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Preface

W.D. Maier, R. Lahtinen, H. O’Brien

The world faces heightened competition for key natural resources in a global environment of
increasing demand and decreasing search space. These factors are the main drivers of the ongoing
transformation from a linear to a circular economy. However, the limitations to recycling caused,
for example, by product complexity and logistics suggest that demand for primary raw materials
will remain high for decades. The European Union (EU), in particular, is highly dependent on metals,
notably PGE for the automotive sector, but also REE, Nb, Ta and other metals for a range of high
tech applications, especially new renewable energy solutions. Increasing amounts of phosphate are
required to meet rising food demand globally, at decreasing availability of arable land due to
climate change and increasing populations. Countries such as China, Russia, South Africa, the
Democratic Republic of Congo and Zimbabwe are key supplier countries of many “critical”
metals, i.e., those that are essential for modern high technology but whose supply is not assured.
The capacity of some of these primary producer countries to provide secure supplies throughout
the coming decades is uncertain. For example, underground mining of narrow PGE reefs in South
Africa is currently uneconomic and may cease within the next decades, which could lead to sharp
price increases for these metals. On the other hand, many European deposits that are amenable to
relatively low cost surface mining may become economic as a result, particularly since they have
the advantage of proximity to mature infrastructure (roads, railways, power grids, etc.) and a well-
trained workforce.

Superimposed on potential short-term supply problems caused by socioeconomic factors or political
decisions are long-term trends that threaten the availability of critical metals. The ambitious “20-20-20”
energy and climate targets of the EU will have a major impact on metal supplies. By 2020, greenhouse gas
emissions must be reduced to 20% below 1990 levels, with 20% of energy coming from renewable
resources. The fuel cells, photovoltaic cells, and wind turbines required for a transition to a low carbon
society will trigger a >100% increase in the demand for many key metals over the next decades; One
fossil, non-renewable resource (metals) will replace another (hydrocarbons).

In view of the considerable threats to future supplies of critical metals, the efficiency of exploration,
mining, and beneficiation, as well as the search for alternative sources (e.g., PGE in road dust, a range
of metals in deep-sea polymetallic nodules, Ni-Co-PGE in laterites, REE and Nb in fenites, etc.) needs
to improve and accelerate. The available resources of many of the metals mentioned are too small to
satisfy increasing demand solely by recycling.

The EU, in particular, needs to make better use of its internal mineral resources, as outlined within
EU strategic actions such as the “Raw Materials Initiative — Meeting our Critical Needs for Jobs and
Growth in Europe” and the “European Technology Platform on Sustainable Mineral Resources.” The
mineral endowment of a country can create sustainable national wealth. Examples are the silver mines
of medieval Sweden, and the modern day iron, coal, gold, and nickel mines of Australia. The Fen-
noscandian Shield, comprising Finland, Sweden, Norway, and Russian Karelia and Kola, are among
Europe’s most mineralized regions, and the similarity in geology with mineral giants like South Africa,
Western Australia, and Canada suggests an enormous untapped mineral potential for, e.g., Ni, Cu,
PGE, Cr, V, Zn, REE, and gold.
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Recent years have seen several important new mineral discoveries in Finland (Suurikuusikko Au,
Sakatti Ni-Cu-PGE) as well as developments of previously discovered ore deposits (Talvivaara poly-
metallic black shales, Kevitsa Ni-Cu-PGE). The present book provides an overview of these and
many other deposits, including magmatic Ni-Cu-Cr-PGE-V deposits (Part 3), deposits associated
with carbonatites and kimberlites (Part 4), gold deposits (Part 5), Fe deposits (Part 6), volcanogenic
massive sulphide deposits hosting Zn and Cu (Part 7), as well as examples of a range of other depos-
its (Part 8 and 9). In addition, there is an overview on the history of mineral exploration in Finland
(Part 1), a synthesis on the geological evolution and metallogeny of Finland (Part 2), and sections on
exploration methods (Part 10) and mineral resources (Part 11). The book is targeted at geologists
working for industry, Geological Survey organisations and universities as well as students aiming for
a career in the minerals sector.

We would like to thank the authors who contributed their invaluable expertise on Finnish ore
geology. Many of these geologists are employed by the Geological Survey of Finland (GTK) and this
book would not have been possible without its assistance and collaboration. In addition, we would
like to thank the reviewers for their essential contribution: Rodney Allen, Steve Barnes, Roberto
Dall”Agnol, Pasi Eilu, Marco Fiorentini, Rich Goldfarb, David Groves, Eero Hanski, Jock Harmer,
Murray Hitzman, Michel Houlé, Hannu Huhma, Asko Képyaho, Bernd Lehmann, Ferenc Molnar,
Nick Oliver, Petri Peltonen, Alain Plouffe, Kauko Puustinen, and Olli Aikiis. Finally, we would like
to thank Marisa LaFleur for her editorial support and Mohanapriyan Rajendran for the production of
several sets of proofs.

WDM dedicates this book to his son Randolph, whose nascent fascination with mineral exploration
has been a great inspiration.



PART

A HISTORY OF EXPLORATION
FOR AND DISCOVERY OF
FINLAND'S ORE DEPOSITS

I. Haapala, H. Papunen

ABSTRACT

Historically documented mining in Finland started in the 1530s when the area formed part of Sweden. The post of
commissioner of mines was founded in 1638. The Swedish government activated mineral exploration in Finland in the
seventeenth century and, during the Age of Ultility, in the eighteenth century. Numerous small iron, copper, and lead
occurrences were found, as well as the larger Orijirvi copper deposit. During 1809-1917 when Finland was a Grand
Duchy within the Russian Empire, exploration was reorganized and strengthened. New, generally small iron deposits
were discovered to supply iron works. Deposits found in the Pitkédranta area were mined for copper, tin, zinc, and iron.
The Geological Survey of Finland was established in 1885. The large and rich Outokumpu copper deposit was discov-
ered in 1910 as a result of scientific exploration by Otto Triistedt of the Geological Survey. Since then, boulder tracing
(later also till geochemistry), geophysical measurements, and diamond drilling have been the standard exploration
methods. After Finland declared independence in 1917, mineral exploration was considered important for the develop-
ment of domestic industry. In 1921 the Geological Survey discovered the nickel—copper ore field of Petsamo, and by
the end of the 1930s other deposits, including the Otanmiki iron—titanium—vanadium deposit, were discovered. After
the Second World War, the Geological Survey was reorganized and strengthened, and in the following decades it dis-
covered numerous important ore deposits, including the Vihanti zinc—copper deposit (1951) and the Kemi chromium
deposit (1960). The state-owned mining companies Outokumpu Oy and Rautaruukki Oy established their own explo-
ration departments in the 1950s. Outokumpu Oy discovered the Kotalahti (1956), Vammala, and Kylmékoski nickel—
copper deposits, the Pyhédsalmi copper-zinc deposit (1958), the Vuonos (1965) and Kylylahti (1984) Outokumpu-type
deposits, and several gold deposits. Otanmiki Oy/Rautaruukki Oy discovered several iron deposits in Lapland, as well
as the large apatite-rich Sokli carbonatite complex. Rautaruukki Oy terminated their exploration activities in 1985 and
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Outokumpu Oy in 2003. Finnish private companies also carried out mineral exploration. After becoming a member
of the European Union in 1995, the role of international mining and exploration companies has strongly increased in
Finland, the main interest being in precious metal deposits.

Keywords: exploration; Finland; history; ore deposits; Geological Survey of Finland; Outokumpu Oy; Rautaruukki Oy.

INTRODUCTION

The activity and success of exploration for mineral deposits in Finland has, over the centuries, varied
markedly depending on the political, cultural, and economic situation, as well as on the more or less for-
tuitous availability of persons capable to plan, lead, and carry out prospecting and exploitation of deposits.
A major historical background is provided by the changes in the form of government. The eastern part of
Norden (or geographic Fennoscandia) now known as Finland was gradually incorporated into the king-
dom of Sweden shifted several times as a result of wars. Over the subsequent five centuries, the eastern
border of Sweden varied back and forth depending on the wars between Sweden and Novgorod/Russia,
until 1809 when Finland was ceded to Russia. Since December 1917 Finland has been an independent
state.

Several extensive volumes have been published on the history of the mining industry and exploration
in Finland. The first that should be mentioned is the work of Tekla Hultin, which deals with the evolution
of the mining industry and exploration during the time of Swedish rule (Hultin, 1896, 1897). The explo-
ration and mining industry during the period of the Russian rule, documented in detail by Dr. Eevert
Laine (e.g., Laine, 1950, 1952). A comprehensive account of the mining industry in Finland from
1530-2001 was recently published by Kauko Puustinen (1997, 2003). Hyvirinen and Eskola (1986)
published a chapter on mineral exploration in Finland, including selected case histories of discoveries. A
shorter article, “One hundred years of ore exploration in Finland,” by one of the current authors (Papunen,
1986), has been an important source, for the present review.

TIME OF SWEDISH RULE

The skill to collect limonitic bog and lake iron ore nodules and produce iron from it in simple furnaces
was known in Finnish villages in ancient times, and such iron occurrences were still harvested in small
quantities at the end of the nineteenth century. Some lake ore deposits south of lisalmi in eastern
Finland were still studied as possible manganese ores in 1940s and 1950s.

During the reign of King Gustaf I Vasa (1496—1560), the crown supported exploration and mining
in the eastern part of Sweden as well. The first clearly documented mine in Finland was the Ojamo
skarn-type iron deposit in Karjaa, southern Finland. The deposit was mined in the 1530s by Erik Fleming,
the councilor of southern Finland, although it was not until 1542 that King Gustaf I awarded him the
formal privilege to exploit the deposits (Puustinen, 1997, 2010). The ore was first worked up in Siuntio,
and later in the nearby Mustio ironworks. After Fleming’s time mining slowed down. Under the reign
of Gustaf I some other minor deposits (e.g., copper ore of Remojérvi in Juva in eastern Finland and iron
ore in Siuntio) were exploited. How the deposits were discovered is not known.
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In the seventeenth century, under the reign of Gustaf II Adolf Vasa (1594-1632) the mining
industry rose to a new level, driven by mercantilism and wars in central Europe, especially the
Thirty Years” War in 1618—1648. One reason for the success of the Swedish army in this war was
the large and rich Dannemora iron and the Falun copper mines. Gustaf IT Adolf had a keen interest
in ores and mining. As the crown prince, he had stayed in Finland in 1611 and collected ore speci-
mens that he brought to Stockholm for closer studies (Salokorpi, 1999). As king he traveled in
Finland during 1614-1616 and gave personal orders to open or reopen mines and to establish new
ironworks (Hultin, 1896, 1897). He had an optimistic view of Finland’s ore potential. After his
death in the battle of Liitzen in 1632 mining policies were continued by his successors. The Board
of Mines was established in Stockholm in 1637, and Finland received a permanent post of commis-
sioner of mines in 1638. Finland’s first university, Academia Aboensis (Academy of Turku), was
founded in 1640 in Turku.

The mining and manufacturing of the large ore deposits in central Sweden seriously depleted
Swedish forests. As Finland contained huge tracts of virgin forest that could be exploited for the
production of charcoal, as well as rivers for transport and rapids to run furnaces and hammers,
experts were sent to Finland to explore for ore deposits and set up metal works in suitable places.
Clergymen and other officials were urged to assist in these efforts. The Ojamo mine was reopened
and several new ironworks were established: Mustio or Svarta in Karjaa (1550-1901); Antskog
(1630-1880), Billnis (1641-1905), and Fiskars (1649-1904) in Pohja; Fagervik in Inkoo (1646—1904);
Orisberg in Isokyro (1676-1900); Skogby in Tammisaari (1682-1908); and Tykd in Perni6 (1686—1908).
As raw material, these ironworks mainly used ore or raw iron from the Ut deposits in the Stockholm
archipelago. If possible, hard-rock iron deposits from Finland were used, including Ojamo (exploited
periodically in 1533-1863), Vittinki in Ylistaro (1563-1920), Sado (1610-1863) and Langvik
(1662-1863) in Inkoo, Juvakaisenmaa in Kolari (1662-1917), Morbacka in Lohja (1668-1873),
Malmberg in Kisko (1670-1866), Vihiniemi in Pernié (1690-1865), and Kelkkala in Tammisaari
(1690-1900), as well as many other relatively small deposits. In some cases, Finnish lake and bog
iron ores were used. The copper and lead occurrences found in the seventeenth century were generally
relatively small (Puustinen, 2003).

The beginning of the eighteenth century was overshadowed by the Great Nordic War (1702-1721)
as a result of which Sweden lost parts of eastern Finland to Russia. In order to strengthen the Swedish
and Finnish mining industry after the war, a royal statute of 1723 promised significant rewards for dis-
covery of ore deposits and benefits for their exploitation.

The Board of Mines sent geological experts to work in Finland, including Daniel Tilas (1712-1772)
and Magnus Linder (1709-1799). In the report of his travel to Finland in 1737-1738, Tilas
described the bedrock and mineral occurrences of southern Finland. His visits to larger villages
were announced in churches, and people were urged to report their findings. Tilas himself carried
out exploration for ore deposits at several sites, including the newly discovered Ansoméki iron
deposit near Haveri in Viljakkala (Puustinen, 2006). In Tammela he visited a site where in 1733 a
farmer had found a large boulder containing high-grade copper ore. Tilas had recognized that
erratic boulders are generally situated southeast of their sources, which enabled him to find chalcopy-
rite-bearing veins in outcrops at Hopiavuori (later known as Tilasinvuori). The deposit was mined
in 1740-1749 (Puustinen, 2014). This is the first time that “boulder tracing” was successfully applied
to the exploration of ore deposits, long before the theory of the great Nordic continental glaciation
(Ice Age) was presented.
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Tilas’ colleague Magnus Linder was appointed to the post of deputy commissioner of mines in
Finland in 1741, but because of renewed war with Russia he could not travel to Finland until 1744.
He held the permanent post of commissioner of mines in 1747-1787. When Linder started his work,
the few existing mines and ironworks were stagnant and the mining administration was thoroughly
decayed. Linder set about reorganizing the mining industry. In 1744 he discovered the skarn-type
Sillbole iron deposit in Helsinki, which was in production in 1744—1770 and 1823—-1866. In the same
limestone-skarn horizon, a few kilometers west of Sillbole, other skarn iron deposits were found in
Hiameenkyld and Jupperi, and they were mined periodically from 1786 to 1860 (Saltikoff et al.,
1994). In 1757 the owner of the Orijérvi estate found metallic ore minerals in a rock outcrop in his
back forest, and the rock turned out to be good copper ore. The deposit was mined with some inter-
ruptions from 1758 to 1954, and during the last 30 years zinc and lead were also produced (Nikander,
1929; Turunen, 1957; Poutanen, 1996). Orijarvi was the first significant copper deposit found in
Finland (Figs. 1.1 and 1.2).

PERIOD OF RUSSIAN RULE

ORGANIZATION OF GEOLOGICAL RESEARCH AND MAIN RESULTS OF MINERAL
EXPLORATION

During the Napoleonic wars the Russian army occupied Finland in 1808-1809. Russia annexed
Finland and conveyed it the status of a Grand Duchy. Because of the war, mining and exploration had
largely ceased. The only significant discovery was that of the Kulonsuonmaiki titaniferous iron
deposit near Karkkila. It was mined in 1817-1888, and the Hogfors ironworks was built to process
the ore. The office of the commissioner of mines was weak, but the situation improved when General
Count Fabian Steinheil was appointed Governor General in 1810. Steinheil, who himself was a skill-
ful mineralogist, wanted to promote geological research, exploration, and the mining industry in
Finland. On his recommendation, the young lawyer and mineralogist Nils Gustaf Nordenskild
(1792-1866) was appointed at commissioner of mines in 1818. Nordenskiold had studied law and
chemistry under Johan Gadolin in the Academy of Turku as well as science of mining and metallurgy
in Uppsala, and he was familiar with the ore deposits of central Sweden. Steinheil arranged financing
for a three-year expedition to central and western Europe, during which time Nordenskiold got
acquainted with mineral exploration and its organization as well as other branches of the mining
industry. The office of commissioner of mines was rearranged in 1821. The leader of the office
became superintendent, and the staff was increased. Nils Gustaf Nordenskiold was appointed the first
superintendent in 1823, a post he retained until 1855. In 1858 the office was reorganized and became
the Board of Mines.

Nordenskidld reorganized the mineral exploration and the training of his staff. He gave prospec-
tors detailed directions on how to compile geological maps and collect samples. All known ore fields
were restudied and some of them were mined. Numerous new ore deposits, mainly iron deposits,
were found, and the mining compass came into use. The remarkable Jussar6 iron ore field in the
archipelago near Tammisaari was discovered in 1834, and the deposit was mined in 1834-1861.
Most of the other occurrences were quite small and were mined only briefly. A few deposits, such as
Haukia (exploited 1839—1864) and Pahalahti (1826—1854) in Kisko, and Visby in Korppoo (1839-1864)
produced thousands of tons of iron ore. The old deposits of Ojamo, Sillbole, Himevaara, Malmberg,
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FIGURE 1.1 Location of the metallic ore deposits mined in Finland in 1900-2013.
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Source: Data are from Puustinen (2002), from later ore data files of the Geological Survey of Finland, and from the publications
cited in the text.
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FIGURE 1.2 The life span of the metallic ore mines in Finland, 1900-2013, from exploration to exploitation.

Explanations: First indication of the deposit: GF, geophysical anomaly (airborne or ground); GCR, rock
geochemistry; GCT, till or stream sediment geochemistry; L, layman-sent sample; Old, old mine. Discovered by:
AE, Atomienergia Qy; ATR, Atri Oy; GTK, Geological Survey of Finland; LK, Oy Lohja Ab; MK, Malmikaivos Oy;
OK, Outokumpu Oy; OM, Otanmaki Oy; SM, Suomen Malmi Oy; VN, Oy Vuoksenniska Ab; VR, Oy Vartsila Ab.

Source: Data from same references as in Fig. 1.1.
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and Vihiniemi were again mined, and special attention was paid to the deposits of Haveri and
Juvakaisenmaa. The aim was to make Finland self-sufficient with respect to iron, but this goal was
not attained. Iron ore and raw iron were imported from the Ut mines in Sweden to the ironworks of
southern and western Finland. When large limonitic lakes and bog ores were found in central and
eastern Finland, a number of ironworks were established in those areas to work the lake ores. The
Juantehdas (Stromsdal) ironworks in Juankoski, founded in 1746, was in operation until 1911. Of the
ironworks established in eastern Finland during the nineteenth century, those of particular impor-
tance included Mohko in Ilomantsi (in operation 1837-1907), Virtsild in Tohmajérvi (1851-1920),
Varkaus (1815-1908), and Annantehdas in Suojirvi (1809-1905). In the nineteenth century, exploi-
tation of the lake ores was less expensive than mining of hard rock ores of similar iron contents, but
their utilization was hampered by high phosphorus contents. Many ironworks in eastern Finland
developed into large enterprises, which sold their products mainly to St. Petersburg (Laine, 1952).
The smelting of lake and bog ores reached a peak in the 1860s and 70s. Subsequent international
development of iron metallurgy decreased the profitability of the production of iron from lake and
bog ores, and mining ceased in the 1920s.

In 1810, copper showings and remnants of earlier mining attempts were found in the Pitkédranta area
by Russian mining officer Anton Furman on the northeastern side of Lake Ladoga, and later cassiterite
was also identified (Laine, 1952). The deposits represent skarn-type occurrences at the margin of the
Salmi rapakivi granite batholith. The deposits were mined, mainly by Russian enterprises, for copper,
tin, and iron in 1842-1904. The geology and ore deposits of the Pitkdranta area were studied in detail
by Triistedt (1907) (see Chapter 8).

In 1837, gold-bearing boulders were found near the mouth of the Kemijoki River, and Norden-
skiold enthusiastically began systematic exploration. Prospecting was continued for several years,
first in the Kemi, Tornio, and Rovaniemi areas, and then, in 1847-1848, in Kuusamo under the lead-
ership of Henrik Holmberg. Minor amounts of gold were obtained by panning in several places in
Kuusamo, but not enough to continue the extensive prospecting. When rumors of the California gold
discoveries reached Finland in 1849, Holmberg left in autumn 1849 for America to continue gold
prospecting in California and Alaska. The disappointing results of gold prospecting in Lapland
inspired Finland’s national poet Johan Ludvig Runeberg to his well-known words in the Finnish
national anthem (presented for the first time in 1848): Our land is poor, and so shall be to him who
gold will crave. It took more than 100 years to realize that Runeberg’s views were overly
pessimistic.

From the modest success of exploration, Nordenski6ld concluded that to improve the efficiency of
prospecting the whole country should be mapped geologically. On his suggestion, geological mapping
was started in southern Finland in 1860s, but it was interrupted because of new placer-type gold find-
ings in Lapland.

In 1867 and 1868, mining engineer Tellef Dahll from the Geological Survey of Norway had found
gold flakes by panning in the Tana (Teno) and Enare (Inari) rivers. These rivers mark the international
boundary between Norway and Finland, and gold was found on both sides of the boundary. In 1868, a
Finnish expedition led by mining engineer Konrad Lihr was sent to study the gold potential on the Finn-
ish side the Tana River. The occurrences proved to be uneconomic. On their return to Rovaniemi the
group performed test panning at various sites, and a promising gold occurrence was found on the banks
of the Ivalojoki River.
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During the following summer, two sailors, Jakob Ervast and Nils Lepisto, panned within one month
2 kg gold at Saariporttikoski in the Ivalojoki River. This discovery led to a gold rush to Ivalojoki. A
“crown station” was constructed at Ivalojoki River in 1870, and it became the center for the gold
diggers—in 1871 up to 500 men—who worked there. The staff of the Board of Mines superintended the
mining. Geologist A.M. Jernstrom prepared a geological map of the area at the scale of 1:800 000. The
amount of gold produced was highest in 1871 and 1872, about 56 and 53 kg, respectively, but then the
results declined and the crown station was closed in 1890. Prospecting and washing for gold moved to
the tributaries of Palsinoja and Sotajoki, then at the beginning of the twentieth century to the Laanila
area, and to Lemmenjoki River in 1945. Gold washing has continued to a minor degree. Attempts to find
economic primary gold deposits in the Laanila area in early twentieth century failed (Stigzelius, 1986).

In 1877, a geological office was founded under the Board of Mines with the aim of producing
geological maps of the whole country, and financing was arranged for 10 years. The mapping that had
been started in 1865 in southern Finland could now be continued. In 1885, the responsibilities of the
geological office were transformed to a new government agency within the Ministry of Industry, the
Geological Commission, later known as the Geological Survey.

Of the ore deposits found in the nineteenth century, the Vilimiiki titaniferous iron ore on the north-
eastern side of Lake Ladoga (Blankett, 1896) was of note. Indications of the ore, ore boulders, and a
magnetic anomaly were detected already in 1855 during H.J. Holmberg’s research trip to the area, but
the actual ore body was not found until 1889, by prospectors of a Russian company. The deposit was
mined in 1889-1910 and contained about 0.35 Mt of ore with 32% Fe and 5.5% Ti (Figs. 1.1 and 1.2).
The iron ore was transported to the Vitele ironworks in Aunus.

In connection with a railway construction, a low-grade molybdenite deposit was discovered in 1902
at Mitdsvaara in Lieksa, eastern Finland, at the contact between Archean granitoid gneiss and Sve-
cofennidic potassium granite. After several attempts to exploit the deposit, it was effectively mined by
Oy Vuoksenniska Ab in 1940-1947, producing 1.15 million tons of ore with 0.14% MoS, (Kranck,
1945; Zeidler, 1949).

DISCOVERY OF THE OUTOKUMPU (KERETTI) COPPER DEPOSIT

The discovery of the Outokumpu copper ore in North Karelia was an epoch-making achievement in the
history of the Finnish mining industry. The story of the discovery has been described in numerous
articles in Finland and abroad. The short review presented here is based mainly on Saksela (1948).

In March 1908, a large (approximately 5 m3) boulder containing ore minerals was found at three
meters depth in soil when dredging the Kivisalmi canal in Raikkyld, eastern Finland. The discoverers,
building engineer Montin and machine operators Eskelinen and Asplund, thought that the boulder
could be a meteorite; at the turn of the century, three meteorites had fallen down in Finland, including
the famous Bjurbole stone meteorite that fell in 1899 between Porvoo and Helsinki. They sent a sample
of the boulder to the Geological Survey, where it was identified as a high-grade copper ore that con-
tained the minerals pyrite, pyrrhotite, and chalcopyrite. Otto Triistedt, a mining engineer and geologist
who then worked for the Survey, visited the site of discovery. He observed that the quartzitic ore boul-
der, which was blasted into several pieces, had been rounded at the edges and situated in a till bed. No
other ore boulders were discovered at the locality.

At that time, the approximate movements of the continental ice sheet were already known from the
directions of glacial striations on outcrops. In North Karelia, there existed two directions: 105-113°
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and 165—177°. Triistedt decided not to continue prospecting solely on the basis of glacial striations. At
the beginning of the twentieth century, the fieldwork for the geological mapping at a scale of 1:400,000
had largely been completed in southeastern Finland, and some results had been published. The geolo-
gists who had conducted the mapping, B. Frosterus and W.W. Wilkman, were of the opinion that the
quartzite of the boulder could only be the so-called “Kalevian quartzite,” that was found in several
places in North Karelia. Triistedt studied in detail the Kalevian quartzite formations in Liperi and Raik-
kyld, north and northwest of Kivisalmi. In some cases the rock contained a little pyrite and pyrrhotite,
but no chalcopyrite was found.

Triistedt now returned to the site of the Kivisalmi ore boulder and carefully studied the composition
of the gravel associated with the ore boulder during dredging of the canal. His aim was to find some
clue to characterize the source locality. He found several boulders containing tremolite fels (skarn) and
black, sulfide- and graphite-rich schist. Triistedt returned to the Geological Office and showed the
samples to Frosterus and Wilkman. Frosterus remembered that in 1899 they had seen and studied simi-
lar rocks near Outokumpu Hill in Kuusjirvi, notably a hundreds-of-meters-wide mica-bearing quartzite
schist that contained of intercalations talc and tremolite schists, carbonate rock, and skarn, as well as
lenses of serpentinized dunite. Wilkman had written in his diary that the northern slope of Outokumpu
Hill contains “banded, ore-bearing quartzite.”

In the autumn of 1908, exploration moved to Kuusjdrvi. Numerous chalcopyrite-bearing ore
boulders were found in the Outokumpu area. Some ore boulders also contained uvarovite and other
chrome silicates. The area was poorly exposed, but systematic magnetic measurements revealed an
anomalous, northeast-trending zone near the assumed contact between the mica schist and quartzite
schist. In March 1909, the Senate of Finland approved 8000 marks to continue and intensify
exploration.

In the summer of 1909 several test pits were dug, first at Sdnkivaara and the Outokumpu hills and
then to the eastern side of Outokumpu. No bedrock hosted ore was found, but rocks of the quartzite-
carbonate rock association, and some copper ore boulders. Triistedt concluded that the ore must be situ-
ated in quartzite between the northernmost ore boulders and the assumed northern contact of the
quartzite against the mica schist. Because of the thick overburden, he decided to use the remaining
funds for diamond drilling. The first two drill holes did not hit ore, Triistedt paid for the third hole from
his own pocket. On March 16, 1910, the drill penetrated 9 m of high-grade copper ore containing
approximately 6% Cu. The Outokumpu deposit was discovered, about 50 km north-northwest of the
original Kivisalmi boulder. Nearly simultaneously, on March 18, the Senate appropriated 2000 marks
to continue drilling.

After the discovery of the ore it was necessary to continue exploration to determine the size, shape,
and grade of the deposits utilizing geological and geophysical (magnetic and electrical equipotential)
methods and diamond drilling. The work was financed by the State (the finder) and Hackman & Co.
(the land owner). It was soon ascertained that the ore body was at least 1400 m long. The State and
Hackman & Co. formed a general partnership named “Outokumpu Kopparverk™ to exploit the deposit.
Pilot mining was carried out in 1910-1912, and more effective mining was started in late 1913. In 1917
the mine was lent to a Norwegian-Finnish mining company Ab Outokumpu Oy, but in 1921 the State
of Finland bought up the shares of the Norwegian partner and in 1924 also the shares of Hackman &
Co. Under the leadership of Eero Mikinen, mining became productive. Later on, new mines were
opened and paving the way for Outokumpu Oy to become a significant internationally operating min-
ing company.
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EARLY YEARS OF INDEPENDENCE: 1917-1944

The discovery of the Outokumpu copper deposit in 1910 had to some extent changed the generally pes-
simistic view about the possibilities of finding economic mineral deposits in Finland. The discovery
had also shown the usefulness of new exploration methods, boulder tracing, geophysical measure-
ments, and diamond drilling. Further optimism resulted from the discovery of some minor sulfide ore
deposits in eastern Finland, including the pyrite deposits of Otravaara in Eno and Tipasjirvi in Sot-
kamo. The Otravaara pyrite ore body was discovered in 1918 on the basis of an ore boulder sent to
Suomen Malmitutkimus Oy (Finnish Ore Exploration Co.) in Helsinki. Aarne Laitakari, the director of
the company, found more ore boulders, had small trenches dug through the till cover near the boulders
and across the strike of foliation, and found the ore body hosted by sericite quartzite (Saxen, 1923). The
deposit was exploited in 1919-1924 by Suomen Mineraali Oy. The important nickel-copper deposits
of Petsamo were discovered a few years later (1921).

To promote exploration for mineral deposits, Pentti Eskola, Eero Mékinen, and some other
geologists from the Geological Survey wrote in Finnish and Swedish articles and booklets on
Finnish mineral deposits and their exploration, as well as possibilities for evolution of the mining
industry.

DISCOVERY OF THE PETSAMO (PECHENGA) NICKEL-COPPER ORE DEPOSITS

In 1920, in the Peace Treaty of Tartu, Petsamo (Pechenga), a strip of the Arctic coast between the
Soviet Union and Norway, was incorporated into the new Republic of Finland. In spring 1921 the
Geological Survey of Finland sent two students, Alppi Talvia and Hugo Tornqvist, to study if the
banded iron formations of Sydvaranger in Norway continue across the border to Petsamo. No
extension of the iron ores could be found, and the group moved from Salmijirvi east to the fells of
Petsamo. In Kotseljoki, on the western end of Kammikivitunturi, Tornqvist found a rusty sulfide-
bearing rock that could be followed on the ground as a magnetic anomaly. Later the rock was iden-
tified by the Geological Survey as nickel-copper ore. In 1922 the studies were led by Dr. Hans
Hausen, an experienced geologist, and Tornqvist was his assistant. During the short Arctic summer
they succeeded in establishing the main geological frameworks of the nickel ore. Nickel occur-
rences were found in an 80-km-long bent schist belt (greenstone belt) that extended from the Nor-
wegian border across Petsamo to border with the Soviet Union. The belt included mafic—ultramafic
metavolcanic and intrusive rocks and metasediments. The Kotseljoki Ni-Cu occurrence was inter-
preted to be hosted by a dike, whereas the other occurrences were disseminations in ultramafic
rocks (Hausen, 1926).

The next expedition was took place in 1924 under the leadership of Dr. Viino Tanner; other
members were Hans Hausen, H. Tornqvist, and J.N. Soikero. Tanner also led the annual field cam-
paigns during the following years until 1931, followed by Dr. Heikki Vdyrynen until 1934. During
these years, the exploration comprised detailed research in the long but narrow ore-bearing zone
characterized by phyllites or black schists and mafic—ultramafic (ferropicritic) volcanic and plu-
tonic rocks (Vidyrynen, 1938). Magnetic, electric equipotential, and, since 1927, electromagnetic
geophysical techniques were used along with geological mapping. Diamond drilling was carried
out at selected localities. Due to the lack of local roads, the research equipment had to be carried
to the fells by men or reindeers. For several years the researchers also had to prepare basic maps.
The work became much easier in the early 1930s when airborne photographs became available.
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When the Geological Survey finished exploration in Petsamo in 1934, more than 10 ore deposits
had been found, including the Kaulatunturi, Kammikivitunturi, Onkitunturi, Ortoaivitunturi, and
Pilgujdrvi deposits. The ore resources of the Kaulatunturi deposit were estimated to be at least 5
million tons (Haapala, 1945).

By 1933 it had become clear that mining metallic would be profitable at the Kaulatunturi deposit.
At the time, Outokumpu Oy, the country’s only company metallic ore, did not have the financial
resources to found a new mine in the wilds of Lapland. Under these circumstances, it was logical to
seek a foreign partner. After long and thorough negotiations, in the summer of 1934 the Government of
Finland concluded an agreement with the Mond Nickel Company (London), a subsidiary of the Cana-
dian International Nickel Company (INCO), for exploitation of the ore. For operations in Finland,
Mond Nickel Company established the company Petsamon Nikkeli Oy. Exploration continued under
the leadership of Dr. Paavo Haapala, and construction for mining of the Kaulatunturi deposit began.
From autumn 1940 to autumn 1944 Petsamon Nikkeli Oy was in partnership with the German company
I.G. Farbenindustrie AG, and after the Second World War the district of Petsamo was incorporated into
the Soviet Union (Autere and Liede, 1989; Vuorisjirvi, 1989).

OTHER EXPLORATION FOR ORE DEPOSITS

In the mid-1930s, when Finland’s economy slowly started to recover from the global economic depres-
sion, the government aimed to support mineral exploration in order to find new ore deposits and thereby
strengthen economic development. The Geological Survey received new statutes in 1936, which, with-
out neglecting basic research, emphasized the role of practical geology. Three research fields were
defined: ore geology, bedrock geology (petrology, Precambrian geology), and geology of surficial
deposits (Quaternary geology). The number of staff was increased. The new director, Aarne Laitakari,
supported public enlightenment on geology by giving lectures and writing newspaper articles and
books directed to a broad audience. University professors Pentti Eskola and Matti Sauramo wrote
popular textbooks and in their presentations highlighted geology as an important future field of science.
The number of geology students increased, and many of them found their places in ore exploration and
the mineral industry.

Outokumpu Oy carried out exploration for ore deposits in North Karelia in 1935-1939 under the
project named Suuri Malminuotta (the Great Ore Seine Operation). A number of students from the
University of Helsinki participated in the program under the leadership of Paavo Haapala. The students
received both theoretical and practical training in exploration, and many of them were subsequently
employed by Outokumpu Oy or the Geological Survey.

In 1935, a new company, Suomen Malmi Oy, was established to carry out ore exploration, includ-
ing geological and geophysical methods and deep drillings. In the 1930s, the company participated
in exploration in the Pitkéranta ore field and several other areas (e.g., the iron ore fields of Porkonen-
Pahtavaara, Misi, and Kirvisvaara in Lapland). Local villagers had already discovered the Kirvidsvaara
occurrence in 1921 on the basis of magnetic anomalies and digging. In 1937-1938, Suomen Malmi
carried out geological mapping, magnetometric measurements, and diamond drilling at the locality,
and sank a 20-m-deep shaft into the ore. Although the iron content was reasonably high (=50% Fe),
the locally high sulfide content and scattered distribution of iron decreased the quality of the magnetite
ore. When negotiations of the mining rights failed. Suomen Malmi Oy stopped exploration at Kérvisvaara
(Olson, 1937).
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In the second half of the 1930s, the Geological Survey received two important ore boulder speci-
mens from local farmers. In 1936, Kusti Ainasoja sent rusty, sulfide-bearing samples from Hosionpera
in Jarvikyld, Nivala, which caused a short visit to the locality obtain unaltered samples. An analysis of
an unaltered sample from the original, serpentinite boulder showed 0.63% Ni and 1.7% Cu. The area
was poor in outcrops and no serpentinite rocks were known to exist in Nivala. The succeeding field
studies in 1936 and 1937 revealed a narrow, several kilometers long ore boulder fan in the area. Mag-
netic and electromagnetic measurements showed anomalies near the northwest end of the boulder fan,
and soon thereafter the Makola nickel deposit was found by diamond drilling. In 1939 biogeochemical
studies— based on the ash of birch leaves—showed anomalous Ni contents in the same area. The ore
was exploited by Outokumpu Oy from 1941-1954.

In 1937, Kalle Leppénen sent a pyrite-rich boulder specimen from a Jarvenpié farm in Ylgjarvi,
about 20 km northwest of Tampere. State geologist Martti Saksela became interested in the sample:
it contained abundant pyrite in a sericite schist and resembled the ores of Otravaara and Karhunsaari
that he had studied earlier. He visited the locality and recognized in the schist a zone of sericite-
quartzite (metasomatic “ore quartzite”) that contained small amounts of pyrite. A prospecting team
was moved to the area. Numerous boulders containing sulfides in sericite schist were found, and a
2-km-long sericite schist zone was outlined. About 5 km south of the Jirvenpéd farm, the team found
several breccia boulders, which contained fragments of mafic metavolcanic rocks in a matrix com-
posed of tourmaline, quartz, chalcopyrite, and arsenopyrite.

The boulder fan guided prospectors to the shore of the small Paronen Lake where tourmaline
breccia was found in outcrop, but without chalcopyrite. Field studies, including magnetic surveys
and diggings, were continued in summer 1938 under the leadership of Dr. Erkki Mikkola, and the
Y16jdrvi or Paronen copper deposit was found near the southern end of the lake. Diamond drilling
was started at the end of 1938, and in spring 1940 the research material was assigned to Outokumpu
Oy. Mining of the copper ore started in 1942. In 1945, a mineral resembling quartz was found in the
ore and identified as scheelite, and after this discovery tungsten became an important by-product. In
1942-1966, about 4 million tons of ore with 0.76% Cu were mined, producing 28,000 tons Cu, 427
tons W, 49 tons Ag, and 270 kg Au (Himmi et al., 1979).

In 1937, two summer assistants of the Geological Survey found two high-grade Fe-Ti ore boulders
near the Sukeva prison in the municipality of Sonkajarvi, between lisalmi and Kajaani. The following
summer, detailed studies were began to find the source of the boulders. Neither new ore boulders nor
ore-bearing outcrops were found. At the same time, Quaternary geologists were mapping surficial
deposits in Vuolijoki, some 30 km northwest of Sukeva, and they observed strong compass distur-
bances in a place called Otanméki. When the explorer group, led by Veikko Padkkonen, heard of this,
they moved from Sukeva to Otanméki, and soon found strong magnetic anomalies and iron ore out-
crops (Pidkkonen, 1952). The ore consisted of similar titaniferous magnetite ore as the Sukeva boul-
ders. In the next few years, the area was surveyed in detail. Several Fe-Ti-V ore bodies were located in
a gabbro-anorthosite complex, and diamond drilling verified the economic significance of the deposit.
Because of metamorphic recrystallization, magnetite and ilmenite occurred as separate grains, which
was an advantage in processing the ore (Pdidkkonen, 1956). The Otanmiki and adjacent Vuorokas
deposits were mined in 1953-1985, first by Otanméki Oy and, since 1968, by Rautaruukki Oy. Alto-
gether, approximately 31 Mt of Fe-Ti-V ore was mined, and significant resources still remained.

In addition to the activities described, two private companies, Atri Oy and Oy Vuoksenniska Ab,
prospected for ore deposits in the 1930s and 40s. Atri Oy was especially active in Lapland, where the
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most important occurrence was the Sirkka gold prospect (“Sirkka mine”) in Kittild. The Sirkka pros-
pect was composed of hydrothermal gold and sulfide-bearing veinlets in the greenschist facies rocks of
the greenstone belt of central Lapland. After Atri Oy, the prospect was studied intensely by Oy Vuok-
senniska Ab, Outokumpu Oy, and the Geological Survey (Eilu et al., 2007). Vuoksenniska studied the
Mo deposit of Mitédsvaara and the old Haveri iron deposit. During a visit to the old Haveri iron mine
in 1935, Professor Hans Hausen from Abo Akademi University and mining counselor Bengt Gronblom
from Oy Vuoksenniska Ab took specimens from the mining waste. Analyses showed that the specimens
contained considerable contents of copper and a few grams of gold per ton. This led to intense new
geological and geophysical studies with diggings, diamond drilling, and to sinking of an exploratory
shaft in the iron ore at Kruuvanmiki, under the leadership of Kurt Lupander. Vuoksenniska started min-
ing in 1942, and when the mine was closed in 1960 it had produced about 1.5 Mt of ore at 2.8 ppm Au
and 0.37% Cu.

The prospecting company Malmikaivos Oy was founded in 1941. It was first a subsidiary of
Yhtyneet Paperitehtaat Oy (the United Paper Mills Company) and later of Myllykoski Oy. Dr. Martti
Saksela was appointed the director and Dr. Erkki Aurola the chief geologist of the new company.
They placed extensive advertisements in newspapers requesting ore samples from laypersons, and
the company soon received abundant specimens. The Luikonlahti copper occurrence in Kaavi
became the main exploration target. The prospect had been studied since 1910 by Hackman & Co.,
the Geological Survey, Outokumpu Oy, and Ruskealan Marmori Oy, before Malmikaivos Oy started
long-lasting detailed research in early 1940s.

THE YEARS 1945-2013

After the two lost wars, the Winter War in 1939-1944 and the Continuation War in 1941-1944, Finland
was smaller and poorer than before, and heavy war reparations had to be paid to the Soviet Union.
Without copper production from the Outokumpu mines, the metal industry of Finland would not have
been able to fulfill the reparation contracts (Kuisma, 1985, p. 235). There was a global shortage of raw
materials, and Finland needed metals for industry and foreign currency. In this difficult situation the
government wanted to support and strengthen the mineral industry and ore exploration, which turned
out to be a far-sighted decision.

EXPLORATION BY THE GEOLOGICAL SURVEY

Evolution of the exploration organization

The Geological Survey got new statutes in 1946. The Survey was divided into four departments: Explo-
ration Geology (headed by Dr. Aarno Kahma), Petrology (headed by Dr. Ahti Simonen), Quaternary
Geology (headed by Dr. Esa Hyyppd), and Chemistry (headed by Lauri Lokka). The number of staff
was increased from 14 in 1935 to 143 at the end of 1959, reaching the maximum 944 persons in 1988
(Kauranne, 2010). The Exploration Department, had a central position in the Survey, but all depart-
ments had good collaboration. For example, the Petrologic Department selected the areas for the geo-
logical mapping on a scale of 1:100,000 partly on the basis of ore-geological aspects. Kahma and
geophysicist Mauno Puranen developed and applied airborne geophysical and ground geophysical
methods for exploration.
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Airborne magnetic mapping from the flight altitude of 150 m was started in 1951, electromagnetic
mapping in 1954, and radiometric mapping in 1956. Since 1972, airborne geophysical mapping has also
been conducted from the altitude of 30 m. The airborne maps have been useful in mineral exploration and
bedrock mapping. The airborne geophysical surveys were started by the Exploration Department, but in
1972 a new Geophysical Department was established for these and related surveys. Maunu Puranen was
appointed the head of the new department. The first geochemical studies for local ore exploration were
conducted in the late 1930s, and in the 1950s till geochemical studies became a part of the exploration
program. A separate unit, the Geochemical Department, was established in 1973 to carry out systematic
geochemical mapping, and Professor Kalevi Kauranne was appointed as the first head. In the mid-1970s,
in keeping with the national decentralization program, the Geological Survey established offices for
fieldwork in different parts of the country. In the late 1970s, they were grouped into three regional offices,
one in Rovaniemi for Northern Finland, one in Kuopio for Mid-Finland, and one (with headquarters) in
Espoo for Southern Finland. In 2004 the fourth regional office was established in Kokkola for Western
Finland. Aarno Kahma was succeeded as the head of the Exploration Department by Dr. Lauri Hyvirinen
in 1979-1981, Dr. Jouko Talvitie in 1982—-1995, and Dr. Pekka Nurmi in 1995-1998.

Ore Exploration

The reorganized Geological Survey had considerable exploration success. A number of deposits were
discovered during the time Aarno Kahma acted as the department head in 1946-1977: the Vihanti Zn-Cu
deposit, the Korsnds Pb deposit, the Petolahti Ni-Cu deposit, the Kemi Cr deposit, the Hitura Ni-Cu
deposit, the Virtasalmi Cu-deposit, the Pyhdselkd (Hammaslahti) Cu deposit, and the Talvivaara Ni-Cu-
Zn deposit.

In 1936, the Geological Survey received several sulfide ore samples from the Alpua village in
Vihanti, sent by Juho and Atte Lumiaho and Jaakko Salo. Dr. Sampo Kilpi’s team carried out boulder
tracing and geological mapping in the area. The new Zn-rich boulder sample sent in 1939 by Edvard
Keséldinen from Torméperd and the pyrite ore samples sent in 1941 by Atte Lumiaho from silty basal
till in Rantala reactivated the research. Because of the glacial overburden, the exploration was started
with detailed Quaternary geological studies led by Simo Kaitaro and Esa Hyyppa. The studies indicated
that the glacial transport had been from west-northwest to east-southeast and that the boulders had not
traveled long distance from their sources (Hyyppd, 1948). The prospecting continued in 1945-1949 in
the possible source area (ca. 18 km?) with magnetic, electromagnetic, and gravimetric surveys led by
Drs. Paavo Haapala, Aarno Kahma, and Aimo Mikkola. Diamond drilling in 1947-1950 into geophysi-
cally promising sites led to the finding of an important Zn-Cu deposit at Lampinsaari. Outokumpu Oy
exploited the Vihanti deposit in 1954-1992, and the total production of zinc ore was 27.9 Mt.

Exploration in Korsnis was started in 1951 on the basis of the galena-rich carbonate rock specimen
that Gottfrid Pistol had found in 1950 from the bank of Poickelbéck creek. The exploration was led first
by Max Kulonpalo and later by Dr. Oke Vaasjoki. Again, the studies were started with boulder tracing
and other geological observations. This resulted in a collection of different types of carbonate rock
boulders in a wide area where the prevailing rocks were mica gneiss and mica schist. Lauri Hyvirinen
was able to construct from mutually similar carbonate rock boulders four different, narrow boulder fans,
which had the axial direction of approximately 165°, corresponding to the youngest of the three glacial
striae directions known from the Vaasa region. Systematic geochemical studies of till were started in
1953. They showed four lead anomaly fans that coincided well with the boulder fans (Hyvirinen, 1958).

Diamond drilling was started in 1953 after magnetic, electromagnetic, and gravimetric measure-
ments. The so-called Héppeltrisk lead ore body was discovered in 1955 at the tip of the strongest till
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anomaly, and the Poickelbdck prospect was founded in 1956 at the tip of the most well-defined boulder
and lead anomaly fan. The Hippeltrisk deposit was a galena-bearing calcite and pegmatite vein complex
in a shear zone. It was estimated to contain at least 0.7 Mt of ore with 3.5-5.5% Pb. The deposit was
mined in 1957-1972 by Outokumpu Oy. A by-product, apatite concentrate, was obtained for separation
of lanthanides (Himmi, 1975). The small Petolahti nickel-copper deposit in Maalahti was discovered in
1958 on the basis of a boulder sample found by G. Pistol. It was a small deposit in a differentiated Sub-
jotnian diabase dike (Ervamaa, 1962). The deposit was exploited by Outokumpu Oy in 1972-1973.

In 1953, Jopi Malinen sent to the Geological Survey a boulder sample containing native antimony
as large, cm-sized crystals and disseminations in silicified rock, discovered in Térnévé, Seinédjoki. Vari-
ous geological, geophysical, and geochemical methods, as well as excavations and diamond drilling,
were applied in search for the source, under the direction of Veikko Piaikkonen. As a result of the stud-
ies in 1953-1958, two ore zones, about 50 m apart, were found in schists, totaling about 0.5 Mt of ore
with 0.51-1.37% Sb and variable Au contents (Pddkkonen, 1966). During renewed exploration led by
Veijo Yletyinen in the 1970s, another deposit with about 0.4 Mt of ore averaging 0.7% Sb was discov-
ered, as well as a cassiterite-bearing pegmatite lens with 0.14 Mt of rock containing 0.3% Sn. The
prospects of Tornidva have not been mined.

