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1. INTRODUCTION 

 

1.1. Study area and the aims of the study 

 

The mafic-ultramafic Kevitsa intrusion is located within the Central Lapland Greenstone 

Belt, northern Finland, 35 kilometers north from Sodankylä (Figure 1). According to 

Santaguida et al. (2015) the Kevitsa intrusion is emplaced during intracontinental rifting 

and Mutanen and Huhma (2001) have dated the intrusion to be approximately 2.06 Ga 

old. Mutanen (1997) and Koivisto et al. (2015) suggest that the funnel-like Kevitsa 

intrusion dips south-southwest and extends to a depth of about 1.5 km. The thickness is 

proven also by drilling (Santaguida et al. 2015). According to Mutanen (1997) the surface 

area of intrusion is circa 16 km² and comprises ultramafic rocks, gabbros, granophyres, 

pelitic hornfels xenoliths and a large peridotite-hornfels xenolith. The geological surface 

map of the Kevitsa intrusion and the surroundings is presented in Figure 1 (constructed 

after GTK bedrock map dataset). According to that the surface area of intrusion is 

dominated by pyroxenites and gabbros. 

 

According to Luolavirta (2018b) the ore deposit area is composed of lithological and 

mineral compositional variations and a variety of inclusions and xenoliths. She suggests 

that this is due to multiple magma inputs. Outside the deposit area the stratigraphy 

consists pyroxenite-gabbro at the bottom of the intrusion, overlaid by olivine pyroxenite, 

pyroxenite and gabbro, respectively (Luolavirta 2018b). According to Lehtonen et al. 

(1998), Koivisto et al. (2012) and Yang et al. (2013) country rock consist of layered 

Paleoproterozoic sedimentary-volcanic rocks, including pelitic sedimentary mica and 

black schists as well as komatiitic lava flows and tuffs. According to Yang et al. (2013) 

the sedimentary country rocks contain variable amounts of graphite. 

 

Koivisto et al. (2015) have studied the contact of the intrusion to the country rock and 

separable lithological units within the intrusion with seismic reflection surveys. They 

suggest that the related Kevitsa and Satovaara intrusive complexes are part of one 

complex separated by Satovaara Fault Zone formed during the Svecofennian orogeny. 

This suggestion is based on the 2D reflective studies done in 2007 and is also supported 

by Mutanen (1997).  However, according to Luolavirta (2018c), the genetical relationship 
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of these two intrusions hasn’t been proved. Koivisto et al. (2012) also propose that 

structures originated during the evolution of Satovaara Fault Zone have overprinted parts 

of the area, especially the eastern margin of the intrusion. 

 

Kevitsa mine has been operating since 2012 first operated by First Quantum Minerals Ltd 

and onward from 2016 by Boliden Mineral AB. Kevitsa intrusion and its surroundings 

have been comprehensively studied over decades. Geologian tutkimuskeskus (GTK, 

Geological Survey of Finland) has conducted multiple geological projects in the Kevitsa 

area since 1960’s, including ore petrology studies, geological mapping, geophysical 

surveys, exploration work and geochemical studies (e.g. Mutanen 1988, 1994, 1997, 

Hirvas 1994, Pernu 1994, Jokinen and Valli 1994a, 1994b, Törmänen and Iljina 2007). 

According to Mutanen (1997) mapping and exploration has been active in the area from 

the 1973 being escalated after Kevitsa deposit was discovered by GTK in the 1987. In 

Figure 1. Location of the drillhole KVX018 and geologic map around Kevitsa mine. The ore occurs 
within the pyroxenite part. In index map is presented Central Lapland greenstone belt and the location 
of the drillhole. Bedrock map modified after GTK dataset; index map modified after Niiranen et al. 
(2014). Coordinates are from Finnish KKJ projection (Zone 3), which is used at Kevitsa mine. 

 

KEVITSA 

KVX018 

CENTRAL 
DUNITE 
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addition to GTK’s work in the area, Kukkonen et al. (2008), Koivisto et al. (2012, 2015) 

and Malehmir et al. (2012, 2018) have conducted geophysical studies in the Kevitsa 

intrusion including 2D and 3D seismic reflection surveys, while e.g. Yang et al. (2013) 

have studied the origins of minerals and Luolavirta (2018c) has studied the magmatic 

evolution of the Kevitsa intrusion. Recent talc alteration study has been done by 

McDonald (2020). 

 

The Kevitsa open pit mine is a Ni-Cu-PGE (platinum group elements) magmatic sulfide 

deposit, and the mineralization occurs mainly as dissemination. This study examines in 

detail the drillhole KVX018 which intersects the basement contact of the Kevitsa 

intrusion at the depth (along the drillhole) of about 1771.75 meters (Figure 2). The 

lowermost few hundred meters of the drillhole is associated with distinctly low resistivity 

which yet has no clear explanation. The recognized low resistivity zone of the bottom 

parts of KVX018 is unique for the study area and has not been examined in detail yet. 

After the significantly low resistivity layer in the intrusion, resistivity slowly increases 

towards the end of the drillhole (Figure 23). 
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The goals of this study are 1) to comprehensively characterize the petrology and 

geochemistry of the bottom contact and the drill core KVX018 from 1551 meters to 1878 

meters 2) to interpret the origin of the low resistivity zone observed in the drillhole 

geophysical survey and 3) to interpret whether there is a relationship between the 

mineralogy and the low resistivity. The lithology of the studied interval of the drill core 

together with photos of representative samples of studied rock types are presented in 

Figure 3. The rock types and their characteristics are presented and discussed in detail 

later in this paper. By precise characterization of the petrography of the lowest 325 meters 

of the drill core, the relationships between the petrographic and drillhole geophysical 

characters can be interpreted. In this study, besides the mineralogical study of the drill 

core samples, geochemical analysis was completed. This study aims to provide insights 

about the possible causes of low resistivity in drillhole and interpret the relationship 

between mineralogy and low resistivity. 

  

Figure 2. Drillhole KVX018 penetrates through the Kevitsa intrusion and its basal 
contact. In yellow is the modelled Kevitsa ore shell and in red in the drillhole is the Cu 
concentrations over 0.15 %. View is towards north. (Teemu Voipio, Boliden FinnEx Oy, 
personal communication, 2020) 
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Figure 3. Primary rock type lithology of the studied section of the KVX018 drill core (estimated by 
Boliden FinnEx Oy) and representative examples of different rock types and their locations. Rocks 
presented on right are sampled and studied in this paper. 
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1.2. Ni-Cu-PGE Deposits 

 

As summarized by e.g. Naldrett (2011) the main processes leading to the formation of 

economic magmatic Ni-Cu-PGE sulfide deposits are 1) initial mafic-ultramafic magma 

enriched with metals due to high degree of partial melting, 2) rapid ascent into the crust 

with minimum fractionation of sulfides or olivine, 3) crustal contamination of magma by 

sulfide-bearing country rocks causing sulfide saturation, 4) interactions between sulfides 

and magma resulting to sulfide enrichment in metals and 5) mechanical concentration of 

sulfides. 

 

During mantle melting, sulfide, chalcophile and siderophile elements are incorporated 

into silicate melt. Concentrations of chalcophile and siderophile elements in silicate melt 

depend on the degree of partial melting. When magma ascends into the crust, sulfide-

saturation occurs through magma contamination and depletion of other elements by 

crystallization. From sulfur saturated magma separate sulfide melt phase can form and 

chalcophile and siderophile elements strongly partition into the sulfide phase. Formed 

dense droplets settle and accumulate generally on the bottom of the intrusion unit. Ni-Cu-

PGE systems are commonly open magma systems which provides suitable environment 

for concentration of immiscible sulfide melts. (Ridley 2013, Naldrett 1999.) 

 

According to Ridley (2013) Ni-Cu-PGE ore deposits can present texturally massive 

sulfide ore with over 50 volume-% sulfide in lenses, net-texture or matrix ore in which 

sulfide encloses silicate minerals, stringer or veinlet ore of small irregular segregated 

sulfides, or disseminated ore that has various sized xenomorphic sulfide grains within 

silicate matrix. In the known ores the tenor (of Ni or Cu) varies from a few per cent up to 

20 %. Sulfide ore bodies commonly form at or near the base of intrusion and occur as a 

complex lens-like shapes. (Ridley 2013.) 

 

PGEs are metallic elements that have low concentrations in the earth’s crust and mantle 

due to differentiation of the early Earth into crust, mantle and metal-rich core. The 

elements include platinum, palladium, ruthenium, rhodium, osmium and iridium. PGEs 

are presented in the Ni-Cu-PGE ores as by-products at concentrations of an order of 1 

ppm. 
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According to Ridley (2013) monosulfide solid solutions have crystallized directly from 

the sulfide melt, and those have recrystallized into the present sulfide minerals later 

during cooling. He suggests that the recrystallization has occurred at temperatures below 

magmatic temperatures, recrystallizing the original minerals into ore minerals. For 

example, the so called intermediate solid solution (i.e. solid solution not extended to pure 

components of the system) is recrystallized into chalcopyrite at around 300 °C and at 

similar temperatures the monosulfide solid solution (here a continuous solid solution 

between Fe- and Ni-end members) is recrystallized into pentlandite and pyrrhotite (Ridley 

2013). 

 

1.3. Petrophysics 

 

Resistivity (ρ) is a dimension-independent physical property and refers to the ability of 

the material to oppose the flow of electric charge. In other words, low resistivity materials 

allow electric current. The inverse of resistivity is conductivity (σ). The variation of 

resistivity and conductivity in earth materials is presented in Figure 4. Metals have low 

resistivity and are classified as good conductors, unlike e.g. silicon, which has 

intermediate conductivity and is classified as semiconductor, and non-metals like sulfur, 

which has poor conductivity and is classified as insulator. 

 

Rock resistivity is affected by temperature, rock type, free water content and salinity, as 

well as porosity, pore connectivity and alteration of the rock. Resistivity decreases with 

increasing saturation and/or salinity. For the semiconductors, like silicon materials, 

increasing temperature decreases resistivity but for metallic elements increasing 

temperature increases resistivity. Also, oxidation of metallic minerals increases the 

resistivity. Resistivities can vary significantly for different rock types (Figure 4), minerals 

and elements (Table 1). For example, resistivity of quartz varies a lot with temperature, 

but at 18 °C it is between 1012-1014 Ωm (Ohm-meter) when at same temperature resistivity 

of copper is 1.7*10-8 Ωm. (Sandenaw and Gibney 1958, Carmichael and Klein 2020.) 

Most common rock types near the near the surface of earth have low conductivity (i.e., 

high resistivity). Therefore, conductivity if it exists, is due to groundwater in pores, 

fractures and along grain boundaries (Hersir and Árnason 2009). Generally, groundwater 
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is an aqueous salt solution. The electrical conductivity of aqueous solutions increases with 

increasing content of dissolved elements. 

 

 

 

Table 1. Resistivities of some materials. If not mentioned, 
resistivities are reported at 20 °C. Materials considered as good 

conductors have resistivities from 10-7 to 10-1 Ωm. (After 

Helmenstine 2019 and Carmichael and Klein 2020). 

MATERIAL RESISTIVITY (Ωm) 

Quartz (at 18°C)* 10¹²–10¹⁴ 

Aluminum 2.82 ×10⁻⁸ 

Graphite** 10⁻³–10⁻⁶ 

Copper 1.68 ×10⁻⁸ 

Nickel 6.99 ×10⁻⁸ 

Iron 10⁻⁷ 

Sulfur 10¹⁵ 

Pyrrhotite (1–6) ×10⁻³ 

Chromite ore > 10⁴ 

Pyrite ore 10⁻²–10³ 
Note: * = resistivity of quartz varies a lot with temperature,  
** = resistivity of graphite depends on the angle between the 
plane observed and basal plane 

 

 

  

Figure 4. Ranges of resistivities and conductivities of earth materials (after Palacky 1988). 
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Clay content in rocks decrease the resistivity, e.g. for shales the resistivity is relatively 

low (Figure 4). This is due to the ion exchange capacity of clay minerals. The effect of 

alteration depends strongly on the alteration products. For example, Hersir and Árnason 

(2009) found out a clear correlation with resistivity and alteration mineralogy in the 

Nesjavellir geothermal field. According to them, the resistivity decreased, and rock 

become conductive, in the zone where dominant alteration minerals were minerals with 

loosely bound cations (in this case smectite and zeolites) (Deer et al. 1962, according to 

Hersis and Árnason 2009). The resistivity increased when alteration mineralogy changed 

into chlorite minerals, which have tighter ion bounds (suggested by Deer et al. 1962 

according to Hersis and Árnason 2009). In unaltered part the conductivity was dominated 

by pore fluid conduction. (Hersir and Árnason 2009.) Asrafil et al. (2019) observed 

intense alteration zones around a mineralized hydrothermal deposit in Kasihan Area, East 

Java. The alteration zones were characterized by low resistivity and low chargeability, 

whereas the mineralized zone itself had low resistivity together with high chargeability. 

They interpreted the alteration zones as clay minerals replacing plagioclase and pyroxene. 

According to Allis (1990) argillic-propylitic alterations around the epithermal deposits he 

studied, were associated generally with low resistivity and low magnetization anomalies. 

He also suggests that the high peak in resistivity observed in his study was caused by a 

local silicification. 

 

Magnetic susceptibility tells how much the material is magnetized by applied magnetic 

field. Material under applied field adds its own magnetic field on top of the original field 

and will strengthen or weaken that. The effect of materials on the magnetic field depends 

on whether the material is paramagnetic or diamagnetic. Paramagnetic materials are 

attracted by the added field and form an internal magnetic field in the direction of an 

applied field. Susceptibility for paramagnetic materials is positive but the value is small. 

Diamagnetic material acts the opposite way and their susceptibility is negative. Besides 

para- and diamagnetic materials, ferro-, antiferro- and ferrimagnetic minerals are also 

present in rocks. Ferromagnetic materials are strongly attracted by magnets or become 

permanent magnets after exposure to external magnetic field. Antiferromagnetic material 

will not get magnetized and the strength of the susceptibility is similar to susceptibility 

of paramagnetic material. Ferrimagnetic materials can become partly magnetized but the 

strength of the magnet is lower than for ferromagnetic materials. (Britannica 2006.) 
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Generally magnetic susceptibility of a rock is controlled by the amount and type of 

ferromagnetic minerals in a rock (Hrouda et al. 2009). Some examples of ferromagnetic 

materials are iron, nickel and cobalt, whereas hematite is antiferromagnetic and magnetite 

and pyrrhotite are ferrimagnetic (Britannica 2006). 

 

Chargeability tells the ability of a rock to store electrical charge. Chargeability is 

commonly referred as induced polarization (IP) effect. The IP effect describes the 

charging of a material after electric current have passed through the material. IP effect 

can be measured together with resistivity. Chargeability is affected for example by the 

grain size, mineral type, type and mobility of ions in fluids, and the amount of surface 

area (Jones 2007). Also texture of conductive mineral is important, and the IP method is 

used for exploration of disseminated mineralization (Gandhi and Sarkar 2016). Typically 

disseminated conductive minerals produce stronger chargeability than massive textures 

(Ilmo Kukkonen, University of Helsinki, personal communication, 2021). According to 

Telford et al. (1976, according to Jones 2007) chargeability is not affected by 

groundwater. However, generally in petrophysics, chargeability is directly associated to 

the metallic content of the rock. According to Jones (2007) clays are commonly highly 

chargeable due to their large surface area. He also suggests that chargeability values are 

high for e.g. pyrite and chalcocite and low for e.g. magnetite and hematite.  

 

 

2. GEOLOGIC SETTING 

 

2.1. Central Lapland greenstone belt 

 

The Kevitsa intrusion is located within the volcano-sedimentary sequence of Savukoski 

lithostratigraphic group in Central Lapland greenstone belt (see Figure 1) (Hanski and 

Huhma 2005, Luolavirta 2018c). According to Hanski and Huhma (2005) the Central 

Lapland greenstone belt (later as CLGB) is one of the world’s largest Paleoproterozoic 

greenstone belts. Thick sedimentary and volcanic rock sequences of CLGB are a result 

of hundreds of millions of years long supracrustal evolution. The belt extends from 

northern Norway to central Lapland and bifurcates reaching eastern and western borders 

of Finland. Main units of CLGB are Salla greenstone area in east border of Finland, 

Sodankylä schist area in center of CLGB and Kittilä greenstone area in north-west of 
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Lapland. Right south of Salla greenstone area is supracrustal Kuusamo schist belt. 

Separated from CLGB by Central Lapland granitoid complex is Peräpohja schist belt in 

south-west of Lapland. CLGB hosts several mafic-ultramafic layered intrusions, some of 

which host significant ore reserves. (Hanski and Huhma 2005.) 

 

Lehtonen et al. (1998) suggest that the Paleoproterozoic supracrustal rocks of CLGB can 

be divided into five lithostratigraphic units. From oldest to youngest these units are Salla, 

Onkamo (or Kuusamo), Sodankylä, Savukoski and Kittilä Groups. Savukoski Group 

extends widely over CLGB. It’s composed of heterogenic rocks including fine-grained 

metasedimentary rocks like phyllites, tuffites and black schists, dolomites and mafic to 

ultramafic volcanic rocks like komatiitic and picritic metavolcanic rocks. (Lehtonen et al. 

1998.) According to Hanski and Huhma (2005) also graphite- and sulfide-bearing schist 

are present in Savukoski Group. Also some strongly magnetic mafic tuff and tuffite 

interbeds are present in phyllite segments. 

 

According to Hanski and Huhma (2005) the long geological history of CLGB culminated 

in orogenic deformation at 1.9 Ga. Within this belt, complex metamorphic zones are 

observed with greenschist facies metamorphism in Kittilä and part of Sodankylä units. 

Towards south and west the metamorphism reaches amphibolite facies and in eastern part 

of belt the middle-amphibolite facies metamorphism is dominant. In north-east the 

metamorphism grade changes from low to upper amphibolite and granulite facies. 

