2 / 
Hanging wall3

Volcano-sedimentary unit4 / 
Metakomatiite unit4

Volcano-sedimentary 
uni�4 / Metakomatiite 
uni�4

The arrangement of the 
metakomatiite and vol-
cano-sedimentary units4 i� 
complex

The arrangement of the 
metakomatiite and vol-
cano-sedimentary units4 i� 
complex

Major host 
rock�

P�ylli�e, �uffi�e and grap�-
i�ic p�ylli�e

P�ylli�e, �uffi�e and 
grap�i�ic p�ylli�e

Variably altered komatiite 
and p�ylli�e, �uffi�e and 
grap�i�ic p�ylli�e

Variably altered komatiite 
and p�ylli�e, �uffi�e and 
grap�i�ic p�ylli�e

Minor �o�� 
rock�

Intensively altered komati-
ite (listvenite) may have 
some potential for gold

Variably altered 
komatiite

In�ru�ive� Minor pre-gold doleri�e No� ��udied No� ��udied No� ��udied
Alteration as-
semblages
(in major host 
rock�)

Quartz-carbonate-sericite-
albite±sulphides in clastic 
sedimentary rocks, chlo-
rite common in tuffaceous 
in�erbed�

Quartz-carbon-
a�e-�erici�e-
albite±sulphides in 
clastic sedimentary 
rocks, chlorite com-
mon in tuffaceous 
in�erbed�

Quartz-carbonate-fuch-
�i�e-pyri�e in in�en�ively 
altered komatiite (listven-
ite); biotite, talc and/or 
carbona�e in le�� al�ered 
�ype�
Quartz-carbonate-sericite-
albite±sulphides in clastic 
sedimentary rocks, chlorite 
common in tuffaceous 
in�erbed�

Quartz-carbonate-fuch-
�i�e-pyri�e in in�en�ively 
altered komatiite (listven-
ite); biotite, talc and/or 
carbona�e in le�� al�ered 
�ype�
Quartz-carbonate-sericite-
albite±sulphides in clastic 
sedimentary rocks, chlorite 
common in tuffaceous 
in�erbed�

minEraloGy:

Vein gangue

Ankerite and Fe-dolomite 
± quartz, siderite, Fe-mag-
nesite, albite, K-feldspar, 
c�lori�e

* Ankerite and Fe-
dolomite ± quartz, 
albite, K-feldspar, 
c�lori�e

* Ankerite and Fe-dolo-
mite ± quartz

* Ankerite and Fe-dolo-
mite ± quartz

Major ore 
minerals

Pyrr�o�i�e, c�alcopyri�e, py-
ri�e5, locally al�o ger�dorffi�e 
and ar�enopyri�e

��alcopyri�e, pyrr�o-
�i�e, pyri�e5, locally 
al�o ger�dorffi�e and 
ar�enopyri�e

Pyrr�o�i�e, c�alcopy-
ri�e, pyri�e5 and locally 
ger�dorffi�e

Ger�dorffi�e, ar�enopyri�e, 
pyri�e5, pyrr�o�i�e and 
c�alcopyri�e

Minor ore 
minerals

Glaucodo�, cobal�i�e, pen�-
landi�e, violari�e, �afflori�e, 
löllingite, rammelsbergite, 
millerite, bismuthinite, cas-
�i�eri�e, �p�aleri�e, galena, 
rutile, ilmenite, apatite, 
monazite, xenotime, mar-
ca�i�e, Ni-Sb-Bi-S p�a�e 
(�auc�ecorni�e?), Sb-bear-
ing ger�dorffi�e (coryni�e?), 
several U-bearing minerals 
(uranini�e, coffini�e?), �ev-
eral un�pecified Bi-�el-
lurides, native bismuth, 
native gold and maldonite

Glaucodo�, pen�lan-
di�e, argen�open�-
landi�e, �p�aleri�e, 
ullmannite, rutile, 
ilmenite, apatite, 
monazite, U-minerals 
(branneri�e?), �e��i�e 
and na�ive gold

* Arsenopyrite, pentlan-
di�e, argen�open�landi�e, 
galena, sphalerite, molyb-
deni�e and na�ive gold

* Na�ive gold

Si�ing of gold Inclu�ion� and frac�ure fill-
ing� in all �ype of �ulp�ar�e-
nide�

* Inclu�ion� in pyri�e 
and ger�dorffi�e; 
frac�ure filling� in 
�ulp�ide�; free gold 
among quartz

* Inclu�ion� and frac�ure 
filling� in pyri�e and 
ger�dorffi�e; free gold

* Inclu�ion� in pyri�e, bu� 
probably al�o in �ul-
p�ar�enide� (��i� �a� no� 
been ��udied ye�)

1Only the dominant case is given
2Belong� �o ��e 2��13−2.05 Ga Matarakoski Formation of the Savukoski Group
3Belongs to the >2.05 Ga Sattasvaara Formation of the Savukoski Group 
4For de�crip�ion, �ee �ex�
5Generally pyrite shows characteristics that refer more towards metamorphic origin (recrystallised from pyrrhotite) than to genuine 
hydrothermal origin. Yet, pyrite seems to be a direct hydrothermal precipitate in some veins. The latter veins are paragenetically 
different than the gold-hosting quartz-carbonate-sulphide veins and are possibly not related to gold at all
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General characteristics of quartz-carbonate-sul-
phide veins

In gold-related veins, gangue mineralogy is domi-
nated by the carbonates ankerite, Fe-dolomite and 
minor siderite, calcite and magnesite, the combined 
abundance of which generally surpasses that of quartz 
(Fig��� 6c−6f and 7e). Quartz is grey and fine-grained 
and mainly concentred on vein interiors. Albite, mus-
covi�e, bio�i�e and c�lori�e are �ypical, al��oug� non-
ubiquitous, accessory constituents. In addition, minor 
to rare tourmaline, K-feldspar, apatite, monazite and 
xenotime have been met in some vein samples.

T�ere exi��� a correla�ion be�ween ��e oxida�ion 
states of ore mineral assemblages in veins and the 
country rocks the veins are hosted: e.g. reduced 
pyrrhotite-dominated mineral assemblages typically 
con��i�u�e ��e vein� in grap�i�e-bearing rock��� T�e 
main Fe-sulphide in veins hosted by carbonate-fuch-
site altered metakomatiite is pyrite. Sulpharsenides 
are primarily related to the volcano-sedimentary unit 
and particularly to its graphite-rich parts. As the local 
�ulp�ar�enide� are �ypically a��ocia�ed wi�� gold, ��e 
graphite-rich rocks are also the main host for gold 
mineralisation. Yet, similar veins are also known to 
cu� acro�� li��ologic con�ac�� a� well a� occupying 
��ear��� In place� w�ere ��e vein� are ��ear-con�rolled, 
they are notably deformed (Fig. 9).

Mineralisation contains the following main para-
genetic sulphide and sulpharsenide assemblages: 1) 
pyrr�o�i�e, 2) pyrr�o�i�e – c�alcopyri�e, 3) pyrr�o�i�e 
– c�alcopyri�e – pyri�e, 4) pyrr�o�i�e – pyri�e, 5) 
c�alcopyri�e, 6) c�alcopyri�e – pyri�e, 7) pyrr�o�i�e 
− c�alcopyri�e − pyri�e − �ulp�ar�enide(�), and 8) 
�ulp�ar�enide(�)�� T�e �ulp�ar�enide �pecie� i� gener-
ally arsenopyrite, gersdorffite or a complex mixture 
of the two and cobaltite ± glaucodot. Some veins 
are devoid of gangue minerals so that the veins are 
compact sulphide/sulpharsenide veins. There is only 
little variation in the given patterns along this five km 
long mineralisation.

Sulphide and arsenic minerals

By volume, the most common ore minerals are 
pyrr�o�i�e, c�alcopyri�e and pyri�e�� In ��e volcano-
sedimentary unit, pyrite is generally associated with 
the other two ore minerals, while in the intensively 
altered ultramafics it is the most common ore mineral. 
All these three common sulphides may also occur as 
low-grade dissemination surrounding the veins and as 
in up to few centimetres wide compact, sulphide-only 

type of veins (Figs. 6b and 6c). See Table 2 for a com-
prehensive list of detected ore minerals.

Mo�� of ��e �ulp�ar�enide� are precipi�a�ed clo�e �o 
the vein margins, but locally dissemination may pre-
vail immediately adjacent to the veins (Figs. 6d−6g)�� 
Arsenopyrite [FeAsS] and gersdorffite [(Co,Fe)AsS − 
NiAsS] are the dominant sulpharsenide minerals. Co-
baltite [CoAsS] and glaucodot [(Co,Fe)AsS)] are also 
met, but their distribution is much more restricted.

Only two mineral species of the löllingite group 
have been met: safflorite [(Co,Fe)As2] and löllingite 
[FeAs2]. They are very rare and occur only as tiny 
inclusions in the major sulpharsenides.

Gold and other native and intermetallic minerals

Native gold with Ag-content <25 wt.% (with at least 
two modes: one of relatively free of Ag and another 
wi�� ~15−25 wt.% Ag) and an average grain size of 
10−25 μm is by far the most common form of gold 
at Levijärvi-Loukinen (Fig. 10). It occurs mainly as 
inclusions and in narrow fractures within gersdorffite, 

Ore minerals and their assemblages and textures

Fig. 10. Photomicrographs of native gold (Au-Ag) in Levijärvi-Loukinen. 
Most grains are droplet-like or somewhat angular in shape. Some grains 
are associated with micron-sized fractures filled by native gold. Some of 
these forms suggest that at least part of the gold could have been derived 
from the host sulpharsenide, from where it could have been exsolved into 
��e frac�ure� during cooling�� However, �o far no refrac�ory gold �a� been 
found in any of the sulpharsenide grains. In all the given examples, gold 
is hosted by a sulpharsenide species (either arsenopyrite or gersdorffite). 
SEM BE-images.
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ar�enopyri�e and �o-ric� �ulp�ar�enide (glaucodo� and 
rare cobaltite). Places, also pyrite may be associated 
wi�� na�ive gold�� T�ere are al�o a few ob�erva�ion� of 
free gold in vein quartz.

In addition to native gold, the intermetallic miner-
als Au2Bi (maldonite) and Ag2Te (�e��i�e) �ave been 
observed in some samples. To underline that there 

truly exists a close association between Bi, Te and Au, 
some gersdorffite grains have been found to contain 
inclusions of native bismuth. As no refractory gold 
�a� been found on any analy�e� on �ulp�ar�enide�, 
for example, it is likely that it is a minor constituent 
at the most.

discUssiON

about the main abnormalities of the Levijärvi-Loukinen gold occurrence

The characteristics of the Levijärvi-Loukinen gold 
occurrence are con�i��en� wi�� ��e atypical metal as-
sociation subtype of orogenic gold mineralisation. 
This term is used here in the same sense as Groves et 
al�� (2003) u�e� i���

Orogenic gold mineralisation in the Kittilä green-
��one area of ��GB can be �ubdivided in�o �wo end 
members: gold-only and multimetallic (atypical metal 
association). Gold-only mineralisation is the dominant 
type. The multimetallic occurrences include Levijärvi-
�oukinen and Sirkka (Fig�� 1)�� Depo�i�� and occurrence� 
of ��i� ca�egory are excep�ional by �aving a�ypical 
metal association for orogenic gold: Cu, Fe, Ni, Au ± 
Ag, Co. Except their respective metal associations, the 
�wo depo�i� group� �ave overlapping c�arac�eri��ic��� 
T�i� i� now�ere clearer ��an in SSZ (Fig�� 1)��

One of the uncommon features of the Levijärvi-
�oukinen gold occurrence i� ��e �ig� abundance of 
gersdorffite [(Co,Fe)AsS − NiAsS] in the ore. World-
wide, gersdorffite is an unusual mineral in most of the 
known ore depo�i��, w�a�ever ��e gene�ic background 
of the deposit may be. It is not that it is exceedingly rare 
itself, but merely that generally it is an accessory phase. 
However, in a small group of deposits gersdorffite may 
be an important ore-forming mineral (Jackson et al. 
2003). Generally gersdorffite is related to magmatic 
ore deposits, especially if other nickeliferous minerals 
are present as well (e.g. pentlandite). Some gersdorf-
fite-rich deposits − but not Levijärvi-Loukinen − are 
enriched in platinum group elements. The inferred 
genetic origins of these deposits vary from Sudbury-
type of deposits to orebodies hosted by layered mafic 
to ultramafic igneous complexes. 

The occurrence of gersdorffite in a hydrothermal 
vein deposit generally means that there are ultrama-
fic rocks somewhere in the vicinity. This holds true 
also in the current study area. In most orogenic gold 
deposits gersdorffite is, if present at all, only a minor 
constituent of the ore. In contrast, at Levijärvi-Louk-
inen gersdorffite is one of the most voluminous ore 

minerals and there is no doubt that gold is directly 
associated with this mineral in particular.

According to Eilu et al. 2006 (this volume), pyri�e i� 
the major Fe-sulphide in CLGB. At Levijärvi-Louk-
inen the overall mineralogical composition of veins 
is a very specific one when compared to the majority 
of gold occurrences in the Kittilä greenstone area (if 
��e w�ole nor��ern Finland i� con�idered, ��ere are 
some similarities between the gold occurrences in 
the Kuusamo schist belt and the multimetallic occur-
rences of the Kittilä greenstone area). Besides, most 
of ��e Fe i� incorpora�ed in�o pyrr�o�i�e, no� in pyri�e�� 
This difference in gold-related mineral assemblages 
between different occurrences is a feature that seems 
�o be clo�ely rela�ed �o differen� oxida�ion ��a�e� of 
the deposit-hosting rocks. For example, at Levijärvi-
�oukinen frac�ure� ob�erved in carbona�e-fuc��i�e 
altered metakomatiite and other metavolcanic rocks 
are filled with carbonate, quartz and either pyrite or 
pyrrhotite, whereas otherwise similar veins in meta-
sedimentary rocks are typically rich in pyrrhotite in 
lieu of pyrite. In those occurrences where majority of 
gold-rich veins occur in metakomatiitic rocks, pyrite 
in excess of pyrrhotite is the only main Fe-sulphide 
(e.g. at Päivänenä; Fig. 1). If this scheme is valid, 
then the two gold mineralisation subtypes of SSZ, 
i.e. the multimetallic (atypical metal association) and 
gold-only subtypes, are merely dissimilar in their vein 
characteristics because of different primary and/or 
al�ered rock �ype���

The enrichment of elements like Fe, Cu, Ni and Co 
in ��e occurrence can be �een a� a logical con�equence 
of the lithology built up from ultramafic and mafic 
volcanic rock� in clo�e con�ac� wi�� reducing grap�-
itic metasedimentary rocks. In this kind of view, the 
altered ultramafics are seen as the most likely source 
of Ni±Cu±Co. Iron could have been gathered from 
all rock types, including the mafic rocks. Graphitic 
metasedimentary rocks are a potential source for 
S±As as well as Cu and Fe. Highly to moderately 
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saline fluids are generally suggested from this type 
of sulphide-rich multimetallic mineralisation. The 
very preliminary results of the on-going fluid inclu-
sion study on the samples from Levijärvi-Loukinen 

suggest saline fluids. Also previous studies on other 
depo�i�� in ��e nor��ern Fenno�candian S�ield �ave 
shown that in many cases the fluids were anomalously 
�aline (e��g�� Frie��c� e� al�� 1997, Mar�in��on 1997, E�-
tner et al. 1999, Vanhanen 2001). 

Levijärvi-Loukinen: an example of orogenic gold mineralisation with atypical metal association

In orogenic gold systems, hydrothermal fluids are 
typically dilute aqueous carbonic fluids, with 5−30 
mole % of CO2 ± �H4. Fluid salinities are uniformly 
low (≤6 w���% Na�l equivalen�)�� Fluid� are u�ually 
interpreted to have been derived from one or a com-
bina�ion of deep-�ea�ed �ource��� Mo�� of ��e depo�i�� 
are ��ruc�urally �o��ed and generally re��ric�ed �o ��e 
bri��le-duc�ile �ran�i�ion in �errane� ��a� underwen� 
greenschist facies metamorphism. Some deposits are 
hosted in terranes that show sub-greenschist, amphi-
bolite, and even granulite facies metamorphism. In the 
orogenic gold deposit model, the deposits are seen as 
a logical consequence of the interaction between fluids 
and the rising mountain range, the mountains of which 
through the fluids circulate during compressional to 
transpressional deformation. The orogenic event is 
accre�ionary or colli�ional in c�arac�er (Grove� e� al�� 
1998). A given orogenic gold deposit or occurrence is 
characteristically associated with major or lower-order 
tectonic structures in deformed and metamorphosed 
mid-crustal blocks of diverse ages (Bierlein & Crowe 
2000, Hagemann & Cassidy 2000, Partington & Wil-
liams 2000).

Orogenic gold depo�i�� are �ypically enric�ed in 
Au with Ag, Te, S, As, Bi, Sb, W, K, Cs, Rb and 
SiO2, but rarely in base metals (Ridley 1997, Mc-
Cuaig & Kerrich 1998, Eilu et al. 2006, this volume)�� 
As reviewed in this volume by Eilu et al., most of 
��GB- and al�o SSZ-�o��ed gold occurrence� ��ow 
resemblance with ordinary orogenic gold deposits in 
their main characteristics. The main ore minerals in 
��e�e �o-called gold-only occurrence� are, in order of 
abundance, pyri�e, ar�enopyri�e and pyrr�o�i�e�� In ��e 
Päivänenä-Hirvilavanmaa area (Fig. 1), for example, 
gold i� clo�ely rela�ed �o pyri�e or occur� free wi��in 
the quartz-carbonate gangue (Härkönen & Keinänen 
1989, Keinänen & Hulkki 1992, Hulkki & Keinänen 
2006, this volume). A typical CLGB-hosted gold-
only occurrence displays enrichment in Au, Ag, As, 
Bi, �O2, K, Rb, S, Sb, Te, and W (Eilu et al. 2006, 
this volume)�� 

In contrast, occurrences of the atypical metal asso-
cia�ion �ype in ��e curren� ��udy area are enric�ed in a 
larger set of metals and ore minerals. They show not 
only enrichment in the same suite of elements than the 
gold-only subtype, but also in Cu, Ni, Co and, in some 

localities, U. Also the amount of sulphides in them 
�end� �o �urpa�� ��a� in ��e gold-only occurrence��� In 
short, the occurrences are polysulphidic and multime-
tallic compared to the gold-only occurrences.

The nearest known intrusive rocks to the Levijärvi-
Loukinen occurrence, if pre-gold metadolerites are 
excluded, lie over 12 km to the north and northwest 
and 18 km to the south. Besides these, there is an 
obvious lack of major intrusive bodies anywhere 
near ��e occurrence, a� lea�� a� ��e pre�en� ero�ional 
level (Fig�� 1)�� �er�ainly ��i� alone doe� no� prove ��a� 
��ere could no� exi� a gene�ic link be�ween plu�on� 
and mineralisation. However, there probably is no 
intimate, not at least direct, relationship between the 
occurrence and in�ru�ive rock��� Suc� a conclu�ion i� 
drawn from: 1) typical skarn-related mineral associa-
tions are lacking from Levijärvi-Loukinen; 2) there is 
a significant scarcity of Fe-oxides; 3) mineralisation is 
in proximity to a large-scale fluid conduit with typical 
mid-crustal deformation features and mesothermal 
al�era�ion pa��ern��� 

Except the composition of the fluid, most of the 
main features of orogenic gold deposits are met at 
Levijärvi-Loukinen. For example mineralisation 
probably �ook place a� ~300−475°� and 1��5−3 kbar 
(inferred from the alteration and vein mineral assem-
blages) which conditions are typical to mesozonal 
subtype of orogenic gold mineralisation. Also the 
following cri�eria are u�ed a� ba�i� �o cla��ify ��e 
Levijärvi-Loukinen occurrence into the category of 
orogenic gold mineralisation: 1) there are no indica-
tions of crustiform or colloform textures, which are 
diagnostic to the epizonal environment; 2) textures 
rela�ing �o bri��le−ductile deformation and mesozonal 
environment are ubiquitous; 3) there is a lack of true 
disseminated ore bodies, which are common features 
of deep-seated deposits. Dissemination is notable 
only in ductile shear zones and in some graphite-rich 
rock� w�ere ��ere are narrow �ulp�ide-ric� veinle���� 
Sulphide dissemination in shear zones is traceable to 
distorted and fragmented veins and hence is thought 
to be of secondary origin. Taking all the above-men-
tioned aspects into account with those more specific 
c�arac�eri��ic� pre�en�ed in Table 2, ��e occurrence� 
discussed here fall most easily into the orogenic gold 
ca�egory ��an in�o any o��er curren� depo�i� cla����
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sUMMarY aNd cONcLUsiONs

possibly also partly remobilised the occurrence to 
i�� curren� appearance�� �ro��cu��ing faul�� and re-
lated brecciation further complicates the shapes of 
individual lodes. The width of mineralisation ranges 
from 25 m to 70 m. 

At least five km long section of SSZ has been min-
eralised with the following main characteristics:
1. Structural style is dominantly brittle. Metamorphic 

grade and alteration assemblages imply towards 
mid- to upper-greenschist facies conditions. Gold-
related alteration is dominated by quartz, carbonate, 
sericite/fuchsite ± albite, chlorite, pyrrhotite, pyrite, 
ar�enopyri�e, ru�ile��

2. The lodes are formed by variably sulphidised 
discrete veins, swarms, stockworks and complex 
breccia zones, the latter actually being ductilely 
deformed shear-hosted stockworks.

3�� T�ere i� only li��le varia�ion in vein gangue�� Ore 
mineral assemblages are more varied and change 
according to lithology. Veins are generally domi-
nated by carbonates over quartz, sulphides and 
sulpharsenides. A vein may contain any of the fol-
lowing: ankerite, Fe-dolomite, quartz, siderite and 
minor calcite, magnesite and chlorite; pyrrhotite, 
chalcopyrite, pyrite, arsenopyrite, gersdorffite; 
accessory to trace amounts of glaucodot, cobal-
tite, pentlandite, argentopentlandite, ullmannite, 
safflorite, löllingite, violarite, millerite, sphalerite, 
galena, bismuthinite, uraninite, brannerite, cas-
siterite, marcasite, monazite, xenotime, hessite, 
native gold, native bismuth and maldonite.

4. Native gold, the major known carrier of Au, is 
mainly related to sulpharsenides and pyrite. Gold 
�o��ed by �ulp�ar�enide� occur� a� inclu�ion� or a� 
irregular forms filling voids and microcracks in their 
�o�� cry��al��� T�ere i� no indica�ion of refrac�ory 
gold in the ore minerals so far.

The occurrence shares many geological characteris-
�ic� wi�� ��e orogenic gold depo�i� cla�� (e��g�� Grove� 
et al. 1998, McCuaig & Kerrich 1998), whereas it 
lacks many key features expected from the other major 
gold deposit classes, including the Fe-oxide Cu-Au 
(IOCG) (Hitzman 2000, Partington & Williams 2000) 
and intrusion-related gold deposits (Lang & Baker 
2001)�� T�e following c�arac�eri��ic� poin� �oward� 
orogenic gold mineralisation: 1) there is an apparent 
lack of proximity to intrusive rocks, 2) there is scarcity 
of rela�ed iron oxide� and ab�ence of di��inc�ive �karn 
minerals, and 3) all characteristics correspond to brit-
tle-ductile deformation and mesothermal environment 
during mineralisation. 

To summarise, the observed characteristics sug-

Orogenic gold mineralisation in the Palaeoprot-
erozoic Central Lapland greenstone belt (CLGB) of 
northern Finland can be divided into two subtypes: 
gold-only and multimetallic (atypical metal associa-
�ion)�� Mo�� of ��e depo�i�� and drilling-indica�ed gold 
occurrences are somehow related to the Sirkka Shear 
Zone (SSZ) (also known by the name Sirkka Line) 
��a� i� con�idered �o be a ��eeply �ou��ward dipping 
and ~150 km long collision-related shear and thrust 
fault system. It hosts both gold-only and multimetal-
lic occurrences, but principally in different segments. 
Known multimetallic occurrences are clustered in the 
westernmost 35 km of SSZ and do not occur elsewhere, 
a� lea�� no� wi�� iden�ical c�arac�eri��ic��� In con�ra��, 
gold-only �ype of occurrence� �ave been �ca��ered 
more evenly across CLGB.

