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The Tanhua mafic complex consists of three different mafic intrusions (Kyldlampi, Kannusvaara, and
Markkinaselkd) in ca. 54 km? area. The complex locates ca. 45 km from Sodankyld towards NE. The
country rocks contain Paleoproterozoic supracrustal rocks of Central Lapland Greenstone Belt (CLGB)
as quarzites and mafic vulcanic rocks. The Tanhua mafic complex contains elevated concentrations of
Co and Cu.

The conducted petrographic studies aimed at determining the main rock types of the Tanhua mafic
complex and resulted in sub-division into three main rock types: gabbros, diorites and tonalites. Based
on detailed petrographic studies, gabbros could be futher subdivided to four groups: gabbros, oxide
gabbros, remained mottled gabbros and biotitized mottled gabbros. All rocks of the Tanhua mafic
complex are metamorphosed in middle amphibole facies and post-magmatic hydrothermal alterations
including albitization, scapolitization and biotitization have been significant.

The benchtop micro—X-Ray Fluorescence (XRF) instrument was used to support petrographic studies
and determine the localization of Co- and Zr-bearing minerals within the Tanhua mafic complex. The
results indicates that Co is present in mineral lattice of pyrite where Co**-ions replaces Fe?*-ions. Zr
locates in the zircon mineral, which commonly occur together with plagioclase. Sulphides, mainly pyrite
and chalcopyrite as well as magnetite, occur as dissemination and veinlets in the Tanhua mafic complex.

In this work, I propose that multiple magma pulses have formed the Tanhua mafic complex. Chilled
margins together with cross-cutting relationships of rock units are the most important evidence for the
presence of multiple magma pulses of the Tanhua mafic complex. Also, the stratigraphy of the Tanhua
mafic complex supports the multiple magma pulses as the Tanhua mafic complex lacks typical layered
structure of layered intrusions and rock units appear in disorder with multiple chilled margins
representing magma flows. The abundant magnetite indicates elevated Fe contents which designates that
the magma pulses originated from the same magma chamber. The S and Co are probably not magmatic
in origin but rather from country rocks and their enrichment would be associated with hydrothermal
fluids. The source of Co might be Paleoproterozoic metavulcanic rocks, and the possible source of S is
Paleoproterozoic schist occurring either below or above of the Tanhua mafic complex.
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multiple magma pulses, alteration.
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Tanhuan mafinen kompleksi sisdltdd kolme erillistd mafista intruusiota (Kyldlampi, Kannusvaara ja
Markkinaselkd) noin 54 km? alueella. Se sijaitsee noin 45 km Sodankylisti koilliseen. Sivukivi koostuu
Paleoproterotsooisista pintasyntyisistd kivisté, jotka kuuluvat Keski-Lapin vihredkivi vyohykkeeseen
kuten kvartsiiteista ja mafisista vulkaniiteista. Tanhuan mafinen kompleksi sisdltdsd kohonneita
pitoisuuksia kobolttia ja kuparia.

Petrografisilla tutkimuksilla selvitettiin Tanhuan mafisen kompleksin padkivilajit. Kivilajit jaettiin
kolmeen piékivilajiin, gabroihin, dioriitteihin ja tonaliitteihin. Yksityiskohtaisten petrografisten
turkimusten perusteella gabrot voidaan vield jakaa neljdédn alatyyppiin, gabrot, oksidi gabrot, sdilyneet
“mottled” gabrot, seki biotiittiutuneet mottled” gabrot. Kaikki Tanhuan mafisen kompleksin kivet ovat
metamorfoituneet keskiasteen amfiboliitti fasieksessa ja post-magmaattinen hydroterminen
muuttuninen, kuten albiittiutuminen, scaboliittiutuminen sekd biotiittiutuminen, on ollut merkittavaa.

Poytd mikro-rontgenflouresenssi (XRF) instrumenttia kdytettiin petrografisten tutkimusten tukena seka
koboltin (Co) ja zirkonin (Zr) esiintymisen selvittimiseen Tanhuan mafisen kompleksin kivilajien
mineraaleissa. Co esiintyy pyriitin kidehilassa, kun Co?-ioni korvaa Fe**-ionin. Zr on sitoutuneena
zirkoni mineraaliin, jota esiintyy usein yhdessd plagioklaasin kanssa. Sulfidit, pddasiassa pyriitti ja
kuparikiisu, esiintyvét pirotteena sekd suonina ja kapeina juonina Tanhuan mafisessa kompleksissa,
kuten magnetiittikin.

Tédssa tyOssd esitdn, ettd useampi magmaattinen pulssi on muodostanut Tanhuan mafisen kompleksin.
Jaahtymissaumat yhdesséd kivilajiyksikoiden vilisien leikkaussuhteiden kanssa ovat tdrkein todiste
useiden magmaattisten pulssien esiintymiselle Tanhuan mafisessa kompleksissa. Myds Tanhuan
mafisen kompleksin stratigrafia tukee useita magmaattisia pulsseja, koska kerrosintruusioiden
tyypillinen kerroksellinen rakenne puuttuu ja kivilajiyksikot esiintyvit epdjarjestyksessd, siten ettd
useita nopeasti jadhtyneitd kontakteja on sdilynyt todisteena magma virroista. Runsas magnetiitin
esiintyminen on osoitus magman Fe pitoisuudesta, joka viittaa siihen, ettd useat magmapulssit ovat
1ahtoisin samasta magmasdiliostd. S ja Co eivit todenndkoisesti ole magmaattista alkuperdd vain ovat
tulleet sivukivestd ja niiden rikastuminen on liittynyt hydrotermisiin fluideihin. Koboltin alkupera voisi
olla paleoproterosooinen metavulkaniitti, ja mahdollinen rikin ldhde on paleoproterosooinen liuskekivi,
joko Tanhuan mafisen kompleksin alla tai paéalla.

Avainsanat: Tanhuan, Keksi-Lapin vihredkivi vyohyke, petrografia, gabro, mafinen intruusio, koboltti,
useat magmapulssit, muuttuminen.
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1 Introduction

Mafic-ultramafic intrusions vary from narrow dykes to large, layered intrusions up to more than
60000 km? in size. Some of the intrusions are formed from basaltic magma and can be found
in different geotectonic environments (eg. Begg et al., 2018). Mafic-ultramafic intrusions
contain important metallogenies e.g. platinum group element (PGE) metals, nickel (Ni1), copper
(Cu) and cobalt (Co). Some of these metals are listed as critical raw materials by EU and are
important in green transition as these metals are required for batteries (Mondal & Griffin, 2018;
European Commission, 2023). Co is used in batteries for electric cars and cell phones as well
as in superalloys. It is challenging to replace, and the majority of Co is excavated from
Democratic Republic of Congo, where exist problems with child labour and political instability

(Yilanci et al. 2022).

The Central Lapland Greenstone Belt (CLGB) contains various economical mineral deposits
(Figs. 1 and 2) hosted by mafic-ultramafic intrusions like Cu-Ni-PGE-Co deposits of Kevitsa
(Mutanen, 2005; Brownscombe et al., 2015) and komatiite-related Cu-Ni-PGE-Co deposit of
Sakatti (Santaguida et al., 2015; Makkonen et al., 2017). Koitelainen mafic-ultramafic intrusion
locates also in CLGB, and contains Cr, PGE, and Fe-Ni-V mineralizations (Mutanen, 1997).
The Tanhua mafic complex locates in northern Finland ca. 45 km NE from Sodankylé (Fig. 1).
It is metamorphosed and partly hydrothermally modified group of mafic intrusions, that have
positive magnetic characteristics (Vartiainen, 1971; Korvuo, 1975; 1977). The age of the
intrusion is ca. 2.15-2.11 Ga based on U-Pb and Pb-Pb analyses (Huhma et al., 2018). The
Tanhua mafic complex is related to CLGB and is surrounded by supracrustal metasedimentary
and metavulcanic rocks (Koykké et al., 2019). There are other mafic-ultramafic sulphide
deposits associated with hydrothermally altered gabbros with elevated Co in CLGB as
Hietakero mafic deposit (Konnunaho et al., 2018).



The Tanhua mafic complex contains mainly gabbros, which vary from oxide gabbros to non-
magnetic gabbros, but also, intermediate, and felsic rocks are present in intrusions. The grain
size of the Tanhua mafic complex varies from fine to coarse. The majority of the rocks of the
Tanhua mafic complex are altered. Common alterations are albitization and biotitization. The
Tanhua mafic complex in partly mineralized and contains disseminated and veined sulphides.
Whole-rock compositions indicate that the mineralized part of the Tanhua gabbro contains Co

up to 3000 ppm and Cu up to 1.4 wt% with low concentration of V (Konnunaho et al., 2022).

The aims of this study are: 1) Describe petrography of the lithological units within the Tanhua
mafic complex and further sub-divide them into representative rock types. 2) Confirm the
proposed multiple magma pulses theory for the forming process for the Tanhua mafic complex
by Konnonaho (Personal communication 23.2.2022). 3) Point out cobalt and zircon bearing
minerals in the Tanhua mafic complex. Additionally, I also propose emplacement mechanism
of the Tanhua mafic complex. The mineralogy of the Tanhua mafic complex is compared to
other mafic-ultramafic intrusion in northern Finland. In terms of methodology, I have used
petrography and benchtop micro-X-ray fluorescence (XRF) instrument. I used MOVE and

ArcMap softwares to presenting the cross-sections and maps.
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Figure 1. Simplified map of mineralized mafic-ultramafic intrusions in Northern Finland. Coordinate
system ETRS-TM35FIN Abbreviations, CLGB- Central Lapland Greenstone Belt, TNBJornio-
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2 Mafic-ultramafic intrusions

2.1 General

Mafic-ultramafic intrusions are often studied around the world due to their economic potential.
The mafic-ultramafic intrusions host orthomagmatic ore deposits and the metallogeny
associated with mafic-ultramafic intrusion are typically Ni-Cu-Co-PGE and Cr-V-Ti-F. In
addition, P as economical amounts can be present in V-Fe-Ti rich deposits (eg. Ripley & Li,
2018). Globally different types of mafic-ultramafic intrusions have been studied. Some
intrusions are well fractionated as large, layered intrusions and Alaska-type intrusions (Irvine,
1998; Thakurta, 2018). Some intrusions are weakly fractionated as narrow dyke-shape
intrusions. The size of the mafic-ultramafic can be from minor dyke <10 m? (Vuollo & Huhma,

2005) to up to large igneous bodies >60000 km? (VanTongeren, 2018).
2.1.1 Cumulus texture

Cumulate textures are common in layered mafic-ultramafic intrusion but also in other mafic-
ultramafic intrusions (eg. Irvine, 1998; Thakurta, 2018). Cumulate textures (Fig. 3) are formed
when mafic-ultramafic magma crystallizes and the first mineral to crystallize forms large
euhedral grains and the rest of the magma fills the remaining interstitial spaces between the
early crystallized grains. Orthocumulate textures are formed when the remaining magma cannot
be in interaction with large magma chamber and therefore the remaining interstitial spaces are
filled with other mineral than the euhedral mineral which may only have minor additional
growth. Adcumulate textures require that remaining magma has interaction with a larger
magma chamber and therefore the composition of the remaining magma changes and may bring
material to increase the growth of cumulated minerals and therefore the interstitial space is
minor. Poikilitic textures contain large oikocryst that occupies interstitial spaces and cumulated
minerals occur as poikilitic minerals (Fig. 3; Wager, 1963; Irvine, 1980). The large cumulate

minerals are accumulated physically by sinking or floating in magma chamber (Vernon, 2004).
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Adcumulate Poikilitic

Figure 3. Thematic presentation of different cumulate textures. A) The plagioclase (white mineral) is
crystallized first and cumulated. The remaining liquid fulfils the interstitial spaces. B) Orthocumulate
texture, the remained magma has been trapped between the cumulated minerals and therefore cannot
interact with larger magma chamber. The mineral crystallized from remaining magma is different than
the euhedral cumulated mineral. C) Adcumulate, the remaining liquid has contact with larger magma
chamber and the magmas has been mixed. Therefore, the euhedral cumulated minerals have been
continued to grow with material from larger magma chamber. D) Poikilitic, the interstitial spaces are
complete or partly fulfilled with one large oikocryst and the cumulated minerals are inside of this large
grain as poikilitic mineral. (Modified after Wager & Brown, 1968)

2.1.2 Formation of mafic-ultramafic intrusion

Different theories to form layered intrusion have been proposed, but the most accepted
conventional theory has been that these large intrusions would be formed by one extensive
magmatic pulse, which is crystallized, fractionated, and layered in situ in one large magma
chamber. The mechanism for differentiation is suggested to be gravitational settling. In this
theory, the crystals grown and sink or float and therefore form differentiated layers (Naslund &
McBirney, 1996; Irvine et al., 1998). This method is observed to some extend in the Skaergaard
intrusion from Greenland, but it does not cover more complex layered intrusions and other
methods has been suggested alone or in combination. Other differentiation methods are

example recharge and magma mixing, in situ crystallization and convection. It is proposed that
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the convection might be effective in both, within the whole magma chamber and the individual
layers. The methods depend on different factor of the intrusion as example size, shape, grain

size and mineral composition (Naslund & McBirney, 1996).