(Hanski and Huhma 2005.) Kevitsa is located within the medium grade and amphibolite 

facies metamorphic zones (Hölttä and Heilimo 2017). 

 

2.2. Kevitsa intrusion 

 

2.2.1. Igneous complex 

 

Luolavirta (2018b) and Santaguida et al. (2015) suggest the Kevitsa intrusion to consist 

of about 1.5 kilometers thick ultramafic lower unit overlain by a maximum 500 meters 

thick gabbroic rock unit. The ultramafic unit composes of interlayered olivine pyroxenite 

and -websterite, with minor compositional variations. Gabbroic unit consists of gabbros, 

graphite-bearing gabbros, ferrogabbros and magnetite gabbros (Hanski and Huhma 2005, 



17 
 
 
Yang et al. 2013). Magnetite gabbros change gradually into granophyres on top of the 

intrusion (Hanski and Huhma 2005). The intrusion, especially the Ni-Cu-PGE deposit 

itself, is locally layered, but mainly the rock contacts are diffuse and transitional 

(Santaguida et al. 2015). 

 

According to Hanski and Huhma (2005), the intrusion can be divided into four zones: 

marginal chill zone at the bottom overlaid by ultramafic zone, gabbroic zone, and 

granophyre unit on top. The ore deposit is located in the middle part of the intrusion. 

According to Luolavirta (2018b) the basal rocks of the intrusion are pyroxenite-gabbros, 

which are separated from the olivine pyroxenite above with lower olivine content, 

orthopyroxene oikocrysts and unevenly distributed plagioclase grains. The ultramafic 

rocks are dominated by olivine pyroxenites with cumulate textures as clinopyroxene and 

olivine as cumulus minerals, with some oikocrystic orthopyroxene and plagioclase in 

intercumulus space (Luolavirta 2018b). Olivine pyroxenites mineralogy ranges from 

olivine websterites to olivine clinopyroxenites. According to Santaguida et al. (2015) the 

dominant rock type of the Kevitsa intrusion is olivine websterite, which also serves as a 

host for the sulfide mineralization. It is separated from olivine clinopyroxenite by 

containing more orthopyroxene. Both rock types have a poikilitic texture and pyroxene is 

extensively overprinted by amphibole (Santaguida et al. 2015). Sulfides mainly occur in 

as interstitial phase in olivine pyroxenites (Luolavirta 2018b). 

 

Within the olivine pyroxenite is discontinuous zones of plagioclase-bearing olivine 

websterite present (Luolavirta 2018b). The zones are restricted by ore domain. They are 

characterized by higher plagioclase and orthopyroxene contents, with oikocrystic 

orthopyroxene (Luolavirta 2018b and Santaguida et al. 2015). According to Luolavirta 

(2018b) plagioclase has an orthocumulate texture enclosing olivine and clinopyroxene. 

According to Luolavirta (2018b), the contact between olivine pyroxenite and plagioclase-

bearing websterites are sharp and intensively foliated and serpentine altered. Plagioclase 

websterite is weakly mineralized and not met outside the mineralized zones (Santaguida 

et al. 2015). According to Luolavirta (2018b) low-grade sulfides occur locally in the 

contact between olivine pyroxenite and plagioclase-bearing websterite. 
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According to Luolavirta (2018b), in the upper part of the ultramafic zone rocks are 

commonly of pyroxenite composition with higher amount of intercumulus plagioclase 

and lower amount of olivine than olivine pyroxenites. She suggests that pyroxenites occur 

locally also deeper within the olivine pyroxenites. According to Santaguida et al. (2015) 

olivine websterite unit changes gradually to pyroxenite. According to Santaguida et al. 

(2015) the gabbroic rocks above the ultramafic section are presented as a relatively thin 

unit with mainly plagioclase, clinopyroxene and olivine, along with accessory apatite, 

magnetite and ilmenite. Contacts between rock types in intrusion are locally sharp. 

 

According to e.g. Luolavirta (2018a) in the center of the intrusion is also a large Central 

Dunite body (Figure 1) with mineralogy ranging from dunite to wehrlite with olivine-

chromite cumulates. Santaguida et al. (2013) suggest this Central Dunite has no spatial 

association to the ore deposit. According to Luolavirta (2018a), at the bottom of the 

intrusion is observed other dunitic cumulates associated to Central Dunite. She also 

suggests that there are dunitic inclusions with diameter of tens of meters within the 

intrusion, which Santaguida et al. (2014) supports. According to Luolavirta (2018a) the 

Central Dunite is locally pervasively serpentinized and Santaguida et al. (2015) suggest 

that other dunites are also locally intensively serpentinized. Santaguida et al. (2015) 

suggest there are pelitic and mafic volcanic xenoliths associated to dunites and widely 

altered into phlogopite. 

 

According to Santaguida et al. (2015) the intrusion and mineralization are crosscut by 

dikes of olivine gabbroic composition. The fine-grained dikes contain altered sulfides 

whereas in the coarse-grained the mineralization is presented in veins or is absent. Along 

with gabbroic dikes also some felsic dikes are present (Santaguida et al. 2015). According 

to Hanski and Huhma (2005) small graphitic schist inclusions are also common within 

the intrusion. Mutanen and Huhma (2001) suggest that lumps of graphite within olivine 

pyroxenite and gabbro were incorporated into the magma from the carbonaceous 

sapropelic material the magma intruded into. According to Mutanen (1997) the Cl content 

is generally high in Kevitsa ultramafic rocks. He suggests that Cl is incorporated into the 

magma from brines derived from wall rocks. According to Haverinen (2020) evaporites 

are present within Savukoski group rocks. He suggests that these evaporites have formed 
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in sea basins opened during Paleoproterozoic rifting, and have been preserved by 

envelopment under extruding magma or within subvolcanic sills. 

 

2.2.2. Nature of the intrusion contact zone 

 

Bottom contact of the Kevitsa intrusion has been intersected by several drill holes, but 

only about ten of them intersects the deepest basal contact and of those, KVX018 is the 

longest. Besides drill core analysis, characteristics of the contact zone is also studied and 

interpreted by geophysical surveys. According to Mutanen (1997) the basal contact of 

Kevitsa intrusion plunges 45-50° to south, and so the depth of bottom contact varies. 

According to Mutanen (1997) and Hanski and Huhma (2005), the 0-8 meters thick basal 

marginal chill zone is composed of microgabbros, quartz gabbros and quartz-rich 

pyroxenites. Mutanen (1997) suggests that contact rocks are uralitized into uralite 

gabbros. 

 

Koivisto et al. (2015) have studied the structures and main lithological contacts within 

Kevitsa deposit with reflection seismic surveys and built a 3D model of the intrusion with 

the help of existing drillhole data. Their study shows that the bottom and margins of 

Kevitsa intrusion are associated with seismic reflections. According to them the contact 

rocks of the base of the intrusion are generally olivine pyroxenites or olivine websterites, 

and in the country rocks, adjacent to the contact, are interlayered metavolcanic or 

metasedimentary rocks. One of the deep drill holes in Kevitsa area contains olivine 

pyroxenite down to the depth of 1.2 km with S, Ni, Cu and Fe contents increasing with 

the depth (Koivisto et al. 2015). Koivisto et al. (2015) suggest that the strong reflections 

gained from the basement contact zone can indicate a contact-type mineralization at or 

below the contact. According to them, besides the possible economically interesting 

contact-ores, the so-called false ore (see section 2.2.3.) is typical for the margins of the 

intrusion. 

 

According to Luolavirta (2018b) the rocks at the basal contact are intensively altered into 

amphibole and phlogopite and the contact is characterized by shearing. Also other 

marginal rocks have undergone an intense amphibole-talc-carbonate alteration. Pyrrhotite 

dominant semi-massive sulfides with poor economic value are observed at and near the 
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contact (e.g. Luolavirta 2018b, Santaguida et al. 2015). After Luolavirta (2018b) the 

marginal rocks of the intrusion consist of pyroxenite and gabbro. According to Santaguida 

et al. (2015) their thickness varies from few meters to over 50 meters, but they can also 

be totally absent. Santaguida et al. (2015) also suggest that the country rocks adjacent to 

intrusion consist of mafic volcanic rocks, micaceous phyllites and carbonaceous schists, 

and contacts between marginal and country rocks are generally sharp. According to 

Koivisto et al. (2012) and Yang et al. (2013) country rocks around the Kevitsa intrusion 

are layered sedimentary-volcanic rocks. Volcanic rocks consist komatiitic lava flows and 

tuffs, whereas sedimentary rocks are of mica and black schists with variable amounts of 

graphite and sulfides. Mutanen (1997) suggests that the Kevitsa intrusion has a thermal 

metamorphic hornfels aureole. This is also supported by Koivisto et al. (2012), who 

propose that country rocks adjacent the Kevitsa intrusion have been altered to hornfels in 

contact metamorphism with the intrusion. 

 

2.2.3. Ni-Cu-PGE Deposit 

 

The Kevitsa ore deposit is located in the middle part of the ultramafic unit of the intrusion 

and it’s hosted by olivine pyroxenite (Luolavirta 2018b). It is a Ni-Cu-PGE deposit and 

according to Santaguida et al. (2015) the Cu/Ni ratio and the tenor (concentration in 

sulfide fraction) of Cu are high and sulfide mineralization is disseminated, which makes 

the deposit unique. Indicated mineral resource for Kevitsa deposit is approximately 240 

Mt with concentrations of 0.30% Ni, 0.41% Cu, 0.21 ppm Pt, 0.15 ppm Pd, and 0.11 ppm 

Au (Santaguida et al. 2015). The main sulfide in the Kevitsa deposit is pyrrhotite. 

According to Santaguida et al. (2015) the ore body is of irregular shape, due to the 

disseminated nature, and mineralization is, atypically for the deposit type, concentrated 

in the center of the intrusion. Typically, Ni-Cu-PGE ore bodies are concentrated at or near 

the base of the differentiated intrusion. Unusual is also widely varying metal content of 

sulfides (Yang et al. 2013). According to Yang et al. (2013), the deposit is several hundred 

meters in diameter. 

 

Koivisto et al. (2015) suggest that the detected internal reflections within the intrusion are 

caused by mineralogical and texture changes within settled, internally differentiated, 

individual olivine pyroxenite magma pulses. The thicknesses of these layers are from tens 
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to hundred meters. According to Gray et al. (2016), the chemical composition within the 

individual pulses change from MgO-rich to Al2O3-rich with poikilitic texture. More dense 

olivine accumulated first forming an olivine pyroxenite base, which changes into 

plagioclase bearing olivine websterite at the top (Gray et al. 2016, Koivisto et al. 2015). 

However, Junno et al. (2020) suggest that these detected seismic reflections are caused 

by alteration and mineralization instead of the contacts between the layers originated from 

magma pulses. According to Koivisto et al. (2015) the mineralization is locally of higher 

grade at the basement of the individual pulses, hosted by coarse-grained olivine 

pyroxenite. This indicates the mineralization in Kevitsa intrusion to be controlled by 

laterally discontinuous magmatic layering, as suggested also by e.g. Gray et al. (2016). 

Junno et al. (2020) suggest that mineralization was controlled by sulfur, volatiles and 

contaminants available in the host rock. 

 

According to Luolavirta (2018b) and Santaguida et al. (2015), based on the Ni tenor two 

main ore types and an uneconomic false ore can be identified within the deposit. Two 

main ore types are normal (or Cu-Ni-PGE) and Ni-PGE ores. According to Santaguida et 

al. (2015) and Yang et al. (2013) in normal ore the Ni tenor is 4–7 wt %, Ni grade 0.3  

wt % and Cu grade 0.42 wt %. The normal ore contains 2-6 vol-% sulfides (pyrrhotite, 

pentlandite and chalcopyrite), and extends for hundreds of meters as continuous bodies 

within a main layered part, consisting about 95 % of the known resource (Yang et al. 

2013, Santaguida et al. 2015). Possible origin of the normal ore is discussed in section 

2.2.5. 

 

Ni-PGE ore has a higher and more variable Ni tenor exceeding 10 wt % (8–43 % Yang 

et al. 2013, >10 % Santaguida et al. 2015 and Luolavirta 2018), and a lower Cu grade 

than the normal ore, causing Ni/Cu ratio to be as much as 15 (Yang et al. 2013). The 

dominant sulfides in Ni-PGE ore are pentlandite, pyrite and millerite (Yang et al. 2013). 

According to Yang et al. (2013) the Ni-PGE type occurs in upper and lower part of the 

mineralization zone as discontinuous bodies, with thickness varying from several to tens 

of meters. Ni-PGE ores are also associated with ultramafic xenoliths of two types: well 

preserved one with regular shape and olivine, pyroxene and minor sulfides and other 

slumped-like with fractured olivine cumulates (Yang et al. 2013). According to 

Santaguida et al. (2015) the host rock for both main ores are similar except Ni-PGE ores 
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host rock contains more clinopyroxene than orthopyroxene. Ni-PGE ore grade can vary 

largely, so also ores with intermediate composition between normal and Ni-PGE ores 

(sometimes indicated as transitional ores) are included into the Ni-PGE ores (Luolavirta 

2018c). 

 

According to Le Vaillant et al. (2013) and Santaguida et al. (2015), Kevitsa intrusion also 

hosts uneconomic disseminated sulfide-rich mineralization known as the false ore, 

composing almost entirely of pyrrhotite with minor chalcopyrite and pentlandite. The 

false ore has a low metal tenor of less than 4 wt % of Ni (mean 0.3 – 0.5 wt % Mutanen 

1997, 2–3 % Santaguida et al. 2015, 0.5 – 4 wt % Luolavirta 2018b). The false ore is 

located near the base of the intrusion and both along the margins and internally within the 

deposit. According to Le Vaillant et al. (2017) the texture of false ore varies from 

disseminated to net-textured and semi-massive, and it’s commonly associated with 

country rock xenoliths. 

 

According to Santaguida et al. (2015) and Luolavirta (2018) the origin of Ni-PGE ore is 

known to be separate from normal ore but is still unclear. According to Yang et al. (2013) 

Ni-PGE ore olivines in Kevitsa intrusion can be extremely Ni-rich with contents up to 

14 000 ppm. Normal Ni content in olivines in mafic-ultramafic rocks is up to 5 000 ppm. 

They suggest that the significantly high Ni contents in olivines in the Ni-PGE ores are 

caused by crystallization from an unusually Ni-rich basaltic magma and add of Ni to the 

magma during magma ascent or emplacement. They suggest that initial komatiitic magma 

and sulfide-rich black shales interacted, after which sulfides interacted with Ni-rich 

magma resulting in high Ni-tenors. According Yang et al. (2013), some of the ultramafic 

xenoliths of Kevitsa have also crystallized from komatiite magma because of their high 

Ni/Cu ratios. However, according to Luolavirta (2018), this model does not fully explain 

all features, e.g. isotopic signatures, of Ni-PGE ores. 

 

2.2.4. Alteration 

 

The Kevitsa intrusion and deposit have undergone multiple alteration styles (e.g. Le 

Vaillant et al. 2016). According to Santaguida et al. (2015) the intrusion and deposit have 

been strongly hydrothermally altered and intensively overprinted by amphibole. 

Comprehensive study of amphibole compositions of Kevitsa rocks haven’t been done but 



23 
 
 
typically the studied rocks show actinolite-tremolite compositions. According to Le 

Vaillant et al. (2016) clinopyroxene has been replaced by tremolite-actinolite and 

orthopyroxene by cummingtonite-grunerite. In addition to amphibole alteration also 

chlorite and serpentine replacement is common through the intrusion (Santaguida et al. 

2015) and structurally controlled epidote alteration is locally observed (Le Vaillant et al. 

2016). Generally, chlorite replaces amphibole whereas serpentine replaces olivine.  

Alteration has been most intensive for clinopyroxene, but locally olivine and 

orthopyroxene have also been completely replaced by amphibole, chlorite and serpentine 

(Santaguida et al. 2015, Le Vaillant et al. 2016). 

 

Locally the alteration intensity has made the initial mineralogy determination difficult 

(e.g. Luolavirta 2018b). According to Santaguida et al. (2015) most intense alteration 

occurs around later mafic dykes and veins. According to Santaguida et al. (2015) 

amphibole overprint has not affected the Ni-Cu-PGE grades but additional platinum-

group minerals are presented enclosed in tremolite amphibole. Junno et al. (2020) propose 

that contaminants derived from host rocks has controlled the formation of ore deposit. 

They suggest that mineralization has occurred where sulfur and contaminants, especially 

volatiles, have been available. According to Le Vaillant et al. (2016) the ore body has 

undergone serpentine, amphibole and epidote alterations and multiple types of veins are 

associated with alteration and crosscut the deposit. 

 

Santaguida et al. (2015) asses the hydrothermal reactions being isochemical, meaning that 

elemental composition remains constant in alteration. They also suggest that secondary 

magnetite veining through the deposit is associated to amphibole alteration in zones of 

intensive alteration. According to Le Vaillant et al. (2016) in places magnetite is a result 

of pyrrhotite oxidation. Santaguida et al. (2014) suggest that magnetite has been 

mobilized during the hydration of pyroxene to amphibole. Generally, the veins associated 

to deposit consist of dolomite, actinolite, biotite, serpentine, talc and quartz (Santaguida 

et al. 2015). According to Santaguida et al. (2015) some veins are Ni, Cu, Pt and Pd rich 

and so may suggest a magmatic origin, but they state that this hasn’t been studied enough 

to draw conclusions. 
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2.2.5. Genetic model of Kevitsa intrusion 

 

Genesis of Kevitsa intrusion is still not fully understood. According to Luolavirta (2018c) 

the Kevitsa intrusion and ore domain have a complex magmatic evolution with multiple 

stages. She suggests the ore domain has formed in open system whereas the intrusion 

around it may have formed from a single magma input crystallized in closed system. She 

suggests that at the first stage of formation of the intrusion, picritic magma intruded and 

crystallized the large dunite unit in the center of the intrusion (Central Dunite). In the 

second stage basaltic magma in the lower chamber evolved and assimilated country rocks. 