This paper describes and defines the main char-
acteristics of the multimetallic Levijärvi-Loukinen 
occurrence�� T�i� undeveloped occurrence i� one of 
the easternmost of its kind in SSZ; it locates ~25 km 
east of the Saattopora Au-Cu mine, which is also 
an atypical metal association gold deposit in CLGB 
(mined 1988–1995).

The Levijärvi-Loukinen occurrence comprises four 
lodes. The metal association of the occurrence is “atypi-
cal”, because of Cu, Fe, Ni, Au ± Ag, Co, the metals 
the occurrence is enriched in. Potential commodities 
are Au, Cu ± Ni, Co. Gold grades locally exceed five 
ppm in drill core, but best gold grades are up to ~25 
ppm (analysed from a costean sample).

The auriferous veins at Levijärvi-Loukinen have 
preferentially developed in the most competent and 
reactive rocks in the area: carbonate-fuchsite altered 
metakomatiite and a sequence of quartz-carbonate-
sericite-albite altered phyllite, tuffite and graphitic 
p�ylli�e�� T�e�e rock�, w�ic� are repre�en�a�ive of 
��e >2��05 Ga Savuko�ki Group, are in clo�e con�ac� 
wi�� eac� o��er and, due �o frac�uring, �ave offered 
a relatively easy passage for metal-bearing fluids. 
Earlier carbonation of metakomatiite and albitisation 
of fine-grained schists were probably both important 
even�� for ��e �ub�equen� frac�uring, a� ��ey could 
have made these rock types more competent with 
re�pec� �o ��eir le��-al�ered coun�ry rock�, w�ic� 
comprise mainly massive to pyroclastic Fe-tholeiites. 
However, albi�i�a�ion i� no� a� eviden� nor ex�en� a� 
i� i� el�ew�ere in ��GB (e��g�� a� Naakenavaara)�� T�e 
high abundance of quartz-carbonate veins in pre-car-
bonated metakomatiite attests to the relatively high 
competence of this rock type.

In area� w�ere veining �a� occurred wi��in ��e 
shears, continuous deformation has modified and 
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gest that mineralisation occurred under mid- to upper 
green�c�i�� facie� condi�ion� a� ~300−475°� and 1��5−3 
kbar (inferred from the alteration and vein mineral as-
semblages) during brittle to brittle-ductile deformation 
soon after the peak of deformation and metamorphism. 
The close spatial association of ultramafic rocks (a 
likely source of Ni±Cu±Co) with mafic metavolcanic 
rocks (potential source of Fe) and graphitic metasedi-

mentary rocks (a potential source for S±As as well 
as Cu and Fe) is the dominant cause for the observed 
mineralisation characteristics. By producing reducing 
conditions, the graphitic rocks have acted as an efficient 
chemical trap. Hence the entrapment of sulphides ± 
gold in quartz-carbonate-sulphide veins was a result 
of fluid-rock interaction.
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The Central Lapland greenstone belt (CLGB) in the northern part of the Fennoscan-
dian shield has been highly prospective for orogenic lode gold, with several occurrences 
already been discovered. The wide extent of the greenstone belt (100 km x 200 km) is 
a good reason for application of regional aeromagnetic data in characterizing the struc-
tural control on gold and investigation whether the related extensive alteration could be 
recognized in airborne gamma-ray spectrometric data. 

Central Finnish Lapland has been covered by systematic airborne geophysical surveys 
since the 1970´s. The low nominal terrain clearance of 30 m, the general line spacing 
of 200 m, the dense sampling rate, and the practice of using a magnetic horizontal 
gradiometer permit interpretation in a wide range of scales from regional to prospect 
scale. This kind of high-resolution airborne data have widely been applied in Finland 
for the purposes of crustal studies, geological mapping and mineral exploration. Proven 
to be detailed enough, these data are nowadays being more frequently applied also for 
geotechnical and environmental applications. Increasing interest for gold exploration 
in Finnish Lapland raised the need for re-interpreting the existing airborne geophysi-
cal data in accordance with the new geological information, but also urged the need 
for re-surveying the most prospective areas by using modern equipment, processing 
and interpretation techniques. In addition to the previous 200 m line-spacing airborne 
measurements, test areas were (2001 – 2002) surveyed in Finnish Lapland by using line 
spacing of 50, 75 or 100 m and differential GPS-positioning. The results show that still 
more structural detail, in particular small-scale shear zones and systematics in fracturing, 
can be interpreted from these data. The simultaneous measurements of dual-frequency 
(3 kHz and 14.4 kHz) electromagnetic data give properties for interpreting the variation 
of electrical conductivity of the uppermost part of the crust.

Key words (GeoRef Thesaurus AGI): gold ores, mineral exploration, Central Lapland 
Greenstone Belt, geophysical methods, airborne methods, structural controls, hydrothermal 
alteration, petrophysics, Paleoproterozoic, Lapland Province, Finland.
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introDuction

This article describes application of aerogeophysical 
data sets in different scales: from the interpretation of 
the regional structural framework to the prospect scale 
investigation of the geophysical anomalies associated 
with hydrothermally altered zones. The main interest 
was on aeromagnetic and gamma-ray spectrometric data, 
and on developing routines for detecting and outlining 
the zones of chemical alteration. For example, a strong 
correlation is observed between potassic alteration of 
ultramafic rocks, K/Th ratios in radiometric data and 
magnetic reduction. The features pointed out in this study 
are expected to be common to other similar greenstone 
belts in the world. The earlier aerogeophysical survey 

data, carried out by using line spacing of 200 m, were 
compared with the re-surveys by using line spacing 
of 75 m. The detailed structural information increased 
outstandingly. The results support carrying out high 
precision airborne geophysical measurements at a low 
flying altitude (less than 50 m) and by using a line 
spacing of 100 m or less. The general characteristics of 
aerogeophysical response for chemically altered zones 
have been earlier reviewed in Airo (2002), with exam-
ples from both greenstone-related gold-occurrences 
in Lapland and base-metal bearing sulphide deposits 
mainly in eastern Finland.

interpretAtion methoDology

The first aeromagnetic high-resolution image cov-
ering the whole Central Lapland was presented as a 
grey-scale photomosaique map, compiled using the 
“photomethod” developed by Juha Korhonen and 
introduced at the 15th Geological Winter Meeting in 
Iceland (Airo and Korhonen 1982; 1983). The pho-
tomethod was extremely sensitive for detecting even 
the faintest magnetic variations and the map is still 
one the most informative presentations in describing 
lithological and stratigraphic variation, boundaries of 
signature zones, and in characterizing the main geologi-
cal features in Central Lapland. Since then, along with 
the development of computer-based image-processing 
techniques, coloured shaded relief-presentations of 
aeromagnetic data have become more popular. The 
shaded relief images express, in particular, the structure 
displayed by the shadows, but the results are strongly 
conditioned by the choice of illumination azimuth. 
Grey-scale presentations simply portray the magnetic 
field data in grey tones of increasing density between 
white (the lowest) and black (the highest). Cordell 
and Knepper (1987) applied Korhonen’s method for 
grey-scale aeromagnetic images in Missouri, and re-
vealed totally new information even in the previously 
well-studied areas. 

In the present study, the distribution, extent and 
geometry of regional scale structural patterns in 
Central Lapland were mainly outlined on the basis 
of aeromagnetic (AM) data. Measurements of both 
magnetometers have been utilized when preparing 
the magnetic data grid (50 m cell-size), which ena-
bles interpretation of even quite detailed structural 
features over extensive areas. The interpretation was 
supported by petrophysical information on the differ-
ent geological units. Characterization of geophysical 

provinces and their boundaries was based on magnetic 
and electromagnetic (AEM) signatures. The AEM 
data were particularly useful for visual estimates 
of electrically conductive units and separation of 
magnetite-bearing units from the graphite-bearing 
good conductors, which may also contain variable 
amounts of sulphides. The interpretations are based 
on low-frequency (3 kHz) measurements. The general 
distribution of radioelements within different litholo-
gies was inferred from airborne radiometric (AR) data. 
Estimated concentration of potassium is expressed as 
a percentage (K%), whereas U and Th are expressed 
in equivalent parts per million (eU and eTh), which 
indicates that their concentrations are deduced from 
daughter elements in their decay chain. Applicability 
of aerogeophysical data in gold or base metal explora-
tion in general is summarized in Table 1. 

The relationship between deep or surface struc-
tures was investigated by interpretation of long- and 
short-wavelength magnetic anomaly data, supported 
by regional gravity and digital topographic data. The 
internal structures – trends or characteristic patterns 
– within the outlined geophysical units were inspected 
and correlated with the known lithological informa-
tion. Linear features forming discontinuities, offsets 
or terminations were interpreted as faults. Magnetic 
expressions of fracturing or shearing tend to be minor, 
often faint lineaments, which may form systematic 
network patterns. These are linked with late stages 
in the structural evolution of the area, since their 
magnetic counterparts crosscut all the other magnetic 
features. Experiences on similar aerogeophysical 
signatures corresponding to late stage fracturing have 
been obtained during projects carried out elsewhere 
in Finland, where aeromagnetic patterns were cor-
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Table 1. Common applications of aerogeophysical and petrophysical techniques to greenstone belt gold or VMS (volcanite-associ-
ated massive sulphide) exploration problems (adapted and modified from Meju 2002).

Airborne method Target features in VMS or gold prospects

AM (aeromagnetic) Mapping of lithology, rock types, deformation styles and their boundaries; 
major structures, faults and fractures, shear zones; 
chemical alteration (magnetite destruction), sulphidation (increased overall magnetization in 
graphitic shales if pyrrhotite but locally depleted magnetization close to ore)

AEM (aeroelectromagnetic) Structural framework, faults, shear zones;
mapping of lithology: conductive or resistive bodies or mineralization

AR (aeroradiometric) Lithological correlation: 
– commonly depleted K for greenstones
– commonly enhanced U and Th for associated graphitic shales 
Zones of chemical alteration:
– potassic alteration of ultramafic and mafic host rocks => increased K and K/Th
– sulphidation is often associated with locally depleted Th => enhanced U/Th

Petrophysical data Lithostratigraphic correlation;
separation of deep-seated or exposed geological units;
interpretation of surface geophysical exploration data; 
magnetic mineralogy (remanent / induced magnetization)

related with fracture and shear zone characteristics 
based on observations made on outcrops (Pajunen et 
al., 2001a and 2001b). 

Interpretation methodology in Central Lapland 
was developed to prospect scale by examining 
individual flight line data. The question was if the 
anomalous zones displaying enrichment of potassium 
in the ultramafic rock sequences could be outlined in 
airborne data. Since a simultaneous decline in mag-

netite concentration was known to have taken place, 
local magnetic lows were expected to correlate with 
positive potassium anomalies in the radiometric data. 
Anomalous ratios of radioelements proved out to help 
in localizing chemically altered zones, particularly 
K/Th for pointing out altered ultramafic units and 
U/Th in localizing sulphidized rocks. These seemed 
to be related to intensive small scale fracturing in the 
host rocks.

geophysicAl outline of centrAl lAplAnD AnD  
the mAin geophysicAl provinces

Volcanic activity in the latest Archean initiated the 
Central Lapland greenstone belt (CLGB). Throughout 
the Paleoproterozoic, it records a complex and episodic 
history of sedimentation, magmatic activity and hydro-
thermal alteration, culminating in orogenic deformation 
between 1.9–1.8 Ga (Sorjonen-Ward et al. 1992). From 
1.84–1.80 Ga, extensive granitic magmatism occurred, 
particularly along the southern margin of the greenstone 
belt, and this magmatism is associated with active 
deformation and prominent metamorphic gradients. 
Extensive and pervasive hydrothermal alteration is 
found in proximity to major structures and recognized 
in all rock types throughout the Lapland greenstone 
belt (Eilu 1994; 1999).

The general geophysical characteristics of Central 
Lapland were described within Lehtonen et al. (1998), 
who report the results of the Lapland Volcanite Project 
(1984–1989) and define the lithostratigraphic groups 
in Central Lapland. The general geological map of 
Central Lapland in Fig. 1 is based on the results of 
this project. The geological characterization of these 

groups and their age relationships were refined by 
several contributors in a special publication about the 
radiometric age determinations from Finnish Lapland, 
e.g., Rastas et al. (2001). Geophysical interpretation 
case histories based on aeromagnetic data, concerning 
various areas in Central Lapland, have earlier been 
presented for example from the Rajala area (Korho-
nen et al. 1985) and the Kaunislehto metavolcanic 
formation (Airo 1993; Airo in Lehtonen et al. 1998). 
Wennerström and Airo (1998) studied the magnetic 
anisotropy explaining the emplacement mechanism 
of the porphyritic, so-called Nattanen-type granitoids 
in Lapland. The geology and the metamorphic and 
structural history of the CLGB have been investigated 
by Hölttä et al. (this issue). Regional geophysical data 
used in this study is mainly owned by the Geological 
Survey of Finland (GTK). In addition, the Bouguer-
anomaly data of the Finnish Geodetic Institute and 
with the digital elevation data from the National Land 
Survey of Finland were available.

The magnetic signatures (Fig. 2), characterizing the 
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present picture of the CLGB were mainly produced 
during the latest regional metamorphism, resulting 
both in broad regional anomalies with smooth gradi-
ents, and folded, high-frequency magnetic anomaly 
bands. The magnetic anomaly strikes mainly follow 
systematic orientations as a response to the regional 
stress field during the latest ductile deformation 
stage. Post-metamorphic tectonic and hydrothermal 
processes tend to disrupt or destroy the previously 
continuous magnetic patterns. This results in offsets 

or terminations of magnetic signatures represent fault 
and fracture zones, or zones of broken and gradually 
disappearing anomaly patterns and reduced anomaly 
amplitudes. These highly fractured zones are also 
susceptive for fluid injection and chemical alteration, 
which affects also the magnetic minerals. In general, 
later tectonic stress is preferably released by devel-
opment of dense fracturing along the old structural 
weakness zones.

The general tectonic trends, interpreted from AM 

Fig. 1. Location of the study area in Lapland. The known gold occurrences and deposits marked with open circles 
are used as training sites. The most significant deposits are labeled.
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Fig. 2. Aeromagnetic image showing the CLGB (500 m upward-continuated magnetic field, illuminated from NE). Lines indicate the interpreted 
main tectonic trends discussed in text. Known gold occurrences are marked in yellow. Numbers denote goephysical provinces discussed in text. 
Aerogeohysical data, GTK.
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data are schematically displayed as a separate image 
for more clear vision. The same trends are repeated in 
other regional geophysical data sets (Figs. 3–6). Two 
main, geophysically different Provinces 1 and 2 of the 
CLGB are separated by a major tectonic boundary. 
The weakly magnetic Province 1 (corresponding to 
the mainly tholeiitic metavolcanic rocks of the Kittilä 
Group in Fig 1; Rastas et al., 2001) is neighboured 
in the south by the more highly magnetic Province 
2 (corresponding to metavolcanic and metasedimen-
tary rocks of the Savukoski and Sodankylä Groups). 
Province 2 contains magnetite-bearing units (mafic 
differentiated intrusions and ultramafic metavolcanic 
rocks), which control the magnetic character of this 
province. The tectonic boundary between Provinces 
1 and 2, the Sirkka line, is generally presented as a 
line between the Savukoski and Kittilä Groups. In 
geophysical sense, there is a 10–20 km wide structur-
ally disturbed zone and, therefore, in the present paper 
the Sirkka zone name is used. Its main orientation 
corresponds to N60W, but the zone is composed of a 
series of thrust-faults, fracture, shear and fault zones, 
striking parallel to the main trend and the boundaries 
in the whole CLGB area. Together they form a con-
tinuous structural Z-pattern across Central Lapland, 
composed of N60W, N70E, N25E, N15E, N40E and 
N25W striking features. It is obvious that this zone 
was reactivated at several stages during the tectonic 
history of the CLGB.

The regional gravity data, from 5 km station spacing, 
outlines the CLGB greenstone area with a 30–40 mGal 
positive anomaly compared with the neighbouring 
basement gneisses and post-orogenic granitoids (Fig. 
3). The gravity high is mainly caused by the Kittilä 
Group tholeiitic greenstones (Province 1), which is 
geophysically characterized as a high density, weakly 
magnetic region containing metasedimentary, graph-
ite-bearing intercalations. According to modelling 
represented by Lanne (in Lehtonen et al. 1998; see 
also Gaál et al. 1989), the greenstones of Province 1 

reach the thickness of 5–7 km with an average density 
of 2940 kg/m3. 

In the AEM image (Fig. 4), Province 1 is character-
ized by curved, folded stratigraphy-related AEM pat-
tern caused by the graphite-bearing metasedimentary 
sequences. In further detail Province 1 displays divi-
sion into geophysical sub-provinces 1.1, 1.2 and 1.3, 
delineated by mainly NS striking fault and shear zones. 
These sub-provinces differ chiefly in their abundance of 
graphitic horizons and good EM conductors, but they 
can also be recognized and outlined in the magnetic, 
gravity and topographic data. Sub-province 1.3 was 
more resistive against weathering or has an uplifted 
basement, as expressed by higher mean altitude in the 
digital elevation data (Fig. 5) than the other two sub-
provinces. The approximately 20 km wide, fractured 
Sirkka zone is deeply eroded. 

The magnetic mineralogy and fabrics in the geo-
physical provinces of the CLGB were mainly produced 
due to metamorphic processes of the Svecofennian 
orogeny, and continuous magnetic form lines represent 
them. Boundaries of sub-provinces 1.1, 1.2 and 1.3 
were formed after the main orogenic stage, since they 
disrupt the continuous form line pattern. These prov-
ince boundaries have reflections throughout the whole 
CLGB region, and are interpreted to represent features 
created by the regional stress field. Because of their 
N-S strike and coupled gradients in magnetic, gravity 
and electromagnetic fields, they are associated with 
step- or ramp-like structures, and possibly reflecting 
W-E compression. Their appearance in regional gravity 
and magnetic data, representing deep anomaly sources, 
refers to their great depth. Depending on the strike and 
competence of the rocks and old structures subjected 
to stresses, breaking up and fracturing occurred along 
the province boundaries or other structurally weak 
zones. The boundary between the altered ultramafic 
units and the graphite-bearing schists was probably 
especially weak horizon. Another weakness is the 
cleavage parallel to the general strike of bedding.

systemAtics in fAult AnD frActure pAtterns

Structural analysis of regional geophysical data clari-
fies understanding of the systematics and repetition 
of structural trends and their relation to each other. 
The province outline geometry is mirrored inside 
the structural provinces as parallel fracture trends or 
thrust block geometry. Knowing the general appear-
ance of these trends they become more visible in the 
field and to help evaluating their importance for the 
whole tectonic picture. 

The main interpreted strikes of fracture and fault 

trends in the CLGB are: N60W, N70E, N25E, N15E, 
N40E and N25W (Fig. 6). NS and EW trending features 
are formed as combination of crosscutting strikes. NS 
is shown as small scale NS trending brittle fractures 
and shear zones, while EW is associated with fractured 
and altered zones of wide extent. The main fracture 
orientations express themselves especially clearly 
along the Sirkka zone, although the directions N60W 
and N70E dominate the geophysical fracture trends. 
The magnetic interference patterns are suggested to 
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Fig. 3. Regional gravity shows the main distribution of CLGB greenstones with four corners (Finnish Geodetic Institute, 5km spacing of data points). 
The same tectonic trends as in Fig. 2.
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Fig. 4. Apparent resisitivity image (calculated on the basis of EM data, half-space model) superimposed on aeromagnetic shded relief. Aerogeophysical 
data, GTK. The same tectonic trends as in Fig. 2. Subdivision of province 1 explained in text.
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Fig. 5. Digital elevation model of Central Lapland (National Land Survey). The same tectonic trends as in Fig. 2.
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Fig. 6. Aeromagnetic gradient image (horizontal derivative) of CLGB and the main tectonic trends. Small-scala fracture trends mirror the regional 
fracture orientations. The map scale and other explanations as in Fig. 2. Aerogeophysical data, GTK.

be mainly due to two different stress field directions: 
from SW and from W. Following the latest ductile 
deformation stage, tectonic stress affects and tends 
to break the already partly cooled and rather brittle 
crust. The fractures and joints produced under brittle 
deformation stage are imaged in the aeromagnetic 
data as short lineaments, which cut the magnetic sig-
natures and are coupled with topographic small-scale 
features. These weak expressions may be enhanced by 
different mathematical techniques, such as analysis 
of magnetic horizontal derivatives. They might be 
related to late stage tensile fracturing which increases 
with progressing deformation. One explanation for 
this kind of late-stage shear and tensile fracturing was 
represented by Satoh et al. (2000). They describe the 
change from shear fracturing to more tensile crack-
ing by investigating the generation mechanism of 
microfractures in medium grained granite, subjected 
to four-fold loading and unloading of peak stresses. 
The relative number of shear type events was larger 
in the first loading cycle, while the tensile component 
became more important in the following cycles. They 
conclude, that with progressing deformation, shear 
fracturing becomes important irrespective of rock 
type. The linkage of tensile cracks could generate the 
shear fractures, as their density increases with defor-
mation. This results in increasing number and extent 
of macroscopic fractures and joints, which inherit the 
microfracture geometry.

The geophysically most important structural trend in 
the CLGB is N60W, which is the strike of the magnetic, 
gravity and EM boundary between Provinces 1 and 2. 
This trend is expressed in regional magnetic data by 
linear, smooth gradients of great length, indicating also 
their great depth extent. They are composed of parallel, 
gently dipping thrust faults and thrust surfaces. Thrust 
ramps or terraces of the same orientation are found 
more northeast within Province 1, and they also have 
expressions in topography. More detailed-scale brittle 
fractures, interpreted on the basis of aeromagnetic 
short-wavelength data, follow the same strike. The 
thrust faults crosscut and disrupt the magnetic and 
electrical anomaly trends, suggesting that the thrusting 
occurred after the formation of continuous magnetic 
and EM signatures. Variably competent structures 
with different strike resulted in discrete response 
to tectonic stress. Where the thrust movement was 
perpendicular to the lithological contact between the 
altered ultramafic rocks and the electrically conductive 
schists, these structurally weak units were thrusted 
on each other, resulting in a wide fractured zone due 
to the gentle dip of structures. Where the movement 
was parallel to the strike of main foliation, the dips 
of the zone are more vertical and shearing along the 
foliation trend is reflected in the magnetic data as 
horizontal thinning. 

N70E is an important trend that delineates the 
main part of the regional gravity anomaly due to the 
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In geophysical sense, the addition of potassium is 
the most important indication of chemical alteration 
along the Sirkka zone, coupled with a decline in the 
abundance of magnetite in mafic and ultramafic rocks. 
Geophysical indications of chemical alteration were 
linked to the systematic fracture pattern and individual 
fracture trends by studying a ca. 20 km long part of 
the Sirkka zone in more detail. The highly magnetic 
ultramafic unit in Fig. 7a, between Loukinen (see 
location in Fig. 1) and Sinermäjärvi is situated along 
the main thrust zone and hosts several lode-gold oc-
currences. The magnetic shaded relief presentation 
enhances the general structural features: the N60W 
trending main thrust zone (Sirkka zone) and the faults 
disrupting the Kittilä Group folded greenstones. The 
Sirkka zone outlines sharply the electrically conductive 
horizons belonging to Province 1, the Kittilä Group 
(Fig. 7b). At Loukinen the thrust zone is clearly indi-
cated as a linear boundary where the conductive layers 
terminate. Chemically altered zones are expected to 
occur close to the structurally weak contact between 
the mafic/ultramafic unit and electrically conductive 
graphite-bearing units, but the K radiation (Fig. 7c) 
shows no clear increase along this zone. To be precice, 
there is a narrow zone of K-enrichment along the 
northern edge of the ultramafic unit between Hirvila-
vanmaa and Sinermäjärvi. This zone can be regarded 
as anomalous, since ultramafic rocks are commonly 
not associated with any K radiation. Furthermore, 
this addition is minor compared with the intensive K 

radiation produced by felsic igneous rocks, quartzites 
and graphite-bearing tuffitic and metasedimentary 
rock sequences close by. The radiation related to the 
covering soils may also mislead the interpretation 
and hence, geochemical background characteristics 
of various bedrock units are needed for the effective 
use of gamma-ray spectrometric results. 