An important chain of events in the mineral history of Finland took place in spring 1959 when a diver
and amateur prospector Martti Matikainen sent a pyrite- and magnetite-bearing specimen from Kemi to
the Geological Survey. When geologist Pentti Ervamaa visited Kemi, Matikainen showed him other speci-
mens he had collected from a new freshwater canal in Elijédrvi, near the city of Kemi. A heavy ultramafic
rock sample turned out to represent chromium ore. Exploration was started under the leadership of Valto
Veltheim, and soon a chromite-rich layer was discovered in an altered ultramafic rock. In the winter of
1959-1960), all available working resources of the Geological Survey were concentrated on this research
area; by the end of May 1960, 29 holes had been drilled into the prospect. It was calculated that the deposit
contained at least 7.6 Mt of ore with more than 30% Cr, 03, situated in a layered mafic—ultramafic intrusion
(Kahma et al., 1962). The results were passed to Outokumpu Oy in May 1963 (Alapieti et al., 1989). After
follow-up studies and process development, the decision was made to open a mine in 1964, and the produc-
tion started in 1969. By 2010, approximately 37 Mt of ore had been mined, and the mining operations
continue.

In connection with the exploration around the Makola deposit in Nivala in late 1930s, a low-grade
Ni-Cu dissemination was found in serpentinite about 5 km northeast of the Makola deposit. In the
1960s, the Geological Survey returned to the Hitura locality. Airborne geophysical surveys indicated
that the Hitura ultramafic intrusion is more extensive than previously supposed. After detailed ground
magnetic and electromagnetic surveys, diamond drilling was started at the northern margin of the ser-
pentinite intrusion, and a new semicircular Ni-Cu deposit following the margins of the serpentinite
body was found in 1963. The deposit was estimated to contain 5 Mt of ore with 0.75% Ni and 0.28%
Cu. The exploration at Hitura was led by Veijo Yletyinen. The prospect was handed over to Outokumpu
Oy in 1964. After continued drilling, underground test mining at the 205 m level with related concen-
tration tests, and feasibility studies, mining was started in 1970 (Papunen et al., 1997).

In the 1960s, the Geological Survey carried out extensive exploration, led by Lauri Hyvérinen, in
the Juva-Virtasalmi area in eastern Finland to find the source of the numerous copper ore boulders
found in this area. The chalcopyrite-bearing skarn boulders contained reddish-brown garnet of similar
composition, suggesting that they all were of the same source. The prospecting was directed to the
northeastern end of the long boulder fan. A chalcopyrite-bearing skarn outcrop was discovered in 1964
at Héllinmaiki, a hamlet of Narila in the municipality of Virtasalmi, and in 1965-1966 87 holes were
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drilled in the occurrence. The deposit was estimated to contain at least 2 Mt of ore with 0.5% Cu
(Hyvirinen, 1969). The Héallinméki (Virtasalmi) deposit was handed over to Outokumpu Oy in 1966.
The deposit was mined from the end of 1966 until 1984 producing 4.18 Mt ore averaging 0.78% Cu.

A chalcopyrite-bearing ore boulder discovered in 1960 at Petdjdvesi in the municipality of Pihtipudas,
led to systematic exploration. Magnetic and electromagnetic anomalies in the Murtoselkd area in the
Sdvid schist sequence, in the municipality of Pielavesi, led to drilling in 1966—-1967 and the discovery
of the Sdvid Zn-Cu deposit. The estimated ore reserves are about 4 Mt of copper ore with 1.1% Cu and
zinc-bearing pyrite ore with 2% Zn and 33% S. Because the deposit is located beneath a lake, it has not
been exploited, but it is a future reserve. Aatto Laitakari was in charge of the exploration.

In connection with geological bedrock mapping, in 1966 Osmo Nykinen from the Petrology
Department of the Geological Survey detected chalcopyrite in graywacke schist at Hammaslahti in the
municipality of Pyhéselki, and he informed the Exploration Department of the matter. Detailed explo-
ration, including geological and geophysical studies, was undertaken under the leadership of Lauri
Hyvérinen in 1967-1968 in the locality. It was observed that the Cu-mineralized rock was situated in
an electromagnetic anomaly zone. The first drill holes immediately below and on the sides of the first
chalcopyrite showing yielded hardly any copper or contained only iron sulfides. Before finishing the
exploration, it was decided to drill one more hole, which should meet the possible continuation of the
chalcopyrite-bearing zone at a depth of 50-60 m. This “last” hole penetrated better quality chalcopyrite
dissemination than the surface samples, and the deep drilling was continued. The deposit was investi-
gated by 88 drill holes, and the estimated resources amounted to 3 Mt of ore containing on average
1.2% Cu. Besides chalcopyrite, the deposit contained pyrrhotite, pyrite, and sphalerite. The deposit was
exploited by Outokumpu Oy in 1973-1986.

In 1968 the Geological Survey received an albite-rich sample with 3.8% Cu, sent by Matti Vinni
and taken from an outcrop at Riikonkoski in the municipality of Kittild, within the greenstone belt of
central Lapland. Geological mapping and ground geophysical survey were carried out the following
year, and on the basis of received information, 33 holes were drilled in 1970. It was estimated that the
so-called eastern ore contained about 2.5 Mt of rock with 0.68% Cu, and the western ore about 6.5 Mt
of rock with 0.41% Cu. The prospect has not been exploited.

In 1969, the Geological Survey started systematic exploration in the areas of differentiated mafic
intrusions in Lapland. The first targets were the Koitelainen and Akanvaara intrusions that, according
to recent age determinations, are 2.45 Ga old, and the 2.05-Ga-old Kevitsa (Keivitsa) ultramafic
intrusion, all in the Neoarchean—Palaeoproterozoic volcanic-sedimentary greenstone belt of central
Lapland, in the municipality of Sodankyld. A number of researchers participated in the studies, but
the main merits of the geological achievements go to Tapani Mutanen.

The exploration in the Koitelainen area was initiated by the discovery of a Ni-anomalous weathered
ultramafic rock in spring 1969 in Rookkijérvi, in the western part of the Koitelainen intrusive complex.
The exploration work continued with varying intensity and different targets for more than 20 years. In
1969, the main interest was in the Pd-anomalous rocks in the lower parts of the intrusion. In 1973-1977, the
roughly 20 x 27 km intrusion was mapped geologically, and showings of different ore types were
discovered, including magnetite- and ilmenite-rich ultramafic pegmatoid pipes and V-rich magnetite gab-
bros enriched in platinum-group elements (PGE). The magnetite gabbro also contained a 2-m-thick layer
with 2-2.5 ppm Au. A low-altitude airborne magnetic survey and ground geophysical measurements
were used in the exploration. The most interesting discovery was in 1977 when the last two of the 24
drill holes planned for the Koitelainen intrusion intersected a chromitite layer (UC) in the northeastern
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part of the intrusion. In 1978-1982, the UC chromitite layer was drilled in different parts of the intrusion.
Chromitite layers (LC) were found also in pyroxenite near the base of the Koitelainen intrusion. In 1983—
1985, Mutanen continued the geological mapping. In 1985-1989, the main interest was in the exploration
and study of the PGE showings in different parts of the intrusion.

Mutanen (1997) identified three main zones in the layered mafic—ultramafic series of the Koitelainen
intrusive complex: the ultramafic Lower Zone (LZ; dunites, peridotites, pyroxenites), the mafic Main
Zone (MZ; gabbros, norites), and the Upper Zone (UZ; gabbros, anorthosites, magnetite gabbros).
Above the layered series is granophyre. The total thickness of the intrusive complex is 3.2 km. Of the
different ore types of the Koitelainen intrusion, the upper chromitite layer (UC) appears to be the most
promising. It extends along a strike of 56 km, is 1.2—1.3 m wide, and its average Cr,0O5 content is about
20%, with 1.1 ppm PGE. It may be regarded as a future reserve.

The Akanvaara layered mafic intrusion is located about 80 km southeast of Koitelainen. It is
15 km x 7 km in size and resembles the Koitelainen intrusion in occurrence and layered structure.
Lower and upper chromitite layers and local PGE enrichments were found there.

The exploration of the Kevitsa (Keivitsa) ultramafic-mafic complex was prompted by the glacial
erratics of ultramafic rocks with disseminated Cu-Ni—sulfides that Mutanen discovered in 1973.
The first diamond drill holes in 1984 intersected several meters of sulfide-rich rock at the basal contact
of the complex, but it proved to be “false ore,” pyrrhotite-rich sulfides with low base and precious metal
values. Outokumpu Oy’s exploration department had previously studied this occurrence with similar
negative results. Systematic ground magnetic and electromagnetic surveys and geochemical sampling of
the basal till in 1984—1987 gave anomalies that were drilled in 1987. The two last of the planned 24 drill
holes intersected 22-24 m of disseminated ore with 0.36% Ni, 0.40% Cu, and 1-1.4 ppm PGE + Au.
Subsequent drilling programs at Kevitsa in 1990 and 1992-1995 delineated a large low-grade Cu-Ni-
PGE-Au deposit. The deposit was composed of three main types: the irregular ore that makes up the main
ore and typically contains 0.4-0.6% Cu, 0.2-0.4% Ni, and 0.015% Co, as well as 0.6—1.0 ppm Pt + Pd +
Au; the false ore that contains >5% S but generally <0.1% Ni; and the Ni-PGE ore that occurs as pipe-
like bodies and contains >0.5% Ni and 1-27 ppm PGE (Mutanen, 1997; Térménen and Iljina, 2007).

After the Geological Survey left the final research report to the Ministry of Trade and Industry in
1994, the rights to the Kevitsa deposit were sold to Outokumpu Oy. Outokumpu made follow-up and
feasibility studies in 1995-1998, but resigned the rights to the large but low-grade deposit. Scandina-
vian Gold Prospecting AB (later Scandinavian Minerals Ltd.) claimed the deposit in 2000 and planned
to open the Kevitsa multimetal mine. First Quantum Minerals Ltd. (FQM) bought Scandinavian Miner-
als Ltd. in 2008, and started production in 2012. In December 2012, the FQM Kevitsa Mine published
the proven and probable mineral resources as 157 Mt, with Ni 0.31% and Cu 0.41%, and precious
metals Pd 0.18, Pt 0.24, and Au 0.12 ppm.

The black schists or graphite-bearing phyllites of the Talvivaara area in the municipality of Sot-
kamo have been known for their high sulfide contents since regional geological mapping began in
1902-1926. They were explored briefly by Oy Prospector Ab and the Geological Survey in 1930s, and
in more detail by Suomen Malmi Oy in 1961-1962, paying special attention to their high contents of
Cu, Ni, and Zn. More serious exploration was carried out by the Geological Survey in 1977-1984 to
decipher the ore potential of the metal-bearing black schist. The leader of the exploration team was Dr.
Pentti Ervamaa. Two test holes drilled in 1977 showed promising and uniformly distributed Cu, Ni, and
Zn contents in the black schist, and in the following years an extensive exploration program was carried
out. The exploration comprised, besides geological field and laboratory studies, geophysical (magnetic,
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electromagnetic, gravimetric) measurements and lithogeochemical studies. Altogether, 95 holes were
drilled in the anomalous black schist, mainly with 170-200 m profile distances. Of the geophysical
methods used, only the multifrequency slingram measurements could be applied to outline the mineral-
ized zones from barren black schist.

The main ore minerals were pyrite, pyrrhotite, sphalerite, chalcopyrite, pentlandite, galena, alaban-
dite, ullmannite, stannite, and molybdenite. Scintillometric measurements of the drill cores indicated
relatively low uranium contents. For the main mineralized zones of the Talvivaara area, Kolmisoppi
and Kuusilampi, the following estimates were reported in 1980 and 1986: Kolmisoppi, 81 Mt of rock
averaging Cu 0.14%, Ni 0.27%, Zn 0.54%, Co 0.02%, Mn 0.32%, S 10.37%, C 7.1%, V 657 ppm, and
Mo 103 ppm; and Kuusilampi, 221.4 Mt rock with Cu 0.14%, Ni 0.26%, Zn 0.54%, Co 0.02%,
Mn 0.36%, S 8.54%, C 7.8%, V 614 ppm, and Mo 101 ppm. The geochemistry of the black schist has
been studied by Loukola-Ruskeeniemi (1991).

In 1986, Outokumpu Oy received the mining rights to the Talvivaara deposits. Diamond drilling
was continued and extensive feasibility studies were carried out. Although the deposit was large, it was
considered too low grade for conventional technologies. Outokumpu tested and developed bioheap
leaching technology to extract nickel and other metals. Outokumpu sold the mining rights and research
results at a formal price to Pekka Perd, a former Outokumpu employee, and the Talvivaara Mining
Company was established in 2004. After the permits to commence mining were obtained and necessary
constructions were made, metal production was started in 2008 utilizing the bioheap leaching technol-
ogy. Since 2012 the company has had serious problems, mainly because of environmental accidents
and unfavorable metal price evolution.

In the late 1970s, the Geochemical Department of the Geological Survey carried out regional geo-
chemical till sampling (1 composited sample / 16 km?) in the area of the Archean Hattu schist (green-
stone) belt in eastern Finland. Emphasis was on base metals, but no significant occurrences were
found. Reanalysis of the finest faction (grain size < 0.06 mm) of the till samples in 1982 revealed
distinct W and Mo anomalies in the southern part of the Hattu belt, and scheelite grains were observed
in the heavy mineral fractions of the corresponding samples. A more detailed geochemical sampling
focused on a promising anomaly in the Kuittila area. Subsequent excavations and deep drillings
resulted in the discovery of tonalite-hosted quartz veins carrying scheelite and molybdenite, and soon
also gold disseminations were found in the quartz and sericite-rich shear zones (Nurmi et al., 1993).
There was additional interest in the area from 1985 to 1987 when Outokumpu discovered a promising
gold occurrence in a shear zone at Rdmepuro, approximately 15 km north of Kuittila, on the basis of
a copper- and gold-bearing sample taken by an amateur prospector from a small creek bank outcrop.
The geochemical till anomalies and gold discoveries indicated gold potential of the Kuittila sub-belt
and the whole Hattu schist belt.

In 1986-1992, the Geological Survey carried out the extensive and successful Ilomantsi
Gold Project, which covered large parts of the Hattu schist belt and comprised detailed geological-
petrological studies (geological mapping, geochemical and isotopic studies) and ore exploration (till
and rock geochemical studies, geophysical exploration, mineralogical, isotopic and fluid inclusion
studies). Till geochemistry turned out to be a very effective method in prospecting for gold. Regional-
scale sampling (1 composite sample / 16 km?) was sufficient for finding gold provinces; sampling
density of 16 bottom till samples / km? was suitable for delineating gold-bearing zones; and for pros-
pect-scale exploration, sampling of bottom till and underlying rock specimens at 10 m intervals along
traverses 100-300 m apart was needed (Hartikainen and Nurmi, 1993). A number of significant
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gold deposits, prospects, and showings were found along the >40-km-long Au-anomalous zone, the
Karelian Gold Line, in the Hattu schist (greenstone) belt. Of the nine gold prospects (Kuittila,
Kelokorpi, Korvilansuo, Kivisuo, Elinsuo, Muurinsuo, Ramepuro, Ward, and Korpilampi) described by
Nurmi et al. (1993), all but the Rdmepuro prospect were found from sites indicated by till geochemis-
try. The Ilomantsi Gold Project was coordinated by Pekka Nurmi, while practical exploration was man-
aged by Martti Damsten and Aimo Hartikainen. The research results of the project were published in
a volume of 15 articles, edited by Nurmi and Sorjonen-Ward (1993).

After the end of the Ilomantsi Gold Project, the so-called Ward prospect was exploited under the
name Pampalo Mine by Outokumpu Mining in 1996-1999, producing 0.114 Mt of ore at 15.3 ppm Au.
When Outokumpu withdrew from mining activities, the rights to the deposit were sold in 1994 to Polar
Mining Oy, a Finnish subsidiary of Australian mining company Dragon Mining, and two years later the
rights were transformed to Endomines Oy. Endomines has constructed the necessary ore processing
plants and continued inventory of the deposits. Plans exist to continue mining at Pampalo and start
exploitation of some other deposits in the Hattu schist belt.

In the 1970s, the Geochemical Department carried out regional geochemical mapping along lines
(“line geochemistry”) in the Central Lapland Greenstone Belt. The concentration of Si, Al, Fe, Mg, Ca,
Na, K, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Pb, and Ag were analyzed. The area of the Sattasvaara komatiite
complex was characterized by elevated contents of Mg, Cr, Ni, and Co, and several local Cu anomalies
appeared in the monotonous komatiitic environment indicating sulfide mineralization. Additional geo-
chemical till sampling was carried out with a grid of 50 x 100 m in the winter of 1984-1985 to check the
Cu anomalies, and also Au was analyzed. A distinct Au anomaly was found in Pahtavaara, and follow-up
studies, including sampling of the bedrock surface by percussion drilling and excavated trenches, unearthed
an altered zone containing visible gold in 1985 between komatiitic lavas and tuffites (Pulkkinen et al.,
1986; Korkiakoski, 1992). The exploration was continued with diamond drilling and geophysical mea-
surements to delineate the occurrence. The deposit was mined by Terra Mining in 19962000 and by Scan
Mining in 2003-2014. The ore resourced were estimated by Scan Mining in 2005 as 3 Mt at 3.2 ppm Au.

The Geological Survey launched a new project in 1986, led by Ilkka Harkonen, to work up the gold
potential of the Palaeoproterozoic greenstone belt of central Lapland. On the basis of low-altitude air-
borne surveys and geochemical sampling, four targets were selected for detailed studies in the Kittild
area: Soretiavuoma, Suurikuusikko, Kuotko, and Petidjdselkd. Soon a small pocket containing visible
gold in a quartz-carbonate vein was discovered in a road cut about 4 km south-southwest of Suuri-
kuusikko, which gave an additional impetus to the project. Ground geophysical (magnetic, electromag-
netic, gravimetric) and geochemical sampling carried out in the selected areas indicated that the target
areas of Soretiavuoma, Suurikuusikko, and Kuotko were all located in the same, north-trending Kiistala
shear zone. Diamond drilling across this shear zone was started in 1987 at Suurikuusikko, and the first
drill hole penetrated the silicified and albitized shear and breccia zone, which contained pyrite and arse-
nopyrite as well as 6.8 ppm Au/ 8 m (Harkonen and Keinédnen, 1989). Exploration and drilling continued
in 1998, but were interrupted after 21 drill holes. The deposit appeared to be very scattered, and most of
the gold ore was refractory. Gold occurred mainly in the lattices of arsenopyrite and pyrite (Kojonen and
Johanson, 1999). After finding a suitable bioleaching processing method for the refractory gold ore, the
drilling program was continued in 1995. By the end of 1996, a total of 77 holes had been drilled outlining
aresource of 1.5 Mt with an average grade of 5.9 ppm Au and cutoff value of 1 ppm (Patison et al., 2007
and references therein). After an international tendering process, the deposit was sold in 1998 to Riddar-
hyttan Resources AB, which continued exploration and feasibility studies. In 2005 Agnico-Eagle acquired
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Riddarhyttan, and the mine was opened in 2006 as the Kittild Gold Mine. At that time, the probable
reserves were estimated at 2.4 Mt averaging 5.16 ppm Au, but in the course of the mining the reserves
have increased so that at the end of 2011, when 3.05 Mt of ore had been mined, the combined reserves
and resources were estimated to be 55 Mt at 4.13 ppm Au (Geological Survey of Finland, Kittild Mine
database).

The Geological Survey started exploration for sulfide ores in Kuusamo in 1983, when an
Au-bearing Co-Cu occurrence was found in Kouvervaara in connection with uranium prospecting.
Because the occurrence was visible in new high- and low-altitude airborne magnetic and electromag-
netic maps, a systematic survey of electromagnetic and magnetic anomalies in the sericite quartzite
formation was started. During the first stage, 30 anomalies corresponding to that of Kouvervaara were
selected for closer exploration. After ground geophysical studies, 15 anomalies were selected for fol-
low-up studies. The Juomasuo Au deposit was discovered by diamond drilling in 1985 of a geophysi-
cal anomaly about 25 km NE from Kouvervaara (Pankka et al., 1991). The deposit is situated in a shear
zone hosted by an altered sericite quartzite formation. Altogether, 44 holes were drilled into the
Juomasuo deposit in 1985-1989. The main gold deposit was estimated to contain about 0.7 Mt of ore
grading 5-6 ppm Au, or, if Co is emphasized, 1.8 Mt of rock with 0.2% Co and 3 ppm Au. In the
immediate surroundings of the main deposit were six smaller satellite ore bodies. When elevated con-
tents of uranium were observed to be present in the Juomasuo deposit, radiometric measurements were
also applied in the prospecting. The Geological Survey discovered more than 20 Au-bearing sulfidic
ore occurrences in the Kuusamo area, the most promising being Juomasuo, Sivakkaharju, Han-
gaslampi, Pohjasvaara, and Meurastuksenaho (Vanhanen, 2001).

In 1990, Outokumpu Oy acquired the exploration rights over the area encompassing those five gold
deposits and continued exploration and feasibility studies, including test mining, until 2004. Explora-
tion activities have been continued since 2010 by Dragon Mining Oy. A continued drilling program has
increased the ore resources (at the end of 2012 the inferred resource estimate for the five Kuusamo gold
deposits was 3.4 Mt grading 4.2 ppm Au), and plans have been made for opening of mines.

Systematic up-to-date exploration carried out in the Leppédvirta-Juva area since the 1990s
brought to light several Ni occurrences in association with the 1.9 Ga mafic—ultramafic intrusions,
including the Sirkiniemi (discovered 1994) and Rytky (2000) deposits in Leppévirta, near the
Kotalahti mine (Mikinen and Makkonen, 2004). The Sarkiniemi deposit was estimated to contain
0.29 Mt of ore with 0.91% Ni and 0.53% Cu (Geological Survey of Finland, Sdrkiniemi—nickel
database), and the Rytky deposit 0.90 Mt ore with 0.75% Ni and 0.47% Cu (Geological Survey of
Finland, Rytky nickel database). Suomen Nikkeli Oy (Finn Nickel Oy) mined the Sirkiniemi
deposit in 2007-2008.

In 1979, low-altitude airborne geophysical mapping showed a strong radiometric anomaly at
Lake Palmottu in the municipality of Nummi-Pusula. Field studies and diamond drillings from
1980-1984 unearthed 1-30-m-wide dikes of uraninite-bearing pegmatite and sheared granite that cut
the migmatites of the area and contain 0.1-0.2% U. It was estimated that the prospect contains 1 Mt
of rock with 0.11% U to the depth of about 250 m (Geological Survey of Finland, Palmottu—uranium
database).

Since the 1980s, the search for gold has been the focus of the Survey’s exploration programs. A large
number of gold occurrences have been discovered in the Central Lapland Greenstone Belt (Korkalo,
2006; Eilu and Nykinen, 2011; Nykénen et al., 2011), but also in the Palaeoproterozoic Svecofennian
schist belts in central and southern Finland (Gronholm and Kérkkédinen, 2012; Eilu, 2012).
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ACTIVITIES OF SUOMEN MALMI 0Y

The exploration company Suomen Malmi Oy undertook exploration in 1945 in the leptite zone of
southwestern Finland, which, in view of the previously known prospects and old, shut-down mines,
was thought to contain still exploitable ore deposits. First, three areas were selected for investigation—
the surroundings of the Orijédrvi and old Aijala mines and Lohjansaari—but by 1950, the region under
exploration had expanded from the eastern side of Lohjansaari all the way to the village of Pernio, an
area of no less than 500 km?2. The project was the first systematic regional exploration program con-
ducted in Finland on such a wide scale. The operations included geological bedrock mapping on a
scale of 1:4000 on the basis of airborne photographs and a network of staked-out lines, magnetic and
electromagnetic surveying, as well as diamond drilling of observed geophysical ore indicators. The
procedure of investigation was believed to be suitable for exploration of every type of ore.

In the very first year of operations, interesting geophysical anomalies were detected on the area of the
old Aijala silver mine and closer investigation of the eastern extension of the geophysical anomaly led to
the discovery of the Aijala copper ore (Turunen, 1953). The deposit was estimated to contain 0.815 Mt
of ore at 2.13% Cu, and in 1948 it was sold to Outokumpu Oy, which exploited the deposit in 1949-1958
with total production of 0.835 Mt of ore averaging Cu 1.59%, Zn 0.7%, Au 0.7 ppm, and Ag 14 ppm.

In the spring of 1946, a hole was drilled into the western extension of the electromagnetic anomaly
of Aijala, and a sulfide-bearing zone was observed to exist also there. The Metsdmonttu deposit was
estimated to contain 0.600 Mt of ore at 4.6% Zn extending down to the 150 m level (Turunen, 1953).
The deposit was likewise passed on to Outokumpu Oy. The mine was worked in two stages, 1952—1958
and 1964-1974, and it yielded a total of 1.5 Mt of ore with Zn 3.5%, Cu 0.3%, Pb 0.8%, Au 1.43 ppm,
and Ag 25 ppm.

Several other ore prospects and showings were discovered in the leptite belt, but they proved to be
of no economic significance. It became obvious that the leptite belt in Finland had only a few signifi-
cant ore deposits compared to the Bergslagen Province in Sweden, although the belts displayed many
geological similarities.

In the 1950s, Suomen Malmi Oy’s main prospecting targets were the iron ores of the Misi and
Kolari districts in northern Finland. In the 1960s, Suomen Malmi turned its attention to the Kuusamo
district, where, among other prospects, the Au-Cu occurrence of Apajalahti was explored in the shore
zone of Yli-Kitkajdrvi. In the 1970s, Outokumpu Oy, and in the 1980s, the Geological Survey studied
the same ore province. In 1960-1962 the company analyzed and mapped the Talvivaara sulfide occur-
rence in black schist and recognized the high nickel concentrations in the sulfides. The deep extension
of the deposit was confirmed with two diamond drill holes. In 1962—-1963 Suomen Malmi conducted
regional exploration in the Archean Kuhmo greenstone belt, and in 1963 they investigated with geologi-
cal mapping, geophysical surveys, and diamond drilling the Arola nickel occurrence discovered earlier
by Outokumpu Oy. The deposit was transferred in 1972 to Malmikaivos Oy, which extended the studies
and finally estimated the deposit to contain 1.52 Mt of mineralized rock at 0.56% Ni. Hekki Tuominen
was the chief geologist of Suomen Malmi Oy in 1945-1957, and Toivo Mikkola in 1957-1966.

In 1966, the Ministry of Trade and Industry, which was in charge of the state-owned company,
decided that Suomen Malmi Oy had to terminate the geological investigations. After that the company
continued as a contractor for ore exploration and mining. One of its most important tasks was to carry
out airborne geophysical surveys for the Outokumpu Oy and Rautaruukki Oy. In 1990, the Ministry
sold the shares of the company to a private entrepreneur. The exploration data file with reports, maps,
and analyses were transferred to the Geological Survey where they are available for review.
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EXPLORATION BY OUTOKUMPU 0Y

Evolution of the organization

The shortage of metals and raw materials was a great challenge for the Finnish heavy industry after the
Second World War. The opening of the Otanmiki mine in 1950 came at the right time to improve the iron
supply of the domestic steel industry. At the end of the 1940s, the governmental authorities encouraged
Outokumpu Oy to take a major economic responsibility of ore exploration and development of new metal
mining. After protracted discussions between the Ministry of Trade and Industry and the Director General
Dr. Eero Mikinen, the Outokumpu Company finally decided to establish its own exploration depart-
ment in 1951.

At its founding stage Mikinen invited Veikko Vihitalo, an experienced economic geologist, to
take charge of the exploration operations. In 1951, the team in the newly established exploration
department gained its first members when Olavi Helovuori and Olavi Kouvo were hired as com-
pany geologists. The personnel were enlarged in succeeding years, when Matti Laurila joined as
geophysicist and Erkki Viluksela and Aarto and Maija Huhma came on board as geologists. Dr.
Paavo Haapala was appointed the chief geologist and member of the board of directors of the com-
pany in 1954.

Dr. Veikko Vihitalo was the head of the exploration department until 1965; followed by Pauli Iso-
kangas until 1975; Dr. Pentti Rouhunkoski, until 1984, and then Dr. Matti Ketola. Since 1990, the
responsibility of exploration in Finland and Nordic countries was transferred to Outokumpu Finnmines
Oy, an affiliated company of Outokumpu Oyj, with Matti Ketola as the head. Dr. Juhani Nuutilainen
was the head of exploration in 1990-1992, followed by Tuomo Korkalo until 2002.

In the 1970s the permanent staff numbered 210-250, with an additional 30 summer assistants in
the field. A total of 55 geologists and geophysicists were engaged in exploration. In the early years
of the 1980s, international mining and exploration operations took the main role in Outokumpu Oy,
but at the same time, the domestic exploration activity and personnel gradually decreased. In 2002,
the Outokumpu Company left the mining business, with the exception of the Kemi chromite mine,
and concentrated on developing stainless steel production. The ore exploration data files with
reports, maps and analyses, were transformed to the archives of the Geological Survey, where they
are available for review.

Exploration operations

The first deposit discovered was at Kotalahti in the municipality of Leppévirta. Sulfide-bearing black
schist samples sent in for inspection in 1954 caused Olavi Helovuori to visit the site. The samples
proved to have no significance, but he observed an interesting mafic rock type on the shore of the small
Lake Huuhtijérvi. Field assistant Jouko Talvitie, then a student of geology, was sent to study the area in
more detail. In a newly constructed road cut of highway NR 5, he found a sulfide-bearing ultramafic
rock, which was found to contain considerable concentrations of nickel and copper. A follow-up geo-
physical survey revealed an electromagnetic anomaly caused by a sulfide-bearing mafic—ultramafic
intrusion. After a period of intensive diamond drilling, the ore body was delineated and mining opera-
tions were started in 1959.

The Pyhisalmi deposit was discovered in 1958. That year, August was very dry, and a farmer
named Erkki Ruotanen attempted to deepen his well through the glacial till. However, underneath the
till he intersected bedrock composed of massive pyrite ore. The samples sent to Outokumpu Oy con-
tained considerable concentrations of copper and zinc. The operations to open a mine started the
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following summer, and production from an open pit got under way in 1962. The deposit has now
been exploited for more than 50 years.

Following the discovery of Pyhdsalmi, Outokumpu Oy conducted airborne geophysical surveys
over an extensive area around the deposit, and a number of interesting anomalies were registered. Many
of them contained zinc and copper-bearing sulfides, and a few proved to be mineable deposits, such as
Ruostesuo and Kangasjarvi.

In the postwar period, the role of ore samples sent by laymen to exploration organizations was of
great significance in bringing to light new prospective areas. A good example is the location of a zone
with potential for nickel ores in southwestern Finland, from where Outokumpu Oy received, since
1960, a number of nickel sulfide samples in the area extending from Ahlainen in the west to Vammala
and Kylmékoski in the southeast. With the accumulation of findings, the zone as a whole appeared to
hold potential for nickel ores in mafic and ultramafic intrusive rocks, and it became a target of continu-
ous attention with field studies and geophysical and geochemical surveys (Papunen, 1976). Intensive
exploration initiated by boulder tracing led to the discovery of the Kovero-oja deposit in Vammala,
Taipale in Kylmékoski, and finally the “deep orebody” of the Stormi intrusion in Vammala, which all
led to mining activity. In all, about a dozen deposits were unearthed, but most of them were small in
tonnage or of too low grade to be mined.

The Vuonos ore body in the Outokumpu area has a different story of discovery. While analyzing
trace element contents in the rocks around the Keretti ore body, Maija and Aarto Huhma observed that
the ore proper and its extensions along the ore horizon were characterized by Co/Ni > 1, whereas in all
other rock types of the Outokumpu association the concentrations of Co were much less than those of
Ni. This knowledge was confirmed by checking the analyzed drill cores of the Outokumpu association
(serpentinite, carbonate rocks, tremolite/diopside skarn, sulfide ore), and in the area of Vuonos, roughly
6 km northeast of the Keretti deposit, anomalously high Co/Ni values were registered in a drilled
section. A new test hole drilled in this section penetrated a massive Outokumpu-type Cu-Co-Zn ore,
mined from 1972 to 1985.

The belt was a target of intense exploration from 1979 to 1985. Dr. Markku Mékel4 initiated and led
the program in the first years and Jyry Saastamoinen was the leader in the last years. A notable result
of this project was the discovery of the Kylylahti deposit in Polvijédrvi in 1984. Outokumpu continued
exploration, but did not decide to start mining. The Australian company Vulcan Resources Ltd. bought
the deposit in 2004. In 2010 the rights were transferred to Altona Mining Ltd., which immediately
started sinking an inclined shaft, inventory drilling, and feasibility studies, and opened the Kylylahti
mine in 2012. The probable reserves were at that time estimated as 4.34 Mt of ore with 1.56% Cu,
0.29% Co, 0.17% Ni, 0.58% Zn, and 0.65 ppm Au (Geological Survey of Finland, Kylylahti-Copper
Database). In 2014 the mine was sold to Boliden Ab.

Besides the discovery of Vuonos, basic geochemical research led in the 1960s also to some
other practical applications in the ore prospecting of Outokumpu Oy. An analytical and research
laboratory was founded by the exploration department in 1960, and three years later the leader of
the laboratory, Dr. T.A. Hikli, published a basic study on the distribution of nickel between coex-
isting silicates and sulfides (Hikli, 1963). The work relied on the geochemical and mineralogical
data collected from a number of Finnish ore-bearing and barren mafic and ultramafic intrusions,
and it was concluded that the nickel concentrations of coexisting silicate minerals can be applied
in the classification of ore potential of the intrusion even if sulfide-bearing samples were not
available.
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Based on this conclusion, a program was organized to collect representative samples of all the known
mafic and ultramafic intrusions in Finland. The samples were analyzed for sulfur and sulfide-bound Fe,
Ni, Cu, Co, and Zn, as well as for the Fe and Ni contents in mafic silicates. Since nickel tenors of sulfides
and silicates were proven to be in equilibrium, it was possible to predict, on the basis of the nickel con-
tent of the silicates, the composition of any undiscovered sulfide. The studies indicated that it is possible
to delineate areas likely to contain nickel ore (Hékli, 1970, 1971). The method was applied at Outo-
kumpu exploration for a long time, and it was instrumental in the location of numerous minor nickel
sulfide occurrences and the mineable deposit of Laukunkangas (Grundstrom, 1980). Lamberg (2005)
published the summary of the collected comprehensive data and presented the scientific basis for the
computerized programs for the calculations of nickel ore potential.

In 1962, Nickel-bearing boulder samples were obtained from Laukunkangas, in the municipality of
Enonkoski, but no ore outcrops were found at that time. In connection with the regional nickel pro-
gram in 1969, the Laukunkangas mafic intrusion was found to be sulfide-bearing. The intrusion was
exposed and mapped in detail as well as drilled to ascertain the nature of deeper portions. On the basis
of the findings, the intrusion was estimated to contain 4.5 Mt of rock with 0.33% Ni and 0.10% Cu. At
that time these contents were too low for mining operations.

At the end of the 1970s, Leo Grundstrom studied the Laukunkangas occurrence for his academic
thesis. In the course of the work, it became clear that the small ultramafic rock unit, penetrated in the
drilling of the eastern part of the intrusion, contained a noticeably higher grade of nickeliferous sulfides
than the gabbroic rocks that predominated in the occurrence. In follow-up work, the holes drilled into
the eastern part of the occurrence led to the discovery of the ultramafic portion of the intrusion and a
high-grade Ni-Cu ore body associated with it. By 1983, the ore deposit had been proven by drillings to
be promising enough to warrant sinking an inclined shaft for further investigation underground. The
decision to start mining was made in 1984, and it was based on the amount of 4.3 Mt of ore at 1.1% Ni
and 0.29% Cu. In the mining period 1984—1994 the total amount of ore including the low-grade dis-
seminated ore was calculated to be 7.9 Mt at 0.72% Ni and 0.20% Cu of which 6.7 Mt at 0.87% Ni and
0.22% Cu was exploited.

The bedrock mapping in 1962 revealed nickel-bearing sulfides in a mafic intrusion in Makkola,
some 10 km southeast of Laukunkangas. The drillings in 1970-1972 showed that the host noritic intru-
sion contains disseminated sulfides. Massive sulfides were discovered in the drilling of the Hilvila
intrusion nearby. The Hilvilid occurrence was estimated to contain 0.448 Mt of ore at 1.5% Ni and
0.36% Cu, and it was exploited in 1988—1992 as a satellite mine of Laukunkangas. In 1989 Outokumpu
mined selected parts of the small Tainiovaara nickel deposit, hosted by serpentinized komatiite and
found in 1975 by the Geological Survey.

Outokumpu Oy started exploration in central Lapland in 1960. The greenstone belt of Kittild was
one of the early targets of field studies and geophysical surveys, and also soil and stream-sediment
geochemistry were applied in 1966. Tracking down geochemical copper anomalies, a prospecting team
led by Tuomo Korkalo discovered in the fall of 1970 an occurrence of chalcopyrite in bedrock at the
edge of a mire called Pahtavuoma in the municipality of Kittild. A detailed study of the occurrence was
undertaken using geological mapping, geophysics, and drilling. In addition to the Cu and Cu-Zn min-
eralizations, the drillings also brought to light a uranium mineralization within the same rock assem-
blage that following year. The Pahtavuoma ores were investigated underground in 1974—1976, when an
inclined shaft and drifts were made for a total length of nearly 1.5 km. The deposit was estimated to
contain more than 4 Mt of ore at 1% Cu and ~20 g/ton Ag.
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In Outokumpu’s stream-sediment study the Saattopora area also proved anomalous. The presence
of sulfides was established in the bedrock in follow-up investigations in 1965-1967, but the prospect was
not then regarded worth drilling. After the discovery of the Pahtavuoma deposit, the area attracted
renewed attention and in drillings in 1972 a schist zone containing chalcopyrite was penetrated. The
amount of ore was estimated to be some 7.4 Mt at 0.69% Cu and 0.10% Ni. Later in the mid-1980s,
Tuomo Korkalo observed high gold values in the ore, and after drilling a resource estimate in 1988—1989
indicated 0.68 Mt of ore at 3.6 g/t Au and 0.3% Cu. The ore was mined in 1989 - 1995 and a total of 6277
kg gold and 5177 t copper was produced.

Saattopora was the first gold discovery in the Kittild greenstone belt that led to mining. Erkki
Ilvonen from Outokumpu exploration discovered in the 1980s several other gold indications in the area,
which led to regional studies by the Geological Survey of the Sirkka gold line that indicated the great
gold ore potential of central Lapland. In 1965, Outokumpu discovered the small Kivimaa Cu-Au
deposit in a quartz-carbonate vein system cutting metavolcanics in Tervola, and mined it in 1969 (Rou-
hunkoski and Isokoski, 1974).

Exploration for gold ore at Jokisivu in the municipality of Huittinen started in 1985 on the basis of
two gold-bearing boulder samples received in 1964 and 1984. The exploration included detailed geo-
logical mapping, geochemical till investigations, rock sampling along profiles by drilling and blasting,
geophysical measurements, and diamond drilling. The Jokisivu deposit was located with drilling in
1985. It comprised gold-bearing sulfide mineralization in sheared and quartz-veined zones hosted by
metamorphosed diorite (Luukkonen, 1994). Outokumpu continued studies in several phases until 2003,
after which Dragon Mining Oy (earlier Polar Mining Oy) continued with extensive drilling, feasibility
studies, and exploitation. The resource estimate was in 2005 1.47 Mt grading 6.8 ppm Au (Gronholm,
2006). The mining was commenced in 2009.

Since the late 1950s, Outokumpu Oy explored for uranium, focusing on the areas of Palaeoprotero-
zoic quartzites in eastern and northern Finland. Several occurrences were discovered, including the
Nuottijdrvi prospect in the municipality of Paltamo (discovered 1959) and the Kesénkitunturi prospect
in Kolari (1965). The Nuottijdrvi prospect is a mineralized breccia in a carbonate-apatite zone between
the Jatulian quartzite and overlying Kalevian mica schists, and contains 1-2.5 Mt rock with 0.04% U
(Sarikkola, 1979; Geological Survey of Finland, Nuottijarvi—-Uranium Database), the Kesénki prospect
consists of uraninite-bearing zones (with 0.06% U) in the quartzite (Sarikkola, 1979).

In the 1970s, Outokumpu also carried out follow-up studies of the porphyry-type Mo-Cu and Au
occurrences of Pohjanmaa, including the known Mo-Cu prospects of Rautio (Kalajoki) and the Au-
deposit of Kopsa (Haapavesi) (Gadl and Isohanni, 1979). The Laivakangas (or Laiva) Au-deposit near
Raahe was discovered as a result of detailed exploration based on a boulder sample that was sent to
Outokumpu in 1980. Nordic Mines Ab started to mine the deposit in 2011.

In addition to its own ore prospecting in the 1960s, the geological staff of Outokumpu Oy carried
out feasibility studies and mining plans for numerous deposits handed over to the company by the
Geological Survey. The most laborious and time-consuming of these tasks was the investigation of the
technical properties involved in the mining of the Hitura deposit, which finally led to the opening of
the nickel mine in 1970. A positive result was achieved also with the Hammaslahti copper occurrence
discovered by the survey in 1966. Outokumpu started the feasibility study in 1971 and the mine was
active in 1973-1986, and 5.59 Mt of ore at 1.11% Cu and 1.26% Zn was then mined.

The discovery of the Laukunkangas deposit was the only one of economic value made in Finland
for a long time, and it maintained faith in the productivity of exploration. In the mining industry,
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however, the costs of ore exploration were included in expenditures of research and development (RD),
and the exploration was considered to take a disproportionately large portion of the funds of RD in the
whole production chain from ores to metals. As a consequence, it was decided in the mid-1980s to cut
down substantially the costs spent in ore exploration. Exploration continued, but the responsibility
shifted to the Geological Survey to a greater extent than ever.

In order to cut exploration costs the state-owned companies Outokumpu and Rautaruukki joined
forces in Lapland at the beginning of 1982 by establishing a joint venture named Lapin Malmi. Up
to the mid-1980s, the most important of its projects was the investigation of the Pd-Pt occurrences
discovered in the layered intrusions of Kemi-Penikat-Suhanko. Jarmo Lahtinen of Outokumpu
exploration and Tuomo Alapieti from Oulu University identified numerous Pd-Pt occurrences of
different types (e.g., Alapieti and Lahtineni, 1989; Alapieti and Kérki, 2005). During the Interna-
tional Platinum Symposia organized in Finland in 1989 and 2005, the occurrences became known
to specialists around the world, and after Finland joined the EU in 1995 and the mining rights became
open for international exploration companies, the Pd-Pt occurrences have been targets for extensive
exploration studies.

The Pd-Pt-Ni-Cu-Au occurences in the Suhanko intrusion, at Konttijarvi and Ahmavaara, had already
been discovered by Outokumpu Oy in 1964. The exploration continued periodically until the 1980s with
Konttijarvi as the main target (161 drill holes) and showed that pyrrhotite-chalcopyrite-pentlandite-PGE
mineralization existed in the basal part (marginal series) of the layered intrusion, some also as offshoots
in the basement rocks near the basal contact of the intrusion (Alapieti et al., 1989). The exploration and
feasibility studies were continued in 2000-2003 by Arctic Platinum Partnership, a joint venture of Gold
Fields Finland Oy and Outokumpu Mining Oy. When Outokumpu withdrew from the partnership, Gold
Fields Arctic Platinum Oy continued as a subsidiary of the South African company Gold Fields Ltd.
Exploitation of the Suhanko deposits was not considered profitable in the 2000s due to low metal prices
and problems in processing (flotation), but in the 2010s a massive drilling program increased the ore
resources and the development of a suitable hydrometallurgical Platsol method for processing the ore
have led to a more positive outlook.

International activities were the main focus of Outokumpu’s exploration from the mid-1980s
(Kuisma 1985), and domestic exploration was targeted to massive sulfide deposits and nickel to guar-
antee the raw materials for the steel works. Besides extensive studies of layered mafic intrusions and
their PGE potential, also basic geochemical and volcanological studies were undertaken on ultramafic
rocks with komatiitic affinities in the Archean provinces of eastern and northern Finland. The nickel
discoveries of Arola in Kuhmo and Vaara in the Suomussalmi greenstone belts as well as Ruossakero
and Sarvisoaivi in the Enontekio Archean greenstone belts, and several occurrences of nickel sulfides
at the Proterozoic Pulju greenstone belt in Kittild were surveyed in detail, but the resources were not
regarded economic for mining.

The most notable event in the exploration of the 1990s was the discovery of the deep extension of
the Pyhédsalmi sulfide deposit. In 1996 the known ore reserves of the Pyhdsalmi mine were so small that
the mine was facing termination of its operations in the next few years. However, in December 1996,
deep drilling instigated by mine geologist Timo Maeki intersected a considerable thickness of massive
sulfides, and the inventory work following this discovery increased the life of the mine by more than 20
years. The Pyhisalmi deep extension, together with the discoveries of the Vuonos, Laukunkangas, and
Saattopora deposits, were all good examples of successful innovative actions in the history of the Outo-
kumpu exploration department.
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EXPLORATION ACTIVITIES OF OTANMAKI O0Y/RAUTARUUKKI 0Y

When mining operations in Otanméki began in 1952, the ore proved to be more heterogeneous than the
experts had predicted. Instead of a large, uniform ore body that was indicated in early reports, the
deposit more resembled a school of herrings, with hundreds of small, separate ore pockets. In the first
estimate of the ore reserves made on the basis of mining technology, the actual amount of ore fell well
below original expectations. The ore grade confronted the geologists with challenging problems, and
many novel geophysical measuring methods and apparatus were developed to determine the economic
limits of the Otanmiki ore deposit.

In the 1950s, the establishment of ironworks was planned using the titanium-bearing magnetite
concentrate as a raw material. The Otanméki ore grade was not suitable as such for the blast furnace,
and the company turned to the Geological Survey and Suomen Malmi Oy with an appeal for the inten-
sification of iron ore prospecting in northern Finland. However, the level of planned activities did not
satisfy Otanmaiki Oy, and it decided in 1957 to establish an exploration department of its own with the
aim of increasing the ore reserves. Heikki Paarma was appointed the head, as he had been in charge of
geological investigations from the very inception of mining operations at Otanméki and he also felt
deeply concerned about the procurement of ore for the planned ironworks.

Otanmaiki Oy’s request to the Geological Survey led to airborne magnetic surveys in the Misi area,
in the eastern part of the Perdpohja schist belt, in the municipality of Kemijérvi, where the Kérvis-
vaara iron occurrence was known since 1921. On the basis of geophysical surveys, Suomen Malmi Oy
investigated the area and discovered in 1955 the small Sdédski magnetite deposit. In 1957, Otanmiki Oy
obtained the mining rights to the Kérvisvaara deposit, and with the opening of the mine, the district
became an exploration target of the company’s own exploration department. The Raajéarvi magnetite
deposit was discovered the following year. The deposit was covered with a thick sand layer, and mag-
netic gradient measurements with correct interpretation played a significant role in the discovery of the
ore. In 1958, the company carried out a low-altitude aeromagnetic survey that led to the discovery of
the Leveéselkd magnetic anomaly, and a deposit containing 1 Mt of magnetite ore was inventoried in
1960. The discovered ores of the Misi district (Nuutilainen, 1968; Niiranen et al., 2003) contained no
harmful additional components, but, on the contrary, the concentrate contained magnesium, which was
advantageous for mixing with the titanium-bearing iron concentrates. Hence the new discoveries facili-
tated the decision to establish a blast furnace in northern Finland dependent on local ore reserves.