Recent studies propose that many of plutonic intrusion bodies have been formed by multiple
magmatic pulses instead of one extensive magma pulse that would have fractionated in situ.
(Annen, 2009; Latypov & Chistyakova, 2009). If the eruption time between two different
magma pulses is more than crystallization time of one pulse, magmas from different pulses will
not be mixed and in situ fractional differentiation apply to only separate pulses (Annen, 2009).
Depending on the eruption time and content of multiple magma pulses, they can form either
cyclic layer units or chaotic order of layers (Latopov et al., 2009). The formation of intrusion
can take longer time if the intrusion is constructed from multiple magma pulses. Therefore, the
age determination (if available) of different parts of the intrusion gives marginally different

ages (Annen, 2009; Annen et al., 2015).
2.1.3 Orthomagmatic sulphide and oxide deposits in mafic-ultramafic intrusions

In mafic-ultramafic deposits, Ni, Cu, Co, and PGE are generally associated with sulphides,
which are found as dissemination, net-textures, semimassive or massive sulphides, but also low-
sulphide PGE deposits exists (eg. PGE reef-type deposits). In strongly differentiated layered
intrusion sulphides form horizontal reefs between the layers of the intrusion. These stratiform
reefs can be up to ten kilometres in horizontal size in the largest deposits. The thickness of the
reefs can be centimetres to more than ten metres and generally if the reef is thin the grade of
the reef is higher. In smaller conduit type mafic-ultramafic intrusion the sulphides can be found
in different locations. Massive sulphides are situated at the base of the intrusion. Disseminated
sulphides commonly locate in middle of the intrusions and additionally the sulphides can be
found top of the intrusion. The location varies depending to the size and shape of the intrusion
(eg. Maier, 2005; Maier & Groves, 2011; Ripley & Li, 2018). Typical sulphide minerals in
mafic-ultramafic intrusions are pyrite, pyrrhotite, chalcopyrite, pentlandite. Oxides bear Fe-Ti-
P, Cr and V metals and typically form massive horizontal layers of magnetite or chromite. These
deposits are referred as stratiform deposits, and the scale of the mineralized layer varies from
centimetres up to 10 metres thick (Ripley & Li, 2018). In the margins of mafic intrusion and
the horizontal layers, the marginal border series (MBS) might be formed. This series is not
parallel to layering series rather follow the shape of the intrusion. The MBS is crystallized in

situ near of the wall of the intrusion. The MBS also contains series of fractioned rocks similar
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to the layered series. The economical mineralization of the deposit can also be in MBS of the
intrusion as S-enriched magma has been filter pressed out of the main magma (Hoover, 1987a;
McBirney, 1996; Irvine et al., 1998). Dissemination is other common form of oxide to be
present in mafic-ultramafic deposit as oxide dissemination can be found alone or in the same
place together with massive oxides. Chromite layers normally exist alone, but magnetite might
exist alone or associate with ilmenite and/or titanomagnetite (Begg et al., 2018; Ripley & Li,

2018).

2.2 Mafic-ultramafic intrusion types
2.2.1 Layered intrusion

Layered intrusions are formed by intrusive body, and it is characterized by clear layers of
different rock types (Neuendorf et al., 2011), Many of the most economically important deposit
related to mafic intrusion are referred as these layered intrusion such as Skaergaard PGE-Au
deposits in Greenland (Irvine et al., 1998; Nielsen et al., 2015), Bushveld PGE-Cr-Ti-V deposits
in South Africa (Eales & Cawthorn, 1996), Stillwater PGE-Cr-Ti-V deposits in USA
(McCallum, 1996), and the Great Dyke PGE-Cr-Ti-V deposits in Zimbabwe (eg. Wilson,
1996). The layered intrusion internal structure is stratiform as the original orientation of the
layer have been horizontal. The variation in layers can be due to e.g., mineralogical, textural or
composition. One layer is one distinguishable rock unit from nearby rock, which is parallel with
other layers. The variations within the layer are also possible, and similar layers can be repeated
in layered series. The formed stratigraphy can be followed from lowest part to upper part of the

layered intrusion (Naslund & McBirney, 1996).
2.2.2 Alaska-type intrusions

The Alaska-type intrusion is a zoned mafic-ultramafic intrusion (Neuendorf et al., 2011). This
type of intrusion is not a significant source of metals, but studies present that Alaska-type
complex can also host Cu-Ni-PGE mineralization like the Duke Island complex in southeastern
Alaska (Thakurta et al., 2008a; Thakurta, 2018). Shape of the Alaska-type intrusion can be
distinguished as concentric, like Union Bay intrusion in southeast Alaska, although the Alaska-
type intrusion does not always present clear layering structure. If the intrusion has concentric

structure and all typical rock types are present, the core of concentric structure consists of



15

dunite. Wehrlite, olivine clinopyroxene and clinopyroxenite are the next concentric layers of

larger Alaska-type intrusion, but typically, the structure is not symmetrical or continuous.

These intrusions locate normally in convergent plate-margins and size of intrusion varies from
metres to more than 10 kilometres. The cumulus textures are typically found in ultramafic parts
of the Alaska-type intrusion suggesting the crystal fractionation and mineral concentration.

(Himmelberg & Loney, 1995; Thakurta, 2018)
2.2.3 Other types of mafic-ultramafic intrusions

Numerous different mafic-ultramafic intrusions are known around the Earth. They vary for
example on shape, petrography, and formation process (Barnes et al., 2015). The formation
process of large Noril’sk Ni-Cu-PGE deposit in north of the Siperia in Russia is not well
understood. It has been commonly thought to be related to Siberian flood-basalts, but recent
studies indicated that the intrusion is formed from different parental magma than flood-basalts
and the ultramafic-mafic intrusion would have formed during multiple magma events (eg.
Malitch et al., 2018). One of the biggest Ni-Cu-PGE deposits is Sudbury Igneous Complex in
Canada. This mafic-ultramafic deposit is unique due to the formation process as it is proposed
to be formed during the meteorite impact. Even though the Sudbury complex is unique, it has
some similar aspects example with Noril’sk even the formation process is totally different (eg.

Keays & Lightfoot, 2004).
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3 Mafic-ultramafic magmatism in Northern Finland

In Northern Fennoscandia, several episodes of mafic magmatism between 2.5 Ga and 1.8 Ga
has been described. The mafic magmatism has been episodic with highest activity related at
2.5-2.4 Ga, 2.22 Ga, 2.15 Ga, 2.05 Ga, 2.00 Ga, and 1.8 Ga. These magmatic events are related
to rifting and shield-wide extension of the Archean lithosphere (Hanski, 2005; Huhma et al.,
2018). Many ultramafic-mafic intrusions formed during these magmatism events containing
economical mineral deposits (Maier & Hanski, 2017). The known mafic-ultramafic intrusions
in Northern Finland concentrate mainly in two areas, in CLGB and Tornio-Narinkdvaara belt
(TNB), which locates from Tornio towards Russia in the east (Fig. 1). TNB contains the Kemi,
Penikat, Portimo, Koillismaa, and Nardankdvaara intrusions. In CLGB there are several mafic-
ultramafic intrusions for example Koitelainen, Akanvaara, Kevitsa, Hietakero (Konnunaho et
al., 2018) and Palovaara (Hanski et al., 2005; Huhma et al., 2018; Maier & Hanski, 2017). The
CLGB also contains komatiite related deposits as e.g. Sakatti, which mainly contain Ni-Cu-

PGE mineralizations (eg. Brownscombe et al., 2015; Konnunaho et al., 2015).
3.1 Layered intrusions in Northern Finland
3.1.1 2.5-2.4 Ga magmatism related intrusions

Koitelainen

Mafic-ultramafic layered intrusion of Kemi, Penikat, Portimo, Koillismaa,and Koitelainen are
related to magmatism during 2.44 Ga ago (Fig. 1). Koitelainen layered mafic-ultramafic
intrusion locates ca. 45 km to NE from the Sodankyla village in Finnish Lapland (Fig. 1) and
the intrusion is intruded between Archean basement of granitoid gneiss and Archean or early
Proterozoic supracrustal rocks and older gabbroic intrusion. The intrusion is ca. 26 km in width
and ca. 29 km in length (Mutanen, 1997). The age of the Koitelainen intrusion is ca. 2.44 Ga
estimated from zircon obtained from gabbro pegmatoid and analysed with isotope dilution-
thermal ionization mass spectrometry (ID-TIMS) U-Pb dating (Mutanen, 1989; Huhma et al.,
2018). The intrusion has clear layered structure, which is cut by ultramafic dykes. The lower
zone of the intrusion contains ultramafic rocks formed mainly from olivine-cumulates and
above the ultramafic pyroxenites is lower chromite layer hosted by pyroxenite cumulates. In
the main zone of the intrusion the main rock unit is gabbroic cumulate consisted of plagioclase,
orthopyroxene and clinopyroxene. Minor chromite layer is present in main zone, but it does not

extend to cover large area. Upper zone contains various layers of anorthosites, upper chromite
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layer and gabbro which consists of plagioclase and pyroxene cumulates. Magnetite is present
in upper part of the gabbro, but it is absent in lower part. Above the intrusion locates strongly
altered and metamorphosed granophyre which is formed by albite, epidote, hornblende, biotite,
and quartz (Mutanen, 1997). Fe-Ti-V content of Koitelainen intrusion is poor, but main zone
and magnetite gabbro in upper part of the intrusion contain elevated concentrations of PGE
(Mutanen, 1989b). The total amount of resources in Koitelainen is ca. 77 Mt, but only 72 Mt
contain Cr302 and PGE. Cr302 concentration is 21-23% and PGE concentration is about 1.1-

1.4 ppm (Appendix 1).
Kemi-Penikat-Portimo

Kemi layered intrusion is stratiform deposit tilted by tectonics. It is formed of lower ultramafic
part and upper gabbroic part. The intrusion contains average 40 m thick chromitite layer, which
locates in ultramafic part (Huhtelin, 2015). Kemi intrusion contains 130.9 Mt ore with 28.9 %
of Cr302 (Appendix 1). Penikat and Portimo both are layered intrusion, which contain Reef-
type (Penikat and Portimo), dissemination, massive sulphide, and offset-type (Portimo) PGE-
(Ni-Cu-Co) mineralizations. Portimo is formed by four separated mafic-ultramafic parts, which
also contain magmatic marginal series apart from the layered series. These parts have been
together and formed one or two larger igneous bodies. In total Portimo contains 381.6 Mt of
ore in 12 different deposits. In which PGE concentration varies 0.8 ppm up to 8.4 ppm
(Appendix 1). Penikat consists of layered series and marginal series between the footwall and
the layered series, which can be divided to five units (Iljina el al., 2015). These five units contain
total deposit of 15.4 Mt with PGE concentration variation from 6.7 ppm to 35.3 ppm (Appendix
1). Cr from Kemi layered intrusion has been mined since 1966 (FODD).