Addition of potassium was known to be associated 
with a decrease in magnetite content along the Sirkka 
zone. Therefore comparisons of fresh and altered 
samples were carried out to see if their petrophysical 
properties differ. For background, Fig. 8 illustrates 
density and magnetic property data for some common 
rock types in the CLGB. More than 8400 samples rep-
resenting different rock types, collected from Central 
Lapland, are available in the petrophysical database 
provided by GTK. The densities (Fig. 8a) character-
ize different rock types and mainly depend on their 
content of mafic silicates. For example, the densities 
of granites (red dots) concentrate between 2500 and 
2600 kg/m3, while the mafic and ultramafic volcanic 
rocks (green dots) have densities above 2700 kg/m3. 
A thick pile of greenstones with densities mainly 
above 2800 kg/m3 cause the extensive positive gravity 
anomaly of the CLGB (in Fig. 3). Magnetically the 
samples in Fig. 8 are mainly divided into two groups, 
namely the weakly magnetic – concentrating at 0.001 
SI – and the highly magnetic – with susceptibilities 
greater than 0.1 SI. Mafic and ultramafic samples 
show a clear division into the two magnetic groups, 

greenstones. This trend is associated with dislocations 
and offsets in the magnetic data, expressed as sharp 
faults (sharp gradients) at the northern boundary of 
the gravity anomaly, or as highly fractured zones 
when crossing the Sirkka zone. N25W is related to 
sharp faults in magnetic data and cleavage planes 
with parallel strike. It is the main trend of the western 
boundary of the CLGB area and drainage patterns fa-
vour this trend. N25E trending sharp faults expressed 
as offsets in general systematic magnetic trends are 
found within Province 1. Some of these are seen as 
gradients in gravity, suggesting a great depth. N40E 
is an important structural trend in the eastern part 
of the CLGB, represented as deep faults and block 
boundaries in regional magnetic data.

N15E trending fault zones divide Province 1 into 3 
parts according to their conductivity level; the bounda-
ries of these parts are also recognized in magnetic data 
and in gravity data. In Province 1, the fracture and fault 
trends parallel to these sub-province boundaries cross-

cut the N60W oriented thrust faults and topographic 
terraces. The boundary between sub-provinces 1.2 
and 1.3 is also represented in gravity data as a linear 
gradient, meaning a deep-seated block boundary. It is 
obvious, that this deep structure has guided the geom-
etry of the later, shallower structures as described by 
the EM and magnetic short-wave-length data. Shearing 
and brittle fracturing occurred along these structures, 
mainly in N-S orientation. These small-scale structures 
were determined on the basis of computed horizontal 
derivatives of the magnetic field. The original measured 
two-magnetometer data are too detailed to be used in 
a regional manner, but suitable when interpreting for 
example flight line data. In observing regional trends 
and repetition of structures, computed derivatives al-
low a quick overview on a wide area. Because of the 
good resolution of the magnetic grid (50 m cell-size), 
the derivatives are almost comparable in details with 
the original measured data. 

chemical alteration and petrophysics
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Fig. 7. a) Aeromagnetic shaded relief image of Loukinen-Sinermäjärvi; b) EM apparent resistivity image; c) Radiometric image, K concentration.

but there is also a wide magnetic distribution of gran-
ites. In general, the porphyritic granitoids in Lapland 
(yellow dots) are characteristically highly magnetic. 
Metamorphosed black shales, whose main magnetic 
mineral is monoclinic pyrrhotite, have a linear cor-
relation between their densities and magnetic susc-
petibility. Fig. 8a shows the wide density distribution 
of black schists (metamorphosed black shales), with 
the lowest values caused by a high content of graphite. 
The densities of black schists grow as the content of 
sulphides increases. 

Magnetic bimodality is typical of all magnetite-bear-
ing metamorphosed rocks in Finland (Puranen 1989; 
Airo 1999), the magnetic properties being dependent 
on the metamorphic and alteration history of the rock 
(Grant, 1985). Greenstones in general are regarded 
as weakly magnetic, due to their low metamorphic 
grade, but in Central Lapland, also highly magnetic 
greenstones are found. To explain the variation in 
magnetization relative to chemical alteration of CLGB 
greenstones, the magnetic properties of drill-core sam-
ples were correlated to their visually estimated altera-
tion type and degree. The density-susceptibility plot in 
Fig. 9 shows that originally highly magnetic komatiites 
and metaultramafites have susceptibilities of about 0.1 

SI. The strongly altered samples have susceptibilities 
around 0.001, and the slightly altered ones are located 
between these two magnetic main groups. The effect 
of alteration on the studied sample set was to decrease 
the induced magnetization (susceptibility) and increase 
density. Induced magnetization is reduced along with 
the gradually decreased abundance of magnetite as the 
alteration proceeds. Although not so clearly indicated 
in this sample set, there is evidence from elsewhere 
that the intensity of the remanent magnetization may 
increase because of the diminished magnetic grain 
size. The Q-ratios of altered samples in Fig. 9 tend 
to grow as the susceptibilities decrease. This means 
a tendency of remanent magnetizations to increase. 
According to earlier magnetic property investigations 
made on samples from the CLGB metavolcanic rocks 
(Airo, 1993), the remanences were clearly dependent 
on the magnetite grain shape. Based on Curie-point 
determinations from thermomagnetic curves, the 
main ferromagnetic mineral in the highly magnetic 
metalavas (susceptibilities > 0.01) was pure magnetite. 
Hysteresis measurements referred to multi-domain 
behaviour of all the studied samples, both for those 
having Q-ratios < 0.5 and for those having Q-ratios 
between 1 and 10. Petrographical investigations re-

c
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AeroDAtA ApplieD in tArget scAle interpretAtion: 
flight line profiles

Fig. 8. Petrophysical properties for > 8400 samples collected from Central Lapland (petrpphysical data base, GTK). a) Density-magnetic susceptibil-
ity plot; b) Königsberger-ratio (remanent/induced magnetization) – magnetic susceptibility plot. Red squares = granites, Yellow dots = porphyritec 
granites, green dots = metavolcanic rock, purplecircles = black schists.

Airborne gamma-spectrometric data is affected by 
several factors, including the regolith and overbur-
den characteristics and bedrock variation. Individual 
flight line data between Loukinen and Sinermäjärvi 
(see locations in Fig. 1 and Fig. 7) were analysed for 
estimating the effect of these factors on the observed 
radioelement variation. Fig. 10 illustrates part of the 
ultramafic, komatiitic unit, which is known for gold 
occurrences and related potassic alteration. The ul-

tramafic unit can be outlined on the basis of its high 
magnetization (Fig. 10a) and the related negative EM 
in-phase component (Fig. 10b), which is caused by 
the high magnetic susceptivity due to magnetite. K-
radiation profiles display anomalous K radiation along 
the northeastern edge of the ultramafic unit almost 
in every flight line (200 line spacing). In the altered 
zone, the magnetic anomaly intensity is decreased and 
illustrated as a fringed magnetic pattern. This pattern 

b

a

vealed, that magnetite grain size distributions were 
similar (0.01–0.5 mm) both in low-Q and higher-Q 
samples, but that increased irregularity in grain shape 

was related to high remanence intensities, despite the 
similarity of the magnetite contents and magnetic 
susceptibilities. 
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results partly from partial destruction of magnetite 
grains and partly from the fractured nature of the al-
tered, brecciated ultramafic unit. The ultramafic unit 
is only occasionally exposed and it is mainly covered 
by several metres of till. Hence, part of the K-radia-
tion becomes from the overburden, which is locally 

derived till, as was verified in the field, and it contains 
altered ultramafic boulders. Intensive K-radiation is 
also associated with quartzites south of Soretialehto 
and the metasedimentary rock sequences neighbour-
ing the ultramafic unit. Opposite to magnetite-bearing 
ultramafic rocks, these pyrrhotite-bearing units are good 

Fig. 9. Petrophysical parameters for altered greenstones. Alteration type and degree was determined optically in drill-core samples. Densities and 
magnetic properties of the same samples were measured in petrophysical laboratory, GTK. Komatiites and ultramafic samples (green) plot into two 
magnetic groups, the highly magnetic being not altered. In the present sample set, the alteration begins with the increase of talc content and proceeds 
with the growing amount of carbonates. Blue, red and yellow samples denote strongly altered samples having different compositions. 
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Fig. 10. Radiometric flight line profiles displaying K-radiation in light-grey (200 m line spacing, aerogeophysical data by GTK). a) Aeromagnetic 
map and b) AEM in-phase map. Notice the increased K-radiation along the northern edge of the highly magnetic ultramafic unit (red/purple in AM 
and blue in AEM in-phase). Yellow squares denote known gold occurrences. The black frame in the upper left corner outlines the Kettukuusikko site, 
discussed in Fig. 11 and flight line L311.

b

a
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conductors and are associated with positive anomalies 
in the EM data. Occasionally these also may cause 
intense magnetic anomalies, in particular in the case 
of graphite-bearing metamorphosed schists, which 
contain monoclinic pyrrhotite. 

Analysis of radioelement variations along flight 
lines revealed anomalous K/Th values in relation to 
the contact between electrically conductive zones 
and the altered ultramafic unit – particularly in con-
nection of local fracturing. Important fracture trends 
are N40–50W, which parallels the strike of the main 
cleavage, e.g. the strike of bedding of the ultramafic 
unit, and N60E, which appears as crosscutting frac-
tures. One major fracture zone, oriented N60E, divides 
the magnetic anomaly into two parts in Fig. 11. The 
outlined anomalous K/Th ratios along flight line L311 
are related to this fracture zone. Fig. 12 illustrates the 
measured survey data along line L311 in detail. The 
framed part of L311 is located at 2547000–2548000 
(in meters) and corresponds to approximately 1 km 
of the profile length. 

The individual survey profiles in Fig. 12 correlate 
the AEM in-phase (LFR) and out-of-phase (LFI) data 
(uppermost panel). The overlapping LFR and LFI 
anomalies and predominance of LFR indicate, that 
electrically conductive schists appear as interlayers 
between the ultramafic units. However, it should be 
noted that the high LFI/LFR ratios correlate com-

monly with swamps and wet soils. The measured 
values of potassium, equivalent Th and equivalent U 
are compared in the centre. The high level of radia-
tion west of 2546000 m is related to quartzites and 
metamorphosed schists. Between 2547000 m and 
2548000 m Th is locally low, while K and U are 
higher. This Th low is responsible for the increase of 
K/Th – since K is not especially high at the same site 
(see the lowest panel).

The criteria represented above were applied for 
systematic search of intensely altered ultramafic units 
in the region of the CLGB along the Sirkka zone. The 
basic rule was to discover zones were K/Th ratios 
were abnormally high at several neighbouring data 
points and adjacent flight lines. The lowest K and 
Th radiation values in the data were left out because 
they are mainly indicators of wet soil attenuating the 
radiation. Additional criteria was, that anomalous 
K/Th peaks were related to the contact zone between 
the ultramafic rocks and the electrically conductive 
units, and to crosscutting fracture zones. In field it was 
observed, that distribution of brecciated and broken 
ultramafic boulders within the overburden may partly 
be responsible for the local anomalous radioelement 
ratios. Altogether some twenty interesting locations 
were selected for further geological investigations in 
the field. Altered ultramafic rocks were found at 8 of 
these sites. 

Fig. 11. Kettukuusikko, K/Th values along flight line L311 (red outline) shown in black in a) and b), and as interpolated grid (25 m on both sides of 
the flight line path) in c) and d). Ligh grey profiles show K-radiation. AEM in-phase in a) and c); AM in b) and c). L311 is shown in detail in Fig. 12. 
aerogeophysical data, GTK. 200 m line spacing. Size of view shown in Fig. 10.

c

a b

d
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Fig. 12. Measured survey data along flight line L311. LFI = low-frequency imaginary (= out-of-phase) component in ppm; LFR = low-frequency real 
(=in-phase) component in ppm; THO = eTh (in ppm); URA = eU (ppm); KAL = K%; K_TH = calculated K/Th. Profile length is 10 km (displayed in 
metres). Notice the relatively higher K/Th values between 2547000 and 2548000, and the associated Th low at the contact zone of the good electrical 
conductor (indicated by the LFR anomaly much greater than LFI). Aerogeophysical data, GTK.

In summary, the correlations represented above sup-
port the idea of applying K/Th data in selecting gold 
exploration targets. Furthermore, based on regional 
studies elsewhere in Finland, anomalous U/Th ratios 
in aeroradiometric data were typically observed close 
to massive sulphide deposits. It is possible, that as 
sulphide-bearing geological units are expected to 
erode easily, the observed U radiation is preferably 

emitted from the highly fractured rock sequences. 
Hence, blocks of U-bearing rocks will be distributed 
into the surrounding overburden thus enhancing the 
radiometric results, in the same way as the brecciated 
ultramafic units. The importance of K/Th and U/Th 
as indicators of alteration zones are reviewed and 
compared also in Airo (2002).

Aerogeophysical test survey by using 75 m line spacing

The investigations reported above were based on 
airborne survey data flown at a 200 m line spacing, 
and results concerning structural interpretation and 
detection of altered greenstone units were shown 
to be promising. The EM results were based on low 
frequency (3 kHz) measurements, which were the 
standard before 1990´s. However, improved informa-
tion on the detailed structural geology was obtained by 
decreasing the flight line spacing to 75 m. Additional 
input for interpretation is obtained from two-frequency 
AEM measurements (3 kHz = “low-frequency” in the 
following, and 14.4 kHz = “high-frequency”) or, by 
the surrent use of four frequences since 2007. In 2001, 
test surveys were conducted in two areas (Kolvakero 
and Levijoki) in the western part of the CLGB, where 
Saattopora and Pahtavuoma deposits (see locations in 

Fig. 1) have been mined. Different airborne data sets 
from Kolvakero are compared in Fig. 13. 

White regions in Fig. 13a correspond to moraine 
and sandy hills or topographically higher basement, 
whereas the low regions between them are commonly 
wet soils and swampy areas. The digital elevation 
data in Fig. 13b displays elevation mainly between 
200 and 400 m above sea level. The magnetic image 
in Fig. 13c shows the E-W stratigraphy of the Kittilä 
Group greenstones and fracturing parallel to the main 
schistosity along and across the startigraphy. Kittilä 
Group is separated from the Savukoski Group by an 
almost E-W trending magnetic low, which looks like a 
broad fault zone. The magnetic low is situated north of 
the E-W valley in topography, at the southern edge of 
the Kittilä Group, suggesting that the magnetic low is 
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Continue next page

a) Topographic basemap (National Land Survey).

b) Digital elevation above sea level (terrain model based on data by National Land Survey).

c) Aeromagnetic shaded relief image (illuminated from NE).

d) EM high-frequency, in ppm (14.4 kHz) quadrature.

e) EM high-frequency, in ppm (14.4 kHz) in-phase.

f) EM low-frequency (3 kHz) in-phase. 
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g) Aeroradiometric (AR) ternary image.

h) AR calculated K/Th.

i) AR calculated U/Th.

j) AR K concentration (%).

k) AR equivalence U concentration (ppm).

l) AR equivalence Th concentration (ppm).

Fig. 13. Kolvakero survey 
area, flown at 75 m line-spac-
ing a nominal 30 m terrain 
clearance, GTK. Size of 
the area is 7.56 km by 2.5 
km (green lines X=7525 
and Y=2510 in Finnish co-
ordinate system). Basemap 
© National Land Survey 
521/MYY/07.
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not necessarily caused by a fault zone. In the EM HFI 
(high-frequency quadrature), HFR (high-frequency 
in-phase) and LFR (low-frequency in-phase) images 
(Figs. 13d, e and f), the magnetic low is related to 
electrically conductive zones. HFI displays good 
correlation with wet, swampy areas in topography. 
The radiometric ternary image in Fig. 13g displays 
background radiation of bedrock and soil. Variable 
colours depend on the relationship between K, U and 
Th, whereas black regions illustrate attenuation of 
radiation due to water or wet soils. Deep green colour 
is related to enhanced potassium radiation and a high 
K/Th (Fig. 13h) in the area, which geologically cor-

responds to greenstones in the center of the image. 
The two yellow spots at the right hand of the image 
correspond with the tailings of the Pahtavuoma mine, 
also indicated by a relatively enhanced K/Th. Similarly, 
the mine is marked by enhanced U/Th in Fig. 13i. The 
mutual relationships of individual radioelements can 
be estimated in separate images of K (Fig. 13j), eU 
(Fig. 13k) and eTh (Fig. 13l). The relative U radia-
tion increase along some of the river valleys, shown 
by red colour in the ternary image, are interpreted to 
be related to the increased U radiation in fractured 
rock, which feature is being repeatedly observed in 
the airborne gamma-ray data from Lapland. 

Table 2. Distinctive structural, lithologic and alteration characteristics of greenstone belt gold deposits and effective airborne 
geophysical methods (adapted and modified from Meju 2002).

physico-chemical features size of target features Airborne method + support

Structural control (faults, folds, linea-
ments):
a. Close spatial association of ore with 
major shear or deformation zones
b. Folding may have provided extensional 
zones for ore deposition
c. Deposits found in reactivated, second 
or third order structures of the major 
shear zones especially in extensional 
zones

10 to several 100 km long and sev-
eral km wide
All scales
Structures up to 10 km long and 
several tens of metres wide; ore 
bodies up to 1 km long and tens of 
metres wide

Regional AM, AEM + regional gravity
Regional or detailed AM, AEM
Detailed AM (horizontal or vertical 
derivatives, analytic signal, shading), 
AEM; digital elevation model 

Geological environment:
a. Precambrian granitoid-greenstone belts
b. Favourable host rocks: mafic (high Fe/
Fe+Mg); BIF; carbonated komatiite…
c. Carbonaceous sediments 
d. Volcano-sedimentary schist association

Elongate folded belts about 10 to > 
100 km long
All scales

AM (commonly weak magnetization in 
greenstones), AEM + gravity
AM, AEM resisitvity
AM, AEM, AR
AM, AEM conductivity, AR (enhanced 
eU and eTh)

Hydrothermal alteration:
a. Carbonatization (extensive and most 
common)
b. Sulphidation 
(replacement of Mgt by Py/Po)
c. Sulphidation of BIFs
d. Silicic alteration
e. Potassic alteration

Along rock boundaries and major 
structures; ten to 100 metres wide
Narrow zones
Cross cutting structures or zones
Very narrow zones
Slightly less extensive than carbon-
ation

AR (enhanced K for mafic host rocks), 
AM (commonly magnetite destruction)
AEM conductivity, AM increase if Po, 
AM decrease when Mgt->Py, especially 
in BIFs; 
AR (enhanced eU and often locally 
depleted eTh; locally increased U/Th)
Decreased/changed magnetization

summAry AnD conclusions

The results stress the importance of careful analy-
sis of regional geophysical data sets in an integrated 
manner. This improves understanding and evaluating 
the included geological information, both in a litho-
logical and a structural sense. High-quality airborne 
geophysical data enable directing exploration from 
regional to prospect scale and selection of promising 
areas for detailed investigations. Correlation with 
geological and geochemical facts should be closely 
coupled to the interpretation process – already at an 
early stage. In particular, airborne radiometric data 

cannot be interpreted in a simple manner, since they 
are complexly affected by several factors, including 
bedrock and overburden properties. Background 
information on the influence of lithological variation 
and hydrothermally altered zones are necessary before 
estimating the reasons for the observed changes in 
radioelement ratios. Table 2 summarizes the applica-
bility of various airborne methods in solving different 
exploration problems.

Based on magnetic interpretation, the distribution 
of brittle fracturing within the Central Lapland green-

Mgt = magnetite  
Py = pyrite

Po = pyrrhotite
BIF = bauded iron formation

AM = aeromagnetis
AEM = aero-electromagnetic

AR = aeroradiometric



208

Geological Survey of Finland, Special Paper 44
Meri-Liisa Airo

Airo, M-L. ���or�o���,�.�.����.�� �or�o���, �.�. ����. AeromagneticanomalymapsAeromagnetic anomaly maps 
of Finnish Lapland. Proceedings: 15. Nord. Geol. Vintermöte, 
Reykjavik, Iceland, 5.–8.1.1982.

Airo, M-L. �� �or�o���, �.�. ����.�� �or�o���, �.�. ����. On geological interpretationOn geological interpretation 
of aeromagnetic maps in Central Finnish Lapland. Proceedings: 
14. Noftigmöte, Copenhagen, Denmark 10.–12.1.1983.

Airo, M-L. ����. Correlation between magnetization and mag-
netite grain size and shape: Kaunislehto metavolcanic rocks, 
northern Finland. In: Autio, S. (ed.) Geological Survey of 
Finland, Special Paper 18, 129–132. 

Airo, M-L. ����. Aeromagnetic and petrophysical investigations 
applied to tectonic analysis in the northern Fennoscandian 
shield. Geological Survey of Finland, Report of Investigation 
145. 51 p.

Airo, M-L. �00�. Aeromagnetic and aeroradiometric response to 
hydrothermal alteration. Surveys in Geophysics 23, 273–302.

Cord�ll, L. �� ���pp�r, D.H. ���7. Aeromagnetic images: Fresh 
insight to the buried basement, Rolla quadrangle, southeast 
Missouri. Geophysics, 52, 218–231. 

Eilu, P. ���4. Hydrothermal alteration in volcano-sedimentary 
rocks in the Central Lapland greenstone belt, Finland. Geologi-
cal Survey of Finland, Bulletin 374, 1–145.

Eilu, P. ����. FINGOLD – a public database on gold deposits in 
Finland. Geological Survey of Finland, Report of Investiga-
tion 146, 224 p.

Gaál, G., B�rt��ls��, A., Gorbatsc��v, R., ��sola, R., L��to���, 
M., Mark�r, M. a�d Raas�, P. ����. Structure and composi-
tion of the Precambrian crust along the POLAR profile in the 
northern Baltic shield. Tectonophysics 162, 1–25.

Gra�t, F.S. ���5. Aeromagnetics, Geology and Ore Environments, 
I. Magnetite in Igneous, Sedimentary and Metamorphic Rocks: 
an Overview. Geoexploration, 23, 303–333.

Hölttä, P., �äisä��� M., �ää�ä���, �. �� Ma��i���, T. �007. 
Paleoproterozoic metamorphism and deformation in Central 
Finnish Lapland. In: Ojala, V.J. (ed): Gold in the Central Lapland 
Greenstone Belt, Finland 2007. Geological Survey of Finland, 
Special Paper 44, 7–56.

�or�o���, �.�., Airo, M-L. �� Tiai���, L. ���5. Tectonic and 
stratigraphic interpretation of aeromagnetic and gravity data 
in Rajala area, Central Finnish Lapland. Geoexploration 23,Geoexploration 23, 
435.

L��to���, M., Airo, M-L., Eilu, P., Ha�ski, E., �ort�lai���, �., 

La���, E., Ma��i���, T., Rastas, P., Räsä���, �. �� �irra�-
salo, P. ����. Kittilän vihreäkivialueen geologia. Geological 
Survey of Finland, Report of Investigation 140. Summary: Report of Investigation 140. Summary: 
The stratigraphy, petrology and geochemistry of the Kittilä 
greenstone area, northern Finland. 144 p.

M�ju, A.M. �00�. Geoelctromagnetic exploration for natural 
resources: models, case studies and challenges. Surveys in 
Geophysics 23, 133–205.

Paju���, M., Airo, M-L., W����rström, M., Ni�m�lä, R. �� 
Was��ius, P. �00�a. Preliminary report: The �Shear zonePreliminary report: The �Shear zone 
research and rock engineering� project, Pori area, southwest-
ern Finland. In Autio, S. (ed.), Geological Survey of Finland, 
Special Paper 31, 7–16.