The mining rights to the Rautuvaara ore discovered by Suomen Malmi Oy in the Kolari district
were transferred in 1960, along with the title to surrounding tracts, to Otanméki Oy. As a result of
intensive exploration, including low-altitude airborne magnetic surveys, the Laurinoja open cut mine
was established in 1982 in the Hannukainen ore field (Hiltunen, 1982).

The Otanmiki Company merged into Rautaruukki Oy in 1969. Already in 1959 an exploration
office was opened in Rovaniemi, and the exploration operations were concentrated in northern Finland.
From there the staff in charge of ore exploration moved in 1966 to Oulu, where the head office of the
Rautaruukki Oy was later transferred.

Earlier, in 1957, Otanméki Oy received laymen samples of magnetite gabbro associated with the lay-
ered mafic intrusions of Koillismaa. The region was studied with low-altitude airborne magnetic surveys
in 1961, and as a result, magnetite gabbro horizons were located in the intrusions. The Mustavaara deposit
was drilled and inventoried in 1970-1971, and in 1976 the Mustavaara mine was opened. However, at
Mustavaara, magnetite was so intensely intergrown with ilmenite that the production of a magnetite con-
centrate was not possible, but the high vanadium content of the ore was extracted in the vanadium works
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at the site (Juopperi, 1977). In the 1980s, based on the Otanmiki and Mustavaara vanadium works, the
Rautaruukki Company produced about 10% of global vanadium consumption.

The first indication of a nickel occurrence at Oravainen was obtained in the summer of 1972 when
a local prospector sent a sample of a glacial boulder with a nickel content of 2.24% for inspection. By
means of boulder tracing, geophysical surveys, and geological mapping, the provenance of the boulders
was found in February 1973. On the basis of diamond drilling, 1.3 Mt of ore with 0.95% Ni and 0.16%
Cu were inventoried by the end of 1974. The ore deposit was in 1976 transferred to the ownership of
Outokumpu Oy, and in 1976-1991 Outokumpu Finnmines evaluated the possibilities of mining the ore,
but the resource was not indicated suitable for mining.

Rautaruukki Oy’s ore exploration project of the longest duration was in the Sokli area of northeast-
ern Finnish Lapland known as Itdkaira (Eastern Wilds). Many factors contributed to the discovery of
this carbonatite, which ranks among the world’s largest in area. In the years preceeding the discovery,
Heikki Paarma had become acquainted with the geology and alkaline rock intrusions of the Kola Pen-
insula. He also knew that on the Russian side, close to the Finnish border, was the Kovdor magnetite
mine in a carbonatitic alkaline rock intrusion. Itikaira was selected for prospection since it is located
adjacent to the Kovdor magnetite-rich carbonatite deposit. A mosaic of good aerial photographs were
obtained from the area, and from it Jouko Talvitie located a ring structure, which, however, was proven
to be a granite intrusion. Low-altitude airborne geophysical measurements were started in May 1967,
and the first two profiles showed a strong magnetic anomaly in the Sokli area.

The first samples of carbonatite were found in a boulder field of the Sokli area. At the same time,
the heavy mineral investigations carried out in the area yielded pyrochlore, a Nb-mineral characteristi-
cally present in carbonatites. Subsequently, a low-altitude airborne geophysical survey was flown over
the whole area, and the results were useful in determining the extent and structure of the carbonatite
sub-outcrop. The Sokli carbonatite complex was investigated by Rautaruukki Oy until 1980, and Dr.
Heikki Vartiainen was in charge of the studies. The mineral of main economic interest was apatite.
Besides directing the exploration and mining tests, Vartiainen extensively studied the petrology and
mineralogy of the occurrence, collaborating with domestic and international experts, including Dr.
Allan Woolley from the British Museum and Soviet geologists, geophysicists, and dressing/process
engineers, participated in the work. Heikki Vartiainen published the scientific results in his extensive
doctoral thesis (Vartiainen, 1980) and several shorter articles. He also compiled the exploration history
of Sokli in Finnish (Vartiainen, 2012).

Heikki Paarma was in charge of research and ore exploration until 1977, and since then the operations
were directed by Dr. Juhani Nuutilainen. The ore exploration by the Otanméki and Rautaruukki compa-
nies was traditionally concentrated on the search for iron ore and the compound metals in steel making.
Abundant and adventurous experimentation and application of geophysical methods characterized the
work, and many new methods came into general use in Finland through their development and testing in
prospecting. These include, for example, the investigation of large-scale structures by means of satellite
pictures and aerial photographs, the use of false color photography, and the use of heavy minerals in min-
eral exploration. In order to cut exploration costs, from 1982-1985, the Rautaruukki and Outokumpu
companies had a joint venture called Lapin Malmi. In 1979-1984, Rautaruukki Oy, together with Soviet
experts, carried out extensive research on iron ore potential of the territory of Finland called the RAETSU
project. As a result of the research the potential to find new exploitable iron ore reserves was considered
to be low, and so Rautaruukki Oy decided to terminate exploration in 1985. The personnel were joined
with Outokumpu exploration, and the ore exploration data file moved to Outokumpu’s data file.
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EXPLORATION BY PRIVATE COMPANIES

The Oy Prospektor Ab was founded in the late 1930s. Its predecessor was Avtalsgruppen, which com-
prised a number of enterprises interested in ore prospecting. Among them were about a dozen firms,
including the leading cement manufacturers Paraisten Kalkki Oy and Lohjan Kalkkitehdas Oy. The
prominent mining and industrial tycoon Petter Forstrom was the chief promoter of the Prospektor Com-
pany, and Professor Hans Hausen acted in the beginning as the geological expert. In the 1930s Oy
Prospektor Ab investigated the Talvivaara black schist occurrence in Sotkamo, but after the war the
main attention was focused on the chalcocite occurrence at Kiiminki. In 1954, the company started
regular exploratory work and hired Rolf Bosrom and Matti Tavela as geologists. In 1956, the name of
the firm was changed to Oy Malminetsijd Ab; this Finnish version was thought then to be more suitable
for the popular ore prospecting competitions. In 1964, Oy Malminetsija Ab was taken over by Paraisten
Kalkkivuori Oy, and its operations were terminated in 1971, when it was absorbed by the parent orga-
nization. Oy Malminetsiji Ab operated all over the country, but major prospects in addition to the
aforementioned Kiiminki and Sotkamo districts were the nickel occurrences at Parikkala in southeast-
ern Finland and at Saiksjérvi, east of Pori, as well as the Huhus iron ore deposit in the frontier munici-
pality of Ilomantsi.

Hackman & Co. had engaged in intermittant ore prospecting mainly in North Karelia, ever since
the discovery of the Outokumpu deposit. At the beginning of the century it had claims at Luikonlahti,
for example. In the 1950s, the company had its own organization for ore exploration, and the targets
were at Kotalahti, which later became an active mining area by Outokumpu Oy, and at Varpaisjérvi,
where Hackman & Co. discovered the molybdenum occurrence of Kylméamaiki. The geologists work-
ing for the company were Juhani Nuutilainen and, at some stage, Ossi Naykki.

Preliminary mineral exploration was undertaken in the provinces of Oulu and Lapland by
Pohjois-Suomen tutkimuss#itio (Research Foundation of Northern Finland) between 1950 and 1957.
The executive director of the foundation was Veikko Loppi, and the board of directors included promi-
nent citizens interested in the research of Lapland, including Governor Kalle Méitté, Director General
Kaarlo Hillild, and Dr. Paavo Haapala. The foundation organized an ore prospecting competition in the
region, and within its framework geologists Erkki Aurola and Vidiné Makkonen, as well as geophysicist
Holger Jalander, carried out exploration programs. The foundation withdrew from the sponsorship of
prospecting competitions at the beginning of 1957, but after that the Lapin Maakuntaliitto (Provincial
Federation of Lapland) and the Lapin Tutkimusseura (Research Society of Lapland) continued the
operations between the years 1958 and 1962.

In the summer of 1954, to secure the domestic reserves of iron ore, the steel-making company Oy
Vuoksenniska Ab undertook an extensive exploration program in the Jussaro region (Mikkola et al.,
1966). Airborne magnetic surveys were made over an area of approximately 70 km?, and the details of
observed anomalies were examined using what technique? either from a boat or from the ice in winter.
Divers collected required samples from anomalous areas under the sea, and diamond drilling was done
using a tower structure erected on the sea bottom. In the beginning of 1957, a test shaft was driven on
the island and the underground investigation of the banded iron ores continued until the mining opera-
tions began in 1961. Vuoksenniska closed the mine in 1967.

A similar investigation was conducted also close to the island of Nyhamn to the south of the Aland
Islands simultaneously with the exploration of Jussard. In addition to the geophysical surveys carried
out by boat and on the ice, a diver took samples from the exposure at the sea bottom. The work
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continued with sinking a test shaft on the island of Nyhamn, and from there a tunnel was dug into the
ore body. A test sample was mined from the ore, but as the Jussaré deposit was found to be of better
grade, the exploration at Nyhamn was discontinued in 1959.

Malmikaivos Oy started exploration in the Luikonlahti area in 1940, and the promising Asuntotalo ore
body was discovered by boulder tracing and excavations in 1944. Eleven staked-out claims were secured
since 1947, mining did not start. To retain the claims, the company continued the prospecting in 1957. The
Kunttisuo deposit was intersected by diamond drilling, and in the following year the deep extensions of the
largest ore body, the Asuntotalo deposit, were intersected by drilling. In 1958, the landowner, Ruskealan
Marmori Oy, and Malmikaivos Oy decided jointly to sink a test shaft into the Kuparivuori (also known as
Copper Mountain) to investigate the Asuntotalo ore underground. In 1965, the decision to open a mine was
made, and production commenced in 1968. When the operations came to an end in 1983, a total of approxi-
mately 7.7 Mt of ore had been mined with a content of 1.2% Cu, 0.12% Co, 0.09% Ni, and 0.65% Zn. When
the mine was closed, the company started to exploit talc ores, and the exploration department continued to
investigate talc deposits in North Karelia.

The discovery of kimberlite boulders in the Kaavi area in the early 1980s started an interesting
period of exploration, and, as a result, the company had a test mine at Lahtojoki. In 1984, Malmikaivos
Oy established a joint venture with the Australian company Ashton Mine Ltd., which had special expe-
rience in diamond prospecting. The operations to find kimberlite pipes were kept secret, and it was a
big surprise in 1996 when Malmikaivos Oy finally revealed that the joint venture had discovered 24
kimberlite pipes in eastern Finland and that diamonds were discovered in 14 of them. Despite interest-
ing results, Malmikaivos Oy sold its rights in the joint venture to Ashton Mine, which continued the
exploration for some time. Later on, the claims were transferred to international enterprises, which
have continued the diamond exploration but without major new discoveries.

In 1955, private companies that were dependent on electric power in their operations founded
Atomienergia Oy to investigate the feasibility of utilizing nuclear power. Erkki Aalto headed the new
company at its initial stage. The search for raw materials became the central task. Professor Kalervo
Rankama, a specialist in nuclear geochemistry, was consulting for the company, and on his recom-
mendation, Atomienergia Oy undertook exploration for uranium deposits in Finland. In summer
1956, Tauno Piirainen was hired to conduct ground investigations, including studies of prospective
geological formations and inspection of ore specimens collected by laymen. In the next year, the
brothers Eino and Matti Justander, armed with a Geiger counter, ran across radioactive boulders at
Hutunvaara, in the municipality of Eno. The samples initiated intensive investigations between Koli
and Kaltimo. Accumulations of uranium-bearing quartzite boulders were found at Herajiarvi and
Riutta.

At Hutunvaara, the ore was found in the bedrock, and diamond drillings indicated the extent of the
occurrence. The company decided to extract uranium ore concentrate on a small scale from the Pauk-
kajanvaara mine. Altogether 30,700 tons of ore was extracted in 1960, but the Paukkajanvaara deposit
turned out to have insignificant resources. Since no other deposits were available, mining operations
were discontinued in the fall of 1960 (Piirainen, 1968). Other investigation targets of the Atomienergia
organization were in the municipality of Kisko, where minor pitchblende dikes were discovered in the
old Malmberg iron mine. From 1956, the company employed five geologists, headed by chief geologist
Heikki Wennervirta. When Atomienergia Oy finished the active exploration, Outokumpu Oy continued
the uranium exploration in eastern and northern Finland, and the Geological Survey in southern Fin-
land, until the 1980s.
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The paper and pulp company Kajaani Oy was reopening the old Tipasjdrvi pyrite mine in northeast-
ern Finland during a sulfur shortage in 1952. It founded its own ore exploration organization in 1971
and started systematic prospecting in the Kainuu region. Timo Kopperoinen was engaged as chief
geologist. The Tipasjdrvi area in Sotkamo became the most important target. A Zn-rich boulder sample
from the Hiidenkirkko area led the company to start geochemical till exploration in 1980. At the same
time, a bedrock research project of the University of Oulu discovered zinc ore boulders and also a
mineralized outcrop in the Taivaljdrvi area northeast of Hiidenkirkko.

Kajaani Oy got the exploration claims to the Taivaljdrvi area and soon after the discovery of the Oulu
University team, Kajaani Oy localized with diamond drilling the Taivaljarvi Ag-Zn-Pb deposit near the
mineralized outcrop. The deposit was drilled from the surface to the depth of 150 m, and the result was so
encouraging that an inclined shaft was constructed to take a major ore sample from the deep portion of the
ore for process testing. In the final stage of Tipasjérvi exploration in 1989, Kajaani Oy had a joint venture
with Outokumpu Oy called Taivalhopea (Papunen et al., 1989). It made additional inventory drilling
underground, but the feasibility study indicated that opening a mine there would not be economic at that
time.

With that decision, Kajaani Oy gave up exploration. However, the exploration of the Taivaljdrvi
deposit was reactivated after a hiatus of 20 years, when Silver Resources Oy, now Sotkamo Silver Oy,
acquired the mining rights in 2005 and completed the mineral resource estimate with additional studies.
A mining license was granted in 2011 and the production was expected to start in 2015. With a cutoff
grade of 50 ppm Ag (eq) the deposit contains 3.52 Mt measured and indicated resources with 0.72%
Zn, 0.27% Pb, 91 ppm Ag, and 0.27 ppm Au, and additional inferred resources of 1.5 Mt with equal
composition (Lindborg et al., 2015).

Partek (Paraisten Kalkkivuori Oy, Paraisten Kalkki Oy) and Lohja Oy (Oy Lohjan Kalkki Ab), two
conglomerates that had their main interest in industrial minerals and rocks, also carried out some explora-
tion for certain ore deposits. In the 1960-1980s, initiated by a discovery of spodumene-bearing pegmatite
boulders, Paraisten Kalkki Oy/Partek carried out exploration for lithium (spodumene) in the Kaustinen—
Ullava area, and discovered promising spodumene pegmatite dikes. Since 1999, Keliber Oy has continued
exploration and made preparations for exploiting the deposits. In the 2000s, the Geological Survey con-
tributed by exploring the Kaustinen-Ullava area and discovering new spodumene pegmatites.

The occurrence of sericite schist as an alteration product of felsic volcanic rocks in the Orivesi
area, Tampere schist belt, has been known by geologists since late 1940s. Between 1946 and the
1980s, several companies studied the occurrence located northwest of Lake Kutemajirvi as a seric-
ite deposit, including Viento Oy, Renlundin Tiili Oy, Suomen Mineraali Oy, Kemira Oy, and Oy
Lohja Ab. The investigations of Kemira Oy included detailed geological mapping and diamond drill-
ing. It was estimated that the deposit contained 14 Mt of sericite schist containing 37% sericite, 6%
topaz, 8% kaolinite, 1% andalusite, and 48% quartz. Kemira also considered the possibility that this
F-rich alteration assemblage was caused by fluorine-rich hydrothermal fluids, and analyzed the schist
for metals known to follow fluorine, such as Li, Sn, Rb, Au, and Ag. The concentrations were not
encouraging, and the company abandoned the claim in 1974. Lohja Oy had the claim to the deposit
after Kemira Oy from 1975 to 1990, and studied it as a possible source of industrial minerals sericite
and topaz. After detailed inventory studies and process tests, it decided that exploitation would not
be economic.

The Department of Geology at the University of Helsinki had from 1980-1983 the so-called Por-
phyry Project to explore for porphyry-type Mo, Cu and Au deposits in association with the
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Svecofennian granitoids (Nurmi, 1985). The project was led by Professor Gabor Gaal and Pekka
Nurmi. The project had several targets in the Tampere schist belt, and the Kutemajirvi sericite schist in
Orivesi was one of them, selected because the alteration assemblage resembled those of porphyry-type
deposits. The exploration was conducted in collaboration with Lohja Oy. Together, 72 rock samples
were taken along three N-S profiles across the sericitized zone. The profiles showed a zoned anomaly
pattern with barren sericite schist in the north, gold in the middle, and base metals in the south. Two
diamond drill holes made by Lohja Oy in 1982 on the anomalies intersected an ore-grade rock that
became known as Pipe 2. Later, diamond drilling unearthed a deposit consisting of three subvertical
pipes of gold ore. With a cutoff grade of 2 ppm Au, the deposit was estimated to contain 0.63 Mt of ore
with 9.4 ppm Au (Ollila et al., 1990; Kinnunen, 2008). Outokumpu Finnmines Oy purchased the min-
ing rights to the deposit in 1990 and continued technical and feasibility studies, including pilot mining
in 1990-1993. The Orivesi Gold Mine was officially opened in 1994 and was operated by Outokumpu
until 2003, when the mine was sold to Polar Mining Oy/Dragon Mining. Mining was resumed in 2007,
with Dragon Mining focusing efforts on the Sarvisuo lode system, which was discovered in 2002. Sar-
visuo is located 300 m from the Kutema deposit.

When the ore reserves of Finland’s mines declined in the early 1970s and several mines had to be
closed, the Ministry of Trade and Industry established in 1971 a special fund to support ore geological
research in universities targeted especially at northern Finland. Originally, the funds were available from
1971-1977, but because the results were encouraging, the program was extended to the 1990s. The geo-
logical departments of the Universities of Oulu, Helsinki, Turku, and Abo Akademi, as well as the Hel-
sinki University of Technology, had research projects financed by this fund. The projects produced results
that have been useful in planning and carrying out successful exploration programs in different organiza-
tions, and in two cases (Orijdrvi and Taivaljirvi) the projects have directly contributed to the discovery of
ore deposits. The projects have also contributed to the training of exploration geologists, who have sub-
sequently taken responsibility for exploration in the Geological Survey and mining enterprises.

Exploration by foreign companies
Finland’s entry into the European Union in 1995 and changes in the mining law made the country
open for international mining and exploration enterprises. This led to a rush of international mining
companies to Finland, and large areas in northern Finland were blanketed with applications for ore
prospecting permits. Much of their activity comprised follow-up and feasibility studies of known ore
prospects, discovered previously by Finnish exploration enterprises and the Geological Survey, as
described earlier in this chapter, but in addition, important new discoveries have also been made.

The Sakatti Cu-Ni-PGE prospect near Sodankyli is one of the most promising new discoveries. It
was found in 2009 by an exploration team of Anglo American Ltd., led by geologist Jim Coppard. The
Sakatti area was one of the targets selected for closer study on the basis of geological models of the
Central Lapland Greenstone Belt and related mafic—ultramafic igneous intrusions and extrusions, and
existing basic geological, airborne geophysical, and till geochemical maps from the Geological Survey.
Several targets were tested before the diamond drilling hit the Sakatti occurrence. The exact size and
grade of the deposit is not yet known, but the existing data indicate that it is a large and rich magmatic
Cu-Ni-PGE deposit. Unfortunately, the deposit is located at the margin of the Viiankiaapa Mire Reserve,
a Natura 2000 area, which complicates the exploration and exploitation of the deposit.

The Rompas Au-U ore field in Ylitornio was discovered by France’s Areva NC in 2008 on the basis
of an airborne radiometric survey. In the follow-up studies, a large number of hydrothermal high-grade
gold and uraninite-bearing pockets with mineralized veins, breccias, and disseminations were found in
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the rocks of the Perdpohja schist belt, within an area of approximately 10 km x 10 km. The Canadian
company Mawson Resources Ltd. purchased the property in 2010 and has continued the exploration.

SUMMARY

The preceding description of mineral exploration in Finland covers a long timespan from the seventeenth
century to the present time. Initially, traditions and activity of mineral exploration in the territory of
Finland relied mainly on the skills of Swedish mining experts, who knew the characteristics of the
Swedish mineral deposits and applied their knowledge in looking for analogous formations in the bed-
rock of Finland. A simple device for magnetic surveys, the mine compass, was the only instrument to
help in the search in the areas covered by overburden. Also the geology of Finland was poorly known
until the end of the nineteenth century when the Geological Survey was established and regional bed-
rock mapping was started.

The first attempt to take samples from the deep part of the bedrock with diamond drilling was made at
the end of the 1890s in Pitkédranta, where the initiator of multidiscipline mineral exploration in Finland, Otto
Triistedt, studied the feasibility and extension of the Fe-Cu-Sn-Zn deposits. Later on, Otto Triistedt was
employed by the Geological Survey of Finland, and in this capacity he successfully located the provenance
of the high-grade copper ore boulder of Kivisalmi, eastern Finland, and discovered the Outokumpu copper
depositin 1910. The exploration process and discovery was a turning point in the mining history of Finland,
and the discovery became the backbone of the domestic mining industry, metal works, and new methodol-
ogy in mineral exploration. In the follow-up exploration operations, glacial boulder tracing, geophysical
surveys, diamond drilling, and application of geological bedrock mapping were in common use, although
the development of suitable equipment for drilling and geophysical surveys took some time. Another sig-
nificant discovery of the Geological Survey took place in 1924 in Petsamo (Pechenga), and the exploration
in difficult remote conditions took all the available resources of the Survey for more than 10 years.

In the mid-1930s, the government of Finland increased its interest in geological studies, and Suomen
Malmi Oy was founded to improve the capacity of exploration. The Geological Survey discovered
several new deposits before the outbreak of the Second World War. The knowledge of regional geology
was still imperfect and greenfields exploration was largely based on ore-bearing samples sent by lay-
people. After the war, several extensive campaigns were organized to intensify the layperson’s pros-
pecting, resulting in a great number of samples, which initiated the study of new discoveries.

After the war, the efficiency of the Geological Survey was increased with funding, new organiza-
tion, and addition of personnel from 14 to 143 in 1959, which gradually increased to 944 in 1988. By
1951, the Geological Survey had started regional airborne geophysical surveys, and in the timespan of
about 50 years the whole of Finland has been covered with accurate geophysical information. System-
atic geochemical mapping since the 1970s has produced important data for mineral exploration and
environmental welfare. Mineral exploration was a key area of the Survey until the 1990s, but the role
of environmental questions and other services of the Survey have grown since then.

State-owned mining companies, Outokumpu Oy and Rautaruukki Oy, established their own explo-
ration departments in the 1950s, and besides geological mapping, geophysical, and geochemical sur-
veys, they participated in the development of methodology and instrumentation of exploration. These
companies also had access to brownfields exploration around the existing mines, since they had experi-
ence in the geology of mineralized areas. Over time there was discussion about the overlapping of the
exploration duties of the Geological Survey and the state-owned companies, and also the competition
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between different state organizations to claim mineral deposits begun to be questioned. Finland, how-
ever, was one of few countries where grassroot mineral exploration was preserved in the national Geo-
logical Survey, whereas during the 1980s the surveys in the neighboring Nordic countries, for example,
left the exploration activities or transferred them to a specific company.

Until 1995, when Finland joined the European Union, private exploration companies played a rela-
tively minor role, but a few important metallic ore deposits, such as Haveri (gold), Jussard, Luikonlahti,
and Taivaljdrvi, were discovered and developed until that time. From 1995, foreign exploration compa-
nies can stake claims in Finland, which led to the discovery of the Sakatti and Rompas deposits. In
contrast, the exploration and development of industrial mineral deposits, has largely been conducted by
private companies.

In 1985, Rautaruukki Oy abandoned mineral exploration and its personnel and data were trans-
ferred to Outokumpu Oy. At the same time, Outokumpu strengthened its exploration abroad and its
domestic activity decreased. At the turn of the millennium, Outokumpu Company had become an inter-
national mining giant and had mineral rights in many parts of the world, its exploration division had
discovered several new mineral deposits, and it had active mining in Ireland, Australia, Chile, and
Canada. The company, however, decided in 2002 to exit the mining business and with the means
acquired from its exploration and mining assets, it developed the stainless steel works at Tornio.

The Geological Survey continued its role as an exploration organization. At present, however, grass-
roots exploration plays a minor role, and the Survey has changed to a databank of geological information.
In this way it services all the exploration enterprises. In the role of geological databank, the Geological
Survey of Finland is a world leader. The Canadian Fraser Institute annually ranks countries on the basis of
their attractiveness in exploration and mining via surveys that are sent to approximately 4100 exploration,
development, and other mining-related companies around the world. In the 2013 annual survey, Finland
was ranked second for attractive mineral exploration, and Finland, Alberta, and Nevada have been consis-
tently ranked in the top 10 over the last five surveys.
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PART

SYNTHESIS OF THE
GEOLOGICAL EVOLUTION AND
METALLOGENY OF FINLAND

E. Hanski

ABSTRACT

The bulk of the Finnish bedrock evolved during four time periods, encompassing (1) the 3200-2700 Ma Archean
cratonic basement, (2) its Paleoproterozoic, 2500—-1920 Ma volcano-sedimentary cover and related intrusive mag-
matism, (3) the 1930-1770 Ma Svecofennian composite orogen, and (4) the 1640-1460 Ma rapakivi magmatism.
Each of these periods displays its own metallogenic characteristics. In the Archean, orogenic gold and epithermal
Ag-Au, komatiite-related Ni-Cu, and porphyry Mo have exceeded or approached the economic threshold, and a
single carbonatite body is exploited for apatite. The most important deposit type in the Archean part of the Fen-
noscandian Shield is banded iron formation, but the major deposits occur outside Finland. Incipient rifting of the
Archean supercontinent was accompanied by emplacement of large 2440 Ma mafic—ultramafic intrusions host-
ing stratiform Cr and Fe-Ti-V deposits, PGE-enriched reefs, and Ni-Cu-PGE contact and offset mineralization.
At a later stage, when deep-water, pelitic continental margin sediments were deposited, intruding mafic magma
produced Ni-Cu deposits (2050 Ma) in relatively small magma chambers. In addition, sedimentary black shale-
hosted Ni-Zn-Cu deposits were formed. Continental breakup resulted in the formation of new oceanic crust, and
Outokumpu-type volcanic massive sulfide (VMS) Cu-Co-Ni deposits were generated by hydrothermal processes
affecting exposed ultramafic mantle rocks on the seafloor. The most prolific ore-forming stage ensued during the
assembly of the Svecofennian orogen, composed of a collage of island-arc terranes and microcontinents. Many
ore types typical of convergent plate boundaries were formed, including prominent VMS Pb-Zn, ultramafic-hosted
Ni-Cu, and orogenic gold deposits. In addition, porphyry Cu and Mo, epithermal Au-Ag, iron oxide-copper-gold
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(I0CG) and pegmatite-hosted Li styles of mineralization are locally significant. So far, the anorogenic rapakivi
magmatism has not provided exploitable metal occurrences, but shows potential for several high-tech metal depos-
its. Diamondiferous kimberlite pipes, approximately 600 Ma and 1200 Ma in age, have been found in eastern
Finland, and the phosphorous and high-tech metal resources of a large Devonian carbonatite are currently assessed.

Keywords: metallogeny; ore deposits; geological evolution; Precambrian; Fennoscandian Shield; Finland.

INTRODUCTION

Over the last 100 years, approximately 50 metallic mines have been in operation in Finland. Since the
1970s, systematic collection of data on mined deposits and other explored metal occurrences has been
carried out by the Geological Survey of Finland. This has resulted in the generation of extensive metal-
specific databases containing information on, for example, Ni, Au, and Zn occurrences (e.g., Eilu and
Pankka, 2009). Recently, the shield-wide metallic deposit map was updated (Eilu et al., 2013) and a new
industrial mineral deposit map compiled (Gautneb et al., 2013). The explanatory notes for the metallo-
genic map were published in a recent Geological Survey of Finland Special Paper volume edited by Eilu
(2012a), describing the main metallogenic areas in Fennoscandia, among them 47 examples being
located entirely or mostly in Finland. This compilation does not contain in-depth geological data on
major deposits, but rather a collection of spatially grouped information from currently and previously
mined deposits and all other known significant metal occurrences that have been promising enough for
drilling or other detailed studies, with their total number amounting to about 350 in Finland.

The explanatory volume and related map are particularly helpful in accessing the country’s mineral
potential or planning exploration strategy in different parts of the country. Altogether, 26 metals plus
the Rare Earth Element (REE) group are included, reflecting the fact that the number of sought-after
mineral commodities has been widening along with the technical development of the society. In addition
to traditional base metal and gold exploration in northern Europe, much effort has recently been devoted
to finding new potential sources of high-tech metals (Sarapii et al., 2015), as the European high-technology
industry is currently heavily dependent on imports of most of these metals.

With increasing knowledge of the distribution of ore deposits in Finland and in other parts of the
Fennoscandian Shield, a metallogenic provinciality has become apparent, with styles of mineralization
varying in time and space at different scales. On the other hand, advances in geochronology have been
important in resolving many of the uncertainties in the timing of formation of metal deposits and their host
rocks (Huhma et al., 201 1). These, together with the better understanding of the crustal evolution of Finland
(e.g., Lehtinen et al., 2005), have enabled the relationship between different classes of ore deposits and their
geotectonic settings, though there still remain many uncertainties. In general, the metallogenic history of
Finland corresponds well with the global pattern seen in Precambrian shields, but the degree of metal
endowment is not necessarily similar to that of other shields, and some peculiarities, such as the existence
of Outokumpu-type volcanic massive sulfide (VMS) deposits, are unique to the Fennoscandian Shield.

Although many articles have been published that synthesize the geological evolution and related
metallogeny of the Finnish part of the Fennoscandian Shield (e.g., Weihed et al., 2005; Lahtinen et al.,
2010), it was regarded as justified to provide the reader of this volume with an introductory account to
the geology of Finland and its most prevalent mineralization with an emphasis on the deposits that have
been mined or are otherwise significant in characterizing the metallogenic epochs or provinces that they
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represent. The main focus of this chapter is on metallic ore deposits. Finnish industrial mineral occur-
rences are dealt with in Chapter 9.5. First, a summary of the general geological evolution of Finland is
presented, followed by a description of different ore types occurring in major geotectonic units of the
Finnish bedrock. The most important ore deposits are shown on two maps representing the southern and
northern parts of Finland, respectively. A larger selection of deposits is presented in the supplementary
online material, including information on the main metals, total tonnages, etc.

GEOLOGICAL EVOLUTION OF THE BEDROCK OF FINLAND

The bedrock of Finland is composed almost entirely of Precambrian rocks that are part of the
Fennoscandian Shield. Exposed portions of the shield are found in Finland, Sweden, Norway, and
northwest Russia, which, together with the Ukrainian Shield, represent the oldest exposed rocks in
Europe. In the west, the Precambrian bedrock is overthrust by the Caledonian orogenic belt and in the
south and east, it is overlain by Phanerozoic and Neoproterozoic platform sediments (Fig. 2.1A).

The crustal architecture of the Precambrian bedrock in the central and eastern part of the shield
is defined by three large-scale crustal units: (1) the 3500-2500 Ma Archean basement, (2) its
Paleoproterozoic (2500-1900 Ma) sedimentary-volcanic cover, and (3) the Svecofennian orogenic
belt, 1930-1800 Ma in age. The Archean basement has usually been divided into two main crustal
segments, the Karelian and Kola cratons (also called blocks, provinces, or domains), which are
separated by the Belomorian mobile belt and Lapland granulite belt (Fig. 2.1A) and are thought to
have collided with each other during the Paleoproterozoic Lapland-Kola orogeny (Lahtinen et al.,
2005). In Finland, the Kola craton rocks only occur in northernmost Finland, north of the Lapland
granulite belt, whereas the rest of the Archean bedrock belongs to the Karelian craton. The hidden
southwestern boundary of the Karelian craton, running in the northwest—southeast direction across
central Finland (Fig. 2.1), has been precisely delineated by measuring Nd isotopic compositions of
granitic rocks (Huhma, 1986; Huhma et al., 2011). For more detailed information of the distribu-
tion of Archean crust in Finland and its division into distinct terranes or complexes, the reader is
referred to Sorjonen-Ward and Luukkonen (2005) and Holttd et al. (2012a).

As is typical of Archean granitoid-greenstone terranes around the world, in the Karelian craton rela-
tively narrow, linear supracrustal belts are surrounded by voluminous, broadly tonalitic to granodioritic
granitoids and migmatites (Fig. 2.1B). However, as recent studies have shown, the “granite-gneiss
basement” of the Archean part of the shield has a complicated lithology and tectonomagmatic history.
For example, in the Karelian craton, several magmatic suites have been distinguished including a
tonalite-trondhjemite-granodiorite (TTG) suite (around 2830-2720 Ma, rarely 2950 Ma), sanukitoids
(around 2720-2740 Ma), a quartz diorite-quartz monzodiorite (QQ) suite (around 2700 Ma), and a
granodiorite-granite-monzogranite (GGM) suite (around 2730-2660 Ma) (Mikkola et al., 2011; Holtta
et al., 2012b). Migmatization of older rocks seems to be coeval with the emplacement of leucogranit-
oids of the CGM suite at around 2700-2690 Ma. Still other major components of the Archean basement
consist of paragneiss complexes, derived from immature graywackes with depositional ages of around
2690-2710 Ma (Kontinen et al., 2007), and blocks of mafic to felsic high-grade granulites containing
the oldest, Mesoarchean rocks of Finland, such as the ~3500 Ma Siurua trondhjemitic gneisses
(Mutanen and Huhma, 2003; Lauri et al., 2011) and ~3200 Ma paleosomes of the Varpaisjarvi
granulites (Minttdri and Holttd, 2002). Neodymium isotope compositions of the TTG suite indicate
that most of the rocks represent relatively juvenile crust (Huhma et al., 2012b) and were generated from
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FIGURE 2.1 (A) Main bedrock units of the eastern part of the Fennoscandian Shield. (B) Geological map of Finland.

A abbreviations: PA = Primitive arc complex of central Finland, ACF = Accretionary arc complex of central and

western Finland, ASF =Accretionary arc complex of southern Finland.
B abbreviations: CFGC = Central Finland Granitoid Complex, CLGC = Central Lapland Granitoid Complex, Jo =
Jormua ophiolite, Ki = Kittild greenstone complex, N& = Narankavaara, Ou = Outokumpu ophiolite, Ro = Rom-
maeno complex, So = Sokli carbonatite, TKS = Tipasjarvi-Kuhmo-Suomussalmi belt, To = Tornio, Tu = Tulppio.
Sources: (A) Modified after Vaasjoki et al. (2005) and Lahtinen et al. (2005). (B) Based on DigiKF, the digital map database of the
Geological Survey of Finland, Version 1.0 (available at www.geo.fi/en/bedrock.html). The green dashed line shows the southwestern
boundary of the Karelian craton, based on Nd isotopic compositions of intrusive rocks (modified after Huhma et al., 2011).
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mafic protoliths (oceanic crust) by dehydration melting (Holttd et al., 2012b). Sanukitoids are inter-
preted as melting products of metasomatized subcontinental lithospheric mantle (Halla, 2005) and
magmas of the GGM suite as partial melts of preexisting TTG crust (Holttd et al., 2012b).

Among the Neoarchean greenstone belts, the Tipasjarvi-Kuhmo-Suomussalmi (TKS) belt (Papunen
et al., 2009) and Ilomantsi belt (Nurmi and Sorjonen-Ward, 1993), both in eastern Finland, are the most
extensively investigated (Fig. 2.1B). Other, less studied and/or less exposed greenstone belts include
Oijarvi in southern Finnish Lapland and Ropi in the northwest corner of Finland, and Tulppio in north-
east Finland (Sorjonen-Ward and Luukkonen, 2005). In general, the greenstone belts are characterized
by abundant tholeiitic basaltic submarine volcanism accompanied by komatiitic volcanic and cumulate
rocks. In addition, felsic volcanic rocks and volcanoclastics are common, with intermediate varieties
being less abundant. Among sedimentary rocks, turbiditic graywackes predominate.

The oldest U-Pb zircon ages of volcanic rocks have been measured in around 2940 Ma intermediate
volcanic rocks in the lower part of the Suomussalmi greenstone belt, but the bulk of the volcanic and
sedimentary rocks in the Finnish greenstone belts seem to be younger, with their ages falling in the
range of 2800-2880 Ma (Huhma et al., 2012a). In general, direct evidence for an older sialic basement
on which the supracrustal rocks of the greenstone belts were deposited is absent as the exposed
contacts with the surrounding granitoids are intrusive or tectonic. Thus, the tectonic setting of the
greenstone belts has been controversial. It is possible that different greenstone belts were formed in
different geotectonic settings, or they form composite terranes consisting of allochthonous segments
generated in different environments (e.g., Puchtel et al., 1998). For example, the geochemistry and
isotopic characteristics of the mafic to ultramafic volcanics of the Tipasjdrvi-Kuhmo-Suomussalmi belt
suggest that they represent intraoceanic plateau magmatism, whereas an arc signature in the chemistry
of the Ilomantsi belt volcanic rocks is consistent with a subduction zone environment (Holtté et al.,
2012b). Holttd et al. (2012b) discussed the tectonic evolution of the Karelian craton and concluded that
the basic structure of the granite—greenstone terranes was produced by Neoarchean accretion of exotic
terranes at around 2830-2750 Ma and subsequent major collisional orogeny at around 2730-2670 Ma.
These collisional events were linked to the assembly of Kenorland, one of the earliest inferred super-
continents, consisting of the Hearne Domain, Superior Province, and Fennoscandian Shield (Barley
et al., 2005; Bleeker and Ernst, 2006).

After stabilization by around 2600 Ma, the Archean craton of the Fennoscandian Shield started to
experience rifting events approximately during the Archean—Proterozoic transition. Subsequently, it
served as a substrate for long-lasting intracratonic to continental margin sedimentation and volcanism
that produced the supracrustal cover sequence collectively assigned to the Karelian formations (shown
in Fig. 2.1B as two groups of supracrustal rocks ranging in age between 2.50 and 1.95 Ga). The record
of these formations spans a geological evolution of around 600 Ma and has been traditionally subdi-
vided by Finnish and Russian researchers into several major informal stratigraphic units. Hanski and
Melezhik (2012) redefined these units as systems and proposed time limits for them based on the cor-
relation with globally recognized and radiometrically constrained Paleoproterozoic events. The time
periods of formation are the following: Sumian (2505-2430 Ma), Sariolian (2430-2300 Ma), Jatulian
(2300-2060 Ma), Ludicovian (2060—1960 Ma), and Kalevian (1960-1900 Ma). Episodes of continen-
tal mafic magmatism that took place between around 2500 and 1970 Ma are well constrained by several
generations of mafic dike swarms in the Archean basement (Vuollo and Huhma, 2005). For detailed
summaries of the sedimentological and magmatic evolution during this time period; see Hanski and
Melezhik (2012) and Hanski (2012).
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The incipient rifting of the supercontinent was accompanied by emplacement of ~2500-2440
Ma layered gabbro-norite intrusions and mafic dike swarms, which are assigned to the Sumian
magmatism in the Fennoscandian Shield. In Finland, the most prominent examples include the
Tornio-Nérinkévaara belt of intrusions (Fig. 2.1B) at the southern edge of the Perdpohja and Kuusamo
schist belts in central Finland (Iljina and Hanski, 2005; Iljina et al., 2015) and the Koitelainen and
Akanvaara intrusions in central Finnish Lapland (Mutanen, 1997; Hanski et al., 2001b). This magma-
tism and associated continental extension is commonly attributed to the impact of a mantle plume head
at the base of the craton (Amelin et al., 1995; Hanski et al., 2001b), though this model in its simplest
form meets some difficulties if the prolonged magmatic history of more than 50 Ma is real. Currently,
it seems that there were two magmatic episodes, at around 2500 Ma and around 2435-2445 Ma, but
more precise dating is needed (see Hanski, 2012, for a discussion on geochronology). Mantle-derived
magmas experienced strong interaction with continental crust, which appears to have played a key role
in ore formation, but also generated felsic magmas occurring now as small A-type granitic intrusions
(Lauri et al., 2006). Supracrustal rocks of the Sumian system are locally abundant in eastern Finnish
Lapland, particularly in the Salla belt from where they can be followed to central Finnish Lapland.
They are dominated by subaerially erupted, heavily crustally contaminated lava flows, varying from
basaltic andesites to dacites and rhyolites.

By definition, the Sariolian supracrustal rocks are younger than the ~2440 Ma layered intrusions.
This is consistent with conglomerates and mafic volcanic rocks lying on partly eroded blocks of
mafic intrusions, for example, in the Perdpohja schist belt. However, it is not always easy to distinguish
between Sumian and Sariolian rocks as both can be deposited unconformably on Archean basement
rocks. In Finnish Lapland, Sariolian volcanic rocks comprise komatiites, tholeiitic basalts, and
andesites carrying a strong crustal signature in their chemistry. Sedimentary rocks include polymict,
immature conglomerates and associated arkosic sandstones linked to an ancient, Huronian glaciation
event, with the type locality occurring at Urkkavaara, North Karelia in eastern Finland (Marmo and
Ojakangas, 1984).

The subsequent Jatulian system is characterized by deposition of quartzitic sandstones including red-
bed deposits, eruption of up to 0.5-km-thick sequences of ~2100 Ma continental flood basalts
varying from depleted MORB-types to enriched Fe-tholeiites, and accumulation of sedimentary carbon-
ates that show the largest positive carbon isotopic excursion (Lomagundi-Jatuli event) in Earth’s history
(Karhu, 2005; Melezhik et al., 2013a). This time was also favorable for evaporitic sedimentation as
evidenced by a thick anhydrite—halite sequence recovered by drilling in the Onega Lake region, Russian
Karelia (Morozov et al., 2010). The Jatulian rock record indicates strong chemical weathering in a warm
climate, oxygenation of the atmosphere as the result of the Great Oxygenation Event (GOE; see Holland,
2006) and peneplanation of the earlier rifted continental crust. An intrusive magmatic phase produced
differentiated mafic—ultramafic sills at around 2220 Ma widely in eastern and northern Finland.

The Ludicovian system starting at around 2060 Ma bears witness for the first significant accumula-
tions of organic matter as carbonaceous black shale deposits, which together with other pelitic sedi-
ments indicate deepening of the sedimentary basins. The earlier major change in atmospheric and
ocean chemistry related to the GOE was accompanied by the buildup of sulfate in seawater (e.g.,
Strauss et al., 2013), creating prerequisites for bacterial sulfate reduction and the establishment of H,S-
rich anoxic water columns. Though not located in Finland, it is worth mentioning that the most con-
spicuous rocks of this period (Shunga event) are the extremely carbon-rich rocks in Russian Karelia,
called maksovites and shungites, which are interpreted to represent petrified oil-rich deposits (Melezhik
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et al., 2013b). Another interesting feature is the reappearance in the geological record of highly magne-
sian volcanic rocks after a break of around 350 Ma. These komatiites and picrites are found in central
Finnish Lapland, differing clearly in the mode of occurrence and chemistry from the older Sariolian
komatiites in the same region (Hanski et al., 2001a). It should also be pointed out that there are differ-
entiated mafic—ultramafic intrusions belonging to this stage, of which some contain economic mineral
deposits, as described in the following. Although it is not clear whether the Archean craton was already
totally disrupted at this stage, most mafic magmas do not show isotopic signatures indicative of interac-
tion with continental crust (Hanski, 2012), with the remarkable exceptions being some Ni-Cu sulfide-
bearing intrusions (e.g., Kevitsa; Hanski et al., 1997).

In the Central Lapland Greenstone Belt, central Finnish Lapland, there is a large amount of mafic
volcanic and associated marine sedimentary rocks, such as Banded Iron Formations (BIFs), that are assigned
to the Kittild Group (Hanski and Huhma, 2005) and called the Kittild greenstone complex in this chapter
(Fig. 2.1B). These rocks form a special case because, although being around 2000 Ma in age and hence
conforming geochronologically with the definition of Ludicovian rocks, they cannot be correlated with any
other unit in the stratigraphy of the Karelian formations. The presence of ophiolitic ultramafic rocks and
depleted mantle-like isotopic characteristics of most volcanic rocks led Hanski and Huhma (2005) to con-
clude that the Kittild Group is an allochthonous rock unit, which at least partly represents a piece of an
ancient oceanic crust. In that sense, they differ in their geotectonic setting from coeval Karelian sedimentary
and volcanic rocks, which were deposited in a continental margin setting.

The Kalevian supracrustal system (1970-1900 Ma) contains abundant pelitic metasedimentary
rocks and turbiditic graywackes developed mostly at the southwestern margin of the Karelian craton in
the Perdpohja, Kiiminki, Kainuu, and North Karelia belts (Fig. 2.1B), representing Karelian sediments
deposited in deepest water. Kontinen (1987) divided the Kalevian rocks into the autochthonous-
parautochthonous Lower Kaleva and dominantly allochthonous Upper Kaleva. Turbiditic sequences
and black schists are typical for the Lower Kalevian rocks but, in some areas, mafic submarine volcanic
rocks or banded iron formations occur as well. In situ dating has revealed a dominantly Archean prov-
enance for detrital zircons for the sedimentary units of the Lower Kaleva (Lahtinen et al., 2010). The
Upper Kalevian rocks are lithologically more homogeneous consisting of thick-bedded graywackes
with minor intercalations of black schists and without volcanic interbeds. The source of detrital zircon
grains included a major Paleoproterozoic component falling in age between 2160 and 1920 Ma
(Lahtinen et al., 2010).

The exact timing of the final breakup of the Kenorland supercontinent and separation of Supe-
rior and Hearne from Fennoscandia is not well defined but current estimates place it at around
2060-2050 Ma (Lahtinen et al., 2005, 2009), which also represents a time of substantial shield-
scale and global events such as the end of the Lomagundi-Jatuli anomaly, the first appearance of
phosphorites, and the reappearance of komatiitic magmatism (Melezhik et al., 2012). The breakup
resulted in the formation of new oceanic crust, pieces of which are locally preserved in more or less
complete ophiolitic complexes. The presence of Paleoproterozoic ophiolitic complexes is one of
the most unique features of the Finnish bedrock. Of these, Jormua in the Kainuu schist belt, central
Finland, presents the lithologically most complete ophiolitic sequence, whereas Outokumpu in the
North Karelia belt, eastern Finland, contains mainly metamorphosed mantle peridotites and minor
1960 Ma gabbroic rocks, and Nuttio in central Lapland represents the most dismembered type
constituting highly serpentinized refractory peridotites (Kontinen, 1987; Hanski, 1997; Peltonen,
2005a; Peltonen et al., 2008). The Jormua ophiolite comprises mantle tectonites, gabbros,
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plagiogranites, sheeted dikes, pillow lavas, and hyaloclastites. This ophiolite is peculiar in being a
composite in the sense that the mantle rocks originated from Neoarchean subcontinental litho-
spheric mantle, whereas the overlying segment of oceanic crust is Paleoproterozoic, having been
formed at around 1950 Ma. The tectonically emplaced slivers of ophiolitic rocks are confined to the
Upper Kalevian sedimentary rocks both in Kainuu and North Karelia (Kontinen, 1987; Peltonen
et al., 2008), suggesting that at least part of the Upper Kalevian turbidites were deposited on a
newly formed oceanic crust (Lahtinen et al., 2010).