The evolved magma intruded upwards through the same conduits while incorporating 

crustal sulfur. Sulfur saturation triggered the crystallization and proto-ore was deposited. 

Precipitation of sulfur resulted in a formation of metal-poor false ore in the upper Kevitsa 

magma chamber. (Luolavirta 2018c.) Haverinen (2020) proposes the preserved sulfur-

rich evaporites as a one potential source for the crustal sulfur. Le Vaillant et al. (2017) 

suggest that at first stage of the magma evolution the false ore formation was triggered in 

magma chamber by assimilation of country rock and limited mixing of sulfides and 

silicate melts. They suggest that false ores were formed where there are xenoliths present 

through the mineralized body and near the margins of the whole intrusion.  

 

Le Vaillant et al. (2017) suggest that assimilation of country rock with limited mixing in 

the magma chamber caused the crystallization of false ore (high S, low tenor) sulfides. 

Luolavirta (2018c) proposed that continuous flow of compositionally heterogenous 

magma initially filled and crystallized in the Kevitsa magma chamber during nearly or 

fully closed system. In the stage 3, after Luolavirta (2018c), multiple new magma fluxes 

assimilated previous sulfides, incorporated metals and deposited regular and Ni-PGE ores 

in an open system. Le Vaillant (2017) suggest that sulfides enriched in Ni and PGE got 

trapped in cumulates and accumulated in the bottom of the intrusions.  Luolavirta (2018c) 

suggests that Ni-PGE magmas did not intrude through the same conduits into the Kevitsa 

magma chamber. The later stage magmas crystallized olivine-pyroxene cumulates 

enclosing earlier dunitic cumulates and xenoliths of country rock (Luolavirta 2018c). 
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3. MATERIALS AND METHODS 

 

3.1. Petrography 

 

35 samples were chosen to cover the last 330 metres 

of the drill core KVX018 (Figure 5 and Table 2). In 

Figure 5 is lithological core profile as completed by 

Boliden FinnEx Oy presented with the locations of 

samples studied in this paper to visualize the study 

coverage. Polished, 27x44 millimetre sized and 30 

microns thick, thin sections from the sawed drill 

core samples were prepared by Vancouver 

Petrographics Ltd (Van Petro Ltd.). The 

petrographic analyses of all samples were 

performed with optical microscope. For some 

samples the relative mineral proportions were 

quantified with point counting method under 

microscope, by counting 500-700 points per thin 

section depending on the sample size. Minerals 

included in the point counting were olivine, 

clinopyroxene, orthopyroxene, plagioclase, 

amphibole (the alteration phase), primary 

magmatic hornblende, carbonate group minerals 

and biotite-phlogopite. Minerals not included into 

these groups were counted, depending on their 

features, as opaque or other minerals. Opaque 

minerals included sulfides and oxides, and other 

minerals included e.g. chlorite. The ambition of the 

point counting was to determine the primary 

igneous mineralogy of the samples and verify the 

primary rock types determined by Boliden FinnEx 

Oy. 

Figure 5. Lithological log for the drill 
core KVX018 between 1551-1878 
meters. Sample locations indicated as 
black dots. Black arrow indicates the 
basal contact. 
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Table 2. Studied samples, their locations along the drill core in meters and the analysis 
samples have undergone. Samples named as “KVX018-XX” have been previously studied 
for their petrophysical characterizations in laboratory. Samples named as “KRXX…” are 
new samples chosen for the study in question. 

Sample ID From To 

Mineral 
mapping with 
QEMSCAN 

Chemical 
analysis Point counting 

KR1551.76 1551.76 1551.86   X X 

KVX018-77 1560.10 1560.13 X X   

KR1577.18 1577.18 1577.30   X X 

KVX018-78 1590.10 1590.13 X X   

KR1597.90 1597.90 1598.0   X   

KR1598.96 1598.96 1599.10   X X 

KR1616.11 1616.11 1616.23 X X   

KR1617.20 1617.20 1617.27   X X 

KVX018-79 1625.95 1625.98 X X   

KR1632.17 1632.17 1632.30   X   

KR1645.32 1645.32 1645.43   X   

KR1654.21 1654.21 1654.32   X   

KVX018-80 1661.92 1661.95 X X   

KVX018-81 1678.10 1678.13   X   

KVX018-82 1693.00 1693.03   X   

KR1701.52 1701.52 1701.62   X   

KR1724.33 1724.33 1724.43   X   

KR1733.27 1733.27 1733.38   X   

KVX018-83 1740.06 1740.09 X X   

KVX018-84 1763.05 1763.08 X X   

KR1763.60 1763.60 1763.71   X   

KR1770.37 1770.37 1770.47 X X   

KR1771.27 1771.27 1771.38 X X   

KR1771.96 1771.96 1772.11 X X   

KR1772.22 1772.22 1772.30 X X   

KVX018-85 1777.00 1777.03 X X   

KR1781.15 1781.15 1781.24 X X   

KVX018-86 1787.75 1787.78 X  X  

KR1796.03 1796.03 1796.13  X X  

KVX018-87 1811.95 1811.98   X   

KVX018-88 1821.95 1821.98   X X 

KVX018-89 1832.00 1832.03   X   

KVX018-90 1842.00 1842.03   X   

KR1859.69 1859.69 1859.79   X   

KR1876.91 1876.91 1877.04 X X   
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3.2. Modal mineralogy and mineral mapping  

 

The mineral composition analysis was done at the Boliden research laboratory in Boliden, 

Skellefteå, by a laboratory technician. 15 thin section samples were analyzed with 

QEMSCAN (Figure 6a), which is a scanning electron microscope (SEM) with several X-

ray detectors coupled with automated quantitative mineralogy analysis software (Kubik 

2018). The samples analyzed were chosen to sufficiently cover the contact zone between 

intrusion and the country rock below, and to supplement the previous petrophysical 

studies done in laboratory, or to improve the knowledge concerning highly interesting 

samples. From directly adjacent to the contact, four samples were chosen. Seven chosen 

samples selected represent samples from which petrophysical parameters had been 

measured in laboratory before (see section 3.5.). The rest of the samples were chosen to 

include also interesting rock types, such as those containing unusual high amount of 

visible salt on surface or having relatively high drillhole resistivity. 

 

Before analyzing the samples with QEMSCAN, cleaned thin sections were coated with 

thin carbon layer, in order to avoid overcharging by discharging electrons on the sample 

surfaces. Carbon coating was done with Leica EM ACE 200 (Figure 6b). After 

preparation samples were mounted on the stage inside a sample chamber. Inside the 

chamber, sample surface was scanned with electron beam which interacted with the 

minerals. The theory in the analysis is that backscatter electron and emitted X-ray signals 

are detected, and the analyzed spectra is automatically compared to the spectra of known 

minerals in order to determine the minerals in the sample. (Pirrie et al. 2004, Kubik 2018.) 

QEMSCAN returned mineral maps of the thin sections and modal mineralogy. 
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3.3. Lithogeochemistry 

 

All 35 samples were analyzed for chlorine as well as some main and trace elements, 

including rare-earth elements (see Appendix 2). The analyses were done by ALS Finland 

Oy, and procedures used were Cl-IC881 for chlorine and ME-MS61r for other elements. 

Samples used were residue pieces of drill core left after thin section preparations, except 

the counterparts of thin sections. Rock pieces were prepared before analyses by crushing 

them into better than 70 % passing 2-millimetre screen, and then pulverizing 250 g of the 

crushed sample into better than 85 % passing a 75-micron screen (ALS Global 2012). In 

ME-MS61r method four acid (perchloric, nitric, hydrofluoric and hydrochloric) digestion 

was used to dissolve the minerals and residue was analyzed for wanted element 

concentrations with inductively coupled plasma atomic emission spectrometry (ICP-

AES) (ALS Global 2006). In Cl-IC881 method ion chromatography was used to 

determine chlorine. Prepared sample was fused with potassium hydroxide and melt was 

dissolved with hot deionized water. Solution was then analyzed by ion chromatography 

process. (ALS Global 2010.) 

  

Figure 6. Thin section preparation was done with Leica EM ACE 200 (b) and analysis was 
done with QEMSCAN® 650 FEG (a). 

a b 
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3.4. X-ray diffraction 

 

Salt was observed crystallized on the surface of a green vein in sample KR1781.15. The 

vein composition was analyzed with X-ray diffraction (XRD) method at the University 

of Helsinki laboratory with the aim to observe the presence and type of salt minerals in 

it. The sample was broken, and pieces of vein were picked up approximately by eye, so 

the results may represent also minor parts of vein wall. First the sample was grounded 

into fine powder with acetone. Acetone was used to help to ground the sample and is 

useful as it evaporates off from the mixture letting it to dry fully after it’s applied on 

sample slab. The fine mixture of acetone and sample was applied on a glass slab in a way 

that all separated mineral crystals were disoriented in relation to each other. This is 

important for the analyzes so that the beam can register different sides of crystals and the 

fingerprint of them can be recognized (Joonas Wasiljeff, University of Helsinki, personal 

communication, 2020). 

 

The diffractometer used was Malvern Pananalytical’s X’Pert3 Powder and the analysis 

tool Malvern Pananalytical’s HighScore Plus. X-Ray diffraction method can be used for 

various studies. The aim of the study performed for this paper was to find and identify 

the structures of crystalline materials. The run was set to 2 hours, longer analyze run gives 

more coherent and detailed data. The principle of the method is to direct the X-Ray beam 

to the sample where they interact with each other producing diffracting X-Rays which are 

then detected. The detector produces a count rate which is then analyzed with the 

analyzing software. Then the peaks of diffraction pattern are identified and matched with 

known phases by the analysis software. (Dutrow and Clark 2020.) 

 

3.5. Petrophysical measurements 

 

Geophysical drillhole and petrophysical laboratory measurements conducted for drillhole 

KVX018 are presented in section 4.2.3. Contractor in these works were Geofcon (Kantia 

Oy) with Geovisor Oy as field subcontractor and Oy Rock Physics Finland Ltd as 

laboratory subcontractor. Geophysical drillhole survey included measurements of natural 

gamma radiation, density, resistivity, magnetic susceptibility, single point resistance, IP 

effect (induced polarization effect, in other words: chargeability) and sonic full waveform 
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(P- and S-wave velocities and attenuations), of which in this thesis density, susceptibility, 

resistivity and chargeability results are examined. Petrophysical laboratory tests included 

analyses of density, resistivity, IP effect and magnetic susceptibility. (Geofcon 2019.) In 

Figure 23, resistivity and susceptibility are presented in logarithmic scale as their values 

vary in several orders of magnitude. 

 

3.5.1. Drillhole survey 

 

Density was measured by using Geovista Slimhole Density Probe which measures 

gamma-gamma counts over two distances (short and long spaced). Magnetic (volume) 

susceptibility measurements were done by using ALT QL40 MagSus probe, which uses 

dual coil detector with 1,5 kHz central frequency. Results were gained in cgs units and 

were transformed into SI-units. Shallow and deep focused resistivity was measured with 

Geovista Dual Laterolog 3 resistivity probe with two electrodes spaced symmetrically. 

The electrodes measured a perpendicularly injected current, the electrical potential 

between them and a distant isolator bridle. In deep holes better resolution is reached with 

focused resistivity measurements than with normal resistivity measurements. (Geofcon 

2019.) 

 

Normal resistivity and IP measurements were done with ALT’s QL40 IP/RES probe, 

which is an induced polarization (IP) tool recording IP data, single point resistance and 

normal resistivity. Normal resistivity was measured with grounding spaced 8, 16, 32 and 

64 inches from measurement electrode. Measurements made with larger electrode 

separations represent larger rock volumes and deeper penetration of the signal. For large 

zones the longer spacing provides more coherent results. All drillhole measurements were 

conducted by using probes specified above, an ALT Matrix datalogger and an over 2 km 

long steel-reinforced 4-conductor cable. (Geofcon 2019.) 

 

In drillhole survey data the magnetic susceptibility measurements range originally from  

-13 000*10-6 to over 372 000*10-6 SI-units. However, lowest magnetic susceptibilities of 

minerals are measured for diamagnetic materials (material with negative susceptibility) 

of which quartz has a susceptibility between -13*10-6 and -17*10-6. Other natural 

diamagnetic minerals and their susceptibilities are for example calcite (from -7.5*10-6 to 
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-39*10-6) and orthoclase (from -13*10-6 to -17*10-6). (Hunt et al. 1995.) Measured values 

are three orders of magnitude higher negative values than the values for diamagnetic 

minerals presented above and occurring naturally, and so incorrect. This is likely caused 

by insufficient calibration of measurement device (Ilmo Kukkonen, University of 

Helsinki, personal communication, 2020). For presenting the drillhole susceptibility 

results on logarithmic scale in Figure 23, the values were modified so that the lowest 

negative value was made equal to zero by adding 13 056.3 to every datapoint. After 

adding the stated value, there seems to be a good consistency between drillhole and 

laboratory susceptibility data (see Figure 23). 

 

3.5.2. Petrophysical laboratory measurements 

 

Petrophysical measurements of density, resistivity, IP effect and susceptibility were 

performed at GTK laboratory for 90 samples taken from the drill core. Sample selection 

was based on the drillhole logging data. Density was measured in air and in water for 

water saturated samples by Archimedean method. Magnetic susceptibility measurement 

was done with low field AC susceptibility bridge with frequency of 993 Hz by measuring 

the magnetization at controlled magnetic field. Galvanic resistivity and IP effect were 

measured with MAFRIP device. Resistivity was measured for water saturated samples in 

order to eliminate the error caused by water content variations in samples. Resistivity was 

measured with two wet electrodes at frequencies of 0.1, 10 and 500 Hz by placing a 

sample in between of two current electrodes and measuring the potential difference 

between the ends. (Geofcon 2019.) IP effect was measured after the current was cut off 

with three methods: IPPL, IPPT and IPPH. 14 of the studied samples were from the study 

depth of 1551 meters to 1878 meters and are studied for their petrography, modal 

mineralogy and lithogeochemistry in this paper. 
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4. RESULTS 

 

4.1. Petrography of the studied drill core section 

 

Lithological units of KVX018 were originally interpreted and determined by Boliden 

FinnEx Oy and the units are verified in this paper from thin section samples by 

petrography studies (e.g. point-counting, Table 5) for the studied drill core section. 

Detailed in this paper are presented the lithological units that are sampled and exist within 

the drill core interval from depth 1551 to 1878 meters. Different lithological units studied 

in this paper are olivine pyroxenite, ultramafic rock, pyroxenite, mafic volcanic rock and 

intermediate volcanic tuff (Table 3). Estimated primary lithology of whole drill core is 

presented in Figure 23. Lithological units gabbro, sedimentary rock, websterites, dunite, 

mafic tuff and -intrusive, quartzite and komatiite were not sampled. 

 

Based on the laboratory results the post-alteration mineral contents for analyzed samples 

are presented in Table 4 and mineral maps in Figure 7. Table 4 is modified from raw data 

from QEMSCAN analysis presented in Appendix 1. Pre-alteration lithology compared to 

some sulfide and alteration minerals contents are presented in Figure 14 and 15, 

respectively. The rock type characteristics presented in this chapter are based on the 

petrography study of the samples and the characters recorded in core logging by Boliden 

FinnEx Oy. Due to the intensive alteration of studied rocks, some rock type 

determinations are interpretative, and the most significant differences observed were 

mainly alteration products of different rock types. 

  



33 
 
 
 

Table 3. Estimated primary rock types of studied samples by 
Boliden FinnEx Oy. Rock name codes are as: UPXO = Olivine 
pyroxenite, UOO = Ultramafic rock, UPX = Pyroxenite, VMO = 
Mafic volcanic rock and VTUI = Intermediate volcanic tuff. 

Sample ID Rock type Sample ID Rock type 

KR1551.76 UPXO KVX018-83 UPXO 

KVX018-77 UPXO KVX018-84 UPXO 

KR1577.18 UPXO KR1763.60 UPXO 

KVX018-78 UPXO KR1770.37 UPXO 

KR1597.90 UPXO* KR1771.27 UPXO 

KR1598.96 UPXO KR1771.96 VMO 

KR1616.11 UPXO KR1772.22 VMO 

KR1617.20 UPXO KVX018-85 VMO 

KVX018-79 UPXO KR1781.15 VMO 

KR1632.17 UPXO KVX018-86 VMO 

KR1645.32 UOO KR1796.03 VTUI 

KR1654.21 UPXO KVX018-87 VMO 

KVX018-80 UPXO KVX018-88 VTUI 

KVX018-81 UPXO KVX018-89 UPX 

KVX018-82 UPXO KVX018-90 VTUI 

KR1701.52 UPX KR1859.69 VTUI 

KR1724.33 UPXO KR1876.91 VTUI 

KR1733.27 UPXO   
Note: * = Sample represents a small porphyritic, lesser foliated 
xenolith within UPXO, the appearance of sample is similar to 
UOO sample KR1645.32. 
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Table 4. Mineral abundances of 15 samples studied with QEMSCAN and their estimated primary rock types. The vertical line between KR1771.27 and KR1771.96 represents 
the bottom contact of the intrusion. Rock name codes are as: UPXO = Olivine pyroxenite. UOO = Ultramafic rock. UPX = Pyroxenite. VMO = Mafic volcanic rock and VTUI = 
Intermediate volcanic tuff. 

