
Iron Oxide-Copper-Gold Deposits in Finland:
case studies from the Peräpohja schist belt and

the Central Lapland greenstone belt

Tero Niiranen

Academic dissertation

To be presented with permission of the Faculty of Science of the University of Helsinki, for public 
criticism in the auditorium D101 of Physicum, Kumpula, on December 9th, at 12 o’clock noon

Publications of the Department of Geology D6



PhD-thesis No. 187 of the Department of Geology, University of Helsinki

Supervisors
Dr. Pasi Eilu
Geological Survey of Finland
Espoo
Finland

Professor Nicholas H.S. Oliver
School of Earth Sciences
James Cook University
Queensland
Australia

Reviwers
Professor Pär Weihed
Luleå Technical University
Sweden

Dr. Erkki Vanhanen
Puolanka Municipality
Finland

Opponent
Professor David Lentz
Department of Geology
University of New Brunswick
Canada

Cover: Laurinoja Fe-Cu-Au ore. Polished drill core half. ~ 45 % Fe, ~ 2.5 % Cu, and ~ 5 g/t Au. 
Chalcopyrite (yellow), magnetite (gray), and clinopyroxene (green) comprise the main minerals. 
Field of view is 17 mm.

ISSN 1795-3499
ISBN 952-10-2160-8 (paperback)
ISBN 952-10-2161-6 (Pdf-version)
http://ethesis.helsinki.fi 

Yliopistopaino
Helsinki 2005



Tero Niiranen: Iron Oxide-Copper-Gold Deposits in Finland: case studies from the Peräpohja schist 
belt and the Central Lapland greenstone belt. Academic dissertation, University of Helsinki, 2005. 
Publications of the Department of Geology D6, ISSN 1795-3499, ISBN 952-10-2160-8 (paperback), 
ISBN 952-10-2161-6 (Pdf-version).

Abstract

Iron oxide-copper-gold (IOCG) deposits defi ne a group of diverse, epigenetic Cu-Au deposits to which 
several economically important deposits belong. Their typical characteristics are: (1) Fe-Cu-Au-Co-U-
REE-Ba-F element association, (2) high Fe-S ratio manifested by magnetite- and/or hematite-rich host 
rocks of the ores, (3) extensive, commonly spatially and temporally zoned Na-Ca-K-Fe metasomatism 
in and around the deposits, (4) highly saline aqueous ± carbonic fl uids related to alteration and mine-
ralisation, and (5) spatial correlation with crustal-scale fault and shear zones. Host rock sequence, fOfOf 2, 
and depth as well as temperature of the mineralisation events vary extensively between the known 
deposits causing considerable diversity in their characteristics. 

The purpose of this work is to evaluate the IOCG potential of northern Finland. This is done by 
studying fi ve iron oxide-rich deposits from two different regions: (1) Raajärvi and Puro magnetite 
deposits in the Misi region located in the easternmost part of the Peräpohja schist belt, and (2) Hannu-
kainen, Kuervitikko and Cu-Rautuvaara Fe-Cu-Au deposits in the Kolari region located in the western 
part of the Central Lapland greenstone belt. The study covers alteration, mineralogy, geochemistry, 
fl uid inclusion characteristics, and geochronology. The data achieved are further compared to the ex-
isting data on the IOCG deposits elsewhere and to genetic models that have been proposed for IOCG 
deposits. 

In both Kolari and Misi regions, the geological features of the deposits are comparable to the 
IOCG deposits elsewhere and consistent with proposed magmatic source models. The Kolari deposits 
also contain Cu and Au in grades typical for IOCG deposits and thus they best fi t to the IOCG category. 
Although at least Cu was mobile during the mineralisation and alteration events related to magnetite 
deposits in the Misi region, only anomalous values of Cu and Au have been detected. However, the 
alteration style, fl uid inclusion composition, O- and C-isotope characteristics, and the proposed genetic 
model of the magnetite deposits at Misi are consistent with what has been described with IOCG de po -
sits. Therefore, the magnetite deposits in the Misi region are considered to be representatives of IOCG 
deposits barren with respect to Cu and Au. 

According to the data presented, northern Finland is a IOCG potential region. The most prospec-
tive district for IOCG is the western part of the Central Lapland greenstone belt, the area adjacent to the 
major Kolari shear zone system. Based on the age data on the studied deposits,  favourable time periods 
for  IOCG mineralisation in northern Finland were 2.44 – 2.05 Ga and 1.83 – 1.77 Ga. These periods 
represent the crustal-scale rifting stage that predates the 1.92 – 1.77 Ga Svecofennian orogenic events, 
and the D3-stage thrusting event(s) of the Svecofennian orogeny post-dating the peak of regional meta-
morphism, respectively. The most prospective locations for IOCG deposits in northern Fennoscandia 
are old cratonic margins and intracratonic regions with abundant rift-related magmatism and extensive, 
metal-depleting sodic alteration.
Keywords: IOCG deposits, Skarn deposits, Iron deposits, Copper deposits, Gold deposits, Hydrother-
mal alteration, Palaeoproterozoic, Peräpohja Schist Belt, Central Lapland Greenstone Belt, Misi, 
Kolari, Finland, Geochemistry, Fluid inclusions, U-Pb age, O-isotopes, C-isotopes, SIMS, PIXE
Tero Niiranen
Northland Resources, Teknotie 14-16, Offi ce 11, FIN-96930 Rovaniemi, Finland. tero.n@nrmine.com   



Preface

Iron oxide-copper-gold deposit class (IOCG) 
include world class deposits like Olympic 
Dam (Gawler craton, Australia), Ernest Henry 
(Cloncurry district, Australia) and Candelaria 
(Punta del Cobre, Chile). The mentioned deposits 
are very large in size (e.g. Olympic Dam, about 
3 Gt) and their origins controversial, hence their 
discovery has captured the attention of explora-
tion companies and academics, and the number 
of deposits classifi ed into the IOCG category has 
drastically increased as is the understanding of 
the genesis of this enigmatic deposit class during 
the past 15 years.

This work is part of the project “Iron oxide-
copper-gold in northern Finland” of the Geologi-
cal Survey of Finland (GTK), initiated in 2001. 
The aim of the project is to verify the occurrence 
of this ore type in Finland, and to create genetic 
models and exploration tools applicable to the 
Fennoscandian Shield. The ultimate goal is to 
locate economically interesting prospects for pri-
vate industry and to promote mineral exploration 
by providing information on host rocks, genetic 
ore models, and exploration indicators of IOCG 
mineralisation in Finland.