The youngest supracrustal rocks of the Paleoproterozoic cover sequence in the Karelian craton
are coarse clastic sandstones and polymictic conglomerates (Kumpu Group; see Fig. 3) lying uncon-
formably on deformed Karelian supracrustal rocks in central Lapland. They represent molasse-type
sediments deposited soon after the ~1880—-1890 Ma synorogenic plutonism (Hanski and Huhma,
2005).

While a more or less similar, prolonged geological evolution can be pictured for the Karelian
formations over an area covering almost half of the shield, such a common history cannot be envis-
aged for the Svecofennian domain in southern and western Finland. The reason is that the
Svecofennian rocks were formed within a shorter time interval in a different, more dynamic conver-
gent margin setting where multiple collisional events brought together arc complexes and microcon-
tinents with independent earlier evolutionary histories (Lahtinen et al., 2005). Soon after the advent
of the plate tectonic theory it was realized that the origin of the Svecofennian domain is related to
subduction processes (Hietanen, 1975), but as opposed to earlier models with a single subduction
zone, the geological history of the domain has turned out to be much more complicated. In the
Finnish part of the Svecofennian domain, Vaasjoki et al. (2005) distinguished three separate arc
complexes (Fig. 2.1A):

(1) The primitive arc complex of central Finland (PA) adjacent to the Archean craton margin, contain-
ing volcanic and related plutonic rocks with ages in the range of around 1930-1920 Ma.

(2) The accretionary arc complex of central and western Finland (ACF) with volcanism dated at
around 1910-1890 Ma (Kédhkonen, 2005).

(3) The approximately coeval accretionary arc complex of southern Finland (ASF).

These three complexes are also known as the Savo belt, central Svecofennia and southern Svecofen-
nia, respectively (Kdhkonen, 2005). Furthermore, the PA (Savo belt) overlaps with the Raahe-Ladoga
zone, a name that has often been used in the literature in connection with ore deposit studies as this zone
has been regarded as a suture zone marking one of the most important metallogenic provinces in
Finland (e.g., Gaal, 1990; Ekdahl, 1993).

Though being juxtaposed to the Archean craton, the rocks of the Savo belt are juvenile showing no Nd
isotopic or inherited zircon evidence for an Archean component in them (Lahtinen and Huhma, 1997,
Vaasjoki et al., 2003). The oldest dated rocks are ~1930-1920 Ma gneissic tonalites and associated volca-
nic rocks in the PA, but based on isotopic studies, it has been proposed that there are still older, 2100-2000
Ma, buried microcontinents (e.g., Keitele) in the Svecofennian domain (Lahtinen et al., 2005). The age
relationships have become more complex after publication of the dating results obtained by Rutland et al.
(2004) and Williams et al. (2008). Based on in situ zircon analyses, the former concluded that there is a
major unconformity in the Vammala area, where a migmatite complex metamorphosed at around 1920
Ma is overlain by rocks of the Tampere belt (refer to Fig. 2.1B). The supracrustal rocks of the migmatite
complex contain partly Archean detritus and were likely deposited as far back as around 1970 Ma, being
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thus older than any of the PA rocks. A similar unconformity was later established by Williams et al. (2008)
in the Himanka area, Pohjanmaa belt (Fig. 2.1B), close to the western coast of Finland.

According to Kidhkonen (2005), the Svecofennian supracrustal rocks typically comprise calc-alkaline
volcanic rocks of volcanic arc magmatism, ranging in composition from low-K to shoshonitic basalts
to rhyolites, and associated accretionary prism sediments, such as turbiditic graywackes and mudrocks.
Besides island arc basalts, MORB-, EMORB-, and WPB-type pillow lavas are present locally. Sedi-
mentary carbonate rocks are mostly confined to the southernmost arc complex.

Due to the complicated tectonic history, granitic magmatism has taken place at several stages.
Nironen (2005) gives the following classification of orogenic granitoid rocks:

e Preorogenic (1950-1910 Ma)

e Synorogenic (1890-1860 Ma) divided into two subclasses:
*  Synkinematic (1890-1870 Ma)
¢ Postkinematic (1880-1860 Ma)

e Late-orogenic (1840-1800 Ma)

e Postorogenic (1810-1770 Ma)

In Fig. 2.1B, for simplicity, Svecofennian granitoids are divided into two groups: synorogenic
(1.93-1.85 Ga) and late-orogenic (1.85-1.77 Ga). In addition, mafic—ultramafic plutonism occurred as
multiple pulses. Peltonen (2005b) distinguishes three groups of intrusions of which Group I are found
around the Central Finland Granitoid Complex (CFGC). They were emplaced close to the peak of the
Svecofennian orogeny at around 1890 Ma and can host Ni-Cu sulfide deposits. The Group II intrusions
are large synvolcanic layered gabbro complexes restricted to the arc complex of southern Finland
(ASF), and the less abundant Group III intrusions include Ti-Fe-P-rich gabbros within the CFGC.

A detailed accretionary history of the Svecofennian composite orogenic belt has been described by
Lahtinen et al. (2005, 2009) as follows: (1) microcontinent accretion stage (1920-1870 Ma), (2) conti-
nental extension stage (1860-1840 Ma), (3) continent—continent collision stage (1840-1790 Ma), and
(4) orogenic collapse and stabilization stage (1790-1770 Ma) followed by orogenic collapse and stabi-
lization (1.79-1.77 Ga). During the prolonged accretionary history, the Karelian craton acted as the
foreland upon which Svecofennian nappes were emplaced. Widespread orogenic to postorogenic plu-
tonism is found within the Archean craton several hundreds of kilometers northeast of the collisional
zone. Thermal effects of the Svecofennian orogenies are also observed as isotopic resetting of minerals
and disturbance of Paleomagnetic signatures in the Archean basement and its Paleoproterozoic cover.
It needs to be remembered that during the broadly coeval Kola—Lapland orogeny, the craton was also
subjected to thrusting from the northeast, leading to the development of the Lapland—Kola orogen
including the Lapland granulite belt. Syn- to late-orogenic reactivation of the foreland area between the
two orogens has an important bearing on the formation of orogenic gold deposits.

After the intrusion of the latest postorogenic granites at around 1770 Ma, a tectonic and magmatic
quiescence (crustal stabilization) of more than 100 Ma ensued, being interrupted by the emplacement
of anorogenic A-type rapakivi granites in southern Finland (Fig. 2.1B) at around 1650-1540 Ma
(Rdmo and Haapala, 1995, 2005). The magmatism produced several large rapakivi batholiths and a
number of smaller plutons as well as leucocratic gabbroic bodies and tholeiitic diabase dike swarms.
The bimodal nature of the magmatism has been explained by a mantle-plume model in which felsic
magmas were produced by thermal perturbation of the lower crust due to underplating of mafic mag-
mas from a deep mantle plume.
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The subsequent Mesoproterozoic to middle Paleozoic evolution of the Finnish bedrock has been
described by Kohonen and Rimo (2005). After the emplacement of rapakivi granites, intracratonic rift
basins (around 1600-1300 Ma) started to develop. These are preserved in restricted areas in southwest-
ern and western Finland as two tectonic depressions filled by the Satakunta and Muhos formation
sandstones, respectively (Fig. 2.1B). Mafic dikes and sills recording an extensional stage at around
1265 Ma are abundant in the Satakunta sandstones and adjacent rapakivi granites. A few mafic dikes
were emplaced in northern Finland at around 1100-1000 Ma. Neoproterozoic magmatism is repre-
sented by ~600 Ma kimberlites in eastern Finland, and the still younger (ca. 365 Ma) Sokli carbonatite
and livaara ijolite massif in northern Finland represent the westernmost igneous bodies of the Kola
alkaline province (O’Brien et al., 2005). Caledonidic Paleozoic sedimentary rocks are found in Finland
only as an overthrust nappe in the far northwestern part of the country.

METALLOGENY OF ARCHEAN GRANITE-GREENSTONE TERRANES

In general, Archean cratons are well endowed with certain metal ore deposits, including Fe in banded
iron formations, Ni-Cu in komatiites, Au in orogenic gold deposits, and Cu-Zn in volcanogenic massive
sulfides (VMS). Of these, banded iron formations, whose deposition took place dominantly during the
Neoarchean and Paleoproterozoic before the appearance of the oxygenated atmosphere (Trendall and
Blockley, 2004), are not well developed in the Archean greenstone belts in Finland, only forming thin
Algoma-type banded quartz-magnetite-amphibole/pyroxene layers between mafic or felsic volcanic
rocks or mica schists, reaching commonly a few meters in thickness (Lehto and Niiniskorpi, 1977). The
largest deposits are found in the Ilomantsi greenstone belt (Fig. 2.2), with resources of up to 36 Mt
(Sorjonen-Ward, 2012), thus being rather small. However, the large Kostomuksha BIF deposit, located
on the eastern side of the Finnish-Russian border in Russian Karelia (Gor’kovets et al., 1981), has been
in production for tens of years, and the currently active Sydvaranger BIF mine in northern Norway is
also located close to the Finnish-Norwegian border.

The metals that have turned out to be the most promising exploration targets in the Archean bedrock
of Finland are Ni, Au, Ag, and Mo. Unlike in some other Archean greenstone belts, such as the Kalgoor-
lie terrane in Western Australia, only a few occurrences of komatiite-hosted Ni-Cu sulfides have been
discovered in the Finnish greenstone belts (Konnunaho et al., 2015). They are found mostly in the
Kuhmo and Suomussalmi greenstone belts in eastern Finland and in the Rommaeno complex (Ruos-
sakero deposit, Fig. 2.3) in northwestern Finland. They contain sulfide disseminations and less abundant
massive sulfides in olivine-rich cumulate rocks. None of the mineralized komatiites has so far proved to
be economic, with the exception of the small Tainiovaara deposit that was exploited in the 1980s. In
some deposits such as Vaara (Fig. 2.3), postmagmatic alteration has upgraded the metal content of the
sulfide fraction (Konnunaho et al., 2013), which enhances the potential of their exploitation.

Many reasons have been suggested for the scarcity of significant komatiitic Ni-Cu deposits in
Finland (Konnunaho et al., 2013; Maier et al., 2013): the parental magma of the Finnish komatiites was
more differentiated and cooler than the most ore-producing komatiites elsewhere, and dynamic lava
channel environments where significant amounts of sulfide-bearing substrate could be assimilated were
uncommon. Also, the total volume of the mafic—ultramafic magmatism was small compared to Western
Australia or Canada, and the small size or absence of VMS and other sulfidic deposits restricts the
amount of potential sources of external sulfur (cf. Bekker et al., 2009), although clear evidence for
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FIGURE 2.2 Main ore deposits in southern part of Finland.

The boundaries of the Kotalahti and Vammala Ni belts after Makkonen (2015) and those of the Seindjoki
Au-Sb area and Emmes Li area are from Eilu and Karkkainen (2012) and Ahtola (2012), respectively. Deposit
names: Ai = Aijala, Eu = Eurajoki, Ha = Hammaslahti, Hi = Hitura, HI = Hallinmaki, Hr = Haveri, Hv = Halvala,
Hu = Huhus, Il = lilijarvi, Jo = Jokisivu, Ju = Jussar®, Ka = Kangasjarvi, Ke = Keretti, KI = Kylmakoski,
Km = Kymi, Ko = Kotalahti, Kp = Kopsa, Ks = Koivusaarenneva, Kr = Korsnés, Ku = Kutemajérvi, Kv = Kovero-oja,
Ky = Kylylahti, La = Laivakangas, Lk = Laukunkangas, Lu = Luikonlahti, Ma = Makola, Ma = Matasvaara,
Me = Metsamonttu, Mu = Mullikkordme, Or = Oravainen, Ot = Otanmaki, Or = Orijarvi, Os = Osikonmaki,
Pa = Paakko, Pe = Petolahti, Pk = Paukkajanvaara, Pm = Palmottu, Pp = Pampalo, Py = Pyhasalmi, Ru =
Ruostesuo, Sa = Sahalahti, S& = Sarkinniemi, Si = Siilinjarvi, St = Stormi, Ta = Talvivaara, Te = Telkkéala, Tn =
Tainiovaara, Tu = Tuomivaara, Tv = Taivaljarvi, Vi = Vihanti, Vr = Vuorokas, Vu = Vuonos, Yl = YI6jarvi.

Source: The geological map is based on DigiKF, the digital map database of the Geological Survey of Finland, Version 1.0

(available at www.geo.fi/en/bedrock.html).



50 CHAPTER 2 SYNTHESIS OF THE GEOLOGICAL EVOLUTION

assimilation of crustal sulfur can be found, for example, in the Vaara deposit in the Suomussalmi belt
(Konnunaho et al., 2013). In addition, the Finnish komatiites seem to be around 100 Ma older than the
~2700 Ma mineralized komatiites elsewhere, though whether this has a direct bearing on the Ni
prospectivity remains unknown.

Volcanic massive sulfide (VMS) deposits, which are commonly found in Archean terranes, especially
in the Superior province in Canada, are rare in the Finnish greenstone belts. Subeconomic Zn-Pb miner-
alization is found in the northernmost part of the TKS belt (Kopperoinen and Tuokko, 1988) and in the
Iomantsi belt (Sorjonen-Ward, 2012). The Ag-Au-Zn deposit at Taivaljarvi in the southern part of the
TKS belt is currently at an advanced feasibility stage (Lindborg et al., 2015). The Taivaljdrvi deposit is
regarded as an ancient metamorphosed analog of epithermal Au-Ag deposits (Papunen et al., 1989) and,
as such, is a rare ore type in the Archean because these kinds of deposits have a low preservation potential
and are almost exclusively limited to Mesozoic or younger island-arc terranes (e.g., Kerrich et al., 2005).
The ore occurs within a sequence of felsic volcanic breccias, tuffs, and tuffites dated at 2798 + 2 Ma
(Huhma et al., 2012a) and is characterized by strong premetamorphic leaching and K-Mg alteration.

Orogenic gold mineralization has been discovered in most Archean greenstone belts in Finland,
including TKS, Oijérvi, and Ilomantsi, but as in the case of Ni, the number of economically viable gold
deposits is still low compared to some other Archean cratons. Currently, there is one gold mine in produc-
tion (mining started in 2011), exploiting the Pampalo gold deposit (Fig. 2.2) in the Hattu schist belt
(Nurmi et al., 1993; Sorjonen-Ward et al., 2015), which is the eastern branch of the llomantsi greenstone
belt in eastern Finland. Gold is principally hosted by mica schists, feldspathic sediments, and tonalitic
intrusions in zones that have undergone strong hydrothermal alteration including hydration, silicification,
potassic alteration, tourmalinization, sulfidation, and carbonation (Nurmi et al., 1993). The main time
period of gold mineralization in the Archean greenstone belts in Finland falls in the range of 2720-2640
Ma (Eilu, 2015), coinciding with one of the major periods of global orogenic gold ore formation (Gold-
farb et al., 2001) related to the amalgamation of Kenorland (e.g., Bierlein et al., 2009). In spite of the
general Svecofennian metamorphic overprint (cf. Kontinen et al., 1992), no evidence has been found for
Paleoproterozoic gold mineralization in Archean greenstone belts in Finland (Eilu, 2015).

The rare Mesoarchean metallic deposits that have been exploited in Finland include the Métédsvaara
molybdenite deposit in eastern Finland (Fig. 2.2), which was mined during World War II (Haapala
etal., 2015). The ore is associated with red aplitic and white pegmatitic granite dikes cutting gray gran-
itoid gneisses and could be classified as an Archean porphyry Mo deposit. Another notable Mo occur-
rence is the unexploited Aittojérvi deposit (Fig. 2.3) at the northern end of the TKS belt (Haapala et al.,
2015). An Archean carbonatite at Siilinjarvi (Fig. 2.2) in central Finland represents an unusual mag-
matic event, which took place in an anorogenic setting at around 2600 Ma, producing a major apatite
deposit (O’Brien and Heilimo, 2015).

METALLOGENY OF THE PALEOPROTEROZOIC CRATONIC SEDIMENTATION
AND MAGMATISM

Intracratonic or epicontinental environments in fault-controlled basins and troughs are conducive for
formation of stratiform sediment-hosted Cu (SSC) deposits (red-bed Cu deposits) and SEDEX-type Zn
and Pb deposits, and a subsequent marine transgression may create favorable conditions for deposition
of Kupferschiefer-type shale-hosted ores enriched in Cu and other metals (Ag, Pb, Zn, Au, PGE) (e.g.,
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Hitzman et al., 2010). Furthermore, evaporitic sedimentary beds can act as sources of hypersaline
basinal brines that are good agents for metal transportation. After breakup of a continent, the shelf of
the passive continental margin can act as a site of Fe or Mn ore deposition (e.g., Miiller et al., 2005).
During their prolonged development lasting hundreds of millions of years, continental and epicontinen-
tal sedimentary basins may experience repeated episodes of mafic volcanism and intrusive magmatism
as a result of the movement of the continental plate over ascending mantle plumes derived from the
deep mantle, resulting in formation of continental flood basalt-related magmatic Ni-Cu deposits. Thus,
many metallogenic events may take place in a cratonic or epicratonic environment. The following sec-
tion deals with syngenetic metallic mineralization associated with ~2500-1960 Ma Karelian sedimen-
tary and igneous rocks constituting the Paleoproterozoic cover of the Archean cratonic basement. The
same areas may also comprise epigenetic mineralization, particularly orogenic gold deposits, and these
are discussed in the next section dealing with the Svecofennian period.

In general, mafic intrusive magmas are integral to formation of Cr, Ni-Cu-PGE, and Fe-Ti-V depos-
its in differentiated mafic layered intrusions. This is also the case in the Paleoproterozoic of northern
Finland. Fracturing of the Archean craton caused by its initial rifting produced channels through which
a large amount of mafic magma ascended and ponded near the unconformity between the Archean
basement and the earliest Paleoproterozoic supracrustal rocks. Large differentiated layered intrusions
were formed, including the ~2440 Ma Tornio-Nérdnkidvaara belt of intrusions, where ore-forming pro-
cesses generated various types of oxide and sulfide mineralization (Iljina and Hanski, 2005; Iljina et al.,
2015; Karinen et al., 2015). The largest chrome deposit in Europe is hosted by the 2440 Ma Kemi
mafic—ultramafic intrusion (Fig. 2.3) (Alapieti et al., 1989; Alapieti and Huhtelin, 2005; Huhtelin,
2015), which has been mined since 1966. At Kemi, chromium is enriched in the lower part of the ultra-
mafic lower zone with the thickness of the chromite-rich cumulates reaching 60 m.

The ore has a relatively low Cr/Fe but the Cr resources are immense, securing the extent of mining
operations far into the future. Several styles of PGE-bearing sulfidic mineralization are encountered in
the Tornio-Nirdnkivaara intrusion belt (Halkoaho et al., 1990; Iljina, 2005; Andersen et al., 2006; Iljina
etal., 2015):

e Up to five PGE-bearing low-sulfide reefs have been encountered at different stratigraphic levels in
the Penikat intrusion (Fig. 2.3) and the dismembered Portimo complex, but have proved uneco-
nomic so far.

e The contact-type disseminated mineralization of the Ahmavaara and Konttijédrvi deposits (Fig. 2.3)
in the Portimo complex and the Haukiaho and Kaukua deposits (Fig. 2.3) in the Koillismaa intru-
sion are under active research and inventory.

e Offset-type set of base metal- and PGE-rich, massive sulfide veins occur in the footwall rocks of
the Kilvenjirvi block of the Portimo complex (Fig. 2.3).

The Mustavaara Fe-Ti-V deposit (Fig. 2.3), which is hosted by one of the blocks of the dismembered
Koillismaa intrusion in eastern Finland, is described by Karinen et al. (2015). It was mined between 1976
and 1985, and the mine is currently in the process of being reopened. The mineralized magnetite-rich cumu-
late layer in the upper part of the igneous stratigraphy is up to 200 m thick and 19 km long, along strike. So
far, the Mustavaara deposit is the only iron ore body of this age group that has been mined, but magnetite-
rich cumulates also occur in other coeval intrusions such as Koitelainen and Akanvaara in Lapland (Fig. 2.3).
These intrusions also host stratiform chromite deposits, but these are currently uneconomic.
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FIGURE 2.3 Major ore deposits in the northern part of Finland.

Deposit names: Ah = Ahmavaara, Ai = Aittojarvi, Ak = Akanvaara, Ha = Hannukainen, Hk = Haukiaho, Ho =
Hotinvaara, Ju = Juomasuo, Ka = Karhujupukka, Ke = Kemi, Ki = Kivimaa, Kl = Kallijarvi, Ko = Konttijarvi, Kr =
Kérvasvaara, Ku = Kutuvuoma, Kt = Koitelainen, Kv = Kevitsa, Lo = Lomalampi, Mu = Mustavaara, Na =
Narkaus, Pa = Pahtavaara, Pe = Penikat, Ph = Pahtavuoma, Po = Porkonen, Ra = Raajarvi, Ro = Rompas, Rt =
Rautuvaara, Ru = Ruossakero, Sa = Saattopora, Sk = Sakatti, So = Sokli, Su = Suurikuusikko, Te = Tepasto,
Va = Vaara, Vh = Vahajoki.

Source: The map is based on DigiKF, the digital map database of the Geological Survey of Finland, Version 1.0 (available at:

www.geo.fi/en/bedrock.html).

Jatulian sedimentary and volcanic rocks do not host notable syngenetic metal enrichment in
Finland. There are apparently small uranium occurrences in the Jatulian quartzites and conglomerates
in southeast Finland (Piirainen, 1968). The only period of uranium mining in Finland took place
between 1958 and 1961 when a small deposit in the Jatulian sequence at Paukkajanvaara (refer to
Fig. 2.2) in the Koli area was mined. The Paukkajanvaara deposit consists of stratiform precipitates of
colloform pitchblende and secondary uranophane in the matrix of the metasediments and epigenetic
veins and breccia infillings at the contact of a diabase (Aikis and Sarikkola, 1987; Pohjolainen, 2015).

Ludicovian (ca. 2050 Ma) komatiitic and picritic volcanic rocks and related subvolcanic intrusions in
Finnish Lapland are associated with sulfide-bearing black shales and therefore were emplaced in a favor-
able environment for assimilation of external sulfur. Despite this setting, no economic komatiite-related
Ni-Cu deposits have so far been discovered in Lapland. Nevertheless, there are two subeconomic
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occurrences, Hotinvaara and Lomalampi (Fig. 2.3), showing that this magmatic episode has some Ni poten-
tial (Konnunaho et al., 2015). The Lomalampi disseminated mineralization, which is hosted by an olivine
cumulate lens, is interesting in showing an exceptionally high ratio of Pt to base metals (Konnunaho et al.,
2015). In contrast to komatiites, the ~2050 Ma intrusive mafic magmatism has produced several prominent
Ni-Cu deposits in central Lapland. The Kevitsa differentiated mafic—ultramafic intrusion contains a large
Ni-Cu-PGE deposit (Fig. 2.3) that is located within the ultramafic lower part of the intrusion (Mutanen,
1997; Santaguida et al., 2015). The Kevitsa mine started its metal production in 2012. Mineralization con-
sists of disseminated sulfides and is divided into several types due to a very large variation in metal tenors
(Mutanen, 1997; Yang et al., 2013). The newly discovered, very promising Sakatti Ni-Cu deposit (Fig. 2.3),
which is located not far from Kevitsa, is another example of mineralized, possibly coeval mafic—ultramafic
intrusions (Coppard et al., 2013, Brownscombe et al., 2015).

Close to Kevitsa in age is the ~2060 Ma Otanméki Fe-Ti-V deposit (Fig. 2.2), which is hosted by
layered gabbroic rocks in central Finland (Lindholm and Anttonen, 1980; Kuivasaari et al., 2012). The
Otanméki mine was an important V producer on a global scale from 1953-1985. The gabbroic intru-
sions are spatially associated with gneissic peralkaline-alkaline A-type granites, which locally show
Nb, Ta, Zr, Sc, and REE mineralization (Sarapii et al., 2015).

The giant, low-grade black shale-hosted Ni-Zn-Cu-Co deposit at Talvivaara (Fig. 2.2), extending
along strike for around 12 km, occurs in Lower Kalevian sedimentary rocks in the Kainuu schist belt,
central Finland (Loukola-Ruskeeniemi and Lahtinen, 2012; Kontinen and Hanski, 2015). Other metals
that are found in sufficiently high concentrations for potential commercial exploitation at Talvivaara
include uranium and manganese. The low metal grade of the ore has been circumvented by applying
the bioleaching heap technique for metal extraction, which commenced in 2008. The sedimentary rocks
hosting the stratabound deposit are very rich in graphite (5—15 wt% C) and sulfides (5-30 wt% S), and
the black shale-bearing sedimentary sequence is devoid of any volcanic intercalations. It is generally
accepted that the black shales represent organic carbon-rich muds accumulated under anoxic and eux-
inic conditions, and that nickel was derived from abnormally Ni-rich seawater, but the ultimate source
of Ni is not yet well understood.

Another base metal sulfide mineralization occurring within Kalevian sedimentary rocks is the
Hammaslahti Cu-Zn deposit in eastern Finland (Fig. 2.2). The mine was in operation between 1973 and
1986. The ore body is located in a turbidite-black schist environment and hosted by hydrothermally
altered quartz graywacke and arkosite. The origin of the deposit is still under discussion; it seems to
share features of both Besshi-type volcanogenic massive sulfide deposits and sediment-hosted strati-
form Cu deposits (SEDEX) (Loukola-Ruskeeniemi et al., 1991). The relationship between the deposit
and mafic volcanic rocks of the Tohmajérvi igneous complex that occur approximately 20 km south of
Hammaslahti also remains debated.

Sedimentary ore deposits in Kalevian sedimentary rocks are not confined to sulfidic mineralization
though only sulfide ores have reached the economic threshold. Laajoki and Saikkonen (1977) described
Lake Superior-type oxide, carbonate, sulfide, and silicate facies banded iron formations, up to 50 m in
thickness, in association with black schists and mica schists at Padkko (Fig. 2.2) in the Kainuu schist
belt, central Finland. Laajoki (2005) assigned them to Lower Kalevian formations, being thus broadly
correlative with the host rocks of the Talvivaara Ni-Zn-Cu-Co deposit. Another similar BIF occurrence
is known at Tuomivaara (Fig. 2.2), about 65 km south-southeast of Paikko (Gehor and Havola, 1988).

In addition to the BIF occurrences in the Kainuu schist belt, Paleoproterozoic sedimentary iron ores
are found in the Kittild greenstone complex, which, in spite of being roughly coeval with the Kainuu
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BIF, are not correlative with them due to the likely allochthonous nature of the Kittild volcanic com-
plex. This is why ore deposits in the complex can also be discussed in the following section dealing
with ophiolitic complexes. The most notable of the iron formations is the Porkonen deposit (Fig. 2.3)
which, as the Kainuu BIFs, contains many mineralogical varieties, including magnetite-quartz banded
sediments in the oxide facies and manganosiderites in the carbonate facies (Paakkola, 1971). According
to Korkalo (2006), there are more than 100 noneconomic iron occurrences in BIFs within the Central
Lapland Greenstone Belt (CLGB), of which most are found in the Kittild greenstone complex. The
other main area of occurrence of BIF is the Jauratsi area in the eastern part of the CLGB. In terms of
timing, the ~2000 Ma CLGB and Kainuu belt banded iron formations do not fit with any major peak of
BIF occurrence in Earth’s history (cf. Holland, 2006).

Other syngenetic ore deposits of the Kittild greenstone complex are a number of minor VMS-style
base metal occurrences in the southern part of the complex. The Pahtavuoma Cu-Zn deposit (Fig. 2.3)
(intermittent production between 1974 and 1993) is the only one that has led to commercial mining
(Korkalo, 2006). The Pahtavuoma deposit is hosted by a sedimentary formation, containing graphite-
bearing phyllites and mica schists, that is correlative with the metasediments hosting the Kevitsa Ni-Cu
bearing-intrusion.

METALLOGENY OF OPHIOLITIC COMPLEXES

Globally, ophiolitic complexes provide important resources of podiform chromitites and Cyprus-type
volcanogenic massive sulfides (e.g., Robb, 2005) and these metals can also be expected to be found in
Finnish ophiolites. Indeed, the ore deposits that have had the most substantial impact on developing the
metallurgical industry in Finland are the Cu-Zn-Co deposits associated with the 1960 Ma Outokumpu
ophiolitic rocks in eastern Finland (Fig. 2.1B), the first one of which was discovered in 1910 (Peltola,
1978). These deposits have often been classified as VMS deposits and, more specifically, Cyprus-type
VMS deposits (e.g., Robb, 2005). However, in contrast to most VMS deposits elsewhere, the Outo-
kumpu sulfides are closely associated with ultramafic (mantle rock) massifs and their highly silicified
fringes, as opposed to volcanic rocks. In addition, the sulfides at Outokumpu are locally abnormally
rich in Ni. These features led Papunen (1987) to propose a separate VMS subclass, the Outokumpu
type, for these ores. The genesis of the Outokumpu-type deposits was recently reinterpreted by Peltonen
et al. (2008) using a polygenetic model in which a Cu-rich proto-ore was generated by hydrothermal
processes on serpentinized ultramafic seafloor, whereas nickel enrichment in sulfides took place during
subsequent obduction, due to alteration and interaction of ultramafic massifs and adjacent sulfide-bearing
black schists.

Mining operations continued at the two mines of the Outokumpu area, Keretti and Vuonos
(Fig. 2.2), until 1989 and 1986, respectively, and at Luikonlahti, where an analogous deposit is located,
until 1983. A new Outokumpu-type Cu-Co-Ni-Zn deposit was discovered at Kylylahti in 1984, where
mining started in 2011. In addition to base metals, gold has been produced as a by-product at Outo-
kumpu. In addition, talc and soapstone production has raised the economic importance of altered ophi-
olitic ultramafic rocks in eastern Finland (Lehtinen, 2015). Small podiform chromitite occurrences are
known to be associated with ultramafic mantle rocks in the Outokumpu, Jormua, and Nuttio ophiolitic
complexes (Vuollo et al., 1995; Hanski, 1997; Tsuru et al., 2000); however, no economic deposit has
been discovered.
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METALLOGENY OF THE SVECOFENNIAN ARC COMPLEXES AND OROGENIC
MAGMATISM

Accretionary orogenic belts of all ages host diverse mineral deposit types developed at different stages
of orogeny (Kerrich et al., 2005; Bierlein et al., 2009), including deposits formed during the arc mag-
matism, such as porphyry Cu-Au-Mo and epithermal Au-Ag deposits, and volcanogenic massive sul-
fide (VMS) deposits that form in extensional back-arc basins. Orogenic gold deposits are also typical
and are generated later in the history of the convergent margin during and after terrane accretion. There
also are other ore types that can be related to subduction processes but not detected in Finland, such as
Carlin-type gold deposits (Muntean et al., 2011). Thus, accretionary plate margins throughout Earth’s
history represent productive settings for the formation of different mineral deposits, and this has also
occurred in Finland where the Svecofennian orogeny at around 1900-1800 Ma produced a large num-
ber of deposits of diverse genetic types.

In terms of the total amount of metals, the Pyhédsalmi Zn-Cu volcanogenic massive sulfide (VMS)
deposit (Fig. 2.2) is the most productive among the Svecofennian mineral deposits (Miki and Puustjérvi,
2003; Roberts et al., 2004; Miki et al., 2015). Including the three satellite mines (Mullikkordme, Ruoste-
suo, and Kangasjirvi; Fig. 2.2), the ore in the Pyhédsalmi area has been mined continuously since 1962. The
deposits occur in the oldest (ca. 1920-1930 Ma) of the three arc complexes (Savo belt) that collided with
the Archean craton margin. The deposits are associated with a bimodal suite of volcanic rocks and display
typical characteristics of Kuroko-style VMS mineralization, including intense hydrothermal alteration of
the felsic host rocks to cordierite-sericite schists recording enrichment in Ba, K, and Mg. Located in the
same metallogenic area, approximately 100 km northwest of Pyhésalmi, the Vihanti VMS deposit
(Fig. 2.2) (mined from 1954-1992) shares many features with Pyhdsalmi, but its average Zn/Cu ratio is
twice that of the Pyhésalmi deposit (Vasti, 2012; Miki et al., 2015). The associated volcanic rocks have a
lesser mafic component than at Pyhédsalmi, being mainly intermediate to felsic. Other occurrences of VMS
mineralization in the Savo belt were described by Ekdahl (1993). Of these, the Hillinméki Cu deposit
(Fig. 2.2), hosted by mafic volcanic rocks, was exploited from 1966—1984. Given the composite nature of
the Svecofennian orogen, it is not surprising that the correlation of the different VMS-bearing zones, the
Pyhésalmi-Vihanti area in Finland and Skellefte and Bergslagen districts in Sweden, has not been straight-
forward; all seem to have different ages and geodynamic characters (Weihed et al., 2005).

Further south, on the southern side of the Central Finland Granitoid Complex, potential VMS min-
eralization is found in the western part of the Tampere belt where the Haveri Cu-Au deposit is located
(Fig. 2.2). Since the 1730s, it was intermittently mined in a very small scale for iron, as it is locally
enriched in magnetite, but after discovering gold in the deposit in the 1930s, it became a Cu-Au mine
until its closure in 1962. The host rocks are submarine tholeiitic mafic volcanic rocks and hence differ-
ent from those of the Pyhisalmi and Vihanti deposits. The origin of the Haveri deposit has been uncer-
tain due to strong alteration, deformation, and metamorphism. Most recently, Eilu (2012c, 2015) has
classified it as a VMS deposit formed in a back-arc setting at around 1900 Ma, with no signs of postde-
positional (orogenic) gold overprint.

The VMS deposits just discussed belong to the Savo belt and central Svecofennia. Several occur-
rences of VMS-style base and precious metal mineralization have also been discovered in the Uusimaa
belt belonging in the southernmost of the three arc complexes, the southern Svecofennia. They form
Cu-Zn-Pb ores in the Aijala-Orijdrvi area, as the area was called by Latvalahti (1979), or in the Orijdrvi
Zn-Cu metallogenic area as defined by Eilu and Tontti (2012). Three mines have been in production in
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this region: Aijala, Metsdmonttu, and Orijarvi (Fig. 2.2). The first two were in operation from
1948-1961 and 1951-1974, respectively, while Orijdrvi started to produce Cu in 1758 and was inter-
mittently mined until 1958. They are associated with strongly altered felsic to mafic volcanic rocks and
chemical metasediments such as iron formation and chert, with the alteration being characterized by
enrichment in K, Mg, and Fe. It is also worth mentioning the small Iilijirvi Ag-Au-Cu-Pb-Zn deposit
(Fig. 2.2), which is peculiar in showing characteristics of a gold-rich VMS deposit or a Cu-Pb-Zn-
bearing epithermal Ag-Au deposit (Mikeld, 1989; Eilu, 2012b). Whereas the Pyhésalmi-Vihanti belt
cannot be extended to Sweden across the Gulf of Bothnia, the Orijérvi belt has been correlated to the
Bergslagen VMS district in central Sweden (Lahtinen et al., 2005).

Porphyry Cu and Mo systems are among the most widely distributed mineralization types along
Andean-type continental margins. Most deposits range in age from Paleozoic to early Pleistocene, but in
addition, several Neoarchean and some Paleoproterozoic deposits are known. In Fennoscandia, the most
notable example is the huge Aitik Cu-Au-Ag deposit in northern Sweden hosted by ~1900 Ma volcanicla-
stics, which are closely associated with the subduction-related quartz monzodiorites of the Haparanda
suite (Wanhainen et al., 2012). In Finland, this category of mineralization is not significant in terms of past
metal production, but according to Nurmi et al. (1984) there are tens of small occurrences throughout the
Svecofennian domain (see also Haapala et al., 2015). Nurmi et al. (1984) distinguished five main types
based on their ore element association: Mo-Cu, Mo, Cu, Cu-Au, and Cu-W. Two notable examples are the
Kopsa Cu-Au deposit (Fig. 2.2) in the northwest part of the Raahe-Ladoga zone, comprising a quartz-vein
stockwork and sulfide dissemination in a calc-alkaline tonalite stock (Gaal and Isohanni, 1979), and the
Y16jdrvi Cu-W deposit (Fig. 2.2) in the Tampere belt in southern Finland, which is confined to tourmaline
breccias in country rocks of an ~1885 Ma batholith (Himmi et al., 1979; Haapala et al., 2015). The
Yl6jarvi deposit was mined from 1943-1966.

Epithermal Au-Ag deposits are regarded as near-surface or volcanic manifestations of the same
processes that are responsible for the formation of porphyry deposits, representing a characteristic
deposit type of the Andean or oceanic subduction zones in the circum-Pacific belt in the recent Earth
(Simmons et al., 2005). Most known deposits are younger than Paleozoic in age, with the scarcity of
deposits in ancient rocks being due to poor preservation potential rather than secular changes in ore-
forming processes (Wilkinson and Kesler, 2007). In Finland, epithermal Au-Ag deposits are relatively
rare. One of them is the well-documented Kutemajirvi deposit (Fig. 2.2) in the Tampere belt (Luukkonen,
1994; Poutiainen and Gronholm, 1996; Kinnunen, 2008), where mining started in 1994 and is still
ongoing. The ore is hosted by metasomatic quartz rock in an environment of intense sericitization,
which is characterized by a strong depletion of nearly all major and trace elements, and enrichment in
Ag, Au, As, Bi, F, S, Si, and Te.

Although orogenic Ni-Cu deposits have been distinguished as a separate subclass of magmatic
Ni-Cu sulfide deposits, by Naldrett (2004), for example, they have not always been listed among the
typical ore deposits associated with convergent plate margins or collision boundaries (e.g., Laznicka,
2010), likely due to their high depth of origin and therefore nonexposure in young orogenic belts. Nev-
ertheless, Svecofennian orogenic Ni-Cu sulfide deposits have been the most important source of Ni
during Finland’s mining history, though the more recent discovery of Kevitsa and Sakatti, formed in a
continental setting, has changed this situation.

Svecofennian Ni-Cu deposits hosted by small mafic—ultramafic intrusions have been identified in two
major zones (Peltonen, 2005b; Makkonen, 2015), as indicated in Fig. 2.2. These have been called the
Kotalahti nickel belt, which follows the PA (Savo belt) adjacent to the Archean craton margin, and the
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Vammala nickel belt, which occurs in the southern to southwestern part of the arc complex of central and
western Finland (ACF), on the southern side of the Central Finland Granitoid Complex. The latter is thus
located far from the craton margin (Papunen and Gorbunov, 1985; Peltonen, 2005b). It is noteworthy that
some intrusions also occur in the Archean crust close to its southwest margin (Makkonen, 2015). There
is also a Ni-Cu-bearing intrusion, Telkkéld (Fig. 2.2), on the northern side of the large rapakivi granite
massif in southeast Finland, being located off the two major Ni belts. The fertility of the orogenic mafic
magmatism with respect to Ni-Cu sulfides is confirmed by the fact that, since 1941, 10 Ni-Cu mines have
been in operation and many subeconomic deposits have been investigated. The most prolific deposits in
the southeastern part of the Kotalahti nickel belt are Kotalahti and Laukunkangas (Fig. 2.2) and in the
northwestern part, Hitura (Fig. 2.2). In the Vammala nickel belt, the Kylmékoski, Kovero-oja, and Stormi
mines (Fig. 2.2) have been in operation. Most of the mines were closed by the middle of the 1990s, but
the Hitura mine is still intermittently in production. Aside from the two mentioned nickel belts, there is a
minor Ni-Cu deposit at Oravainen, close to the western Finnish coast (Isohanni, 1985).

The Ni deposits are mostly located within the Group I orogenic mafic—ultramafic intrusion type as
defined by Peltonen (2005b). Further subclassification assigns the intrusions in the Kotalahti belt (i.e.,
those located close to the craton) to Group Ia, and those in the Vammala belt, far from the craton boundary,
to Group Ib. The latter type is mostly dominated by weakly differentiated bodies rich in olivine and clino-
pyroxene as the main pyroxene, whereas the former type more commonly consists of differentiated
orthopyroxene-bearing ultramafic—mafic bodies. Intensely deformed and migmatized, amphibolite-facies
metaturbidites are the most common country rocks, some of them containing interbeds of black schist.
Most of the Group I intrusions fall in the age range of around 1875-1885 Ma, being broadly coeval with
the peak of the regional metamorphism and deformation of the orogeny (Peltonen, 2005b).

The parental magma that generated the ore-bearing intrusions was basalt or picritic basalt with the
estimated MgO content varying in the range of 7-15 wt% (Makkonen, 1996; Lamberg, 2005; Peltonen,
2005b; Makkonen and Huhma, 2007), but being most commonly between 10 and 12 wt.% (Makkonen,
2015). High-MgO volcanic rocks found in both Ni belts are thought to be comagmatic with the miner-
alized intrusions, but since their separation from their mantle sources, they did not necessarily have the
same history as the magma that produced the intrusions (Barnes et al., 2009). The intrusions are
regarded as remnants of cumulate-rich magma conduits of tholeiitic arc magmatism. They were
emplaced at high confining pressures (up to 6 kbar) at mid-crustal levels of the Svecofennian arc ter-
rane and boudinaged in concomitant deformation into small lenses and fragments (Peltonen, 2005b).

Since the pioneering work by Hikli (1963, 1971), many studies have been devoted to comparison
of Svecofennian economic, subeconomic, and barren intrusions using mineral chemistry, whole-rock
major and trace element chemistry, and Nd isotopes (e.g., Mikinen, 1987; Makkonen, 1996; Peltonen,
1995; Lamberg, 2005; Makkonen and Huhma, 2007; Makkonen et al., 2008). Various degrees of crustal
contamination seem to be a ubiquitous feature in all mineralized intrusions as expressed by chemical
and isotopic parameters. Makkonen and Huhma (2007) did not find a correlation between the degree of
nickel mineralization and initial eéNd values but, instead, between the latter and the country rock type.

The Group III of Peltonen (2005b) produced small gabbroic bodies within the Central Finland
Granitoid Complex. Their age is similar to the Group I intrusions, as indicated by the age of 1881 + 6
Ma measured for the Koivusaarenneva intrusion (Fig. 2.2) (Karkkdinen, 1999; Sarapii et al., 2015).
However, they are normally regarded as postkinematic intrusions, emplaced together with K-rich gran-
ites as a bimodal suite. Koivusaarenneva is the most important of the Fe-Ti-V-mineralized intrusions of
this magmatic event. It forms a sill-like, layered gabbro-leucogabbro body, a few kilometers long,
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intruded into tonalitic rocks. It hosts significant resources of ilmenite and vanadium-rich magnetite
(Kérkkidinen and Bornhorst, 2003). The Karhujupukka Fe-Ti-V deposit (Fig. 2.3) in western Finnish
Lapland, hosted by deformed anorthositic gabbro, is likely a roughly coeval deposit associated with the
synorogenic magmatism (Karvinen et al., 1988; Sarapii et al., 2015).

Other types of iron ore are found in southernmost Finland, where a number of small- and medium-
sized deposits of skarn iron ore and banded iron formation have been known since the sixteenth century.
Of these, the most significant is Jussard (Kahma, 1979), which occurs mostly under the sea and was large
enough to allow commercial utilization in two periods lasting from 1834-1861 and from 1961-1967.

In the Kolari-Pajala region in western Lapland, on both sides of the Finnish-Swedish border, there
are several epigenetic iron ore deposits, of which some also contain Cu and Au and were therefore clas-
sified as iron oxide-copper-gold (IOCG) deposits by Niiranen et al. (2007) (cf. Williams et al., 2005).
Iron ore was mined at Rautuvaara and Hannukainen from 1974-1992, and a new mine is planned to be
opened at Hannukainen (Fig. 2.3). This last deposit is described by Moilanen and Peltonen (2015) . The
ores are located at contact zones between ~1860 Ma synorogenic monzonite intrusions and supracrustal
rocks of the Central Lapland Greenstone Belt and were previously regarded as skarn ores genetically
related to the emplacement of monzonitic plutons (Hiltunen, 1982).

The current understanding is that the mineralization event took place later, at around 1800 Ma, and
was controlled by fluids transported through shear zones related to postpeak metamorphic D5 thrusting
in northern Finland (Niiranen et al., 2007). Moilanen and Peltonen (2015) attributed the origin of the
ore-forming saline fluids to dissolution of evaporates deposited earlier in the intracontinental rifting
stage. The genesis thus differs from that of the magmatic-hydrothermal Olympic Dam Fe-Cu-Au-U
deposit in Australia, a type example of IOCG deposits, which many researchers regard as genetically
linked to A-type anorogenic felsic magmatism (Haapala, 1995; Williams et al., 2005; Pirajno, 2009).
Other Fe deposits in northern Finland, though without elevated Cu and Au, which Niiranen et al. (2003,
2005) classified as IOCG deposits, are the small iron ores deposits of the Raajdrvi area (mined between
1964 and 1975) in the eastern part of the Perdpohja belt (Fig. 2.3).

These rather pure magnetite ores occur in association with Jatulian-age dolomites and are thought
to be hydrothermal replacement deposits that formed somewhere between 2020 and 2060 Ma under the
influence of fluids derived from a deep-seated magmatic source (Niiranen et al., 2005). If the estimated
timing is correct, the mineralization processes in the Raajérvi area took place during the deposition of
the Karelian sedimentary rocks and is not related to the Svecofennian orogeny but to the final breakup
of the Archean craton during the early Ludicovian. A further example of possible IOCG deposits in the
southern part of the Perdpohja belt is the Vihajoki deposit (Fig. 2.3) (Liipo and Laajoki, 1991). Bearing
in mind the ongoing debate on the genesis of the Kiruna-type Fe ores in Sweden, which sometimes are
included in the IOCG deposit type, the previous discussion highlights the disputed nature of the ore
deposits included into the IOCG class (e.g., Groves et al., 2010).

The majority of the Paleoproterozoic gold deposits and prospects in Finland can be classified as
orogenic Au deposits (load gold), with their genesis related to the Svecofennian orogenic processes
(Eilu et al., 2003; Sundblad, 2003; Eilu, 2015). In Finland, the resources of about 30 Paleoproterozoic
orogenic gold occurrences have been assessed. In addition to the proper Svecofennian domain, a large
number of deposits are found in northern Finland, as a result of the effects of Svecofennian tecto-
nothermal processes on the cratonic foreland (Eilu et al., 2007).

Eilu (2015) presents a summary of the most salient features of the Finnish orogenic gold deposits.
They are structurally controlled following second- or third-order faults or shear zones branching from
the major structures. Greenschist-facies to amphibolite-facies host rocks show a wide variation in



METALLOGENY OF THE SVECOFENNIAN ARC COMPLEXES 59

lithology, from ultramafic and mafic volcanic rocks to tonalitic intrusions, and are commonly highly
altered due to albitization, carbonatization, etc. In many cases in northern Finland, part of the alteration
is considered to have taken place prior to gold mineralization, rendering the host rocks more competent
and conducive to fluid flow. Iron sulfides and sulfarsenides are the most abundant ore minerals with
pyrite + arsenopyrite being dominant in greenschist-facies rocks and pyrrhotite + 161lingite and arseno-
pyrite in amphibolite-facies rocks. Most of the gold is in its native form but can also occur as refractory
gold in pyrite or arsenopyrite.