Koillismaa

Koillismaa layered intrusion consist also Ni-Cu-Co-PGE metals hosted by sulphides in gabbros
of the marginal series. The Koilismaa intursion also contains Fe-Ni-V mineralization in
magnetite gabbro in Mustavaara deposit. Koilismaa intursion contains various separated mafic
blocks, which would have been originally the same layered mafic intrusion but separated by
faults (eg. Karinen, 2010; Karinen et al., 2015). The Koillismaa intrusion contain total of 92.4
Mt of PGE ore with 0.27 ppm to 0.65 ppm concentration and Mustavaara deposit contains
resource of 145.9 Mt of 1389 ppm V ore (Appendix 1). V of Mustavaara deposit has mined,

but other parts of Koillismaa remains without mine (FODD).
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3.2 Other mafic-ultramafic intrusions in northern Finland
3.2.1 Komatiite related sulphide deposits

Sakatti

Sakatti is located 15 km to N from Sodankyld village in Finnish Lapland (Fig. 1);
(Brownscombe et al., 2015). The age estimation for Sakatti intrusion is ca. 2.05 Ga (Maier &
Hanski, 2017). The intrusion is formed from four separate peridotite bodies, three of whose are
Ni-Cu-Co-PGE mineralized. These three separated ore bodies have similar petrography based
on hand samples. The Sakatti intrusion contains six main rock types. Two of them contain ore
minerals. Peridotite, which consists of olivine cumulates, oikocrystal pyroxene and minor
plagioclase. The rock is strongly serpentinized, but primary cumulate textures are still visible.
A major part of the ore of Sakatti intrusion is related to olivine cumulates, where the sulphides
are found as dissemination, veins, semi-massive, and massive sulphides. Aphanitic unit has
vulcanic origin, and it has komatiitic affinity. It is formed by plagioclase-rich picrite which
contains phenocryst of olivine and plagioclase. Minor amount of sulphides are found in
aphanitic part of the intrusion. The mafic suite, breccia unit, vulcaniclastic unit, and footwall
unit do not have mineralization, but are present in the Sakatti area. The mafic suite consists of
three different units based on origin and the petrography. The breccia is heterogenous unit
which is strongly altered. Vulcaniclastic unit consist of phyllite and is formed by
metamorphosed volcano-sedimentary material. The footwall consists of metasediments and is
present below the aphanitic unit in part of the intrusion. The stratigraphy of Sakatti intrusion is
complex and varies between the different bodies. In the main body the peridotite has an
approximately tubular shape and the aphanitic part is mainly located below the peridotite but is
present also above the peridotite. Breccia and mafic suite are above the peridotite body
(Brownscombe et al., 2015). Sakatti contains 44.4 Mt of ore, which has 0.96% of Ni, 1.9% of
Cu, 0.05% of Co and 1.13 ppm of PGE (Appendix 1). There are plans to start mining in Sakatti
by AA Sakatti Mining Oy (FODD).
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3.2.2 Deposits hosted by other mafic-ultramafic intrusions

Kevitsa

In Finnish Lapland ca. 40 km to N from Sodankyléd locates Kevitsa mafic intrusion, which
covers an area ca. 35 km? (Fig. 1). The age of the intrusion is ca. 2.05 Ga based on U-Pb TIMS
studies from zircon from ultramafic cumulates (Huhma et al., 2018). The Kevitsa intrusion is
formed from two different parts, ultramafic rocks, and gabbroic rocks together with some
komatiite related rocks (eg, Luolavirta, 2018; Puchtel et al., 2020). The ultramafic part local
below the gabbroic rock and major part of the intrusion belong to ultramafic part. Even though
variation of the composition of the ultramafic part is minor, different rock types can be found.
Dominant unit of the ultramafic part of the intrusion consists of poikilitic olivine websterite and
it also contains major part of the ore. Olivine pyroxenite variates from olivine websterite in
amount of orthopyroxene and are found in same places Although, pyroxene has been strongly
altered to amphibole, it is possible to distinguish using thin sections. Plagioclase bearing
websterite has orthocumulate texture with more orthopyroxene oikocryst than olivine
websterite. This rock type is present in minor amount in the middle of the intrusion. Cumulate
pyroxenite has less than 5% of olivine and above pyroxenite there is the gabbroic part of the
intrusion. Pyroxene also occurs below and sides of olivine pyroxene or olivine websterite. The
intrusion contains also minor amount of strongly serpentized dunite in the middle of the
intrusion inside of olivine pyroxene and websterite. Gabbroic rocks locate above the ultramafic
rocks. These rocks contain mainly plagioclase with clinopyroxene and minor olivine. The
marginal series of the Kevitsa intusion in formed by pyroxene and gabbro together with mafic
vulcanic rocks and tuffs. Generally, contacts between different rock type in the Kevitsa
intrusion are gradual, but also sharp contact has been found. In the Kevitsa deposit the ore is
disseminated and main ore minerals are pentlandite and chalcopyrite. Other ore minerals
present in the Kevitsa intrusion are pyrrhotite and magnetite. The ore minerals are located in
between cumulate textures of olivine and pyroxene. Minor net-texture and veins of sulphides
exist, but these do not have major importance (Santaguida et al., 2015). Total of 138.7 Mt
resources exist in the Kevitsa intrusion. The Ni content of the ore is 0.2%, Cu is 1.9% and PGE
concentration is 0.216 ppm (Appendix 1). The Kevitsa intrusion has mine since 2011 by

Boliden as open pit mine (FODD).
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3.2.3 Metasomatized mafic intrusions in Northern Finland

Hietakero

Hietakero mafic-ultramafic intrusion locates ca. 200 km from Sodankyld village (Fig. 1)
towards NW in area of municipality Enontekio. Geologically the area belongs to CLGB. The
intrusion contains average of 0.10-0.11 wt.% of Co and 0.31-0.35 wt.% of Cu and 0.20-
0.23wt.% of Ni. The country rock of the Hietakero intrusion consist of strongly altered graphite-
sulphide schist and felsic to intermediate vulcanic rocks which has tuffigeneous aspect. The
rocks of the Hietakero intrusion can be divided three rock units. 1) Gabbroic cumulate is the
most common rock type in intrusion and contains different types of gabbros. The main minerals
are amphiboles, clinopyroxene, scapolite and plagioclase. 2) Pyroxenitic cumulates are made
of clinopyroxene and amphibole together with minor scapolite and plagioclase. 3) Hybrid rocks
are different mixed rock of the country rock and intrusion or mixed rock of material from
different rock units of the intrusion. All rock of the Hietakero intrusion have been
metamorphosed in amphibole facies and have strong hydrothermal alteration. In Hietakero
mafic-ultramafic intrusion the mineralization is located in all different rock types and part of it
is in country rock. The most common ore minerals are pyrrhotite, Co-bearing pyrite, Co-bearing
pentlandite, and chalcopyrite. Sulphides form massive veins, veinlets, patch, net-textures, and
minor amount of dissemination and thin veinlets. Magnetite and ilmenite are found as

dissemination (Konnunaho et al., 2022).
Kelujoki and Iso-Povivaara

Kelujoki mafic intrusion locates about 5 km towards NNE from Sodankyld. village (Fig. 2).
The intrusion is formed by gabbros, which are tilted ca. 60 degrees to S. The mineralization
consists of chalcopyrite and Co-bearing pyrite as sulphides are present as dissemination, veins
and up to 2 cm accumulations (Karvinen, 1982). Total 1.5 Mt resources with 0.2% of Cu and
0.03% of Co (FODD). Iso-Povivaara is located 60 km from Sodankyla village towards NE (Fig.
2). Iso-Povivaara is intruded to mica and sericite schists, quartzites, and amphibolites. The age
determination is 2.14 Ga made from zircon. The intrusion consists of gabbro which contain

minor amount of sulphides as chalcopyrite, Co-bearing pyrite and pyrrhotite (Karvinen, 1983).
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4 Geological background

4.1 Central Lapland Greenstone Belt

The CLGB is a large Paleoproterozoic greenstone belt (Fig. 1), which extends from Russia
crossing Finland and continuing as Karasjok greenstone belt (Fig. 1) in Norway (Orvik et al.,
2022). The CLGB is located between the Archean granite-gneiss in east, northeast and west,
Lapland Granulite belt in north and Central Lapland Granitoid Complex in south and southwest
(Hanski et al., 2005). The CLGB contains mainly supracrustal rocks and its geological evolution
consists of five different tectonic basin events after Koykké et al. (2019), I Early syn-rift, II
Syn-rift, III Syn-rift to Early post-rift, IV Passive margin stage and V Foreland basin system.
The stages are associated with rifting and development of the epeiric sea. The first three stages
took place in 2.5-2.1 Ga, the fourth stage occurred 2.1-1.94/1.92 Ga and the fifth stage
1.94/1.92-1.88 Ga (eg. Koykka et al., 2019; Koykka & Luukas, 2021). The northern area of
CLGB is metamorphosed under upper greenschist facies conditions. The metamorphic grade
increases towards east and from lower amphibolite facies to near of the Archean basement the
to the mid-amphibolite facies (Holttd & Heilimo, 2017). The CLGB contains various epigenetic
Au deposits, but the largest is Suurikuusikko (Fig. 1). These Au deposits are classified as
orogenic gold (Wyche et al., 2015).



22

Kumpu group

Savukoski group

Sodankyla group

Salla group

+ + P
+ T 4+ +Archean'bdsement  *

Figure 3. Simplified stratigraphy of CLGB after Koykka et al. (2019). The subracrustal rocks of CLGB
are deposited above the Archean basement. Salla group consists of intermediate to felsic metavulcanic
rocks. Kuusamo group contains mainly of mafic to intermediate metavulcanic rocks and ultramafic
conglomerates and tuffs. Sodankyld groups consist mostly of quartzites, conglomerates and mica
schists. Savukoski group is formed by phyllites, black schists, mafic tuffites, and lavas. Kittila group is
allochthonous mafic metavulcanic rocks. Kumpu group is small group of meta-arkoses, quartzites,
conglomerates, siltstones and felsic metavulcanic rocks. The mafic magma has been intruded to
supracrustal rocks of CLGB in several episodes.