Paju���, M., Elmi���, T., Airo, M-L. �� W����rström,�� W����rström, 
M. �00�b. Structural evolution of bedrock as a key to rock 
mechanical properties. In Rock Mechanics. A Challence for 
Society. Proceeding of Regional Symposium EUROCK 2001. 
A.A. Balkema, Rotterdam, 143–148.

Pura���, R. ����. Susceptibilities, iron and magnetite content of 
Precambrian rocks in Finland. Geological Survey of Finland, 
Report of Investigation 90, 45 p.

Rastas, P., Hu�ma, H., Ha�ski, E., L��to���, M.I., Härkö���, 
I., �ort�lai���, �., Mä�ttäri, I. �� Paakkola, �. �00�. U-PbU-Pb 
isotopic studies of the Kittilä greenstone area, Central Lapland, 
Finland. In Vaasjoki, M. (ed.) Radiometric age determinationsIn Vaasjoki, M. (ed.) Radiometric age determinationsRadiometric age determinations 
from Finnish Lapland and their bearing on the timing of Pre-
cambrian volcano-sedimentary sequences. Geological Survey 
of Finland, Special Paper 33, 95–141.

Sato�, T., Nis�izawa, O. �� �usu�os�. �. �000.�. �000. Focal Mecha-
nism of Acoustic Emission in Oshima Granite under Triaxial 
Compression. Tohoku Geophysical Journal, Vol. 35, Nos. 3–4, 
121–131.

Sorjo���-Ward P., Nurmi P. A., Härkö��� I. �� Pa�kka H. 
S. ����. Epigenetic gold mineralization and tectonic evolu-Epigenetic gold mineralization and tectonic evolu-
tion of a lower Proterozoic greenstone terrane in the northern 
Fennoscandian Shield, in Metallogeny related to tectonics of 
mobile belts. Sarkar S. C. (ed) 37–52, Oxford and IBH Pub-
lishing, New Delhi.

W����rström M. �� Airo, M.-L. ����. Magnetic fabric and em-
placement of the post-collisional Pomovaara Granite Complex 
in northern Fennoscandia. In: Liegéois, J-P. (ed.), Lithos Vol. 
45 (1998) Post-Collisional Magmatism, p. 131–145.

REFERENCES:

stone belt is strongly controlled by the geometry of 
geophysical – and structural – province boundaries. 
Fracture trends are also controlled by the layering and 
regional axial fold plane trends of the greenstones. 
Other important zones are the contacts between elec-
trical conductors and altered ultramafic and tholeiitic 
greenstone units. These structurally weak zones have 

potentially been pathways also for Au-mineralising 
hydrothermal fluids. The resulting alteration zones cre-
ate noticeable geophysical response. The NS-directed, 
gently curved brittle fracture trends, composed of set 
of small-scale shear structures, cut the other fracture 
trends in many places. They may represent the shallow 
indicators of deep block boundaries at depth. 
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A short review with some examples of petrophysical and ground geophysical work 
done by the Geological Survey of Finland for gold exploration in the Central Lapland 
Greenstone Belt (CLGB) is presented.

Although gold occurs in such low concentrations that it does not give any direct geo-
physical response, gold mineralized geological structures such as faults, shear zones, 
lithological units, alteration zones and associated minerals can usually be located by 
geophysical methods. The applicability of geophysical methods depends on the contrast 
in the physical properties of the target and the country rocks. According to regional 
petrophysical data the gold mineralized and altered greenstones differ slightly from the 
unaltered rocks in terms of density and magnetic susceptibility. Apparent resistivity, 
chargeability, and gamma radiation show that depending on the contrast in physical 
properties of the gold mineralized and the unaltered country rocks, ground geophysical 
methods can in many cases be used to locate and study gold mineralization indirectly. 
Electric or electromagnetic methods are an obvious choice in exploring for gold if 
sulphides are included.

The most important geophysical methods used are magnetics together with electro-
magnetic VLF-R or HLEM. Magnetic anomalies provide information about geological 
units, faults, and shear and alteration zones. Electromagnetic anomalies are caused by 
graphite, sulphides and fractures containing water. IP may detect disseminated sulphides 
and SP is used to map and classify conductive sulphide and graphite occurrences. Since 
gold mineralization is commonly related with potassic alteration, radiometric methods 
may prove to be useful.
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introDuction

The physical properties of gold (Au), density 19300 
kg/m3 and electrical conductivity 5*107 S/m, are one of 
the most anomalous of all elements. In spite of this it 
is almost impossible to get direct geophysical response 
from gold, because of its low grade in deposits (Doyle, 
1990). Nevertheless, geological structures such as 
faults and shear zones, lithological units, alteration 
zones and minerals (e.g. pyrite), that are associated 
with gold, can often be mapped by geophysical methods 
(Paterson and Hallof, 1991). 

Known characteristics of orogenic gold deposits 
in greenstone belts are (e.g. Airo, 2002; Allibone 
et al., 2002; Groves and Foster, 1991; Paterson and 
Hallof, 1991)
• commonly sited adjacent to crustal-scale shear 

zones
• on district scale sited in affiliated smaller faults or 

shear zones geometrically related to crustal-scale 
shear zones

• host rock can be almost any rock type
• detectable geophysical anomalies can be caused 

by the alteration haloes (common alteration proc-
esses includes carbonatization, sericitisation and 
silicification)

Crustal-scale structures, faults and shear zones com-
monly produce observable geophysical anomalies of 
which aeromagnetic and gravity surveys are the most 
useful methods. Detailed ground geophysical surveys 
are used to detect smaller-scale faults and shear zones, 
alteration zones and minerals associated with gold to 
guide drilling.

Although the geophysical methods form an essential 
part of gold exploration, particularly where outcrops 
are rare, one has to remember that the usefulness of 
the various methods depends on the contrast between 
the physical properties of the target and the host rock. 
Because orogenic gold mineralization can occur 
in various rocks type, there exist a wide variety of 
geophysical anomalies produced by the occurrences 
of different types. This means that the explorer must 
have experience, persistence and luck; “Gold is where 
you find it”.

petrophysicAl chArActeristics of rocks

Petrophysical data can be acquired by two means. 
The more accurate and repeatable method is to use 
laboratory equipment to measure the rock samples. 
The other way is to lower a probe into a drill hole 
and measure the properties, not so accurately as in 
the laboratory, but in-situ. These two methods do not 
replace each other as some of the physical properties 
can be measured only in the laboratory conditions 
(say, remanent magnetization), and some only in 
the drill holes (say, temperature). Some of the most 
commonly used properties, viz. density, magnetic 
susceptibility, and gamma radiation intensity, can be 
recorded in a laboratory or drillhole whereas apparent 
resistivity and chargeability belong to the drill hole 
logging category in practical mineral exploration. The 
electrical properties could be determined from drill 
core samples, but a denser spatial coverage together 
with practically real-time availability and lower cost 
make loggings more attractive.

In the national petrophysical database maintained by 
the Geological survey of Finland (GTK) (Korhonen et 
al., 1993; Säävuori and Hänninen, 1997) there are about 
6500 rock samples gathered from the area of the CLGB. 
A summary of petrophysical properties (medians of 
bulk density, magnetic susceptibility and intensity of 
remanence) of different rocks types, measured in the 
laboratory, is presented in Table 1. 901 samples are 

from mafic volcanic rocks (greenstones). Density of 
mafic volcanic rocks is higher than other rocktypes. The 
density of granites is about 320 kg/m3, and quartzites 
about 290 kg/m3, lower than the average density of 
greenstones. Median of susceptibility presented in 
table 1, does not respect typical bimodal susceptibil-
ity distribution of Precambrian rocks (Puranen, 1989) 
into para- and ferromagnetic subsets. Susceptibility 
histograms should be used to identify these parts 
and median can be used just for a rough comparison 
between different rocktypes. The susceptibility of 
mafic volcanic rocks shows some variation, but is 
generally lower than in other rocks. On aeromagnetic 
maps, greenstones produce relatively low magnetic 
field values. Generally low magnetization is caused 
by intense regional hydrothermal alteration, predat-
ing regional metamorphism (Lehtonen et al., 1998). 
Locally, especially in marginal areas, where highly 
magnetic layers have been tectonically repeated and 
abundance of magnetite was increased in certain lay-
ers during regional metamorphism, strong magnetic 
varieties are more common (Lehtonen et al., 1998). 
There are no laboratory conductivity measurements 
in the database, but airborne electromagnetic data 
show numerous conductitivity anomalies within 
volcanic-metasedimentary rocks, mainly caused by 
graphite-bearing schists.
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Table 1. Petrophysical properties of rocks in Central Lapland Greenstone Belt. Data from GTK’s national petrophysical data-
base.

rocktype
Density [kg/m3] susceptibility [10-6 si] remanence [10-3 A/m]

count median stddev count median count median

Quartzite 1011 2622 82 1003 240 551 32

Mica schist 344 2776 99 344 27395 182 250

Skarn 51 2821 148 51 832 36 25

Dolomite 25 2677 103 25 167 23 20

Mylonite 17 2638 178 17 376 9 10

Phyllite 27 2762 81 27 724 18 60

Carbonate rock 55 2697 129 54 565 44 23

Black schist 62 2609 257 59 290 40 29

Sericite schist 38 2700 99 38§ 1104 28 186

Conglomerate 108 2736 128 107 1220 43 70

Graywacke 31 2689 94 31 1912 11 480

Granite 1830 2589 55 1829 5620 1340 50

Monzonite 32 2690 93 32 23000 12 295

Gneiss 572 2678 129 572 4450 387 80

Granodiorite 105 2615 74 105 9303 45 67

Diorite 16 2727 117 16 3775 12 20

Quartz diorite 14 2750 52 14 49867 7 400

Gabbro 426 2980 132 427 1287 260 70

Granulite 112 2702 104 112 247 111 10

Quartz-feldspar schist 42 2646 54 42 433 14 165

Pegmatite 38 2581 65 38 510 24 25

Quartz / chert 22 2690 157 22 270 18 45

Quartz porphyry 28 2570 51 28 230 27 30

Porphyry 16 2596 146 15 6060 15 30

Feldspar porphyry 10 2579 93 10 11820 9 60

Quartz dike 13 2599 125 13 30 6 17

Diabase 184 2955 112 184 1100 144 55

Serpentinite 89 2826 147 89 67280 74 3970

Acidic/felsic volcanic rock 29 2693 118 29 820 18 270

Intermediate volcanic rock 33 2806 111 33 11740 25 149

Mafic volcanic rock 901 2911 118 879 927 623 20

Ultramafic volcanic rock 237 2893 103 237 21490 218 355

In the CLGB prospects petrophysical drill hole 
loggings have also been done. Apparent resistivity, 
chargeability, and gamma radiation are typical log-
ging parameters. Two other parameters, density and 
susceptibility, can be measured with better accuracy 
in the laboratory, but the representativeness of the 
two modes are in the same class. The bulk density, 
measured in the laboratory, is a combination of dry and 
saturated density depending on the saturation degree 

of the sample. This vagueness causes only tiny errors 
in density due to small porosity of crystalline rocks. In 
hole logging gives in-situ information on the physical 
properties, i.e. the “real” properties that produce the 
anomalies mapped in the field.

The gold content in rocks is, excluding exceptional 
cases, so low that it has neither effect on the rock’s 
physical properties nor causes geophysical anomalies. 
Instead of gold, one has to explore and study such rock 
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units that are somehow connected to gold, in other 
words, to find the gold indirectly. In the three cases 
that are described below, gold is related to certain 
altered rock units or sulphide mineralizations, that 
can be detected by geophysical methods.

kaaresselkä. The ground water table at Kaaresselkä 
is typically 50 meter below the ground surface. The 
overburden and bedrock above this level are poor elec-
trical conductors, which causes the logging responses 
to be subdued, especially the galvanic methods. Fig-
ure 1 shows histograms of gamma-gamma density, 
magnetic susceptibility, Wenner apparent resistivity, 
chargeability, and total gamma radiation from 24 drill 
hole sections below the ground water table. The rocks 
have been classified into gold-bearing mylonites and 
other rocks. In the apparent resistivity and gamma 
radiation, there are satisfactory differences between 
the two classes, but in the density, susceptibility 
and chargeability, the distributions of the parameter 
values overlap too much to have use for the practical 
field exploration. In the case of susceptibility, the 
peak values are different, but the overlap of the two 
distributions is substantial.

Electrical and electromagnetic methods are best 
suited to gold exploration in the Kaaresselkä area. The 
use on gamma radiation is insignificant in the field 
mapping as the radiation attenuates to zero within 30 
cm of the source. However, in drill hole logging, the 
gamma radiation can be used to detect the potassic 
alteration zone that is commonly related to the gold 
mineralization.

loukinen. In the Loukinen occurrence the gold 
mineralization is hosted by breccias containing 
graphite. Rocks that contain graphite are good elec-
trical conductors and are occasionally radioactive, 
because geochemical properties of uranium make it 
susceptible to deposit in sapropels. Figure 2 shows the 
physical properties logged from a borehole, together 
with gold content. The correlation between gamma 
radiation and gold content is very good. Further, ap-
parent resistivity and chargeability correlate almost 
equally well with gold. The apparent resistivity minima 
are accompanied by chargeability maxima and vice 
versa. This means that both are caused by electrical 
conductors, and the polarization due to disseminated 
sulphides is not remarkable. The electrical anomalies 
can be explained by the black schist. Susceptibility 
is low and correlates weakly but positively with gold 
whereas the correlation between density and gold 
content is weakly negative.

In the Loukinen area petrophysical data suggests that 
the induced polarization may be effective as a ground 
survey method, and gamma radiation in the logging 
environment. The histograms in Figure 3 are based on 

15 drill hole sections and show that the difference in 
chargeability between gold-bearing and other rocks 
is significant, more that one decade. Another clear 
difference is in the gamma radiation histograms, and 
the variation is even larger than shown in Figure 3, 
because the highest gamma peaks would go up to more 
than one thousand. There is, however, considerable 
overlap. In the three other parameters, the distributions 
of the gold-bearing and other rocks overlap. Below 
it will be shown that even if the logged chargeability 
seems to be a very good parameter, in practice black 
schists make its use difficult.

The incompatibility between the histograms of 
apparent resistivity and chargeability in Figure 3 is 
interesting. It is not clear how the gold mineralization 
is related to black schists and sulphides, which can 
be detected with electrical methods regardless of gold 
content. The chargeability works in much the same 
way, but is affected by polarization effects. For some 
reason, possibly mineralogical or structural, miner-
alized rocks polarize more than barren rocks. This 
phenomenon is especially clear in Figure 4, where 
chargeability, gamma radiation, and gold content 
from the drill hole R511 are shown. The data consist 
of samples of graphite-bearing breccias. Both the 
gamma radiation and gold content correlate well with 
chargeability. This correlation is detectable in most 
drill holes near R511, but its extrapolation outward 
should be done with care.

iso-kuotko. In the Iso-Kuotko area any rocktype can 
be mineralized and geophysical exploration is based 
on detecting sulphides in alteration zones with electric 
or preferably with electromagnetic methods. 

Figure 5 shows the correlation between gold and 
sulfur and the associated variations in the apparent 
resistivity and chargeability. The correlation between 
gold and sulfur is clear and pronounced, which suggests 
that the gold mineralization is related with sulphides. 
Most sulphides are good conductors and polarize eas-
ily, and make finding gold possible in an indirect way. 
The size of the circles in the Figure 5 represents the 
apparent resistivities or chargeabilities as described 
in the legend. The lowest apparent resistivities are 
located in the right upper corner where sulfur and gold 
contents are highest. With chargeability, the situation 
is more complex as the largest circles are distributed 
evenly to cover the sulfur and gold variation range. 
This means that the apparent resistivity can be used 
to classify the sulphur, and that way gold content, but 
the chargeability can not. On the other hand, charge-
ability is more efficient in locating zones of weak 
gold content than apparent resistivity. The logging of 
chargeability together with apparent resistivity seems 
to be justified.
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Fig. 1. Histograms of the physical properties of rocks from Kaaresselkä.
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Fig. 2. Petrophysical logs and gold analyses from the drill hole R510 in Loukinen.
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Fig. 3. Histograms of the physical properties of rocks from Loukinen.
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Fig. 4. Interdependence of chargeability, gamma radiation and gold content 
in the drill hole R511 in Loukinen.

Fig. 5. Interdependence of sulfur content, gold content, conductivity and chargeability in Iso-Kuotko.

The Iso-Kuotko area is not an ideal place for the 
drill hole surveys as the ground water level is very 
deep, almost 100 meter below the surface. Deep water 
table makes electric loggings difficult because there 
is no electrolyte present in the topmost parts of the 
bedrock. During surveys, water was poured into holes 
to make galvanic measurements somehow possible, 
but in spite of this the noise level at depths above the 
water table was rather high. This causes some noise 
in the logging data in Figure 5.

grounD methoDs useD

In the Central Lapland Greenstone Belt proterozoic 
volcanic and metasedimentary rocks cover an area of 
about 10500 km2. In addition to high-quality system-
atic airborne surveys, detailed ground geophysical 
surveys have been completed, for both geological 
mapping and exploration purposes (Fig. 6). The mag-
netic method, in combination with electromagnetic 
VLF-R or HLEM (Slingram) surveys, have been the 
main methods used. Other methods include gravity 
and Induced Polarization (IP). For these surveys line 
spacing has been mostly 200, 100 or 50 m and station 
spacing 20 or 10 m. There are also some very detailed 
Self Potential (SP) and Mise-à-la-Masse surveys, 
which are not presented in Figure 6. Below, known 
gold deposits are discussed in the context of regional 

gravity data. Examples of detailed surveys used to 
explore specific targets are then presented.

regional gravity. In the early 1970’s, GTK in co-
operation with the Finnish Geodetic Institute began 
regional gravimetric surveys in which station density 
has varied from 1 to 6 per km2. In CLGB area, gravi-
metric measurements include 14678 points in an area 
of about 14560 km2, with an average point spacing of 
1 point/km2. Finnish Geodetic Institute has measured 
1252 points in the same area (Kääriäinen and Mäk-
inen, 1997). Figure 7 has been compiled from these 
data sets. Volcanic rocks within CLGB are associated 
with higher Bouguer anomaly values compared to the 
surrounding granitoids. In the eastern part of the area, 
mafic layered intrusions, Keivitsa and Koitelainen, give 
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Fig. 6. Ground geophysical index map of GTK’s surveys in the Central Lapland Greenstone Belt plotted on a gray scale aeromagnetic map. Gold 
deposits and volcanic-sedimentary rocks of the Central Lapland Greenstone Belt are shown. Aeromagnetic data by GTK.

Fig. 7. Regional Bouguer anomaly map of CLGB. Station density 1 point/km2. Sirkka Line and known gold deposits are shown as dotted line and 
triangles, respectively. Lälleävuoma, Loukinen, Suurikuusikko, Iso-Kuotko and Kaaresselkä deposits have been labelled separately.
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rise to gravity highs, as does the Lapland granulite 
belt in the NE-part of the area. 

Earlier geophysical interpretations (Elo et al., 1989, 
Lehtonen et al, 1998) suggest that the volcanic rocks 
dominated greenstone belt has a thickness of up to 
6 km. The horizontal gradient of Bouguer anomaly 
indicates steep tectonic contacts between the green-
stone belt and the surrounding granitoids. Most of 
the known gold deposits are situated along a tectonic 
contact zone, called the Sirkka Line, between volcanic 
and sedimentary rocks. However, the largest known 
deposit, Suurikuusikko, is situated along a N-S trend-
ing shear zone in the middle of Mg- and Fe-tholeiitic 
metavolcanic rocks. Weak negative Bouguer anomalies 
indicating shear zones and faults has been observed 
on gravity profiles measured across the zone (Lehto-

nen et al., 1998). These anomalies can be signals of 
intensely altered rocks within faults and shear zones 
such as in Suurikuusikko, and are worth of explora-
tion in the future.

magnetic, em vlf-r and hlem. The magnetic 
method is widely used geophysical tool in the gold 
exploration (Doyle, 1990) and in CLGB also. Magnetic 
data provide information on geological units, faults 
and shear structures. In some cases, alteration zones 
can be observed, because ferromagnetic minerals 
in mafic volcanic rocks are destroyed by alteration 
processes resulting in magnetic lows. Magnetic data 
from the Lälleävuoma deposit is presented in Figure 
8. The deposit is located within a sequence of basaltic 
and komatiitic metavolcanic rocks and fine-grained 
metasedimentary rocks. The Sirkka Line occurs nearby 

Fig. 8. Example of ground magnetic data from Lälleävuoma area. Total magnetic field was measured using proton 
precession magnetometer. Shaded relief map, illuminated from northeast. Line spacing 50 m and station spacing 10 
m. Lälleävuoma deposit is marked by a yellow triangle.
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(Eilu, 1999). Magnetite in talc-chlorite schists result in 
high magnetic intensity, whereas moderately carbona-
tizated rocks are seen as weak magnetic minima.

VLF-R is the often measured together with magnetic 
surveys in CLGB area by GTK. It is the most favourite 
electromagnetic method in northern Finland because 
it is cheap, fieldwork is fast and cultural noise levels 
are low in sparsely populated areas. In the Lälleä-
vuoma area, Geonics EM16R instrument was used to 
conduct VLF-R surveys. VLF-R transmitter DHO-38 
(frequency 23.4 kHz) in Germany was used. In the 
Lälleävuoma area, N-S trending metakomatiitic rocks 
stand out as a high resistive zone in the middle of the 
area (Fig. 9). The contacts between metakomatiites 
and conductive graphitic phyllites can be signified 
quite accurately.

An example of the ground magnetic data with 

electromagnetic HLEM (slingram) data is presented 
in Figure 10 from the Suurikuusikko deposit. The 
deposit is associated with a 15 km long, N-S trending 
shear zone chiefly located in the contact zone between 
major Mg- and Fe-tholeiitic metavolcanic units. The 
area around the deposit is dominated by mafic pyro-
clastic metavolcanic rocks (Härkönen, 1997). The 
gold deposit consists of lens-shaped, sulphide-bearing 
bodies striking in the main shear zone direction. Gold 
is associated with arsenopyrite, pyrite and gersdorffite. 
The sulphide-bearing tuffites or phyllites and graphitic 
host rocks give the major response in both magnetic and 
electromagnetic methods. The Suurikuusikko shear 
zone is indicated as a negative anomaly in magnetic 
maps and, due to abundant graphite vein network and 
pyrrhotite, as a low in the resistivity maps. Magnetite 
have been essentially destructed all along the shear 

Fig. 9. Example of VLF-R phase data from Lälleävuoma area. Conductors can be seen as areas where phase angle is 
over 50 degrees. Line spacing 50 m, station spacing 10 m. Lälleävuoma deposit is marked by a yellow triangle.
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Fig. 10. A) Magnetic residual anomaly map and B) a rough classification of magnetic and HLEM (slingram) anomalies along the Suurikuusikko shear 
zone. Gold occurrences (Riddarhyttan Resources AB, 2002) marked by red dashed line. Data combined from GTK’s and Riddarhyttan Resources 
AB’s datasets.
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zone as the result of alteration. Magnetic anomalies 
are caused mainly by pyrrhotite that in some places 
is massive (Härkönen, 1997; Eilu, 1999). Figure 10 
presents the magnetic residual anomaly and a rough 
classification of the magnetic and HLEM anomalies 
measured along the Suurikuusikko shear zone. 

induced polarization (ip). IP surveys have com-
monly been applied in gold exploration to locate 
sulphides in situations where sulphide concentration 
is low or moderate. Disseminated sulphide deposits in 
volcanic-sedimentary components of greenstone belts 
may not be detectable using electromagnetic methods 
(like VLF-R), but in some cases can be mapped using 
IP. In many areas of the CLGB, there are very conduc-
tive graphite-bearing schists that cause chargeability 
and conductivity anomalies and disturb and mask all 
other information. Time-domain measurements with 
a dipole-dipole array are commonly used, because 
this array is very sensitive to horizontal changes, and 
the effects of small local sources are larger than with 
other configurations.