In contrast to most of the orogenic gold deposits around the world, in which gold is the only com-
modity, many Finnish occurrences display atypical mineralogical and chemical features, including
anomalous concentrations of Ag, Cu, Co, Ni, or Sb hosted by phases such as chalcopyrite and sulfo-
salts. Some deposits are enriched in U or Ba in the form of uraninite and barite, respectively. Because
of these peculiarities, Eilu (2015) classifies these gold deposits, including those in the Kuusamo or
Perédpohja belts, as “Orogenic gold with anomalous metal association.” For more details, see Eilu
(2015).

Dozens of gold occurrences have been identified in the supracrustal rocks in the Kittild and
Sodankyld areas in northern Finland (Korkalo, 2006). Many of them are closely linked to a major tec-
tonic shear zone, the so-called Sirkka Line, trending northeast—southwest immediately to the south of
the Kittild greenstone complex. Another major gold-controlling shear zone runs roughly north—south in
the middle part of the Kittild greenstone complex. This is where the Suurikuusikko gold deposit
(Fig. 2.3) is located (Patison, 2007; Patison et al., 2015). Gold production from this deposit, which is
the largest known gold resource in northern Europe, commenced in 2008. The deposit is characterized
by arsenopyrite-pyrite dissemination, carrying refractory gold, in strongly hydrothermally altered host
rocks that were originally mafic volcanic rocks and intervening marine sediments.

Other notable examples of orogenic gold occurrences (Fig. 2.3) include the Saattopora deposit
(Korkalo, 2006) (mined from 1988-1995) and the komatiite-hosted Pahtavaara deposit (Korkiakoski,
1992), which started to produce gold in 1996, and the Kutuvuoma deposit (production from 1998-
2000) (Korkalo, 2006). Elsewhere in northern Finland (see Fig. 2.3), orogenic gold deposits occur in
the Perdpohja belt including the small, mined-out (1969-1970) Cu-Au deposit at Kivimaa (Fig. 2.3)
(Rouhunkoski and Isokangas, 1974) and the promising Rompas-area occurrences (Vanhanen et al.,
2015), and in the Kuusamo belt where the Juomasuo Au-Co deposit (Fig. 2.3) has been test-mined
(Vanhanen, 2001; Eilu, 2015).

The timing of the orogenic gold systems in northern Finland is not precisely constrained, though
most of the mineralization is thought to have taken place during a continental collision event at
1840-1790 Ma (Eilu et al., 2007). If this is true, then orogenic gold deposits were not yet exposed to
erosion when the molasse-like sediments (the Kumpu Group) were deposited. Minor paleoplacer gold
mineralization has been identified in these sediments, including the Outapéd and Kaarestunturi prospects
(Hérkonen, 1984), which must have derived their gold from other sources such as VMS exemplified by
the Pahtavuoma Cu-Zn deposit.

An overview of orogenic and other gold mineralization in the southwestern part of the Svecofennian
domain was published recently by Eilu (2012b), and in other papers of the volume edited by Gronholm
and Kirkkiinen (2012), new results of exploration for gold in southern Finland are reported. Another
gold-bearing zone in southern Finland is the Vammala migmatite belt, where the Jokisivu deposit
(Fig. 2.2) is located (Eilu, 2012b). It started producing gold in 2009. The Jokisivu deposit shows typical
characteristics of orogenic gold deposits, with gold occurring in quartz veins hosted by synorogenic
quartz diorites and gabbros (Saalmann et al., 2010).
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Farther north, the Seindjoki region in the Pohjanmaa belt, western Finland, has been known as an
antimony province since the 1960s (Pddkkonen, 1966). Subsequently, it has become evident that the
antimony is closely associated with gold, and the Seindjoki Au-Sb metallogenic area has been recently
established (Eilu and Kérkkédinen, 2012). Around 10 orogenic gold occurrences have so far been dis-
covered, but no mining activities have begun in the area.

The situation is different in the northwest part of the Savo belt, where the Laivakangas gold mine
started gold production in 2011, adding a primary gold source to the belt’s previous significant metal
endowment from VMS and orogenic Ni-Cu deposits. At Laivakangas, gold occurs mainly as native
grains in thin silicified shear zones and quartz veins cutting quartz diorite and intermediate to mafic
metavolcanic rocks (Visti et al., 2012). The most notable Au occurrences in the southeast part of the
Savo belt (or at the boundary between the Savo belt and ACF) is the Osikonmiki deposit (Fig. 2.2)
hosted by quartz veins in a synkinematic tonalite (Kontoniemi, 1998).

According to Eilu (2015), the timing of orogenic gold mineralization in southern Finland is
bracketed somewhere in the range of around 1840-1770 Ma and is related to a continent—continent
collision between Fennoscandia, Sarmatia, and Amazonia. Recently, Saalmann et al. (2010) deter-
mined isotopic compositions of secondary zircon rims and titanite from the Jokisivu deposit, obtain-
ing ages of around 1802 + 15 Ma and 1801 + 18 Ma, respectively. These are similar in age (1807 =
3 Ma) to the pegmatite dikes cutting the mineralized zone and coeval to the late- to postorogenic
magmatism.

Also the Svecofennian postcollisional granitic magmatism encompasses some metallogenic events,
though none of the deposits have so far been sufficiently rich to be economic. One of them is the molyb-
denite deposit in the Tepasto aplite granite (Fig. 2.3) in the Kittild area (Front et al., 1989). This intru-
sion belongs to the 1800—-1760 Ma, A-type granitic stocks and batholiths, the so-called Nattanen-type
granites, which can be found in northern Finland and the Kola Peninsula and are manifestations of
reactivation of the Archean crust (Heilimo et al., 2009). Another mineralization type related to the ~1790
Ma postorogenic magmatism, in western and southern Finland at least, is the spodumene-bearing Li
pegmatites (Fig. 2.2), which are currently under active exploration and development in the Emmes area,
western Finland (Fig. 2.2) (Alviola et al., 2001; Ahtola, 2012). These pegmatites are fractionation products
of melts generated by melting of juvenile Svecofennian crust.

There are two further mineral deposits within the Svecofennian domain that deserve to be men-
tioned. The Korsnds Pb-REE deposit in westernmost Finland (Fig. 2.2) was mined from 1961-1972
producing both Pb and REE. It occurs in ~1830 Ma, 20-m-thick carbonatite dike cutting Svecofen-
nian mica gneisses (Isokangas, 1978). The dike contains galena and, as REE minerals, allanite,
monazite, and apatite (Papunen and Lindsjo, 1972; Sarapii et al., 2015). The single notable ura-
nium deposit in southern Finland, Palmottu, is associated with late-orogenic granites (Pohjolainen,
2015).

METALLOGENY OF THE ANOROGENIC MAGMATISM

In the Earth’s history, the time period of around 1700-800 Ma is characterized by a distinct paucity of
several mineral deposit types, such as banded iron formation or orogenic gold (Cawood and
Hawkesworth, 2015). This time frame is coeval with the most significant global occurrence of anoro-
genic magmatic rocks. Ore formation was not controlled by a supercontinent cycle and related plate
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margin processes, but by intra-plate processes such as magmatism associated with mantle-plume
activity. Most important mineralization types are represented by Fe-Ti-V deposits hosted by anorogenic
gabbro-anorthosite complexes, and greisen systems related to A-type granites enriched in many
elements such as Sn, W, Cu, Zn, Bi, Mo, U, and F (Pirajno, 2009).

In Finland, this stage is represented by rapakivi granites and related mafic intrusive rocks.
Signs of mineralization are found in several places (Haapala et al., 2015). Good examples are the
hydrothermal greisen veins with Sn-Be-W-Zn-Pb mineralization associated with the Eurajoki and
Kymi topaz granite stocks (Fig. 2.2). These stocks represent the latest volatile-rich crystallizing
phases of the rapakivi granites (Rimo and Haapala, 2005; Haapala and Lukkari, 2005; Haapala
et al., 2015). Some of the greisen veins have turned out to be enriched in indium (Cook et al.,
2001). Until now, no mining of anaorogenic magmatic rocks other than that related to dimension
stone and semiprecious stone production has been carried out in Finland. In the recent metallo-
genic map, no metallogenic areas are defined in Finland that are directly related to rapakivi mag-
matism (Eilu, 2012a).

Nevertheless, one should not ignore the role of the anorogenic magmatism in ore formation as indi-
cated by the Northern Ladoga Sn-Zn-Pb, U, Au, W metallogenic area, delineated by Korsakova (2012)
on the northern shore of Lake Ladoga, Russian Karelia, which manifests a typical metal combination
of rapakivi-related deposits. There are many promising prospects in this area associated with greisen
veins and skarn rocks in country rocks of the 1540-1560 Ma Salmi rapakivi massif, including that at
Pitkdranta, which was mined for Fe, Sn, and Zn from 1772-1920 (Haapala, 1995).

Anorogenic mafic magmas occur in Finland mainly as diabase dikes, which are generally barren
with respect to mineral deposits. One exception is the small Petolahti Ni-Cu deposit (Fig. 2.2) located
at the western coast of Finland, close to the Korsnis Pb-REE deposit (Sipild et al., 1985). Its resources
were sufficient for mining in one year, 1973. The deposit is hosted by an olivine diabase dike, and
Sipild et al. (1985) regarded it as part of the Hime dike swarm, which has been dated at around 1665
Ma by Vaasjoki and Sakko (1989).

LATER MINERALIZATION EVENTS

Neoproterozoic or younger magmatism is scarce in Finland, being restricted to some occurrences of
alkaline rocks, including kimberlites. Diamond-bearing kimberlites are known to occur in ancient sta-
ble cratons having deep, cool lithospheric mantle roots. This applies to the eastern part of the Fen-
noscandian Shield. Approximately 25 kimberlite pipes have been found in eastern Finland from Kaavi
to Kuusamo, with some of them being diamondiferous (see O’Brien, 2015). They seem to form at least
two age groups. Olivine lamproites and Group II kimberlites occurring in the Kuhmo-Lentiira region
have yielded Ar-Ar pholopite ages of close to 1200 Ma (O’Brien et al., 2007), whereas Group I kimber-
lites from the Kaavi-Kuopio region have given U-Pb perovskite ages of around 600 Ma (O’Brien et al.,
2005).

The ~365 Ma Sokli carbonatite in eastern Finnish Lapland (Fig. 2.3) is the westernmost igneous
body of the Kola alkaline province. It is described by O’Brien and Lee (2015). A supergene phosphorus
ore deposit enriched in Nb, Ta, Zr, REE, and U has been developed by weathering in the uppermost part
of the carbonatite intrusion. There are also late carbonate veins in the fenite aureole that are prospective
for REE (Sarapii et al., 2015).
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ABSTRACT

Magmatic Ni-Cu-PGE-Cr-V Deposits formed in a variety of geologic environments and periods. PGE-Cr-V deposits
predominantly occur in large layered intrusions emplaced during the late Archean and early Proterozoic into
stabilized cratonic lithosphere. The magmas ascend through translithospheric sutures characterized by limited
extension and rifting. The laterally extensive ore layers (so-called reefs) formed through hydrodynamic phase sort-
ing when the central portions of large, incompletely solidified magma chambers subsided due to crustal loading. The
bulk of global PGE-Cr-V resources occur in the largest layered intrusions, namely the Bushveld complex of South
Africa, the Great Dyke of Zimbabwe, and the Stillwater complex of the USA, but significant deposits additionally
occur in Finland, namely in the Kemi, Portimo, and Koillismaa intrusions. Due to the large size (tens of kilometers)
and limited complexity of the deposits and their host intrusions, they are relatively easy to locate and delineate. As
a result, the search space is relatively mature and few new discoveries have been made in the last few decades. The
parental magmas to most intrusions are likely derived from the asthenosphere, followed by contamination with crust.
Some intrusions, notably the Bushveld complex, may have crystallized from magma sourced in the subcontinental
lithospheric mantle, as suggested, for example, by Os isotopic data.
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In contrast to PGE-Cr-V deposits, magmatic Ni-Cu sulfide deposits formed throughout geologic time, and there are
many deposits that are presently mined, including the Kevitsa deposit in Finland. The ores formed under highly dynamic
magma emplacement conditions within lava channels or feeder conduits. The deposits are preferentially located near
craton margins where mantle magmas could ascend through translithospheric structures. Magma flow was focused
and locally enhanced by shifting compressive-extensional tectonic regimes. Abundant S-rich crustal rocks provided an
external S source that is required for the majority of deposits. The igneous bodies hosting the deposits tend to be irregular
and small, 10-100s m in width and height, and are difficult to locate. As a result, the search space remains relatively
immature, as indicated by the fact that significant discoveries continue to be made (e.g., Sakatti in Lapland).

Keywords: magmatic PGE-Cr-V-Ni-Cu ore deposits; Finland; layered intrusions; magma conduits; crystal mush

INTRODUCTION

Magmatic deposits host the bulk of global resources for PGE-Cr-V and a significant proportion for Ni and
Cu. Fennoscandia has traditionally been an important source for these commodities, starting with mining
of Ni in Norway in the 1800s. Finland now hosts the bulk of PGE-Cr-V and Ni resources in the European
Union, mostly within magmatic deposits. The platinum-group element (PGE) deposits in the Finnish
layered intrusions of the Tornio-Nérdnkivaara belt (Portimo, Penikat, Koillismaa) share many geological
features with the world’s main PGE reef-type deposits (Alapieti and Lahtinen, 2002; Iljina et al., 2015)
and have been known to host important PGE mineralization since their discovery in the late 1980s. In
2002, the total resources were ~14 Moz Pt + Pd (Naldrett, 2009), mainly within the Portimo intrusion. The
Kemi intrusion contains one of the world’s largest Cr deposits, whereas the Koillismaa, Koitelainen, and
Akanvaara intrusions contain significant V deposits, namely at Mustavaara. Magmatic Ni and Cu have
traditionally been one of Finland’s main mining products, notably in the Kotalahti and Vammala Ni-Cu
belts, mined almost continuously since the 1920s, and the Kevitsa deposit that has been mined since 2012.
The recent discovery of the Sakatti deposit (Brownscombe et al., 2015) suggests that there remains sig-
nificant discovery potential for further large deposits in northern Finland. This chapter, constituting an
updated version of Maier and Groves (2011), provides a summary of the geology and petrogenesis of
magmatic PGE-Cr-V-Ni-Cu deposits globally, with special emphasis on the Finnish examples.

GEOLOGY OF DEPOSITS

Deposits of PGE, Cr, and V form stratiform or stratabound horizons within layered, differentiated,
mafic—ultramafic intrusions. There is a clear tendency of the richest and most continuous deposits to
occur in the largest intrusions; the Bushveld, Great Dyke, and Stillwater complexes contain ~90% of
global Pt, and ~70% of global Pd, Cr, and V resources (Crowson, 2001; Naldrett, 2009). Some of the
PGE, Cr, and V reefs in these intrusions can be laterally correlated over >100 km. In contrast, smaller
intrusions tend to have less continuous, more irregular, and lower grade reefs: for example, the PGE
reefs of the Munni Munni and Panton intrusions in Western Australia, the Stella intrusion of South
Africa, and the Finnish layered intrusions (Alapieti and Lahtinen, 2002; Iljina et al., 2015); the Cr
seams of the Panton intrusion, Australia (Hoatson and Blake, 2000); or the V reefs of the Mambula,
Kaffirskraal, and Rooiwater intrusions, South Africa (Reynolds, 1979). The thicknesses of the PGE-
Cr-V reefs can vary between a few centimeters to tens of meters. In some cases, there is evidence that
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the thickness of the reefs varies systematically from the margin to the center of intrusions. For
example, the chromitite layer in the Kemi intrusion increases in thickness from a few cm at the
margin to >70 m in the center (Alapieti et al., 1989; Huhtelin et al., 2015), and an increase in
thickness is also seen at the Sopcha chromitite within the Monchegorsk pluton of the Kola Penin-
sula (Chaschin et al., 1999). There are indications that the thickness of the Merensky Reef also
thickens toward the center of the Bushveld complex (Maier et al., 2013, and references therein).

The stratigraphic level of, and host rocks to, the different types of reefs vary considerably. Chromitite
layers tend to occur in the ultramafic basal portion of layered intrusions, and V reefs in the mafic upper
portions, whereas PGE reefs can be located within mafic—ultramafic rocks of a wide range of compositions,
including dunite, harzburgite, pyroxenite, norite-gabbronorite-gabbro, troctolite, anorthosite, chromitite,
and magnetite; that is, no specific rock type has a markedly enhanced PGE prospectivity. However, the best
PGE reefs are generally located in the ultramafic—mafic transition intervals of the intrusions (Fig. 3.1.1).
Maier et al. (2013) distinguished seven types of PGE deposits in layered intrusions:

(1) Contact reefs at the base and sidewall of intrusions
(2) PGE reefs in the peridotitic and pyroxenitic lower portions of layered intrusions
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FIGURE 3.1.1 Schematic diagram showing occurrence of PGE mineralization in mafic—ultramafic intrusions and
their feeder conduits.

JM = J-M reef of Stillwater complex, SJ = Sompujarvi reef of Penikat intrusion, SK = Siika K&mé reef of Portimo
intrusion, LG-MG-UG = lower-middle-upper group chromitites of Bushveld, MSZ = main sulfide zone of Great Dyke.
Source: Modified from Maier (2005).



76 CHAPTER 3.1 GEOLOGY AND PETROGENESIS OF MAGMATIC DEPOSITS

(3) PGE-enriched chromitite layers

(4) Silicate-hosted PGE reefs in interlayered mafic—ultramafic rocks, commonly within the central
portions of layered intrusions

(5) PGE reefs in the magnetite-enriched upper portions of layered intrusions

(6) PGE-mineralized transgressive Fe-rich ultramafic pipes

(7) Vein-hosted PGE deposits in the roof (and floor) of the intrusions

Most reef rocks are medium-grained, but pegmatoidal textures occur in some portions of the
Merensky and J-M reefs. The country rocks to many PGE enriched intrusions are granitic (Great Dyke,
Penikat-Portimo-Koillismaa), but felsic volcanics (Koillismaa, Akanvaara), quartzite, dolomite, and
ironstone (Bushveld) also occur. Where sulfide-rich pelitic rocks form the floor of layered intrusions
(e.g., in parts of its northern lobe of the Bushveld complex hosting the Platreef), the PGE mineraliza-
tion tends to be more sulfide rich and of lower grade, suggesting that significant addition of external S
to the magma is a negative factor.

The mineralogy of the chromitite and titanomagnetite layers is relatively simple. In some cases, the
rocks are monomineralic oxide layers, but they may also contain significant intercumulus silicates,
namely pyroxenes, amphibole, plagioclase, or their alteration products. The mineralogy of the PGE
reefs is more variable. The PGE mineralization is mostly hosted in sulfides (pyrrhotite-pentlandite-
chalcopyrite), except for many PGE-bearing chromitite and magnetite layers where the PGE are hosted
predominantly by platinum-group minerals and alloys (Cawthorn et al., 2005). In all types of PGE
reefs, the sulfide contents tend to be relatively low (<1-3%) but the metal tenors of the sulfides are
generally relatively high, often in excess of 1000 ppm PGE. In some metamorphosed reefs, there are no
visible sulfides (e.g., in many of the Finnish intrusions), and in these cases, location of the reefs requires
assaying of profiles essentially covering the entire intrusion.

Magmatic sulfide deposits in which Ni and Cu are the primary products occur within ultramafic—
mafic rocks, including komatiite (i.e., many deposits in Western Australia and the Abitibi belt, Canada),
dunite (Jinchuan, China), harzburgite (Kabanga, Tanzania), pyroxenite (Santa Rita, Brazil; Selebi-
Phikwe, Botswana), olivine gabbro (Noril’sk, Russia), gabbronorite (Sudbury, Canada; Nebo-Babel,
Australia; Phoenix, Botswana), and troctolite (Voisey’s Bay, Canada) as summarized by Barnes and
Lightfoot (2005). In many cases, the rocks are varied textured, that is, they have variable grain sizes,
grain morphologies, and color indexes and they contain abundant xenoliths of the country rocks or
autoliths from other, related intrusive phases. However, the ranges of lithologies and chemical compo-
sitions are more restricted than in PGE deposits, with differentiated, low-MgO rocks (e.g., ferro-gab-
bronorites, anorthosites, magnetites) being rare hosts to ore. The igneous host bodies are mostly
relatively small (tens to hundreds of meters, rarely a few kilometers in diameter) and irregular in shape,
comprising lava channels, dikes, sills, and chonoliths, all of which are generally interpreted as magma
feeder conduits (Naldrett, 1997). The sulfides may occur near the base, the top, or within the bodies,
reflecting the complex intrusive architecture of the host bodies, or they may be dislocated from the bod-
ies, particularly in tectonized settings (e.g., in Archean greenstone belts; Lesher and Barnes, 2009, or
the Finnish Kotalahti and Vammala Ni belts, Makkonen et al., 2015). The largest Ni-Cu deposit on
Earth, at Sudbury, is anomalous in many regards, in that the sulfides are located at the base and in the
footwall of a giant layered complex that formed in response to a meteorite impact (Naldrett, 1997).

Sulfide contents in the Ni-Cu deposits are ~5—-100%, and many deposits are characterized by exten-
sive halos of low-grade disseminated sulfides (e.g., Kabanga, Sudbury, Noril’sk, Pechenga, Jinchuan).
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Thus, the amount of sulfides in Ni-Cu deposits is far larger than in PGE deposits. The main sulfide
minerals are, however, similar, consisting of pyrrhotite, pentlandite (which may be dominant in kom-
atiitic ores), and chalcopyrite (which may be dominant in gabbronoritic ores and in vein-hosted ores
that crystallized from fractionated sulfide liquids). Metal tenors of the sulfides range between <1 and
<20% Ni and Cu each, whereas PGE tenors of the sulfides are much lower than in the PGE deposits,
between <1 and approximately 50 ppm (Noril’sk-Talnakh).

LOCATION OF DEPOSITS

All significant PGE-Cr deposits and most V deposits are located within stabilized cratons, and many
are in the central segments of the cratons (Groves et al., 1987; Maier and Groves, 2011). It has been
suggested that many of the Fennoscandian layered intrusions, including Penikat, Koillismaa, Panski,
and Fedorova Tundra, are located near intracratonic rifts (Mitrofanov et al., 2012) which may consti-
tute reactivated Archean suture zones along which the PGE bearing magmas ascended. The Bushveld
complex was postulated to have been emplaced along the Thabazimbi-Murchison Lineament (Silver
et al., 2004). However, there is no evidence for significant extension or flood basalt magmatism asso-
ciated with most intrusions. This could indicate that any rifting that may have occurred was aborted.
Under such conditions, the magmas could pond within the crust rather than erupt. This would have
favored the emplacement and inflation of sills and ultimately the formation of large layered
intrusions.

An exception to the pattern discussed appears to be the Giles complex, located within the Musgrave
Province of central Australia. The complex hosts significant PGE and V reefs in layered intrusions emplaced
in an extracratonic environment (Wingellina Hills intrusion and Jameson Range, Maier et al., 2014). The
Musgrave Province was lodged between three cratons for >1.4 Ga (Smithies et al., 2011), thereby provid-
ing an exceptionally stable, far-field compressive tectonic setting favoring emplacement of thick sills.

Some cratons (e.g., Kaapvaal, Superior, Karelia, Zimbabwe) show a distinct relative enrichment in
PGE deposits, whereas other cratons (e.g., Yilgarn) appear to be PGE-poor. The reasons for this pattern
remain unresolved, but Archean melt depletion and refertilization of the protocratonic nuclei may play
an important role (Maier and Groves, 2011).

Ni-Cu deposits also show a strong spatial association with Archean cratons (Fig. 3.1.2). Par-
ticularly well mineralized cratons include the Yilgarn, Superior, Zimbabwe, Karelia, and Kola
cratons. Some cratons appear to be unmineralized (e.g., West Africa, Congo, Volga-Uralia, and Rio
de la Plata), possibly due to poor exposure and underexploration. Several, mostly smaller, Ni-Cu
deposits occur distal to cratons, particularly in orogenic belts (Aguablanca in Spain, Kalatongke
in northwest China, deposits in the Caledonides of Norway, and the Appalachians of North Amer-
ica), but in some of these the presence of hidden Archean cratonic blocks has been postulated
(Begg et al., 2010).

In marked contrast to PGE deposits, the Ni-Cu deposits are concentrated near the outer margins of
the cratons (Groves et al., 2005; Kerrich et al., 2005; Begg et al., 2010). Examples from the Karelia-
Kola craton include Pechenga, Kevitsa-Sakatti, the Kotalahti belt, and several other deposits shown in
Fig. 3.1.2. Archean komatiite-hosted Ni-Cu deposits form an apparent exception to this spatial pattern,
that is, they tend to be situated within, rather than at the margins of cratons, for example in the Karelian
(Fig. 3.1.2), Yilgarn, Zimbabwe, and Superior cratons (Lesher and Barnes, 2009). However, the
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craton boundaries. Thin stippled lines denote crustal blocks with possible cratonic roots.

Source: Modified after Maier and Groves (2011).

greenstone belts that host the deposits represent the Archean sutures of protocratonic nuclei (Cassidy
et al., 2006, Said et al., 2010), and therefore the craton-margin association remains valid.

All large deposits globally are preferentially associated with major lineaments (Begg et al., 2010),
interpreted to be translithospheric faults, rift zones, or major shear zones through which large amounts
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of mantle-derived magma can ascend. Intriguingly, there are few Ni-Cu deposits in the refertilized/
orogenically overprinted peripheral portions of cratons; exceptions include smaller deposits within
southern Finland (Fig. 3.1.2) and Namaqualand in South Africa.

DISTRIBUTION OF DEPOSITS IN TIME

Both PGE-Cr-V and Ni-Cu deposits occur throughout most of geological time, but are concentrated in dis-
tinct periods (Fig. 3.1.3). All large deposits of PGE-Cr (Bushveld, Great Dyke, Stillwater, Lac des Iles in
Canada, Stella in South Africa, Kemi), and many high-grade V deposits (Bushveld, Windimurra in Australia,
Rio Jacare in Brazil) are older than ~1.8 Ga and younger than ~3 Ga; that is, no significant PGE deposits are
yet known from the exposed early Archean rocks of the Kaapvaal, Slave, Pilbara, and Greenland cratons.

Nickel-Cu deposits occur over a wider geologic timespan than PGE-Cr deposits, with significant
deposits occurring at ~2.7 Ga (komatiites of the Yilgarn and Zimbabwe cratons and the Abitibi green-
stone belt, intrusions of the Tati belt of Botswana), ~2.0—1.8 Ga (Pechenga-Russia, Thompson, Raglan
and Sudbury-Canada, Kevitsa, Finnish Ni belt), 1.4-1.3 Ga (Kabanga, Voisey’s Bay, Nova-Australia),
1.1 Ga (Duluth-USA, Nebo-Babel), 0.82 Ga (Jinchuan), and 0.3-0.25 Ga (Noril’sk as well as several
deposits in northwest China). There is a clear trend of Archean and Proterozoic deposits being more
Ni-rich than the Phanerozoic deposits, largely because the former are hosted predominantly by komati-
ites (see Naldrett, 2010, for a discussion). Furthermore, there appears to be a trend of the younger (<2
Ga) deposits and their host rocks to contain more sulfide. Most of the komatiite-hosted deposits consist
of either relatively small accumulations of massive high-grade sulfides, or of large masses of relatively
S-poor rocks. In contrast, the younger deposits at, for example, Sudbury, Thompson, Pechenga,
Kabanga, Duluth, and Noril’sk, are characterized by immense amounts of both economic and uneco-
nomic magmatic sulfides, and their host rocks are also very S rich.

Both PGE-Cr-V and Ni-Cu deposits show a good correlation with rates of formation of juvenile crust
(Fig. 3.1.3), representing supercontinent amalgamation and breakup (Groves et al., 2005). Deposits cluster
at ~2.75-2.60 Ga during Kenorland amalgamation, 2.05-1.8 Ga during Columbia amalgamation, 1.4-1.3
Ga during Columbia breakup, ~1.1 Ga during Rodinia amalgamation, 0.45 Ga during Pangaea amalgama-
tion, and ~0.25 Ga during Pangea breakup. Deposits whose age overlaps with supercontinent amalgamation
include Stillwater, Great Dyke (Kenorland), Bushveld, Santa Rita, Panton, Pechenga, Thompson, Sudbury,
Kevitsa, the Finnish Ni belt (Columbia), Duluth, and Nebo Babel (Rodinia). Deposits that formed during
supercontinent breakup include Kabanga and Voisey’s Bay (Columbia), and Noril’sk (Pangea). Whether the
~2.45-2.5 Ga PGE mineralized layered intrusions of the Karelia-Kola and southern Superior cratons formed
during supercontinent amalgamation or breakup remains a matter of debate. Deposits tend to be rare in peri-
ods of low crust production, represented by supercontinent stability.

Whereas in some cratons, magmatic Ni-Cu-PGE-Cr-V deposits formed only in specific periods, for
example, the Yilgarn komatiite-hosted Ni-Cu deposits at ~2.9-2.7 Ga, other cratons are characterized by
multiple mineralization events. On the Fennoscandian Shield, PGE-Cr-V-Ni-Cu deposits were emplaced at
2.7-2.8 Ga (komatiites), 2.45 Ga (layered intrusions including Kemi, Penikat, Portimo, Koillismaa, Mon-
chegorsk), 2.05 Ga (Kevitsa, Otanmiki), and 1.87-1.97 Ga (Pechenga, Finnish Ni belt), as summarized in
Lehtinen et al. (2005). Nickel-Cu-PGE-Cr-V rich events on the Superior craton (Canada-USA) include the
2.7-2.9 Ga komatiites and associated intrusions (e.g., in the Abitibi and McFaulds Lake belts), the ~2.7-2.8
Ga Big Trout Lake and Highbank Lake layered intrusions, the 2.45 Ga East Bull Lake suite, the 1.9 Ga cir-
cum-Superior Raglan and Thompson belts, the 1.85 Ga Sudbury event, and the 1.1 Ga Duluth event.
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Source: Modified from Maier and Groves (2011).
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FORMATION OF MAGMATIC PGE-Cr-V-Ni-Cu DEPOSITS
MAGMA SOURCE—DEGREE OF PARTIAL MELTING

Magmas parental to magmatic PGE-Cr-Ni deposits are derived from the mantle, as crustal rocks tend
to be poor in PGE, Cr, and Ni (e.g., 1 ppb Pd in average crust, vs. 4-7 ppb in primitive mantle, 100 ppm
Cr and Ni in average crust vs. 2000 ppm in mantle; Taylor and McLennan, 1985; Becker et al., 2006).
Copper and V levels of the crust are higher, therefore, in theory, Cu and V of these deposits could be
derived from the crust. The association of most V deposits with layered intrusions suggests a mantle
derivation, but for certain magmatic Cu deposits a model of crustal derivation of the metal has been
proposed (Maier, 2000).

For mantle magmas to be fertile in terms of the chalcophile metals (PGE, Ni, Cu), the degree of
mantle melting needs to be relatively large. Nickel in the mantle is predominantly hosted by olivine, thus
the Ni content of the magmas increases proportionally with the olivine content of the melted mantle and
the degree of melting (Fig. 3.1.4). Basalts have a few hundred ppm Ni, whereas komatiites have
>1000 ppm Ni. The PGE and Cu in the mantle are predominantly hosted by sulfides (Alard et al., 2000).
For the magma to be PGE and Cu rich, the mantle sulfides need to be dissolved in the partial melt. Due
to relatively low S solubilities of most basaltic-komatiitic magmas, dissolution of the sulfides is normally
believed to require ~20% melting (Fig. 3.1.4) (see references in Naldrett, 2004). In oxidized mantle a
smaller degree of melting may be required to dissolve the sulfides because S solubility in oxidized mag-
mas is much higher (Jugo et al., 2005). This may lead to moderate PGE enrichment in some small degree
melts derived from oxidized, metasomatized mantle, for example, meimechites (Mungall et al., 2006).

The preceding theoretical considerations are broadly consistent with the fact that most PGE and Ni
deposits tend to be associated with rocks that crystallized from magmas with >8—-10% MgO. In excep-
tional cases, PGE-rich sulfides can precipitate from less magnesian magmas if these are differentiates from
more magnesian parental magmas in which S saturation has been delayed, as discussed in the following.
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FIGURE 3.1.4 Concentration of Pd, Cu, and Ni in partial melts of mantle.

Source: Modified after Barnes and Maier (1999).
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Chromium in the mantle is mainly hosted by orthopyroxene and chromite. Chromite may be a
refractory phase during melting, as reflected by the increase in Cr contents from basalts to komatiites,
but relatively Cr-rich magmas can also be generated by low degree partial melting of volatile-rich
mantle (e.g., kimberlites). As chromite deposits occur associated with both komatiites (McFaulds Lake)
and basalts (many deposits), the degree of melting is apparently less important than the concentration
mechanism during crystallization.

Vanadium behaves as an incompatible element during melting of most mantle rocks and fractional
crystallization prior to the onset of magnetite crystallization. Vanadium contents of basalts are thus
higher than those of komatiites, and V deposits tend to be found in the differentiated portions of layered
intrusions. Thus, fractional crystallization is more important in the generation of magmatic V deposits
than the nature of the mantle and the degree of partial melting.

COMPOSITION OF THE MANTLE SOURCE

Primary PGE-Cr-Ni-rich magmas could be derived from two contrasting mantle sources, namely the
convecting (asthenospheric) mantle or the lithospheric mantle (Fig. 3.1.5). In addition to GplI kimber-
lites and lamproites that are normally considered to be derived from the sub-continental lithospheric
mantle (SCLM) (Lambert et al., 1995; Gurney et al., 2005), most mantle magmas are generally inter-
preted to be derived from the asthenospheric mantle. Some continental flood basalts that are highly
enriched in crustal components, for example, Ventersdorp (Marsh et al., 1992), have also been proposed
to be SCLM derived, as have some alkali basalts (Francis and Ludden, 1990).

The location of most large PGE deposits within cratons suggests that an SCLM control on magma
generation is a possibility (Maier and Groves, 2011). However, the SCLM has been shown to be
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FIGURE 3.1.5 Sketch diagram showing possible mantle sources to PGE deposits.

When a mantle plume impacts on the base of a composite craton and undergoes limited adiabatic melting,
melts infiltrate the SCLM. The heat of the plume and infiltrating plume melts cause melting of metasomatized
domains of the SCLM. Melts of the SCLM and the plume mix and ascend along translithospheric suture zones
through the SCLM and crust to form layered intrusions.
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relatively PGE depleted (e.g., Pearson et al., 2004, Maier et al., 2012; for an exception, see McInnes
et al., 1999), in response to Archean and early Proterozoic melting events. It thus seems counterintui-
tive to explain the magmas to the world’s largest PGE deposits by melting of the most PGE-depleted
mantle known. On the other hand, an SCLM component in the magmas is consistent with the relative
Pt enrichment of many SCLM xenoliths (Maier and Barnes, 2004; Pearson et al., 2004) that matches
the Pt enrichment of the Bushveld complex (Maier et al., 2013). Barnes et al. (2010) proposed that
magmas derived from the sublithospheric mantle could infiltrate the SCLM and preferentially extract
Pt from relatively PGE-poor lithologies, essentially representing a type of zone melting.

Metasomatic introduction of volatiles may be a key requirement because this could cause refractory
Pt alloys to become fusible in some portions of the SCLM. The main alternative mantle reservoir is the
convecting mantle. In this case, the high crustal component of many of the magmas has to be modeled via
significant contamination with upper crust, but because most crust is PGE poor, the model implies that the
PGE contents of the mantle magmas were originally even higher than those recorded. As the 19 ppb Pt
found in the Bushveld magmas constitutes the upper limit of the terrestrial data field of basaltic-komatiitic
magmas, the putative primary (precontamination) magma would have been unusually PGE rich, unless
the assimilated crust contained significant PGE, such as black shale (Luokala-Ruskeeniemi, 1996; Wille
et al., 2007). Another possibility is that the PGE-rich magmas hosting PGE deposits are derived from
anomalously Pt-enriched mantle, perhaps resulting from heterogenous mixing-in of Pt-rich late veneer
(Pt/Pd ~1.8; Palme and Jones, 2005), or containing a component of the Earth’s core.

Many Ni-Cu deposits, particularly those hosted by komatiites, crystallize from primitive magmas
that have flat mantle-normalized trace-element patterns. These magmas are unlikely to be derived from
metasomatized SCLM and are best explained as large degree partial melts from the sublithospheric
convecting mantle. Some Ni-Cu deposits contain pervasive crustal components and an unequivocal
distinction between synemplacement upper-crustal contamination and SCLM derivation is often not
possible.

MAGMA ASCENT

It has been suggested that komatiitic and magnesian basaltic magmas cannot ascend through relatively
light upper crust unless the magma pathways extend to the base of the lithosphere (Naldrett, 2010).
Such translithospheric pathways may be generated or reactivated during transpression within far-field
compressional regimes, for example in volcanic arcs such as the Andes (Kerrich et al., 2005; Groves
et al., 2010). This could result in rapid magma ascent, thereby delaying differentiation and loss of met-
als to segregating olivine and sulfide. Intracratonic magma pathways may exploit long-lived suture
zones along which the earliest cratonic nuclei were amalgamated. Where extension is significant, rift-
ing and cratonic-continental breakup typically characterized by flood basalt magmatism may result.
Where extension is minor, rifting can be aborted, providing ideal conditions for the emplacement of
large, layered intrusions. In the case of the Bushveld magmas, the transpressional Thabazimbi-
Murchison Lineament (TML) is considered to have acted as a magma ascent route, following collision
between the Zimbabwe and Kaapvaal cratons (Silver et al., 2004). Other intrusions that show evidence
for structural control of magma ascent include the Great Dyke, the Jimberlana intrusion of Australia,
and the Monts de Cristal intrusion of Gabon which show extreme length-to-width ratios.

Crustal-scale lineaments are particularly common along craton margins because deformational
strain is focused in these environments (Begg et al., 2010). Kerrich et al. (2000, 2005) suggest that
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mantle plumes may be channeled to irregularities along lithospheric boundaries below craton margins.
Together, these factors explain the occurrence of many mafic—ultramafic belts and Ni-Cu deposits there.

SULFUR SATURATION HISTORY AND SULFIDE CONCENTRATION

To form PGE-Ni-Cu deposits, the mantle magmas need to reach S saturation during emplacement.
Primitive magmas initially are normally sulfide undersaturated during emplacement, because of the
inverse relationship between S solubility and pressure (e.g., Mavrogenes and O’Neill, 1999). Fractional
crystallization increases the S content of the residual magma because S is not incorporated in silicate
minerals. This will ultimately result in sulfide melt saturation of the magma. For the parent magmas of
many PGE deposits, modeling indicates that about 20-40% fractionation would cause sulfide melt
saturation (Fig. 3.1.6; Li and Ripley, 2005, Ripley and Li, 2013), consistent with the stratigraphic loca-
tion of most PGE reefs near the transition from the ultramafic to the mafic portions of intrusions. How-
ever, as most PGE reefs have sulfide contents above the cotectic ratio of ~0.5%, some concentration of
sulfide is additionally required, perhaps during segregation of sulfide liquid through the magma or
percolation of the sulfide liquid through the cumulate mush. In view of the low S content of Bushveld
magmas, Maier et al. (2013) argued that mixing of resident and replenishing magma, one of the most
popular models to explain PGE reefs, cannot be important in the formation of the deposits. Addition of
external S is equally unlikely to have triggered reef formation because of the small amount of sulfides
in most reefs, the mantle-like S isotopic compositions, and the high metal tenors. Instead, too much
added S may result in abundant sulfide that dilutes the PGE thereby causing low-tenor reefs.

In sharp contrast to PGE deposits, most economic Ni-Cu deposits appear to have assimilated
external S, as suggested by S isotopic data. The model is consistent with the high ratio of sulfide to
silicate in many Ni-Cu deposits. Potential crustal rocks that may provide S to the magma include
black shales (Pechenga, Barnes et al., 2001; Kabanga, Maier et al., 2011), paragneiss (Voisey’s Bay;
Li and Naldrett, 1999), Banded Iron Formation (BIF) (Platreef, Holwell et al., 2009), felsic volcanic
rocks and sulfidic cherts (komatiite-hosted ores, Bekker et al., 2009), and evaporites (Noril’sk, Nal-
drett, 1997). In a few deposits, sulfur isotopic data cluster tightly around mantle values (Phoenix and
Selkirk, Maier et al., 2008; Nebo Babel, Seat et al., 2009). This could indicate that concentration of
mantle-derived S can be extremely efficient in some cases, or that S was added from an external
source that had mantle-like S isotopic signatures.

Some magmatic ore deposits have unusually high metal tenors, for example, Noril’sk (Naldrett,
1997, Barnes and Lightfoot, 2005), Kevitsa (Mutanen, 1997; Yang et al., 2013), and Santa Rita (Barnes
et al., 2011). It has been suggested that some of these deposits could have formed by assimilation of
magmatic proto-ores (‘“‘cannibalization”), either derived from earlier magma fluxes of the same event,
or from unrelated earlier magmatic sulfide deposits (Mutanen, 1997). For example, the Kevitsa Ni-rich
disseminated sulfide ores have tenors of 50-70% Ni and tens of ppm PGE at low Cu contents (<3%).
Yang et al. (2013) suggested that this could be due to assimilation of komatiitic proto-ores that were
Ni- and PGE-rich, but Cu-poor.

Another potential indicator for cannibalization is isotopic decoupling, for example at Kabanga
where some of the sulfide ores have extremely heavy S isotopic signatures (83*S up to +23) at mantle-
like O isotopic signatures. Maier et al. (2011) proposed a multistage model whereby early picritic
magma surges assimilated sulfide-bearing crustal rocks resulting in segregation of sulfide liquids that
have heavy S isotopic signatures. Subsequent magma surges that used the same conduits were less
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FIGURE 3.1.6 Modeling of S content at S saturation (SCSS) in hydrous and dry Bushveld B1 magma.

Source: This uses data on the S content of Bushveld magmas from Barnes et al. (2010), the equation to calculate SCSS of Li and
Ripley (2005), and thermodynamic modeling software PELE (Boudreau, 1999).

contaminated with crust, perhaps due to lining of the conduits by the early magma surges. The late
surges progressively flushed the early semiconsolidated silicate slurries out of the conduits, and then
cannibalized the isotopically heavy sulfides that had accumulated from the early surges along the base
of the conduits. After cooling, the later magma surges crystallized to form sulfide mineralized harzburgi-
tes with mantle-like O isotopic signatures and crustal S isotopic signatures.
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MAGMA EMPLACEMENT AND CRYSTALLIZATION

Many PGE-Cr-V bearing layered intrusions are characterized by remarkably regular and laterally con-
tinuous layering. This suggests that the magmas were emplaced in a stable tectonic setting, which
favors the formation of large intrusions. Maier et al. (2013) proposed that PGE-Cr-V reefs form when
the centers of large intrusions subside due to crustal loading and semiconsolidated cumulate slurries
slump toward the intrusion centers (Fig. 3.1.7).

This may lead to sorting of denser from lighter phases, resulting in the formation of sulfide-
chromite-magnetite-pyroxene-olivine rich slurries (Fig. 3.1.8). The slurries crystallize to form distinct
ultramafic layers, and they may locally inject into their footwall rocks to form sills. In smaller intru-
sions, subsidence is less pronounced, and cooling is faster. Thus, reefs are less regular, less continuous,
have lower tenors, and are wider. This model could explain the less continuous nature and lower grade
of PGE and V reefs in the relatively small Finnish layered intrusions, compared to the much larger
Bushveld, Stillwater, and Great Dyke intrusions.

In contrast, Ni-Cu deposits tend to occur in smaller and more irregular, dike, sill, and chono-
lithic intrusions. Many of these intrusions are characterized by abundant xenoliths, compositional
reversals, and irregular layering, interpreted to reflect dynamic emplacement settings such as
magma conduits and feeders in which sulfides may be upgraded during entrainment and/or can-
nibalization by later magma pulses (Naldrett, 1997). A relatively high abundance of magma

Cr-V-Ti-Fe
PGE-(Cu-Ni) . T

Lo
-—

I Cumulate rocks
[ ] Magma
2% sulfide melt - oxide crystals
[ ] S-poor, undeformed sedimentary rocks
[*7] S-poor granite-gneiss

Km - 100s of km

FIGURE 3.1.7 Formation of PGE and oxide deposits in large layered intrusions.

After saturation of the magma in oxide or sulfide liquid, the oxide/sulfide segregates to the top of the cumulate
pile. It is further concentrated when the central portion of the magma chamber subsides due to magma
loading, resulting in slumping of semiconsolidated cumulate mushes at the top of the cumulate pile and
hydrodynamic sorting of dense phases.
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FIGURE 3.1.8 Schematic diagram illustrating formation of ultramafic and mafic layers during subsidence
of intrusion.

At the top is a semiconsolidated protocumulate deposited by a fresh influx of magma prior to subsidence of
the chamber, precipitating first pyroxene, chromite, and PGM, and later also plagioclase and sulfide. Cu/Pd

is initially at mantle level, but falls below mantle once sulfide precipitates, and then progressively increases
during Raleigh fractionation of sulfide. The lower part of the panel shows how cumulate layers are progres-
sively sorted during subsidence, resulting in pronounced layering of pyroxenite, norite, and anorthosite in a
down-dip direction. Sulfides percolate toward the bottom of the ultramafic layer (where they may absorb early
formed PGM), thereby also shifting the reversal in Cu/Pd toward the base of the layer, and making reversal
more pronounced.
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Source: Modified from Maier et al. (2013).

conduits may be expected at tectonically active craton margins (Begg et al., 2010). Furthermore,
ascent of magma entraining a load of dense sulfide liquids may be facilitated in active tectonic
regimes where faulting can lead to repeated opening and closure of conduits thereby focusing and
enhancing magma flux. Occasionally, this may even lead to seismically induced filter pressing and
pumping of dense sulfide liquids into overlying parts of the intrusion or into fractures leading
away from the host intrusion.

SUMMARY

The formation of magmatic PGE-Cr-V and Ni-Cu deposits is controlled by several factors, including
geologic age as well as the architecture and composition of the lithosphere. Groves et al. (2005) sug-
gested that the concentration of PGE deposits within cratons could be partly a preservational effect. The
harzburgitic SCLM underlying the cratons is relatively buoyant due to the extraction of dense Fe-rich
components (Griffin et al., 2008) and thus cannot be reprocessed. Furthermore, it is capable of bearing
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the weight of thousands of km? of heavy basic magma, and thus large intrusions in the cratonic crust
are shielded from tectonic deformation and dismemberment. Another positive factor is the relatively
stable cratonic environment, allowing the formation of large sill-like bodies and, during central subsid-
ence of intrusions and late-magmatic mobilization of crystal slurries, that of laterally extensive reefs.
This model is consistent with the occurrence of the best deposits in the largest, most slowly cooling
intrusions.

For the formation of Ni-Cu deposits, a more dynamic environment is required, where mantle plumes
are channeled toward lithospheric boundaries (Kerrich et al., 2000), large volumes of primitive magma
can interact with S-rich crust, and sulfide-bearing magmas can ascend through abundant dynamic
magma conduits resulting in flow-dynamic concentration of the sulfides. Such environments occur
predominantly at craton margins (Groves et al., 2005; Begg et al., 2010). In addition, some Ni-Cu
deposits may be transposed to craton margins during seafloor spreading (Kambalda in Australia,
Raglan in Canada), particularly if the mantle plume impacts near craton margins. Deposits tend to be
rare along the margins of refertilized cratons, possibly because of destruction of deposits and/or S-rich
crustal rocks through tectonism, magmatism, and metamorphism. Furthermore, lineaments along such
modified cratons could be less long-lived.