The CLGB is dominated by supracrustal rocks which are deposited above the Archean
basement (Fig. 4). The Paleoproterozoic rocks in CLGB is proposed into 5 to 7
lithostratigraphic groups after Hanski et al. (2005) and Koykka et al. (2019). The lower most
Salla group (Fig. 4) is located in southeastern part of CLGB and are the oldest (2.50-2.44 Ga)
supracrustal rocks in the belt, containing intermediate to felsic metavulcanic rocks.
Onkamo/Kuusamo group (Fig. 4) supracrustal rock are dispatched to wide are in CLGB. The
mafic to intermediate metavulcanic rocks and ultramafic conglomerates and tuffs are deposited
(2.44-2.38 Ga) above either Salla group metavulcanic rocks or directly above Archean
basement. Sodankyld Group (Fig. 4) is made mainly of supracrustal rocks as quartzites,
conglomerates and mica schists and in addition carbonate rocks and mafic metavulcanic rocks.
The deposition has occurred 2.28-2.15 Ga above the metavulcanic rock of previous groups or
Archean basement. Savukoski group (Fig. 4) supracrustal rocks are formed above the

metasedimentary rocks of Sodankyld group during 2.15-2.05 Ga. The supracrustal rocks are
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mainly phyllites and black schist, but also mafic tuffites and lavas occur. Kittild group is formed
from mafic metavulcanic rocks in 2.15-2.05 Ga. Kittild group is located central part of the
CLGB and the total are of Kittili groups is more than 2600 km?. It is proposed to be
allochthonous, as thrust faults separate is from Paleoproterozoic rocks of Sodankyld and
Savukoski groups as well as Archean basement (Hanski et al., 2005; Koykké et al., 2019;
Koykkéd & Luukas, 2021). Kumpu group occurs in smaller areas than previous groups. This
group consists of meta-arkoses, quartzites, conglomerates, siltstones and felsic metavulcanic
rocks and are younger than 1.9 Ga (Hanski et al., 2005; Koykka et al., 2019; Koykké & Luukas,
2021).

4.2 Geology of the Tanhua area

The Tanhua mafic complex is located in northern Finland (Figs. 1 and 5) near the Tanhua village
(ca. 45 km to E from Sodankyld) within the municipality of Savukoski. The complex is formed
by three separate intrusions: Kyldlampi, Kannusvaara, and Markkinaselkd (Fig. 5). These
intrusions may represent an originally coherent large intrusion, which has segmented into
separated pieces along faults, or they represent three individual intrusions formed by same type
of magmatism. The study area is about 12 km long in NS direction and 4.5 km wide. The Tanhua
mafic complex has been intruded to Paleoproterozoic supracrustal rocks of CLGB which are
located ca. 5 km from the Archean tonalitic migmatite (Mattila, 1974). Supracrustal rocks
surrounding the Tanhua mafic complex belong to the Sodankyld and Savukoski groups of the
CLGB. In the area, the most abundant sedimentary rock types from the Sodankyld group are
arkose, arkose-quartzite, quartzite, and biotite schist. Mafic and intermediate vulcanic rocks of
Sodankyld group are also present in the area. East from the Tanhua mafic complex locates
amphibolite, graphite-bearing schist and vulcanic rocks, which define a synformal structure

(Mattila, 1973; Konnunaho el al., 2022).

The Tanhua area has been studied by Rautaruukki Oy as a part of V-Ti-Fe exploration project
(Mattila, 1973; 1974; Korvuo, 1978). In 1977 Rautaruukki Oy drilled four drillholes, two
intersected northern part (i.e., Kyldlampi area) and two southern parts of the intrusion (i.e.,
Kannusvaara area; Fig. 5). The Tanhua mafic complex has so far remained relatively unstudied,
and its economical V-Ti-Fe potential was estimated to be poor, and further studies were
cancelled (Korvuo, 1977). However, these historical studies showed that the intrusion hosts
mineral potential for Co and Cu as the Tanhua mafic complex had conductive parts indicating

potential to bear sulphides (Konnunaho et al., 2022).
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Figure 5. Geological map from the area of the Tanhua mafic complex. Coordinate system ETRS-
TM35FIN (Modified after DigiKP and Konnunaho et al. (2022))
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4.3 Tanhua mafic complex

The Tanhua mafic complex consist of three parts, southern part contains Kannusvaara and
Markkinaselkd and northern part contains Kyladlampi (Fig. 5). The different parts are considered
to be one larger dyke-type intrusion which is cut by faults based on aeromagnetic map
(Konnunaho, personal communication, 12.9.2023). Kannusvaara gabbro age is estimated to be
2148 + 7 Ma using the laser ablation multi-collector inductively coupled plasma source mass
spectrometer (LA-MC-ICPMS) U-Pb analyses from zircon. Two zircon samples were analysed,
one granophyre and other magnetite-bearing gabbro. Kyldlampi gabbro age determination gives
2137 £ 5 Ma with LA-MC-ICPMS U-Pb analyses as one zircon-bearing sample was analysed

from gabbro. No age determination is made from Makkinaselkd (Huhma et al., 2018).

The main country rocks of the Tanhua mafic complex belong to Sodankylé groups (Fig. 5) and
are strongly albitized quartzite, although minor amount of amphibolites and mafic vulcanic
rocks is found in drill cores. The drill core loggings evidenced intrusive rocks from mafic to
felsic in composition with variable textures. The positive magnetic anomaly is caused by oxide
gabbros which contain magnetite as dissemination and mobilized veinlets, but the distribution
of magnetic mineral is uneven through the intrusion. Magnetite bearing rocks have similar
attributes like non-magnetic rocks of the intrusion (Konnunaho et al., 2022). Magnetite is found
also as dissemination in felsic rock referred as albite in Korvuo (1977) meaning probably

tonalite which has suffered albitization as plagioclase is mainly albite.

Major part of rocks of the intrusion shows significant albitization and biotitization. In parts of
the intrusion that show the strongest biotitization, biotite has formed large biotite crystals (a.k.a.
mottled gabbro or biotite gabbro). Mottled texture refers spots of different colour compared to
the major colour of the sample (Neuendorf et al, 2011). These large biotite crystals are found
generally together with albitization. Additionally, the mottled gabbro areas are lack of
magnetite (Konnunaho et al., 2022). The Tanhua mafic complex is metamorphosed, and major
part of the rocks are recrystallized. Uralite grains are found in previous studies, indicating the
alteration of pyroxene to amphibole. Also, minor plagioclase has altered to scapolite and
sericite (Mattila, 1974; Korvuo, 1977). Uralite is secondary amphibole as hornblende which is
altered from pyroxene (Neuendorf et al., 2011).
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Inside of the intrusion, chilled margins have been observed at places, likely indicating multiples
internal magmatic pulses. In mineralized rock, moderate amount of pyrite, chalcopyrite and
pyrrhotite locate as dissemination, veinlets and veins typically in magnetite -bearing gabbros,
but minor amount of sulphides can be found as weak disseminations in gabbros without
magnetite throughout the intrusion. Disseminated sulphides locate also in more felsic parts of

the intrusion as diorites and granites (Konnunaho et al., 2022).
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5 Materials and methods

5.1 Materials

This study’s research material consists of 14 drill cores from Tanhua area. The holes were
drilled by GTK in 2019 and 2020 with a total length of 2640.6 m (Table 1). For this study 83
polished thin section were made from different rock units by GTK (Appendix 2). To support
petrographic studies, unpublished whole-rock geochemical analyses were used to support the

data.

Table 1. Diamond drill hole drilled by GTK in 2019 and 2020.

x-coordinate y-coordinate
Diamond drill hole  (ETRS-TM35FIN) (ETRS-TM35FIN) z (m) Dip (%) Azimuth (*)  depth (m) Target
U5212019R6 7488972 524366 213 50 85 189.15 Markkinaselka
U5212020R15 7488718 525234 207 50 89 147.35 Markkinaselka
U5212020R10 7438714 525508 194 50 86 169.25 Markkinaselka
U5212020R9 7490621 525091 218 50 86 150 Kannusvaara
U5212020R16 7490671 524672 204 45 89 299.4 Kannusvaara
U5212019R3 7490865 524449 204 55 38 349.2 Kannusvaara
U5212019R8 7490872 524714 209 65 268 234 Kannusvaara
U5212019R4 7490872 524715 209 60 91 109.5 Kannusvaara
U5212020R14 7491022 524712 211 45 92 75 Kannusvaara
U5212019R5 7491068 524648 206 50 98 350.8 Kannusvaara
U5212019R7 7491069 524751 211 60 87 124.05 Kannusvaara
U5212020R11 7497686 526756 225 45 302 269.2 Kyldlampi
U5212020R13 7497922 526617 235 50 314 194.4 Kylalampi
U5212020R12 7497924 526613 235 45 284 29.2 Kylalampi |

5.2 Methods
5.2.1 Petrographic studies

The revision logging was made for drill cores in Rovaniemi in spring 2022. Principal method
for this study was polarization microscopy for petrography. It was used to identify minerals,
textures and grain size from polished this section. Both polarization and reflected microscopes
were used distributed by University of Turku. The modal compositions of main minerals were
estimated visually using comparison chart for visual percentage estimation (after Terry &

Chilingar, 1955).
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5.2.2 Benchtop micro-XRF

Benchtop micro-XRF was used to make chemical element maps. Scanned four rock samples
were U5212019R5 171.05-171.20 tonalite, U5212019R7 44.40-44.50 gabbro, U5212019R8
32.55-32.75 gabbro, U5212020R10 141.85-142.00 gabbro. The used instrument was M4
TORNADO at university of Turku, Geohouse. Each sample was first scanned as whole with
analyses parameter of measured area of 100 um and measured time of 2 msec. After the overall
scan the sulphide and zircon bearing spot was scanned in more detail with measurement
parameters of 20 um and 15 ms. The samples were cut cores and the chemical element map

was made from cut plane of the drill core.
5.2.3 Modelling softwares

Maps were made with Arc-map (ESRI) GIS software available at the University of Turku. 3D-
modelling software MOVE was used to make three cross-sections (Kyldlampi, Kannusvaara,

and Markkinaselka).
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6 Results

6.1 Petrography of the Tanhua mafic complex

The studied rock samples from the Tanhua mafic complex can be divided into three different
major rock groups based on the estimated modal amounts of hornblende, plagioclase, quartz,
and their mutual ratios in the thin sections. I propose the following division for the intrusion
rock types: tonalite, diorites and gabbros. Peridotites are also found in drill cores
(U5212020R13 in Kyldlampi) and studied thin sections, but peridotites possibly do not belong
to the Tanhua mafic complex. Mafic vulcanic rocks are also present in drill cores and thin
sections but belong to the country rocks of the intrusion. The gabbro is the most voluminous
rock type present in the Tanhua mafic complex and major part of the mineralization locates in
gabbro. Occasionally, the gabbros are melagabbros as they contain >65% dark minerals. In
mafic vulcanic rocks the recrystallization is the most advanced and the granoblastic texture is

abundant compared to other rock types is the Tanhua mafic complex.
6.1.1 Petrography of the gabbro

Gabbro

Macroscopically gabbros appear as igneous rocks with fine to medium grain size (Fig. 6). The
texture varies from non-oriented to moderate orientation. The colour of the samples is generally
pale greenish grey to dark greenish grey. Minor amount of sulphides is observed in gabbroic
samples. The oxide-bearing gabbro samples do not contain generally as dark greenish grey
samples as gabbros without oxides. In drill core samples sulphides are localised as

dissemination and veinlets.

Figure 6. Photograph of drill core from the Tanhua mafic complex. A) Gabbro sample U5212019R14
64.30, B) Oxide gabbro sample U5212020R16 41.40
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In thin section the texture of gabbros is generally granoblastic as plagioclase, hornblende and
if present biotite intends to form triple points grain boundaries of 120°. The average grain size
varies from smaller than 0.1 mm to approximately to 0.4 mm in diameter. (Fig. 7) in different
samples. The grade of orientation varies from strong to non-existent. The oriented minerals are
biotite together with hornblende (Figs. 7E and 7F). The main minerals in studied gabbro
samples are hornblende and plagioclase with moderate amounts of biotite. In gabbroic rocks,
the modal amount of hornblende varies from 35% to 80% (Fig. 7) and plagioclase varies from
15% to 55%. If biotite is present in gabbroic samples, the modal composition varies from
accessory mineral up to 35%. Accessory mineral of gabbros in the Tanhua mafic complex are

quartz, magnetite, scapolite, pyrite, chalcopyrite, chalcocite, bornite, ilmenite, titanite, calcite,

zircon, chlorite, sericite, leucoxene, and augite.