An example of an IP survey from Iso-Kuotko 
deposit is presented in Figure 11. Scintrex IPR-10 
receiver and dipole-dipole electrode array (a=20m, 
n=2) with 50 m line spacing and 20 m station spacing 
was used. Iso-Kuotko deposit is related to the intersec-
tion of the NW-trending Kuotko Main Shear (KMZ) 
and the NE-trending extension of the Suurikuusikko 
Shear Zone (SSZ). The mineralization and the host 
rocks are within a sequence of mafic metavolcanic 
rocks and volcanogenic metasedimentary rocks (Eilu, 

1999). The Kati lode is directly related to the KMZ 
and strike of the Tiira lode corresponds to the SSZ. 
The structural geology of the area is complicated and 
rocks are strongly altered by albitization, carbonatiza-
tion and silicification. Soil cover is thin, only up to 5 
m (Härkönen et al., 2000).

In the Iso-Kuotko deposit, the Kati and Tiira lodes 
are indicated by VLF-R, HLEM and IP methods, as 
conductivity or chargeability anomalies. Sulphides 
(pyrite, arsenopyrite and pyrrhotite) are both semi-
massive and disseminated, and there are no graphite. 
Conductive structures in the Tiira lode are subvertical 
and the chargeability response of IP measurements 
is sharp and distinctive, whilst in the Kati lode gold-
bearing NW-SE trending horsetail-like thin quartz-
carbonate veins with associated sulphides are dipping 
40–50 degrees to NE and, consequently, the anomaly 
shape is more wide and fuzzy (Fig. 11). Anomalies 
indicate also several overlapping conducting layers 
near the surface to north and west of the Kati lode 
(Härkönen et al., 2000).

self potential (sp). In the areas where the water 
table is below the bedrock surface, the conditions 
are favourable for self potential differences to form. 
Anomalous potentials (hundreds of millivolts) can be 
observed over rocks bearing sulphide and graphite, 
or other conductive minerals. In many cases, large 
bog areas in northern Finland disturb measurements 
by masking the desirable response. However, the SP 
method has been infrequently, but successfully, used 
for mapping and classifying conductive sulphidic 

Fig. 11. IP chargeability anomaly map from Iso-Kuotko gold target. Gold-bearing sulphide lodes Kati and Tiira with drill hole locations are plotted. 
Trends of the Suurikuusikko and Kuotko shear zones are also shown.
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and graphitic formations. Data has been collected in 
the traditional manner by measuring the “absolute” 
potentials between nonpolarizing electrodes. One 
electrode is kept at a reference point while the other 
is moving. Commercial voltmeter with a sufficient 
high input impedance was used. The survey grid has 
usually been very dense so the resolution is good. An 

example from the Loukinen deposit is presented in 
Figure 12. Study area is located along the contact zone 
of ultramafic volcanic rocks and graphitic phyllites 
controlled by the Sirkka Line. Anomalies are caused 
by graphitic phyllites and partly weathered sulphides 
(pyrite, chalcopyrite, gersdorffite). 

Fig. 12. SP results from the Loukinen gold occurence. Line spacing 10 m and station spacing 5 m was used. In the western part of SP-area, bogs masks 
and the response was not as good.

Geophysical methods used in the gold exploration 
in the CLGB have been applied quite widely. Ground 
magnetics in combination of EM VLF-R or HLEM 
have been the main methods used as the first step. 
Interpretation has been done mainly qualitatively, and 
the most interesting anomalies, assumed to be relevant 
for the appropriate problem, have been chosen for 
sampling and drilling. Magnetic anomalies provide 
information about geological units, faults, and shear 
and alteration zones. Electromagnetic anomalies are 
caused by graphite, sulphides and fractures contain-
ing water. As the second step other methods such as 
IP and SP have been used if considered to be useful. 
IP may detect disseminated sulphides and SP is used 
to map and classify conductive sulphide and graphite 
occurrences. 

The value of the methods used depends on the 
petrophysical contrasts of the local rocks. Therefore 
petrophysical data is very useful to detect differences 
between gold mineralized units and barren country 
rocks. Examples of petrophysical drill hole loggings 
presented above indicate that in favourable cases it is 
possible to detect gold critical units indirectly. How-
ever, the selection of the methods has been done based 
on the geological and geophysical reasons as well as 
costs and equipment availability. For these reasons e.g. 
modern reflection seismic method has not been used 
for small-scale gold exploration in CLGB, although 
in many cases it could considered to be useful to map 
gold critical structures.

Discussion
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Palaeo-stress modelling applies geomechanical modelling codes to define dilatant 
(low stress) sites in a rock mass. These dilatational sites can be considered targets for 
structurally controlled mineralization. The main assumptions in the conceptual model 
are that the strain pattern of faults and lithological contacts has not been significantly 
changed since mineralization ie. that mineralization is late in the structural history, and 
that stress orientations and magnitudes and rheological properties of faults and rock units 
are known. UDEC code was applied to determine the palaeo-stress pattern caused by 
the fault network geometry and rheology within the Central Lapland Greenstone Belt 
at 1:250 000 scale to target orogenic gold mineralization. Modelling simulated E-W, 
N-S, NE-SW and NW-SE compression directions (D3–D4 deformation stage) and the 
minimum principal stress (σ3) is used to indicate dilational areas. 

The spatial association between the palaeo-stress modelling results of 12 different 
models (compression orientations and different fault classifications) and the known gold 
occurrences was quantified using logistic regression methods in ArcGIS. The minimum 
principal stress distributions of the models, which simulate E-W compression, have the 
highest positive weight, contrast and confidence. The maximum spatial association pat-
tern in the best model cover 1.3% of the study area and include 11% of the known gold 
occurrences. In addition, the models that simulate NE-SW compression simulations give 
a good spatial association with known gold occurrences. This is in a good agreement 
with structural studies of the Central Lapland Greenstone Belt, which suggest that far 
field stress has varied from NE-SW to E-W during the late stages of the tectonic evolu-
tion and orogenic gold mineralization. 
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Palaeo-stress modelling as a targeting tool for 
structurally controlled mineralization is based on 
geomechanical modelling for identifying areas that 
experienced minimum stress (maximum dilation) dur-
ing periods of mineralization in a number of geological 
settings (Holyland 1990a,b,c,d; Holyland and Ojala 
1997, Holyland et al. 1993, Groves et al. 2000). 

Palaeo-stress modelling of the Central Lapland 
Greenstone Belt was to model the area at 1:250 000 
scale using the existing geology maps (Lehtonen et 
al. 1998) and the solid geology and structural geology 
interpretations by Väisänen (2002) and Hölttä et al. 

(2006, this volume) for the geomechanical interpreta-
tion. Four different far field stress orientations and three 
different fault classifications were modelled resulting 
in 12 different model combinations. To quantify the 
spatial correlations of results to the known orogenic 
gold occurrences and the effectiveness of the results 
for targeting orogenic gold mineralization, the logistic 
regression model in the ArcGIS software was used. 
In addition, GIS modelling was to estimate which 
far field orientation was the most likely operational 
during the gold mineralization.

introDuction

conceptuAl moDel

Most types of hydrothermal ore deposits are formed 
in structurally controlled sites in permeable fracture-
systems. Typically, mineralization occurs in discrete 
segments of individual structures and, within the 
mineral deposits, some parts of the host structures are 
commonly better mineralized than others. Structurally 
controlled mineral deposits, and the high grade ore-
shoots in them, are related, in general, to structurally 
focussed fluid flow during active deformation within 
the larger host structures (eg. Hodgson 1989). HronskyHronsky 
et al. (1990) reviewed the common major controls on(1990) reviewed the common major controls on 
localisation of mineralization and oreshoots:
i) the intersection of host structure with a particular 

lithological unit (eg. BIF hosted gold deposits),
ii) intersection of two synmineralization structures,
iii) dilational jogs, divergent bends in faults or en 

echelon fault segmentation,
iv) fold hinge zones,
v) flexures in the host structure, with axes oblique to, 

and commonly at a high angle to, the movement 
direction, and

vi) zones that plunge subparallel to the stretching line-
ation, but in which the specific controls on their 
location are unclear.

In places, only one control applies to mineralization, 
and it may be possible to predict the location of the 
next one in a particular area or structure just by using 
the geometry of the structures. However, commonly 
several controls apply and the complex three-dimen-
sional geometry of the controlling structures makes 

structural interpretation very difficult. In addition to 
geometry, competency contrast/rheological properties 
of host lithologies may have a significant influence. 
Consequently, a kinematic approach to complex struc-
tural relationships of a geological map is commonly 
based more on interpreter’s intuition than true geo-
metrical relationships. In addition, a purely kinematic 
approach fails to take into an account rheology and 
interaction of structural elements, which may have an 
effect considerable distance away (eg. large batholiths 
and major faults).

The observation that the orogenic gold mineraliza-
tion in the Central Lapland Greenstone Belt appears 
to be late in structural history (D2–D4, Väisänen 2002, 
Sorjonen-Ward et al. 1992, Ward et al. 1989) sug-
gests that, in the absence of significant subsequent 
tectonism, the resulting strain patterns have been 
preserved, and, importantly, the present geological 
map view represents closely the geometry at time of 
mineralization. Therefore, the geological map can be 
used for further analysis.

In summary, the current understanding of factors 
that control the location of structurally controlled 
mineral deposits indicate that if geologists can iden-
tify the areas which were dilatant zones at the time 
of mineralization, exploration within them would be 
guided by factors such as: the location of structures; 
rock competency and rock chemistry. Recognition of 
these dilatant zones (or low stress zones) is the aim of 
palaeo-stress modelling applied for exploration. 

methoDs AnD theoreticAl consiDerAtions

Irrespective of the exact origins of the fluids, the 
large number of common characteristics of orogenic 
gold deposits have led several workers to a quite 

similar conclusion: the hydrothermal systems which 
produced the gold mineralization were of crustal scale, 
and gold deposits possibly formed under a variety of 
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crustal régimes over at least a 15 km crustal profile 
(Colvine et al. 1984; 1988; Foster 1989; Groves et 
al. 1992; 2000; Goldfarb et al. 2001). This implies 
that the gold deposits represent a crustal continuum, 
and that gold mineralization in different crustal levels 
was broadly synchronous. This, in turn implicates a 
deep, sub-greenstone, crustal or mantle source for the 
primary ore fluid (Groves et al. 1992; 2000; Goldfarb 
et al. 2001). A number of fluid sources are possible, in-
cluding deep-level intrusive granitoids (McNaughton 
et al. 1993), basal segments of greenstone belts, mid- to 
lower-crustal granitoid-gneisses, mantle lithosphere, 
or subducted oceanic lithosphere, with influx of surface 
water in the upper parts of the hydrothermal systems 
(Groves 1993; Goldfarb et al. 2001).

There is a general consensus that most orogenic gold 
deposits form in structurally controlled sites, and that 
the formation of deposits involves advection of large 
volumes of fluid in extensive hydrothermal systems. A 
number of models for fluid flow during the formation 
of the deposits have been proposed. Earlier models 
suggested that the role of faults was mainly passive 
as highly permeable channelways, but most models 
involve the active creation of high permeability dur-
ing deformation or episodes of fault movement (eg. 
Cox et al. 1991; Hodgson 1989; Oliver et al. 1990; 
Phillips 1972; Ridley 1993; Sibson 1993; Sibson et 
al. 1975; 1988). Commonly, proposed mechanisms 
involve the fault valve or suction (or seismic) pump 
mechanisms (Sibson et al. 1975; 1988). In the fault 
valve model, pressure seal zones and high fluid pres-
sure are essential requirements. Deformation is initi-

ated by rising fluid pressure to, or above, lithostatic 
pressures and consequent reactivation of sealed faults 
and increased fracture permeability, a drop in fluid 
pressure and fluid flow into the fault zone (Sibson et 
al. 1988). In the suction pump model, the opening of 
extensional fractures causes the fluid pressure to drop 
and induces fluid flow into the dilated zone (Sibson 
1987; Sibson et al. 1975). As Sibson (1993) pointed 
out, the fault-valve processes are more applicable to 
compressional deformation where the imposed load 
strengthens faults which are at a high angle to the 
maximum stress. Although rising fluid pressure can 
trigger faulting in the extensional régime, fluid pres-
sures are in general closer to hydrostatic pressures in 
the fluid channelway. 

Both these models highlight the importance of 
permeability, but if fluid focussing results from varia-
tions in permeability, the zones of high fluid flow will 
have lower fluid pressures and higher effective mean 
stress than surrounding rock which is at variance with 
inferences from quartz vein structures of high relative 
fluid pressures during the formation of gold deposits 
(Ridley 1993). Therefore, Ridley (1993) suggested, 
partly based on the work of Holyland (1990a) and 
Oliver et al. (1990), that fluid focussing into zones 
of low mean rock stress will be associated with high 
relative fluid pressures in the zone of focussed fluid 
flow. In addition, with progressively decreasing effec-
tive mean stress, any discontinuity, a fault or particular 
segment of a fault, can be a site of hydrofracturing, 
and subject to reactivation, within a low mean-stress 
domain (Ridley 1993).

Model for regional fluid focussing

Fluid inclusion studies from high crustal level depos-
its (Mair 1998; Ojala 1995) indicate higher pressures 
in the proximal parts of the mineralized zones. This 
appears to be in contrast to Ridley’s (1993) model 
which predicts that absolute pressure will be lower 
in the fluid channel than in the wall rock. The fluid 
valve model of Sibson et al. (1988) can explain high 
fluid pressure in the upper part of the fault zone, but it 
does not explain why fluids are focussed in a particular 
fault in the first place. A combined fluid-pressure/low 
mean-stress activated valve model, which is broadly 
based on the models of Ridley (1993) and Sibson et 
al. (1988), and on the general approach of Holyland 
(1990a; 1990b; 1990c) to mean and minimum stress 
controlling the location of dilatant sites and fluid flow, 
is suggested to explain this observation. A schematic 
depiction of the concepts of the model are summarised 
in Figure 1.

The variations in mean stress result from interaction 
between the regional stress and overall geometry of 
faults and rock units, and their rheological properties. 
In the lithostatic régime (at depths greater than those 
equivalent to low to medium grade metamorphism), 
fluid pressure is buffered close to the confining pressure 
or mean stress (Etheridge et al. 1984), and, therefore, 
variations in the mean stress will be matched by vari-
ations in fluid pressure (Fig. 1a). 

Provided that the fluid content of the rock mass stays 
constant, changes in fluid pressure through coupled 
poro-elasticity will, in general, only partly counteract 
changes in mean stress (Sibson 1993). Increased fluid 
supply, which can be a product of prograde meta-
morphic dehydration, magmatic sources, or mantle 
degassing, increases fluid pressure (Fig. 1b). Increased 
fluid pressure decreases effective pressure (Peffective = 
Plithostactic–Pfluid) and, because permeability is controlled 
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Fig. 1. Schematic cross-sections, fluid-pressure - depth profiles and cross-sections, and rock mean-stress/fluid-pressure profiles at specific depths demon-
strating fault-valve behaviour of a reverse fault in a low mean stress zone. Some of the figures are modified from Sibson (1988) and Ridley (1993).
a) A pre-existing fault cuts across an impermeable barrier (greenschist facies boundary; Etheridge et al. 1984). Fluid pressure under the barrier is 
slightly below lithostatic pressure. Build up of compressional stresses results in variable mean stress along the fault and, consequently, variable fluid 
pressures. However, fluid is limited because of relatively low permeability and constant fluid content.
b) Fluid pressure below the impermeable barrier increases and results in increased permeability. Fluid flow down a fluid pressure gradient causes 
increased fluid pressure in the fault and decreased pressure outside of the fault, and results in low or negative effective pressure and further enhances 
the permeability within the low mean-stress zone. The low or negative effective pressure triggers a failure along the fault which creates extensive 
fracture permeability.
c) Drainage of geopressured fluid reservoir at depth occurs along the highly permeable fault and its subsidiary structures. Above the impermeable 
barrier, fluid pressure in the fault exceeds hydrostatic pressure.
Symbols:
pore pressure factor λf = Pfluid/Plithostatic 
λf ~ 1.0 lithostatic fluid pressure
λf ~ 0.4 hydrostatic fluid pressure
(W.J. Phillips 1972)
σ1, σ3 maximum and minimum principal stress
P pressure
x horizontal coordinate axis

by effective pressure, it is increased (Etheridge et al. 
1983). As hypothesised by Ridley (1993) fluid flow 
down a fluid pressure gradient will cause increasing 
fluid pressures in the low mean-stress zone of initially 
lower fluid pressure, and the low mean-stress zone will 
become a zone of relatively low, potentially negative, 
effective pressure (Fig. 1c). This will further increase 
permeability and fluid flow into the low mean-stress 
zone. 

With progressively decreasing effective mean-
stress, any discontinuity in a favourable orientation 
is potentially reactivated within the low mean-stress 
zone. If the discontinuity is continuous through the 
low permeability barrier, an extensive fracture-per-
meability zone (Fig. 1c) through the barrier can be 

created as the failure propagates updip. This highly 
permeable channelway drains geopressured fluids into 
the hydrostatic régime, where fluids disperse along 
the rupture zone and its subsidiary structures. The 
largest difference between fluid pressure and ambient 
hydrostatic pressure is just above the impermeable 
barrier. As the fluid is rapidly migrating, it is likely 
to be in disequilibrium with wallrocks. In addition, 
pressure and temperature gradients may enhance 
mineral deposition. Fluid flow will continue as long 
as the fluid production exceeds the rate of drainage 
and keeps the relative fluid pressure high in the fluid 
focussing area.

Stress fields are dependent dominantly on the geom-
etry of the fault network and rock units and the imposed 
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regional stress. Therefore, if mineral deposition seals 
the fault and fluid supply is still large, reactivation of 
the fault is likely to occur in the same low mean-stress 
area as long as fault motion does not significantly 
alter the rock geometry (Ridley 1993). This explains 
the common occurrence of several stages of veining 
and mineral deposition in the same area. In addition, 
it means that time averaged permeability of the fault 
zone is higher than that of the wall rocks.

It is noted that a pre-existing fault in the low mean-
stress zone is not necessary for the initial fluid focussing 
into that zone in the lithostatic régime. However, if 
there is no permeable zone through the low perme-
ability zone, fluids will slowly leak through the low 
permeability zone and disperse near the bottom of the 
hydrostatic régime. In addition, significant vertical 

fluid travel may not be required, if the mineralising 
fluid was derived from crystallising magma (eg. Bur-
rows and Spooner 1987). Low mean stress areas are 
also preferential sites for intrusions, as the physical 
controls on magma movement are similar to those of 
fluid movement and magma will move down pres-
sure gradients towards the sites of low mean stress 
(Cooper 1990).

In summary, the presented low mean-stress acti-
vated-valve model needs excess fluid production com-
pared to the rate of drainage, a low mean-stress zone to 
collect and focus fluid in the lithostatic fluid-pressure 
régime, and a conduit from the fluid collection area to 
the depositional area. Such a model can explain fluid 
focussing and the observed high fluid pressures in the 
proximal ore zones in orogenic gold deposits.

Model for local fluid focussing

Hydrothermal ore deposits are characterised by 
channelised fluid flow and high fluid/rock ratios. In the 
low to medium-grade metamorphic conditions, fluid 
pressures are buffered close to lithostatic pressures 
and fluid flow is generally upward directed (Etheridge 
et al. 1984). Focussing of the upward fluid flow into 
a discrete channelway, as required to form an ore 
deposit, is due to lateral variations in hydraulic head. 
These lateral gradients my be induced structurally by 
either variations in fracture permeability of active fault 
zones, or by variations in mean rock stress (eg. Oliver 
et al. 1990). Mineralized extension veins indicative of 
supralithostatic fluid pressures are commonly present 
in orogenic gold systems. These are compatible with 
fluid focussing into zones of low mean rock stress, 
where relative fluid pressures are higher compared to 
the rock pressure but absolute fluid pressures are lower 
than in surrounding rock (Ridley 1993). Therefore, 
sites of low mean stress can be simultaneously sites 
of fluid focussing and of low effective mean-stress.

Ridley (1993) discussed about examples of sites of 
low mean stress and pointed out the stress heteroge-
neities which result in layered sequences. He showed 
that if the imposed stress is such that strain includes 
a component of extension parallel to layering, then 
relatively competent layers will have a lower mean 
stress (Fig. 2) and fluid focussing will be towards 
more competent layers in the sequence. 

At higher crustal levels ambient fluid pressures are 
closer to hydrostatic pressures but fluid pressures in 
fluid channels might be lithostatic and both relative 
and absolute fluid pressures are higher than in the 
surrounding rock. Consequently, fluid flow is strongly 
controlled by permeability. Although high permeability 

pathways can be lithologically determined, structurally 
controlled ore deposits are more common in crystalline 
rocks and, in general, they have formed in reactivated 
fault systems (eg. Phillips 1972; Sibson et al. 1975; 
Sibson et al. 1988, Sibson 1993). A failure of a pre-
existing weakness, or intact rock, can be initiated by 
an increase of differential stress, by an increase in the 
pore fluid pressure, or by combination of both. In most 
cases, stress changes lead to decrease of mean stress 
or, more commonly, decrease of minimum stress.

Fig. 2. Dilation in layered sequence. Mean stress will be lower in the com-
petent layer if there is layer-parallel extension and in the incompetent layer 
if compression is parallel to layering. Modified from (Ridley 1993).
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A model in which fluid focussing in the crust is due 
to variations in mean stress, or in which failure of pre-
existing weaknesses and, therefore, enhanced fracture 
permeability, is due to lowered mean or minimum 

stress, allows for the wide variety of structural setting 
of mineral deposits. Thus, modelling variations in rock 
stress can provide viable exploration targets.

Stress-fluid pressure relationship at fracture initiation

Three different modes of brittle failure for homo-
geneous, isotropic, intact rock are shown in relation 
to loading stress fields on the Mohr diagram in Figure 
3 (Sibson 1989). The type of failure depends on the 
magnitude of the differential stress in relation to the 
tensile strength of the rock. Depending on the stress 
state and the shape of the failure envelope, failure 
may be by:
i)  extensional hydrofracture perpendicular to σ3, 
ii)  shear failure along conjugate zones about 30° to 

σ1, or 

iii) extensional shear failure as conjugate zones at, or 
less than, 30° to σ1 (Sibson 1989).

Figure 4 shows the effect of a plane of weakness 
on failure using the Mohr-Coulomb failure criterion. 
The failure envelopes are constructed assuming any 
orientation of the plane of weakness. Any stress sys-
tems for which the Mohr circle overlaps the failure 
envelope for planes of weakness, but does not touch 
the envelope for intact rock, may fail preferentially 
along a plane of weakness. Analysis of the likely mode 
of failure requires consideration of the orientation of 
the plane relative to the imposed stress. As for the 
case of intact rock, failure may be in one of three 
modes; extension hydrofracturing, shear failure, or 
extensional shear failure.

Generally, there will be a range of orientations of 
planes for which failure will occur (Fig. 3) before 
fracturing or shearing of adjacent intact rock. Pure ex-
tensional hydrofracturing only of a plane perpendicular 
to σ3 would occur at low differential stress states in 
which the Mohr circle touches the failure envelope at 
the normal stress axis (Fig. 3); ie., the fluid pressure 
exceeds σ3 plus the tensile strength of the fracture. With 
increasing fluid pressure or differential stress, the range 
of orientations of planes which will fail increases. As 
long as the intersection between the Mohr circle and 
the failure envelope is in the tensional field, failure 
will involve hydrofracturing and shearing. 

During deformation, failure along the plane or 
through intact rock can be induced by 
i) increasing the fluid pressure, and hence reducing 

the effective stresses and moving the Mohr circle 
to the left (Fig. 4a), 

ii) increasing σ1 (Fig. 4b), 
iii) increasing the differential stress at constant mean 

stress (dm = σ1+ σ3/2) (Fig. 4c), or 
iv) decreasing σ3 (Fig. 4d). 