Depth (m) 1560.10 1590.10 1616.11 1625.95 1661.92 1740.06 1763.05 1770.37 1771.27 1771.96 1772.22 1777.0 1781.15 1787.75 1876.91 

     Sample ID 
                Rock 
Min. 
(wt %) 

KVX018-
77 

KVX018-
78 

KR 
1616.11 

KVX018-
79 

KVX018-
80 

KVX018-
83 

KVX018-
84 

KR 
1770.37 

KR 
1771.27 

KR 
1771.96 

KR 
1772.22 

KVX018-
85 

KR 
1781.15 

KVX018-
86 

KR 
1876.91 

UPXO UPXO UPXO UPXO UPXO UPXO UPXO UPXO UPXO VMO VMO VMO VMO VMO VTUI 

Pentlandite 0.42 0.66 0.45 0.18 0.81 0.42 0.66 0.48 0.10 0.03 1.14 0.00* 0.00* 0.00* 0.00 

Gersdorffite 0.00 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Pyrrhotite 1.13 0.01 0.45 0.05 0.27 0.42 1.88 1.17 3.99 1.46 63.56 0.44 0.01 0.00* 0.01 

Pyrite 0.34 5.81 1.62 1.38 6.50 5.03 2.31 3.72 0.08 0.30 3.84 0.01 0.16 0.11 0.07 

Chalcopyrite 0.10 1.11 1.17 0.19 0.56 0.11 0.78 0.14 1.24 0.34 0.06 0.72 0.01 0.01 0.01 

Bornite 0.00 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00 0.00* 0.00 

Sphalerite 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00 0.00* 0.00* 0.00* 0.00* 0.00 0.00 0.00 

Quartz 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.78 0.12 0.24 0.04 12.36 0.21 37.26 

Plagioclase  0.00* 0.00* 0.01 0.00* 0.80 0.00* 0.00* 0.00* 0.11 60.95 16.69 44.84 10.75 27.99 37.06 

Biotite 0.00* 0.15 0.34 0.06 0.20 10.04 7.39 11.23 8.18 0.44 4.74 33.39 24.68 11.55 0.00* 

Phlogopite 0.00 0.00* 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Muscovite 0.00* 0.00* 0.01 0.00* 0.00* 0.09 0.06 0.06 0.05 0.00* 0.01 0.11 0.03 0.16 0.12 

Annite 0.00 0.00 0.00 0.00 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.14 4.40 

Amphibole 29.46 66.87 56.14 63.23 78.32 64.57 66.13 59.08 55.41 28.63 7.88 15.96 49.13 55.41 0.00* 

Olivine 56.75 0.20 5.22 0.05 0.00* 0.09 0.01 0.02 0.02 0.00* 0.00* 0.01 0.00* 0.00* 0.00* 

Pyroxene 3.93 14.50 26.10 18.76 10.04 15.02 15.37 14.05 12.17 2.81 0.91 0.95 1.71 0.47 0.00* 

Monticellite 0.00 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 

Talc 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 

Zoisite 0.00 0.00 0.00 0.00 0.00* 0.00 0.00 0.00 0.00* 0.01 0.00* 0.00* 0.00* 0.01 0.00* 

Clinozoisite 0.00 0.00 0.00 0.00 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00* 0.00* 

Chlorite 4.98 5.80 6.38 9.70 0.76 0.17 0.05 0.09 0.02 0.01 0.04 0.36 0.44 0.34 0.00* 

Hematite/ 
Magnetite 

2.25 3.01 1.54 5.48 0.02 2.11 2.18 0.03 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 

Ilmenite 0.01 0.02 0.01 0.06 0.00* 0.03 0.07 0.01 0.00 0.00* 0.00* 0.63 0.00* 0.00* 0.00* 

Titanite 0.00 0.00 0.00 0.00* 0.02 0.00* 0.00* 0.00* 0.00* 2.53 0.40 0.01 0.07 0.01 1.67 

Rutile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.11 0.08 0.01 0.00* 0.00* 0.00 0.00 

Apatite 0.00* 0.02 0.00* 0.00* 0.00* 0.02 0.09 0.08 0.07 0.29 0.03 0.14 0.02 0.06 0.78 

Chlorapatite 0.01 0.00* 0.02 0.04 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00 0.00 0.00 
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     Sample ID 
                Rock 
Min. 
(wt %) 

KVX018-
77 

UPXO 

KVX018-
78 

UPXO 

KR 
1616.11 
UPXO 

KVX018-
79 

UPXO 

KVX018-
80 

UPXO 

KVX018-
83 

UPXO 

KVX018-
84 

UPXO 

KR 
1770.37 
UPXO 

KR 
1771.27 
UPXO 

KR 
1771.96 

VMO 

KR 
1772.22 

VMO 

KVX018-
85 

VMO 

KR 
1781.15 

VMO 

KVX018-
86 

VMO 

KR 
1876.91 

VTUI 

Zircon 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00 0.00* 

Serpentine 0.03 0.00* 0.00* 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Epid-Plag** 
interface? 

0.00 0.00 0.00* 0.00* 1.34 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.02 0.00* 0.26 3.24 

Lim-clay*** 
interface 

0.00* 0.00* 0.00* 0.00* 0.13 0.00* 0.00* 0.00* 0.01 0.00* 0.01 0.01 0.00* 2.33 13.89 

Calcite 0.00* 0.60 0.01 0.16 0.00* 0.03 0.07 0.19 4.00 1.14 0.20 1.30 0.09 0.03 0.04 

Dolomite 0.07 0.82 0.02 0.00* 0.00* 0.31 0.30 0.71 2.21 0.04 0.01 0.03 0.01 0.00* 0.00* 

Ankerite/ Fe-
Dolomite 

0.01 0.03 0.00* 0.00* 0.00 1.20 2.37 8.67 11.06 0.00* 0.01 0.00* 0.00* 0.00* 0.00* 

Others 0.00* 0.00* 0.00* 0.00* 0.09 0.00* 0.00* 0.00* 0.01 0.01 0.03 0.00* 0.01 0.00* 0.12 

Unknown 0.50 0.35 0.51 0.64 0.12 0.34 0.28 0.21 0.38 0.82 0.17 1.03 0.52 0.92 1.31 

Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

Note: * = Trace amount, ** = Epidote-plagioclase, *** = Limonite-clay 
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Figure 7. Mineral maps of all studied thin sections. Mineralogy was studied with QEMSCAN by 
Boliden. The bottom contact is marked with orange star. Sample locations in meters are marked for 
each sample. 
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4.1.1. Olivine pyroxenite 

 

Olivine pyroxenite is the main rock type within the intrusion in the studied profile. After 

Streckeisen classification the rocks are mainly olivine clinopyroxenites. The rocks locally 

grade into olivine websterites (Table 5), wehrlites and lherzolites. Olivine pyroxenites are 

characterized by magmatic cumulate texture with cumulus olivine and cumulus pyroxene 

(Figures 8a and b). However, initial magmatic textures have been widely overprinted by 

alteration and locally by foliation (Figure 8c and d). The intercumulate phase has been 

intensively altered, mainly into amphibole, except minor plagioclase which remains 

unaltered. Poikilitic texture is also locally common in olivine pyroxenites as poikilitic 

pyroxene encloses rounded olivine cumulus crystals (Figure 8e and f). Some altered 

olivine and pyroxene grains also enclose sulfide and magnetite grains. 

 

The presence of olivine distinguishes olivine pyroxenite rocks from pyroxenites. Olivine 

amount varies between and within the units in the studied profile, locally the rock 

compound is peridotitic but generally deeper down olivine content decreases. Main 

pyroxene mineral in these rocks is clinopyroxene but orthopyroxene is present too. The 

primary mineralogy and textures are largely overprinted by secondary minerals and 

alteration textures (section 4.1.7.). Besides olivine and pyroxenes, and the alteration 

products, minor plagioclase, primary hornblende, biotite, apatite and minor titanite are 

present. 

 

Table 5. Estimated primary, igneous pre-alteration composition for 
sample KR1551.76. Estimated by point counting method. Composition 
indicates an olivine websterite. 

Sample ID Mineral Count Proportion (%) 

KR1551.76 Olivine 131 20,40 

  Clinopyroxene 368 57,32 

  Orthopyroxene 100 15,58 

  Plagioclase 9 1,40 

  Amphibole 3 0,47 

  Opaque 24 3,74 

  Unknown 7 1,09 

  Total 642 100 

 

In sample KR1617.20 salt crystallizes on surface of the rock after sprayed with water. 

Mineralogy of the sample is similar to others and the primary rock type is estimated to be 
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lherzolite. In the sample olivine is relatively well-preserved whereas pyroxenes have been 

strongly altered into amphibole. 

 

 

 

 

 

Figure 8. Microphotographs of typical olivine pyroxenites taken in transmitted light. a.) Magmatic 
cumulate texture with cumulus olivine and cumulus pyroxene. Thin section KR1551.76 (ppl). b.) Thin 
section KR1551.76 (xpl). c.) Pyroxene and matrix material are totally altered into amphibole and 
chlorite whereas cumulus olivine is relatively healthy. Thin section KVX018-77 (ppl). d.) Thin section 
KVX018-77 (xpl). e.) Poikilitic pyroxene encloses rounded olivine grains. Thin section KR1617.20 (ppl). 
f.) Thin section KR1617.20 (xpl). Scale is 1 mm in a-b and e-f, and 500 μm in c-d. Note: ol = olivine, px 
= pyroxene, am = amphibole, chl = chlorite. (ppl = plane-polarized light, xpl = cross-polarized light) 

ol ol 
px px 

am 
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ol 

ol 

px 

ol 

ol 
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4.1.2. Pyroxenite 

 

Pyroxenite is present as relatively narrow layers within olivine pyroxenite and volcanic 

tuff units in the studied drill core section. Pyroxenite is more common higher in the 

drillhole profile as seen in Figure 23. At depth of about 1700 meters pyroxenite layer is 

separated from olivine pyroxenite with thin olivine websterite layers on both sides of the 

pyroxenite unit. These olivine websterites have not been sampled for geochemical 

analysis or petrography studies. Pyroxenite layer (which can also present sill or dyke) is 

also observed beneath the intrusion within volcanic tuff unit. According to Koivisto et al. 

(2015) other drill cores from Kevitsa also contain similar pyroxenite inter-layers within 

volcanic country rocks beneath the intrusion. 

 

Pyroxenite is somewhat similar to olivine pyroxenite with primary porphyritic pyroxene 

but olivine is almost or totally absent. Originally rocks have likely been cumulates with 

their texture partly being preserved (Figure 9). Pyroxenes are moderate strongly altered 

into amphibole and the matrix has locally been silicified. Small grained biotite is locally 

present in intercumulate space in pyroxenite rocks (Figure 9), which is different to olivine 

pyroxenites studied in this paper. Biotite grains locally define the foliation fabric. 
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4.1.3. Ultramafic rock 

 

Within the studied drill core section, a relatively thin (about two meters) layer of 

ultramafic rock is separated from olivine pyroxenites and pyroxenites by its magmatic 

texture. Ultramafic rock is undifferentiated and contrary to the pyroxenite rocks which 

show cumulate texture. Due to this the process of origin must have been different for the 

ultramafic unit and the unit is interpreted to be a few meters sized xenolith. The layer is 

located within olivine pyroxenite unit at the depth of about 1645 meters along the 

drillhole. There are also small xenoliths observed within pyroxenite rocks in the studied 

profile that likely have similar composition as ultramafic rock discussed here. 

 

Ultramafic rock is characterized by porphyritic texture with fine grained matrix, and by 

strongly magnetic nature. The rock is almost completely amphibole- and talc-altered with 

no preserved primary minerals. The primary porphyritic texture is locally weakly 

Figure 9. Microphotographs of pyroxenite rocks studied in this paper. Primary cumulate texture is 
partly preserved in these rocks. Cumulus pyroxenes are altered into amphibole with various strengths. 
In intercumulate phase is biotite. a.) Thin section KR1701.52 (ppl). b.) Thin section KR1701.52 (xpl). 
c.) Thin section KVX018-89 (ppl). d.) Thin section KVX018-89 (xpl). Scale is 500 μm for photos a-b 
and 1 mm for photos c-d. Note: bi = biotite, apx = amphibole altered pyroxene. (ppl = plane-polarized 
light, xpl = cross-polarized light) 
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bi 

bi 
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preserved (Figure 10). Due to the strong alteration, the precise primary composition is 

impossible to determine. 

 

4.1.4. Mafic volcanic rock 

 

Mafic volcanic rocks occur at the contact zone and below the basal contact of the 

intrusion. There is a sharp contact from olivine pyroxenite rocks to mafic volcanic rocks 

at the contact associated with intensive foliation, shearing and alteration. Mafic volcanic 

rocks in the studied section have undergone different styles of deformation, alteration and 

veining, and are various looking by eye. 

 

Mafic volcanic rocks are intensively foliated and altered, being locally mylonitic. Due to 

the intensive amphibolitization, carbonatization and silicification the primary 

composition and textures are difficult to determine. Mylonites are characterized by pre- 

to syn-tectonic plagioclase porphyroclasts and oriented fine-grained biotite and 

Figure 10. Microphotographs of thin section KR1645.32 taken in transmitted light showing the post-
alteration texture of ultramafic rock studied. The primary porphyritic texture is partly still visible (see 
bigger altered grains in photos on right), but mineralogy is overprinted by pervasive amphibole and talc 
alteration. Photos are from same sample (thin section KR1645.32), two photos on top are from one 
part and two photos on bottom from other part of the thin section. On the left are photos taken in plane-
polarized light and on the right in cross-polarized light. Scale is 1 mm. 
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hornblende (Figure 11). Less sheared mafic volcanic rocks have pyroxene remnants, local 

gneissic texture and poikilitic plagioclase enclosing biotite and amphibole. Biotite is also 

partly associated to fractures and in bi-mineralic layers with amphibole. Also titanite is 

common in mafic volcanic rocks. 

 

Near the contact zone it is observed that salt crystallizes locally on the surface of drill 

core after spraying that with water (e.g. sample KR1772.22). In a sample KR1781.15 salt 

crystallizes on a surface of an amphibole vein (Figure 12). Salt is also locally associated 

to fractures in these rocks. Salt minerals were not, however, observed with a microscope 

or in a QEMSCAN analysis. The vein in sample KR1781.15 was analyzed with X-Ray 

Diffraction method and the results are presented in chapter 4.2.1. An unusual branch-like 

texture has been observed under optical microscope in biotite and amphibole in the vein 

(Figure 12). The texture is not observed in any other sample. 

Figure 11. Microphotographs taken in transmitted light show local mylonitic texture of mafic volcanic 
rocks. Plagioclase porphyroclasts are rounded and groundmass is composed mainly of green 
hornblende and brown biotite in plane-polarized light (left). In cross-polarized light (right) plagioclases 
show abnormally high interference colors likely due to too thick thin section sample. Scale is 1 mm. 
Note: pl = plagioclase 

pl pl 
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4.1.5. Intermediate volcanic tuff 

 

Intermediate volcanic rocks first appear about 21 meters below the bottom contact of the 

intrusion, within and below the mafic units, but are not part of the immediate contact 

zone. Intermediate volcanic rocks are characterized by relatively high amount of quartz 

and plagioclase. The texture in these rocks is porphyritic with phenocrysts of plagioclase 

and an aphanitic or fine-grained groundmass composed of quartz, plagioclase, biotite and 

titanite (Figure 13a and b). Locally also hornblende phenocrysts are present. Rocks are 

strongly or intensively sheared and locally mylonitic. 

Figure 12. Salt crystallizes on the surface of an amphibole vein in sample KR1781.15 after the rocks is 
sprayed with water. On the left: thin section photo of the sample (bottom), the green amphibole vein is 
clearly recognizable; on top is a drill core photo of the vein with salt crystallized on the surface.  
On the right: Microphotographs of the amphibole vein from thin section KR1781.15 taken in transmitted 
light: plane-polarized light on top and cross-polarized light on bottom (scale is 200 μm).  
Note: am = amphibole, bi = biotite 
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These rocks contain variable amount of mineral phase deferred as “limonite-clay 

interface” in QEMSCAN results. The limonite-clay appears as non-continuous layers and 

lenses (Figure 13c and d). Locally limonite has amphibole-like cleavage. Plagioclase is 

locally altered into epidote (Figure 13e and f) with varying intensities. It is referred as 

“epidote-plagioclase interface” in the QEMSCAN results. 

Figure 13. Microphotographs of intermediate volcanic tuff samples taken in transmitted light. a.) typical 
intermediate volcanic rock with plagioclase phenocrysts and fine-grained groundmass of quartz, plagioclase, 
biotite and titanite. Thin section KR1876.91 (ppl). b.) Thin section 1876.91 (xpl). c.) limonite-clay interface is 
common in these rocks and appear as lenses or layers. In this thin section mylonitic texture is locally visible. 
Thin section KR1859.69 (ppl). d.) Thin section KR1859.69 (xpl). e.) Plagioclase grain and epidote inside it. 
Plagioclases in intermediate volcanic rocks are locally altered into epidote. Thin section KR1876.91 (ppl). f.) 
Thin section KR1876.91 (xpl). Scale is 1 mm in photos a-d, and 200 μm in e-f. Note: pl = plagioclase, ti = 
titanite, lim = limonite-clay. (ppl = plane-polarized light, xpl = cross-polarized light) 
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4.1.6. Sulfide mineralogy 

 

Modal abundance of pentlandite, pyrite, chalcopyrite and pyrrhotite together with 

lithology, and chargeability measurements are presented in Figure 14. The whole drillhole 

chargeability is discussed under chapter 4.2.3. Sulfide mineral distributions in samples 

studied with QEMSCAN are showed in Figures 7 and 16. Sulfide mineralogy discussed 

in this chapter is mostly based on the petrography studies but QEMSCAN observations 

are also reviewed. Some sulfide minerals determined by QEMSCAN are later identified 

as different sulfide species by ore microscopy. The disagreements are discussed more 

detailed under chapter 5.2. 

 

In olivine pyroxenites the sulfide texture is either patchy or evenly disseminated. The 

dominant sulfide is either pyrrhotite or pyrite, both besides with chalcopyrite and 

pentlandite. According to the QEMSCAN analysis, the dominant sulfide mineral in many 

studied samples is pyrite, but optically some of the “pyrite” is interpreted as pyrrhotite 

due to the mineral habit and magnetic nature (e.g. samples KVX018-80 and KR1770.37). 