The original GTK project scheme focused the 
research to northern Finland because the geologi-
cal environment is similar to the regions where 
IOCG deposits are known to occur. Furthermore, 
the plan was to focus the research to the known 
iron oxide-rich deposits that have at least anoma-
lous concentrations Cu and Au and have previ-
ously been classifi ed as skarn deposits. Therefore, 
the scientifi c part of the project was focused on 
deposits in the Misi region in the easternmost cor-
ner of the Peräpohja schist belt, and on deposits in 
the Kolari region in the western part of the Cen-
tral Lapland greenstone belt. 

On my account, this project was initiated by 
a phone call in the late autumn 2000. Caller was 
Dr. Pasi Eilu from the Geological Survey of Fin-
land who told me briefl y about the IOCG project 
that was due to start in January 2001, and asked 
whether I was interested in doing a PhD work on 
the topic as a part of the GTK’s project. This was 
the fi rst time ever I had heard about the IOCG de-

posits, and some of the methods I was supposed to 
use I knew only by their name. However, without 
fully realising what I was up to do, I answered yes 
to Pasi’s question. And so it began. 

The time spent on this project has certainly 
been interesting and challenging for me. I’ve been 
in places I probably otherwise would never wind-
ed up, met number of interesting people, and had 
opportunity to work with some of the top-ranking 
ore geologists. So I am happy that I took the chal-
lenge. Now, writing this, I am even happier that it 
is done and I never have to do it again.
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1 Introduction

Iron oxide-copper-gold deposits (IOCG) are now 
a widely recognised ore class into which hun-
dreds of iron and copper-gold deposits around the 
world have been included since the synthesis of 
the concept by Hitzman et al. (1992). The IOCG 
deposits form a group with diverse age, tectonic 
setting, host rock package, and mineralisation 
style (e.g. Hitzman et al. 1992; Haynes, 2000; 
Williams and Skirrow, 2000; Pollard, 2001; Wil-
liams and Pollard, 2001; Tables 1 and 2). Never-
theless, there appear to be features that are char-
acteristic for all deposits, although none of them 
alone is diagnostic by itself. The most common 
features include: (1) the element association Fe-
Cu-Au-Co-U-REE-Ba-F, (2) host rock for Cu-Au 
mineralisation is typically rich in iron oxides, (3) 
an extensive metasomatism in and around the de-
posits, (4) high-salinity aqueous ± carbonic ore 
fl uids, (5) high mineralisation temperature (up to 
600oC for oxide stage) evolving towards moder-
ate temperatures (500 – 300oC for sulphide stage), 
(6) deposits appear to be located in the regions 
with voluminous igneous activity but, with some 
exceptions, lack intimate relationship with intru-
sions, and (7) deposits are located in or next to 
fault or shear zones, and in regional scale appear 
to be proximal to crustal-scale faults, shear zones 

or lineaments (e.g. Hitzman et al., 1992; Barton 
and Johnson, 1996; Pollard, 2000; Williams and 
Pollard, 2001; Oliver et al., 2004; Tables 1 and 2). 
Below is a brief description of some the most es-
sential features and their genetic signifi cance.

1.1 Element association
Copper and gold are the main commodities IOCG 
deposits are mined for. The grades for Cu and Au 
are commonly relatively low (0.5 – 1.5 wt.% Cu, 
0.2 – 1 g/t Au, cf. Table 1) similar to porphyry 
systems, but high grade IOCG deposits (> 1.5 
wt.% Cu, > 1 g/t Au) are known, too (e.g. Starra, 
Osborne, Mt Elliott, Eloise; Table 1). Average 
iron concentration, where reported, is usually 
bet ween 15 – 35 wt.% Fe, but also over 40 wt.% 
concentrations in the ironstone hosts are common 
(e.g. Hitzman et al., 1992; Marschik et al., 2000; 
Requia and Fontboté, 2000; Wang and Williams, 
2001; Paper III). In addition to the Fe-Cu-Au as-
sociation, the deposits typically display at least 
elevated values, if not ore grades, of Ag, Ba, Bi, 
Co, F, Mo, P, Se, Te, U and  REE (Table 1). Less 
frequently, the deposits are enriched in As, B, Ni, 
Sn, W, or Zn. In some deposits, which in other 
respects clearly are of IOCG type, even Cu or Au 
may occur in concentrations only in slightly over 
local background levels (e.g. NICO, Goad et al., 
2000). 

Candelaria Olympic Dam
Cloncurry district

NICO and 
Sue-Dianne

Salobo

Kiruna district Finnish deposits

Figure 1. Location of the deposits listed in Tables 1 and 2.  
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Deposit Alteration Fluid inclusion chemistry S, C, O isotopes (‰)
Australia
Olympic Dam  Early: K-Fe (ser-hm-qtz)

Intermediate: Cu-Au-U-Ba-F-S (qtz-
hm-sid-bar-fl u-sulphides)
Late: Ca-Ba-F-CO2 (bar, fl u, sid, do, 
sulphides)

(A) High salinity L-V-
halite, up to 42 wt.% 
NaCleq, 
(B) Moderate salinity L-V, 
7-24 wt.% NaCleq, 
(C) CO2 -rich

δ13Csid = -4 to -2, sid = -4 to -2, sid
δ18Osid = 14 to 21, sid = 14 to 21, sid
δ18Ofl uid ~ 10 (early) fl uid ~ 10 (early) fl uid
and < 9 (late)

Ernest Henry Distal: Na ± Ca (ab ± act, di)
Proximal: (I) K-Fe (Kfs-mgt-bt-cc-
gr), 
(II) K-Fe-Cu-Au-S-CO2 (Kfs, mgt, 
carb, qtz, py, cpy). 
Post mineralisation: cc, do, qtz ± hm 
veining

(A) hypersaline L-V-halite 
± 5 daughter minerals, 33-
55 wt.% NaCleq. 
(B) moderate salinity L-V ± 
halite, ca. 20 wt.% NaCleq. 
(C) CO2 -rich

δ34Spy =  -2 to 4, 
δ34Scpy = -1 to 4, 
δ13Ccc = -6 to 0, 
δ18Occ = 10 to 13, 
δ18Ofl uid = 8 to 11fl uid = 8 to 11fl uid

Starra  Distal: Na-Ca (ab-qtz-act-sca) 
Proximal: (I) K-Fe (bt-mgt-qtz ± hm, 
py), (II) CO2-SO4-S-Au-Cu (anh-cc-
hm-chl-sulphides ± ser, mu)

(A) hypersaline L-V-halite 
± 3 daughter minerals, 34-
52 wt.% NaCleq. 
(B) hypersaline L-V-halite 
± 4 daughter minerals, 29-
42 wt.% NaCleq. 
(C) CO2 -rich

δ34Scpy = -10 to -3, 
δ13Ccc = -7 to -1, 
δ18Occ = 10 to 13, 
δ18Ofl uid = 7 to 10fl uid = 7 to 10fl uid