Secular trends are observed in both types of deposits. PGE deposits are concentrated in the Archean
and the early Proterozoic, possibly because crustal S was less abundant, and because production of
PGE-rich magmas may require large degrees of mantle melting. The paucity of PGE deposits in the
early Archean may be due to poor preservation, whereas the Phanerozoic lacked sufficient heat flux to
trigger large degree mantle melting. In contrast, in the late Archean and early Proterozoic, a hotter
Earth resulted in a greater incidence of large mantle plumes (Condie, 2001).

A relatively high heat flux and large degree mantle melting are also responsible for the concen-
tration of particularly Ni-rich deposits in the Archean (Naldrett, 2010), whereas younger deposits
tend to have important Cu credits. As in the case of PGE deposits, early Archean Ni-Cu deposits are
rare, possibly because of lack of exposure. In contrast, the largest accumulations of Ni-Cu sulfides
are younger than ~2 Ga. It is possible that this reflects a secular increase in crustal S, consistent with
the occurrence of abundant Ni deposits at the peak in crustal S inventory (Canfield, 2004). Of fur-
ther note is the paucity of Ni deposits in the Neoproterozoic, coincident with the minimum in
crustal S inventory.

The correlation of some important PGE and Ni-Cu deposits with the initial stages of superconti-
nent breakup (Kabanga, Voisey’s Bay, Jinchuan, Noril’sk-Talnakh) can be understood in terms of
mantle-plume activity and resulting crustal extension that facilitated magma generation and ascent.
The clustering of deposits during the late stages of supercontinent amalgamation is more difficult to
understand as one would assume that continent amalgamation is mainly driven by offshore mantle-
plume activity. Whereas this may lead to the formation of oceanic Ni-Cu deposits which could be
transposed to craton margins due to plate tectonics, the formation of large intracontinental layered
intrusions at these times requires a different explanation. One possibility is that subduction rollback
causes temporary lithospheric extension. This could aid complex Ni-Cu systems in back arcs, and it
could lead to emplacement of intracratonic intrusions in failed rift settings where extension was lim-
ited. A further possibility is that enhanced metasomatism of the SCLM roots in response to supercon-
tinent amalgamation triggered pervasive SCLM delamination, facilitating the establishment of mantle
plumes beneath craton interiors.
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CHAPTER

KOMATIITE-HOSTED NI-CU-
PGE DEPOSITS IN FINLAND .

J. Konnunaho, T. Halkoaho, E. Hanski, T. Tormanen

ABSTRACT

Eight economically promising komatiite-hosted sulfide deposits have so far been found in eastern and northern
Finland. They are related both to Archean (Tainiovaara, Hietaharju, Peura-aho, Vaara, Ruossakero, and Sarvisoaivi)
and Paleoproterozoic (Hotinvaara and Lomalampi) komatiitic to komatiitic basalt magmatism. The deposits are
mostly associated with the Al-undepleted komatiite type (AUK) (Al,05/TiO, = 15-20), but Ti-depleted komatiites
(A1,03/TiO, > ~20) are predominant in the Hotinvaara, Ruossakero, and Sarvisoaivi areas. Disseminated Fe-Ni-Cu
sulfides (commonly <5 wt% S) and minor massive sulfide accumulations as well as remobilized massive veins are
associated with thick, MgO-rich and Cr-poor metacumulates. In some cases, sulfide mineralization is partly hosted
in associated schist, as in the Peura-aho deposit. Most of the deposits were modified by postmagmatic processes
to various degrees, resulting in a notable increase in metal contents of the sulfide fraction in some of the deposits,
notably the Vaara deposit.

The deposits are divided into two main groups based on their metal content: (1) deposits that are enriched in
PGE (Pd + Pt > 500 ppb) and Cu (Ni/Cu < 13) (Vaara, Hietaharju, Peura-aho, and Lomalampi), and (2) deposits
that are enriched in Ni (Ni/Cu > 15) and have low PGE contents (Sarvisoaivi, Ruossakero, and Hotinvaara). The
Tainiovaara deposit has an intermediate composition between these two groups. Lomalampi is a unique deposit,
because it has relatively high levels of PGE compared to base metals (i.e., it is a PGE-(Ni-Cu) deposit)—and a
Pt/Pd ratio of around 2, as opposed to most other komatiite-hosted Ni-Cu-(PGE) deposits globally that have Pt/
Pd around unity. The Lomalampi deposit contains isotopically heavy sulfur with 83*S of +10 to +15%o, which is
consistent with the presence of a large proportion of crustal sulfur in this deposit. Most of the Finnish Ni-Cu-(PGE)
deposits have 83*S close to the mantle range (2 per mil). Multiple isotope analyses of the Archean Vaara and Hietaharju
deposits have revealed a considerable mass-independent fractionation of sulfur isotopes in both the ores and their
country rocks, demonstrating a significant role of external sulfur assimilation in ore formation. Although no significant
economic deposits have so far been found, the number of known mineralizations and the high PGE contents in
some of them indicate that komatiites in Finland still provide potential targets for future exploration work.

Keywords: Komatiites; komatiite-hosted Ni-Cu-PGE deposits; PGE; sulfides; sulfur isotopes; alteration; green-
stone belt; Suomussalmi greenstone belt; Central Lapland Greenstone Belt; Finland.

INTRODUCTION

Recognition of primary, high-temperature ultramafic lavas, called komatiites, in the late 1960s (Viljoen
and Viljoen, 1982) started a new era of nickel exploration. In favorable environments and under appro-
priate dynamic physical conditions, ultramafic lavas can generate profitable nickel-copper sulfide
deposits (e.g., Naldrett, 1966; Woodall and Travis, 1970; Ross and Hopkins, 1975). In 2006,
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approximately 18% of global nickel sulfide reserves were estimated to be associated with komatiites
(Hronsky and Schodde, 2006). The komatiitic ultramafic lavas and komatiitic basalts and, in particular,
associated olivine-rich cumulates in lava channels are potential host rocks for nickel deposits. In addi-
tion, sills and feeder dikes related to komatiitic magmatism are also potential environments for Ni-Cu-
PGE ores.

Two main types of nickel deposits occur in komatiitic systems. Type I consists of accumulations of
massive and/or matrix ore at the base of komatiitic lava channels. The nickel grades in massive sulfide
ores vary between 2 and 20 wt%. Type Il is characterized by sulfide disseminations within, rather than
at the base of, the lava channel cumulates. In this deposit type, the whole-rock Ni contents are generally
less than 1 wt%. Komatiite-related nickel deposits can be transitional between these two end-member
types and deposits containing both types of mineralization have been described. In some of the depos-
its, the metals have been mobilized during postmagmatic tectono-metamorphic processes (type [V-V)
(e.g., Lesher and Keays, 2002; Lesher and Barnes, 2009).

In Finland, no significant economic komatiite-hosted Ni-Cu-PGE deposits have been discovered
yet. The small Tainiovaara deposit is the only one that has so far been mined, in 1989. Nevertheless,
several small, low-grade sulfide deposits occur in Archean and Paleoproterozoic greenstone belts in
eastern and northern Finland (Fig. 3.2.1 and Table 3.2.1).

NATURE OF KOMATIITE-HOSTED NI-CU-PGE DEPOSITS

Most komatiitic magmas are thought to have resulted from an extensive degree of partial melting of
depleted mantle peridotite (e.g., Herzberg, 1992). As a consequence of the high degree of melting
(>30%), these magmas are sulfur-undersaturated after segregation from their mantle source and
carry elevated contents of chalcophile elements (Ni, Cu, and PGE). Critical factors controlling the
genesis of magmatic Ni-Cu-PGE deposits include the formation of an immiscible sulfide liquid dur-
ing magma ascent through the Earth’s crust or after its eruption on the Earth’s surface. To achieve
high Ni tenors, the separation of the immiscible sulfide liquid has to take place before a significant
amount of mafic silicates, particularly olivine, has crystallized from the magma. Additionally,
because komatiitic magmas are commonly strongly S-undersaturated when emplaced in the upper
crust, it is generally believed that the generation of Ni sulfide ores requires addition of external S to
the magma.

This explains why Ni-Cu-PGE deposits are usually found in dynamic magma channel environments
where thermo-mechanical erosion of the host rocks is believed to have been most efficient (e.g., Lesher
and Groves, 1986; Keays, 1995; Lesher and Arndt, 1995; Lesher et al., 2001; Sproule et al., 2005;
Barnes, 2007; Arndt et al., 2008). A dynamic magma environment also allows the segregated sulfides
to be equilibrated with a large amount of silicate magma (cf. Campbell and Naldrett, 1979), thereby
efficiently sequestering chalcophile metals from the magma. Recent studies of Bekker et al. (2009),
Fiorentini et al. (2012a, b), and Konnunaho et al. (2013) have shown that coupled 83*S and 43S mea-
surements provide a powerful tool to constrain sulfur sources for Archean komatiite-hosted Ni-Cu
deposits even in situations where 84S values are nondiagnostic.

The concentration of chalcophile elements in mineralized and unmineralized komatiitic rocks can
be affected by primary magmatic processes (e.g., degree of mantle melting, composition of mantle,
varying R factor, crustal contamination) and/or secondary processes. In general, the chalcophile
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Table 3.2.1 Classification of Finnish komatiite hosted Ni-Cu-PGE deposits (GB = greenstonen belt, AUK = aluminum
undepleted komatiite, CLGB = Central Lapland greenstone belt)

Deposit
name

Vaara
Hietaharju
Peura-aho

Tainiovaara

Lomalampi

Hotinvaara
Ruossakero

Sarvisoaivi

Area

Suomussalmi GB
Suomussalmi GB
Suomussalmi GB

Ultramafic body
within Archean
basement
Kolari-Kittila-
Sodankyld GB
(CLGB)

Pulju GB (CLGB)

Rommaeno
Complex
Rommaeno
Complex

Age

Archaean
Archaean
Archaean

Archaean

Palaeoprotero-
zoic

Palaeoprotero-
zoic

Archaean

Archaean

Magma
Type
AUK
AUK
AUK

AUK
AUK

AUK

Ti-
depleted
Ti-
depleted

Host rock

00C to oMC
00C to oMC

00C to oMC
(+ surround-
ing schists)
oMC

00C to oMC

oMC to oAC
oMC to 0AC

oMC to oAC

Deposit type

Ni-(Cu-PGE)
Ni-(Cu-PGE)
Ni-(Cu-PGE)

Ni-(Cu-PGE)

PGE-(Ni-Cu)

Ni-(Cu)
Ni-(Cu)

Ni-(Cu)

Mineralisation
type

I Im |1V
X

(x)

x) | x X

x) | x
X

x) [x |
X
X

AVTi

19
15
15

23

15

34

46

37

Ratios
Ni/Cu | Pt/Pd
13 0.4
4 0.5
3 0.5
19 0.4
4 2
36 0.6
55 0.4
15 0.2

Pd/Ir

28
22
14

10

15

10

15

47

00C = olivine orthocumulate

oMC = olivine mesocumulate

0AC = olivine adcumulate

Deposit type () = by product
Mineralisation type ( ) = minor type
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element concentrations in the sulfide fraction vary from area to area and deposit to deposit, although
they are commonly higher in disseminated ores than in massive ores (Lesher and Barnes, 2008; Fiorentini
et al., 2010); it seems that disseminated sulfide deposits were formed at higher R factors than massive
sulfide deposits (e.g., Lesher and Barnes, 2008). After crystallization, magmatic sulfides may become
further enriched in precious metals if the host igneous body is subjected to strong hydrothermal alteration
(e.g., oxidation, serpentinization, carbonatization, or desulfurization) or supergene alteration. This
concerns particularly disseminated deposits, which may become markedly upgraded in their metal
tenors (e.g., Stone et al., 2004; Barnes et al., 2009; Lesher and Barnes, 2009; Konnunaho et al., 2013).
Secondary enrichment can explain the notable PGE (Pd + Pt) enrichment in some deposits in Finland.
On the other hand, high metal tenors could also be due to PGE-rich mantle sources. There are still many
open questions related to the noncoherent behavior of PGE in komatiites, for example, the origin of the
different Pt/Pd in mineralized and unmineralized komatiites. In komatiite-hosted Ni-Cu-PGE deposits,
Pd is commonly enriched over Pt by a factor of around 1.5-2, whereas most unmineralized komatiites
show Pt/Pd close to unity (Lesher and Keays, 2002; Fiorentini et al., 2010). Barnes et al. (2012) dis-
cussed potential explanations for the high Pd/Pt in ores and concluded that this can be a primary mag-
matic signal in addition to postmagmatic alteration.

LOCATION AND CLASSIFICATION OF KOMATIITE-HOSTED NI-CU-(PGE)
DEPOSITS IN FINLAND

Komatiite-hosted Ni-Cu-PGE deposits are found both in Archean and Paleoproterozoic greenstone
belts in Finland (Fig. 3.2.1 and Table 3.2.1). In this chapter we will first describe several Archean
deposits, including three major deposits within the Kuhmo-Suomussalmi greenstone belt (Vaara,
Hietaharju, and Peura-aho), the Tainiovaara deposit located in a greenstone relict in eastern Finland,
and the Ruossakero and Sarvisoaivi deposits in the Enontekio-Késivarsi area of northwestern Finland.
In addition, some smaller Archean showings are also mentioned. This will be followed by a description
of two notable Paleoproterozoic deposits, namely the Hotinvaara and Lomalampi deposits in the Cen-
tral Lapland Greenstone Belt.

The Finnish Ni-Cu-PGE deposits belong mainly to the type II (disseminated type) of deposits, but
some deposits belong to the type I (massive type) and type IV (hydrothermally, metamorphically
mobilized type) deposits (Table 3.2.1) (cf. Barnes, 2006; Lesher and Barnes, 2009). Some deposits
represent a mixture of types II, I and/or I'V. All eight main deposits are associated with the MgO-rich
and Cr-poor cumulate portion of komatiitic or komatiitic basalt units and they mostly consist of dis-
seminated sulfides (e.g., Vaara, Lomalampi, and Ruossakero) and minor massive to semimassive sul-
fides (e.g., Tainiovaara, Hietaharju, and Peura-aho). Some of the deposits were modified by
postmagmatic processes to various degrees (e.g., Vaara). In some deposits, Ni-Cu sulfides may be
partly associated with the country rocks, including the Peura-aho deposit and the Sika-aho and Arola
showings (Fig. 3.2.1).

In terms of their PGE content, the Finnish deposits can be divided into PGE-enriched and PGE-poor
types. They have been classified as Ni-(Cu-PGE) and Ni-(Cu) deposits in this work, respectively. The
PGE-enriched deposits are found in both age groups and are either S-poor (e.g., Lomalampi) or S-rich
(e.g., Hietaharju and Peura-aho). The PGE-enriched deposits also tend to be enriched in Cu compared
to the PGE-poor deposits (e.g., Sarvisoaivi, Ruossakero, and Hotinvaara).
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NI-CU-PGE DEPOSITS OF THE SUOMUSSALMI GREENSTONE BELT
GEOLOGICAL SETTING

The Archean Suomussalmi greenstone belt represents the northernmost segment of the ~220-km-long
and 10-km-wide, north—south trending Kuhmo-Suomussalmi greenstone belt complex (Fig. 3.2.1).
A recent review of the complex was published by Papunen et al. (2009). The whole belt is characterized
by the presence of komatiitic volcanic rocks, which show in some places well-preserved primary vol-
canic structures (Hanski, 1980; Tourpin et al., 1991; Gruau et al., 1992; Maier et al., 2013).

In the Suomussalmi belt, four lithostratigraphic formations have been defined. From the oldest to
the youngest, these include the Luoma, Mesa-aho, Tervonen, Saarikyld, and Huutoniemi formations.
The Luoma formation consists predominantly of andesitic to dacitic volcanic rocks, but also includes
mafic and felsic volcanic rocks, quartz porphyry dikes, and banded amphibolites (Papunen et al., 2009).
The U-Pb zircon data show that the age of the felsic volcanic rocks of the Luoma formation is ~2.95
Ga (Huhma et al., 2012). Most of the greenstone belt consists of tholeiitic basalts with Banded Iron
Formation (BIF) interlayers belonging to the Tervonen formation. Stratigraphically above the Tervonen
formation is the Saarikyld formation, which contains felsic metavolcanic rocks and graphitic black
schists overlain by Cr-rich basalts and komatiitic rocks. The latter formation includes komatiitic olivine
and olivine-pyroxene cumulates and lava flows, and komatiitic basalts (Halkoaho et al., 2000a,b;
Luukkonen et al., 2002; Papunen et al., 2009).

The Vaara, Kauniinlampi, Hietaharju, and Peura-aho Ni-(Cu-PGE) deposits occur in this formation.
The uppermost part of the stratigraphic sequence comprises felsic to intermediate metavolcanic rocks
and graphite-bearing metasediments of the Huutoniemi formation. A felsic volcanic rock from the
eastern branch, correlative with the Huutoniemi formation, has given a U-Pb zircon age of ~2.82 Ga
(Huhma et al., 2012). From this, it can be concluded that the geochronological resolution currently
available does not provide tight constraints on the depositional ages of the Mesa-aho, Tervonen,
Saarikyld, and Huutoniemi formations. In analogy with other komatiitic rocks of the Tipasjdrvi-Kuhmo-
Suomussalmi greenstone complex, the komatiite-bearing Saarikyld formation is thought to have been
formed at ~2.82 Ga (cf. Huhma et al., 2012).

GEOLOGY AND KOMATIITES OF THE VAARA REGION

The Vaara extrusive body is one of five ultramafic lenses that form a 15-km-long, north—south trending
chain of bodies in the Saarikyld area, easily recognizable on magnetic maps. On the surface, the Vaara
ultramafic lens is approximately 1 km long and 400 m wide. It is truncated by numerous northwest—
southeast trending faults and is folded in a complicated manner (Konnunaho et al., 2013, see their Fig. 2).
According to the current geological interpretation (Luukkonen et al., 2002; Papunen et al., 2009), the
direction of the stratigraphic top is to the east. In the immediate footwall of the Vaara body there are phyl-
lites, black schists, and sulfide-bearing sericite schists, likely belonging to the Mesa-aho formation
(Luukkonen et al., 2002). Further to the west, felsic volcanic rocks of the Luoma formation occur. Due to
folding, there also are felsic volcanic rocks intervened with cumulate rocks in the Vaara area, and these
could be part of the Saarikyld formation. The phyllite-black schist association to the east of the Vaara body
belongs to the Huutoniemi formation. The tholeiitic basalts on the southern and northern flanks of the
Vaara body are assigned to the Tervonen formation (Konnunaho et al., 2013, see their Fig. 2).

At Vaara and elsewhere in the Tipasjdarvi-Kuhmo-Suomussalmi greenstone belt complex, the
komatiitic lavas have been pervasively metamorphosed to (1) tremolite-chlorite (+ serpentine, talc,
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carbonate, albite) rocks, representing metamorphosed massive flow lobes and/or upper parts (A zone)
of differentiated komatiite lava flows, and (2) serpentinites (+talc, tremolite, carbonate, chlorite) repre-
senting metamorphosed massive lava flows and/or lower olivine cumulate zones (B zone) of differenti-
ated lava flows. At Vaara, serpentinites are more abundant than tremolite-chlorite rocks. Commonly,
tremolite-chlorite rocks change gradually to serpentinites, representing a transition from the A to B
zone in the layered lava flows.

Although the rocks in the Vaara area have been metamorphosed at upper greenschist to middle
amphibolite facies conditions and have undergone pervasive alteration, primary igneous textures can
still be recognized in places, particularly among olivine cumulates. Magmatic silicates are totally
altered, but chrome spinel is locally well preserved. In the northern part of the Vaara ultramafic lens,
some thin lava flows altered to tremolite-chlorite rocks still preserve randomly oriented spinifex tex-
tures. Olivine cumulates are mainly homogenous, massive, and fine- to medium-grained rocks. The
primary textures in these rocks include: (1) unimodal polyhedral cumulate textures, (2) bimodal poly-
hedral cumulate textures (equant olivine grains together with scattered olivine plates), and (3) harrisitic
textures. Accessory opaque minerals include chromite, magnetite, ilmenite, and Fe-Ni-Cu sulfides.

VAARA NI-(CU-PGE) DEPOSIT

The Vaara Ni-(Cu-PGE) deposit was discovered in 1998 by the Geological Survey of Finland (GTK).
The deposit is composed exclusively of disseminated Fe-Ni-Cu sulfides that are hosted by komatiitic
olivine cumulates (Figs. 3.2.2, 3.2.3, Table 3.2.1). It belongs to the type II komatiitic deposits (i.e.,
stratabound internal), comprising disseminated sulfides mainly in the central part of olivine cumulate
bodies. The deposit is north—south trending and has been delineated by drilling for a strike length of
~450 m and to a depth of 50-180 m below the surface (Halkoaho et al., 2000a). The deposit consists
of three separate mineralized sulfide horizons (Figs. 3.2.2. and 3.2.3), the thickness of which varies
from ~2-3 m (at the northernmost end) to ~50 m (at the southernmost end). As shown by the drillcore
profile in Fig. 3.2.3, the mineralization is associated with relatively Cr-poor olivine cumulates. The
indicated reserves of the deposit are 2.62 Mt of ore at 0.49 wt% Ni, 0.04 wt% Cu, 0.01 wt% Co, 0.28
ppm Pd, and 0.11 ppm Pt (Altona Mining, 2012).

Disseminated sulfides (@ 0.1 to | mm) occur mainly in the interstitial space between former olivine
crystals, and the original shapes of the sulfide blebs are well preserved. Of the sulfide minerals, millerite
(50-75 vol%), pyrite (15-35 vol%), and chalcopyrite (~10 vol%) are the most abundant. Ni-rich pentland-
ite (41 wt% Ni) and violarite (38 wt% Ni) are less abundant, but can be locally important (Fig. 3.2.4 (A))
(Halkoaho et al., 2000a; Konnunaho et al., 2013). The volume of magnetite within sulfide blebs varies from
40-80 vol%. The quantity of magnetite at Vaara is higher than in most other komatiite-related Ni-Cu depos-
its (e.g., Heath et al., 2001). However, millerite-pyrite-magnetite blebs similar to those occurring at Vaara,
with the magnetite content reaching up to 50 vol%, have been described from disseminated ores in the Otter
Shoot and Black Swan deposits in Western Australia (Keele and Nickel, 1974; Barnes et al., 2009). Exten-
sive replacement of interstitial sulfides by magnetite (Fig. 3.2.4(A)) and the presence of millerite- and
violarite-bearing, pyrrhotite-free sulfide assemblages indicate postmagmatic, low-temperature hydrother-
mal oxidation of the primary magmatic pyrrhotite-pentlandite-chalcopyrite assemblages and associated
sulfur loss. This process has led to a significant upgrading of the original metal tenors of the Vaara deposit
(Konnunaho et al., 2013).

Platinum-group and tellurium minerals are mainly associated with Ni-bearing sulfides, chalcopyrite,
and pyrrhotite, and occur as small grains (<10 um) inside or at the edge of sulfide grains. In some
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FIGURE 3.2.2 Vertical section of the Vaara ultramafic body, showing variation of whole-rock nickel content in a
drilling profile.

Source: Modified after Luukkonen et al. (2002) and Konnunaho et al. (2013).

cases, PGE and tellurium minerals have also been found within silicates (notably serpentinized olivine)
and oxides (ilmenite and chromite). The most common Pt-bearing mineral is sperrylite PtAs,. Several
different Pd-bearing minerals have also been identified (Konnunaho et al., 2013).

During the exploration within the area, GTK also found two small Ni-(Cu-PGE) occurrences
called Kauniinlampi North and Kauniinlampi South (Fig. 3.2.1). These occurrences are associated
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Source: Modified after Luukkonen et al. (2002) and Konnunaho et al. (2013).

with the Kauniinlampi cumulate body in the Saarikyld area (a few kilometers north of the Vaara
cumulate body), which is cut by a shear zone. PGE-enriched sulfides have been remobilized into
this zone at Kauniinlampi North. Kauniinlampi South consists of Ni-poor disseminated iron
sulfides in the cumulate body. These two occurrences are not economically important, but they
provide further evidence for operation of ore-forming processes in the Saarikyld area (Halkoaho
et al., 2000a).
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FIGURE 3.2.4 Photomicrographs in reflected light of sulfide aggregates in olivine cumulates from (A) Vaara
(disseminated sulfide-magnetite aggregates), (B) Hietaharju (massive sulfides), (C) Tainiovaara (massive
sulfides), (D) Hotinvaara (coarse grained sulfide blebs), (E) Lomalampi (disseminated sulfides), and

(F) Ruossakero (disseminated sulfides).

Note the extensive replacement of sulfides by magnetite in the Vaara deposit. Abbreviations: Py = pyrite, Mill =
millerite, Viol = violarite, Pent = pentlandite, Po = pyrrhotite, Mt = magnetite

GEOLOGY AND KOMATIITES OF THE HIETAHARJU AND PEURA-AHO AREAS

The komatiite-hosted Ni-Cu-PGE sulfide deposits of Peura-aho and Hietaharju are located in the
Kiannanniemi area (Fig. 3.2.1 and Table 3.2.1), approximately 13 and 18 km southwest of the Vaara
deposit, respectively. The Ni-Cu-PGE deposits occur in metamorphosed olivine-pyroxene cumulates
of komatiitic basalt and surrounding schists belonging to the Saarikylad formation. The lithological unit



NI-CU-PGE DEPOSITS OF THE SUOMUSSALMI GREENSTONE BELT 103

containing felsic and mafic metavolcanic rocks, komatiitic basalts, and interbedded sulfur-bearing
metasedimentary rocks (phyllites, black schists, and felsic schists) ranges from 100-150 m in thick-
ness. Komatiitic lava flows and related olivine cumulates also occur in the Kiannanniemi area.

Fine- to medium-grained tremolite-chlorite-(+serpentine) rocks represent komatiitic noncumulates
to orthocumulates or pyroxenitic cumulate portions. Komatiitic basalts are mainly massive hornblende-
plagioclase rocks. Primary flow structures have been almost completely obliterated, but some well-
preserved pillow and variolitic structures were found in outcrops of komatiitic basalts. Komatiitic
olivine-pyroxene cumulates were metamorphosed to fine- to medium-grained serpentine-talc-carbonate-
chlorite rocks. Talc-carbonate rocks (i.e., soapstones) are common, especially in the Hietaharju area. In
some cases, cumulate textures occur in less altered and sheared orthocumulates and pyroxenites.

HIETAHARJU NI-(CU-PGE) DEPOSIT

The Hietaharju Ni-Cu-PGE deposit was found in the early 1960s by Outokumpu Oy. The deposit
is mainly composed of disseminated Fe-Ni-Cu sulfides, but massive to semimassive veins and
lenses as well as breccias are also present. The deposit is hosted by olivine-pyroxene cumulates of
komatiitic basalts (Fig. 3.2.5). It belongs to the type II komatiitic deposits (i.e., stratabound inter-
nal), comprising disseminated sulfides mainly in the central part of olivine cumulate bodies. How-
ever, Hietaharju also contains some features of type I komatiitic deposits (Lesher and Keays, 2002)
(Table 3.2.1). The host unit is approximately 100 m thick and 1 km long. The deposit is north—
south trending and has a strike length of ~200 m, a width of 50 m, and a depth of at least 200 m
(GTK Mineral Deposit Database, 2014). The deposit consists of several subparallel mineralized
horizons or lenses (Fig. 3.2.5) whose thicknesses vary from ~0.5—-10 m. The estimated reserves of
the Hietaharju deposit are 0.85 Mt of ore at 0.85 wt% Ni, 0.44 wt% Cu, 0.06 wt% Co, 1.25 ppm
Pd, and 0.53 ppm Pt (Altona Mining, 2012).

Pyrrhotite, pentlandite, and chalcopyrite are the most abundant sulfide minerals at Hietaharju.
Based on Kojonen (1981) and Kurki and Papunen (1985), the ores can be divided into three main types:
(1) finely disseminated sulfides and thin veinlets, (2) massive (Fig. 3.2.4(B)), granular sulfides, and (3)
brecciated sulfides. Small amounts of sphalerite, cubanite, and mackinawite occur as inclusions in
chalcophyrite and pyrite. Marcasite and violarite are common alteration phases. Arsenides (e.g., gersdorffite
and cobaltite) are associated with disseminated sulfides in talc-carbonate rocks, and gersdorffite occurs
as one of the main ore minerals in the most intensively carbonated parts of the deposit (Kojonen, 1981;
Halkoaho and Papunen, 1998).

Gold, tellurides (i.e., Pd- and Bi-bearing tellurides), sperrylite, and other PGMs (platinum group
minerals) occur mainly as inclusions in other ore minerals, but they are also found within silicates and
oxides. The oxide minerals magnetite, ilmenite, and zoned chromite are common in all rock types,
occurring as fine disseminations through the ultramafic body. All ore types contain disseminated mag-
netite, but in contrast to the Vaara deposit, sulfide replacement by magnetite is rare (Figs. 3.2.4(A,B)).
Pyrrhotite, pentlandite, and chalcopyrite represent the primary magmatic sulfide assemblage, which was
modified by postmagmatic processes (e.g., formation of Ni-Co arsenides). Massive and brecciated sul-
fides are probably the result of postmagmatic sulfide mobilization, but some massive lenses at the con-
tact between the ultramafic body and metasedimentary rocks could represent reworked primary massive
sulfide accumulations. Having relatively high Pd and Pt concentrations, the Hietaharju deposit belongs
to the PGE-rich group of the komatiite-hosted Ni-Cu-PGE deposits in Finland (refer to Table 3.2.1).
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FIGURE 3.2.5 Vertical section of the Hietaharju nickel deposit showing locations of drillcores and their Ni and
Cu contents.

Source: Modified after Kojonen (1981) and Kurki and Papunen (1985). The table shows core lengths and average Ni and Cu
contents of intersected sulfide-bearing zones.

PEURA-AHO NI-(CU-PGE) DEPOSIT

The Peura-aho Ni-Cu-PGE deposit was found during the same exploration activities as the Hietaharju
deposit. The Peura-aho area is characterized by an anticlinal structure with the fold axis dipping 65-70°
to the east (Kojonen 1981; Kurki and Papunen, 1985) (Fig. 3.2.6). The Peura-aho Ni-Cu-PGE deposit
consists of five sulfide-bearing lenses (A—E), whose length varies from ~30-250 m and thickness from
~3—-10 m (Kojonen, 1981; Kurki and Papunen, 1985) (Fig. 3.2.6). The ore deposit is approximately 200
m long and 50 m wide on the surface and extends to a depth of at least 150 m (GTK Mineral Deposit
Database, 2014). The main mineralized lenses are termed the A and B mineralizations. The dissemi-
nated Fe-Ni-Cu sulfides of mineralization A are located in the central part of an olivine ortho- to
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FIGURE 3.2.6 Geological map of the Peura-aho area.
Source: Modified after Kojonen (1981) and Kurki and Papunen (1985).

mesocumulate body (serpentinite), whereas massive sulfides of mineralization B are associated with
tremolite-chlorite-(+ serpentine) rocks, chlorite schists, and/or felsic metavolcanic/metasedimentary
rocks. The sulfide disseminations in mineralizations C, D, and E are relatively weak. The disseminated
sulfides in the C mineralization occur in tremolite-chlorite-(+serpentine) rocks stratigraphically below
the serpentinite lens. Mineralization D occurs in the middle part of the small serpentinite lens and min-
eralization E in the basal part of a small serpentinite lens between the serpentinite and tremolite-
chlorite-(+serpentine) rock or quartz-feldspar schist (Fig. 3.2.6). Mineralizations A, C, D, and E belong
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to the type II komatiitic deposit, whereas mineralization B represents the type IV (Lesher and Keays,
2002) (Table 3.2.1). The indicated resources of the Peura-aho deposit are 0.40 Mt at 0.63 wt% Ni, 0.29
wt% Cu, 0.04 wt% Co, 0.28 ppm Pt, and 0.62 ppm Pd (Altona Mining, 2012).

According to Kojonen (1981), the massive Ni-Cu-PGE mineralization (B in Fig. 3.2.6) consists
mostly of pyrrhotite, pyrite, violarite, and chalcopyrite. Pyrite is euhedral or subhedral and contains mar-
casite, pyrrhotite, chalcopyrite, and magnetite inclusions. Chalcopyrite is often twinned and consists of
lamellae. Pentlandite has mainly been altered to violarite. The disseminated and vein-style Ni-Cu-PGE
mineralizations (A, C, D, and E in Fig. 3.2.6) consist mainly of pyrrhotite, pentlandite, and chalcopyrite.
The oxides include zoned chromite, fine-grained magnetite, ilmenite, and hematite. Marcasite, macki-
nawite, and sphalerite are minor phases. Marcasite and violarite are common weathering products of
sulfides. Platinum-group minerals are associated mainly with sulfides, analogous to the Hietaharju deposit.

The origin of the sulfides can largely be explained by alteration of primary pyrrhotite, pentlandite,
and chalcopyrite. Violarite is a common alteration product of pentlandite. According to Kojonen (1981),
it formed at a low temperature through weathering processes. Kojonen (1981) divided the pyrite in the
Peura-aho mineralization into three generations: (1) Co-bearing euhedral pyrite in the disseminated
A mineralization, (2) Ni-bearing euhedral pyrite in the massive B mineralization, and (3) secondary
pyrite formed through weathering of pyrrhotite. The Co-bearing pyrite might be a high temperature min-
eral. The Ni-bearing pyrite is associated with sulfurization of Fe and Ni released during serpentinization.
The secondary pyrite is normally intergrown with marcasite, which formed through weathering of pyr-
rhotite (Kojonen, 1981). The main difference between the Peura-aho and Hietaharju Ni-(Cu-PGE)
mineralizations is that, in the latter, the talc-carbonate rocks contain Ni-Co arsenides. According to
Kojonen (1981), this suggests introduction of arsenic by alteration fluids. Massive sulfide mineraliza-
tions probably formed as a result of postmagmatic sulfide mobilization, but some massive lenses could
represent reworked primary massive sulfide accumulations, analogous to the Hietaharju deposit. Simi-
larly to the Hietaharju deposit, the Peura-aho deposit belongs to the PGE- and Cu-enriched group of the
komatiite-hosted Ni-Cu-PGE deposits in Finland (Table 3.2.1).

THE TAINIOVAARA NI-CU-PGE DEPOSIT, EASTERN FINLAND

The Tainiovaara deposit is located ~7 km northeast of the town of Lieksa. A small Archean serpentinite
body and associated amphibolites form a greenstone belt relict within Archean tonalite gneisses of the
Lieksa complex (GTK, DigiKP, 2014) (Figs. 3.2.1 and 3.2.7). An approximately 180-m-long and
80-m-wide serpentinite lens dips 70° to the west, with its longitudinal axis plunging approximately 35°
to the northwest (Pekkarinen, 1980; Vanne, 1981) (Fig. 3.2.7). The Tainiovaara deposit occurs in the
central part of the serpentinite lens, consisting mainly of altered olivine mesocumulates (Fig. 3.2.7).
During the exploration activities by GTK, several other similar serpentinite bodies were found in the
area (Halkoaho and Niskanen, 2004).

The Tainiovaara deposit is approximately 130 m long and 25 m wide and extends to a depth of at
least 50 m (Vanne, 1981). It consists mainly of disseminated sulfides (type II komatiitic deposit), but
there are also small massive to semimassive and net-textured sulfide accumulations (type I) at the bot-
tom of the serpentinite lens (Vanne, 1981; Papunen, 1989) (Fig. 3.2.7). The major ore minerals are
pyrrhotite and pentlandite, and chalcopyrite and pyrite form minor phases. Magnetite, zoned chromite,
and ilmenite occur in disseminated form throughout the ore body. The main gangue minerals are
serpentine, talc, chlorite, carbonate, and tremolite.
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FIGURE 3.2.7 Vertical section of the Tainiovaara nickel deposit, showing locations of drillcores and their Ni content.

Source: Modified after unpublished figure prepared by L. Pekkarinen.

The estimated resources of the Tainiovaara deposit are 0.45 Mt at 0.5 wt% Ni, 0.03 wt% Cu, and
0.01 wt% Co (Vanne, 1981). The deposit was mined in 1989 by Outokumpu Oy. The total production
was approximately 20,000 t at 1.4 wt% Ni and 0.12 wt% Cu (Puustinen et al., 1995). The deposit still
contains 0.43 Mt of unexploited nickel ore. The Tainiovaara deposit is clearly magmatic in origin, as
indicated by the magmatic sulfide assemblages, but was modified by postmagmatic processes. This is
indicated by minor to moderate sulfide replacement by magnetite, especially in disseminated ore
(Fig. 3.2.4(C)). The deposit is enriched in Cu and PGE, but not as much as some of the other Finnish
PGE-enriched deposits (e.g., Hietaharju, Peura-aho, Lomalampi, and Vaara) (Table 3.2.1).

NI-CU-PGE DEPOSITS OF THE CENTRAL LAPLAND GREENSTONE BELT

GENERAL GEOLOGICAL SETTING

The Paleoproterozoic Central Lapland Greenstone Belt (CLGB) is one of the largest greenstone belts in the
Fennoscandian Shield. The CLGB is generally subdivided into three subdomains (Fig. 3.2.1): (1) Pulju
belt, (2) Kolari-Kittila-Sodankyli belt, and (3) Kuusamo-Salla belt. The volcanic-sedimentary sequence
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of the CLGB is assigned to seven lithostratigraphic groups deposited on the Archean basement. From
the oldest to the youngest these are: (1) Salla, (2) Vuojirvi, (3) Kuusamo, (4) Sodankyl4, (5) Savukoski,
(6) Kittild, and (7) Kumpu. These groups have been subdivided into several formations by Lehtonen
etal. (1998), Hanski et al. (2011), and Hanski and Huhma (2005). The oldest metavolcanic rocks (Salla
group) erupted ~2.45 Ga ago, whereas the youngest metasedimentary rocks of the Kumpu group are
younger than ~1.88 Ga (Hanski and Huhma, 2005); thus the geological evolution of the sequence
spanned more than 0.5 Ga. The komatiite-bearing Savukoski group has yielded a Sm-Nd age of ~2.06
Ga (Hanski et al., 2011). For a more comprehensive description of the CLGB, the reader is referred to
Lehtonen et al. (1998), Hanski et al (2011), and Hanski and Huhma (2005).

THE PULJU BELT

The Paleoproterozoic supracrustal rocks of the Pulju belt cover an area of 10 x 20 km in the northwestern
part of the CLGB. The belt can be traced into Norway where it joins the Karasjok greenstone belt (Barnes
and Often, 1990) (Fig. 3.2.1). In its lower part, the Pulju belt consists of a metasedimentary unit (quartz-
ites and biotite-hornblende gneisses) and minor mafic metavolcanic rocks (Sietkuoja formation) of the
Sodankyld group. The metavolcanic and metasedimentary units in the middle part (Mertavaara formation)
of the sequence are associated with komatiitic rocks of the Savukoski group. MgO-rich olivine cumulates
are rare in the CLGC, but in the Pulju belt, they are common. These cumulate bodies host the Hotinvaara
Ni-(Cu) deposit and some other minor Ni-(Cu) showings. Sulfur-rich metasedimentary rocks (metacherts
and calc-silicate rocks) and felsic metavolcanic rocks are among the lithological components of the Mer-
tavaara formation. Komatiites are interbedded with sulfide-bearing metasedimentary rocks and metavol-
canic rocks. The metasedimentary unit (paraschists with graphite-bearing interlayers) of the Vittaselkd
formation (Savukoski group) forms the uppermost part of the stratigraphical succession in the Pulju belt
(Inkinen et al., 1984; Papunen, 1998; DigiKp, 2014) (Figs. 3.2.8 and 3.2.9).

The komatiitic rocks of the Pulju belt were subdivided into two groups (Papunen, 1998): (1) nondif-
ferentiated komatiitic lava flows (i.e., tremolite-chlorite rocks) without significant cumulate portions,
and (2) differentiated komatiitic lava flows with extensive cumulate bodies (i.e., tremolite-chlorite-
serpentine rocks to serpentinites and olivine rocks). Nondifferentiated komatiitic lava flows occur as
independent layers together with mafic metavolcanic rocks of the Mertavaara formation. These rocks
are characterized by well-preserved primary structures including volcanic breccias, pillows, and tuffo-
genic layering. They have been correlated with similar komatiites in the Sattasvaara formation of the
Savukoski group (Lehtonen et al., 1998) and the Karasjok greenstone belt (Barnes and Often, 1990).
Deviating from the stratigraphic position of the nondifferentiated lava flows, differentiated komatiitic
lava flows occur in association with S-bearing metasediments and calc-silicate rocks occurring in the
lower parts of the Mertavaara formation. Differentiated lava flows are typically coarse-grained and less
foliated than nondifferentiated lava flows. Primary magmatic textures have not been recognized in dif-
ferentiated lava flows. The gradual change from tremolite-chlorite-serpentine rocks to pure serpenti-
nites indicates internal differentiation of flow units into A and B zones. In some places, tremolite-chlorite
rocks occur as interbeds within sulfide-bearing metasediments and irregular masses within cumulates
(Papunen, 1998).

Komatiites and associated supracrustal rocks were folded and sheared in at least four deformation
phases and affected by hydrothermal alteration in several stages (Papunen, 1998). Relicts of an olivine
spinifex texture were discovered in one drillcore in the Hotinvaara area (Papunen, 1998). The olivine
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FIGURE 3.2.8 Geological map of the Hotinvaara area and location of the drilling profiles shown in Fig. 3.2.9.

Source: Modified after Inkinen et al. (1984).

cumulates are very heterogeneous, medium- to coarse-grained rocks, in which primary magmatic min-
erals and textures are not preserved. The cumulate portion consists of various serpentine-chlorite-trem-
olite rocks (+carbonate-talc) to almost pure olivine rocks (i.e., metadunites and metaperidotites). The
metaperidotites contain metamorphic olivine, phlogopite, and pyroxenes. Accessory opaque minerals
include chromite, magnetite, ilmenite, and Fe-Ni-Cu sulfides. Some chromite grains with an irregular
form and without typical magnetite rims are also interpreted to be of metamorphic origin. Magnetite
occurs as a fine-grained dissemination and dust, or forms crosscutting veinlets. Some magnetite was
produced by oxidation of sulfides (Papunen, 1998).
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FIGURE 3.2.9 Vertical section of the Hotinvaara ultramafic body, showing locations of drillcores and their Ni
content (see Fig. 3.2.8 for the location of the section).

HOTINVAARA NI-(CU) DEPOSIT

The Hotinvaara Ni-(Cu) mineralization was discovered as a result of exploration carried out by
Outokumpu Oy in the early 1980s (Inkinen et al., 1984). Exploration activities of the company were mainly
focused on an approximately 6-km-long and 1.3-km-wide zone in the Hotinvaara and Mertavaara areas
where the komatiitic cumulates are most abundant. There are also other Ni-(Cu) occurrences (e.g., Mertavaara
and Siettelojoki) in the Pulju belt, but they are economically insignificant (Inkinen et al., 1984).

The Hotinvaara deposit is composed mainly of disseminated Fe-Ni-Cu sulfides and belongs to the
type II komatiitic mineralization, but massive to semimassive sulfides (type I) have also been found in
some drillcores. The Ni-(Cu) mineralization is hosted by strongly metamorphosed komatiitic olivine
cumulates associated with differentiated komatiitic lava flows (Figs. 3.2.8, 3.2.9, and Table 3.2.1). In
places, Ni-bearing iron sulfides associated with surrounding schists represent the type IV mineraliza-
tion. The olivine cumulate body that hosts the mineralization is approximately 1.6 km x 1 km in size.
Ni-(Cu) mineralization is roughly north—east trending and has been followed by drilling in a zone
i.e., ~200 m long along strike, ~200 m wide, and ~200 m deep below the surface. The disseminated
mineralization occurs in several subzones without any sharp contacts (Fig. 3.2.9). Massive to semimas-
sive sulfides occur at the basal contact of the cumulate pile or close to the contact between the
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cumulates and intervening sediments. The preliminary feasibility study of the Hotinvaara deposit per-
formed by Outokumpu Oy indicated Ni resources of 0.3 Mt ore at 0.66 wt% Ni (Inkinen et al., 1984).

Hexagonal pyrrhotite and pentlandite are the most abundant sulfide minerals at Hotinvaara.
Pyrrhotite occurs as coarse and roundish grains or as a fine-grained dissemination. Monoclinic
pyrrhotite occurs at the margins of, and in cracks within, hexagonal pyrrhotite grains. Pentlandite is
associated with pyrrhotite and often occurs as individual coarse grains or as fine-grained dissemina-
tion and flames within pyrrhotite. Some of the sulfides, especially coarse-grained pentlandite and
pyrrhotite, were formed by recrystallization of primary sulfides. Chalcopyrite, mackinawite, gersdorffite,
troilite, and vallerite are accessory sulfides, and most of the Ni-rich sulfides are alteration products
of pentlandite. Molybdenite and sphalerite have also been identified in mineralized samples (Sotka,
1984, 1986).

The chalcopyrite-poor and pyrrhotite-pentlandite-rich sulfide assemblage of the Hotinvaara mineral-
ization is mainly a result of hydrothermal alteration, metamorphic recrystallization, and postmagmatic
oxidation. Some disseminated and massive sulfides might be magmatic in origin (Papunen, 1998),
but this question has not been investigated sufficiently. Only minor sulfide replacement by magnetite
occurs in the Hotinvaara deposit (Fig. 3.2.4(D)). Platinum-group minerals have not been observed.
Measured PGE abundances are very low and hence the deposit belongs to the PGE-poor group of the
komatiite-hosted Ni-Cu-PGE deposits in Finland (Table 3.2.1).

GEOLOGICAL SETTING OF THE LOMALAMPI AREA

The Lomalampi deposit is located in the northern part of the Kittild-Sodankyla belt (Fig. 3.2.1). In the
Lomalampi area, the bedrock is mostly composed of metasedimentary rocks belonging to the Matara-
koski formation (Savukoski group) and various types of ultramafic (komatiitic to komatiitic basalts)
volcanic and cumulate rocks of the Peurasuvanto formation (Savukoski group). Minor olivine cumu-
lates are associated with thin (~5—10 m thick) volcanic flows, but mostly they occur as sheet-like cumu-
late bodies up to several tens of meters in thickness that can be traced for 500-1500 m along strike.

KOMATIITES OF THE LOMALAMPI AREA

Based on drillcore data, komatiitic volcanic rocks are widespread in the Lomalampi area. Most com-
mon are fragmental rocks (hyaloclastites, tuffs, breccias) and relatively thin (3—10 m) flows. Macro-
scopically, they are mostly fine-grained, massive rocks composed of amphibole and chlorite with biotite
present in more strongly altered rocks. Hyaloclastites and some other fragmental komatiites have pre-
served their original textures, but generally, primary textures of the volcanic rocks are destroyed or
obscured by alteration and shearing.