However, pyrite is locally observed as a dominant sulfide also in petrography. 

QEMSCAN studies resulted the total sulfide mineral content of olivine pyroxenites to 

vary from about 2 wt % to over 8 wt %. Olivine pyroxenites are generally moderately or 

strongly magnetic. Magnetite occurs mainly within veins or dissemination that is likely 

associated to amphibole alteration. 

 

In pyroxenites of the intrusion itself the total sulfide content is about 15 %, whereas in 

the intrusive dyke below the contact zone the sulfide content is less than 1 %. The 

dominant sulfide is pyrite being present as patchy dissemination and within veins. Minor 

magnetite is also observed in the sample from intrusion. The dominant sulfide in the 

ultramafic rock is pyrrhotite together with some chalcopyrite and pyrite. The content of 

the patchy disseminated sulfide in the sample studied is 15 %. Ultramafic rock unit is 

strongly magnetic due to its high magnetite content of approximately 10 %. 

 

Sulfide mineralogy of footwall mafic volcanic rocks is characterized by pyrrhotite 

dominated sulfide veins with some chalcopyrite, and pentlandite exsolutions in pyrrhotite. 

Pyrite is also locally present. Mafic volcanic rocks are slightly magnetic and besides 
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disseminated in matrix, magnetite is also presented in veins. Massive sulfide vein in 

sample KR1772.22 (see Figure 17) is composed of rusty and dark colored pyrrhotite with 

pentlandite exsolutions observed by ore microscope. Intermediate volcanic tuff unit has 

very low sulfide content of less than 1 %. Sulfides are mainly pyrrhotite but also minor 

chalcopyrite and pyrite are observed. The small number of sulfides are patchy 

disseminated in studied rocks. Intermediate volcanic tuffs are only locally weakly 

magnetic. 

 

Changes in chargeability and sulfide minerals contents correlate well (Figure 14). 

According to the chargeability measurements (Figure 14), the chargeability (and so the 

amount of sulfide minerals) are slightly decreasing towards the bottom of the intrusion 

after about 1670 meters. This is somewhat seen in e.g. pyrite content presented in Figure 

14. Sulfides are highly associated to ultramafic intrusive rocks and are almost absent in 

country rocks below the bottom contact zone. Chargeability measurements support that 

observation. Above about 1670 meters, chargeability seems to be slightly higher with 

only moderate variations, but beneath it the overall trend is lower and variations are 

larger. This indicates a more localized sulfide minerals at the bottom of the intrusion. 

Beneath the basal contact sulfides are mainly focused on veins and close to the contact. 

The massive vein sampled (KR1772.22) contains over 60 wt % pyrrhotite (Figure 14).  

 

At the contact zone there seems to be an enrichment in sulfide minerals, which is seen in 

chargeability that shows high values at the basal contact and below it for about ten meters. 

Contact-type mineralization in Kevitsa intrusion is also suggested by Koivisto et al. 

(2015) based on the reflection seismic surveys. The contact zone mineralization is 

discussed detailed in chapter 5.2. 
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Figure 14. Estimated primary rock type lithology, chargeability and modal abundances (wt %) of 
sulfides pentlandite, pyrite, chalcopyrite and pyrrhotite measured with QEMSCAN for the studied 
depth from 1551 to 1878 meters. Point symbols in sulfide abundance graphs represent the samples. 
Note the different scales. Arrow indicates the basal contact. 

Note: * = Pyrrhotite content reaches 63.56 wt % in sample KR1772.22 at depth of 1772.22 meters. 

High value is caused by massive vein and for comparable and clear presentation the peak is cut and 
data is presented in scale from 0 to 10 wt %. 

* 
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4.1.7. Alteration 

 

Studied rocks are generally intensively altered. The results presented here are based on 

petrography studies and QEMSCAN analysis (Table 4 and Figure 15). The principal 

alteration products in these rocks are amphibole, carbonate, chlorite, biotite, talc, 

iddingsite, serpentine and silicate minerals. Pre-alteration lithology together with 

amphibole, chlorite, biotite and carbonate mineral contents after alteration for studied 

drill core section is presented in Figure 15. Generally, amphiboles are formed after olivine 

and pyroxenes, whereas secondary biotite formed hydrothermally after hornblende. 

Besides those, serpentine and iddingsite are formed after olivine and pyroxenes, and 

chlorite and talc after amphibole, serpentine and pyroxenes. Carbonate alteration 

generally occurs in veins locally with amphibole. In silicification hydrothermal fluids 

added silica into rocks. 

 

The primary cumulate and porphyritic texture of the igneous rocks is from well to weakly 

preserved in some samples. In olivine pyroxenites the intercumulate phase is strongly 

altered. The alteration products are amphibole, chlorite and talc, and their relative 

proportions vary within the unit. According to e.g. Mutanen (1997) the hydrothermally 

altered olivine pyroxenite in Kevitsa is called metaperidotite. The term has been used 

widely to stand for the altered olivine pyroxenite characterized by alteration of most of 

or all the primary minerals into secondary minerals including amphiboles, serpentine, 

talc, chlorite and carbonate. The term is not used anymore in most recent studies. 

 

The strength and intensity of alteration increases towards the base of the intrusion and at 

the vicinity of the contact in the studied profile. Multiple types of veins are also associated 

with the alteration especially near the basal contact. Veins are mainly composed by 

carbonates and sulfides. Besides them also chlorite, amphiboles, biotite, quartz and oxides 

are common in veins. Amphibole is distinctly the dominant alteration product in rocks in 

the studied drill core section (Figure 15). Amphibole alteration varies from weak to strong 

depending on the preservation of primary mineral textures. In weak alteration the primary 

mineral grain size and shape are preserved, whereas in strong alteration the primary 

textures are destroyed and grain boundaries are diffused (Kela 2017). The secondary 

amphiboles are tremolite and actinolite and they appear with fine-grained texture and 
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locally with larger grain size. QEMSCAN was not able to distinguish between different 

amphibole species. 

 

Olivine is usually almost or totally altered, but occurs locally as relatively fresh and well 

preserved, even though fractured. Olivine in Kevitsa rocks is often altered by deuteric or 

hydrothermal processes, or by magmatic transformation (Kela 2017). According to Kela 

(2017) in deuteric alteration olivine is altered into iddingsite or phyllosilicate minerals, 

in hydrothermal processes olivine is altered into serpentine, iddingsite or talc and after 

magmatic alteration olivine appears as intergrowths in pyroxene. Also carbonate can be 

form after olivine in hydration reactions. Pyroxenes in studied rocks have been 

pervasively uralitized. Small remained pyroxene grains are common within the alteration 

amphibole. 

 

Typical for studied pyroxenites and ultramafic rock, and locally mafic rock, is extensive 

alteration of pyroxenes and olivines (where existing) into amphiboles. Only in few 

samples olivine and pyroxenes are relatively well preserved. Besides amphiboles also 

carbonate, chlorite, talc, iddingsite and serpentine alterations are observed after olivine 

and pyroxenes in studied samples. Alteration strength and intensity increase towards the 

base of the intrusion. Unlike other units, ultramafic rock seems to be characterized by 

intensive talc alteration, whereas mafic rocks are intensively albitized and silicified. 

Weak silicifications occurs also in separate intrusive pyroxenite unit below the contact 

zone. Similarly as ultramafic rock, small xenolith within olivine pyroxenite unit (sample 

KR1597.90) is intensively talc altered. In pyroxenites, pyroxenes are locally biotitized. 

 

The mineralogy observed with QEMSCAN is presented in Table 4. The table shows that 

the content of olivine is low, even though many of the studied rocks were originally 

olivine pyroxenites. However, in the olivine pyroxenite samples that have low olivine 

content the amphibole amount is high. Serpentine was expected to be higher in the studied 

samples as a result of alteration of olivine but in Table 4 and in petrography studies only 

minor serpentine was observed. 

 

In the mafic volcanic unit, the alteration changes from albitization and silicification 

adjacent to the contact, to amphibole alteration further down hole in the core. Plagioclase 
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is strongly enriched in these rocks (Table 4) and silicification is observed in enrichment 

in quartz. However, some of the amphibole seen in Figure 15 is primary magmatic 

hornblende and not alteration products. Albitization and silicification have pervasively 

overprinted the primary mineralogy and textures. Mafic volcanic rocks have relatively 

high amount of biotite, varying amount of amphibole and some chlorite and carbonate 

(Figure 15). 

 

Intermediate volcanic tuffs are characterized by relatively strong epidote alteration, which 

is only locally observed in other rock types. Epidote in the studied samples is alteration 

product of plagioclase, which commonly happens through hydrothermal or deuteric 

processes. Figures 13e and f show an epidote-plagioclase interface in sample KR1876.91. 

Also limonite-clay interface is common in intermediate volcanic tuffs (Table 4). Limonite 

is a common oxidation product after amphibole, pyroxene and other minerals with high 

iron content. Limonite-clay interface in thin section under microscope is seen in Figure 

13 (c and d). Only one sample (KR1876.91) represents intermediate volcanic tuff unit (in 

Figure 15 and Table 4). This sample shows only a small amount of biotite group minerals, 

which more precisely is annite (Table 4). 

 

Changes in alteration types are controlled by both the rocks types and the distance to the 

bottom contact. Amphibole alteration is common with relatively constant intensity 

through the studied length of the drill core down to the contact zone (Figure 15). Only 

sample KVX018-77, which is the best preserved of the studied samples, has clearly lower 

amphibole alteration intensity (first sample in Figure 15). Chlorite alteration is also 

observed in olivine pyroxenite rocks, but its content is decreasing significantly after about 

1626 meters (Figure 15). Biotite and carbonate contents are increasing within the 

intrusion after about 1660 meters. 

 

Contact zone alteration is dominated by albitization and silicification (Table 4 and Figure 

17). The lowest amphibole amount seen in Figure 15 is caused by the sample KR1772.22 

being almost totally composed of massive sulfide vein (see Figure 17) and so it does not 

represent the mineralogy of the rock itself. Normalized mineral ratios for host rock of the 

vein in the sample are 53.15 wt % for plagioclase, 25.10 wt % for amphibole and 15.10 

wt % for biotite, and the main alteration style in the sample seems to be albitization with 
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amphibolitization and biotitization. Amphibole is observed also after the contact zone but 

mainly focused in veins and locally within matrix. Amphibole content decreases in 

country rocks downwards from the basal contact. 

 

 

 

Figure 15. Estimated primary rock type lithology together with mineral abundances (wt %) of 
alteration minerals amphibole, chlorite, biotite and carbonate. Points in mineral content lines 
represent the values of samples studied detailed in this paper. Note the different scales of different 
minerals. Biotite group includes biotite, phlogopite and annite. Arrow indicates the basal contact. 
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4.2. Nature of footwall contact zone 

 

4.2.1. Petrography and mineralogical variability 

 

Bottom contact of the intrusion along the drillhole KVX018 is at depth of about 1771.75 

meters followed by several meters of intensively altered and veined contact zone. 

Alteration and foliation intensities also increase in the intrusion towards the bottom 

contact. Alteration mineral contents of amphibole, biotite, chlorite and carbonate are 

presented in Figure 15. Before the contact the alteration style is dominated by strong 

amphibolitization and at the contact amphibole content drops, and alteration is dominated 

by albitization and silicification, and increased content of biotite and carbonate (Figures 

16 and 17). The strong foliation characteristic for contact zone is also well seen in Figure 

16.  

 

Olivine pyroxenite rocks are associated with higher sulfide, olivine, pyroxenite and 

amphibole contents than the other rock types. Also hematite and magnetite are relatively 

common in olivine pyroxenite rocks and almost absent in country rocks. Some minerals 

are common upper in the intrusion, but their amount decreases towards the bottom 

contact. Also, some minerals are relatively common in lower cumulates (between the 

ultramafic layer and basal contact) but almost absent in upper cumulates (above the 

ultramafic layer). For example, in upper cumulates the amount of biotite and carbonate 

are low and amount of chlorite is relatively high, whereas in lower cumulates biotite and 

carbonate contents increase and chlorite content decreases towards the contact (Figure 

15). The changes in mineralogy at the contact will be discussed detailed later in this 

chapter. 

 

Mafic volcanic rocks represent the country rocks adjacent to the contact (e.g. Figure 23). 

These rocks are characterized by high amount of plagioclase and quartz as well as 

relatively lot of biotite, apatite and titanite. As seen in Table 4, many mineral abundances 

are affected by a distance to the bottom of the intrusion. Sulfides are relatively common 

in mafic volcanic rocks near the contact and their content decrease away from it. 

Similarly, plagioclase, pyroxene and titanite amounts are higher close to the bottom and 

lower further away, whereas generally chlorite, amphibole, muscovite and biotite 
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contents increase deeper along the drill hole in mafic volcanic rocks. There are variations 

between the samples and the changes in mineral abundances are not linear. For volcanic 

tuff sample characteristic is very low sulfide content besides with low or zero amount of 

biotite, amphibole, pyroxene and chlorite. Minerals with relatively high amounts are 

quartz, plagioclase, muscovite, annite, titanite and apatite. Also distinct for the 

intermediate volcanic tuff studied with QEMSCAN is epidote-plagioclase and limonite-

clay interfaces. 

 

The contact between the ultramafic intrusive rocks and country rocks is characterized by 

strong shearing and alteration. Rock type changes sharply from olivine pyroxenite to 

mafic volcanic at the basal contact with distinct changes in mineralogy. Shearing intensity 

increases towards the contact in olivine pyroxenites and texture changes from cumulate 

texture to strongly sheared near the contact. Strong shearing texture continues through 

the contact and mafic volcanic rocks are locally mylonitic due to the shearing. 

 

Mineral maps produced after QEMSCAN studies from thin sections adjacent to the 

contact are presented in Figure 17. Before the contact amphibole and carbonate with some 

biotite are common, whereas right after the contact plagioclase content is very high 

(Figure 17). Enrichment in plagioclase is also supported by chemical analysis showing 

high concentration of sodium and potassium at the contact (Figure 19). Amphibole and 

biotite are still observed with lower amounts in rocks right beneath the contact. However, 

contents of both are clearly decreased at the contact and increasing again further away 

from it. 

 

Characteristic for the contact is relatively high carbonate (both calcite and dolomite) 

content at the contact and right before it (Table 4). Besides that, distinct for contact is 

increased amount of quartz and plagioclase at the bottom of the intrusion. Quartz indicates 

a silicification of rocks close to the contact. Biotite is also common at the base of the 

intrusion. According to QEMSCAN analysis sulfide mineralogy changes from 

dominating pyrite above, to pyrrhotite close to and beneath the contact (Table 4). 

Muscovite and apatite contents increase in intrusive rocks towards contact and apatite 

content remains relatively high whereas muscovite content drops right after the contact 

and increases again away from it. Chlorite content decreases towards the bottom of the 
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intrusion and is very low in rocks at the contact zone. Almost absent at the contact are 

also hematite and magnetite. Rutile is observed in some samples adjacent to contact (e.g. 

samples KR1771.27 and 1771.96). 

Figure 16. Microphotographs of rock samples adjacent on both sides to the basal contact. a.) Olivine 
pyroxenite from intrusion above the contact. Rock is mainly composed of amphibole. Thin section 
KR1771.27 (ppl). b.) Thin section KR1771.27 (xpl). c.) Mafic volcanic rock right beneath the contact. 
Rock is composed of mainly plagioclase and amphibole. Thin section KR1771.96 (ppl). d.) Thin 
section KR1771.96 (xpl). Note: am = amphibole, pl = plagioclase. (ppl = plane-polarized light, xpl = 
cross-polarized light) 

am 

pl 
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Figure 17. Mineral maps of the thin sections studied right before and after the bottom contact, derived from QEMSCAN analysis. Samples KR1770.37 and KR1771.27 are 
olivine pyroxenite rocks and samples KR1771.96 and KR1772.22 are mafic volcanic rocks. As seen, olivine pyroxenite rocks are dominated by amphibole alteration 
whereas in mafic volcanic rocks plagioclase amount is high. Contact is at depth of about 1771.75 meters and is marked with orange star above. 
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Figure 18 presents the results from X-Ray diffraction study of sample KR1781.15. In figure, 

the top row (Peak list) presents all the peaks of mineral phases observed with XRD. The other 

rows present the peaks of the best matching minerals. In the two bottom rows of the figure are 

all the observed peaks, and peaks of all minerals chosen to fit best combined in one row. The 

peaks of minerals that are at same positions with observed peaks are interpreted to cause those 

peaks. However, some mineral peaks are overlapping with each other, so it needs to be 

considered which are the most likely phases causing the exact peaks. From Figure 18 it’s not 

possible to interpret the amounts of the minerals and in order to do that, more time-consuming 

and detailed study would be required. 

 

Ferrous magnesio-hornblende, ferrous actinolite, tvrdyite, quartz, sylvite and nitratine were 

chosen to best-fit the observed minerals (Figure 18). Presence of amphiboles and quartz in the 

studied vein is supported by petrography and QEMSCAN analysis. Sylvite and nitratine are 

common evaporite salt minerals and their chemical compounds are KCl and NaNO3, 

respectively (Babel and Schreiber 2014). Sylvite has quite many peaks overlapped with 

actinolite and some of those are also overlapped with hornblende. This means that those 

phases observed may be caused by any of these minerals. Nitratine has some peaks overlapped 

with actinolite, but also many peaks matched with observed and not overlapped with any of 

the chosen minerals. Presence of nitratine and sylvite in these rocks is discussed more in 

chapter 5.3. Tvrdyite is relatively newly found phosphate mineral (Sejkora et al. 2016). 