Osborne  Distal/Regional: Na-Ca (ab-sca-act)
Proximal: Fe-K-Ca-CO2-S (mgt-bt-
qtz-ab-cpy-py-po ± am, cc, mu, hm)

(A) hypersaline L-V-halite 
± 4 daughter minerals, ≤ 70 
wt.% NaCleq. 
(B) CO2-CH4 -rich 

δ34Scpy = -4 to 3, 
δ18Ofl uid = 5 to 12fl uid = 5 to 12fl uid

Mt Elliott  Distal: Na  (ab ± sca), 
Proximal:  (I) Ca-Fe ± Na (di-mgt-
sca-act), (II) Ca-Cu-S-CO2-Au (cpy-
act-sca-cc ± adr, tou, all, ap, mgt, py, 
po)  

(A) hypersaline L-V-halite 
± 4 daughter minerals, 
(B) CO2 -rich

δ34Spy = 0 to 2, 
δ34Scpy 1 to 2, 
δ13Ccc = -10 to -8, 
δ18Occ = 12 to 13, 
δ18Ofl uid = 9 to 10fl uid = 9 to 10fl uid

Eloise  Distal: ab ± ap, qtz and bt-hbl, 
Proximal: hbl-bt-qtz-mgt-cpy-po-py
Late/post-ore: chl, Kfs, cc, qtz, bt, 
cpy, py, mu, tou, sph, gal, fl u, hm, sid

(A) hypersaline L-V-halite 
± 4 daughter minerals, 
(B) CO2 -rich 

δ34Spy = 0 to 2, 
δ34Spo = 1 to 2, 
δ34Scpy  = 1 to 2, 
δ13Ccc = -10 to -8, 
δ18Occ = 9 to 10, 
δ18Ofl uid = 5 to 10fl uid = 5 to 10fl uidChile

Candelaria  Distal: Na-Ca (ab-qtz-bt-mgt & sca ± 
gr, px, Ca-am); 
Proximal: (I) K-Fe ± Ca (bt-mgt-qtz-
gru/cum ± Kfs, gr, crd, (II) Cu-Au-
Ca-S (sulphides ± Ca-am, anh)

(A) hypersaline, 
(B) CO2 -rich

δ34Scpy  = 0 to 3, 
δ34Sanh = 15 to 18, 
δ18Ofl uid = 6 to 9fl uid = 6 to 9fl uid

Brazil
Salobo Distal (pre-mineralisation): weak Na 

(ab); Proximal: (I) K-Fe-Ca (Kfs-
cum/gru-bt-mgt ± tou, fl u, apa, all) 
(II) Cu-Au-S ± K, Ca (cpy-cha-bor ± 
cum/gru, bt, mo, cob, gold, saff)

(A) hypersaline, up to 58 
wt.% NaCleq., 
(B) low to moderate 
salinity, 1-29 wt.% NaCleq., 
(C) CO2-CH4 -rich,  

δ34Scpy & bor = 0 to 2cpy & bor = 0 to 2cpy & bor

Table 2. Alteration, fl uid inclusion and stable isotope data on deposits shown in Table 1
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DepositDeposit Alteration Fluid inclusion chemistryFluid inclusion chemistry S, C, O isotopes (‰)S, C, O isotopes (‰)
Canada
NICO Distal: extensive & intense K ± Fe 

(Kfs ± mgt)
Proximal: K-Fe ± Ca (mgt-bt-hbl/act-
hm-Kfs ± carb, chl, tour) in multiple 
stages accompanied with sulphides 
and gold

no data no data

Sue-Dianne Distal: extensive & intense K ± Fe 
(Kfs ± hm)
Proximal: K-Fe (hem-mgt-kfsp ± 
ep, qtz, gr, fl u) accompanied with 
sulphides

no data no data

Sweden
Tjårrojåkka-Cu  Distal: Na (sca ± bt and ab-mgt-ap); 

Proximal: K-Cu-S ± Ca, Fe (Kfs-
sulphides ± am, qtz, mgt, ap, carb)

high to moderate salinity no data

Nautanen  Distal (?): Na-K (sca-bt), 
Proximal(?): K-Fe ± Ba-Cu-Au-S 
(Kfs-bt-gr-mgt and ser-gr-mgt-tou-
qtz)

no data no data

Finland
Vähäjoki  Proximal: tre/act-cum-chl-mgt ± bt, 

gr, hbl, qtz, hm, cc, bar; sulphides and 
gold overprint(?)

(A) low salinity L-V ± 
nahcolite 2-14 wt.% NaCleq.
(B) CO2 -rich

no data

Laurinoja 
(Hannukainen) 

Distal: Na (ab ± sca)
Inner distal: K ± Na (bt-Kfs ± ab, sca)
Proximal: Ca-Fe-Cu-Au-S (cpx-
act/hbl-mgt-sulphides-gold ± sca, cc, 
bt, ab)  

(A) hypersaline L-V-halite 
± 5 daughter minerals, 45-
48 wt.% NaCleq. 
(B) hypersaline L-V-halite 
32-56 wt.% NaCleq. 
(C) CO2 -rich

δ34Spy = -1 to 7, 
δ34Spo = 2 to 6, 
δ13Ccc = -7 to -3, 
δ18Occ = 10 to 14, 
δ18Ofl uid = 8 to 13 fl uid = 8 to 13 fl uid

Kuervitikko Distal: Na (ab ± sca)
Inner distal: K ± Na (bt-Kfs ± ab, sca)
Proximal: Ca-Fe-Cu-Au-S (cpx-
act/hbl-mgt-sulphides-gold ± sca, cc, 
bt, ab)

(A) hypersaline L-V-halite 
± 5 daughter minerals, 45-
48 wt.% NaCleq. 
(B) hypersaline L-V-halite 
32-56 wt.% NaCleq. 
(C) CO2 -rich

no data

Cu-Rautuvaara Distal: Na ± K, Ca (ab ± bt, kfs, sca 
cpx, am)
Proximal: Na-Fe-Cu-Au-S ± K (ab-
mgt-atp ± bt) accompanied with 
sulphides and gold

no direct data, probably 
similar to Laurinoja and 
Kuervitikko

δ34Scpy,  py,  po  = 4 to 6

Raajärvi & 
Puro 

Distal: Na ± Ca (ab ± sca, act), 
Proximal: act/tre-chl-mgt ± cc, bt, 
ab, ap, 
Retrograde post-ore srp-chl-tlc-cc-hm

(A) hypersaline L-V-halite 
± 4 daughter minerals, 29-
58 wt.% NaCleq. 
(B) low to moderate 
salinity 0-22 wt.%  NaCleq. 
(retrograde stage) 
(C) CO2 -rich

δ13Ccc = -8 to 11, 
δ13Cunaltered marble = 13, 
δ18Occ = 12 to 19, 
δ18Ofl uid = 6 to 10fl uid = 6 to 10fl uid

Table 2. continued.