The diagrams in Figure 4 demonstrate that the 
change of stress state from stable to unstable results in 
a decrease of mean stress in cases a and d, increase in 
case b, and constant mean stress in case c. However, 
the minimum principal stress (σ3) is constant only 
in case b and decreases in all other cases. Therefore, 
it is assumed in the stress modelling that variations 
in σ3 give a better indication of proximity to failure, 
enhanced structural permeability, and fluid flow than 
the mean stress.

Fig. 3. Modes of failure. Modes of failure in relation to differential stress in 
homogeneous, isotropic rock. Mohr diagrams illustrate the general failure 
envelope for intact rock and the stress conditions for the three modes of 
failure. Modified from (Sibson 1989).
a) Extensional fracturing (hydraulic fracturing)
b) Extensional shear (combination of hydraulic fracturing and shear)
c) Shear fracturing
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Fig. 4. Stress state changes leading to failure
Schematic Mohr diagrams illustrating possible changes in the stress state which can lead to failure of a plane of 
weakness.
a) Increasing fluid pressure, for the stress state 2, tensile failure will occur along fractures perpendicular to σ3, and 
shear failure along a wide range of orientations of pre-existing planes of weakness.
b) Increasing σ1 leads to increasing differential stress and shear failure will occur when Mohr circle touches the 
failure envelope.
c) Increasing differential stress with constant mean stress leads to shear failure.
d) Decreasing σ3 leads to increasing differential stress and shear failure.
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limitAtions of DeformAtion simulAtions

In some calculations, especially in those involving 
discontinuous material, the results can be extremely 
sensitive to very small changes in initial conditions 
or trivial changes in the loading sequence. This situ-
ation may seem unsatisfactory and may be taken as a 
reason to mistrust the computer simulations. However, 
the sensitivity exists in the physical system being 
modelled and there appear to be at least two sources 
for the seemingly erratic behaviour.
i. There are certain geometric patterns of discontinui-

ties that force the system to choose, apparently at 
random, between two alternative outcomes and the 
subsequent evolution depends on which choice is 
made. For example in Figure 5, if block A is forced 
to move down to relative to B, it can either go to 
the left or to the right of B. In the natural rocks 
the choice will depend on microscopic irregulari-
ties in the grain boundary geometry, anisotropic 
rock properties, or kinetic energy of the conjugate 
faults.

ii. There are processes in the system that can be de-
scribed as softening or more generally as cases of 
positive feedback. In a fairly uniform stress field, 
small perturbations are magnified in the subsequent 
evolution because a region that has more strain 
softens more and thereby attracts more strain.

Both phenomena give rise to behaviour that is 
chaotic. Studies of chaotic systems reveals that the 

detailed evolution of a system is not predictable even 
in principle. The observed sensitivity of the computer 
model to small changes in initial conditions or numeri-
cal factors is simply a reflection of a similar sensitivity 
in the real world to small irregularities.

Fig. 5. Conjugate fault problem. Schematic conjugate fault intersection 
demonstrating the computational problem of symmetric  fault intersections 
(relative to the stress field).

geometry

Typically, the geological map interpretation is the 
largest source of uncertainty for the deformation 
simulation used for structural targeting. The other 
severe limiting assumption of two-dimensional stress 
modelling is that the plane of a map does not accu-
rately reflect the stress pattern in an area with complex 
three-dimensional geometry. In many terrains, like 
the Central Lapland Greenstone Belt, this may not 
be a critical restriction, since the vast majority of the 

observed structures are upright and the majority of 
gold deposits are hosted in steep structures, although 
significant exceptions do occur. In addition, in most 
areas, dip data is not available and a two-dimensional 
geological model is the only possibility at this scale. 
The accuracy of the three-dimensional geological in-
terpretation becomes more important in deposit scale 
modelling where the extent of interest of the vertical 
dimension is similar to horizontal dimensions.

Far-field stress orientations

Determination of palaeo stress directions is closely 
related to the understanding the geological history of 
the area, quality of geological maps and reconstruction 
of the geometry during the mineralization (Angelier 
1979, Ramsay and Huber 1987, Reches 1978, 1983). In 
many cases, this is not difficult as in linear greenstone 
belts and fold belts main principal stress direction and 

tectonic transport is typically perpendicular to the 
general structural grain. Furthermore, geomechanical 
modelling is not very sensitive for small differences in 
stress directions. In addition, several stress directions 
can be simulated and the result combined. Väisänen 
(2002) and Hölttä et al (2006, this volume) suggest 
several tectonic transport directions and block rotations 
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during the late structural evolution (D3 and later) in 
the Central Lapland Greenstone Belt. At this stage the 
earlier structures were also reactivated. Consequently, 

it was decided to model all four main compression 
directions (N-S-, E-W, NE-SW, NW-SE) with some 
variations in fault classifications.

material properties

The selection of material properties of rocks is a 
difficult element in the generation of the palaeo stress 
model because of high uncertainty in the property 
database. It should be considered when performing 
an analysis, that the problem involves a data-limited 
system and the field data will never be known com-
pletely. However, as with the geometry, with the ap-
propriate selection of properties important insight to the 
physical problem can still be achieved. Furthermore, 
the relative scale of the rock properties is reasonably 
well known. The rock properties (Table 1.) for the 
simulations were estimated from the published data 

(Clarke 1966) to approximate rock properties at the 
estimated temperature-pressure conditions (70–100 
MPa, 300±50°C) during mineralization. Although the 
rock properties are not very well known for the pres-
sure-temperature conditions during mineralization, 
it is likely that the relative scale of rock properties 
was similar to that indicated by geomechanical tests. 
Rocks were modelled as Mohr-Coulomb material and 
the modelling considers only elastic and elasto-plastic 
stresses and strains, and, therefore, deformation dila-
tency due to viscous strains is not considered.

Table 1. Material properties used for the UDEC modelling 
a) Rock rheologies

property fine grained 
sedimentary 

rocks

mica 
schist

Quartzite ultramafic 
rock

mafic 
rock

mafic 
intrusive 

rock

granitoid unit

Density 2750 2700 2700 3300 2800 3000 2660 kg/m3

Bulk modu-
lus 8x109 15x109 35x109 15x109 48x109 70x109 55x109 Pa

Shear modu-
lus 7x109 10x109 21x109 10x109 24x109 40x109 35x109 Pa

Cohesion 30x106 50x106 100x106 40x106 60x106 100x106 80x106 Pa

Normal 
stiffness 1x1014 2x1014 1x1014 2x1014 1x1014 11x1014 1x1014 Pa/m

Shear stiff-
ness 1x1014 2x1014 1x1014 2x1014 1x1014 11x1014 1x1014 Pa/m

Friction 
angle 10 15 20 15 20 25 20 degree

b) Fault rheologies

Discontinuity property 1st order 
fault

2nd order 
fault

thrust granitoid 
contact

greenstone 
contact

unit

Cohesion 15x106 15x106 15x106 80x106 60x106 Pa

Joint normal stiffness 0.5x109 0.5x1010 0.5x1011 1x1013 1x1013 Pa/m

Joint shear stiffness 0.4x109 0.4x1010 0.4x1011 1x1013 1x1013 Pa/m

Friction angle 6 7 8 20 17 degree

numericAl formulAtion

Stress modelling examines the variation in strain 
and stress through an inhomogeneous terrain on im-
position of a regional stress field. When stressed, an 

inhomogeneous material develops an inhomogeneous 
stress field whose components vary with rheological 
properties and geometry. The modelling is consider-



234

Geological Survey of Finland, Special Paper 44
V. J. Ojala and V. Nykänen

ing only elastic and elasto-plastic stresses and strains, 
and, for instance, deformation dilatancy due to viscous 
strains is not considered.

A number of numerical techniques are available 
to treat the equations relating variations in stress 
distribution to the resulting strain pattern. This study 
utilised the distinct element method (UDEC program, 
Itasca Consulting Group, Starfield and Cundall 1988), 
which is a recognised discontinuum modelling ap-
proach for simulating the behaviour of jointed rock 
masses. In the distinct element method, a rock mass is 
represented as an assembly of discrete blocks. Faults 
and contacts are viewed as interfaces between distinct 
bodies. The contact forces and displacements between 
the stressed assembly of blocks are found through a 
series of calculations which trace the movements of 
the blocks. Movements result from the propagation 
of disturbances, which were caused by applied loads, 
through the block system.

The algorithm includes: 
1. A motion law, which specifies motion of each block 

due to unbalanced forces acting on it.

2. Force displacement laws which specify forces 
between blocks

3. Block deformability.

Boundary conditions

Geomechnical model requires estimation of the 
following three groups of variables:
i) Far-field horizontal stressesFar-field horizontal stresses
• magnitudes
• orientations
ii) Rock deformation properties 
• strength
• moduli
iii) Fault deformation properties
• friction angle
• stiffness

It also requires accurate information on the location 
and geometry of the polygonal blocks and the faults 
and shears and this data is contributed through solid 
geology interpretations.

preparation of a solid geology map

Geomechanical interpretation was done at 1:250 000 
scale (Fig. 6 and 7). Fault and rock geometries were 
interpreted from 1:100 000 and 1:200 000 scale geo-
logical (eg. Lehtonen et al. 1998) and geophysical 
(processed low altitude aeromagnetic and EM, Airo 
2005) maps. In UDEC models, the fault geometry is 
predetermined and development of new structures 
cannot be modelled. Discontinuities were divided to 
faults and contacts. Faults were further divided into 
first and second order faults, and thrusts using their 
length, continuity and timing as the main division, 

and rock contacts to greenstone and granitoid contacts 
with increasing shear stiffness (Figs. 6 and 7). The 
E-W trending first order shear clearly related with 
a lineament of magnetic highs. NW-SE trending is 
placed to model a deeper basement lineament, which 
has a more subtle signature in magnetics. Dominat-
ing rock type between the discontinuities was used to 
define material properties for the rock blocks. Since 
the model is two dimensional, all faults and contacts 
are treated as vertical. 
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Fig. 6. Geological map of the Central Lapland greenstone belt and locations of the known gold deposits and occur-
rences (Eilu 1999, http://en.gtk.fi/ExplorationFinland/Commodities/Gold/gtk_gold_map.html).
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rheology of rock units and faults

In this study modelling brittle-ductile rheological 
values (Table 1) were used as the metamorphic grade 
of the rocks is greenschist to low amphibolite facies, 
and the Au mineralization was interpreted to be late 

(D2 to D4) in the structural history and to be spatially 
related to brittle and brittle-ductile faults (Eilu et al 
2003, 2006 this volume).

Fig. 7. a) A digitized geomechanical interpretation of the Central Lapland greenstone belt. The geology is simplified 
to facilitate modelling. The known gold occurrences are shown for reference. b) An aeromagnetic map of the model 
area overlain with the modelled discontinuity network. 
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Structural interpretations by Ward et al. (1989),(1989), 
Väisänen (2002) and Hölttä et al. (2006 this volume)(2006 this volume) 
suggest that the maximum principal stress (σ1) orienta-
tion was probably E-W but it may have varied from 
E-W (D3) and N-S (D4) during the gold mineralization. 
Small (±20°) changes in far field stress orientations 
do not significantly change the results and, therefore, 
modelling of N-S, E-W, NW-SE and NE-SW σ1 

orientations was considered a reasonable approxima-
tion. The magnitude of the maximum principal stress 
(100 MPa) corresponds to a depth of about 4–8 km 
(Engelder 1993). The magnitude of minimum principal 
stress was 70 MPa confining a deviatoric stress that 
is large enough to cause some change in the internal 
stress pattern of the model. 

values of input parameters

Rheology of the faults was estimated from both 
laboratory experiments on fracture behaviour, and 
large-scale studies on slip behaviour on large faults 
in the western USA (Sleep and Blandpied 1992). 
First order faults were assigned lower stiffness than 
second order faults due to their being smoother and 
more continuous and hence having a smaller rough-
ness component in frictional resistance. 

The rheology of the granitoid-greenstone area 
was approximated from the published geomechani-
cal database (Clark 1966). External variables which 
affect rheology such as confining pressure, tempera-
ture, deviatoric stress, pore fluid pressure and strain 
rate were estimated using typical values of depth to 
surface of hydrothermal systems, fluid inclusions, 
failure modes in known deposits, lithostatic pressure, 
and typical strain rates (10–14 s-1) (Fyfe et al. 1978), 
respectively.

Far field stresses

model variations

Because the structural interpretations of the far 
field stress orientations are equivocal, and fault clas-
sifications in the different geological maps vary, four 
different far field stress orientations and three differ-
ent discontinuity classifications were modelled. This 
results in 12 different models (Table 2). In the model 
Class I, all discontinuities have been classified from 
first and second order faults and thrusts to greenstone 
and granitoid contacts with increasing shear and nor-
mal stiffness (Table 1). The normal and shear stiffness 
of contacts is two magnitudes higher than faults. In 
the model Class II all discontinuities have the same 
properties, ie contacts are also modelled as faults. In 
the model Class III, all faults have the same proper-
ties but the contacts are modelled having significantly 
higher normal and shear stiffness than faults. In all 
models, fault continuities have the same properties 
as the host rock block and, consequently, there is no 
displacement along them.

Table 2. Palaeo stress model variations in Figures 8-11. Stress 
field refers to the main principal stress (σ1) direction. Class 
refers to the variations of discontinuity properties. In the Class 
I models all fault classes and contacts have different parameters 
(Table 1), in the Class II models all discontinuities have same 
properties (2nd order fault properties), and in the Class III mod-
els all faults have the same properties (2nd order faults) but the 
contacts are assigned be stronger than faults.

Mod�l 
No Lay�r Figur� Str�ss fi�ld Class

 1 kl011 8a E-W I

 2 kl010 8b E-W II

 3 kl011b 8c E-W III

 4 kl013 9a N-S I

 5 kl012 9b N-S II

 6 kl013b 9c N-S III

 7 kl021 10a NW-SE I

 8 kl020 10b NW-SE III

 9 kl021b 10c NW-SE III

10 kl023 11a NE-SW I

11 kl022 11b NE-SW II

12 kl023b 11c NE-SW III
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moDelling results

The solid geology model was digitised and the pa-
rameter values described above were given to the rock 
blocks, faults, and lithological contacts. The far field 
stresses were then applied to the model boundaries and 
the computation of the resulting deformation begun 
in UDEC. After sufficient cycles of calculations were 
completed (typically 500 cycles), the model reached 
steady state, and the resulting stress pattern was calcu-
lated. The results of 12 model variations were exported 

from UDEC as an ASCII files which were imported 
into the ArcGIS and the minimum principal stress 
(σ3) values were converted into ArcGIS grids. The 
spatial resolution of the grid is about two kilometres 
at 1:250 000 scale. The simulated σ3 distributions are 
shown in Figures 8–11. As the discontinuities cause 
the stress variations in UDEC models, most of the σ3 
anomalies are along the faults and are related to fault 
bends and intersections. The σ3 distribution in the 

Fig. 8. E–W compression simulations showing minimum principal stress (σ3) distributions, warm colours indicate 
low σ3 and dilation. a) All fault classes and contacts have different parameters (Table 1), b) all discontinuities have 
the same properties, c) all faults have the same properties but the contacts are assigned to be stronger than faults. 
Discontinuity network and known gold occurrences are shown to assist correlation between Fig. 6 and Fig. 7. 



239

 Geological Survey of Finland, Special Paper 44 
Palaeo-stress modelling of the Central Lapland Greenstone Belt: Implications for gold exploration

Fig. 9. N-S compression simulations showing minimum principal stress (σ3) distributions, warm colours indicate 
low σ3 and dilation. a) All fault classes and contacts have different parameters (Table 1), b) all discontinuities have 
the same properties, c) all faults have the same properties but the contacts are assigned to be stronger than faults. 
Discontinuity network and known gold occurrences are shown to assist correlation between Fig. 6 and Fig. 7.

Class I models (Fig 8a–11a) indicate concentration of 
deformation along two first class faults and depending 
on the far field stress these faults are mainly dilating 
or compressing. In the Class II and III models, σ3 
distribution indicates more evenly distributed strain. 
In many cases, an opposite far field stress orientation 
changes a stress anomaly from dilation to compres-

sion. Variable number of known gold occurrences is 
near or within anomalous stress zones but visually it 
is difficult to define in which model the spatial cor-
relation between σ3 and gold occurrences it the most 
significant. In addition, some of the gold occurrences 
not sited within stress anomalies do not have significant 
faults nearby and it is probable that these structures 
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were simply not shown or obvious on the geological 
and geophysical maps, which were used as an input 
for the geomechanical interpretation. 

To quantity the spatial association between the 
modelled σ3 distribution and the orogenic gold oc-
currences within the CLGB the mean values and the 
standard cumulative descending weights were calcu-
lated following the weights-of-evidence methodology 

Fig. 10. NW-SE compression simulations showing minimum principal stress (σ3) distributions, warm colours indicate 
low σ3 and dilation. a) All fault classes and contacts have different parameters (Table 1), b) all discontinuities have 
the same properties, c) all faults have the same properties but the contacts are assigned to be stronger than faults. 
Discontinuity network and known gold occurrences are shown to assist correlation between Fig. 6 and Fig. 7.

(Bonham-Carter 1994; Raines et al. 2000; Raines and 
Bonham-Carter 2006). The modelled σ3 values were 
reclassified into 12–13 classes using standard deviation 
method of GIS software. This classification method 
shows how much a feature’s attribute value varies 
from the mean. The GIS software calculates the mean 
values and the standard deviations from the mean and 
the class breaks are then created using these values. 



241

 Geological Survey of Finland, Special Paper 44 
Palaeo-stress modelling of the Central Lapland Greenstone Belt: Implications for gold exploration

Fig. 11. NE-SW compression simulations showing minimum principal stress (σ3) distributions, warm colours indicate 
low σ3 and dilation. a) All fault classes and contacts have different parameters (Table 1), b) all discontinuities have 
the same properties, c) all faults have the same properties but the contacts are assigned to be stronger than faults. 
Discontinuity network and known gold occurrences are shown to assist correlation between Fig. 6 and Fig. 7.

A pair of weights was calculated for each map class 
of the input σ3 values. A positive weight (W+) was 
calculated for presence of each class at the training 
site, and a negative weight (W-) for absence of that 
class. The weights are a function of the number of 
the training sites within a map class and the area of 
the corresponding map class. The magnitude of the 
weights depends on this measured spatial association 

between the map class and the training sites. A weight 
of zero indicates no spatial association between the 
training sites and a particular map class. The layers 
were reclassified into binary patterns by using the 
maximum contrast value (Table 3, Figs 12–15), which 
is the arithmetic difference between the weights in 
the cumulative weights calculation. The σ3 values in 
the stress models with the main principal stress (σ1) 
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Table 3. Weights (W+ and W-), contrast and confidence for the minimum principal stress (σ3) data layers. The numbers (Model 
No) refer to Table 1. Weights were calculated by cumulative descending method (from the highest value to the lowest value) and 
the weights for each data layer at the maximum contrast are reported here ordered by the contrast value. No of training sites=37: 
total area=18 642 km2: prior probability=0.0009: contrast=W+-W-: Confidence=Contrast/Std (Contrast).

model
no

layer stress
field

class Area
km2

Area
%

points points
%

W+ W– contrast std
(contrast)

confidence

 3 kl011b E-W III  235  1.26  4 10.8 2.1576 –0.1018 2.2595 0.5315 4.2512

 2 kl010 E-W II  817  4.38  7 18.9 1.4648 –0.165 1.6298 0.4205 3.8758

10 kl023 NE-SW I  743  3.98  6 16.2 1.4045 –0.1363 1.5408 0.4468 3.4485

 1 kl011 E-W I  227  1.22  2  5.4 1.4929 –0.0433 1.5362 0.7286 2.1085

12 kl023b NE-SW III 10852 58.22 31 83.8 0.362 –0.9436 1.3056 0.4461 2.9264

11 kl022 NE-SW II  621  3.33  4 10.8 1.1777 –0.0805 1.2582 0.5302 2.373 

 5 kl012 N-S II 1691  9.07  8 21.6 0.869 –0.1486 1.0175 0.3998 2.5454

 6 kl013b N-S III 1027  5.51  5 13.5 0.90 –0.0885 0.9857 0.4814 2.0476

 9 kl021b NW-SE III  601  3.22  2  5.4 0.5157 –0.0228 0.5385 0.7276 0.7401

 8 kl020 NW-SE II  603  3.24  2  5.4 0.5116 –0.0226 0.5342 0.7276 0.7342

 4 kl013 N-S I 9036 48.47 22 59.5 0.20 –0.239 0.4425 0.335 1.3209

 7 kl021 NW-SE I  366  1.97  1  2.7 0.316 –0.0075 0.3235 1.0145 0.3189

in E-W and NE-SW direction have stronger spatial 
association with gold occurrences than those with σ1 
in N-S or NW-SE direction. The area of maximum 
spatial association pattern for E-W and NE-SW stress 
models is in most cases very small (<5% of the total 
study area) except for the model 12 (NE-SW σ1, 
Class III).

The models were ranked based on the maximum 
contrast value, which quantifies the spatial association 
between the gold occurrences and the map classes. The 
confidence of the weights calculation was estimated by 
calculating the studentised contrast (Contrast/Standard 
deviation of the contrast), which is the measure of 

the certainty that the contrast is not zero (Bonham-
Carter 1994). Confidence values above 1.96 (Table 
3), which is about a 97.5% confidence level, were 
considered acceptable (Raines 1999). All E-W and 
NE-SW models are above these levels, and only one 
N-S model (model 4, Class III) and none of the NW-
SE stress models bypass this rule. This indicates that 
the correlations of the E-W and NE-SW models with 
the known gold occurrences are more reliable than 
the correlations of the NW-SE and N-S models with 
the gold occurrences. Consequently, E-W and NE-SW 
models could be considered as the best predictors for 
structurally controlled gold mineralization.
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Fig. 12. E–W compression simulations. Maximum spatial association pattern between σ3 and gold occurrences. a) 
All fault classes and contacts have different parameters (Table 1), b) all discontinuities have the same properties, c) 
all faults have the same properties but the contacts are assigned to be stronger than faults.
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Fig. 13. N-S compression simulations. Maximum spatial association pattern between σ3 and gold occurrences. a) All 
fault classes and contacts have different parameters (Table 1), b) all discontinuities have the same properties, c) all 
faults have the same properties but the contacts are assigned to be stronger than faults.
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Fig. 14. NW-SE compression simulations. Maximum spatial association pattern between σ3 and gold occurrences. 
a) All fault classes and contacts have different parameters (Table 1), b) all discontinuities have the same properties, 
c) all faults have the same properties but the contacts are assigned to be stronger than faults.
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Discussion AnD conclusions

Fig. 15. NE-SW compression simulations. Maximum spatial association pattern between σ3 and gold occurrences. 
a) All fault classes and contacts have different parameters (Table 1), b) all discontinuities have the same properties, 
c) all faults have the same properties but the contacts are assigned to be stronger than faults.

It is futile to expect a numerical deformation simula-
tion to provide exact results when there is a massive 
uncertainty in the input data, especially in the geol-
ogy and interpreted geometry. However, a numerical 
model is still useful in providing a picture of the 
mechanisms that may or probably occur in particular 
physical systems. Models are helpful by providing 
a series of cause-and-effect examples. The models 

can be simple, with assumed data that are consistent 
with known field data at the scale of interest. A very 
large and complicated model may be just as difficult 
to understand as the real case and one should try to 
simplify the geological model as much as reasonably 
possible. 

What should the modelling strategy be in the face of 
a chaotic system? It appears that the best we can expect 
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from deformation simulation is a finite spectrum of 
expected behaviour. Models that contain distributions 
of initial variations can be constructed. A model can be 
run several times, with different parameters (sensitivity 
analysis). Under these conditions, we may expect the 
fluctuations in behaviour to be triggered by imposed 
irregularities, rather that by artefacts of the numeri-
cal solution scheme. For a geologist, a deformation 
simulation is an objective way to complete a structural 
interpretation from a geological map or just to test a 
structural model to aid exploration.