Figure 7. Microphotograph presenting general texture and grain size of gabbro in the Tanhua mafic
complex. A) and B) Sample U5212019R13 159.80, A) PPL 5x. B) XPL 5x and D) sample U521019R14
22.20 C) PPL 5x, D) XPL 5x. E) and F) gabbro sample U5212019R6 176.30, E) PPL 2x, F) XPL 2x.
Abbreviations hbl — hornblende, pl — plagioclase, bi — biotite and mg — magnetite.
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Hornblende can commonly be observed with quartz as exsolution texture (Fig. 8A). The quartz
is in very small grains inside of hornblende grain. In some gabbroic samples, some hornblende

forms uralite grains (Fig. 8B). In these grains, the remained textures of pyroxene are still

possible to observe as cleavage as well as quartz inclusions.

Figure 8. Microphotograph presenting A) exsolution texture of quartz in hornblende PPL 5x gabbro
sample U5212020R16 298.40. B) uralite in the Tanhua mafic complex. PPL 5x remained mottled sample
U5212019R6 131.35. Abbreviations hbl — hornblende, pl — plagioclase, qtz — quartz and ur — uralite.

Plagioclase is occasionally observed as poikilitic texture as plagioclase encloses hornblende
crystals (Fig. 9). Various plagioclase grains are zoned as the centre of the grain extinguished in
different time than the outer part of the crystal. The centre of the plagioclase is also more altered
than the outer part of the grain (Fig. 9). The alteration product of plagioclase varies and is either
albite, sericite, or scapolite depending on the sample. Multiple alteration products can also be
present in the same thin section. Scapolite can be found as independent mineral or together with
plagioclase as altered part of the plagioclase grain. The scapolite has high interference colours
indicating meionite endmember and therefore high calcium content. Minor amount of
plagioclase grains are albite law twinned or Carlsbad twinned, but major part of the plagioclase

grains are not twinned.
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Figure 9. Microphotograph presenting poikilitic and zoned texture in gabbros in the Tanhua mafic
complex. A) and B) XPL 5x gabbro sample U5212019R14 64.30. Abbreviations hbl — hornblende, pl —
plagioclase and mg — magnetite.
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In mineralized gabbros of the Tanhua mafic complex, the sulphides are found commonly as
dissemination and veinlets (Fig. 10). The thin section samples were selected to represent typical
rock in the Tanhua mafic complex and not sulphide-rich rocks. In thin sections, the most
common sulphides are pyrite and chalcopyrite. Minor amount of chalcopyrite grains are found
altered to bornite and chalcocite forming rim textures (Fig. 11). Outside of the grain consist of

chalcopyrite, next rim consists of bornite and in the middle is formed of chalcocite. In thin

section, also remotely grains of pyrrhotite are found.

Figure 10. Photographs of drill core presenting the occurrence of sulphide minerals in gabbros in the
Tanhua mafic complex as dissemination and veinlets. A) U2512019R8 116.70. B) U5212019R14 17.50.
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Figure 11. Microphotograph presenting occurrence of chalcopyrite, bornite and chalcocite in gabbros in
the Tanhua mafic complex. The chalcocite has been altered to bornite which has been altered to
chalcocite. Reflected PPL 20x gabbro sample U5212020R10 112.55. Abbreviations ccp — chalcopyrite,
bn — bornite and cc — chalcocite.

Magnetite is present in 19 gabbro samples as main mineral and the modal composition varies
from 5% to 30. These magnetite-bearing gabbros are referred as oxide gabbros and the modal
compositions of hornblende and plagioclase varies from 20 to 45% of hornblende and 25 to
50% of plagioclase. Magnetite can be found mainly as dissemination (Fig. 12) and veinlet in
studied gabbroic samples. The magnetite is commonly altered to leucoxene in grain boundaries
of magnetite (Fig. 13). In majority of the samples, the magnetite occurs alone, but it is possible
to observe magnetite forming core rim textures with titanite. In these cases, the magnetite forms
the core and titanite forms the rim around. In minor amount of samples, the magnetite is located
together with sulphides as ultimate rim of altered sulphides. Oxide minerals are present also, as
accessory minerals in gabbros in the Tanhua mafic complex. Minor amount of magnetite is
found as dissemination in 12 other gabbroic samples. Minor ilmenite is found together with
magnetite or in core-rim texture with titanite replacing magnetite in the core. Titanite is found

as core-rim texture together with other oxide minerals or as solely mineral.
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Figure 12. Microphotograph presenting occurrence of magnetite in gabbros in the Tanhua mafic
complex. Sample U5212020R10 112.55 A) PPL 2x, B) XPL 2x, C) Reflected PPL 2x. Abbreviations hbl

Figure 13. Microphotograph presenting alteration of magnetite to leucoxene. Biotitized mottled gabbro
Sample U5212019R3 253.20. Reflected 10x. Abbreviations mg — magnetite, le — leucoxene.

Chlorite is found along on the cutting veins in minor number of samples (Fig. 14). Near of these
veins also the grade of the metasomatic alteration of plagioclase is the strongest. In gabbroic

samples, the zircon locates together with plagioclase either in the border or inside of the grain.

Figure 14. Microphotograph presenting chlorite vein in gabbro in the Tanhua mafic complex. A) PPL 5x,
B) XPL 5x, both oxide gabbro sample U5212019R3 210.40 Abbreviations hbl — hornblende, pl —
plagioclase, mg — magnetite, chl — chlorite and ti — titanite

One sample U5212020R11 219.19 is macroscopically medium grained, and no orientation is

possible to observe. The colour of the drill core sample is pinkish grey with green dots as
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pyroxene minerals. In thin section, the grain size of major minerals in in average 0.9 mm, but
can be up to 2.2 mm. The sample contains plagioclase and augite, and there is no hornblende
in this thin section (Fig. 15). In this sample, the quartz has been recrystallized to small grains

between larger plagioclase and augite grains, but the granoblastic texture is not possible to

observe. The sample contains accessory magnetite, calcite, and chlorite.

Figure 15. Microphotographs and photograph presenting general texture and presence of augite in
gabbro in the Tanhua mafic complex. Sample U5212020R11 219.19 A) Microphotograph PPL 5x B)
MicrophotographXPL 5x, C) Photograph of drill core. Abbreviations of A) and B) aug — augite, pl —
plagioclase and qtz — quartz.

Mottled gabbro

Mottled texture is present in 21 samples. The mottled gabbro can be either a remained without
biotitization or altered with biotitization. The drill core samples of remained mottled gabbros
have dark grey colour with greenish tone (Fig. 16). The pale minerals as plagioclase are
separated partly from dark mineral as hornblende and therefore the texture is mottled as the

rock samples contain partly pale part and partly darker parts. The samples are weakly oriented.
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Figure 16. Photograph of drill core near of the sample U5212019R6 131.35 presenting remained mottled
gabbro.

In thin sections, the remained mottled gabbro samples contain mainly granoblastic hornblende,
plagioclase, and moderate amount of scapolite as alteration product of plagioclase (Fig. 17).
The hornblende contains quartz exsolution and minor number of grains remain the cleavage of

pyroxenes and therefore are referred as uralite mineral.

Plagioclase grains present zoned texture as centre of the grains is more altered and extinguish
in different time than outside border of the grain. The poikilitic texture is observed as

plagioclase as phenocryst with tiny hornblende grains. In remained mottled gabbros, the

plagioclase and hornblende are partly separated from each other.

Figure 17. Microphotograph presenting scapolite as alteration product of plagioclase in gabbros in the
Tanhua mafic complex. Sample U5212019R3 210.40 A) PPL 5x, B) XPL 5x. Abbreviations hbl —
hornblende, pl — plagioclase and scp — scapolite.

In biotitized mottled samples the biotite grains have been accumulated and formed mottled
texture (Fig. 18). These mottled biotite textures are strongly oriented. The accumulation of
biotite is well observed in both hand samples and in thin sections. In the hand samples the
colour is generally grey apart of the dark biotite accumulations. These accumulations can be up
to 2 cm long and ca. 0.4 cm width. Well-formed biotitized mottled textures are present in ten
studied thin sections and in addition minor accumulation of biotite grains are present in four
other samples. Samples with biotitized mottled texture, the area outside of the mottled texture

are mostly similar to gabbros without the mottled texture.



Figure 18. Microphotographs and photograph presenting general texture of biotitized mottled gabbro in
the Tanhua mafic complex. A) PPL 2x, B) XPL 2x. Sample U5212019R5 83.30 C) Photograph of drill
core sample U5212019R3 95.45. Abbreviations of A) and B) hbl — hornblende, pl — plagioclase and bi —
biotite.

Hornblende is present as slightly oriented with granoblastic texture, but hornblende is also
found with exsolution texture as the quartz has been suffered exsolution. Majority of plagioclase
is recrystallized to form granoblastic texture. Minor plagioclase gains have poikilitic texture as
hornblende occurs inside of the plagioclase phenocryst. The modal composition of hornblende
varies from 10% to 45% and the model composition of plagioclase varies 30% to 45% in

biotitized mottled gabbro samples.

In both, preserved mottled sample and altered mottled samples there are minor amount of
sulphides. The sulphides consist of mainly of pyrite, but also chalcopyrite. Chalcopyrite is
commonly altered first to bornite, which is also altered occasionally to chalcocite. Minor
number of pyrrhotite grains have been observed in mottled samples. Magnetite is found in
altered mottled samples, but it is more abundant in remained mottled samples. In remained
mottled samples, magnetite forms symplectic core rim textures with titanite where the rim does
not cover all sides of the core, but the form of the grains is more complex. The magnetite-
titanite grains form elongated grains in two opposite directions. The resulted texture appears as
net formed by elongated magnetite-titanite grains. The spaces between elongated magnetite-
titanite grains are fulfilled with plagioclase or hornblende grains. In biotitized mottled gabbros

the titanite is absent and magnetite is located as minor dissemination.
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6.1.2 Petrography of the diorite

A total of ten samples were classified as diorites. In hand samples, the diorite texture is
phaneritic and the grain size is medium (Fig. 19). The colour of the drill core samples is medium
grey with greenish tint. Diorites in the Tanhua mafic complex consist mainly of plagioclase and
hornblende. Moderate to minor amount of quartz is present in diorite samples. The modal
composition of hornblende varies from 10% to 30% and the composition of plagioclase from
40% to 55%. All studied diorite samples contain magnetite between 20 and 30%. The amount
of quartz changes from accessory mineral up to 25%. The average grain size of diorites is

between 0.3 mm to 0.7 mm, but the maximum grain size is 2.2 mm.

Figure 19. Microphotographs and photograph presentinggeneral texture of diorite in the Tanhua mafic
complex. Sample U5212019R7 56.85 A) Microphotograph PPL 5x, B) Microphotograph XPL 5x. C)
Photograph of drill core. Abbreviations of A) and B) hbl — hornblende, pl — plagioclase mg — magnetite
and bi — biotite.

Texture of plagioclase and hornblende is mainly granoblastic. Minor amount of exsolution of
quartz from hornblende is possible to observe. Poikilitic texture is common with plagioclase as
phenocryst and hornblende as smaller grains. If biotite is present, it forms granoblastic texture
together with plagioclase and hornblende. One sample (U5212019R8 162.40) present minor
accumulation of biotite grains. The amount of biotite can be up to 10% in dioritic samples.
Magnetite forms dissemination and veinlet in dioritic samples in the Tanhua mafic complex
(Fig. 20). Magnetite is also found together with titanite forming core-rim texture. Minor amount
of sulphides locates in diorites. Main sulphides are pyrite and chalcopyrite, but minor amount
of pyrrhotite can be also found. Chalcopyrite is commonly altered to bornite and chalcocite.