For references and mineral abbreviations see Table 1. The stable isotopes are given relative to CDT, PDB and 
SMOW for S, C, and O, respectively. 
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1.2 Iron oxide-rich hosts
The role and origin of the ironstones that host 
the Cu-Au mineralisation in IOCG systems has 
been under debate ever since the IOCG concept 
was created. Hitzman et al. (1992) included Kiru-
na apatite-iron ores in the IOCG class. On the 
other hand, some authors consider that the giant 
Kiruna ores were formed via direct crystallisa-
tion from Fe-O-(P-Ca-F) melts (e.g. Nyström and 
Henriquez, 1994), and there is still controversy 
whether there is a link or continuum between 
“Kiruna-type” apatite-iron ores and IOCG depo-
sits. Typically, the ironstone hosts are metaso-
matic replacement bodies, and numerous barren 
examples of these are known to occur in conjunc-
tion with IOCG occurrences (Williams, 1994). 
Even in deposits that display a broad spatial re-
lationship with syngenetic iron formations (i.e. 
BIFs) the iron oxide-rich hosts for Cu-Au miner-
alisation are considered epigenetic (e.g. Salobo, 
Requia and Fontboté, 2000).

In a number of deposits, iron oxides appear 
to be paragenetic precursors to the copper-gold 
assemblages, and in some cases it has been pro-
posed that magnetite-rich ironstones have acted 
as a redox trap for the sulphur-rich fl uids (e.g. at 
Starra, Rotherham et al., 1998). Sulphidation of 
the pre-existing iron-rich assemblages is proposed 
in some deposits as a precipitation mecha nism of 
Cu and Au (e.g. Eloise, Baker, 1998). Groves and 
Vielreicher (2001) suggest that the complex and 
repetitive nature of the ore-para ge nesis refl ect a 
prolonged and discrete hydrothermal event related 
to multiple intrusive stages with an alkaline mag-
matic fl uid source. Recent geochemical model-
ling suggests that precipitation of iron oxides and 
Cu-Au minerals in IOCG deposits did not neces-
sarily take place in discrete episodes, but rather 
the Fe and Cu-Au assemblages express prolonged 
evolution of  a single hydrothermal system (Oli-
ver et al., 2004). Nevertheless, the ultimate role 
of the iron-rich hosts in the genesis of the IOCG 
depo sits is still unclear. While in some deposits 
they appear to be the cause for precipitation of the 
Cu and Au bearing minerals, in others they may 
just be a “by-product” of Cu and Au mineralisa-
tion (e.g. Williams and Pollard, 2001; Oliver et 

al., 2004).
   

1.3 Alteration
The IOCG deposits typically are surrounded by 
hundreds  of meters to kilometre-scale hydrother-
mal alteration haloes and the immediate wall rocks 
are intensely altered. The alteration styles vary 
from sodic to potassic to calcic or combination of 
these (Table 2). The distal alteration is typically 
characterised by extensive sodic ± calcic mineral 
assemblages, chiefl y albite ± scapolite, actinolite, 
and it is accompanied by a loss of a number of el-
ements, especially Fe, K ± Ca and gain in Na (e.g. 
Williams, 1994; Oliver et al., 2004; Paper II). The 
styles of the proximal alteration somewhat de-
pends on the lithology of the host rock sequence, 
varying between potassic and calcic assemblages 
and accompanied by precipitation of iron oxides 
(Table 2). The potassic alteration products are 
K-feldspar and biotite or sericite, and the calcic 
alteration assemblages are dominated by skarn 
minerals, i.e. diopside-hedenbergite, andradite-
grossular, and Ca-amphiboles. In some cases, 
such as parts of the Candelaria (Marschik et al., 
2000; Marschik and Fontboté, 2001), the skarn 
assemblages are related to the presence of car-
bonate rocks in the host rock package, whereas in 
others (e.g. Mt. Elliott, Wang and Williams, 2001)  
calcium is externally derived. In some shallow-
level breccia-style deposits (e.g. Olympic Dam, 
NICO, Sue-Dianne; cf. Table 1), the sodic distal 
alteration zone is missing or not exposed, and the 
distal alteration is dominantly potassic. 

Hitzman et al. (1992) suggested that the alter-
ation patterns depend on the depth of alteration, 
sodic alteration prevailing at deep levels, potassic 
at intermediate to shallow levels, and sericitic al-
teration and silicifi cation at very shallow levels 
(Fig. 2). The level of deposition also appears to 
be refl ected in the ore mineralogy (Table 1). In 
deeper levels, the dominant iron oxide is mag-
netite, and chalcopyrite, pyrite, and pyrrhotite 
are the main sulphide minerals. In shallow-level 
deposits, the mineral assemblages indicate more 
oxidized conditions, hematite being the dominant 
iron oxide, and chalcocite and bornite comprising 
the typical Cu-sulphide minerals.
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Figure 2. Schematic cross section of alteration zoning in IOCG deposits after Hitzman et al. (1992). 

1.4 Proposed genetic models for 
IOCG deposits
The original proposal by Hitzman et al. (1992) 
was that IOCG deposits are expressions of deep-
seated, volatile-rich igneous-hydrothermal sys-
tems tapped by deep crustal structures and pos-
sibly related to global-scale rifting events chiefl y 
during the Mesoproterozoic. Since that work, 
both Archaean and Phanerozoic IOCG deposits 
and districts have been recognized and recent 
age data indicate that some deposits are linked to 
orogenic processes (e.g. Williams, 2000; Oliver 
et al., 2004). Therefore, it is becoming more and 
more apparent that IOCG deposits are not limited 
to a certain time period or tectonic environment, 
but were formed throughout the geological his-
tory in various tectonic environments.   

Several genetic models for the IOCG deposits 
have been proposed during the past 15 years. Re-
lease of the ore constituents, especially the con-
stituents of the iron oxide-rich hosts via albitisa-
tion reactions caused by circulating high salinity 
brines is emphasised in number of these models 
(e.g. Hitzman et al., 1992; Williams, 1994; Bar-
ton and Johnson, 1996; and 2000; Oliver et al., 
2004). The main contradicting issue between the 
presented models is the ultimate source of the 

albitising brines (i.e. magmatic versus non-mag-
matic source). Volatile-rich alkaline magmas en-
riched in incompatible elements (e.g. A-type or 
shoshonitic felsic intrusives) are favored in the 
magmatic fl uid source models (e.g. Pollard et al., 
1998). A genetic link to carbonatite intrusives 
has also been proposed (Groves and Vielreicher, 
2001). Brief reviews are given below on the ge-
netic models by Barton and Johnson (2000) and 
Oliver et al. (2004) which suggest non-magmatic 
and magmatic brine sources for the mineralising 
fl uid, respectively (Figs 3 and 4).  