Phosphate minerals commonly crystallize from fluids and are typical for this type of 

environments. Peaks from tvrdyite seem to correlate quite well with the peaks observed, but 

to confirm its existence in these rocks more detailed studies are required.
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 Figure 18. Peaks from phases observed with XRD in sample KR1781.15 and the peaks of minerals best matched with observed. Sylvite and nitratine are evaporite 

minerals; sylvite is a potassium chlorine mineral and nitratine is a sodium nitrate mineral. Tvrdyite is relatively newly found phosphate mineral. 
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4.2.2. Geochemical changes near the contact 

 

Measured element concentrations for all studied samples from KVX018 are presented in 

Appendix 2 and pre-alteration lithology together with different element concentrations 

for interval from 1551 to 1878 are presented in Figures from 19 to 22. Some variations in 

elemental concentrations and changes in rocks types occur simultaneously. Also the 

bottom contact of the intrusion is clearly visible in most elements. However, there are 

other trends and anomalies observed along the studied profile, which are discussed in this 

chapter. 

 

Four layers within 1551 – 1878 meters of the drill core were observed to be separable by 

their element concentrations. From the base upwards these are: footwall, contact zone, 

lower cumulates and upper cumulates. Footwall rocks are country rocks below the contact 

zone. Contact zone includes the rocks adjacent to the contact, from about 1771 to 1781 

meters. Lower cumulates are rocks from 1645 meters to 1771 meters and upper cumulates 

include rocks above that. Lower and upper cumulates are separated by layer of ultramafic 

undifferentiated rock. Similar layers are also observed in petrophysical studies, which are 

discussed more in chapter 4.2.3. 
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Figure 19. Estimated primary rock types lithology and lithophile element concentrations for the 
depth from 1551 to 1878 meters. Note the different scales of the concentrations of different 
elements. Arrow indicates the basal contact. 
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Figure 20. Estimated primary rock types lithology and lithophile Cr, Al and Sc elemental 
concentrations for the depth from 1551 to 1878 meters. Note the different scales of the 
different element concentrations. Arrow indicates the basal contact. 
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Figure 21. Estimated primary rock type lithology and P, Cl, Ba and S concentrations for depth 
from 1551 to 1878 meters. Note the different scales of elements. Arrow indicates the basal 
contact. 
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Figure 22. Estimated primary rock types lithology and metal element concentrations for depth from 
1551 to 1878 meters. Note the different scales of elements. Arrow indicates the basal contact. 
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Footwall country rocks are characterized by relative high concentrations of lithophile 

elements sodium, rubidium, potassium, lanthanum, lithium, aluminum, chlorine, 

phosphorus and barium (Figures 19-21). Concentrations of rubidium, potassium, 

lanthanum and lithium are lower near the contact and are increasing away from it in 

footwall rocks, similarly as chlorine, phosphorus and barium. Low concentrations in 

footwall rocks are observed for chalcophile and siderophile elements (Figure 22) as well 

as for lithophile chromium (Figure 20). Exception is zinc, which has relatively high 

concentrations in footwall rocks near the bottom contact (Figure 22). Decreasing trend in 

downhole direction away from the contact is observed in scandium (Figure 20). 

Variations in element concentrations are generally more variable in between the contact 

zone and pyroxenite layer at 1832 meters in footwall rocks. Below the pyroxenite layer 

the concentrations seem to increase with almost linear trend or remain relatively stable. 

 

Lithophile elements are common in silicate minerals and generally mobile. E.g. Sodium, 

potassium and aluminum are common elements in feldspar group minerals and in biotite 

(except sodium), whereas phosphorus is a component e.g. in apatite. Evaporite minerals 

observed with XRD are also made up of sodium, potassium and chlorine. Chlorine can 

also be present in many minerals, e.g. in some silicates, or as a salt in grain boundaries or 

in inclusions. Behavior of chalcophile elements is strongly controlled by sulfur and 

behavior of siderophile elements by metallic iron. 

 

The contact zone is a ten-meter-long zone near the contact from about 1771 to 1781 

meters along the drillhole. At the contact the concentration of sodium (Figure 19) and 

aluminum (Figure 20) suddenly increases, whereas concentration of chromium (Figure 

20) suddenly drops to low level. Albitization and silicification have been observed in the 

contact zone, which explains the increased concentrations of sodium, potassium and 

aluminum. The contact is also characterized by a contact mineralization, by increase in 

metal and metalloid elements and sulfur right above and below the contact (Figure 22). 

The high peaks in sulfur and metal elements at 1772.22 meters is caused from a massive 

sulfide vein sampled (see Figure 17 sample KR1772.22) and does not represent a typical 

mineralization near the contact. 
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Naturally, metallic elements and sulfur are associated to the sulfide minerals in rocks. For 

zinc, the trend is somehow opposite as in many samples when other metallic elements 

have high concentrations, zinc has relatively low concentration and when sample is 

enriched with zinc, other metallic elements have low concentrations. That is the case for 

e.g. the massive sulfide vein at depth of 1772 which has very high Cu, Ni and Co as well 

as high sulfur, zinc has sudden drop in concentration. Zinc is also common in country 

rocks adjacent to the bottom contact whereas other elements presented in Figure 22 are 

almost absent. 

 

Lower cumulates are intrusive rocks located above the contact zone and the layer is 

separated from upper cumulates by the ultramafic layer at depth of 1645 meters. The 

concentrations of the lithophile elements sodium, rubidium, potassium, lanthanum and 

lithium are increasing in lower cumulates downward towards the basal contact (Figure 

19). These elements are mobile and easily moved with fluids during metamorphism and 

in alteration. Aluminum and scandium (Figure 20) as well as chlorine (Figure 21) have 

relatively high concentration in lower cumulates compared to other intrusive rocks, 

whereas many metallic and metalloid elements and sulfur (Figure 22) have relatively low 

concentrations in lower cumulates. However, in the bottom of the intrusion after about 

1690 meters, concentrations of nickel, sulfur and tellurium are increasing towards the 

basal contact, whereas chlorine concentration in decreasing. The concentrations of metal 

elements are also less variable between samples for lower cumulates than for upper 

cumulates (Figure 22). Scandium is compatible element in clinopyroxene, and increased 

scandium concentration can indicate an increase in clinopyroxene compared to olivine. 

 

Both lower and upper cumulates have high chromium concentrations, indicating a 

chromium rich clinopyroxenes (Figure 20), whereas low concentrations are observed for 

phosphorus and barium overall in the intrusion (Figure 21). Pyroxenite layer at 1701 

meters is associated with high concentrations in Rb, K and Li (Figure 19), as well as 

minor increase in Al and Ba concentrations (Figures 20 and 21), and low concentrations 

in Na and La (Figure 19) as well as a slight decrease in Cr concentration (Figure 20). 

 

Upper cumulates are the rocks on top of the studied section of the drillhole. In upper 

cumulates the concentrations of sodium, rubidium, potassium, lanthanum and lithium are 
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very low with no notable variations (Figure 19). Concentrations of aluminum (Figure 20) 

and scandium are also relatively low, and scandium has relatively variable concentration 

between studied samples (Figure 20). As said, concentrations are also more variable for 

sulfur and metallic and metalloid elements (Figure 22) in upper cumulates compared to 

the lower cumulates. Variations in concentrations are observed also for scandium (Figure 

20). Chromium concentrations in upper cumulate are relatively high (Figure 20), whereas 

chlorine concentrations are relatively low (Figure 21). 

 

As an overall summary of the geochemical variations in the bottom of the intrusion and 

in country rocks close to the basal contact, there is clearly differences in between of the 

four layers observed. Concentrations of rubidium, potassium, lithium and lanthanum are 

increasing in lower cumulates towards the basal contact and the trend continues in 

footwall rocks as an increase of the elements towards the bottom of the drillhole. These 

elements are mobile in suitable systems, and the lower cumulates are likely contaminated 

in these elements derived from country rocks. The contamination in intrusion is seen for 

about 125 meters above the basal contact with concentrations decreasing upwards from 

the contact. In footwall side the concentration increases down away from the contact 

indicating a depletion in these elements close to the intrusion. The ultramafic layer at 

1645 meters seems to be the top boundary for the enrichment in mobile elements as in 

upper cumulates above it the contamination is not observed. The changes in 

mineralization is discussed in detail in chapter 5.2. 

 

4.2.3. Petrophysics 

 
The geophysical logging and petrophysical measurements of the whole KVX018 drillhole 

are presented in Figure 23 together with the lithological log after Boliden FinnEx Oy. The 

petrophysical measurements include measurements of resistivity, chargeability, density 

and susceptibility, measured both in-situ from drillhole and in laboratory for chosen 

samples. The petrophysical data conducted in the laboratory seems to correlate well with 

the drillhole geophysical data, which indicates the changes in resistivity to be mainly 

caused by the rock material itself and not factors in a drillhole, e.g. groundwater. 

Resistivity can be affected by several factors such as metallic minerals, saturation or 

salinity of material. Chargeability is generally directly associated to the metal content in 

intrusive rocks. Chargeability in this study is presented as relative values. Susceptibility 
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correlates with the amount of magnetite in rocks and is affected also by the magnetic 

pyrrhotite common in Kevitsa rocks. In this chapter the focus is mainly on the section 

from 1551 meters to the end of the drillhole and especially on the bottom contact of the 

intrusion, but the overall trends and changes are also examined. The petrophysical 

characteristics of the layers presented in chapter 4.2.2. are also discussed here. 

 

The main research question is related to the gradually decreasing trend of resistivity 

without consistent change in other petrophysical properties. Resistivity starts to decrease 

after the depth of 680 meters, then remaining stable for few hundred meters before 

decreasing distinctly again after about 1200 meters. Laboratory resistivity decreases 

similarly as drillhole resistivity, however not as steeply. In other petrophysical 

measurements no correlating trend is observed after 680 and 1200 meters. 

 

At the bottom of the drillhole, in the studied section from 1551 to 1878 meters, similar 

layers are observed as discussed earlier. Below the contact in footwall rocks, resistivity 

increases downwards away from the contact and country rocks are characterized by 

relatively high resistivity. Chargeability and susceptibility values suddenly decrease after 

the basal contact and the values are very low and constant in footwall rocks. Density also 

records the change from denser ultramafic unit to less dense schistose rock. The contact 

zone from 1771 to 1781 meters has relatively low resistivity and high chargeability, 

indicating a contact zone mineralization. Resistivity and chargeability values suggest the 

contact mineralization to be present in mafic volcanic rocks too below the intrusion. 

 

The lower cumulates have higher resistivity and lower chargeability than upper cumulates 

above, indicating a lower sulfide mineral content at the bottom of the intrusion. Relatively 

low susceptibility layer from about 1650 to 1720 meters is observed, which is compatible 

with relatively low chargeability and high resistivity. This layer is likely associated to 

lower amounts of metallic and magnetic minerals. Upper cumulates have relatively low 

and downwards decreasing resistivity, which is compatible with increasing chargeability 

indicating an increase in sulfide mineral content. High susceptibility values together with 

high chargeability and low resistivity may indicate a presence of magnetic sulfide 

pyrrhotite. Resistivity continues to decrease and chargeability to increase also a little 
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below the ultramafic layer at 1645 meters, indicating a boundary between upper and lower 

cumulates to be right below the ultramafic layer. 

 

In the rocks on the top parts of the drillhole, resistivity is variable but generally relatively 

high. Low peaks in resistivity in these rocks seem to have some relation with rock type 

boundaries. Also high peaks in chargeability are compatible with the low resistivity and 

rock type boundaries. Chargeability correlates also with the mineralization and metallic 

element concentrations as is seen in Figure 14 and Figure 22, respectively. Different rock 

types and mineralogies are associated with changes in petrophysical properties. For 

example, country rocks are associated with relatively high resistivity besides with low 

and constant values of chargeability and susceptibility, whereas e.g. olivine pyroxenite is 

clearly associated with relatively low but highly variable resistivity, high chargeability 

and high susceptibility. Within a same rock type, the variations generally represent 

changes in e.g. texture, sulfide content and alteration. 

 

Low density is generally associated to more porous rocks and to fractures in a rock. In 

ultramafic rocks from Kevitsa intrusion the low density (less than 3150 kg/m3) typically 

represents strong alteration, especially serpentinization (Markku Montonen, Boliden 

FinnEx Oy, personal communication, 2020). The density of studied drillhole ranges 

between 2000 and 3500 kg/m3 with few local high peaks. Density in the bottom part of 

the intrusion is mostly at or above 3150 kg/m3 line, which would indicate strong alteration 

occurring only locally. These rocks are, however, observed to be mostly strongly altered. 

However, serpentine is observed in studied rocks only in minor amounts. 
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Figure 23. Estimated primary lithology together with geophysical drillhole and petrophysical laboratory 
measurements of KVX018. Susceptibility drillhole data is modified by adding 13 056.3 to each datapoint (see 
section 3.4.1.). Resistivity and susceptibility are presented in logarithmic scale. Arrow indicates the basal 
contact. 
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5. DISCUSSION 

 

5.1. Characteristics of the basal contact of the intrusion 

 

One of the aims of this paper was to study the petrology and geochemistry of the bottom 

contact of the Kevitsa intrusion from the drill core KVX018. The contact is located at 

about 1771.75 meters along the drill core. At the contact zone the rock type changes 

sharply from olivine pyroxenite into mafic volcanic rock and the contact is characterized 

by intensive foliation, mylonitization and alteration. Due to the pervasive alteration, 

primary mineralogy and textures were undistinguishable in many samples. 

 

From geochemical studies, four layers were separated by their element concentrations: 

footwall, contact zone, lower cumulates and upper cumulates. Lower cumulates were 

found to be strongly contaminated by mobile elements derived from country rocks. The 

contamination of the ultramafic cumulates is observed at the bottom of the intrusion for 

about 125 meters upwards from the contact. In the other hand, the country rocks near the 

bottom of the intrusion were found to be depleted in these elements. Both lithium (Millot 

et al. 2010) and rubidium are mobile under hydrothermal conditions and in this study are 

suggested to be enriched into the intrusion by hydrothermal fluids from the country rock. 

Potassium and lanthanum are also mobile elements and enriched in bottom rocks of the 

intrusion. 

 

Hydrothermal fluid activity at the contact zone is indicated also by silicification of the 

rocks near the contact and by saussuritization of plagioclase into epidote. Silicification is 

observed as increased amount of quartz in rocks at the contact zone. Epidote alteration of 

plagioclase is also observed within the lowermost cumulates of the intrusion and in 

country rocks further away from the contact zone. Alteration intensity of olivine 

pyroxenites increases towards the base of the intrusion where they have undergone an 

intensive alteration of several styles as discussed under section 4.1.7. Amphibole 

alteration observed in olivine pyroxenite rocks from studied section of KVX018 is 

generally strong and explains the absence of primary olivine (and possible serpentine after 

olivine) of rocks at the bottom of the intrusion. Contact zone also shows increased 

amounts of carbonate, titanite, apatite and rutile.  
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Similar layers as in geochemical studies were observed also in petrophysical 

measurements. In petrophysical measurements, the upper cumulates are associated with 

high chargeability anomalies indicating an increased amount of metallic minerals. Other 

petrophysical properties are concordant with this interpretation. In lower cumulates 

chargeability and resistivity indicate a less mineralization. Relatively low resistivity and 

high changeability at the basal contact and in the zone right below the contact indicate a 

contact zone mineralization. The correlations of petrophysical properties are discussed 

more detailed in chapter 5.3. 

 

In QEMSCAN studies the different pyroxene and amphibole minerals were not identified 

separately. The pyroxenes were mainly too altered to make reliable interpretations by 

petrography but most of the amphiboles in studied rocks were determined as tremolite 

and actinolite besides with some primary local hornblende. 

 

5.2. Mineralization 

 

As discussed under section 4.1.6. the sulfide mineral abundances determined in 

QEMSCAN analysis showed pyrite as dominant sulfide mineral for most of the samples 

in the studied section. This is partly contradicted with the observations with optical 

microscope and in core logging by Boliden FinnEx Oy. Pyrite is also not common sulfide 

observed in other drill cores in Kevitsa intrusion, except for some local enrichments near 

the basal contact. Some samples from the studied section of KVX018 still have dominant 

local pyrite observed in petrography studies, which is also recorded in core logging. The 

total sulfide contents analyzed with QEMSCAN for the studied section of the intrusion 

were from 1.98 to 8.14 wt %. The Ni tenor (Ni (sp), sp meaning sulfide phase) was 

calculated as follows: 

 

𝑁𝑖 (𝑠𝑝)[𝑤𝑡 %] = 𝑁𝑖 (𝑠𝑎𝑚𝑝𝑙𝑒)[𝑤𝑡 %] ∗ 
36 [𝑤𝑡 %]

𝑆 (𝑠𝑎𝑚𝑝𝑙𝑒)[𝑤𝑡 %]
  (1) 

 

where Ni (sample) is the nickel concentration and S (sample) is the sulfur concentration 

in analyzed sample. In magmatic sulfide ores, 36 wt % is a common maximum 

concentration of sulfur in 100 % sulfide (Ballhaus et al. 2001). 
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Mineralization has been observed at the basal contact and e.g. geophysical drillhole 

chargeability measurement indicate an enrichment of sulfide minerals at the contact (see 

e.g. Figure 14). Near the contact, relative pyrrhotite content is higher than in rocks above. 

As mentioned before, most of the “pyrite” observed in QEMSCAN for sample 

KR1770.37 is likely actually pyrrhotite. This means that at and adjacent to the bottom 

contact pyrrhotite is the dominant sulfide in intrusive rocks. Ni/Cu ratios from ALS 

laboratory analysis for these rocks are from less than 0.1 to over 6. The total disseminated 

sulfide content in the samples studied from near the contact is from 2 to over 5 %. The 

contact zone mineralization may represent a false or normal ore, the main difference in 

between these types is the Ni tenor, which is less than 4 wt % for false ore and from 4 to 

11 wt % for normal ore. Ni tenor was calculated from the geochemical results (Equation 

1), and for samples adjacent to the contact (from 1770.37 to 1772.22 meters) Ni tenor 

varies from 0.96 to 4.64 % and the average tenor is 2.28 %, indicating a false ore. 

Generally, the mineralization near the margins or base of the Kevitsa intrusion are false 

ore types and this support the interpretation that this mineralization represents false ore. 