Other accessory mineral are apatite, chlorite, and zircon.
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Figure 20. Microphotograph presenting occurrence of magnetite in diorite in the Tanhua mafic complex.
Sample U5212019R3 277.15 A) PPL 2x, B) Reflected PPL 2x. Abbreviations hbl — hornblende, pl —
plagioclase and mg — magnetite.

6.1.3 Petrography of the tonalite

The tonalite represent the most felsic material in the Tanhua mafic complex. The 11 sample of
tonalitic material were studied. Macroscopic scale the colour of the drill core samples is either
grey with dark parts of pinkish with dark parts, the texture is phaneritic with medium grain size
(Fig. 21). The pinkish colour of in macroscopic scale can be easily confused with granite, but
the pinkish colour is caused by albite as plagioclase is mainly albite in tonalites (Fig. 21). Minor
amount of sulphides are visible. In thin section, tonalites consist mainly of plagioclase and
quartz. The modal composition of plagioclase is between 40% and 70% and the composition of
quartz is between 20% up to 40%. Hornblende is found mainly as accessory mineral, but the
amount of hornblende can be up to 5%. The average grain size in different tonalitic samples

varies from 0.4 mm to 0.8 mm, but the grain size can be up to 3.1 in tonalites.
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Figure 21. Microphotographs and photograph presenting general texture of tonalite in the Tanhua mafic
complex. Sample U5212019R7 120.70 A) Microphotograph PPL 5x, B) Microphotograph XPL 5x. C)
Photograph of drill core. Abbreviations of A) and B) hbl — hornblende, pl — plagioclase, mg — magnetite
and gtz — quartz.

The general texture of tonalites is granoblastic. Plagioclase is found as porphyroblast with
poikilitic textures. The minerals inside of the plagioclase phenocryst are hornblende and biotite.
Commonly plagioclase has strong alteration mostly to albite, but also to scapolite and sericite.
Minor plagioclase grains have zoned textures as the centre is more altered than outside. Minor
amount of plagioclase grains are albite law twinned or Carlsbad twinned (Fig. 22A). All studied
samples contain 5-30% of magnetite. Magnetite forms dissemination and veinlets in tonalite.
Magnetite can be found also overprinting hornblende in tonalitic samples and in these places
the hornblende is strongly altered (Fig. 22B). Zircon, calcite, and apatite are found as rare
accessory minerals (Figs. 22C and 22D). Minor amount of pyrite and altered chalcopyrite are

found. Chalcopyrite is altered to bornite and chalcocite.



Figure 22. Microphotograph presenting A) poikilitic texture and albite twinning of plagioclase, sample
U5212019R4 65.45 XPL 2x B) Magnetite overprint on hornblende, sample U5212019R3 330.35 PPL
5x, C) Occurrence of zircon, sample U5212019R3 330.35 PPL 10x D) Occurrence of calcite in tonalite
in the Tanhua mafic complex, sample U5212019R3 330.35 XPL, 2x. Abbreviations hbl — hornblende, pl
— plagioclase, bi — biotite, mg — magnetite scp — scapolite, qtz —quartz, zr— zircon and cal — calcite.

6.1.4 Petrography of the peridotite

Two samples U5212019R13 82.35 and U5212019R 13 149.05 from the Tanhua mafic complex
present peridotitic rocks. In macroscopic samples the peridotite’s colours is pale grey with
minor dark dots. The samples are not oriented, and the grain size is fine. In the thin section the
main mineral is white amphibole, which extinguish oblique, about 12° ¢ A y and have high
interference colours up to third order blue (Fig. 23). Accessory minerals of peridotite are
magnetite as dissemination and minor amount of pyrite. The samples are not oriented, and the
texture is desccussate. The average grain size is ca. 0.3 mm, and the maximum grain size is 1.2

mm.
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Figure 23. Microphotograph presenting general texture of peridotite in the Tanhua mafic complex. A)
PPL 5x, B) XPL 5x. Sample U5212019R13 82.35, C) Photograph of drill core near of the sample
U5212019R13 149.05 presenting pyroxene in the Tanhua mafic complex. Abbreviations of A) and B)
amp — amphibole and mg — magnetite.

6.1.5 Petrography of the mafic vulcanic rock

Mafic vulcanic rocks are dark greenish greys in macroscopic samples (Fig. 24). The grain size
of the samples is fine, and the drill core samples are moderately to strongly oriented. In thin
sections the mafic vulcanic rocks are strongly recrystallized, and the texture is strongly
granoblastic (Fig. 24). The average grains size is 0.1 mm and grains up to 0.7 mm are found in
mafic vulcanic rock samples. The main minerals are hornblende which model composition
varies between 50 to 55 %, and plagioclase which model composition varies between 45 to 50
%. Minor amount of accessory minerals are present as magnetite, ilmenite, pyrite, chalcopyrite,
chalcocite, bornite, chloride, scapolite and quartz. The mafic vulcanic rocks are weak to
strongly oriented as hornblende grains are elongates and oriented to same direction. The
plagioclase grains are not twinned. The grade of the hydrothermal alteration of plagioclase
varies on different samples from intact to strongly altered. The alteration product is mainly
albite, but minor amount of scapolite is found. Veins cut the vulcanic material and the

hydrothermal alteration is strong along the vein. The chlorite is observed in the vein.
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Figure 24. Microphotograph presenting general texture and grain size of mafic vulcanic rock in the
Tanhua mafic complex. A) PPL 2x, B) XPL 5x. Sample U5212019R14 84.50 C. Photograph of drill core
near of the sample U5212019R14 84.50 presenting vulcanic rock in the Tanhua mafic complex.
Abbreviations of A) and B) hbl — hornblende, pl — plagioclase and mg — magnetite.

6.2 Benchtop Micro-XRF results

Benchtop Micro-XRF elementary maps were made from four samples, which contained three
gabbro samples and one tonalite sample. The scanned elementary maps support the thin section
studies as like found minerals and textures. The benchtop micro-XRF studies also revealed the
location of Co and Zr in the Tanhua mafic complex. The Co is found in pyrite mineral (Fig.

25).
6.2.1 Sample U5212019R8 32.55-32.75

The elementary map made from gabbro sample U5212019R8 32.55-32.75 (Fig. 25) present
well the occurrence of Co in the Tanhua mafic complex. In elementary map, the Co is located
in places where also S is present, but the Cu is not. Indicating that the Co is not in chalcopyrite,
but it is in pyrite. The same spots contain also Fe, but because the majority of the mineral present
in sample U5212019R8 32.55-32.75 contain Fe the elementary map of Fe is not informative
apart to confirm the pyrite mineral. The ratio of pyrite/chalcopyrite in the sample U5212019R8
32.55-32.75 is high and the pyrite is more common mineral than chalcopyrite.
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R832.55-32.75

Figure 25. XRF elementary maps of sample U5212019R8 32.55-32.75 presenting the occurrence of
pyrite and chalcopyrite. In addition, present the occurrence of Co in pyrite. A) sulphur presented, B)
copper presented, C) cobalt presented, D) sulphur, copper and cobalt presented together.
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6.2.2 Sample U5212019R7 44.40-44.50

The dissemination of magnetite in gabbro can be observed in elementary map from sample
US5212019R7 44.40-44.50 (Fig. 26). In the elementary map, the red parts are proposed to be
magnetite as these parts do not contain any other detectable element in benchtop micro-XRF.
The instrument cannot detect oxygen and therefore it is suggested that these parts contain
oxygen also. The map shows that the gabbro consists of mainly hornblende and plagioclase.

Minor amount of biotite and calcite and sulphides are present. The minerals are proposed based

on the elementary content and relative concentration of element in elementary map.
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Figure 26. XRF-elementary maps presenting disseminaion of magnetite in sample U5212019R7 44.4-
44.50. The proposed minerals are based on common element content of minerals. Abbreviations pl —
plagioclase, hbl — hornblende, mg —magnetite, py — pyrite, ccp — chalcopyrite, cal — calcite and bi —
biotite.

6.2.3 Sample U5212020R10 141.85-142.00

Calcite is strongly present in sample U5212020R10 141.85-142.00 (Fig. 27). All blue parts are
proposed to represent calcite as Ca is the unique detected element by benchtop micro-XRF. As
O and C are not delectables with XRF-instrument, they are suggested to be present in blue parts

and completing the calcite mineral. Biotite is proposed based on existence of K and other typical
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mineral in the Tanhua mafic complex do not contain significant amount of K in chemical
formula. In the sample U5212020R10 141.85-142.00 the spectrum gives spike for zirconium
and the zircon is found in the Tanhua mafic complex and are shown in elementary map and
microphotograph (Fig. 28). With the benchtop micro-XRF Si was the only other element

detected together with zirconium. The zircon locates together with plagioclase either inside of

mineral or in grain boundaries of the plagioclase mineral.

R10 141.85:142.00 >
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Figure 27. XRF-elementary maps of sample U5212020R10 141.85-142.00 presenting calcium alteration

of the Tanhua mafic complex. The proposed minerals are based on common element content of

minerals. Abbreviations pl — plagioclase, hbl — hornblende, mg —magnetite, py — pyrite, ccp —
chalcopyrite, cal — calcite and bi — biotite.
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Figure 28. Sample U5212020R10 141.85-142.00 A) XRF spectrum of zirconium. B) Microphotograph of
occurrence of zircon together within plagioclase PPL 20x C) XRF-elementary map presenting the
location of zircon. The proposed minerals are based on common element content of minerals.
abbreviations pl — plagioclase, hbl — hornblende and zr — zircon.

6.2.4 Sample U5212019R5 171.05.171.20

Elementary map made from tonalite sample U5212019R5 171.05.171.20 (Fig. 29) shows
general texture of tonalite. It consists mostly of plagioclase with magnetite as dissemination.
Minor amount of quartz in present. In the elementary map, sulphides can be either pyrite or
chalcopyrite as copper is not show in the map. Sulphides are found as dissemination in tonalite
Sample U5212019R5 171.05.171.20. As Ca together Fe is rare in elementary map, hornblende
1s not common in tonalite sample and is precent as accessory mineral as biotite, and calcite are

also accessory minerals in the sample.
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Figure 29. XRF-elementary maps of sample U5212019R5 171.05.171.20 presenting tonalite in the
Tanhua mafic complex. The proposed minerals are based on common element content of minerals.
Abbreviations pl — plagioclase, hbl — hornblende, mg —magnetite, py — pyrite, gtz — quartz, cal — calcite
and bi — biotite.
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7 Discussion

7.1 The Tanhua mafic complex emplacement and connection of the original

geology

7.1.1 Multiple magma pulses as mechanism of placement

The Tanhua mafic complex has been formed by multiple different magma pulses. The clearest
evidence of multiple magma pulses is the presence of chilled margins within drill cores
(Konnunaho et al., 2022). The chilled margins were observed in revision logging and confirmed
from thin sections. The grain size decreases gradually towards the chilled margin. When
reaching the margin, the grain size is about 0.1 mm. Passing the chilled margin the grain size is
significantly larger, about 0.4 mm. The chilled margins are visible in majority of the drill cores
and example in the drill core U5212019R8 there are four cycles of gradual decreasing of grain
size and chilled margins (Fig. 30). The cross-cutting relationships between the rock units of the
Tanhua mafic complex support that the rock units are not intruded in same time as younger

units cuts the older rock units (Konnunaho, personal communication 23.2.2022).
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Figure 30. A draft presenting the estimated change of the grain size in drill core U5212019R8 between
depths 20m and 55m. The red dots are measured points confirmed with thin sections. The black line is
the estimated grain size along the drill core.