Barton and Johnson (1996 and 2000) pro-
posed that the ore fl uids are connate basinal 
brines and the ligands carried by these brines are 
possibly derived from ancient evaporates. The 
circulation of the brines is controlled by ther-
mal convection, and extensive albite alteration 
(with metal depletion) is expected in the infl ow 
and down fl ow zones of the brine (Fig. 3). Near 
magmatic heat sources the fl uids focus into struc-
turally and/or lithologically favourable locations 
producing intense sodic (mafi c host) or potassic 
(felsic host) proximal alteration and the metals 
are precipitated. Mixing of surface-derived fl uids 
with brines can be a signifi cant factor in metal 
precipitation at shallower levels. Barton and 
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Iron oxide-copper-gold system Porphyry Cu system

Figure 3. Conceptual genetic model for IOCG deposits, and a possible link to porphyry Cu-Au deposits, by Barton 
and Johnson (1996 & 2000). Solid arrows display the path of the externally derived brines, dashed arrows the path 
of fl uid derived from magmatic source. Mineral abbreviations as in Tables 1 and 2, except alun = alunite, en = 
enargite, olig = oligoclase. Figure modifi ed after Barton and Johnson (2000).

Johnson (2000) point out that this kind of system 
tends to produce sulphide poor deposits with only 
geochemically anomalous concentrations of chal-
cophile elements. Therefore, they propose that 
magmatic metal, sulphur, and fl uid input mixing 
with the externally derived fl uids or superimpos-
ing the oxide-rich system is probably signifi cant 
in Cu-Au-richer deposits.  Although the model 
by Barton and Johnson (1996) does explain the 
extensive sodic alteration noted in number of the 
IOCG districts, it fails to explain the almost con-
sistent magmatic stable isotope signatures in the 
majority of the deposits (Table 2). 

Oliver et al. (2004) compiled the data on the 
deposits from the Cloncurry region and made the 
following observations. (1) Several albitisation 
stages exists in the region covering temporally 
both the metamorphic events related to the 1600 
– 1580 Ma Isan orogeny and the thermal events 
related to Williams Suite intrusives during 1550 
– 1500 Ma. (2) Most of the IOCG deposits in the 
region post-date the peak of regional metamor-
phism being contemporaneous with the Williams 
Suite intrusives. Thus the evaporate source model 
for the deposits is unlikely since the evaporate 

units would have been consumed in albite and 
scapolite producing reactions prior to or during 
the peak of regional metamorphism. (3) Geo-
chemical data on the albitised country rocks of 
the Cloncurry deposits suggest consistent gain in 
Na and loss of Fe, K, Ba, Rb ± Ca, Sr, Co, V, 
Mn, Pb, and Zn during the alteration. Most the 
elements lost from the albitised rocks are found 
enriched in the metasomatic ironstones that host 
the Cu-Au occurrencess, and are also detected in 
elevated concentrations in the fl uid inclusions in 
the IOCG deposits of the region. Thus a genetic 
link between sodic alteration, high-salinity brines, 
and the IOCG deposits appears evident. However, 
Cu is not consistently lost from the albitised rocks 
suggesting that another source(s) is needed. 

Based on this data and geochemical model-
ling, Oliver et al. (2004) propose a genetic model 
for IOCG deposits in the Cloncurry region where: 
(1) brines are released from crystallising Williams 
Suite intrusions, (2) circulating brines evolve 
via albitisation reactions where Na is fi xed and 
constituents that are enriched in proximal altera-
tion zones and ironstones (especially K and Fe) 
are stripped to the brine, (3) the circulation of 
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Figure 4. The genetic model for IOCG deposits in the Cloncurry region, Queensland, Australia by Oliver et al. 
(2004). Solid arrows illustrate the path of the brines derived from intrusions. Dashed arrows illustrate path of the 
sulphur bearing fl uids. Figure modifi ed after Oliver et al. (2004).

the metal-enriched brine is aided and focused by 
faulting and/or shearing, (4) metals are precipi-
tated in structurally (e.g. dilational jogs) and/or 
lithologically favourable locations possibly aided 
by mixing with external lower-salinity fl uid (Fig. 
4). Barren ironstones are produced if the albitis-
ing fl uids were initially poor in Cu or S or both. 
For formation of large tonnage chalcopyrite de-
posits in the region (e.g. Ernest Henry), mixing of 
a metal-rich brine with S-bearing wall rocks or an 
external S-bearing fl uid is probably required. 

1.5 Fennoscandian IOCG deposits
Besides the Kiruna-type magnetite-apatite ores, 

several deposits in the northern Fennoscandia 
have been proposed to belong to the IOCG class 
(e.g. Hitzman et al., 1992; Pollard, 2000; Weihed 
and Eilu, 2003). In northern Finland, numerous, 
chiefl y orogenic, Au ± Cu deposits are known 
(Eilu, 1999), and the Fe-Co-Au-(U) deposits in 
the Kuusamo schist belt have been suggested 
to belong to the IOCG class (Vanhanen, 2001). 
However, until recently, the main focus of explo-
ration and research in northern Finland has been 
in PGE and orogenic gold deposits and little effort 
has been put on the IOCG deposits. The purpose 
of this work is to establish the IOCG potential of 
the northern Finland – whether such deposits ex-
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ists there, and if so, what are their characteristics, 
and how do they compare to IOCG deposits else-
where. 

2 Review of the original pa-
pers

2.1 Paper I
Paper I describes (1) the general geological fea-
tures of the Misi region, (2) geological and the 
geochemical features of the magnetite occur-
rences in the area focusing on the Raajärvi and 
Puro deposits, and (3) regional and local altera-
tion styles. 

The bedrock of the Misi region consists of 
a supracrustal sequence of dolomitic marbles, 
quartzites, mafi c metalavas, mafi c tuffs, mica 
schists, black schists, calc-silicate rocks and 
meta-arkosite. Gabbros and granites comprise the 
intrusives in the region. Based on their chemical 
composition, the mafi c metavolcanic units are 
divided into LREE-depleted and slightly LREE-
enriched tholeiitic lavas, and a tuff unit which 
has a fl at chondrite-normalised REE pattern. Two 
geochemically different gabbros occur in the re-
gion: differentiated, LREE-enriched, 2117 ± 7 
Ma gabbros, and gabbros of unknown age with 
a fl at chondrite-normalised REE pattern. The 
granites, that occur mainly in the northern part 
of the region, are the youngest rocks in the area 
and belong to the ca. 1800 Ma aged intrusive suite 
of the Central Lapland Granitoid Complex. The 
geochemical and stable isotope features of the 
Misi supracrustal rocks display similarities with 
the Kivalo Group rocks in the western part of the 
Peräpohja schist belt.