 

At the top parts of the studied drill core section, there is mineralization that has quite 

similar sulfide content and Ni/Cu ratios as the mineralization near the basal contact. In 

that section, pyrrhotite and pentlandite are the dominant sulfides with some chalcopyrite 

and local pyrite enrichments. The overall sulfide content in these rocks is 2-5 %. Some 

studied samples were more sulfide-rich than the rock on average, so that needs to be 

considered when making interpretations from the sulfide content presented in this paper. 

The Ni/Cu ratio for these pyrrhotite rich rocks is variable from 0.1 to over 5. The sulfide 

content and sulfide minerals indicate the normal type of ore, but the Ni/Cu ratio for 

normal ore type is generally close to 1. However, many of the samples have Ni/Cu tenor 

close to 1. Ni tenor of sulfides for these samples is from 1.5 to 10.9 %, with average of 

about 5.6 %. This section has variable sulfide mineralogy and Ni/Cu tenors between 

studied samples, but the overall characters indicate a possible normal ore section. 

 

In between of the sections discussed above, there is a layer in which mineralization is 

mainly composed of pyrite (from 1701.52 to 1763.60 meters). Sulfide content in these 

rocks is over 5 % and the Ni/Cu ratio is from 1.5 up to over 6. The Ni/Cu ratio and sulfide 

content fits to the characteristics of Ni-PGE ore. The Ni ratio for this section varies from 
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1.78 to 4.22 % and the average ratio is 3.22 %. The Ni ratio for Ni-PGE ores varies highly 

in the Kevitsa deposit, so this mineralization may represent a lower grade Ni-PGE ore. 

However, there is only low amounts of pentlandite observed, which is commonly the 

dominant sulfide besides pyrite in the Ni-PGE ores. Ni-PGE ore occurs locally, which fits 

to this case as the relatively thin pyrite-rich layer is located in between of two different 

kind of mineralization. 

 

5.3. Origin of the low resistivity 

 

Besides the mineralogical and geochemical characterization, the aim in this paper was to 

interpret the origin of the detected low resistivity and study its relationship with 

mineralogy. Anomalies in the observed low resistivity in the bottom parts of the intrusion 

seems to have a clear connection with chargeability, which indicates the anomalies to be 

caused by metallic conductive minerals in rocks. However, the resistivities measured for 

drillhole KVX018 are abnormally low for ultramafic rocks of Kevitsa with only 

disseminated sulfides (Markku Montonen, Boliden FinnEx Oy, personal communication, 

2020). According to Figure 4, unweathered metamorphic and igneous rocks should have 

resistivities over 1000 Ωm but measured resistivities drop even below 100 Ωm. 

Resistivities less than 100 Ωm would indicate a presence of massive sulfides, high amount 

of graphite or free saline water (Figure 4). The petrography and mineralogical studies do 

not indicate significantly high sulfidic content or sulfides connected with each other 

physically, which would be required for resistivity this low to be caused only by sulfides. 

Also, the clear downward decreasing trend in resistivity below 680 meters is not observed 

in other petrophysical measurements presented in this paper. Increasing concentration of 

sulfide minerals towards the bottom of the intrusion would have been observed in 

chargeability measurements, however, this is not the case. Also graphite has not been 

detected in the studied section optically or by QEMSCAN. 

 

Resistivities measured from drillhole and for samples in laboratory correlate well but the 

resistivities measured in laboratory are not as low as results from drillhole in the studied 

section. The correlation indicates the resistivities to be associated to the mineralogy of 

the rocks, and the difference in the magnitude is probably caused by a presence of more 

conductive solution in a drillhole, e.g. relatively highly saline groundwater. The 
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difference in magnitude is mainly observed at the lowermost part of the intrusion. Saline 

groundwater percolates into the drillhole from the rocks around, and the salt dissolved in 

it can sink and focus on the bottom of the water column due to its density. This would 

make the solution at the bottom of the hole more saline and more conductive. Laboratory 

resistivity measurements also decrease towards the bottom of the intrusion, so the 

decreasing trend observed in borehole resistivity is not only caused by the salinity of the 

groundwater at the bottom of the intrusion. This argument is also supported by the 

increase of drillhole resistivity after the bottom contact. If the main cause for the low 

resistivity was the saline groundwater, then resistivity should be equally low also in the 

country rocks. 

 

Salt is conductive only when dissolved in a water. However, as mentioned, the laboratory 

measurements were done for water saturated samples, so the solution of water and salt 

may have acted as a conductor and resulted in a low resistivity. Salt minerals have not 

been observed in studied rocks under optical microscope or in QEMSCAN analysis, but 

when sprayed with water salt is grown on surface of some rock samples. Salt grains too 

small could have been missed in QEMSCAN analysis and in petrography studies. Also 

in XRD studies the observed salt had overlapping peaks with other minerals. The 

specimen analyzed had salt grown on before the XRD analysis, which indicates that salt 

hasn’t been washed away in sample preparations. Salt may be present for example e.g. in 

grain boundaries. Salt may be also present in inclusions, but those would not affect the 

resistivity and would not be observed in resistivity measurements or as crystallized on the 

rock surface. 

 

Concerning salt, chlorine content was measured in laboratory for the studied rock samples 

and it shows some correlation with resistivity. However, after the bottom contact in 

country rocks both chlorine content and resistivity increases, which is discordant. 

Comparing the chlorine and resistivity changes, the effect of chlorine into resistivity 

seems to be lower in country rocks than within the intrusion. According to Mutanen 

(1997) a significant source for Cl associated into the magma of Kevitsa intrusion is likely 

brines from wall rocks’ pore space and cracks and he propose the possible source for the 

brine to be Jatulian evaporites (Shatskii and Zaitsevskaya 1994, according to Mutanen 

1997). Besides them, Moilanen and Peltonen (2015) suggest that Savukoski group has 
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originally been evaporite-bearing. Evaporite salts may have associated into the intrusion 

by precipitating into veins and fractures from hydrothermal fluids associated to the 

emplacement of the intrusion into old evaporitic rocks. Salt can also percolate into the 

intrusive rocks with groundwater. Some evaporites are still found within Savukoski group 

and have been studied by Haverinen (2020). However, according to him, halite had been 

dissolved away and was not observed in the rocks. Preserved evaporitic salt mass on top 

of Late Archean rocks in depth of over 2700 meters have been discovered by Morozov et 

al. (2010). The discover was made in Onega trough in Karelia, and the about 200 meters 

thick rock salt mass indicates that evaporitic salt masses can preserve within Precambrian 

rocks. 

 

The existence of evaporite-bearing country rocks is supported by the evaporite salt 

minerals nitratine and sylvite observed in XRD studies. Nitratine and sylvite are common 

in evaporite rocks. However, both minerals had overlapping peaks in XRD studies so to 

confirm the salt mineral presence and composition in the intrusive rocks, more research 

is needed. As mentioned, halide mineral sylvite has overlap peaks with actinolite and 

hornblende, so the phase observed can also be other minerals than sylvite. However, as 

salt was observed on the surface of the studied sample and that the previous presence of 

evaporite rocks around the Kevitsa intrusion is suggested by other studies discussed 

earlier, sylvite is a potential mineral present in these rocks. Nitratine in turn, has some 

overlaps with actinolite but is mostly free of overlaps. The studied sample piece was from 

an amphibole-rich vein, so presence of hornblende and actinolite as well as minor quartz 

are realistic. Both evaporite minerals as salts are easily soluble in aqueous fluids so their 

concentration into vein with fluids is very likely. Nitratine is a mineral with chemical 

compound of NaNO3 so chlorine content measurements would not record the presence of 

it. 

 

At the bottom of the intrusion, the studied rocks have been observed to be highly altered, 

mainly by amphibole alteration. Resistivity has lowest values, both from drillhole and 

laboratory, at the bottom of the intrusion. In country rocks the alteration is far less intense, 

as well as of different style, and resistivity is clearly higher for country rocks. No samples 

from higher up the drill core were analyzed by petrography or by mineralogical studies, 

but the core logging done by Boliden FinnEx Oy records alteration, dominated by 
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amphibole alteration, also above the studied section. However, the intensity of the 

alteration has been observed only by eye for the drill core and cannot be compared directly 

to the observations made with petrography. Alteration is known to affect the 

petrophysical characters, especially resistivity and density, so it is a possible factor 

causing the low resistivity at the intrusions bottom. In the top parts of the drillhole, 

resistivity is clearly higher than at the bottom of the intrusion, together with much more 

variable and generally lower density. These features support the change in alteration 

intensity towards the bottom contact. It is likely that rocks higher up and further away 

from the bottom contact are less intensively altered, but as this hasn’t been studied with 

petrography, no confident conclusions about this can be made. According to Wang et al. 

(2012) amphiboles can result in high conductivities in petrophysical measurements 

especially after oxidation of iron. However, iron oxidation wasn’t studied in this thesis. 

 

This paper concludes that there is no clear individual factor affecting all the anomalies in 

resistivity or causing the significantly low values at the bottom of the intrusion. 

Correlation between low resistivity and high chargeability suggest an effect of metallic 

minerals to both. However, sulfide content explains only some anomalies in resistivity. 

The decrease in resistivity from depth of 680 meters towards the bottom of the intrusion 

can be associated to highly saline groundwater at the bottom of the drillhole. Geochemical 

and XRD studies also indicate a presence of chlorine and salt minerals in studied samples. 

However, as the resistivity increases again after the bottom contact and in country rocks 

the effect of chlorine to resistivity seems to be lower than in the ultramafic unit. The effect 

of alteration to resistivity is also considered as the alteration seems to be locally from 

strong to pervasive in bottom rocks in the intrusion where the resistivity is also low. In 

country rocks the alteration is less intense and resistivity increases away from the bottom 

contact. To study this more precisely, sampling and petrography studies for rocks higher 

up in the drill core is required. In country rocks the different mineralogy and very low 

sulfide content compared to ultramafic rocks above likely cause the increase in resistivity. 
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6. CONCLUSIONS 

 

This study aims to characterize the bottom contact of the Kevitsa intrusion and to interpret 

the origin of low resistivity and its relationships to mineralogy. This paper concludes that 

the lowermost cumulates of the intrusion is hydrothermally strongly altered and 

contaminated. The contamination is observed e.g. as elevated lithium, lanthanum, 

rubidium and potassium concentrations, which showed increasing trends in cumulates 

from about 125 meters upwards from the contact. These elements are interpreted to be 

associated into the circulating hydrothermal fluids from the country rocks. The 

silicification of rocks support the fluid activity at the contact zone as well as epidote 

alteration of plagioclase. The mineralization observed near the contact zone seems to be 

a false ore type. Also possible Ni-PGE ore and normal ore sections were interpreted to be 

present within the studied part of the intrusion. 

 

Resistivity and chargeability values measured in drillhole survey and those measured in 

laboratory correlated well. Chargeability measurements indicated a downward increasing 

sulfide content in the studied upper cumulates and less mineralization in lower cumulates. 

Salt minerals were observed in rocks on their surface and in X-Ray diffraction study. 

XRD study indicated the salt minerals to be from evaporitic source. The geophysical 

drillhole measurements were done in a drillhole where saline groundwater had percolated 

into, and petrophysical laboratory measurements were done for water-saturated samples. 

Besides these factors, alteration intensity influences the resistivity. Increased alteration 

intensity in intrusive rocks towards the bottom of the intrusion would explain the 

decreasing trend of resistivity within the intrusion and a clear increase in it after the 

contact in country rocks. In the studied rocks alteration within intrusion is dominated by 

amphibole alteration which can act as a good conductor especially if its oxidation state of 

iron has changed. This study concludes that the low resistivity detected in the bottom part 

of the Kevitsa intrusion is resulted from a presence of sulfide minerals, alteration intensity 

and by presence of salt which act as a good conductor when dissolved in water. 
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APPENDICES 

Appendix 1 

Modal mineralogy of 15 samples analyzed with QEMSCAN. MgOSi-FeS, CaFeMgAlSiO, CaFeAlSiO, CaMGFeO, FeMn Silicate and CrFeO in table are grouped as others in 
mineral maps due to their low concentration. 
 

Depth (m) 1560.10 1590.10 1616.11 1625.95 1661.92 1740.06 1763.05 1770.37 1771.27 1771.96 1772.22 1777.0 1781.15 1787.75 1876.91 

              ID                                                               
wt % 

KVX 
018-77 

KVX 
018-78 

KR 
1616.11 

KVX 
018-79 

KVX 
018-80 

KVX 
018-83 

KVX 
018-84 

KR 
1770.37 

KR 
1771.27 

KR 
1771.96 

KR 
1772.22 

KVX 
018-85 

KR 
1781.15 

KVX 
018-86 

KR 
1876.91 

Pentlandite 0.42 0.66 0.45 0.18 0.81 0.42 0.66 0.48 0.10 0.03 1.14 0.00* 0.00* 0.00* 0.00 

Gersdorffite 0.00 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Pyrrhotite 1.13 0.01 0.45 0.05 0.27 0.42 1.88 1.17 3.99 1.46 63.56 0.44 0.01 0.00* 0.01 

Pyrite 0.34 5.81 1.62 1.38 6.50 5.03 2.31 3.72 0.08 0.30 3.84 0.01 0.16 0.11 0.07 

Chalcopyrit
e 

0.10 1.11 1.17 0.19 0.56 0.11 0.78 0.14 1.24 0.34 0.06 0.72 0.01 0.01 0.01 

Bornite 0.00 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00 0.00* 0.00 

Sphalerite 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00 0.00* 0.00* 0.00* 0.00* 0.00 0.00 0.00 

Quartz 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.78 0.12 0.24 0.04 12.36 0.21 37.26 

Plagioclase 
feldspar 

0.00* 0.00* 0.01 0.00* 0.80 0.00* 0.00* 0.00* 0.11 60.95 16.69 44.84 10.75 27.99 37.06 

Biotite 0.00* 0.15 0.34 0.06 0.20 10.04 7.39 11.23 8.18 0.44 4.74 33.39 24.68 11.55 0.00 

Phlogopite 0.00 0.00* 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Muscovite 0.00* 0.00* 0.01 0.00* 0.00* 0.09 0.06 0.06 0.05 0.00* 0.01 0.11 0.03 0.16 0.12 

Annite 0.00 0.00 0.00 0.00 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.14 4.40 

Amphibole 
group 

29.46 66.87 56.14 63.23 78.32 64.57 66.13 59.08 55.41 28.63 7.88 15.96 49.13 55.41 0.00* 

Olivine 56.75 0.20 5.22 0.05 0.00* 0.09 0.01 0.02 0.02 0.00* 0.00* 0.01 0.00* 0.00* 0.00* 

Pyroxene 3.93 14.50 26.10 18.76 10.04 15.02 15.37 14.05 12.17 2.81 0.91 0.95 1.71 0.47 0.00* 

Monticellite 0.00 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 

Talc 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 

Zoisite 0.00 0.00 0.00 0.00 0.00* 0.00 0.00 0.00 0.00* 0.01 0.00* 0.00* 0.00* 0.01 0.00* 

Clinozoisite 0.00 0.00 0.00 0.00 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00* 0.00* 

Chlorite 4.98 5.80 6.38 9.70 0.76 0.17 0.05 0.09 0.02 0.01 0.04 0.36 0.44 0.34 0.00* 

Hematite/ 
Magnetite 

2.25 3.01 1.54 5.48 0.02 2.11 2.18 0.03 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 
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Ilmenite 0.01 0.02 0.01 0.06 0.00* 0.03 0.07 0.01 0.00 0.00* 0.00* 0.63 0.00* 0.00* 0.00* 

Titanite 0.00 0.00 0.00 0.00* 0.02 0.00* 0.00* 0.00* 0.00* 2.53 0.40 0.01 0.07 0.01 1.67 

Rutile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.11 0.08 0.01 0.00* 0.00* 0.00 0.00 

Apatite 0.00* 0.02 0.00* 0.00* 0.00* 0.02 0.09 0.08 0.07 0.29 0.03 0.14 0.02 0.06 0.78 

Chlorapatite 0.01 0.00* 0.02 0.04 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00 0.00 0.00 

Zircon 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.00* 0.00 0.00* 

Serpentine 0.03 0.00* 0.00* 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Epidote-
Plagioclase 
interface? 

0.00 0.00 0.00* 0.00* 1.34 0.00* 0.00* 0.00 0.00* 0.00* 0.00* 0.02 0.00* 0.26 3.24 

Limonite-clay 
interface 

0.00* 0.00* 0.00* 0.00* 0.13 0.00* 0.00* 0.00* 0.01 0.00* 0.01 0.01 0.00* 2.33 13.89 

Calcite 0.00* 0.60 0.01 0.16 0.00* 0.03 0.07 0.19 4.00 1.14 0.20 1.30 0.09 0.03 0.04 

Dolomite 0.07 0.82 0.02 0.00* 0.00* 0.31 0.30 0.71 2.21 0.04 0.01 0.03 0.01 0.00* 0.00* 

Ankerite/Fe 
Dolomite 

0.01 0.03 0.00* 0.00* 0.00 1.20 2.37 8.67 11.06 0.00* 0.01 0.00* 0.00* 0.00* 0.00* 

CaSiO 0.00 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.01 0.01 0.00* 0.00* 0.01 0.00* 0.00* 

MgOSi-FeS 0.00 0.00* 0.00* 0.00 0.00 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CaFeMgAlSi
O 

0.00 0.00* 0.00* 0.00* 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00* 0.00 0.00* 0.00* 

CaFeAlSiO 0.00 0.00* 0.00* 0.00* 0.05 0.00 0.00 0.00 0.00* 0.00* 0.00* 0.00* 0.00 0.00* 0.11 

CaMgFeO 0.00* 0.00* 0.00 0.00 0.00 0.00* 0.00* 0.00* 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 

FeMn 
Silicate 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 

CrFeO 0.00* 0.00* 0.00* 0.00* 0.00* 0.00 0.00 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Unknown 0.50 0.35 0.51 0.64 0.12 0.34 0.28 0.21 0.38 0.82 0.17 1.03 0.52 0.92 1.31 

Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

Note: * = Trace amount 
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Appendix 2 

Analyzed elemental proportions in ppm or percent for all studied samples. Analyses were done by ALS Finland Oy.  