7.1.2 Local variation

In the Tanhua mafic complex (Fig. 31) the mineralogy is similar in Kyldlampi (Fig. 32),
Kannusvaara (Fig. 33), and Markkinaselka (Fig. 34) intrusions. Not all rock types are present
in all studied places, but described rock types are similar regardless of the place. Gabbros and
oxide gabbros are present in all three places and are similar very similar always as they consist
of hornblende, plagioclase and occasionally of magnetite. In Kannusvaara the stratigraphy is
the most complex (Fig. 33) and it is only places where diorite is found, but remained mottled
gabbro is absent. Kannusvaara contains skarn, vulcanic rocks and supracrustal rocks as
xenoliths within the central part of the intrusion. Kyldlampi contains ultramafic peridotite but
is probable that the ultramafic part does not belong to the Tanhua mafic complex and is formed
separately (Fig. 31). Apart of that it has similar mineralogy than Kannusvaara apart from minor
presence of remained mottled gabbro that is absent in Kannusvaara. The supracrustal rock are
stacked in Kyldlampi also as in Kannusvaara, but no skarns or vulcanic rocks are logged.
Markkinaselkd has the simplest stratigraphy as it consists only of four different rock types as
felsic tonalite and intermediate diorite part of the intrusion are absent (Fig. 34). The rock units
are also formed clear units. The most sulphide rich parts of the Tanhua mafic complex are
related to magnetite bearing units as oxide gabbros and tonalites (Fig 33; Konnunaho, personal
communication 23.2.2022). Remained mottled gabbros and biotitized mottled gabbros are poor

in sulphides as well as in magnetite.
7.1.3 Zircon

The elevated Zr content (500-1300 ppm) described by Konnunaho et al., (2022) can be
explained with the presence of zircon mineral (Fig. 28). Benchtop micro-XRF displays, that in
the places where Zr is elevated, Si is detected without other detectable elements in the same
place. That eliminates the other common Zr bearing minerals as monazite as P is absent and

Baddeleyite as Si exist. No-detectable O fulfils the zircon mineral.
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Figure 31. Geological map presenting the localization of three cross-sections (A — A’ Kylalampi, B — B’
Kannusvaara, C — C’ Markkinaselkd) and drill hole of the Tanhua mafic complex. Coordinate system

ETRS-TM35FIN. (Modified after DikiKP and Konnunaho et al. (2022)).
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Figure 32. Simplified cross section of Kylalampi.
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Figure 33. Simplified cross section of Kannusvaara. Red stars symbolize the most significant

mineralizations in the Tanhua mafic complex after Konnunaho et al. (2022).
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Figure 34. Simplified cross section of Markkinaselka.
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7.1.4 Differentiation of magma

High magnetite content of the Tanhua mafic complex indicates elevated Fe concentration in
original magma. As the forming process of the Tanhua mafic complex has been by multiple
magma pulses, the differentiation of magma has not occurred in situ but rather within the
original magma chamber. The magma has been differentiated before the magma is erupted to
the placement. Based on unpublished geochemical data, the differentiation trend has been
tholeiitic. The Tanhua mafic complex does not bear evidence of layered structure except some
larger petrographic units which can be followed to other drill cores. The different rock units of
the Tanhua mafic complex are placed in disorder in different drill cores and same rock units are
difficult to identified in other drill cores (Fig. 33). The same rock unit can be repeated various
times in same drill core and different magma pulses of the same rock types can be seen
following each other in same drill core. The differentiation trend cannot be followed upwards
in the Tanhua mafic complex rather the more felsic material can be between two mafic rock

units.

7.1.5 Effect of metamorphosis

The area of the Tanhua mafic complex is strongly metamorphosed in middle amphibole facies
(Holttd & Heilimo, 2017) and the results of this study support that as hornblende is common
secondary mineral in the Tanhua mafic complex. Therefore, the original augite, which is present
only in one sample, is metamorphosed to hornblende in conditions of amphibole facies. Also,
the metasomatic processes have occurred as sulphides are found in the Tanhua mafic complex
and it has been significantly hydrothermal altered. The common alteration processes of the
Tanhua mafic complex for plagioclase are albitization, scapolitization, and calcitization as
anorthite is altered to albite, scapolite or calcite, and for hornblende common alteration is
biotitization. Also, leucoxene is common alteration product of magnetite. Therefore, the
original textures and minerals of the Tanhua mafic complex are hardly seen and it increases the
uncertainty of the interpretation. As the mafic vulcanic rock is also strongly metamorphosed
and it appears as amphibolite, therefore it is hard to be sure of the protolith of the rock and some

mafic vulcanic rock samples might be originally gabbros.
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7.2 Comparation to other mafic intrusion types in northern Finland
7.2.1 Metasomatised mafic intrusives in northern Finland

The Tanhua mafic complex belongs to the metasomatized mafic Co-enriched intrusions in
northern Finland as the similarities with Hietakero (Konnunaho et al., 2018), Iso-Povivaara
(Karvinen, 1983), Kelujoki (Karvinen, 1982) are significant and the attributes of the Tanhua
mafic complex support the hypothesis. Compared to the Hietakero mafic intrusion (Fig. 1),
Tanhua mafic complex has several similarities as both the Tanhua mafic complex and Hietakero
mafic intrusion contain elevated Co-Cu content and the Co is located in pyrite mineral lattice
although in Hietakero Co is located also in pentlandite. Both deposits are associated with oxide
enriched gabbroic bodies and contain veinlets and net-textures of sulphides like pyrrhotite,
pyrite and chalcopyrite. The dissemination of sulphides is rare in Hietakero mafic intrusion, but
relative common in the Tanhua mafic complex. Both Hietakero mafic intrusion as well as the
Tanhua mafic complex has been metamorphosed in middle amphibole facies (Holttd &
Heilimo, 2017) and significantly hydrothermal altered. The albitization and scapolitization have
been observed in both. The primary magmatic silicate minerals are rare in both intrusions. The
country rocks of both intrusions consist of supracrustal rocks formed in basin environment, but
country rocks of Hietakero mafic intrusion represents more deep sea environmental as it
consists mainly of graphite-sulphide-bearing schist and felsic to intermediate vulcanic rocks.
However, country rocks of the Tanhua mafic complex represent shallower basin environment
with limited amount of deep-sea environmental rock as quartzite and biotite-schist and mafic
to intermediate vulcanic rocks. The Hietakero mafic intrusion itself contain ultramafic parts
which are absent in the Tanhua mafic complex at least current erosion level and drill holes.
Instead the Tanhua mafic complex contains felsic and intermediary parts as tonalites and
diorites. The cumulate texture is observed in Hietakero mafic intrusion, but it is not observed
in the Tanhua mafic complex as the primary textures are not reserved. Mineralogically both
intrusions are similar, with some difference. The main minerals in both are hornblende and
plagioclase, but clinopyroxene and actinolite are absent in the Tanhua mafic complex and
scapolite is not as common as in Hietakero mafic intrusion. The Hierakero mafic intrusion does
not contain the mottled texture (Konnunaho et al., 2018). The intrusions of Kelujoki and Iso-
Povivaara have similarities with the Tanhua mafic complex as Co-bearing pyrite is related to
metasomatized gabbro intruded to Paleoproterozoic supracrustal rocks. As both intrusions
remain poorly studied, the larger comparations are not possibles. The age determinations are

made only from the Tanhua mafic complex and Iso-Povivaara giving the same age. Thet
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indicates that they are related to same magmatism. Even there are no age determination made
from Hietakero and Kelujoki, they probably are related to same magmatism 2.14 Ga ago

because similarity of gabbros and geological location in CLGB.
7.2.2 Mafic-ultramafic 2.5-2.4 Ga layered intrusions in northern Finland

Compared to the layered intrusions formed by magmatism of 2.5-2.4 as Koitelainen intrusion
the Tanhua mafic complex has several differences. The Tanhua mafic complex lacks the
characteristic layered structure that is present in Koitelainen mafic intrusion. Mineralogically
the Koitelainen intrusion consists of the ultramafic part, the mafic part and felsic part, but lacks
intermediate rocks (Fig. 31). In the Tanhua mafic complex lacks ulramafic part, but the mafic
part is mineralogically different compared to the Koitelainen intrusion as gabbro of Koitelainen
contains cumulates of plagioclase, orthopyroxene and clinopyroxene, but gabbro of Tanhua
does not contain cumulates and the pyroxenes has been metamorphosed to mainly hornblende.
Also, then felsic part of Koitelainen intrusion is different than the tonalites of the Tanhua mafic
complex as in Koitelainen the felsic part consists of anorthosites compared to tonalites. The
main potentially economical metals of Koitelainen are Cr and PGE, but the Tanhua mafic

complex contain instead Co-Cu mineralization.
7.2.3 Ni-Cu-Co-PGE deposits in mafic-ultramafic intrusives in northern Finland

The Tanhua mafic complex differs significantly when compared to example Kevitsa mafic-
ultramafic intrusion, which is example of Ni-Cu-Co-PGE deposit in mafic-ultramafic intrusive
in northern Finland. Kevitsa mafic-ultramafic intrusion is little younger than the Tanhua mafic
complex. Kevitsa consists mostly of ultramafic rocks as poikilitic olivine websterite and the ore
is mainly located in ultramafic rocks (Fig. 32). As mentioned earlier, the Tanhua mafic complex
lacks ultramafic rocks. Both complexes have been metamorphosed and pyroxenes have been
altered to amphiboles. The Kevitsa intrusion is metamorphosed in middle amphibole facies
(Holttd & Heilimo, 2017). Hydrothermal processes are caused amphibole and serpentine-
chlorite alteration to Kevitsa intrusion (Luolavirta, 2018). Gabbroic part of the Kevitsa intrusion
contains minor amount of magmatic olivine, which is not present in the Tanhua mafic complex,
and clinopyroxene, which is rare in the Tanhua mafic complex. In the Tanhua mafic complex,
the boundaries between different rock types are generally chilled margins, but in Kevitsa
intrusion the boundaries normally are gradual and sharp contact are absent. As the Kevitsa

intrusion is Ni-Cu-PGE deposit, the ore contain mainly pentlandite and chalcopyrite with
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moderate amount of pyrrhotite and magnetite, which are found mainly as dissemination in
interstitial spaces between cumulates. The location and type of ore is different in the Tanhua
mafic complex as pentlandite is not found and the ore is located as dissemination and veinlets

without textural control (Santaguida et al., 2015, Makkonen et al., 2017).

7.3 Mineralization types and indication to ore forming processes, ore

potentiality and exploration
7.3.1 Cobalt

Cobalt is found inside of the pyrite crystal lattice. As the chemical formula of pyrite is FeS> and
in this case the Fe-ion occurs with oxidation state +2. Co-ion has been found with oxidation
states of -3, -1, 0, +1, +2, +3, +4 and +5, but normally Co occurs in oxidation states of +2 and
+3. Co**-ion has similar attributes with Fe?"-ion as the oxidation state is same and the radius
of these two ions are quite similar. Therefore, the Co®" substitutes Fe** as cation in lattice of
pyrite (Greenwood & Earnshaw, 1997; Rollinson, 1993). The Co/Ni ratio has not been
calculated from pyrite, but as the Co content of the Tanhua mafic complex is high and Ni
content is low (Konnunaho et al., 2022), the Co/Ni1 in pyrite should be higher than 1, indicating
hydrothermal mineralization rather than sedimentary origin (Raymond, 1995). Vasilopoulos et
al. 2020 suggests that in later ca. 1.93-1.76 Ga, strongly altered Au-Co deposit of Juomasuo in
Paleoproterozoic greenstone belt the mineralization have occurred in different stages. In the
mineralization the Co locates also in pyrite as in the Tanhua mafic complex, but also in
pyrrhotite. The first stage has been strong albitization as majority of the rock has been altered.
The second stage has been chloritization-biotization, which has formed the part of the Co
mineralization. The third stage has been sericitization, which has formed the main part of Au-
Co mineralization. Even Juomasuo deposit has differences with the Tanhua mafic complex e.g.,
host rock of Juomasuo is not limited to rocks within igneous origin and the presence of Au, the
similar processes could have brought the Co to the Tanhua mafic complex. Vasilopoulos et al.
2020 propose that the Co of Juomasuo deposit (Fig. 1) is from mafic metavulcanic rocks which
has been moved by highly saline, reduced hydrothermal fluids. Therefore, the origin of Co
might be vulcanic from older Paleoproterozoic rock and moved by fluid activism to the Tanhua

mafic complex itself (Bralia et al., 1979).