Several skarn-like magnetite occurrences ex-
ists in the Misi region. Of these, the Raajärvi and 
Puro deposits were investigated in more detail. 
The magnetite occurrences are hosted by skarn 
rocks within a ca. 2.22 – 2.12 Ga dolomitic mar-
ble-quartzite sequence and within albitites which 
are highly altered varieties of the LREE-enriched 
gabbro intrusions and their granophyric roof 
zones. The main opaque mineral in the occurrenc-
es is magnetite with minor hematite, pyrite and 
chalcopyrite. Besides iron, the occurrences con-
tain elevated concentrations of V (≤ 2400 ppm), 

and locally elevated values of P (≤ 1.44 wt.%). 
The average sulphur concentration at  Raajärvi 
and Puro is 0.1 wt.% and 0.3 wt.%, respectively. 
However, locally up to 3.7 wt.% S was assayed 
from pyrite- and  chalcopyrite-bearing parts of the 
deposits. The sulphide-bearing parts of the ores 
and skarn hosts also show elevated concentrations 
of Au, Cu, Co, and Te.

Characteristic for the Misi region is a re-
gional-scale, multistage sodic alteration (albite-
scapolite) that has effected all rocks in the region 
except the granites in variable degrees. Alteration 
in and around the Raajärvi and Puro deposits is 
dominated by intense, pervasive sodic alteration 
(albite-scapolite) and skarn-alteration (actinolite-
tremolite-chlorite-serpentine). The intense sodic 
alteration and the skarn-alteration are related to 
faulting or shearing before or during the regional 
D1 deformation stage. 

Based on the alteration features, and geo-
chemical and mineralogical constrains of the Raa-
järvi and Puro deposits and their country rocks, 
it is suggested that the iron in the deposits may 
well have been derived from the altered country 
rocks.

2.2 Paper II
Paper II (1) tests if it is possible that the iron in the 
magnetite deposits in the Misi region was derived 
from the mafi c country rocks via albitisation by 
circulating high-salinity brines, (2) investigates 
whether the albitisation and mineralisation took 
place during the crustal-scale extensional stages 
pre-dating the 1.9 – 1.8 Ga Svecofennian orog-
eny or during the Svecofennian orogenic events, 
(3) evaluates the sources of the fl uids related to 
the albitisation and mineralisation events, and (4) 
evaluates the possible mechanisms of mobilisa-
tion and precipitation of the metals in the mag-
netite deposits. This work is done based on the 
geochemical, fl uid inclusion, stable isotope (O 
and C), U-Pb and Pb-Pb isotopic data presented 
in Paper II.

Mass balance calculations on variably albi-
tised gabbro next to the Raajärvi and Puro de-
posits indicate that signifi cant amounts of Fe, Ca, 
Mg, K, Cu, V, and Ba were lost, and Na and Si 
were gained during the alteration of the rock with 
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Al, Ga, Ti, and Zr remaining immobile. Calcu-
lated loss of Fe2O3(t) in respect to 100 g of rock 
is 3.3 g and 14.7 g for moderately and intensely 
albitised gabbro, respectively. This indicates that 
only one km3 of gabbro with a density of 2.9 kg 
× dm-3 can release 67 Mt of Fe through moderate 
albite alteration. This is more than 20 times the 
iron in the Raajärvi and Puro deposits combined 
and, considering the extent of the albite alteration 
around the deposits (i.e. at least 3 km2 moderately 
to intensely albitised rock in the immediate vi-
cinity), the iron in the deposits could easily have 
been derived from the country rocks. Mass bal-
ance calculations on skarn-alteration indicate that 
signifi cant quantities of Si, Ca, Fe, Na, Cr, and 
Ba were gained, K, Mg, and V  were lost and Al, 
Ti and Zr remained immobile during the skarn-
alteration of a mica schist at Raajärvi. 

Fluid inclusion data from the Raajärvi and 
Puro deposits suggest that fl uids related to ore 
formation, albitisation, and skarn-alteration were 
highly saline (up to 58 wt.% NaCleq), oxidizing, 
aqueous-carbonic fl uids. Based on heating-freez-
ing measurements and proton induced X-ray 
emission (PIXE) analyses, the fl uids contained 
high concentrations of Na, Cl, Ca, K, Fe, and Ba, 
as well as elevated concentrations of Mn, Sr, Cu, 
Zn, and Pb. The fl uids that circulated during the 
post-ore serpentinisation were low to moderate 
salinity aqueous-carbonic fl uids containing mod-
erate concentrations of Na, Cl, Ca, and K. The 
Br-Cl ratio of the fl uids that circulated during the 
mineralisation and the post-ore retrograde stages 
differ signifi cantly suggesting a different origin 
for the fl uids. 

Based on oxygen isotope thermometry, the 
temperature during the skarn-alteration and for-
mation of the magnetite deposits was between 
390o and 490oC. Based on the analysed δ18O 
values of the magnetites, and silicates from the 
ores and skarns the calculated δ18Ofl uid during the fl uid during the fl uid
mineralisation stage was between 6.1 and 9.8 ‰ 
SMOW at 450oC. This, together with the analysed 
δ13C values of the calcites in the ores and skarns 
that are between -7.7 and 10.9 ‰ PDB, most like-
ly refl ect admixture of magmatic- or mantle-de-
rived carbon with the marble wall rocks that show 
δ13C values of around 13 ‰ PDB.

SIMS U-Pb age data on zircons from the albi-
tised gabbro next to the Raajärvi and Puro depos-
its suggest that the intrusion of the gabbro took 
place at 2123 ± 7 Ma. TIMS U-Pb data on meta-
somatic titanites in the albitized gabbro related to 
albite alteration yield ages of 2062 ± 2 Ma and 
2017 ± 3 Ma. These ages are roughly contempora-
neous to magmatic events related to crustal-scale 
extensional stages in northern Finland.

Based on the data presented, the following 
conclusions are made. (1) The oldest skarn as-
semblage, the diopside skarn, was formed due to 
contact metasomatic reactions caused by the in-
trusion of the 2123 ± 7 Ma gabbro into the Raa-
järvi formation supracrustal sequence. (2) The 
ironstones and actinolite-dominated skarns were 
formed during metasomatic events that took place 
between 2062 ± 2 Ma and 2017 ± 3 Ma. The hot, 
highly saline, fl uids that circulated during this 
stage caused the wide spread albite alteration and 
stripped the mafi c country rocks of Ca, Fe, K, Cu, 
Ba, and V. The fl uid was possibly derived from 
a deep-seated magmatic source. The circulation 
of the metal-rich fl uid was aided and focused by 
faulting related to crustal-scale extension and the 
metal precipitation was due to a drop in tempera-
ture, wall rock reaction, or mixing of the brine 
with cooler, less-saline fl uids, or combination of 
these. (3) The present low-temperature mineral 
assemblages at Raajärvi and Puro were formed 
during the later Svecofennian orogenic events 
that post-date the iron mineralisation in the Misi 
region. 