Four significant massive komatiitic cumulate bodies occur in the Lomalampi area. The rocks are
composed of serpentine-chlorite + talc + amphibole, with locally developed talc + carbonate rocks.
Original cumulus olivine is replaced by serpentine, while the interstitial material was altered to chlorite
+ amphibole. Based on locally well-preserved textures, the cumulate rocks were originally olivine
orthocumulates, which locally grade into mesocumulates. Olivine pseudomorphs show rounded to
elongate habits with the average grain size varying between 0.5 and 1.0 mm. Poikilitic textures are
locally preserved where original pyroxene oikocrysts are replaced by amphibole, and olivine inclusions
by serpentine.
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LOMALAMPI PGE-(NI-CU) DEPOSIT

The Lomalampi PGE-Ni-Cu deposit was discovered in 2004 by the Geological Survey of Finland. It is com-
posed mainly of disseminated sulfides and classified as a type II komatiitic deposit (i.e., stratabound inter-
nal). Geochemically, it is an unusual type of mineralization, being enriched in Pt and Pd but containing
relatively low concentrations of base metals (Ni, Cu, Co) (Table 3.2.1). The mineralization is hosted by a
30-65-m-thick, northeast—southwest trending olivine cumulate body, and it has been traced by drilling for
~550 m along the strike and to a maximum depth of 130 m. The deposit typically consists of one to three,
several-meter-thick zones with 0.5-2.0 ppm Pt + Pd within a wider zone (up to 40 m) of weakly mineralized
rock (0.1-0.5 ppm Pt + Pd) (Figs. 3.2.10 and 3.2.11) (Térménen et al., 2010; Térménen et al., in prepara-
tion). The mineralized zone usually occurs in the lower or middle part of the host cumulate, but it can also
occur at the upper contact of the cumulate (Figs. 3.2.10 and 3.2.11). The preliminary mineral resource esti-
mate published by GTK contains (at 0.3 ppm Pt cutoff) 1.05 Mt at 0.21 wt% Ni (including some silicate
bound Ni), 0.078 wt% Cu, 0.42 ppm Pt, 0.19 ppm Pd, and 0.1 ppm Au (Koistinen and Heikura, 2010; Tor-
ménen et al., 2010).

Disseminated sulfides occur as lobate to irregular grains and grain aggregates <0.1-0.5 mm in size,
located in the interstitial space between altered olivine grains. In more sulfide-rich samples, recrystal-
lized sulfide blebs can be up to 5 mm in size. Pyrrhotite is by far the most abundant sulfide phase,
whereas pentlandite and chalcopyrite are subordinate (Fig. 3.2.4(E)). Arsenic-bearing samples contain
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FIGURE 3.2.10 Vertical section of the Lomalampi deposit showing the mineralized and barren cumulate bodies
and Pt + Pd contents in drillcores.
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some sulfarsenides and nickeline grains. Other trace phases include pyrite, millerite, sphalerite, galena,
and molybdenite.

Platinum-group minerals occur as small (<10 pm) grains associated with secondary silicates, base metal
sulfides (mostly pyrrhotite and pentlandite), MeAsS-MeAs phases, oxides (magnetite, chromite), and
carbonates. The only significant Pt-bearing phase is sperrylite, which occurs mostly with silicates (80%),
and in lesser amounts in sulfides (8%) and oxides (8%). Palladium occurs as Pd- and Bi-bearing melonite—
(Ni, Pd)(Te, Bi),—and as two unnamed Pd-Ni-Te-Sb + Bi phases. The main host phases for Pd-minerals are
silicates (~50%) and sulfides (39%), but the situation varies greatly between individual samples; the percent-
age of Pd-phases hosted by sulfides varies from 18-72 (T6rménen et al., in preparation).

The Lomalampi deposit belongs to the PGE-rich group of komatiite-hosted Ni-Cu-PGE deposit in
Finland (i.e., it is a PGE-(Ni-Cu) deposit) (Table 3.2.1). It is magmatic in origin, but the high PGE
content coupled with the low Ni-Cu-Co content is an unusual feature for komatiite-hosted Ni-Cu-PGE
deposits worldwide.

NI-(CU) DEPOSITS OF THE ENONTEKIO-KASIVARSI AREA

The Archean Ropi terrane (referred to as Rommaeno complex) is located in the northwestern corner of
Finland (Fig. 3.2.1) and northern Sweden. Reviews of the general geology of the area have been published
by Bergman et al. (2001) and Sorjonen-Ward and Luukkonen (2005). The terrane is separated from the
Karelian domain by the Karesuando-Arjeblog deformation zone and several Svecofennian granitoids
(Bergman et al., 2001; Sorjonen-Ward and Luukkonen, 2005). On the western side, it is covered by the
Caledonides. The Ropi terrane consists mainly of Archean supracrustal rocks surrounded by gneissose
granitoids. Bodies of Archean felsic intrusive rocks also occur in the area (Bergman et al., 2001). Archean
rocks are locally covered unconformably by Paleoproterozoic supracrustal rocks (e.g., Litdseno group).
The unconformity between the Archean and Paleoproterozoic rocks served as a zone where 2.5-2.4 Ga
mafic intrusions (e.g., Tsohkoaivi and Kelottijarvi intrusions) were injected. The Archean supracrustal
belts are characterized by the presence of komatiitic rocks, but so far only few studies of the Archean
rocks from the area have been published (e.g., Heggie et al., 2013).

In recent geological interpretations by the Geological Survey of Finland (DigiKP, 2014), the Archean
Rommaeno complex was divided into four formations (from oldest to youngest): Vuoskujoki, Ruossa-
kero, Aatsakuru, and Pailuajéarvi. These formations consist of metasedimentary and metavolcanic schists
and belong to the Ropi group. The Vuoskujoki formation consists predominantly of sulfide-bearing, fel-
sic to intermediate metatuffs with a U-Pb zircon age of ~2.93 Ga (in the felsic rocks) (GTK, unpublished
data). This age is close to the U-Pb zircon age (2.95 Ga) of felsic metavolcanites from the Luoma forma-
tion in the Suomussalmi greenstone belt (Huhma et al., 2012). The Ruossakero formation consists of
mafic and ultramafic metavolcanic rocks (komatiites) with BIF interlayers in the former (Fig. 3.2.12). It
includes thick komatiitic olivine and olivine-pyroxene cumulates and thin lava flows, and minor amounts
of komatiitic basalts. The Ruossakero and Sarvisoaivi Ni-(Cu) deposits occur within this formation.

The Aatsakuru formation consists of reworked sulfide-bearing felsic to intermediate metavolcanic
rocks. U-Pb zircon data show that the age of these rocks is ~2.76 Ga (GTK, unpublished data). The
uppermost part of the stratigraphic sequence comprises metasedimentary rocks such as sericite and
fuchsite quartzites, and conglomerates of the Pailuajirvi formation. There is probably a hiatus between
the Ruossakero and Aatsakuru formations.
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FIGURE 3.2.12 Geological map of the Ruossakero area.

Source: Modified after Isomaa (1988).

GEOLOGY AND KOMATIITES OF THE RUOSSAKERO AND SARVISOAIVI AREAS

The Ruossakero komatiitic body is one of the largest ultramafic lenses in the Archean Rommaeno com-
plex (Figs.3.2.1 and 3.2.12). On the surface, the lens is ~7 km long and 500 m to 3 km wide. The whole
ultramafic body and adjacent supracrustal rocks are folded in a complicated manner and there is a
major shear zone at the northern contact of the ultramafic body. Isomaa (1988) divided the lens into two
parts: (1) the main body and (2) the smaller body. According to the geological interpretation of the area,
the main body is surrounded by Archean metasedimentary and metavolcanic rocks and the smaller
body is located within Archean granitoids close to the contact of the Paleoproterozoic Litdseno schist
belt. The mafic metavolcanic rocks of the Ruossakero formation are associated with the Ruossakero
main body and these include sulfide-bearing schist layers, which might be equivalents to the BIF inter-
layers or sulfide-bearing volcanic rocks of the Vuoskujoki or Aatsakuru formations. Minor amounts of
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FIGURE 3.2.13 Geological map of the Sarvisoaivi area and location of the drilling profiles shown in Fig. 3.2.14.

Source: Modified after Isomaa (1982).

komatiitic lavas (tremolite-chlorite rocks) are also associated with the Ruossakero main and smaller
cumulate bodies.

The Sarvisoaivi komatiitic body is located ~9 km west of the Ruossakero komatiitic body in the
western corner of the Archean greenstone belt within the Rommaeno complex (Figs. 3.2.1 and 3.2.13).
Komatiitic bodies in the Sarvisoaivi area can be divided into the main mineralized body and smaller
unmineralized bodies on the eastern side of the main body (Fig. 3.2.13). The main body is complexly
folded and cut by several shear zones (Isomaa, 1982).

The Sarvisoaivi komatiitic bodies are surrounded by Archean felsic to intermediate metavolca-
nic rocks of the Vuoskujoki formation and mafic metavolcanic rocks of the Ruossakero formation.
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FIGURE 3.2.14 Vertical section of the Sarvisoaivi ultramafic body showing whole-rock Ni contents in drillcores
(see Fig. 3.2.13 for the location of the section).

The metavolcanic rocks of the Vuoskujoki formation are rich in iron sulfides. Minor amounts of
metasedimentary rocks (e.g., quartzites) of the Pailuajirvi formation also occur in the area. Thin
zones of tremolite-chlorite rock are associated with the Sarvisoaivi ultramafic bodies. In the east-
ern part of the Sarvisoaivi area, they also occur as small lenses within metavolcanic and metasedi-
mentary rocks (Fig. 3.2.13).

In the Ruossakero and Sarvisoaivi areas, komatiitic rocks consist of homogenous, massive, and
medium- to coarse-grained metamorphosed peridotites and dunites, as well as minor pyroxenites
within dunites. The rocks were metamorphosed at amphibolite facies conditions, and the primary
silicates have been replaced mainly by serpentine as well as chlorite, amphibole, talc, and carbonate.
They commonly contain olivine and pyroxene of metamorphic origin. Despite the pervasive altera-
tion, primary cumulus textures can still be recognized locally in ultramafic cumulates. Some ultra-
mafic cumulates display a serpentine- and talc-pseudomorphed texture that resembles a spinifex
texture, but it is metamorphic in origin. Snoken and Calk (1978) have called this kind of texture
Jjackstraw texture.

The presence of metamorphic olivine and pyroxene is a characteristic feature in the Sarvisoaivi and
Ruossakero cumulates. Large olivine grains are often zoned (Isomaa, 1982). In some places,



118 CHAPTER 3.2 KOMATIITE-HOSTED NI-CU-PGE DEPOSITS IN FINLAND

m Ni wt.% Crwt.% MgO wt.% Swt%

F Ruossakero (R413)
Disseminated Ni-(Cu) deposit
R413

+"»" | Overburden
- Komatiitic rock
- Metacumulate
- Disseminated =~
Ni-(Cu)-mineralization
[ chiorite rock
[ Granitoid

50

100 -

150

192,20 T + e T e e e i
E=1 o (=2 o - N W @ [=TREL N 5]
B =

0

T
M
(=]

oF

FIGURE 3.2.15 Variation of Ni, Cr, Mg0, and S across the Ruossakero mineralized cumulate body in drillcore
R413.

metamorphic pyroxene occurs as large (@ >1 cm) grains poikilitically enclosing metamorphic olivine
and other metamorphic silicates. Accessory opaque minerals include chromite, magnetite, ilmenite,
and Fe-Ni-Cu sulfides. Thin zones of tremolite-chlorite rock are associated with the contact zone of the
Ruossakero and Sarvisoaivi ultramafic bodies. In the Sarvisoaivi area, they also occur as small lenses
within metavolcanic rocks. The komatiites that represent noncumulates contain variable proportions of
amphibole (tremolite), chlorite, serpentine, and metamorphic olivine.

RUOSSAKERO AND SARVISOAIVI NI-(CU) DEPOSITS

The Sarvisoaivi deposit was discovered during a drilling program of the Geological Survey of Finland
in 1978 and the Ruossakero deposit was discovered in 1980. Both deposits are composed of dissemi-
nated Fe-Ni-Cu sulfides hosted by metamorphosed Cr-poor komatiitic olivine cumulates (Figs. 3.2.14
and 3.2.15). The deposits belong to the type II komatiitic mineralization of Lesher and Keays (2002)
(i.e., stratabound internal), comprising disseminated sulfides mainly in the central part of an olivine
cumulate body (Figs. 3.2.14 and 3.2.15). Disseminated sulfide mineralization has been found in
several distinct subzones in both deposits (Korhonen, 1981; Isomaa, 1982, 1986, 1988).

At Ruossakero, the smaller komatiitic body hosts the most thoroughly investigated mineralization.
It is roughly west—east trending, extending for ~340 m along the strike. It is 100 m wide and 50-100 m
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Source: From the Hietaharju, Hotinvaara, Lomalampi, Peura-aho, Ruossakero, Sarvisoaivi, Tainiovaara, and Vaara deposits.
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deep. The eastern part of the main komatiitic body hosts poorly investigated mineralization, which has
a surface extent of ~1300 m, is 100-300 m wide, and extends to a depth of more than 400 m below the
surface (Fig. 3.2.12). The preliminary feasibility study of the Ruossakero deposit performed by Outo-
kumpu Oy suggests inferred resources of 4.2 Mt ore at 0.52 wt% Ni (0.5 wt% Ni cutoff) or 35.6 Mt ore
at 0.33 wt% Ni (0.3 wt% Ni cutoff) (Lahtinen, 1996). The mineralized main body at Sarvisoaivi is
rounded in shape, has a size of ~700 m x 700 m on the surface and reaches a depth of 200-300 m. No
reliable resource estimates have so far been generated for the Sarvisoaivi deposit.

Despite the overall similarity of their host rocks and tectono-metamorphic history, the two ore
deposits differ in terms of their sulfide mineralogy. At Ruossakero, the sulfide assemblage is dominated
by pyrite, millerite, and pyrrhotite, whereas pyrrhotite and pentlandite are predominant at Sarvisoaivi.
At Ruossakero, the mode of occurrence of pyrite varies from a fine-grained dissemination to 5-mm-
sized, euhedral grains. Millerite occurs as rounded or elongate crystals (@ 0.1-0.5 mm). In some cases,
rounded millerite crystals are replaced by violarite. Chalcopyrite and pentlandite have also been occa-
sionally found among other sulfide minerals. The Ruossakero deposit is similar to the Vaara deposit
(Konnunaho et al., 2013) in terms of the presence of a millerite- and violarite-bearing sulfide assem-
blage. However, the former does not show such a high degree of replacement of sulfides by secondary
magnetite as is the case at Vaara (refer to Figs. 3.2.4(AF)).

The Sarvisoaivi mineralized body contains pentlandite and pyrrhotite as a fine- to medium-grained
dissemination. Pentlandite also forms flames within pyrrhotite grains. Pyrite is found as cataclastic
grains (@ < 1 mm). Fractures cutting pyrite grains are often filled by pyrrhotite (Korhonen, 1981).
Minor chalcopyrite is associated with other sulfides. Ni-rich sulfides (heazlewoodite, millerite, and
violarite) occur as alteration products of Ni-bearing sulfides in the most altered and weathered ultra-
mafic rocks of the deposit (Korhonen, 1981). Some thin (10-30 cm), massive pentlandite-pyrrhotite
veins have also been observed. The presence of pyrrhotite, pentlandite, chalcopyrite, and pyrite at
Sarvisoaivi indicates a primary magmatic nature of the sulfide assemblage.

Platinum-group minerals have not been found in the Ruossakero and Sarvisoaivi deposits, and mea-
sured PGE abundances are very low. Thus both deposits belong to the PGE-poor group of komatiite-
hosted Ni-(Cu) deposits in Finland (Table 3.2.1).

GEOCHEMISTRY OF THE FINNISH KOMATIITE-HOSTED NI-CU-PGE
DEPOSITS

WHOLE-ROCK GEOCHEMISTRY

Most of the komatiite-hosted Ni-Cu-PGE deposits in Finland are associated with the Al-undepleted
komatiite type (see Table 3.2.1), showing moderate Al,O5/TiO, (15-22). Undifferentiated lava flows at
Hietaharju, Peura-aho, Lomalampi, and Hotinvaara have subchondritic Al,O5/TiO, ratios (~15). Kom-
atiites in the Enonteki6 area and differentiated komatiitic lava flows with extensive cumulate bodies in
the Hotinvaara area exhibit higher Al,O5/TiO, (20-65), whereas komatiites of the Tainiovaara area
represent intermediate Al,O3/TiO, (20-30) (Fig. 3.2.16(A)).

The Hietaharju and Peura-aho deposits occur in the cumulate portions of lava flows generated from
komatiitic basalt. The MgO content of the cumulates varies from 20-31 wt%. The MgO content of the
noncumulates ranges between 14 and 21 wt%. The Lomalampi, Vaara, and Tainiovaara deposits are
associated with cumulates of low-MgO komatiitic flow units. The MgO content of the cumulates is
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20-41 wt%, with relatively high MgO contents in the Vaara and Tainiovaara cumulates (~36—40 wt%).
The MgO content of noncumulates ranges from 20-27 wt%. Komatiitic cumulates of the Sarvisoaivi,
Ruossakero, and Hotinvaara deposits have the highest MgO contents (40-50 wt%) and noncumulate
rocks display MgO contents of 19-29 wt% (Figs. 3.2.16(B,C)). The absence of preserved spinifex-tex-
tured rocks, flow-top units, and magmatic silicate minerals (e.g., olivine) have handicapped the precise
estimation of the MgO contents of the komatiitic parental melts of the Ni-Cu deposits in Finland.

Cumulates of komatiitic basalt in the Hietaharju and Peura-aho areas have Cr contents of 0.2-0.65
wt%, while the Cr content in the Lomalampi cumulates varies between 0.2 and 0.45 wt%. These kom-
atiites show a positive correlation between MgO and Cr, following a cotectic olivine-chromite cumulate
trend; thus, they were derived from Cr-saturated magmas (Fig. 3.2.16(B)). The Cr contents in cumu-
lates of low-Mg komatiites (Vaara and Tainiovaara) and komatiites (Sarvisoaivi, Ruossakero, and
Hotinvaara) vary between 0.2 and 0.4 wt%. These komatiites show a weakly negative or weakly positive
correlation (Tainiovaara) between Cr and MgO. The corresponding cumulates were derived from
Cr-undersaturated magmas with their compositional trend following an olivine-liquid mixing trend
(cf. Barnes and Fiorentini, 2012 see their Fig. 8A).

Most of the studied areas (e.g., Sarvisoaivi, Ruossakero, Vaara, and Hotinvaara) comprise cumu-
lates that have Cr contents clearly outside of the previously described trend (i.e., MgO-rich cumulates
that plot between the cotectic olivine-chromite cumulate line and the olivine-liquid mixing line).
This is common in mineralized systems, but not in komatiitic basalt systems, as discussed by Barnes
and Brand (1999) and Barnes and Fiorentini (2012). However, most of the Ni-Cu-PGE-mineralized
rocks comprise Mg-rich cumulates plotting close to the olivine-liquid mixing line (e.g., Barnes and
Fiorentini, 2012; see Fig. 3.2.8(A)), as in the Vaara deposit (Konnunaho et al., 2013). This is also the
case with the Sarvisoaivi, Ruossakero, and Vaara deposits, which are associated with Cr-poor cumu-
lates (Figs. 3.2.3, 3.2.15, and 3.2.16(B)).

Ni contents show a positive correlation with MgO, reflecting Ni control by olivine in unmineralized
samples (S < 0.2 wt%) at all studied localities (Fig. 3.2.16(C)). In the komatiitic basalts (Hietaharju and
Peura-aho), Ni contents (S < 0.2 wt%) vary from 0.04-0.15 wt%, with high values occurring in cumu-
lates. Unmineralized low-Mg komatiites in the Lomalampi area show Ni contents between 0.06 and
0.17 wt%, while in the Tainiovaara and Vaara areas, Ni contents of unmineralized rocks (S < 0.2 wt%)
vary from 0.1-0.3 wt%. The scatter in Ni is relatively pronounced in the Sarvisoaivi, Ruossakero, and
Hotinvaara komatiites. In the Hotinvaara area, Ni contents vary between 0.02 and 0.25 wt% and in the
Ruossakero and Sarvisoaivi areas, they fall in the range of 0.03-0.4 wt%, and are highest in cumulates.
The Tainiovaara and Vaara samples are slightly enriched in Ni compared to samples from the other
localities. The Hotinvaara cumulates are clearly depleted in Ni, and a similar depletion has also been
observed in some low-S (<0.2 wt%) Ruossakero samples. The Hotinvaara cumulates consist of meta-
morphic silicates (olivine and pyroxenes) and they have apparently partly lost part of their primary Ni
content. The same feature has been found in some cumulates at Ruossakero (Fig. 3.2.16(C)).

BASE METAL AND PGE GEOCHEMISTRY

The studied deposits consist mainly of disseminated sulfides. The S contents of the deposits are com-
monly less than 5 wt%, except for less-abundant densely disseminated samples that may contain up to
5-10 wt% sulfur. Sulfur-rich samples (S >15 wt%) represent massive to semimassive ores from the
Hietaharju, Peura-aho, Hotinvaara, and Tainiovaara deposits (Figs. 3.2.17(A,B,C)). Base metals (Ni, Cu)
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generally show a positive correlation with sulfur in mineralized komatiitic rocks in all deposits, except
at Ruossakero and Hotinvaara, where there is no clear correlation between S and Ni or there are sample
populations with different correlations. This feature has also been observed between S and Cu in
Ruossakero (Figs. 3.2.17(A,B)) and is likely related to different ore types within the deposit (i.e.,
variety of sulfide mineralogy and host rock types). Platinum and palladium show a positive correlation
with S in most of the deposits, except for the Hotinvaara deposit (Fig. 3.2.17(C)).

Even though nickel is the most important base metal in all deposits, Figs. 3.2.17(B) and 3.2.18(A)
clearly show that the Lomalampi, Vaara, Peura-aho, and Hietaharju deposits are enriched in Cu compared
to the other deposits. Ruossakero, Sarvisoaivi, and Hotinvaara are low in Cu although there are some
moderately Cu-enriched parts in the deposits. The Tainiovaara deposit represents intermediate composi-
tions between these groups. The Ni/Cu ratio in the Cu-enriched deposits is ~3—13, whereas in the Cu-
depleted deposit, the ratio is ~15-36 and at Tainiovaara, it is 19 (Table 3.2.1). The Cu-enriched deposits
are also clearly enriched in PGE, especially Pd and Pt, compared to the other deposits (Figs. 3.2.17(B,C)
and 3.2.18(A,B)). Low Ni/Cu (<6) is typical for Ni-Cu-(PGE) deposits in the Raglan and Delta Horizon
areas of the Cape Smith belt, Canada, whereas higher Ni/Cu ratios (>13) are typical for other komatiite-
hosted Ni-Cu-(PGE) deposits around the world (e.g., Naldrett, 2004; Lesher, 2007).

Figure 3.2.17(A) shows that some of the S-poor (<2 wt% S) disseminated deposits (Vaara,
Tainiovaara, Ruossakero) are relatively rich in Ni (Ni/S > 0.7). The composition of flotation test con-
centrates demonstrate that the Ni content of the sulfide fraction in the Vaara deposit is extremely high,
reaching 38 wt%, which has been explained by postmagmatic oxidation of sulfides (Konnunaho et al.,
2013). Based on bromine-methanol leaching of representative mineralized samples, Ni-rich sulfides are
also present in the Ruossakero (ave. Ni ~23 wt%), Tainiovaara (ave. Ni ~20 wt%), and Sarvisoaivi (ave.
Ni ~16 wt%) deposits. The most Ni-poor sulfides are found in the Hietaharju (~3 wt% Ni on average),
Peura-aho, and Lomalampi (~6 wt% Ni) deposits, which are also relatively rich in Cu (>1 wt%), analo-
gous to the Vaara deposit (Fig. 3.2.18(A)). In some deposits, the scatter of whole-rock Ni is very large,
preventing precise estimation of the Ni tenor (Hotinvaara Ni ~3—14 wt%, Tainiovaara Ni ~13-26 wt%).
The metal content of the sulfide fraction at Peura-aho and Tainiovaara was estimated using whole-rock
ICP-OES compositions from which silicate-bound Ni was subtracted.

The Vaara and Ruossakero deposits consist of Ni-rich sulfide (millerite, violarite) disseminations,
whereas the Hotinvaara, Sarvisoaivi, and Tainiovaara deposits consist of Ni-rich pentlandite dissemina-
tions. Nickel-rich sulfides (e.g., violarite and millerite) are also found in the Sarvisoaivi deposits. The
Cu-enriched deposits (Hietaharju, Peura-aho, Vaara, and Lomalampi) contain a slightly higher amount
of chalcopyrite than the other deposits. The Cu content of the sulfide fraction ranges from ~1-4 wt% in
the Cu-enriched deposits, and is highest in the Vaara (~4 wt%) and Lomalampi deposits (~3 wt%),
whereas in the other deposits, the Cu tenor is less than 1 wt% (Fig. 3.2.18(A)).

In the Finnish komatiite-hosted Ni-Cu-PGE deposits, the average Pd and Pt contents vary in the range of
170-2160 and 300-1080 ppb, respectively. In disseminated sulfide samples, Pd ranges from 170-760 ppb
and Pt from 305-408 ppb. The highest average Pd + Pt concentrations occur in the Peura-aho (3240 ppb),
Hietaharju (1080 ppb), Vaara (960 ppb), and Lomalampi (580 ppb) deposits, all of which represent PGE-
enriched deposits. The sum of Pt and Pd in the other deposits averages less than 190 ppb (Fig. 3.2.17(C)).
Figure 3.2.18(C) shows Pt/Pd and Pd/Ir ratios in the Finnish deposits. Average Pt/Pd is ~0.4 in all deposits
except Lomalampi, where the average ratio is significantly higher, at approximately 2.0. Typically, komati-
ite-hosted Ni-Cu-PGE deposits around the world are enriched in Pd over Pt, and their Pt/Pd ratio is similar
to that in most Finnish deposits (e.g., Lesher and Keays, 2002; Fiorentini et al., 2010), but the Lomalampi
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FIGURE 3.2.18 Plots of (A) Cu vs. Ni, (B) Cu/PGE vs. Ni/PGE, and (C) Pd/Ir vs. Pt/Pd for mineralized komatiitic

cumulate samples.

Source: From the Hietaharju, Hotinvaara, Lomalampi, Peura-aho, Ruossakero, Sarvisoaivi, Tainiovaara, and Vaara deposits. In (A),

Cu and Ni contents in the sulfide fraction was estimated based on flotation test concentrates for Vaara, bromine-methanol leaching

for Hietaharju, Hotinvaara, Lomalampi, Ruossakero, and Sarvisoaivi, and aqua regia leaching for Peura-aho and Tainiovaara with a

silicate Ni correction in the two last cases.
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FIGURE 3.2.19 Primitive mantle-normalized chalcophile element patterns (metal contents normalized to 100%
sulfide).

Source: From the Hietaharju, Hotinvaara, Lomalampi, Peura-aho, Ruossakero, Sarvisoaivi, Tainiovaara, and Vaara mineralizations.

Normalization values are from Palme and O’Neill (2004).

deposit has a uniquely high Pt/Pd ratio (Fig. 3.2.18(C)). The average Pd/Ir in all Finnish deposits is ~20. The
Hietaharju, Vaara, and Sarvisoaivi deposits have slightly higher Pd/Ir (29-47) than the other deposits, exhib-
iting more fractionated PGE patterns (Figs. 3.2.18(C), 3.2.19, and Table 3.2.1). Figure 3.2.19 shows that the
Hotinvaara deposit has a “U-shaped” and unfractionated metal pattern and all PGE (except Os) are depleted
compared to the other deposits.

PGM occur in most deposits and are mainly associated with base metal sulfides or, to a lesser
degree, with silicates. Sperrylite is the most abundant Pt mineral in all deposits, but Pd is commonly
associated with several Te-Bi-Sb-bearing phases.

S ISOTOPES

The sulfur isotope composition (83*S) of uncontaminated mantle-derived magmas is around —2 to +2%o
(Ripley and Li, 2003) and in komatiite-hosted Ni-Cu-(PGE) deposits 84S is commonly close to zero or
moderately positive (e.g., Ripley, 1999; Lesher and Keays, 2002). Determinations of $**S from Finnish
komatiite-hosted Ni-Cu-(PGE) deposits show variable values between —0.7 to +15.0%o0 (Fig. 3.2.20). In
the Lomalampi deposit, the measured 634S values are the highest, varying from +9.8-15.0%o (Térménen
et al., 2013, in preparation), while the associated black schists have an even heavier sulfur isotope com-
position (+17.2%o and +24.4%o0). These data imply a considerable crustal component in the Lomalampi
sulfides. In the Vaara and Hietaharju deposits, 84S is between —0.7 and +2.7 %o (Konnunaho et al., 2013;
unpublished data) and in sulfide-bearing country rocks, S ranges from —1.8 to +4.6 %o at Vaara and
from —0.26-3.44 %o at Hietaharju (Fig. 3.2.20). Thus, these two deposits show 84S values that overlap
with those of the country rocks, but are not clearly distinguishable from the mantle-sulfide composition.
However, the available multi-isotope analyses have revealed considerable mass-independent fraction-
ation of sulfur isotopes in both deposits and their country rocks, demonstrating a significant role of exter-
nal sulfur assimilation in ore formation (Konnunaho et al., 2013; unpublished data), analogously with
some other Archean deposits in Canada and Australia (e.g., Bekker et al., 2009; Fiorentini et al., 2012a).
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FIGURE 3.2.20 Sulfur isotope compositions (534S) of Finnish komatiite-hosted Ni-Cu-PGE deposits and other
komatiite-hosted Ni-Cu-PGE deposits globally.

Source: Reference data from Fiorentini et al. (2012a) and Choudhuri et al. (1997).

SUMMARY

Several komatiite-hosted Ni-Cu-PGE deposits have been discovered in Archean and Paleoproterozoic
greenstone belts in the eastern and northern parts of Finland (Fig. 3.2.1 and Table 3.2.1). Economically,
the known deposits are small in size and dispersed, and the concentrations of nickel are low (<0.5
wt%). Part of the Tainiovaara deposit was mined in the 1980s, but the other deposits remain unex-
ploited. Parental magmas of the deposits varied from komatiitic basalt (at Hietaharju and Peura-aho) to
low-Mg komatiite (at Vaara, Lomalampi, and Tainiovaara) and komatiite (Hotinvaara, Ruossakero, and
Sarvisoaivi). Most of the deposits formed from Al-undepleted magma types, but in the case of Ruos-
sakero, Sarvisoaivi, and Hotinvaara, the magma was Ti-depleted komatiite (Table 3.2.1). Most of the
ultramafic bodies hosting the deposits are extrusive in origin, but the Hotinvaara, Ruossakero, Sarvi-
soaivi, and Lomalampi metacumulate bodies might represent sills.

All komatiite-hosted Ni-Cu-PGE deposits in Finland belong to the type II komatiitic mineralization
of Lesher and Keays (2002), and in most cases sulfides are associated with cumulates having low Cr
contents (e.g., Vaara, Ruossakero, Tainiovaara, and Sarvisoaivi). Some of the deposits contain small
massive or semimassive sulfide accumulations (e.g., Tainiovaara, Hietaharju, and Peura-aho). The
deposits are magmatic in origin, but they have been modified to various degrees by postmagmatic
metamorphic processes. Some sulfides (e.g., Peura-aho) can also occur within associated country
rocks close to the komatiitic host rocks due to remobilization of sulfides.
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Based on their chalcophile element concentrations, the komatiite-hosted Ni-Cu-PGE deposits can
be divided into two groups:

(1) Ni-Cu-PGE (Hietaharju, Peura-aho, Vaara, and Lomalampi) deposits with elevated Pd + Pt and Cu
levels (Pd + Pt > 500 ppb and Ni/Cu ~3-13)

(2) Ni-(Cu) deposits (Ruossakero, Sarvisoaivi, and Hotinvaara) with low PGE and Cu concentrations
(Pd + Pt < 500 ppb and Ni/Cu ~15-36)

The Tainiovaara deposit has an intermediate composition between these two groups. Lomalampi is
a unique deposit because it has an exceptionally high PGE/(Ni + Cu) ratio (i.e., PGE-(Ni-Cu) deposit)
(Figs. 3.2.16 through Fig. 3.2.18 (B)). Most of the Finnish komatiite-hosted Ni-Cu-PGE deposits show
mantle-like 834S values (Fig. 3.2.20), but the Paleoproterozoic Lomalampi deposit contains heavier
sulfur, with S from +9.8-15 per mil. Available multiple S isotope data (83*S and A33S) from some
Archean deposits show that contamination with S-bearing substrate has played an important role in the
genesis of the sulfides (e.g., Vaara; Konnunaho et al., 2013).

Most of the Finnish komatiite-hosted Ni-Cu-PGE deposits are geochemically similar to kom-
atiitic deposits globally. Some of the Finnish deposits are highly enriched in PGE (Pd + Pt) and,
thus, generated particular economic and scientific interest. The Lomalampi deposit is unique
among the disseminated deposits in showing abnormally high Pt/Pd (~2.0) and (Pt + Pd)/(Ni + Cu)
ratios.

The Cr content of olivine cumulates can be used to identify the most favorable rocks to host
sulfide mineralization in komatiitic magmatic systems; for example, at Vaara (Fig. 3.2.3) and
Ruossakero (Fig. 3.2.15). Nickel depletion or enrichment in olivine and their host rocks has been
used in Ni exploration in environments containing mafic—ultramafic rocks (e.g., Hikli, 1971; Duke
and Naldrett, 1978; Makkonen, 1996; Lesher et al., 2001) but other studies have questioned
whether mineralized komatiite environments show detectable Ni depletion haloes (Barnes and
Fiorentini, 2012). However, the lack of magmatic silicate minerals in the Finnish komatiites pre-
cludes the use of this method. One potential method is to look for signs of anomalous PGE deple-
tion in barren komatiitic magma suites, as this may indicate sulfide saturation elsewhere (Fiorentini
et al., 2010; Fiorentini et al., 2011; Heggie et al., 2013; Maier et al., 2013). In any case, there is no
single geochemical detector for indicating the presence of komatiite-hosted Ni-Cu-PGE deposits
(Lesher and Barnes, 2009). In the view of the present authors, the discovered mineralizations show
that Archean and Paleoproterozoic Finnish komatiites show considerable exploration potential for
Ni-Cu-PGE ores.
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CHAPTER

PGE-(CU-NI) DEPOSITS

OF THE TORNIO-

NARANKAVAARA BELT °
OF INTRUSIONS (PORTIMO,
PENIKAT, AND KOILLISMAA)

M. lljina, W.D. Maier, T. Karinen

ABSTRACT

The layered intrusions of the Tornio-Néridnkédvaara belt in north-central Finland host Europe’s most significant
platinum-group element (PGE) deposits. At the most advanced stage of exploration are contact-type deposits of the
Portimo complex (i.e., those at Ahmavaara and Konttijirvi), where the total PGE-Ni-Cu resources are ~263 million
tons. The contact-type Haukiaho and Kaukua deposits of the Koillismaa intrusion are also reported to contain
significant PGE-Ni-Cu resources, amounting to approximately 46.8 Mt. In addition to the contact-type deposits,
the intrusions host several other styles of PGE mineralization, including internal PGE reefs (most significant being
the SJ and PV Reefs of the Penikat intrusion and the SK Reef of the Portimo complex), and offset-type mineralization
below the Narkaus intrusion in the Portimo complex. We present key geological features of various deposits and
place them into a stratigraphic context with their host intrusions. We also refer to an exploration model that was
successfully used in the discovery of these metal enrichments.

Keywords: Platinum-Group Elements; nickel mineralization; copper mineralization; Portimo; Suhanko; Penikat;
Koillismaa; PGE reef; contact-type deposit.

INTRODUCTION

Northern Fennoscandia contains approximately two dozen Paleoproterozoic layered mafic—ultramafic
intrusions (Fig. 3.3.1) (Alapieti et al., 1990). Based on U-Pb zircon and Sm-Nd whole-rock isotope
data, the mean age for the Finnish intrusions is 2440 Ma (Huhma et al., 1990, 2011). These intrusions
belong to bimodal igneous activity, which resulted in mafic and felsic, plutonic and extrusive forma-
tions not only in Finland but also in northwest Russia. The igneous activity was related to mantle
plume-generated rifting of Archean continent (Amelin et al., 1996; Hanski et al., 2001) and many of the
formations form long linear belts following intracratonic rift zones (Fig. 3.3.1). In Finland, the 2.44 Ga
intrusions are concentrated into two zones: one, as represented by the Koitelainen and Akanvaara
intrusions (Mutanen, 1997; Maier, 2015) is located in central Lapland and the other one forms the approxi-
mately 300-km-long, west—east trending Tornio-Nardnkédvaara belt (TNB) that starts from the

Mineral Deposits of Finland. http://dx.doi.org/10.1016/B978-0-12-410438-9.00005-4 1 3 3
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Finnish-Swedish border and extends into Russia. Based on the similarities in their stratigraphy, some of
the TNB igneous bodies represent dismembered fragments of larger intrusions.

The intrusions of the western part of the Tornio-Nirdnkévaara belt have Archean basement complex
on their footwall side and the hanging wall rocks are younger Paleoproterozoic subracrustal sequences
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deposited on partly eroded and block-faulted intrusions, referring to a rather shallow intrusion depth
and rapid uplift. In the east, the Koillismaa intrusion has its Paleoproterozoic volcanic roof rocks partly
preserved (Lauri et al., 2003). The easternmost body, the Néridnkévaara intrusion, was emplaced totally
into Archean basement rocks. Magmatic layering of the intrusions dips toward the overlying subra-
crustal rocks, and gravity and seismic surveys indicate intrusions to plunge underneath Proterozoic
rocks. Modal mineralogy of intrusions varies from ultramafic dominated (Tornio and Nirdnkévaara) to
intrusions composed almost exclusively of mafic cumulates (Koillismaa). A more detailed description
of the Tornio-Nirdnkévaara belt can be found in Iljina and Hanski (2005).

Many of the ~2.44-2.50 Ga Paleoproterozoic layered intrusions are platinum-group element (PGE)
and Ni-Cu mineralized, most notably Portimo, Penikat, and Koillismaa in the Tornio-Nérdnkévaara
belt, and Monchegorsk, Fedorova Tundra, and Pana Tundra in the Kola Peninsula, Russia, although
none of them is currently exploited for PGE (several deposits hosted by the Monchegorsk intrusion
were mined for Ni and Cu(-PGE) from 1935-1975). In the present chapter, the geology and PGE
mineralization styles in intrusions of the Tornio-Nériankévaara belt are described. This belt is of consid-
erable economic and academic interest because it hosts several forms of PGE enrichment, including
reef-, contact-, and offset-type mineralization.

THE PORTIMO COMPLEX AND ITS MINERALIZATION

STRUCTURAL UNITS AND STRATIGRAPHIC SECTIONS

The Portimo complex (Fig. 3.3.2) is composed of four principal intrusive blocks/structural units (Alapieti
et al., 1989; Iljina, 1994, 2005; Iljina and Hanski, 2005), including the Narkaus, Suhanko, and Konttijarvi
intrusions. These blocks represent tectonically dismembered bodies of one or two originally larger intru-

sions. The Portimo complex was deformed and metamorphosed during several tectonic events. During
these events, almost all primary magmatic minerals were altered to secondary minerals. In the mafic
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2 = ; /Kunhunld Block
Kilvenjirvi Block i /f

Llhahmﬂmkfﬁ
| f_ Siika-Kama Reef—b%

Siika-Kami Block

o

Kilvenjarvi offset

KONTTIJARVI — : vy W
ek Blprd = 12 % SUHANKO INTRUSION
Konttijarvi Deposit — of L Nt

2> 5 10 km

v
Ahmavaara Deposit

FIGURE 3.3.2 General geological map and principal PGE occurrences of the Portimo layered igneous complex.

rk = Rytikangas PGE Reef, p = clinopyroxene pegmatite pipe; the massive sulfide deposits in the Suhanko
intrusion are also shown: s = Suhanko proper, v = Vaaralampi, n = Niittylampi, and y = Yli-Portimojarvi.
Source: Modified after Iljina, 1994.
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rocks, the metamorphic assemblage consists of amphiboles and plagioclase. Polyphase metamorphism,
probably comprising several prograde and retrograde phases (Iljina, 1994), is expressed by greenish horn-
blende rims around colorless amphiboles and the subsequent development of colorless amphibole around
greenish amphibole. In spite of the metamorphic alteration, it is usually possible to recognize the original
cumulus textures based on the pseudomorphs of the original minerals. Clinopyroxene and orthopyroxene
relicts in the similar, but less altered Penikat intrusion are augitic and bronzitic in composition, respec-
tively. Therefore, where it is possible to distinguish two different pyroxenes in the Portimo rocks on the
grounds of the habitus of their pseudomorphs, the clinopyroxene has been generally referred to as augite
and the orthopyroxene as bronzite. These terms are also used in the rock nomenclature. Where the nature
of the primary minerals is unclear, less-specific rock names, such as pyroxenite and peridotite, are used.
Each individual block of the Portimo complex contains a basal marginal series of variable thickness
and an overlying layered series (Fig. 3.3.3). In all cases, the footwall consists of Archean granite-gneiss,
or locally also quartzite and mafic volcanic rocks of Archean greenstone belts. The marginal series of the
Narkaus intrusion differs from those in the Suhanko and Konttijédrvi intrusions in its thickness and prevail-
ing rock types. The Narkaus marginal series generally varies from 10-20 m in thickness, whereas the
Suhanko and Konttijérvi marginal series reach a thickness of 40-80 m and 100-150 m, respectively. The
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FIGURE 3.3.3 Cumulus stratigraphy of the Narkaus and Suhanko intrusions and locations of the principal PGE
occurrences.
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Source: Modified after Iljina (1994).
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Narkaus marginal series is mainly composed of pyroxenite, with some relatively feldspathic varieties in
its lower parts, whereas the Suhanko and Konttijérvi marginal series contain thick, olivine-rich cumulates
(Iherzolite) in their upper portions, which are underlain by pyroxenite and then gabbronorite (Fig. 3.3.3).

Fine-grained, granular-textured gabbronoritic bodies or fragments, ranging in thickness from a
few centimeters to a few tens of meters and reaching several hundred meters in length, occur in many
places in the Suhanko marginal series (Figs. 3.3.4B and 3.3.5). The chemical composition of these
rocks seems to vary along the strike. For example, at Ahmavaara, they have a distinctly higher Cr
content and slightly higher MgO content than in the southeastern portion of the Suhanko intrusion;
for example, in the Niittylampi area (refer to Fig. 3.3.7). The Ahmavaara fragments resemble chemi-
cally the Portimo dikes located below the Konttijarvi and Ahmavaara marginal series, whereas the
chemical composition of the Niittylampi fragments is similar to the mean composition of the Suhanko
intrusion (see Table 3.3.4 later in chapter). The chemical features and the mode of occurrence of
these fine-grained gabbronoritic rocks have led to the idea that they are autoliths and represent chilled
margin rocks that were disrupted and entrained by subsequent magma pulses (Iljina, 1994).

At the base of the layered series of the Suhanko intrusion are gabbronoritic orthocumulates (with
poikilitic augite), which also contain some pyroxenitic interlayers up to a few meters in thickness. The
poikilitic gabbronorite is separated from the overlying, rather monotonous gabbronoritic adcumulates
by a few-meters-thick pyroxene-rich layer (except at Konttijarvi and Ahmavaara, see the following
heading). Approximately midway in the stratigraphy of the layered series, bronzite disappears as a
cumulus mineral, but returns higher up in the sequence. Four poikilitic anorthosite layers also occur in
the upper Suhanko layered series. Granophyric material is found as discontinuous patches and cross-
cutting dikes in both the upper Suhanko and upper Konttijirvi layered series.

In the Narkaus intrusion, the layered series contains thick peridotite layers that are absent at Suhanko
and Konttijarvi. The peridotite layers have been interpreted to represent compositional reversals resem-
bling those in the Penikat intrusion which enables the subdivision of the Narkaus layered series into
three megacyclic units (MCU I-II1, Fig. 3.3.3). The lowermost unit (MCU I) commences with a thick
(~80 m) orthopyroxenite sequence that hosts a massive, 30-cm-thick chromitite in its middle part. The
rest of MCU I comprises mainly gabbronoritic adcumulates. MCU 11 is found only in the Kilvenjirvi
block and fades away eastward. It consists of a basal peridotite overlain by pyroxenite and gabbronorite.
MCU III commences with a peridotite layer overlain by gabbronorite orthocumulates (plagioclase-
bronzite cumulates with poikilitic augite) followed by gabbronorite adcumulates.

Mafic and ultramafic dikes, known as the Portimo dikes, occur in the basement below the Kontti-
jérvi intrusion and in the Ahmavaara area of the Suhanko intrusion (Figs. 3.3.3,3.3.6, and 3.3.11). They
have also been detected as fragments in the Konttijarvi marginal series (Fig. 3.3.4D). The dikes have
not been dated and their association to the main intrusions is based on geochemical and geologic obser-
vations, as discussed in the following. The dikes strike subparallel to the basal contact of the intrusions
and merge locally with them.

Special stratigraphic features of the Konttijarvi and Ahmavaara areas
The highest grade of PGE mineralization within the Portimo complex occurs in the Konttijdrvi intrusion
and in the Ahmavaara area at the western end of the Suhanko intrusion. The geology and stratigraphy
of these areas is therefore discussed in more detail in the following.

The lowermost homogenous gabbronoritic cumulates of the Konttijdrvi marginal series are underlain
by the varitextured gabbro zone (also called the transition or mixing zone), which constitutes a heteroge-
neous mixture of pyroxene cumulates that have been infiltrated by variable proportions of felsic melts
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(A)

FIGURE 3.3.4 (A) Varitextured gabbro at Konttijarvi. (B) Fine-grained and sharp-edged chilled margin fragments
in the Ahmavaara drill core. For the structural position, see Fig. 3.3.5. (C) Cresscumulate with sulfides in the
lower part of the Ahmavaara marginal series. (D) Large blocks of the Portimo dikes in the olivine cumulate
(darker) of the Konttijarvi marginal series. (E) Banded gabbro, varitextured zone, Konttijarvi.

Source: Photos by M. lljina.
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FIGURE 3.3.5 Schematic cross section of the Ahmavaara marginal series and lowermost layered series
(Suhanko intrusion).

The circle shows the location of the photograph in Fig. 3.3.4B.

derived from the footwall rocks. These rocks are referred to as hybrid gabbro and banded gabbro (Figs.
3.3.4, 3.3.6, and 3.3.8). The hybrid gabbro is characterized by fine- to medium-grained rocks but also
contains partially digested felsic fragments derived from the footwall. Further away from the intrusion,
the hybrid gabbro turns into banded gabbro (Fig. 3.3.4E). This banding is probably due to flow of a het-
erogeneous mixture of mafic magma and anatectic felsic melts. Contacts between the homogenous gab-
bro, hybrid gabbro, and banded gabbro are diffuse, but the hybrid and banded gabbros together form a
distinct mappable unit that also contains nonassimilated basement gneiss blocks up to several tens of
meters in size. The varitextured gabbro zone appears to be a result of the mechanical and metasomatic
mixing of melted Archean gneiss and mafic magma, indicating dynamic intrusion of the mafic magma.

The cumulus sequences of the lower layered series of the Konttijarvi and Ahmavaara areas bear a
strong resemblance. The pyroxenite occurring between the lowermost poikilitic gabbronorite of the
layered series and the overlying gabbronoritic adcumulate attains a thickness of several tens of meters
in both sections. It measures only a tenth of the thickness elsewhere in the Suhanko intrusion.

THREE-DIMENSIONAL STRUCTURE OF THE PORTIMO COMPLEX

The surface exposure and geological cross sections of the Narkaus intrusion indicate a sill-like body
(Iljina, 1994; Iljina and Salmirinne, 2011) dipping at a moderate angle beneath the sedimentary roof
rocks, down to a depth of ~700 m, in a similar way as the Penikat intrusion does (Lerssi, 1990). In
contrast, the Suhanko intrusion has a more lopolithic shape, which is also reflected in the variability of the
stratigraphic sequences along surface profiles and the location of mineral deposits. Interpretations of



140 CHAPTER 3.3 PGE-(CU-NI) DEPOSITS OF THE TORNIO-NARANKAVAARA

Konttijarvi intrusion
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site of cross-section shown in Fig. A
Layered Marginal series
sefiaa homogenous
|:| Gabbroic cumulates - Olivine/pyroxene cumulates - Portimo Dykes
|:| Pyroxene cumulates Gabbroic cumulates l:l Archean granitoid
Mixing Zone —~~ 7 Fault

1 Varitextured gabbro

FIGURE 3.3.6 Cross section (A) and longitudinal section (B) of the Konttijarvi intrusion.