59

7.3.2 Source of sulphur

The source of sulphur of the Tanhua mafic complex is suggested not to be magmatic origin
rather than delivered from country rock (Konnunaho et al., 2022). The schists are generally
thought to be source of sulphur. There are not available sulphur isotope analyses from the
Tanhua mafic complex, therefore the more complex indication of the source of sulphur are hard
to make. But based on the information that the Tanhua mafic complex is mainly surrounded by
quartzites, and the schist are more prominent source of sulphur, the sulphur source has been in
deeper crust below the Tanhua mafic complex. As the Paleoproterozoic CLGB contains large
portion of schist, it seems possible that below the Tanhua mafic complex and country rocks
locates schists. The sulphur would have come to the Tanhua mafic complex either by
hydrothermal processes from schist or the magma channel would have penetrated the schist and
bring the sulphur to the Tanhua mafic complex. The sulphide-bearing liquids are dense and
therefore hard to transport vertically upwards (Barnes et al., 2015). Therefore, the source of S
should be relative imminent below the Tanhua mafic complex itself if S is brought upwards
through magma channel. Other option is downward injection (Barnes et al., 2015), the S source
would have been above the Tanhua mafic complex, but it would not exist anymore with current

erosion level.
7.3.3 Ore potential of metasomatized mafic intrusives in northern Finland

Four mineralized metasomatized mafic intrusives are known in northern Finland. Neither of
these deposits are economical important, but the existence of these deposits indicates that other
similar intrusion can exist in northern Finland. Probably the most important element of this type
of deposits would be Co-(Cu-Ni). If the size of the mineralization is larger than in the Tanhua
mafic complex or Hietakero and the concentration of Co is higher, together with associated Cu
and Ni, the deposit could be economical. As Co is important element in green transition, and it
is listed as critical raw material in EU, the metasomatized mafic intrusives might be potential

source of these elements in future.

The information known by this day suggest that the original mafic magma should be around
2.15 Ga. To be formed this type of deposits need to have source of Co and S as Co is locates in
pyrite and pyrrhotite. All known deposits are intruded in supracrustal rocks of CLGB. Similar
country rock might be requisite to form this type of deposits as schist would be needed as the

source of sulphur and the Co is also probably came in hydrothermal processes from country
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rock as vulcanic rocks. As the S and Co are results from hydrothermal process, the hydrothermal
activity should have been high to enable this type of deposit. Therefore, the intrusion would be

strongly altered along the entire intrusion.
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8 Conclusions

1. The rocks of the Tanhua mafic complex can be divided into three different rock types:
gabbro, diorite, and tonalite based of the ratio of hornblende, plagioclase and quartz.
Additionally, the gabbros of the Tanhua mafic complex can be further divided into four

groups: gabbro, oxide gabbro, remained mottled gabbro, and biotitized mottled gabbro.

2. The Tanhua mafic complex is strongly metamorphosed in middle amphibole facies and
strongly hydrothermal altered. Plagioclase is altered to albite, scapolite, sericite, and
calcite. Pyroxene is restabilized to hornblende and quartz. Hornblende is further altered

to biotite.

3. The Tanhua mafic complex has been emplaced by multiple magma pulses based of
existing chilled margins and lack of layered structure. Different rock units of the Tanhua

mafic complex are in nonspecific order.

4. Co is located into lattice of pyrite replacing Fe** ion discovered by benchtop micro-
XRF. The elementary map shows clear evidence of the relation of Co and S. Pyrite, and
chalcopyrite are the major sulphide minerals in the Tanhua mafic complex, present as

dissemination and veinlets.

5. Metasomatized mafic intrusives such as the Tanhua mafic complex can be potential
economical source of Co-(Cu-Ni). The mafic magma together with supracrustal rock of
CLGB and strong hydrothermal process can form economically important Co-enriched

sulphide deposits.

6. Zirconium is present as zircon mineral, which explain the high Zr (up to 1300 ppm)
content on some whole rock analyses samples. Zircon locates inside or in boundaries of

plagioclase grains in the rock types of the Tanhua mafic complex.
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Source Fennoscandian ore deposit database. Referred in 10.08.2023.
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Deposit n Commoditiesﬂ Resources (Mt)n Resources (%/ppm)n Calc method n Calc yearid
Kemi Cr;0, 130.9 28.935% PERC Code 2020
Penikat (Kirakkajuppura) Total 0.011 Non-compliant 1990
PGE 35.29 ppm
Pd 23.5 ppm
Pt 10.7 ppm
Au 0.13 ppm
Rh 1.09 ppm
Penikat (Sompujarvi) Total 0.115 Non-compliant 1990
PGE 32.52 ppm
Pd 19.8 ppm
Pt 11.3 ppm
Au 0.15 ppm
Rh 1.42 ppm
Penikat (Sompuoja) Total 0.072 Non-compliant 1996
PGE 34.82 ppm
Pt 12.54 ppm
Pd 20.69 ppm
Au 0.13 ppm
Rh 1.59 ppm
Penikat (Sompujarvi Reef Total 6.7 Non-compliant 1990
PGE 8.82 ppm
Pd 5.36 ppm
Pt 3.08 ppm
Au 0.1 ppm
Rh 0.38 ppm
Penikat (Ala-Penikkavaar: Total 3.5 Non-compliant 1990
PGE 7.95 ppm
Pd 6.16 ppm
Pt 1.68 ppm
Cu 0.210%
Au 0.28 ppm
Ni 0.100%
Rh 0.11 ppm
Penikat (Paasivaara) Total 5 Non-compliant 1990
PGE 6.7 ppm
Pd 2.58 ppm
Pt 4.04 ppm
Cu 0.280%
Au 0.61 ppm
Rh 0.08 ppm
S 0.630%
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Portimo (Siika-Kdma Reef total 49.4 JORC code 2004
Pd 2.448 ppm
Ni 0.082%
Pt 0.665 ppm
Cu 0.100%
Au 0.07 ppm
Portimo (Nutturalampi) Total 0.4 non-compliant 1990
PGE 7 ppm
Pd 5.5 ppm
Pt 1.5 ppm
Cu 0.090%
Au 0.15 ppm
Portimo (Kilvenlatvalamp Total 3.2 non-compliant 1995
Pd 1.419 ppm
Cu 0.500%
Pt 0.475 ppm
Portimo (Koivukivalonaag Total 0.84 non-compliant 1990
PGE 8.1 ppm
Cu 0.100%
Au 0.17 ppm
Pd 6 ppm
Pt 2.1 ppm
Portimo (Kilvenjarvi offse total 0.7 non-compliant 1986
PGE 8.39 ppm
Pd 7.27 ppm
Cu 2.740%
Pt 1.12 ppm
Au 0.8 ppm
Ag 6.7 ppm
S 3.370%
Portimo (Kivijoki Offset) Total 0.175 non-compliant 1987
PGE 2.56 ppm
Pd 2.5 ppm
Cu 6.110%
Au 0.84 ppm
Ni 0.280%
Pt 0.06 ppm
Portimo (Yli-Portimojarvi total 29.8 non-compliant 2000
PGE 1.3 ppm
Pd 1.12 ppm
Au 0.11ppm
Pt 0.18 ppm
Portimo (Niittylampi) total 1.037 non-compliant 1986
PGE 0.95 ppm
Ni 0.670%
Pd 0.68 ppm
Pt 0.27 ppm
Cu 0.490%
Co 460 ppm
Portimo (Vaaralampi) total 32 Ni 43-101 2011
PGE 0.93 ppm
Ni 0.310%
Pd 0.68 ppm
Pt 0.25 ppm
Cu 0.200%
Au 0.07 ppm
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Portimo (Suhanko) total 1 non-compliant 1986
PGE 1.1 ppm
Ni 0.200%
Cu 0.310%
Au 0.03 ppm
Pd 0.9 ppm
Pt 0.2 ppm
Portimo (Ahmavaara) total 187.77 Ni 43-101, UNFC Code 2006
Pd 0.825 ppm
Ni 0.069%
Cu 0.175%
Pt 0.17 ppm
Au 0.1 ppm
Co 0.007%
Portimo (Konttijarvi) total 75.24 CIM standarts, UNFC Cc 2006
Pd 0.953 ppm
Ni 0.046%
Cu 0.097%
Pt 0.271 ppm
Au 0.073 ppm
Co 0.004%
Koillismaa (Murtolampi) total 3 Ni 43-101 2022
Pd 0.4 ppm
Pt 0.22 ppm
Au 0.05 ppm
Cu 0.110%
Ni 0.140%
Co 94 ppm
Koillismaa (Kaukua) total 66 Ni 43-101 2022
Pd 0.578 ppm
Ni 0.121%
Pt 0.21 ppm
Au 0.073 ppm
Cu 0.136%
Co 73.095 ppm
Koillismaa (Haukiaho) total 18.9 Ni 43-101 2022
Pd 0.27 ppm
Pt 0.11 ppm
Ni 0.140%
Au 0.1 ppm
Cu 0.180%
Co 54.3 ppm
Koillismaa (Lavotta) total 3 non-compliant 1980
PGE 0.4 ppm
Ni 0.210%
Pd 0.3ppm
Pt 0.1 ppm
Au 0.05 ppm
Cu 0.260%
Ag 0.07 ppm
Koillismaa (Rusamo) Total 1.5 non-compliant 1983
PGE 0.65 ppm
Ni 0.240%
Cu 0.360%
Au 0.15 ppm
Pd 0.46 ppm
Pt 0.19 ppm
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Koillismaa (Mustavaara) Total 145.9 CIM standarts 2020
Vv 1383 ppm
Fe 96110 ppm
Ti 5640 ppm
Sakatti Total 44.4 JORC code 2016
Ni 0.959%
Cu 1.902%
Co 0.046%
Pt 0.639 ppm
Pd 0.489 ppm
Au 0.33 ppm
Kevitsa Total 138.74 PERC code 2021
Ni 0.223%
Cu 0.349%
Pd 0.084 ppm
Pt 0.132 ppm
Co 0.011%
Au 0.074 ppm
Koitelainen (Koitelainen'V 5.817 1.260% JORC code 2019
Koitelainen (Koitelainen total 70 non-compliant 1997
Cr;0, 21.000%
V 0.400%
PGE 1.1 ppm
Koitelainen (Koitelainen [total 2 non-compliant 2002
Cr;0, 23.000%
Pd 0.9 ppm
Pt 0.48 ppm
PGE 1.38 ppm
Akanvaara (Akanvaara UC total 18.1 non-compliant 1998
Cr;0, 22.800%
V 0.400%
PGE 0.92 ppm
Akanvaara (Akanvaara Ga total 20 non-compliant 1998
\Y 0.340%
Cu 0.100%
Ag 2.5 ppm
Akanvaara (Akanvaara UL(Cr;0, 10 15.260% non-compliant 2006
Akanvaara (Akanvaara LC) total 27 non-compliant 1998
Cr;0, 15.650%
Pd 0.08 ppm
Pt 0.52 ppm
PGE 0.6 ppm
Kelujoki total 1.5
Cu 0.200%
Co 0.030%
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