2.3 Paper III
Paper III (1) describes the geology of three iron 
oxide-copper-gold deposits in the Kolari region, 
northern Finland, (2) describes the alteration in 
and around the deposits, (3) presents new geo-
chemical data on the deposits and altered rocks, 
(4) presents new fl uid inclusion data, and (5) 
presents new U-Pb age data. Based on the previ-
ously reported data and the new data presented, 
a new genetic model, alternative to the previous 
skarn model, for the Kolari deposits is presented.

Several iron oxide-copper-gold deposits are 
known in the Kolari region, in the western part 
of the Central Lapland greenstone belt, northern 
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Finland. They are hosted by clinopyroxene-domi-
nated skarns overprinting the > 2.05 Ga Savukos-
ki Group supracrustal rocks and the ca. 1.86 Ga 
Haparanda Suite intrusions. All deposits are lo-
cated within or next to shear and fault zones form-
ing parts of the major, NNE-trending, Kolari shear 
zone (KSZ) which in turn form the northernmost 
part of the Baltic-Bothnian Megashear (BBMS). 
Paper III focuses on three of the deposits which 
contain signifi cant amounts of Cu and Au: the 
Laurinoja ore body at the Hannukainen mine, and 
the Kuervitikko and Cu-Rautuvaara deposits. At 
Laurinoja and Kuervitikko, the copper and gold 
are hosted by ironstone and skarn. At Cu-Rautu-
vaara, the host rock is a magnetite-disseminated 
albitite.

The deposits have a distinct metal association 
of Fe-Cu-Au ± Ag, Bi, Ba, Co, Mo, Sb, Se, Te, Th, 
U, LREE. The concentration of copper and gold 
is 0.1 – 4.5 wt.% and 0.1 – 6.6 g/t, respectively. 
The wall and host rocks are intensely altered and 
display a deposit-scale zonation at Laurinoja and 
Kuervitikko where the structural control is the 
most prominent. The outer distal alteration zone 
is characterised by albite ± Na-scapolite, the in-
ner distal alteration zone by biotite-K-feldspar ± 
albite, scapolite, and the proximal alteration zone 
by clinopyroxene-magnetite ± Ca-amphibole, 
scapolite, calcite, sulphides. 

The ratios of the immobile Al, Ti, Zr indicate 
that the dominant protolith for the clinopyrox-
ene-dominated skarns and ironstones is the mafi c 
metavolcanic rock of the > 2.05 Ga supracrustal 
sequence. Mass balance calculations suggest that 
signifi cant quantities of Fe, Ca, CO2, S, Cu, Au, 
Bi, and Te were added to the proximally altered 
rocks (skarn and ironstone) at near constant Al, 
Ti, and Zr. Mass balance evaluations for the dis-
tally altered rocks suggest gains in Na, K, and Ba 
and loss in Ca.

Fluid inclusion data from Laurinoja and 
Kuervitikko suggest that fl uids that circulated in 
the rocks during the main mineralisation event 
and the subsequent brittle stage(s) were complex 
high-salinity (≤ 56 wt.% NaCleq.) aqueous-car-
bonic fl uids. The temperature during the minerali-
sation event was between 450o and 550oC which 
is consistent with the high-temperature mineral 

assemblages of the skarn. The pressure at the time 
of the mineralisation was between 1.5 and 3.5 
kbars.

The age limits for the alteration and ore for-
mation are defi ned by the 1864 ± 5 Ma age of 
magmatic zircons in the hanging wall diorite and 
the 1797 ± 5 Ma age of the magmatic zircons in 
the granite that brecciates the ore at Hannukai-
nen mine. The 1797 ± 5 Ma age of the zircons in 
skarn combined with the 1.81 – 1.78 Ga ages of 
the metamorphic titanites in the altered wall rocks 
and skarns suggest that the deposits were formed 
at ca. 1.80 Ga. This age post-dates the regional 
metamorphic peak in northern Finland, and is 
interpreted to be broadly contemporaneous with 
the eastward directed, 1.83 – 1.77 Ga D3 thrusting 
event in the Kolari region during which the KSZ 
was (re-)activated.

The data presented is inconsistent with the 
previous models of the Kolari deposits which 
suggested that the deposits either are metamor-
phic expressions of syngenetic iron formations or 
skarn deposits formed under contact-metasomatic 
conditions related to ca. 1.86 Ga monzonite in-
trusions. Instead, the alternative model presented 
here is that the Kolari ironstones and Cu-Au oc-
currences are epigenetic deposits structurally con-
trolled by the KSZ fault and shear zones. The new 
data suggest that the deposits best fi t into the cat-
egory of the iron oxide-copper-gold deposits.

3 Discussion

Characteristics of fi ve potential IOCG occur-
rences from northern Finland are shown in Tab les 
1 and 2: Laurinoja, Kuervitikko, and Cu-Rautu-
vaara from the Kolari region, western part of the 
Central Lapland greenstone belt (CLGB), Raa-
järvi with its small satellite (Puro) from the Misi 
region, eastern part of the Peräpohja schist belt 
(PSB), and Vähäjoki in the western part of the 
PSB (Fig. 5). All, except Vähäjoki which is be-
yond the scope of this work, are described in more 
detail in papers I, II, and III.