The two-dimensional palaeo-stress modelling with 
UDEC code was to define minimum principal stress 
anomalies (dilation zones), which are interpreted to 
represent structurally favourable locations for fluid 
flow and mineralization in the modelled geometry and 
rheology at 1:250 000 scale in the Central Lapland 
Greenstone Belt. In different models, which simulate 
different far field stress orientations and fault stiffness, 
the spatial correlation of stress anomalies with known 
Au occurrences vary. The spatial association of stress 
patterns was quantified with a GIS analysis and the 
models, which have the strongest spatial correlation 
with the known gold occurrences, simulated the E-W, 
NE-SW and N-S compression directions. This is in 
a good agreement with previous studies, which sug-
gest that the stress field rotated from the N-S to E-W 
compression during the late stages of the deformation 
history (eg. Sorjonen-Ward et al. 2003). In addition, 
the results suggest that the geometry not been sig-
nificantly changed since the gold mineralization and 
supports late timing for the mineralization, which 
is typical for the orogenic gold mineralization (eg. 
Groves et al. 2000). Important exploration implica-
tion is that the area of maximum spatial association 
pattern of the E-W and NE-SW models, which could 
be considered as the best predictors for structurally 
favourable sites for orogenic gold mineralization, is 
very small. The maximum spatial association pattern 

area of the E-W model with highest confidence is 
only 1.3% of the total study area and contains 11% 
of the known deposits. Previous stress modelling 
studies have visually estimated the correlation with 
known mineral occurrences (eg. Holyland and Ojala 
1997, Groves et al. 2000). This study shows that GIS 
techniques are powerful tool to quantify the spatial 
correlation; anomaly limits, and further reduces the 
areas of highest prospectivity. 

In conclusion, modelling suggests that:
a) the modelled geometry has a control on gold min-

eralization,
b) the modelled geometry is reasonably accurate, 
c) modelling scale is reasonably representative,
d) fault and material properties are representative, 
e) modelled geology has not significantly changed 

since mineralization,
f) stress field during the mineralization was probably 

E-W or NE-SW as suggested by previous stud-
ies,

g) modelled stress anomalies are viable exploration 
targets

Individual models, which simulate different far field 
orientations, can be used as prospectivity maps for the 
orogenic gold mineralization as within the modelled 
area the exact timing of mineralization relative to the 
stress field rotation might vary. Furthermore, there are 
some minimum principal stress anomalies, which occur 
broadly at the same locations with several modelled 
far field stress orientations (eg. Saattopora, Fig. 6). 
This suggests that in the modelled geometry there are 
locations, which are dilational in several compression 
directions and may represent the best structural targets. 
The regional stress modelling is capable of defining 
anomalies at the scale of gold camps. Once these po-
tentially mineralized areas have been defined, the next 
stage is to carry out a more detailed modelling (e.g., 
at 1:25,000 to 1:50,000 scale) to define more specific 
targets within the defined regional targets.
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Two spatial modeling techniques, empirical weights of evidence and conceptual fuzzy 
logic, were used to predict the most prospective areas for gold exploration within the 
Paleoproterozoic Central Lapland Greenstone Belt in Northern Finland. The study area 
covers almost 20 000 km2 in a terrain with excellent infrastructure and easy access in 
spite of situating in a region some 100 km north from the Arctic Circle.

For the empirical model the spatial association between the known mineral occurrences 
and selected evidential geoscientific datasets were quantified and used to generalize the 
original datasets into binary predictor patterns indicating favorable areas. The conceptual 
model, on the other hand, was created by using expert opinions on the significance of 
the anomalies within the evidential datasets.

The data used were high-resolution airborne geophysics, regional gravity, and regional 
scale multi-element till geochemistry. Both methods, empirical and conceptual, give 
comparable results, which were geologically validated and verified to be meaningful. 
The models used predicted well the known deposits and highlighted also areas with past 
and future exploration interest. Both empirical and conceptual approaches proved to be 
suitable for the purpose and the regional geochemical, geophysical and geological data 
appeared to be appropriate for regional or reconnaissance scale first stage exploration. 
According to the evidential data used and the models produced, the Central Lapland 
Greenstone Belt has regions with high potential for new greenstone hosted orogenic 
type of gold occurrences to be found.
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introDuction

The geological information collected from the Cen-
tral Lapland Greenstone Belt (CLGB) is composed 
of multiple layers of spatial data at several scales and 

with variable coverage over the area of interest. The 
total study area used in this project is 18 790 km2 
(Fig. 1), covering the essential parts of the CLGB. 

269, 2007.
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Fig. 1. Location of the study area in Lapland. The known gold occurrences and deposits marked with yellow dots. 
The most significant deposits are labeled.

The data available includes airborne high-resolution 
multi-element geophysical surveys, regional and local 
scale geochemical surveys and geological mapping in 
variable scales. There is a need for tools to efficiently 
and properly manage, manipulate, visualize and in-
tegrate this large amount of data. Having the data in 
digital format gives one an excellent opportunity to 
utilize Geographic Information Systems (GIS) to be 
used for quantitative analysis of spatial association 
between the known mineral occurrences and the 
variable geological features. The aim of this paper 

was to make a prospectivity analysis for gold within 
the CLGB and also to illustrate the possibilities to 
conduct this task by using the geo-scientific data sets 
from Northern Finland and certain selected methods as 
examples of spatial modeling tools. Furthermore, the 
goal was to use the data sets to make estimations on the 
most prospective areas for gold by using these spatial 
analytical techniques. The strengths of the GIS tools 
used is this ability to integrate and combine multiple 
geoscientific information into a single prospectivity 
map, i.e. to condense and generalize from a complex 



253

 Geological Survey of Finland, Special Paper 40 
Prospectivity Analysis of Gold Using Regional Geophysical and Geochemical Data from the Central Lapland Greenstone Belt, Finland

methoDs

For this study the multivariate empirical method 
called weights of evidence (Bonham-Carter et al., 
1988; Agterberg et al., 1990) and a conceptual fuzzy 
logic overlay method were selected for the data integra-
tion and analysis. The weights-of-evidence method is 
based on a log-linear form of Bayes’ rule including an 

assumption that the evidential explanatory categorical 
(geological maps etc.) or ordered (geochemical and 
geophysical) variables are conditionally independent 
with respect to the deposits and occurrences used as 
training points. The GIS software used in this study 
is ArcViewTM with Spatial AnalystTM (ESRI products). 

mass of information into a substantially simpler form 
suitable for exploration or land use decisions.

Several tools for statistical and geo-statistical opera-
tions may be used to conduct mineral prospectivity 
mapping. These methods can be divided into two 
main categories (Table 1), based on the approach: (I) 
empirical (data driven) and (II) conceptual (knowl-
edge driven) methods (Bonham-Carter, 1994). In the 
empirical approach, the known mineral deposits are 
used as ‘training points’ for examining spatial rela-
tionships between the known deposits and particular 
geological, geochemical and geophysical features. 
The identified relationships between the input data 
and the training points are quantified and used to 
establish the importance of each evidence map and 
finally integrated into a single mineral prospectivity 
map. Examples of the empirical methods used are 
weights of evidence, logistic regression and neural 
networks. The other major branch is the conceptual 
(knowledge driven) approach, where we use re-for-
mulation of knowledge about deposit formation into 
mappable criteria (i.e. threshold values in geochemistry 
and geophysics etc., certain structures or formations 
in the geological maps). The areas that fulfill the 
majority of these criteria are highlighted as being the 

most prospective. These methods are dependent on the 
geologist’s input and exploration models being thus 
fairly subjective in nature. By selecting a conceptual 
method one can benefit from the expertise of the ge-
ologists during the modeling process exceeding the 
capabilities of pure statistics. The methods belonging 
into this branch include Boolean logic, index overlay 
(binary or multi-class maps), the Dempster-Shafer 
belief theory, and fuzzy logic overlay. Especially the 
latter has been recently widely implemented for the 
data integration and mineral prospectivity mapping 
purposes (Chung and Moon, 1990; An et al., 1991, 
D’Ercole et al., 2000; Knox-Robinson, 2000, Luo and 
Dimitrakopoulos, 2003).

Direct comparison between these two different ap-
proaches (empirical vs. conceptual) is difficult since 
the methods do not use identical datasets (Singer and 
Kouda, 1999; Harris et al., 2001). The selection of 
the preferable method is thus often made based on 
the available datasets and the goals of the modeling. 
Harris et al. (2001) give an excellent summary of the 
different methods. Different methods bring their own 
characteristics into modelling and allow one also to 
use them to cross-validate results from one method 
to another.

Table 1. Empirical and conceptual methods for mineral prospectivity mapping (Bonham-Carter, 1994, Harris et al. 2001).

type method model parameters criteria from combining input data

empirical 
(data driven)

Weights of evidence Calculated from training data 
(i.e. existing mineral deposits)

Spatial relationship between the known occur-
rences and input data (use of Bayesian prob-
abilities)

Logistic regression
Neural networks

Calculated from training data 
(i.e. existing mineral deposits)

Use of training areas around each deposit to 
gather statistics from each of the input layers; 
Used to predict the presence or absence of a 
mineral deposit

conceptual
(knowledge 
driven)

Boolean logic Estimated by an expert Summing of binary maps

Index overlay Estimated by an expert Summing of weighted binary maps

Dempster-Shafer 
belief theory

Estimated by an expert A generalization of the Bayesian theory of sub-
jective probability.

Fuzzy logic Estimated by an expert Each input predictor map assigned a fuzzy 
weight ranging from 0 to 1; all predictor maps 
then combined using fuzzy operators 
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The weights-of-evidence and fuzzy-logic modeling 
were carried out by using an ArcView add-on called 
ArcSDM, which is a tool developed by the Geologi-
cal Survey of Canada and the U.S. Geological Survey 
(Kemp et al., 2001).

Figure 2 shows how prospectivity mapping method-
ology can be divided into independent modules. The 
key issue is the exploration model, which is based on 
the expertise of the exploration team of geologists, 
geochemists and geophysicists.

Weights-of-evidence method 

Fig. 2. Flow chart of the methodology used to produce prospectivity maps.

The weights-of-evidence method is based on the 
application of Bayes’ Rule of Probability with an 
assumption of conditional independence (Bonham-
Carter, 1994). When this assumption is violated, one 
can run logistic regression to calculate the posterior 
probabilities. The essence of the Bayesian approach 
is to provide a mathematical rule explaining how 
you should change your existing beliefs in the light 
of new evidence. In other words, it allows scientists 
to combine new data with their existing knowledge 
or expertise. In the weights of evidence modelling 

this is expressed in terms of prior and posterior prob-
abilities, which are derived in the context of mineral 
exploration by calculating the spatial association of 
the known mineral occurrences or deposits (training 
sites) and the selected series of evidential maps. If 
the number of training sites falls mostly within a 
predictor pattern, it is evident that the probability of 
a training site occurring inside the pattern is higher 
than the prior probability. Respectively, the probability 
of having a training site outside the pattern is lower 
than the prior probability.
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Table 2. Terminology used in weights of evidence modeling.

term Description

Training site or 
point

The known locations of which is being predicted. In this study the training sites are known Au deposits 
and occurrences within the study area

Study area/ 
analysis extend

The area to be studied and used as the analysis mask.

Evidential theme/
evidence

Maps used for prediction of point objects (mineral occurrences). These can be either in vector or raster 
format and either binary or multi-class.

Unit cell area/
response theme

The area, which the training sites are assumed to occupy. This is used in order to calculate the prob-
ability of the point occurrences. The output of the modeling is a map (response theme) showing the 
probability that a unit area contains a point i.e. an Au deposit in this study.

Pattern A map area having consistent, recognizable characteristics.

Weight, W+, W- The value assigned to a pattern as a predictor of the training sites. The weight for inside pattern is de-
noted as W+ and outside pattern is W-. The weights for areas of missing data are given a value of zero.

Contrast, C Difference between W+ and W- indicating how well a pattern predicts the training sites. A positive 
contrast that is significant based on its studentized contrast suggests that a pattern is a useful predictor. 
The relative values of contrast of the various patterns used in a model indicate the relative degree of 
importance of each patterns as a predictor.

Confidence
(studentized  
contrast, Stud(C))

The ratio of the contrast and the standard deviation of the contrast. This is used in similar manner to a 
Student t-test of significance of the contrast. A useful measure of significance of the contrast due to the 
uncertainties of the weights and missing data.

Prior probability The probability of a training site occurring per study area (the density of training sites in the study 
area) before consideration of the evidence. 

Posterior  
probability

The prior probability modified by consideration of the evidence from one or more patterns. The pos-
terior probability is calculated by adding a weight for each pattern to the logit of the prior probability 
and converting the sums from logits to probability. These calculations assume that the patterns added 
are conditionally independent.

Bonham-Carter (1994), Raines (1999), Singer and 
Kouda (1999), Carranza and Hale (2000) provide 
the detailed formulation of the weights of evidence 
model, which is only briefly described here. The main 
terminology used in the spatial modelling is described 
in the Table 2 (chiefly after Bonham-Carter, 1994; 
Raines, 1999).

By quantifying the degree of overlap between the 
training sites and the patterns of the evidential data 
one can calculate a pair of weights (W+ and W-) for 
each piece of evidence. If more points occur within 
a pattern than would be due to chance then W+ is 
positive and W- is negative. On the other hand, when 
W+ is negative and W- is positive then there are fewer 
points within the pattern that would be expected by 
chance. A positive W+ value indicates thus a positive 
association between the training points and the evi-
dence map, whereas a positive W- value indicates a 
negative association respectively. By calculating the 
difference or contrast (C = W+ – W-) between these 
two weights for each of the evidential maps, one can 
get a measure of the association between training 
sites and these evidence maps (Bonham-Carter et 

al., 1988). A stronger association shows as higher 
contrast value. The studentized value of the contrast, 
the ratio of contrast to its standard deviation, C/s(C), 
is calculated to test the significance of the contrast 
values (referred to in ArcSDM as the ‘confidence’ 
value). The confidence value gives an estimate of the 
uncertainty included in the weights calculation. The 
contrast values are used to generalize the evidential 
themes from multi-class maps into binary pattern maps 
indicating areas within each of the maps to be either 
“favourable” or “non-favourable”. The maximum 
contrast value can be used to point out the threshold 
to identify an anomaly in the data. The generalization 
of the multi-class themes is beneficial since the small 
number of the rare mineral deposits can lead to noisy 
and unreliable estimates of weights.

By using the presence of a predictor pattern we can 
then calculate the posterior probability, which is the 
prior probability multiplied by a factor which depends 
on the frequency with which training points occur on 
an evidential map. Posterior probability is larger than 
prior probability in the areas where the sum of the 
weights is positive.
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Fig. 3. An example of assigning fuzzy membership values (thick black line). Fuzzy membership value of 1 is ‘anomalous’ and 0 is ‘non-anomalous’. 
Values between 1 and 0 represent statements ‘probably anomalous’, ‘maybe not anomalous’ etc. The original data values were broken into a small 
number of meaningful classes by using the histogram and then the experts assigned fuzzy-membership values to the classes.

The conceptual approach is using the expertise 
of the exploration geologists, geochemists, and 
geophysicists to define the threshold values for the 
evidential datasets. For this study, the fuzzy-logic 
spatial modeling was also produced by using ArcSDM 
software (Kemp et al., 2001). In classical set theory, 
the membership of a set is defined as true or false (1 
or 0) whereas membership of a fuzzy set is expressed 
on a continuous scale from 1 to 0 (e.g. somewhere 
between ‘anomalous’ vs. ‘not anomalous’) as shown 
in Figure 3. The values of fuzzy membership can be 
chosen based on subjective judgment of an expert. 
In this study, the fuzzy membership function for 
each evidential element was defined by experts by 
taking in account the statistics of each element and 
the geological background values within each area of 
interest. Membership reflects degree of truth of some 
proposition or hypothesis, which is often a linguistic 
statement such as high magnetic values are anomalous 
for gold deposits. To define the membership function 

one needs to define the thresholds for ‘not anomalous’ 
and ‘anomalous’ values and then a function describing 
the ‘maybe – probably’ values in between these two 
thresholds. In this work, a linear function between the 
thresholds was assumed appropriate, but the shape of 
the actual function varies due to classification prior 
giving fuzzy membership values for the classes of the 
maps (Fig. 3). The fuzzy membership values reflect 
the relative importance of the each class of the maps 
used. The closer the fuzzy membership value is to one 
the more significant is the anomaly. The hypothesis 
derived from the exploration model was ‘is there a 
gold deposit’ and the fuzzy sub sets or intermediate 
hypotheses were like ‘data showing an alteration zone’ 
and ‘data showing signs of sulphides’.

After defining the fuzzy membership functions for 
each evidential map, a variety of operators can be 
used to combine the membership values together. In 
this paper, we have used the operators listed in Table 
3 (chiefly after Bonham-Carter, 1994).

fuzzy logic method
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Table 3. Fuzzy operators (Bonham-Carter, 1994).

operator boolean equivalent Desrciption

fuzzy AnD AND
(logical intersection)

This could also be called as Min-operator as it creates an output, 
which is controlled by the smallest fuzzy membership values at 
each location. It results in a conservative estimate of set member-
ship, with tendency to produce small values and minimum areas. 
Useful to find the areas where all the evidence used need to be 
present for the hypothesis to be true.

fuzzy or OR
(logical union)

This could be called as Max-operator as it creates an output, 
whose membership values are controlled by the maximum values 
of any of the input maps. By using this operator any positive 
evidence may be sufficient to suggest favourability.

fuzzy Algebraic product The combined fuzzy membership values tend to be very small 
due to the effect of multiplying several numbers less than 1. The 
output is always smaller than, or equal to, the smallest contribut-
ing membership value.

fuzzy Algebraic sum The result is always larger (or equal to) the largest contributing 
membership value.

fuzzy gamma This is defined in terms of the fuzzy algebraic product and the 
fuzzy algebraic sum, being a combination of these two opera-
tions.

Description of the DAtAsets

The data used for this study are multi-element low-
altitude airborne geophysics, regional gravity, and 
multi-element till geochemistry. All the basic data are 
standard data sets produced by the GTK and available 
on request. The locations of the known Au deposits 
were taken and slightly modified from the FinGOLD 
database (Eilu, 1999). For certain larger deposits 
a few more points were added and some locations 
were relocated more precisely. The total amount of 
available training points is 40 representing the Early 
Proterozoic greenstone hosted gold deposits and oc-
currences within the study area. For the modeling, 
we used 35 training points excluding those that were 
closely clustered together.

High resolution airborne geophysics

The whole study area has been covered by high 
resolution, systematic, low altitude airborne geophys-
ics. The oldest flights date from 1974 and the most 
recent were completed during the summer 2002. The 
mapped properties are magnetic total field intensity, 
two electromagnetic field components and four gamma 
radiation components. In this work, aeromagnetic and 
apparent resistivity of conductive half space calcu-
lated from airborne electromagnetic measurements 
has been used. The flight altitude used is about 30 to 
40 meters and line spacing 200 meters. The profile 
direction has been either N-S or E-W according to the 
dominant strike of the bedrock. As the flying speed is 

around 50 m/s, and the recordings has been done two 
to ten times per second in magnetic and two or four 
times per second in electromagnetic measurements, 
the data point separation depending on method is five 
to 25 meters. The cell size of interpolated grids is 50 
m x 50 m. 

Known gold occurrences and deposits of CLGB 
have a strong lithological and structural control, and 
host rocks are affected by strong multi-stage alteration 
(Airo and Mertanen, 2001). Large crustal-scale struc-
tures, faults, shear, and in many places alteration zones 
produce observable aeromagnetic lows. To enhance 
these magnetic lows a median filter was applied by 
subtracting from the original aeromagnetic data the 
median value of a four km circular radius neighbor-
hood around each of the cells within the grid. The 
residual of the aeromagnetic grid was then used in the 
modeling instead of the original grid. In CLGB, most 
known gold occurrences are associated with sulphide 
alteration and sulphides can produce conductivity 
anomalies. However, conductive graphite bearing 
volcanic-metasedimentary rocks make the situation 
more complex. Filtering the resistivity data did not 
improve the results. Thus, the original resistivity grid 
was used in the model. Although alteration zones can 
in some cases be mapped using radiation data, the use 
of gamma radiation is hampered as, radiation attenu-
ates to zero within the first 30 cm from the source. In 
this study, the aeroradiometric data has not been used 
due to large differences in soil cover, large bog areas, 
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lakes and rivers, which unevenly mask the radiation. 
Aerogeophysical applications for gold exploration in 
CLGB has been reviewed by Airo (2006).

Regional gravity

Gravity reflects large crustal-scale structures, litho-
logical units, faults, and shear zones, which can be 
associated with gold occurrences. Bouguer anomaly 
data were interpolated to grid cell size of 500 m x 
500 m and the horizontal gradient was calculated for 
the analysis.

The CLGB regional gravimetric survey has been 
done with a point density of one point/km2 on the aver-
age by GTK and partly also by the Finnish Geodetic 
Institute (Kääriäinen and Mäkinen, 1997). Regional 
gravity data measured in CLGB have been described 
by Salmirinne and Turunen (2007). The gravity sur-
vey covers about 62% of the whole study area. In the 
weights-of-evidence method, training sites in areas of 
no data were not used for calculation of weights for 
the gravity theme and these no data areas are treated 
as “missing data” for which the weights are set to 
zero. In the fuzzy-logic method these areas of missing 
data are assigned area-weighted mean of the fuzzy 
membership of known data. So, in spite of low data 
density and “missing data” areas, it has been possible 
to use gravity data, which proved to be meaningful 
for the analysis.

Regional till geochemistry

The sampling density for the regional till geochem-
istry is one sample per four km2. The sampling was 
conducted in the 1980’s (Salminen, 1995). In general, 
the samples were collected as a composite of three to 
five sub-samples from an average depth of 1.5 me-
ters taken with a portable percussion drill equipped 
with a through flow bit. In certain areas, the samples 
were combined from five to ten line samples, which 

has caused some artifacts shown as level differences 
between the map sheets with single samples. The 
sampled material was chemically unaltered parent till. 
The samples were dried and the <0.06 mm fraction 
was sieved for analysis. Hot aqua regia digest was 
used and Al, Ba, Ca, Co, Cr, Cu, Fe, K, La, Li, Mg, 
Mn, Mo, Ni, P, Pb, Sc, Sr, Th, Ti, V, Y, Zn and Zr were 
determined with ICP-AES. In addition, Au, Te and Pd 
were analyzed with AAS. The original point data were 
interpolated to grid cell size of 200 m x 200 m.

Geology

Geological mapping has been conducted over 
the study area mostly at 1:50 000 scale, which are 
compiled into 1:100 000 scale printed maps and a 
generalized 1:200 000 scale digitized stratigraphical 
map of the Kittilä Greenstone Area (Lehtonen et al., 
1998). The geological outline of CLGB is given by 
Hölttä et al. (2007).

Outcrop conditions are generally poor and these 
areas have been subject only to the first stage explora-
tion, which has typically involved only till sampling 
and airborne geophysics in addition to geological 
mapping.

The geological map is based on field mapping guided 
by interpretation of the airborne geophysics. Thus, 
there is quite clear correlation between for example the 
magnetic data and the geological map. In this study, 
we have avoided the use of the interpreted geologi-
cal map together with the airborne geophysics. The 
scale of the geological map currently available also 
limits its use for spatial modeling together with the 
high-resolution airborne geophysics. The 1:100 000 
geological maps would provide more details and 
variability to lithological units compared to general-
ized 1:200 000. We expect to be able to improve the 
models when the larger scale geological maps of the 
entire study area are available.

Weights-of-eviDence moDeling

To accomplish weights-of-evidence modeling, the 
original multi-class evidential datasets were gener-
alized into binary predictor patterns. The evidence 
used were: (1) selected pathfinder elements in till 
geochemistry and (2) favorable geophysical anomalies. 
The geological map was not used as evidence, even 
though it might provide relevant information. The final 
results of the modeling are, however, compared with 
and validated by using the geological map.

After calculating the weights for each evidential 
data, one can use the variation of the weights and 

the calculated contrasts (i.e. difference between the 
weights) to select the classes where the spatial associa-
tion between the training sites and the evidential data 
sets is optimal i.e. at the maximum contrast value. The 
evidential data is then divided into two classes (e.g. 
‘favorable’ and ‘non-favorable’), which will be used 
as an input in the data integration.