Source: Modified after Iljina and Hanski (2005).

gravimetric measurements (Pernu et al., 1986) and seismic reflection surveys (Iljina and Salmirinne,
2011) have revealed the three-dimensional structure of the Suhanko intrusion. The magmatic body
has an estimated present-day volume of about 13.9 km?. Figure 3.3.7 presents horizontal sections
through the intrusion at variable depths. The most significant feature is that the central and northern
parts of the Suhanko intrusion plunge to the northwest at a low angle, reaching a depth of about 1
km. The lower contact of the intrusion is transgressive; that is, the base of the southeastern tip is in
contact with relatively higher levels of the Archean basement complex than the remainder of the
intrusion. In view of its cumulus stratigraphy and chemistry, the Ahmavaara section is interpreted to
represent the stratigraphically lowest part of the Suhanko intrusion, partly because it contains the
highest proportion of ultramafic cumulates. In contrast, the southeastern tip of the intrusion represents
a relatively elevated stratigraphic level.
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FIGURE 3.3.7 Suhanko intrusion: plan view and horizontal cross sections at depths of 200, 400, and 600 m.

Source: Modified after Pernu et al. (1986).

CU-NI-PGE MINERALIZATION IN THE PORTIMO COMPLEX

Of the Finnish layered intrusions, the Portimo complex contains the most diverse types of PGE miner-
alization, including internal PGE reefs, contact-type PGE reefs, and so-called offset deposits (refer to
Figs. 3.3.8-3.3.11). Based on Iljina (1994), the following are the principal mineralization types.

Contact-type deposits:

e PGE-bearing Cu-Ni-PGE sulfide disseminations in the marginal series of the Konttijarvi and
Suhanko intrusions (see Figs. 3.3.8 and 3.3.9).

e Predominantly massive pyrrhotite deposits located close to the basal contact of the Suhanko and
Narkaus intrusions (Fig. 3.3.2).

e Offset-type Cu-PGE mineralization below the Narkaus intrusion (Fig. 3.3.10).

Reef-type deposits:

e The Rytikangas PGE Reef in the layered series of the Suhanko intrusion (Figs. 3.3.11 and 3.3.20).
e The Siika-Kdméd PGE Reef in the layered series of the Narkaus intrusion (Figs. 3.3.11 and 3.3.20).

Four other PGE enrichment types are depicted in Fig. 3.3.11: (1) PGE enrichment in the Portimo
dikes below the Konttijdrvi and Ahmavaara marginal series, (2) PGE enrichment near the roof of the
Suhanko intrusion, mostly associated with pegmatites, (3) a Pt-enriched clinopyroxenitic pegmatite
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FIGURE 3.3.8 Stratigraphic sequence of the Konttijarvi marginal series.

This shows variations in bulk Pt + Pd + Au, S, Se, Se/S, and Cu. For structural position, see circle 1a in
Fig. 3.3.11.
Source: Modified after Iljina (2005).

pipe in the western limb of the Suhanko intrusion, and (4) chromite and silicate-associated PGE enrich-
ments in the lower parts of the Narkaus intrusion and MCU II. Fig. 3.3.11 shows the structural model
for the Portimo complex and the positions of the deposits referred to earlier. Table 3.3.4 shows grade
and tonnage information of various deposits in the Portimo complex.

Disseminated contact-type Cu-Ni-PGE mineralization in the Suhanko and Konttijérvi
intrusions
Disseminated PGE-bearing base-metal-sulfide mineralized zones, normally 10-30 m thick, occur
practically throughout the marginal series of the Suhanko and Konttijirvi intrusions (Figs. 3.3.8, 3.3.9, and
3.3.11 later). The distribution of the mineralization is erratic; it generally extends from the peridotitic layer
of the marginal series downward for some 30 m into the granitic basement. The PGE contents vary from only
weakly anomalous values (100 s of ppb) to 2 ppm in much of the marginal series of the Suhanko intrusion,
but rise to >10 ppm in several, ~1-m-long drill core intervals in the Konttijérvi and Ahmavaara areas.

Fig. 3.3.8 depicts the variation in the copper and precious metal contents and Se/S ratio in one drill
hole across the Konttijarvi marginal series. The whole-rock PGE contents show a good positive
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FIGURE 3.3.9 Comparison of the Ahmavaara deposit and one low-grade (Suhanke proper, Fig. 3.3.2), dissemi-
nated and massive sulfide deposit of the Suhanko intrusion (Fig. 3.3.2).

For the structural position, see circles 1b and 2 in Fig. 3.3.11.
Source: Modified after lljina et al. (1992).
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FIGURE 3.3.10 Offset Cu-Pd deposit at Kilvenjarvi below the Narkaus intrusion.

For the structural position, see circle 3 in Fig. 3.3.11.
Source: Metal data from Huhtelin et al., 1989.
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FIGURE 3.3.11 Schematic presentation of the locations of the various PGE enrichments encountered in the
Portimo complex.

The circled numbers refer to Figs. 3.3.8-3.3.10 in this chapter.
Source: Modified after Iljina (1994).

correlation with Cu, Se, and Se/S. As a whole, half of the metal content of the entire Konttijdrvi deposit
is hosted by varitextured gabbro and basement rocks located below the homogenous marginal series
proper.

Massive sulfide mineralization

Massive sulfide mineralization is characteristic for the marginal series of the Suhanko intrusion
(Fig. 3.3.2). The mineralization occurs in the form of dikes and also plate-like bodies conformable to
the layering, and generally varies in thickness from 20 cm to 20 m. The massive sulfide bodies may be
located within felsic basement gneiss up to 30 m below the basal contact of the intrusion, or within the
intrusion, up to 20 m above the basal contact (Figs. 3.3.5 and 3.3.9). They range in size from about
1 million tons to more than 10 million tons. The sulfide minerals are almost exclusively composed of
pyrrhotite, except in the Ahmavaara deposit, which also contains chalcopyrite and pentlandite. The
massive pyrrhotite deposits show relatively low PGE values with the maximum Pt + Pd content
normally reaching a few ppm (exemplified by circle 2, Figs. 3.3.9 and 3.3.11). However, analogous to
the disseminated sulfide mineralization in the marginal series of Ahmavaara, the PGE concentrations in
the Ahmavaara massive sulfides are generally much higher than elsewhere in the Suhanko intrusion,
attaining a level of 20 ppm (exemplified by circle 1b, Figs. 3.3.9 and 3.3.11). Drilling also shows that
the relatively PGE-poor Suhanko (proper) massive sulfide deposit is located physically above the Ryti-
kangas Reef due to the transgressive nature of the Suhanko marginal series (refer Fig. 3.3.12 later).

A less well-known massive sulfide deposit is located at the base of the Kilvenjérvi block of the
Narkaus intrusion, above the Kilvenjdrvi offset deposit. The base and precious metal tenors of this
deposit resemble those of the Ahmavaara deposit in being distinctly higher than in the low-PGE grade
deposits of the Suhanko intrusion.
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FIGURE 3.3.12 Perspective section from the western lobe of the Suhanko intrusion, showing the structural relation-
ships between the Portimo dikes, Ahmavaara, and Suhanko proper massive sulfide deposits and Rytikangas Reef.

Drill hole sections YP-60 and YP-143 refer to Fig. 3.3.9.

Modified after Iljina et al. (1992).

Offset-type Cu-Pd mineralization

Copper-Pd mineralization is sporadically distributed in the basement gneisses and granites below the
entire length of the Narkaus intrusion. It is usually referred to as offset-type mineralization (Huhtelin
et al., 1989; Iljina, 1994; Andersen et al., 2006). The largest and best-known deposit is situated below
the Kilvenjirvi block (Figs. 3.3.2, 3.3.10, and 3.3.11). This deposit is composed of a cluster of closely
grouped ore bodies and is located in and near an N-trending major fault zone, some tens of meters wide,
against which the Kilvenjérvi block terminates. The offset mineralization represents the richest PGE
deposit type in the Portimo area, with whole-rock Pt + Pd contents reaching 100 ppm. The offset min-
eralization is predominantly a Pd deposit, as it has a much higher Pd/Pt ratio than the other Portimo
deposits (or any other PGE deposit in the Tornio-Néardnkédvaara belt), whereas the Os, ir, Ru, and Rh
concentrations are extremely low. The mineralization may comprise disseminated “clouds” of sulfide
and PGM, massive sulfide veins or bodies, and sulfide-bearing granite breccias. The proportions of
base metal sulfides and PGM are highly variable. The massive sulfide bodies are always rich in PGE,
but some samples containing almost no visible sulfides can also carry several tens of ppm of Pd. In
general terms, the more sulfide-rich occurrences are situated closer to the basal contact of the intrusion
and those poorer in sulfides are encountered a greater distance below the intrusion (Fig. 3.3.10).
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Siika-Kdméa PGE Reef

The laterally persistent Siika-Kdméa (SK) PGE Reef of the Narkaus intrusion is most commonly located
at the base of MCU III (Figs. 3.3.2, 3.3.3,3.3.11, and 3.3.20), but in some cases, it may occur somewhat
below the basal contact of MCU III, or in the middle of the basal olivine cumulate layer (peridotite) of
MCU III. The reef is normally hosted by chlorite-amphibole schist, similarly to the Sompujirvi PGE
Reef in the Penikat intrusion. In some locations, the PGE mineralization is associated with thin chro-
mite seams or chromite disseminations. The thickness of the reef varies from <1 m to several meters,
and in many drill holes it consists of a number of mineralized layers separated by PGE-poor layers,
which can be several meters thick. The PGE concentration varies from several hundred ppb to tens of
ppm. Gabbroic pegmatites, abundant in the uppermost gabbroic, adcumulate tens of meters below
MCU III, can sometimes also be mineralized, and contain several ppm of Pd and Pt. The Siika-Kdma
mineralization is one of the most sulfide-deficient PGE mineralizations in the Portimo complex, in
some places containing no visible sulfides and rarely having a whole-rock sulfur content of higher than
1 wt%.

Rytikangas PGE Reef

The Rytikangas PGE Reef represents the main PGE occurrence in the layered series of the Suhanko
intrusion (Figs. 3.3.3, 3.3.11, and 3.3.12). It is located in the central portion of the cumulate sequence,
about 170 m above the base of the western limb of the intrusion. The reef is verified by drilling to be
continuous over the strike length of 1.5 km. It is hosted by anorthosites and gabbronorites (plagioclase-
bronzite-augite orthocumulates with poikilitic augite). This cumulate series overlies a 70-m sequence
of monotonous gabbronorite adcumulates and underlies 10 m of homogenous gabbronorite mesocumu-
lates, in which augite has a nonpoikilitic intercumulus habit. The orthocumulate layer hosting the reef
varies in thickness from 30 cm to 10 m. The thickness of the reef itself is 30-50 cm, and it typically
occurs in the uppermost part of the poikilitic orthocumulate layer. The cumulus stratigraphy and com-
positional variation in major and trace elements across the Rytikangas Reef resembles those of the
Ala-Penikka Reef in the Penikat intrusion.

Composition of the sulfide fraction and PGE characteristics

The concentrations of sulfur and base and noble metals in representative samples, and their values as
recalculated to 100% sulfides, are presented in Table 3.3.1. Average concentrations for a large number
of samples from each deposit, also recalculated to 100% sulfides, are also given in Table 3.3.1. A
graphical presentation of the base and precious metal concentrations in 100% sulfides for massive
sulfide deposits is shown in Fig. 3.3.13.

The massive sulfide deposits at the base of the Suhanko intrusion, with the exception of Ahmavaara,
proved to be poor in nickel and copper, having Ni and Cu tenors from 0.48-2.2 wt% and from
0.37-2.4 wt%, respectively. Conversely, the Ahmavaara massive sulfide deposit has a markedly
higher nickel content, with 2.7 wt% Ni in the sulfide fraction (Table 3.3.1).

Pd/Pt, Pd/Ir, and (Pt + Pd)/(Os + Ir + Ru) ratios of the deposit types are presented in Table 3.3.2. Most
deposit types are characterized by a predominance of palladium over platinum, with only the Siika-
Kiamai Reef and the chromite and silicate-associated PGE enrichments of MCU II locally showing Pt/Pd
ratios above unity. The Konttijarvi PGE-rich marginal series, the Ahmavaara massive sulfide deposit,
and the Rytikangas and Siika-Kdma PGE Reefs have similar Pd/Ir and (Pt + Pd)/(Os + Ir + Ru) ratios.
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Table 3.3.1 A: Average whole-rock Ni, Cu, S, PGE, and Au concentrations for selected type samples
B: Concentrations in the type samples, recalculated to 100% sulfide
C: Metal concentrations in a large number of samples, recalculated to 100% sulfide

Ni(wt%) | Cu | S | Os-(ppb) | Ir | Ru | Rh | Pt | Pd | Au
Portimo dikes and sulfide disseminated marginal series
Portimo dikes A 0.025 |1 0.093 |0.183 |3.0 [0.5 - 2.0 510 2200 47
n=1 B 5.0 18.5 36.5 |598 [99.7 399 101 700 | 438 700 | 9370
Konttijérvi A 0.056 | 0.239 10323 |86 [19.0 |142 |92 1300 4070 240
marginal series B 6.1 259 35.0 930 |2060 | 1540 | 9970 [ 140800 | 440900 |26 000
n=>5 C 54 14.4 36.7
Massive sulfide deposits of marginal series
Ahmavaara A 2.00 |[0.719 |258 |20 50 44 357 1510 11030 | 104
n=3 B 3.0 1.1 39 30 76 67 540 2280 16 700 | 160
C 2.7 24 37 2120 15 200
Suhanko A 0.919 | 0.807 |20.7 |30 64 64 222 207 1230 73
n=3 B 1.7 1.5 39.1 |57 120 120 | 420 390 2320 14
C 1.5 24 37
Vaaralampi A 0.284 [ 0.143 233 |25 8.5 89 24 485 5.0
n=2 B 048 0.24 395 |42 14 151 41 820 8.5
C 0.94 |0.63 37
Niittylampi, A 1.67 10305 |327 |23 79 36 550 136 835 19
n=2 B 2.0 0.37 39.2 |28 95 43 660 160 1000 23
C 2.2 1.6 37 870 2 190
Yli-Portimojérvi | A 0.456 | 0.575 | 249 111 199 171 930 7.0
n=2 B 0.72 | 0.91 39.4 180 310 270 1470 11
Kilvenjdrvi A 292 106 20.1 15 27 60 207 625 3800 85
n=2 B 5.6 1.15 38.6 |29 52 115 397 1200 7280 163
Layered series
Rytikangas reef | A 0.063 | 0.249 |0.291 |28 32 24 171 1630 7240 207
n=>5 B 7.4 29.3 342 |3 3760 [ 2820 | 20100 | 191 600 | 850900 | 24 300
290
C 6.4 38.7 33.0
Siika-Kdmi reef | A 0.080 | 0.360 |0.454 |32 65 47 330 2 850 9980 337
n=4 B 6.2 27.7 349 |2 5000 (3610 | 25370 | 219 000 | 766 900 | 25910
460
Mineralized A 0.035 | 0.231 |0.492 |23 27 76 53 605 1270 40
upper
Suhanko layered | B 2.7 17.9 382 |1 2100 [ 5900 [ 4120 |47000 |98600 |3 100
series 790
n=2

n = number of samples
Source: Data from Iljina (1994) and references therein.
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FIGURE 3.3.13 Nickel, copper, and precious metal concentrations recalculated in 100% in various massive
sulfide deposits of the Portimo complex.

Base metals in wt% and precious metals in ppm.

The Portimo dikes have markedly higher Pd/Ir of ~3840 and (Pt + Pd)/(Os + Ir + Ru) of >267, respec-
tively, whereas the PGE-poor massive sulfide deposits have lower Pd/Ir and (Pt + Pd)/(Os + Ir + Ru).

Chondrite-normalized metal patterns are presented in Fig. 3.3.14. The Konttijdrvi and Ahmavaara
disseminated, PGE-rich marginal series, the Ahmavaara and Kilvenjdrvi massive sulfides, and the
Rytikangas and Siika-Kdmid Reefs have very similar metal patterns, all showing a steep positive
slope and a negative Ru anomaly. In contrast, the PGE-poor massive pyrrhotite deposits have flatter
metal patterns, with negative Pt anomalies instead of negative Ru anomalies (Fig. 3.3.14). The
Kilvenjdrvi offset deposit shows the most fractionated pattern with a strong relative depletion in Os,
Ir, Ru, and Rh.

Mineralogy of base metal sulfides

The most common base metal sulfides are pyrrhotite, chalcopyrite, and pentlandite, occurring in vari-
able proportions. The massive sulfide deposits at the base of the Suhanko and Narkaus intrusions are
deficient in pentlandite and chalcopyrite, except in the Ahmavaara and Kilvenjirvi deposits. In the
Rytikangas PGE Reef, Fe-deficient copper sulfides, (i.e., bornite and chalcocite), dominate over chal-
copyrite and Fe(-Ni) sulfides. Among the nickel-bearing sulfides, millerite (NiS) is estimated to contain
half of the sulfidic nickel in the Rytikangas Reef.

An indication of low-temperature sulfide mineralization is noted in the basement granitoids below
the Konttijdrvi marginal series, where pyrite grains were found to contain polymineralic chalcopyrite,
pyrrhotite, and pentlandite inclusions. A peculiar sulfide aggregate composed almost in equal propor-
tions of pentlandite, galena, sphalerite, and pyrite is also common in the mineralized basement below
the Konttijarvi marginal series.

Even a lower crystallization temperature is indicated by the secondary sulfide assemblage of
the offset mineralization, which is composed of chalcopyrite, polydymite (NiNi,S,), melnikovite-
pyrite, and bravoite. Bravoite is an intermediate member (6.8-19.8 atomic % Ni) of the solid-
solution series of vaesite (NiS,) and pyrite (FeS,). This atypical sulfide mineralogy of the
Kilvenjdrvi offset deposit occurs in deep drill holes, suggesting that surface alteration played no
role in mineralization.
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Table 3.3.2 Average Pd/Pt, Pd/Ir, and (Pt + Pd)/(Os + Ir + Ru) ratios in the mineralized zones

(range in parenthesis)

(Pt+Pd)/
N Pd/Pt Pd/Ir (Os+Ir+Ru)
Offset, Portimo dikes, and Konttijarvi marginal series
Offset 1 6.7 >12 900 >687
Portimo dikes 2 34 3 840 >267
(2.64.3) (32704 400)
Konttijdrvi marginal series 5 3.0 212 141
(1.44.0) (138-429) (67-300)
Massive sulfide deposits
Ahmavaara 3 8.0 243 116
(6.2-10.3) (114-335) (64-175)
Suhanko 3 6.6 20.6 10.5
(4.5-9.3) (15.2-24.3) (6.6-14.2)
Vaaralampi 1 3.6 42.7 42
Niittylampi 2 7.6 10.7 7.1
(4.3-10.9) (9.7-11.7) (6.8-7.3)
Yli-Portimojirvi 1 53 6.3 2.3
Kilvenjirvi 2 6.1 146 43.8
(5.6-6.6) (123-170) (42.7-44.9)
Layered series
Rytikangas reef 5 4.4 270 132
(3.7-5.1) (147-382) (77-184)
Siika-Kdmad reef 8 1.7 83.6 62.2
(0.8-3.0) (32.1-132) (41.7-93.3)
Mineralized upper 2 2.1 46.6 14.9
Suhanko layered series (2.0-2.2) (44.5-48.6) (14.4-15.4)
Chromitite layer, MCU I 1 3.8 17.1 5.6
Chromite and silicate-associated | 3 0.9 49.8 43.1
MCU II

N = number of samples

Source: Data from Iljina (1994) and references therein.

Platinum-group minerals

The platinum-group mineralogy is dominated by sperrylite (PtAs,) and various Pd-Sb-As and Pd-Te-Bi
phases, while PGE sulfides are rare and alloys are absent. The platinum-group sulfarsenides are repre-
sented by hollingworthite (RhAsS) and platarsite (PtAsS), which were also found to be the only carriers
of osmium, iridium, ruthenium, and rhodium. Sn-bearing Pd minerals and pure Pd-Sn minerals have
been identified in the Konttijdrvi and Ahmavaara marginal series, while the high whole-rock Se/S ratio
of the Portimo dikes is reflected also by the presence of PGE-Se mineral phases. Other rare PGM
phases include a Pd-Ni-As mineral and Pd-Ag-Te phases found in the Rytikangas Reef.
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FIGURE 3.3.14 Chondrite-normalized PGE and Au patterns of the Kilvenjarvi offset mineralization, the Siika-
Kama and Rytikangas PGE Reefs, Konttijarvi and Ahmavaara high-grade disseminated and massive sulfide PGE
deposits, and lower-grade massive sulfide PGE deposits of the Suhanko marginal series.

Sources: Chondrite values are from Naldrett (1981). Modified after Iljina (1994).

An atypical platinum-group mineralogy is observed locally in the Kilvenjirvi offset deposit. In view
of the very high whole-rock PGE contents (up to several tens of ppm), large PGM grains are scarcer
than expected. Instead, polydymite grains are found to host a large number of tiny (<1 pm) Pd mineral
grains containing the bulk of the Pd in the rock.

Mineral resources of contact-type deposits

Classified mineral resources of the Portimo contact type deposits are presented in Table 3.3.3. The total
resources (Puritch et al., 2007) are ~263 million tons including measured, indicated, and inferred resources.
These resources result in about 10 million ounces of platinum, palladium, and gold combined.

CONCLUDING REMARKS

e Of the Finnish layered intrusions, the Portimo complex is exceptional in hosting a variety of PGE

mineralization types.

e The lower contact of the Suhanko intrusion is transgressive relative to the Archean basement; the
southeastern tip of the intrusion is in contact with stratigraphically higher levels of the Archean
basement complex than the remainder of the intrusion.

* In the contact-type deposits of the Portimo complex, the Cu, Ni, and precious metal concentra-
tions in the whole-rock samples and the sulfide fraction are highest in the western portion of the
complex (Konttijarvi and Ahmavaara areas).
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Table 3.3.3 Classified mineral resources and metal grade information for contact-type PGE

deposits

Intrusion/

complex Tons (Mt) Pd (ppm) Pt (ppm) Au (ppm) Ni (Wt%) Cu (Wt%)
Portimo Ahmavaara

Measured 38.197 0.707 0.141 0.086 0.061 0.161
Indicated 114.816 0.851 0.175 0.104 0.071 0.181
Inferred 34.757 0.867 0.187 0.103 0.070 0.170
Total 187.770

Konttijirvi

Measured 26.031 1.064 0.307 0.081 0.059 0.100
Indicated 37.571 0.902 0.255 0.071 0.043 0.095
Inferred 11.638 0.867 0.241 0.062 0.027 0.097
Total 75.240

Koillismaa Kaukua

Indicated 10.4 0.73 0.26 0.08 0.1 0.15
Inferred 13.2 0.63 0.22 0.06 0.1 0.13
Total 23.6

Haukiaho

Inferred 23.2 0.31 0.12 0.10 0.14 0.21
Total 23.2

Note: Calculated using cutoff grades of 1.0 g/t Pdg, for Portimo deposits and 0.1 g/t Pd for Koillismaa deposits.
Sources: Portimo deposits from Puritch et al. (2007), and Koillismaa deposits from the Finore Mining Inc. press release of Septem-
ber 19, 2013.

The relative proportion of ultramafic cumulates within the Portimo complex is highest at
Konttijérvi.

Based on its cumulus stratigraphy and chemistry, the Ahmavaara section is interpreted to represent
the stratigraphically lowest part of the Suhanko intrusion.

Megacyclic units form two groups in terms of their chromium content, one being relatively rich
and the other relatively depleted. The former is represented by MCU I and II of the Narkaus intru-
sion, as well as the Portimo dikes, and the latter is represented by MCU III and the Suhanko and
Konttijérvi intrusive bodies.

The Portimo dikes have so far only been identified below the Konttijdarvi and Ahmavaara marginal
series.

Autoliths interpreted to represent the chilled margin of the intrusion become less Cr- and
MgO-rich from the west (Ahmavaara) to the east (Niittylampi) within the Suhanko intrusion,
representing stratigraphically progressively higher levels. This trend is reminiscent of the
change from B1 to B3 type sills in the floor rocks of the lower to main zone of the Bushveld
complex.
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REEF-TYPE PGE MINERALIZATION IN THE PENIKAT INTRUSION

The Penikat intrusion is located approximately 30 km to the northeast of the town of Kemi and 30 km
to the southwest of the Portimo complex. It is 23 km long and 1.5-3.5 km wide (Halkoaho, 1993; Iljina
and Hanski, 2005). The magmatic body has an intrusive contact to K-rich granite in its footwall, but the
uppermost rocks were eroded away before the deposition of the overlying sedimentary rocks.

The basal contact of the intrusion is sharp, defined by a chilled margin, which is relatively biotite-
rich and thus believed to be contaminated. This model is consistent with the relatively evolved
composition of the rocks. Two samples analyzed by Halkoaho (1993) gave 6.5-8 wt% MgO,
0.3-0.6 wt% TiO,, 440-470 ppm Cr, 90-100 ppm Ni, and 12—14 ppb Pd. The chilled margin is over-
lain by approximately 10-20 m of marginal series rocks consisting of subophiticgabbro (18 wt% MgO;
Halkoaho, 1993), as well as gabbronoritic and orthopyroxenitic cumulates, which may be injected by
rheomorphic granite veins.

The layered series is close to 3000 m thick and can be subdivided into five megacyclic units
(MCU I-V). MCU I is between 270 and 410 m thick and contains a thin basal chromitite overlain by
chromite-bearing orthopyroxenite and then gabbronorite. MCU 1I is 160-230 m in thickness and
shows more variability than MCU I. It consists of basal websterite, overlain by lherzolite with thin
chromitite stringers; websterite containing interlayers of gabbronorite and lherzolite; and finally, two
chromite-bearing gabbronorite layers separated by websterite. MCU III is 75-330 m thick and consists
of basal chromite-bearing websterite that may host a lherzolite layer. This is overlain by gabbronorite
adcumulates and, locally, by poikilitic gabbronorite associated with gabbronoritic pegmatoids and
disseminations, schlieren, and layers of chromite. MCU IV is 760-1110 m thick and hosts the bulk
of the PGE mineralization in the form of three reefs. The first one, named the Sompujérvi or SJ Reef,
occurs near the base of the unit. The second reef is termed the Ala-Penikka or AP Reef and occurs in
the center of the unit, whereas the third reef, termed the Pasivaara or PV Reef, is located at the top
of the unit. The base of MCU IV is transgressive and shows a 10-20-m-thick ultramafic layer con-
sisting of a thin basal chlorite schist that can be highly enriched in chromite. This is overlain by a
1-m-thick layer of orthopyroxenite, a thick olivine cumulate layer containing intercumulus ortho-
and clinopyroxene, and finally, a further orthopyroxenite. Next follow gabbronoritic cumulates, in
which clinopyroxene has a poikilitic intercumulus status, followed by gabbronorite where clinopy-
roxene has a cumulus habit. In places, pronounced rhythmic layering is seen, including horizons of
orthopyroxenite, gabbronorite, and anorthosite. Some 200-300 m above the base of the MCU 1V is
the AP Reef, hosted by mottled anorthosite and gabbronorite. At the top of MCU IV is a 40-60 m
thick, highly complex zone consisting of gabbronorite, anorthosite, pegmatoid, and what could
represent a magmatic breccia of anorthosite and gabbronorite (Huhtelin et al., 1990). This zone hosts
the PV Reef. MCU V has a highly variable thickness (0-900 m), likely due to erosion. At its base is an
orthopyroxenite overlain by norite. Toward the top, there also occurs some gabbro and magnetite-
bearing leucogabbro, anorthosite, and plagioclase-quartz-biotite rock resembling the granophyre in
the roof of the Koillismaa intrusion (Iljina and Hanski, 2005).

The compositional variation through the intrusions is summarized in Fig. 3.3.15. As a whole, the
intrusion is relatively mafic, with ultramafic rocks making up <10% of the stratigraphy. This is a
major difference compared to the Kemi intrusion, located immediately to the southwest, together
with a relatively lower proportion of chromite, but much higher PGE grades at Penikat. The Penikat
megacyclic units are well delineated by a progressive decrease in Cr/V from the base to the top. The
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FIGURE 3.3.15 Litho- and chemostratigraphy of the Penikat intrusion.

Source: Based on Halkoaho, 1993, and unpublished data of W.D. Maier.

PGE-enriched zones of the SJ and PV Reefs are located at compositional and lithological reversals,
represented by high Cr/V and the reappearance of orthopyroxene in the liquidus, analogously to
many other PGE mineralized layered intrusions. However, in contrast to the Bushveld complex, for
example, incompatible trace element ratios give no strong evidence for mixing between composi-
tionally distinct magma pulses at Penikat, except for an increase in Ce/Sm above the SJ Reef, and a
minor increase in Ce/Sm at the level of the PV Reef. Thus, if there was significant magma replenish-
ment in the Penikat intrusion, the involved magma had a broadly similar chemical character in terms
of elements discussed above. The compositional and lithological variation across the reefs is
described in detail in Halkoaho (1993) and Halkoaho et al. (1990a,b).

PGE REEFS

The PGE in the SJ Reef are mostly concentrated in the basal portion of MCU IV, but can locally occur
in the overlying peridotite or the underlying gabbronorite (see Halkoaho, 1990a). The PGE can be
associated with sulfide enrichments of up to ~1 wt% (base metal-type) or with S-poor silicate rocks and
chromitites, to the effect that the mineralization is invisible to the naked eye. The SJ Reef has been cor-
related with the Siika-K@méa Reef of the Portimo complex (see earlier and Iljina and Hanski, 2005). It
locally contains grades of up to >100 ppm PGE over several dm. However, the average grade is much
lower, and the thickness is usually ~1 m. In general, all three Penikat reefs show much more variation
in thickness and lateral consistency than the Bushveld reefs.
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FIGURE 3.3.16 Pt + Pd vs. total IPGE + Rh diagram for SJ, AP, and PV Reefs.

The Ala-Penikka (AP) PGE Reefs (Halkoaho et al., 1990b) are located 250—450 m above the base of
MCU IV. They are developed along most of the strike length of the intrusion and have been correlated
with the Rytikangas Reef of the Portimo intrusion (Iljina and Hanski, 2005). The API Reef is normally
20-40 cm thick and contains erratic PGE mineralization hosted by gabbronorite and anorthosite. In the
so-called depression structures (which are likely equivalents to the Bushveld potholes), the reef can be up
to 20 m thick. Laterally less continuous APII Reef, some tens of meters above API, strongly resembles the
API Reef in terms of host rock types, but contains less base metal sulfides. PGE grades in API may locally
reach several tens of ppm, but are mostly much lower. The sulfide fraction shows the following element
ratios: Cu/Ni 1.4-2.7, Pd/Pt 3.7, and Pd/Ir 170-240. Primitive mantle-normalized metal patterns of the AP
reefs are more fractionated than those of the SJ Reef.

The Pasivaara (PV) Reef (Huhtelin et al., 1990) is located ~700-1000 m above the AP Reefs. Like
the other reefs, it is broadly continuous along the entire strike of the intrusion, with the exception of the
Keski-Penikka block where it has been eroded away. The PGE mineralization is erratically distributed
within the reef. The best grades are usually found within the anorthosite near the top of MCU 1V, or up
to 30 m below the peak mineralization. The average thickness of the reef is 1 m with element ratios
Cu/Ni 1, Pt/Pd 2 (the highest in the Penikat intrusion), and Pd/Ir 28. The primitive mantle-normalized
metal patterns resemble those of the SJ base metal-type mineralization and the Merensky Reef, and are
less fractionated than those of the AP Reefs.

There is generally a good correlation between PPGE and IPGE contents in the Penikat intrusion
(Fig. 3.3.16), suggesting that the original PGE concentration mechanism was magmatic, possibly
followed by some mobility of S.

PLATINUM-GROUP MINERALS

The platinum-group mineralogy of the SJ Reef is characterized by Pt-As, Pd-Sb-As, Pd-Te-Bi, and
Rh-As-S phases resembling the mineralogy of various Portimo PGE enrichments. In chromite-bearing
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samples, platinum and palladium sulfides are relatively abundant. Alloys are exclusively found in chro-
mite-bearing samples of the SJ Reef (Halkoaho et al., 1990b). The mineralogy of the AP and PV Reefs
resembles that of the SJ Reef (Huhtelin et al., 1990).

PARENTAL MAGMA

The parental magma composition may be represented by the Loljunmaa dike, to the east of the
Penikat intrusion (Alapieti et al., 1990). The dike has 11.2 wt% MgO, 0.86 wt% TiO,, 990 ppm Cr,
350 ppm Ni, and 420 ppm S, showing a composition that is broadly similar to that of the Bushveld
B1 type magma (Table 3.3.4). However, it is less enriched in incompatible trace elements and has
half the PGE contents of Bushveld B1 (9 ppb Pt and 6 Pd vs. 20 ppb Pt and 13 ppb Pd; Barnes et al., 2010).
Notably, the Loljunmaa dike has Ce/Sm identical to the ratio in Penikat cumulates, which is
consistent with it being parental to the intrusion. The average composition of 2.45 Ga siliceous
high-magnesium basalt dikes in northern Finland (Guo and Maier, 2013) is 11.21 wt% MgO, 0.62
wt% TiO,, 960 ppm Cr, 297 ppm Ni, 6.8 ppb Pd, 6.9 ppb Pt, and Ce/Sm 8, showing an overlap with
the Loljunmaa dike composition.

CONCLUDING REMARKS

The Penikat intrusion contains several PGE-enriched zones or reefs, analogously to many other PGE
mineralized layered intrusions. However, the Penikat reefs are of a lower lateral persistence than, for
example, those in the Bushveld complex or the Stillwater complex. It is possible that this reflects a
faster cooling rate of the relatively small Penikat intrusion. A notable difference between the Bushveld
and Portimo complexes is the absence of a mineralized marginal zone at Penikat. In the Bushveld and
Portimo complexes, it has been proposed that the best contact-type deposits are developed where the
internal reefs abut against the floor (Iljina, 1994; Iljina and Lee, 2005; Maier et al., 2013). Such struc-
tural sections are absent at the present erosional level of the Penikat intrusion.

CONTACT-TYPE CU-NI-PGE MINERALIZATION OF THE KOILLISMAA
INTRUSION

The Koillismaa intrusion of the Koillismaa-Narinkdvaara complex hosts two principal types of ortho-
magmatic metallic mineralization: Cu-Ni-PGE-bearing sulfide occurrences and a vanadium deposit
hosted by magnetite gabbro (Karinen et al., 2015).

The marginal series of the Koillismaa intrusion is mineralized with Cu, Ni, and PGE along its entire
strike length of approximately 100 km. Here we focus on two sections that have been investigated in
detail (i.e., Kaukua and Haukiaho). On average, the chalcophile element contents of the Koillismaa
marginal series are low, reaching 0.2—-0.4 wt% Cu and 0.2-0.3 wt% Ni in 1-m-long drill core samples,
but may occasionally exceed 1.0 wt% in both elements. The principal sulfide minerals are pyrrhotite,
chalcopyrite, pentlandite, and, in places, pyrite. Variations in precious metal content broadly correlate
with those of the base metal sulfides and in many samples, the grade is on the order of 0.5-1.0 ppm of
combined Pt + Pd + Au. Tellurides, bismuthides, and antimonides dominate the Pd mineralogy, while
sperrylite is the dominant Pt mineral (Alapieti, 1982; Kojonen and Iljina, 2001; Iljina and Hanski,
2005; Karinen 2010).



Table 3.3.4 Chemical compositions for the evaluation of the parental magmas
wt% 1 2 3 4 5 6 7 8 9 10 11 12
SiO, 54.0 514 52.0 53.5 534 534 50.7 52.7 52.2 513 56.1 51.7
TiO, 0.16 0.40 0.68 0.21 0.24 0.30 0.22 0.33 0.15 0.12 0.34 0.19
AlL)O4 3.2 8.0 12.3 13.4 12.2 9.8 14.2 16.9 16.1 17.1 11.5 16.8
FeO,, 7.9 12.0 10.2 9.7 9.9 10.5 7.1 7.3 7.4 5.9 9.5 7.1
MnO 0.2 0.3 0.18 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2
MgO 23.3 13.8 13.0 12.6 13.7 15.1 14.7 9.0 9.8 10.6 13.0 79
CaO 9.9 11.0 9.26 8.0 8.0 9.2 11.6 10.7 10.9 12.2 6.7 11.8
Na,O 0.11 0.62 1.74 2.14 2.05 1.29 1.22 2.38 2.84 2.26 1.68 2.31
K,0 0.01 0.45 0.71 0.10 0.19 0.11 0.22 0.57 0.42 0.18 0.80 0.24
P,05 0.03 0.07 0.10 0.01 0.01 0.02 0.02 0.04 0.01 0.01 0.07 0.02
ppm
\Y 50 230 127 126 157 150 150 167 130
Cr 1800 2300 1180 1137 951 1000 3330 280 290 380 1240 550
Ni 610 250 362 375 440 318 270 280 160 190 295 130
Zn 85 160 83 81 79 60 58 78 56
Sc 23 37 28 29 30 33 35 31
Sr 10 20 200 382 308 157 150 210 340 500 160 330
Y 4.8 7.0 4.1 4.9 6.2 2.5 1.0 13 11
Zr 20 40 70 10 10 15 25 47 30 1.0 77 26
Nb 1.9 2.0 <0.2 0.34 0.22 2.7 1.9 3.6
Ba 53 47 210 68 108 63 75 180 110 52
La 10.9 1.83 3.81 2.51 2.50 1.10 14.8 3.80
Ce 25.0 3.37 7.44 5.83 7.00 2.00 29.5 8.30
Nd 12.0 1.76 3.95 4.04 4.00 1.00 12.1
Sm 2.50 0.26 0.53 0.77 0.75 0.37 2.70 0.86
Eu 0.61 0.37 0.52 0.38 0.32 0.26 0.72 0.52
Continued
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Table 3.3.4 Chemical compositions for the evaluation of the parental magmas—cont’d

wt% 1 2 3 4 5 6 7 8
Tb 0.30 <0.1 0.13 0.19

Yb 1.08 0.58 0.55 0.48

Lu 0.16 0.10 0.1 <0.10

U 0.80 1.20 <0.2 <0.2 <0.2

9

0.20
0.59
0.09
<0.10

10 11 12
<0.10 0.30

0.30 1.16 0.64
0.04 0.15 0.07
<0.10

Cr-richer group

1. Westerite Portimo dike, Konttijérvi. Iljina (1994).

2. Westerite Portimo dike, Ahmavaara. 1ljina (1994).

3. Loljunmaa dike. (Alapieti et al., 1990). Iljina (2005).

4. Ahmavaara autolith, YP-517/109.9 m. 1ljina (2005).

5. Ahmavaara autolith, YP-517/115.5 m. Iljina (2005).

6. Ahmavaara autolith, YP-517/126.4 m. Iljina (2005).

7. Weighted average of Narkaus MCU I. Alapieti et al. (1990).

Cr-poorer group

8. Weighted average of the Suhanko intrusion (MCU III), Alapieti et al., (1990).
9. Niittylampi autolith. Iljina (1994).

10. Niittylampi autolith. Iljina (1994).

Bushveld

11. Bushveld B1 Sill. Sharpe and Hulbert (1985).

12. Fine-grained marginal rock adjacent to the Main Zone/Bushveld complex. Hatton and Sharpe (1989).
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HAUKIAHO AND KAUKUA DEPOSITS

Figure 3.3.17 depicts a typical cross section from Haukiaho. The sulfide-bearing gabbroic zone, about
30 m in thickness, is heterogeneous and contains albite-quartz veins and basement inclusions. The dip
of the magmatic layering in the deposit is 55-85° to the north. Sulfides comprise 1-5 vol% of the rock
and occur mostly as a blebby dissemination in the interstices of silicate grains. The lowermost part of
the marginal series includes a light-colored albite and quartz-rich rock, which grades into granitoidal
rock of the basement complex. The albite and quartz-rich rock is considered to represent metasomati-
cally altered portions of the basement complex.

The mineralized Kaukua marginal series, which dips ~35° to the south, represents the thickest
part of the Koillismaa marginal series (Fig. 3.3.18), but it is possible that layer-parallel shearing
has duplicated the mineralization. In addition to the contact-type mineralization, a low-grade reef-
type mineralization is found just above the marginal series. Locally these two mineralization types
merge together. Relatively feldspathic cumulates are found near the basal contact of the intrusion,
whereas the upper part of the marginal series is composed exclusively of ultramafic cumulates.

Haukiaho deposit &

R359

Legend

~~ 1| Overburden

- Diabase
- Peridotite

- Gabbro-gabbronorite

Archaean granitoids o® 0 50m

FIGURE 3.3.17 Cross section of the Haukiaho deposit along drill hole profile R358-R359, as seen from the west.
Source: Modified from lljina and Hanski (2005).
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In general, the Kaukua marginal series is more heterogeneous than that at Haukiaho. The sequence
includes multiple thin layers of more magnesian cumulates and zones of gabbroic rocks containing
mafic autoliths and minor amounts of felsic xenoliths derived from the basement. It is therefore difficult
to map coherent units of mafic and ultramafic cumulates in the Kaukua deposit, and only the strati-
graphically highest layer of peridotite is marked in Fig. 3.3.18. In contrast to Haukiaho, the marginal
series in the Kaukua area is mineralized throughout, comprising 1-5 vol% of finely disseminated sul-
fides. The bottom part of the Kaukua section contains the so-called mixed zone, which is composed of
basement rocks with thin mafic cumulate intercalations or xenoliths. The abundance of the mafic layers
or fragments decreases downward until the rock consists entirely of basement granitoid.

Kaukua deposit

Kau-018 Kau-026

. -4

Gabbro-gabbronorite
Peridotite
Pyroxenite-gabbronorite

Mixed zone

|| Archaean granitoids 8 50 m

FIGURE 3.3.18 Cross section of the Kaukua deposit along Section 3553700E, as seen from the west.

Figure provided by Finore Mining Inc.
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The current mineral resources for Kaukua are 23.6 Mt (refer to Table 3.3.4) of ore containing
1.07 ppm and 0.91 ppm Pd + Pt + Au in indicated and inferred categories, respectively. For the Haukiaho
deposit, the inferred mineral resources are 23.2 Mt ore grading 0.53 ppm of combined Pt + Pd + Au,
0.21 wt% Cu, and 0.14 wt% Ni.

Both the Kaukua and Haukiaho deposits show similar Cu/Ni (~2.0) and Pd/Pt (~2.8), but it is note-
worthy that Kaukua has higher values of PGE + Au whereas Haukiaho is relatively more enriched in
base metals (Figs. 3.3.19A and B and Table 3.3.3). Based on sulfide-specific assays, the sulfide fraction
from Kaukua contains 4—-6 wt% Ni, 7-17 wt% Cu, and 80—100 ppm combined Au + Pd + Pt. At Hauki-
aho, the sulfide fraction contains 4-8 wt% Ni, 12-35 wt% Cu, and 40 ppm combined Au + Pd + Pt
(Iljina et al., 2012). Both deposits display similar chondrite-normalized chalcophile element patterns
(Fig. 3.3.19C). This indicates a similar parental magma, and thus the higher PGE + Au grades at
Kaukua may be related to a higher R factor, reflecting more dynamic magma emplacement conditions
as also evidenced by repeated ultramafic and mafic layers and higher abundance of rock fragments.

B) o ® ,
: 0.6
2
S 0.4
0.2
0
(©) Cu (wt%) Pd (ppm)
1000 —
100
10 O Kaukua
1 = Haukiaho

Kaukua (n=96)
I T T 17T 17T T 1T

Os Ir Ru Rh Pt Pd Au

FIGURE 3.3.19 Chalcophile element abundances in rocks from the Kaukua and Haukiaho deposits.

(A) Ni versus Cu plot, with samples analyzed by ICP-AES after aqua regia leaching; thus compositions contain

sulfidic and some silicate nickel. (B) Pt versus Pd plot with metals measured by ICP-AES after fire-assays precon-

centration. (C) Chondrite-normalized metal patterns for rocks from the two deposits (samples analyzed by ICP-MS).
Sources: Chondrite values are from Barnes and Maier (1999). Data provide by Finore Mining Inc., 2013.

C1 chondrite-normalised
rock composition




COMPOSITIONAL DIFFERENCES BETWEEN CYCLIC UNITS 161

COMPOSITIONAL DIFFERENCES BETWEEN CYCLIC UNITS
AND IMPLICATIONS FOR EXPLORATION

During the PGE exploration in the Portimo and Penikat intrusions during the 1980s, it was recognized
that the cumulates of various megacyclic units formed two contrasting groups in terms of their Cr con-
tents (Table 3.3.4). The lower portions of the intrusions were found to be composed of relatively Cr-
enriched cyclic units, whereas the upper portions are composed of relatively Cr-depleted units. This
was attributed to differences in the parental magma composition of the cyclic units (Lahtinen et al.,
1989; Alapieti et al., 1990; Saini-Eidukat et al., 1997).

The stratigraphically lowermost significant PGE reef (the SJ Reef in the Penikat intrusion and
the SK Reef in the Portimo intrusion) was found to be located in the transition zone between the
uppermost Cr-enriched and the lowermost Cr-depleted cyclic unit (Fig. 3.3.20). Similarly, the
Konttijarvi and Ahmavaara PGE-enriched marginal series are located in the same transitional
interval, as indicated by the observation that the immediately underlying Portimo dikes belong to
the relatively Cr-enriched group. The Rytikangas (RK) and Ala-Penikka (AP) Reefs are found
stratigraphically above the transition level. This model, as first published by Lahtinen et al. (1989),
was developed in a collaborative research project between the Oulu University and the exploration
department of Outokumpu Oy and was successfully applied to PGE exploration in the 1980s when
PGE enrichments in the Portimo and Penikat areas were discovered.

PENIKAT PORTIMO COMPLEX
INTRUSION =
~ ~
Paasivaara MCcu Vv
Reef Suhanko Narkaus
Konltijénri Intrusion Intrusion
i i Rytikangas
Cr depleted Afa-gzr;;kka — Intrusion i
cyclic units o MCU IV MCu il
Sompujérvi heks
m
Cr enriched Reef  _mcull Kontti- Ahma- Reef
cyclic units jarvi vaara
marginal series e MCUI

Thick marginal series Chilled margin
mixing zone

Chilled margin

high PGE -grade reef

Chilled margin - Ultramafic cumulates Gabbroic cumulates
FIGURE 3.3.20 Stratigraphical correlation of the Portimo and Penikat complexes.

For discussion, see text.
Source: Modified after Lahtinen et al. (1989).
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CHAPTER

THE KEMI CHROMITE
DEPOSIT

o
T. Huhtelin

ABSTRACT

The Kemi stratiform chromitite deposit, hosted by an Early Proterozoic (2.44 Ga) layered intrusion, is located
northeast of the town of Kemi on the coast of the Gulf of Bothnia. The chrome ore has been exploited since 1968
by the Outokumpu company, operating the only chrome mine within the European Union. The present surface
section of the Kemi intrusion is lenticular in shape, bein