The general characteristics of the Kolari 
deposits best fi t into the IOCG category; they 
display similar element association, alteration 
pattern, and fl uid inclusion characteristics to the 
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Figure 5. (a) General geological features of northern Fennoscandia. Dashed lines indicate major structural 
lineaments. Dashed box indicates the area covered in (b). Modifi ed after Gorbatchev and Bogdanova (1993). (b) 
General geological features of northern Finland and the location of the Kolari region (1), Misi region (2), and 
Vähäjoki deposit (3). CLGB = Central Lapland greenstone belt, KSB = Kuusamo schist belt, PSB = Peräpohja 
schist belt. BBMS = Baltic-Bothnian megashear (after Berthelsen and Marker, 1986).

other deposits listed in Tables 1 and 2. The Kolari 
deposits are related to a major crustal scale shear 
zone system (Berthelsen and Marker, 1986) that 
is considered to represent the continent-conti-
nent collisional boundary between the Norrbotten 
and Karelian cratons in the recent plate tectonic 
model of the Fennoscandian shield by Lahtinen 
et al. (2003). The deposits were formed during 
the late part of the continent-continent collisional 
stage (1.85 – 1.79 Ga), near to the extensional 
orogenic collapse and stabilisation stage (1.79 
– 1.77 Ga) in the tectonic model. The prelimi-
nary C- and O-isotope data on the Kolari depos-
its suggest that the fl uid source was dominantly 
magmatic, S-isotopic values implying a combina-
tion of magmatic and sedimentary sources for the 
sulphur  (Hiltunen, 1982; Table 2). The proposed 
1.80 Ga age of the Kolari deposits (Paper III) is 
contemporaneous to a thermal event related to the 
intrusion of the voluminous S-type potassic gran-
itoids throughout northern Finland and Sweden 
(e.g. Hanski et al., 2001). Another interesting, but 
poorly known, group of roughly contemporane-
ous intrusions in northern Finland are the ca. 1.79 
Ga appinites that display enrichment in K, Na, 

Ba, Sr, P, Cl, F, and LREE, and locally contain 
abundant Cu-Ni-Fe sulphide dissemination with 
elevated PGE-Au-Te concentrations (Mutanen 
and Väänänen, 2004). Regardles of whether the 
brine source for the Kolari deposits was the felsic 
intrusives, appinites or some other, possibly deep-
seated magmatic source, the genetic model by Oli-
ver et al. (2004)  best fi ts with the characteristics 
of the Kolari deposit. 

The barren ironstones in the Misi region show 
a number of features common for IOCG deposits 
despite containing only locally geochemically 
anomalous concentrations of Cu, Au, Co, and Te 
(Tables 1 and 2; Paper I and II). The data sug-
gest that it is likely that the Misi ironstones were 
formed by a mechanism proposed by Oliver et al. 
(2004) for ironstone hosts for IOCG deposits (see 
Fig. 4). In addition, the data from the Raajärvi 
and Puro deposits indicate that Cu and possibly 
Au were mobile during the alteration and pre-
cipitation of iron but, possibly due to lack of S, 
the chalcophile elements did not precipitate (see 
Paper II). 

The age data suggests that the sodic alteration 
and formation of the ironstones in the Misi region 
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took place in an intracratonic rift setting prior to 
the 1.92 – 1.79 Ga Svecofennian orogenic events. 
Thus, if the local supracrustal sequence did con-
tain evaporate beds as it has been suggested (e.g. 
Frietsch et al., 1997), the sodic alteration in the 
Misi region could have been related to the brines 
released from the evaporates by a mechanism 
similar to that proposed by Barton and Johnson 
(1996). However, the stable isotope data and 
halogen ratios of the brines at Raajärvi and Puro 
suggest that the fl uid source was dominantly mag-
matic (Paper II). Therefore, like with the Kolari 
deposits, it appears that also in the Misi region the 
magmatic-source model is more probable.

4 Summary

4.1 Conclusions
Following conclusions can be made based on the 
data presented:

1. Northern Finland is a potential region for 
the formation of IOCG deposits. Of the Fe-Cu-Au 
deposits presently known in the region the Kolari 
occurrences best fi t into the IOCG category. 

2. The metasomatic ironstones in the Misi 
region are formed by mechanism similar to the 
ironstone hosts for IOCG deposits elsewhere. 
Copper and probably gold was mobile during the 
alteration and formation of the ironstones in the 
Misi region, but due to a low amount of sulphur 
in the system they did not precipitate. Therefore, 
the ironstones at Misi are considered to represent 
barren examples of IOCG deposits.

 3. In light of the current data, it appears 
that the most favourable periods for formation 
of IOCG deposits in northern Finland were: (1) 
during the extensional events at 2.44 – 2.05 Ga, 
and (2) during tectonic events at 1.83 – 1.77 Ga 
that post-date the peak of the regional metamor-
phism.

4. The data supports magmatic source models 
of the mineralising fl uids and that the elements 
enriched in the ironstones were derived from the 
country rocks of the ores by albitisation process.

5. Sodic alteration in northern Finland took 
place in multiple stages, especially during the 
crustal scale extensional events between 2.44 and 
2.05 Ga, but also during post-peak metamorphic 

tectonic events at 1.83 – 1.77 Ga. 
6. The sodic alteration events in northern Fin-

land were accompanied by massive fl ux of mo-
bilised metals, especially iron, which may have 
focused to structural and/or lithological locations 
suitable for metal precipitation. Great care should 
be taken in interpretation of the origin of iron 
oxide -rich lithologies in regions with abundant al-
bite alteration, especially if the host rock is highly 
altered, before labelling them to “metamorphic 
expressions of syngenetic iron formations”. Epi-
genetic origin should also be considered.

4.2 Implications for exploration
1. In the light of current data, the most pro-

mising area for exploration of IOCG type deposits 
in northern Finland is the area around the Kolari 
Shear Zone system in the western part of the Cen-
tral Lapland greenstone belt. Also the Misi region 
appears interesting with barren ironstones indicat-
ing that favourable hydrothermal activity did take 
place in there. However, the focus of the explora-
tion at Misi should perhaps to be put into the areas 
with sulphur-rich lithologies. 

2. Sodic-altered rocks indicate activity of 
high-salinity brines and mobility of metals. Re-
gions with albitised and scapolised rocks should 
be favored. However, in shallower-level systems 
sodic-altered rocks may not be exposed, instead 
potassic-iron and or calcic-iron alteration may 
prevail and indicate high-prospectivity areas.

3. Key locations for exploration are fault and 
shear zones, lithological contacts, and intersec-
tions of these. 

4. Numerous ironstones that have been inter-
preted, in some cases only based on their banded 
appearance, to be syngenetic iron formations (i.e. 
BIFs) do occur in northern Finland. These should 
be reviewed, especially if they do contain even 
small amounts of Cu, Ba, Co, Au, and S, and if 
there appears to be a spatial correlation with fault 
or shear structures.

5. Geophysics and till geochemistry should 
be used to focus the exploration. A number of the 
currently mined large IOCG deposits are blind 
and were discovered by using geophysics and soil 
geochemistry. The combination of distal sodic al-
teration and iron oxide-rich host rocks should give 
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good response in magnetic maps. In addition, U, 
K, and/or Th anomalies in radiogenic maps and 
Au, Cu, Co, Ba, U, Th, and/or P anomalies in 
soil geochemistry may indicate the presence of a 
proximal alteration zone and mineralisation.

6. Drilling should not be limited to ironstones 
only. Cases like Cu-Rautuvaara in Finland and 
Tjårrojåkka in Sweden suggest that Cu-Au min-
eralisation and ironstones may be located tens or 
hundreds of meters away from each other.
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