Figure 4 shows the results of the generalization of 
the geophysical and combined geochemical data sets. 
Table 4 is an example of the weights analysis used 
for generalization. These binary prediction patterns 
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Fig. 4. Binary patterns derived from the generalization of the geophysical and combined geochemical evidential data 
sets. Green areas are classified as ‘‘non-favorable pattern and red areas as ‘favorable’ pattern. The open circles are 
the known Au –occurrences and deposits used as training sites. Combination of geochemistry is done by fuzzy logic 
overlay in three steps. First Fe, As, Te and Ni fuzzy membership values are combined together by using Fuzzy OR 
operator resulting a combination, which is integrated together with Cu fuzzy membership values by using a Fuzzy 
AND operator. Finally Au fuzzy membership values are combined with this combination by using a Fuzzy Gamma 
operator. Classes

Table 4. Weights for airborne magnetics as an example of the weights analyses used for generalizing the magnetic evidence. Class 
1 (bold font) was considered as favorable predictor pattern (maximum contrast) and the rest as non-favourable, respectively. The 
s(W+), the s(W-) and the s(C) stand for the standard deviations of the corresponding factors. Stud(C) is the studentized contrast 
value of C/s(C). #Points = cumulative number of training sites.

class class range 
(nt)

Area  
(sq. km)

#points W+ s(W+) W- s(W-) contrast s(c) stud(c)

 1 –7040 – –270 1303.3  9 1.3113 0.3339 –0.2254 0.1962 1.5368 0.3873 3.9681

 2 –270 – –170 2571.6 12 0.9183 0.2890 –0.2727 0.2086 1.1909 0.3564 3.3413

 3 –170 – –110 4053.4 12 0.4624 0.2889 –0.1766 0.2086 0.6390 0.3563 1.7933

 4 –110 – –80 5143.0 13 0.3041 0.2775 –0.1441 0.2133 0.4482 0.3500 1.2805

 5 –80 – –50 6589.1 14 0.1303 0.2674 –0.0783 0.2183 0.2085 0.3452 0.6041

 6 –50 – –30 7802.3 15 0.0302 0.2583 –0.0220 0.2237 0.0522 0.3417 0.1527

 7 –30 – –10 9174.3 17 –0.0067 0.2426 0.0064 0.2358 –0.0131 0.3384 –0.0387

 8 –10 – 10 10402.3 19 –0.0211 0.2295 0.0257 0.2501 –0.0468 0.3395 –0.1378

 9 10 – 30 11463.6 23 0.0729 0.2086 –0.1264 0.2888 0.1993 0.3563 0.5593

10 30 – 60 12647.4 25 0.0580 0.2001 –0.1317 0.3164 0.1897 0.3743 0.5068

11 70 – 110 13954.3 29 0.1081 0.1858 –0.4023 0.4084 0.5104 0.4487 1.1377

12 110 – 190 15219.5 31 0.0880 0.1797 –0.5024 0.5001 0.5904 0.5314 1.1110

13 190 – 320 16363.7 31 0.0154 0.1797 –0.1121 0.5002 0.1276 0.5315 0.2400

14 320 – 630 17572.2 31 –0.0559 0.1797 0.5897 0.5004 –0.6456 0.5317 –1.2141

15 630 – 13820 18762.1 35
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were then pair wise tested for conditional independ-
ence to assure that the following modeling would not 
give over or underestimated results due to conditional 
dependencies between two or more data sets.

Conditional independence

One assumption with the weight-of-evidence ap-
proach is the conditional independence (CI) of eviden-
tial maps with regards to the training sites. A pair-wise 
chi-squared test can be applied and a chi-squared (χ2) 
test value calculated for testing CI between binary 
maps (Bonham-Carter, 1994). Geophysical maps used 
in this study (aeromagnetic, airborne electromagnetic 
and horizontal gradient of regional gravity) turned out 
to be conditionally independent in sufficient level but 
dependence between till geochemical maps proved to 
be more complex. The elements of interest (Cu, Fe, 
As, Te, Ni and Au) were tested against each other. To 
avoid violation of CI, geochemical anomaly maps 
of these elements were combined together into one 
evidence map using the fuzzy logic combination of 
them as described later in the fuzzy logic section of 
this paper (Figure 9.).

Table 5 summarizes the pair-wise test of the binary 
pattern used in final model. With one degree of free-
dom and probability level of 95%, the test χ2 value 
is 3.8 for rejection of the assumption of conditional 
independence (Bonham-Carter, 1994). Values in Table 
5 shows that hypothesis of conditional independence 
is not rejected at this probability level. Number of 
occurrences used for χ2 calculations was 35, which 
can be too few and cause uncertainty for calculation. 
Nevertheless, the chi-squared values seem to be in-
significant.

The other method for testing CI is the overall test. 
In the overall test, the total number of occurrences 
predicted by the model is determined by summation 
of the product of the area in counts of unit cells times 
the posterior probability for all cells on the model 
(Bonham-Carter, 1994). Predicted number of occur-
rences is usually larger than the observed number. If 
the predicted number is 10–15% larger than observed, 
conditional independence between evidential maps 
may be violated (Bonham-Carter, 1994). In this study, 
the determined number of predicted occurrences in 
final model is 42.3, which is 17.3 % larger than the 
observed number 35. This may indicate some problem 
with CI, but because χ2 values does not show any 
distinct problem between binary pattern of evidential 
maps and the small number of training points (35) can 
cause some instability also for overall test, the model 
was accepted for presentation. A new test for CI (Agter-
berg and Cheng, 2002) suggests that the conditional 

Table 5. Calculated χ2 values for testing conditional independ-
ence between binary evidence with respect to gold occurrences 
(35) used in weights of evidence modeling. None of these test 
statistics are sufficiently high to reject the assumption of con-
ditional independence.

evidence geochemistry gravity Aeromagnetic

Airborne EM 1.64  0.96 1.12

Geochemistry  0.1 0.04

Gravity   0.31

independence hypothesis for the current model can be 
accepted with a probability of slightly less than 90%. 
The assumption of conditional independence is not 
required for the logistic-regression method to calculate 
the posterior probability map. Thus, the logistic-regres-
sion method (Agterberg et al., 1993) using the binary 
generalizations from the weights-of-evidence weights 
analysis was also calculated to evaluate the possible 
CI problem. The resulting posterior probability map 
patterns are similar to the patterns of the weights-of-
evidence map. The posterior probability value of the 
logistic-regression model is on average only 19% lower 
than the posterior-probability value calculated by the 
weights-of-evidence method reported here indicating 
also a minor disturbance in CI.

Results and interpretation

Table 6 shows the weights, contrasts and confidences 
calculated for the model. Confidence values (i.e. the 
studentized contrast) higher than 2 are considered as 
‘acceptable’ (Bonham-Carter, 1994). All evidence 
used here exceeds this level. Evidential maps can be 
ranked by contrast for the degree of correlation with the 
training sites. Horizontal gradient of regional gravity 
map has the largest contrast value (2.528) indicating 
that it is the best predictor. The aeromagnetic map is 
the weakest predictor, but at a contrast of 1.5 is still 
quite high. The gravity map does not cover the whole 
study area and there are quite large areas of missing 
data affecting uncertainty to calculation of posterior 
probabilities. Twenty-one gold training sites of 35 
fall into the pattern from the gravity data. Note that 
the airborne EM and aeromagnetic maps are the only 
evidence with W+ significantly larger than the absolute 
value of W-. The gravity and geochemistry favour the 
negative side; so they are defining well the areas of 
poor prospectivity for gold. Whereas the airborne EM 
and aeromagnetics favour the positive side; so they are 
defining well the areas of high prospectivity. Thus all 
the evidence is contributing, but in different ways. The 
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spatial variation of uncertainty of the posterior prob-
ability and its magnitude are shown in Figure 5.

The resulting prospectivity map (Figure 6) highlights 
the areas being most favorable for greenstone hosted 
Au –deposits according to the exploration model used. 
The sensitivity of the model to specific deposits for 
the modeling was tested by calculating 23 successive 
models and leaving out one of the deposits in turn. 
This is a type of jack-knife test. The posterior prob-
ability value of each of the model was associated with 
the deposit point left out from the model and plotted 
against the posterior probability of the model including 
all the training sites resulting the scatter plot in Figure 
7. The plot suggest that excluding any other deposit 
from the model, except Kutuvuoma, would not give 
significant deviation from the model including all the 

Fig. 5. Map of posterior probability/total uncertainty indicating the spatial variation of confidence that the reported posterior probability is not zero. 
All the training sites are within the areas that exceed the 80% confidence level. The boundaries of the main lithological units of the geologic index 
map are shown as black lines in the map, demonstrating that the model excludes most of the non-greenstone rocks as zero posterior probability.

training sites. The reason for different behavior of 
Kutuvuoma is due to an artifact driven by the gener-
alized gravity pattern including all the other training 
sites except Kutuvuoma. This leads into an abnormal 
high negative weight for the gravity pattern when the 
Kutuvuoma site is excluded because there are then no 
training sites in the non-favourable gravity pattern. 
The ArcSDM software arbitrarily assigns a fractional 
training site when this situation occurs which causes 
an anomalous low W-. Those training sites plotting 
below the prior probability (see the close-up in Fig. 7) 
are all within 600 m from an area with posterior prob-
ability higher than prior probability. Another test of the 
validity of the model can be made by associating the 
training sites with the modeled posterior probability. 
Thus, one can estimate how well the model predicts 

Table 6. Weights for the binary evidence used for modeling. The total number of training points is 35. Confidence values >2 are 
considered as ‘acceptable’. Prior probability is 0.0009. The unit cell was 0.5 km2.

evidence Area [km2] #training sites W– W+ contrast confidence

Gravity 7928 21 –2.1217 0.4063 2.528 2.4722

Airborne EM 2732 20 –0.6899 1.3671 2.0571 6.0169

Geochemistry 8227 27 –1.0335 0.6028 1.6362 3.8709

Aeromagnetic 1303 9 –0.2254 1.3113 1.5368 3.9681
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Fig. 6. Weights-of-evidence gold prospectivity map. Posterior-probability model using airborne geophysics, regional gravity and till geochemistry. 
The lowest class shown in grey represents areas with posterior probability lower than prior probability, which are assumed to not be permissive 
for greenstone gold deposits. The areas from ‘Low’ to ‘Very high’ prospectivity are all above the 80% confidence level as shown in Figure 5. The 
boundaries of the main lithological units of the geologic index map are shown as black lines in the map. Note that the moderate or higher areas occur 
only on greenstone rocks.

the training sites. From the total of 35 training sites, 
31 are within the classes with posterior probabilities 
higher than prior probability. If a deposit is consid-
ered to occupy an area of 0.5 km2, which is the unit 
area used in modeling, the total number of deposits 
intersecting the classes with posterior probabilities 
higher than prior probabilities is 35 (i.e. all the train-
ing sites) giving perhaps more realistic results. Thus, 

the model seems to map the training sites reasonably 
well and one should especially note, that the training 
sites related to the most significant deposit within the 
study area found so far, the Suurikuusikko property, 
also have posterior probability values higher than prior 
probability falling into the ‘high’ class in the posterior 
probability map (Fig. 6).
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Fig. 7. Results of the jack-knife validation test as a plot of posterior probabilities in the final model and the 
test models associated with the training sites. The number of training sites used was 35 and prior probabili-
ties varied from 0.0007 (dashed line) to 0.0009 (thick solid line) among the 23 weights of evidence models 
calculated. The training sites were treated as points in this calculation. The scale in upper plot is logarithmic. 
The close-up shows posterior probability values from 0.0005 to 0.0017. All the major deposits plot above 
the prior probability (0.0009).
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fuZZy-logic moDeling

First step in fuzzy logic modeling after selecting 
the appropriate evidential data is to define the rela-
tive importance of each of the selected evidential data 
and assign the fuzzy memberships for the classes of 
these data. The knowledge of the exploration experts 
was used to accomplish this task. The assigned fuzzy 
memberships for each of the evidential data sets are 
given in Table 7.

The fuzzy membership values were defined after 
reclassifying the original data by using standard devia-
tion method in ArcView GIS. When reclassifying data 
using the standard deviations method, ArcView finds 
the mean value and then places class breaks above 
and below the mean at intervals of either 1/4, 1/2, 
or 1 standard deviations until all the data values are 
contained within the classes. ArcView will aggregate 
any values that are beyond three standard deviations 
from the mean into two classes, greater than and less 
than three standard deviations above and below the 
mean. In some cases an expert modified the classes 
manually. The resulting classes were then divided by 
an expert to be either “anomalous” (fuzzy membership 
= 1) or “non anomalous” (fuzzy membership = 0) and 
classes between these two were assigned a linear func-
tion between 0 to 1 (Fig. 3). Thus the classification of 
the data using standard deviation or any other method 
has a major influence on the final fuzzy membership 
values. Great care needs to be taken while classifying 
the data to find the thresholds. Selection of threshold 
for “anomalous” and “non anomalous” is, however, 
flexible and is defined by an expert. In Figure 8 all 
the evidential datasets are displayed according to the 
fuzzy membership values, red color indicating the 
significance of the anomaly concerned in each map.

After defining the fuzzy membership values, the 

evidential data were integrated in several steps ac-
cording to the exploration model (Figure 8). First the 
magnetic and resistivity data were combined using 
a ‘Fuzzy AND’ operator to define possible conduc-
tive alteration zones. Till geochemical evidence was 
combined in two steps by first integrating metals Fe, 
As, Te and Ni by ‘Fuzzy OR’ operator and the result-
ing map with Cu by using ‘Fuzzy AND’ operator in 
order to highlight the anomalies indicating possible 
sulphide sources. These two intermediate response 
maps (geophysical and geochemical) were then com-
bined together with regional gravity and Au in till by 
using ‘Fuzzy GAMMA’ operator with γ = 0.9. Since 
Au tends to have its own characteristics in till, it was 
used as a single evidence in the final combination as 
well as the horizontal gradient of the regional gravity, 
which reflects large crustal structures.

Results and interpretation

The final results are shown as a prospectivity map 
in Figure 9 classifying the study area based on the 
relative importance of the integrated datasets. Twenty 
training sites of 35 fall into fuzzy membership values 
0.5 and above, when the training sites are taken as 
points. Whereas if a training site is surrounded by 600 
m buffer representing an area of a site the number is 
31 (i.e. 89 %). A significant result is, however, that 
Suurikuusikko deposit is within the fuzzy member-
ship values 0.7–0.9 suggesting that the current model 
predicts well Suurikuusikko type of deposit. In addition 
to good prediction of the known exploration targets, 
this model also predicts areas with high exploration 
potential.

Table 7. Thresholds for Fuzzy membership values for the evidential datasets. Classes between these thresholds were linearly 
transformed to fuzzy membership values between 0 and 1. Each evidence map was reclassified to define classes by the standard-
deviation method before the fuzzy membership was calculated. See Figure 3 to understand this process.

evidence not anomalous (0) Anomalous (1)

Airborne magnetic data (residual nT) >630 <–270

Airborne EM (Ωm) >2000 <20

Regional Gravity, horizontal gradient (mgal/500 m) <1.5 >3.2

Au in till (ppb) <0.1 >5

As in till (ppm) <15 >49

Cu in till (ppm) <48 >116

Fe in till (ppm) >27610 >57300

Ni in till (ppm) <62 >129

Te in till (ppm) <23 >55
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Fig. 8. The inference network of the fuzzy logic model for greenstone-hosted gold deposits. The rounded boxes are the operators (see Table 3 for 
explanation) and the rectangles represent the evidential data sets and the results. 
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The aim of the current paper was to make a pro-
spectivity analysis for gold and to test how well the 
regional datasets of GTK can predict the locations of 
known deposits. Also the aim was to test the empiri-
cal and conceptual approaches. The high-resolution 
airborne geophysical data would give a chance to 
interpret spatial models even in greater detail at larger 
scale than was done in this paper. This would require 
other evidence as well at the same data resolution and 
more focused study areas. Comparable data would 
be local scale geochemical surveys, which would, 
however, cover only limited areas but would be ap-
propriate data for detailed exploration. For a local 
scale, a conceptual modeling would perhaps be more 
suitable since there are seldom statistically enough 
training points in small areas. The best evidence in 
the current models was, however, the horizontal gradi-
ent derived from the regional gravity data. The large 
crustal-scale structures seem to have a major control 
on spatial distribution of Au-deposit within the CLGB. 
Till geochemistry, which is a widely used exploration 
tool, is generally a very good data for modeling, but 
might improve significantly after more elaborate pre-
processing than was done here.

In the current weights-of-evidence modeling, all 
the used training sites were treated as equal or at least 

being part of the same type common to the green-
stone-hosted gold deposits. Each of the occurrences 
has many unique characteristics, which suggest that 
they might not be treated as a single deposit style but 
rather being grouped into several styles resulting in 
relatively a small number of training sites for each 
group. As the statistical tests in this paper show, there 
really is a significant spatial association between the 
training sites occupying an area of 0.5 km2 and the 
specific map patterns used as evidence indicating that 
all the greenstone-hosted type of Au deposits can be 
treated as a single group at this scale.

As pointed out by Harris et al. (2001) one should use 
geostatistical methods to study the spatial behavior of 
geochemical data before interpolation. This was not 
done in this study, which might be one reason for a 
slightly poor predictive capability of the till geochem-
istry. In addition, the use of geological barriers during 
the interpolation process might be considered if they 
are known. Geochemical data is normally found to be 
a positive type of evidence, not the negative weighting 
seen here in the weights analyses. This suggests that 
some other ways of preprocessing the geochemical 
data should produce better evidence with W+ larger 
than or at least equal to the absolute value of W- and 
an increase in the contrast. Similarly, the airborne EM 

Fig. 9. Fuzzy-logic gold prospectivity map. Fuzzy membership model using airborne geophysics, regional gravity and till geochemistry. The bounda-
ries of the main lithological units of the geologic index map are shown as black lines in the map. Note that most of the non-grey areas are in the 
greenstone rocks.

Discussion
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Table 8. Matrix of observed proportions (A) and expected proportions (B) of weights-of-evidence (WofE) and fuzzy-logic (Fuzzy) 
prospectivity models. The values in the matrix are percent of area. Shaded values in principal diagonal represent areas of agree-
ment. Agreement of observed proportions between these models is 60%. and overall kappa value is 0.22. The conditional kappa 
values for the classes from 1 to 5 are 0.48, 0.01, 0.08, 0.20 and 0.66, respectively. Spearman’s area weighted correlation coef-
ficient is 0.80 Calculation procedures after Bonham-Carter (1994). These tables give a measure of the nature of the agreement 
or correlation between the two models.

A)

fuzzy very low low moderate high very high

Wofe class 0–0.2 0.2–0.46 0.46–0.59 0.59–0.71 0.71–0.98 total

very low <0.0009 59.46 2.95 3.81 2.29 0.41 68.93

low 0.0009–0.00120 10.51 1.09 2.74 3.52 1.47 19.32

moderate 0.00120–0.00748 2.42 0.26 0.96 1.72 1.00 6.36

high 0.00748–0.01 1.07 0.07 0.42 1.29 2.10 4.94

very high 0.01–0.03 0.05 0.00 0.00 0.09 0.31 0.45

total 73.51 4.36 7.93 8.91 5.28 100.00

B)

fuzzy very low low moderate high very high

Wofe class 0–0.2 0.2–0.46 0.46–0.59 0.59–0.71 0.71–0.98 total

very low <0.0009 50.67 3.01 5.47 6.14 3.64 68.93

low 0.0009–0.00120 14.20 0.84 1.53 1.72 1.02 19.32

moderate 0.00120–0.00748 4.68 0.28 0.50 0.57 0.34 6.36

high 0.00748–0.01 3.63 0.22 0.39 0.44 0.26 4.94

very high 0.01–0.03 0.33 0.02 0.04 0.04 0.02 0.45

total 73.51 4.36 7.93 8.91 5.28 100.00

and magnetics are the only evidence with W+ larger 
than the absolute value of W-. This result for the 
magnetics was highly enhanced by using the residual 
from the median filter. Better filtering of the magnetics 
and useful filtering of the EM should improve defini-
tion of the anomalies from these data and increased 
contrast. Most of the evidential data used here were 
as far as possible not interpreted data to be able to 
avoid biased results. However, one might want to use 
other highly interpreted evidence as well, together 
with the geophysical and geochemical data, to exploit 
the results from structural or any other geological 
modeling providing spatially referenced datasets with 
sufficient coverage over the area of interest. Example 
of this kind of data could be paleostress modeling 
studies (Holyland and Ojala, 1997; Mair et al., 2000, 
Ojala and Nykänen, 2007), geological shape analysis 
(Gardoll et al., 2000) or lithodiversity (Mihalasky and 
Bonham-Carter, 2001). The resolution and coverage 
of GTK’s airborne geophysics and the contrasts found 
shows that this data is a strong exploration tool. By 
integrating this high-resolution data together with other 
less detailed data in GIS environment, as has been 
done in this paper, one can extract information that 
would otherwise be difficult to achieve, and laborious 
and less effective to accomplish.

The calculated weights of evidence and fuzzy 

logic models (Figs. 6 and 9) visually correlate with 
each other, which is obviously the result of the more 
or less identical evidential data used for the models. 
The agreement between two nominal-scale maps can 
be estimated by calculating the coefficient of agree-
ment and kappa (Table 8). The overall kappa value 
for these two models is moderately low (0.22), but 
the conditional kappa value for the highest class of 
the two prospectivity maps is 0.66 and 0.48 for the 
lowest class suggesting that the two models do cor-
relate at both higher and lower probability levels. The 
moderate levels do not correlate well due to the experts 
focusing on the thresholds and not assigning the mid 
point of fuzzy memberships for the evidential data. 
The moderate values were not considered important 
in either model, because the ultimate objective was to 
define the best targets. The area weighted Spearman’s 
correlation coefficient is 0.80 due to the strong correla-
tion between the lowest classes covering a large area 
in both of the models. Poor correlation between the 
moderate classes might be overcome with these models 
by combining the moderate classes. A noticeable point 
is that the predicted areas are almost entirely within 
the greenstone belt and in certain formations, even 
though geological map was not used as input data. 
Almost all of the predicted areas are within Savukoski 
and Kittilä groups, which have been suggested to be 
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most favorable for Au within the CLGB area (Eilu et 
al. 2007 ). Thus, it seems that both models would pass 
a rough geological validation. As already mentioned in 
the Fuzzy-logic section it is promising that the location 
of the largest known gold deposit, Suurikuusikko, can 
be predicted by both models. In addition to the already 
known targets, the models generate new target areas. 

The region between Suurikuusikko and Pahtavaara 
seems to give high response in both of the models and 
is suggested for more detailed and focused modeling. 
The areas about 50 km to NE from Pahtavaara mine 
also appear to be highly prospective as well as the 
area some 25 km NW from Saattopora.

conclusions

The spatial modeling techniques tested here proved 
to give an efficient tool for exploration geologists 
to integrate data from several geoscientific sources. 
Conceptual fuzzy-logic method gives a flexible tool 
to test exploration models on large datasets in an 
easily understood manner. The uncertainties of the 
fuzzy-logic modeling can be difficult to estimate, but 
an expert validation process would in many cases be 
appropriate and lead to reliable results. Empirical 
weights-of-evidence method instead includes com-
prehensive statistical validation process, which makes 
it laborious but more reliable. Weights-of-evidence 
method includes better control for uncertainty, but 
restricts the amount of evidential data to be used due 
to the requirement for conditionally independence. 

On the other hand, the weights calculation provides 
a convenient way to estimate and quantify spatial 
association between geographical locations like min-
eral deposits, rock formations etc. and any spatially 
referenced geoscientific or other relevant data. The 
agreement between these two models used in this study 
seems to be good at the low and high prospectivity 
areas. For future fuzzy-logic models, it seems that 
expert control of the middle fuzzy membership is also 
an important consideration, if these mid-range areas of 
important to the objectives of the modeling. However, 
the current paper suggests that the fuzzy-logic model 
produced here could be applied also to a study area 
without training sites to accomplish a prospectivity 
analysis within a reasonable confidence level.
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