 
 

Method 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Analyzed 

element Cl Ag Al As Ba Be Bi Ca Cd Ce Co Cr Cs Cu Fe Ga Ge Hf In K La Li

SAMPLE ID Depth (m) ppm ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm % ppm ppm ppm ppm % ppm ppm

KR1551.76 1551.76 1240 0.99 1.11 1.1 50 0.07 0.66 8.7 0.54 4.34 182 1680 0.26 4840 9.8 4.4 0.67 0.4 0.068 0.14 1.6 6.7

KVX018-77 1560.10 580 0.06 0.69 1.4 10 0.07 0.12 3.37 0.05 2.08 134.5 1300 0.05 293 11.65 3.2 0.65 0.2 0.017 0.02 0.6 2.5

KR1577.18 1577.18 790 0.17 0.7 1.3 10 0.08 0.17 2.75 0.08 1.69 184.5 2000 <0.05 1750 12.65 3.39 0.7 0.2 0.049 0.01 <0.5 2.8

KVX018-78 1590.10 740 0.51 1.24 1.7 20 0.1 0.44 8.2 0.24 4.42 209 1380 0.09 4620 9.96 4.66 0.73 0.4 0.103 0.06 1.5 2.3

KR1597.90 1597.90 210 0.13 0.81 0.9 10 0.11 0.05 9.55 0.03 3.71 56.3 1090 <0.05 213 7.51 3.78 0.36 0.2 0.019 0.02 1.2 0.7

KR1598.96 1598.96 540 1.24 1.21 1.1 10 0.17 0.33 7.74 0.12 2.75 128 1040 <0.05 >10000 10.7 4.31 0.56 0.3 0.329 0.03 0.7 0.7

KR1616.11 1616.11 1160 0.29 1.26 2.6 20 0.1 0.41 8.41 0.29 5.06 224 1300 0.11 2470 10.3 5.04 0.72 0.6 0.074 0.06 1.7 4.7

KR1617.20 1617.20 1450 0.1 0.62 1.1 10 0.08 0.06 3.6 0.06 2.54 131.5 918 0.05 369 11.85 3.08 0.52 0.3 0.024 0.03 0.9 3.6

KVX018-79 1625.95 740 0.13 1.69 1.6 10 0.15 0.16 7.65 0.11 3.69 97.5 1260 0.08 1360 8.98 5.95 0.53 0.7 0.052 0.06 1.2 1.8

KR1632.17 1632.17 510 0.25 1.33 2.2 10 0.09 0.36 8.16 0.21 4.31 211 1230 0.09 3000 10.75 5.08 0.72 0.5 0.075 0.05 1.5 3.1

KR1645.32 1645.32 270 0.04 0.97 0.7 <10 0.12 0.05 7.36 0.02 2.35 91.7 994 <0.05 534 12.4 5.43 0.58 0.4 0.025 0.02 0.6 0.8

KR1654.21 1654.21 2880 0.12 2.83 1.2 30 0.12 0.14 8.79 0.09 5.47 123 1040 0.06 1220 9.39 7.17 0.55 0.5 0.089 0.23 2.1 6.7

KVX018-80 1661.92 2760 0.11 3.32 0.7 20 0.18 0.17 7.94 0.05 60.6 171 759 0.09 1150 11 8.65 0.85 0.5 0.127 0.23 32.1 9.3

KVX018-81 1678.10 1510 0.03 2.82 1 20 0.12 0.03 8.93 0.03 13.8 54.4 1060 0.09 337 7.85 7.6 0.35 0.6 0.084 0.24 5.7 6.1

KVX018-82 1693.00 1600 0.05 2.64 2.3 20 0.16 0.04 9.05 0.05 2.55 67.3 1030 0.49 646 7.94 7.48 0.35 0.6 0.081 0.48 1 7

KR1701.52 1701.52 1780 0.04 3.87 3.5 80 0.39 0.08 6.07 0.03 3.2 132.5 729 3.08 432 9.92 11.95 0.56 0.5 0.093 2.05 1.8 19.4

KR1724.33 1724.33 540 0.03 1.57 5.6 10 0.49 0.07 7.63 0.03 3.74 154.5 1030 0.42 584 12.05 7.43 0.7 0.6 0.09 0.38 1.2 5.2

KR1733.27 1733.27 400 0.05 1.38 4.9 20 0.34 0.07 7.84 0.04 3.62 174.5 1220 0.59 985 9.17 5.64 0.66 0.6 0.084 0.57 1.3 5.7

KVX018-83 1740.06 370 0.03 1.71 4.5 20 0.37 0.07 7.4 0.02 2.77 116.5 1020 1.09 329 9.17 6.73 0.62 0.6 0.079 0.85 0.9 6.3

KVX018-84 1763.05 300 0.09 1.7 4.2 20 0.27 0.09 7.36 0.02 13 136.5 1430 1.14 1350 9.23 6.06 0.64 0.7 0.108 0.95 5.8 10.4

KR1763.60 1763.60 410 0.03 1.39 6.3 20 0.35 0.07 9.17 0.03 32.1 199.5 1090 0.9 347 9.49 6.78 0.55 0.5 0.086 0.71 15.1 9.2

KR1770.37 1770.37 480 0.06 1.6 0.8 70 0.27 0.09 8.27 0.02 3.81 108.5 1440 1.1 864 7.74 5.65 0.5 0.7 0.065 0.98 1.4 9.1

KR1771.27 1771.27 560 0.03 1.09 1 50 0.74 0.02 10.45 0.03 2.99 46.6 970 0.6 557 4.84 7.44 0.21 0.5 0.06 0.63 1.4 6.5

KR1771.96 1771.96 570 0.08 7.11 1.2 40 0.4 0.05 3.66 0.03 5.41 90.6 96 0.25 2910 3.96 16 0.22 2.6 0.032 0.39 1.3 3.7

KR1772.22 1772.22 890 0.16 3.04 4.3 30 0.19 0.21 1.78 0.02 2.64 1360 92 0.14 826 33.9 7.68 1.98 0.8 0.016 0.3 0.6 3

KVX018-85 1777.00 1660 0.27 7.25 1.5 310 0.42 0.03 2.72 0.05 32.5 69.5 182 1.67 5810 7.48 21.7 0.37 1.4 0.325 2.41 12.9 19

KR1781.15 1781.15 1730 0.01 6.64 0.8 210 0.6 0.01 2.13 0.02 14.75 37.6 97 1.57 59.1 5.6 16.4 0.26 2.6 0.028 2.06 7.7 15

KVX018-86 1781.75 1950 0.01 6.82 0.5 560 0.15 0.01 5.49 <0.02 8.25 55.6 121 1.74 44.6 10.3 16.15 0.52 0.5 0.059 1.65 3.9 20.4

KR1796.03 1796.03 1230 <0.01 7.95 0.4 370 0.87 0.02 5.06 0.03 38.5 34.3 16 0.84 52.2 6.77 21.6 0.33 1.5 0.049 1.13 18 10.4

KVX018-87 1811.95 4360 0.08 6.53 0.3 190 0.3 0.03 7.22 0.04 6.08 57.8 150 0.77 497 9.63 19.25 0.47 1.2 0.075 1 2.5 10.2

KVX018-88 1821.95 2830 0.01 6.04 <0.2 610 1.61 0.03 3.21 0.02 87.6 9.4 16 0.25 244 4.63 19.2 0.3 4.7 0.118 1.57 41.7 4.9

KVX018-89 1832.00 1020 0.01 4.99 0.5 250 0.58 0.01 5.31 0.03 19.1 69 876 3.19 65.8 9.16 17.7 0.49 2.3 0.06 2.33 8.8 19.9

KVX018-90 1842.00 1770 0.01 5.81 <0.2 640 1.75 0.02 2.07 0.02 90.2 15.9 9 3.19 45.9 5.54 16.9 0.34 5.4 0.053 2.09 43.9 6.6

KR1859.69 1859.69 2120 <0.01 6.39 0.7 970 1.91 0.02 3.13 0.03 102 19.5 13 4.03 14 7.41 21.2 0.42 4.6 0.076 2.66 49.9 9.2

KR1876.91 1876.91 3400 <0.01 6.18 <0.2 820 1.91 0.02 3.02 <0.02 97.2 25.7 7 4.01 25.3 7.42 20.2 0.41 4.9 0.079 2.41 48 9.9
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Method 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Analyzed 

element Mg Mn Mo Na Nb Ni P Pb Rb Re S Sb Sc Se Sn Sr Ta Te Th Ti Tl U

SAMPLE ID Depth (m) % ppm ppm % ppm ppm ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm ppm ppm % ppm ppm

KR1551.76 1551.76 12.1 1400 0.46 0.31 0.4 2670 50 11.4 6.2 0.014 1.94 0.1 43.2 10 0.6 30.3 0.07 1.33 0.27 0.149 0.09 0.1

KVX018-77 1560.10 19 1970 0.41 0.08 0.4 1550 30 1.7 0.7 0.002 0.52 0.13 21.9 2 0.2 7.3 <0.05 0.18 0.28 0.084 <0.02 0.1

KR1577.18 1577.18 18.95 1760 0.32 0.07 0.3 2110 40 1.5 0.4 0.003 1.03 0.08 18.9 5 0.2 5.8 0.07 0.38 0.18 0.07 <0.02 0.1

KVX018-78 1590.10 11.95 786 0.34 0.21 0.6 2650 70 3.4 2.1 0.014 2.61 0.13 43.1 11 0.6 16.8 0.05 1.22 0.34 0.174 0.02 0.1

KR1597.90 1597.90 12.7 818 0.16 0.07 0.7 730 10 0.8 0.3 <0.002 0.38 0.09 20.5 1 <0.2 33.3 0.06 0.12 0.35 0.079 <0.02 0.1

KR1598.96 1598.96 11.05 676 0.37 0.15 0.4 1485 <10 2.3 0.5 0.005 2.96 0.1 33.6 11 0.5 22 0.06 2.34 0.16 0.105 <0.02 0.1

KR1616.11 1616.11 11.35 1050 0.43 0.27 0.6 2980 70 4.2 2 0.014 2.22 0.14 43.5 12 0.5 15.6 0.07 1.27 0.37 0.184 0.03 0.1

KR1617.20 1617.20 18.45 1950 0.3 0.15 0.6 877 70 1.2 0.9 <0.002 0.29 0.11 20.3 <1 0.2 6.2 0.06 0.11 0.39 0.09 <0.02 0.1

KVX018-79 1625.95 12.2 934 0.29 0.24 0.9 1205 90 2.5 1.2 0.005 0.92 0.15 42.2 4 0.4 13.2 0.07 0.45 0.53 0.212 <0.02 0.2

KR1632.17 1632.17 11.6 860 0.34 0.22 0.7 2750 70 4.4 1.4 0.014 2.18 0.14 44.5 12 0.6 16.5 0.07 1.18 0.42 0.198 0.03 0.1

KR1645.32 1645.32 11.85 675 0.2 0.09 0.3 1240 20 0.8 0.3 0.004 0.75 0.08 25.9 3 0.2 11.7 <0.05 0.25 0.21 0.121 <0.02 0.2

KR1654.21 1654.21 9.7 1040 0.53 0.82 0.4 2030 30 2.3 2 0.009 1.39 0.11 43.3 7 0.5 22.9 0.06 0.67 0.27 0.184 0.02 0.1

KVX018-80 1661.92 8.42 945 0.35 0.87 0.4 2950 30 1.5 3.3 0.016 2.29 0.12 44.8 10 0.7 60.2 0.05 0.87 0.51 0.196 <0.02 1.9

KVX018-81 1678.10 9.77 939 0.28 0.69 0.5 112 50 0.6 3.5 0.002 0.26 0.13 58.5 <1 0.3 43.5 0.05 0.05 0.38 0.221 <0.02 0.3

KVX018-82 1693.00 10.05 962 0.41 0.62 0.5 296 60 0.8 22.4 <0.002 0.49 0.1 56.7 <1 0.5 15 0.05 0.11 0.26 0.219 0.05 0.2

KR1701.52 1701.52 9.83 763 0.76 0.58 0.8 1330 50 1.2 113.5 0.01 1.74 0.09 40.4 4 0.7 12.2 0.08 0.49 0.15 0.18 0.3 0.2

KR1724.33 1724.33 10.2 756 0.26 0.45 0.7 2090 70 0.6 18.5 0.007 2.31 0.14 44.4 8 0.9 9.1 0.06 0.79 0.4 0.198 0.04 0.2

KR1733.27 1733.27 11 738 0.27 0.33 0.9 2790 80 0.7 28.3 0.008 2.38 0.1 43.2 11 0.6 12.1 0.07 1.02 0.41 0.182 0.07 0.2

KVX018-83 1740.06 11.1 706 0.34 0.35 0.7 2060 40 0.5 44.3 0.008 2.16 0.11 45.9 8 0.7 7.4 0.05 0.75 0.2 0.199 0.09 0.2

KVX018-84 1763.60 10.85 699 0.59 0.34 0.8 2070 70 0.7 49 0.009 1.91 0.13 46.2 7 0.6 7.2 0.06 0.77 0.43 0.218 0.1 0.4

KR1763.60 1763.60 10.15 1040 0.17 0.32 0.7 1405 110 0.8 35.5 0.003 2.84 0.09 36.7 7 0.6 18.8 0.06 0.94 0.71 0.18 0.08 0.3

KR1770.37 1770.37 10.95 952 0.24 0.16 0.4 1805 100 0.9 41.2 0.007 1.4 0.07 41.4 6 0.6 12 <0.05 0.71 0.41 0.183 0.15 0.2

KR1771.27 1771.27 9.08 1500 0.22 0.14 0.2 217 260 1.2 28.4 0.002 0.46 0.05 38 <1 0.9 36.8 <0.05 0.11 0.06 0.097 0.08 0.1

KR1771.96 1771.96 3.17 347 0.77 5.39 4.7 265 430 1.2 15.9 0.005 0.99 0.07 28.2 1 0.5 45.4 0.39 0.11 2.54 0.554 0.05 1.3

KR1772.22 1772.22 1.86 167 1.14 2.19 1.6 5070 150 2 11.5 0.015 >10.0 0.09 20 40 0.3 21.3 0.13 1.73 0.35 0.253 0.04 0.5

KVX018-85 1777.00 4.6 575 0.28 3.57 4.6 86.2 430 1 107 0.002 0.87 0.07 36.8 2 0.9 50.8 0.28 0.26 1.01 0.649 0.33 0.7

KR1781.15 1781.15 4.27 445 8.9 3.49 2.4 53.3 80 1.4 98.8 0.007 0.14 0.07 25.3 <1 0.5 63 0.2 <0.05 2.95 0.198 0.28 0.8

KVX018-86 1781.75 4.01 1370 0.43 2.13 1.1 89.3 130 1 71.9 0.004 0.04 0.1 44.8 <1 0.3 346 0.09 <0.05 0.54 0.246 0.27 0.2

KR1796.03 1796.03 1.68 908 0.89 2.87 4.5 33 580 3.8 38.6 <0.002 0.06 0.08 21.9 <1 0.7 376 0.32 <0.05 3.87 0.426 0.17 0.9

KVX018-87 1811.95 4.28 1400 1.14 1.68 1.1 144.5 290 1.9 49 0.003 0.14 0.16 34 1 0.7 137 0.09 0.06 0.16 0.565 0.14 0.2

KVX018-88 1821.95 0.29 426 2.2 2.91 11.3 5.7 1090 3.7 23.6 0.003 0.05 0.1 10.6 <1 1.7 211 0.79 <0.05 11 0.5 0.05 3

KVX018-89 1832.00 8.61 1140 0.67 1 3.3 726 390 1.3 83.3 0.002 0.16 0.09 21 <1 0.9 33.4 0.22 0.07 1.74 0.608 0.32 0.7

KVX018-90 1842.00 0.33 569 1.53 2.84 10.5 2.8 1060 4 64.1 0.002 0.09 0.06 9.5 <1 1.9 115.5 0.76 <0.05 10.65 0.462 0.17 3

KR1859.69 1859.69 0.37 672 2.14 2.29 11.7 4.2 1330 5 83 0.003 0.04 0.1 14.5 <1 1.6 227 0.79 <0.05 10.8 0.606 0.21 2.7

KR1876.91 1876.91 0.39 573 1.5 2.37 11.1 1.9 1470 3.2 87.6 0.003 0.06 0.08 15 <1 1.8 158.5 0.73 <0.05 10.15 0.638 0.21 2.5



87 
 
 

 
Note: Method 1 = Cl-IC881, Method 2 = ME-MS61r 

Method 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 Cu-OG62

Analyzed 

element V W Y Zn Zr Dy Er Eu Gd Ho Lu Nd Pr Sm Tb Tm Yb Cu

SAMPLE ID Depth (m) ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm %

KR1551.76 1551.76 129 0.1 6.2 58 12.6 1.14 0.62 0.3 1.11 0.23 0.08 3.4 0.66 1 0.18 0.09 0.55

KVX018-77 1560.10 68 0.1 4.4 61 7.3 0.79 0.43 0.07 0.83 0.16 0.06 2.3 0.4 0.8 0.13 0.06 0.39

KR1577.18 1577.18 69 0.1 4.2 80 4.9 0.76 0.42 0.07 0.78 0.15 0.06 2.1 0.35 0.71 0.12 0.06 0.38

KVX018-78 1590.10 136 0.5 6.6 33 12.1 1.22 0.66 0.29 1.2 0.25 0.08 3.8 0.73 1.11 0.19 0.09 0.57

KR1597.90 1597.90 67 0.4 7 13 8.5 1.24 0.65 0.13 1.19 0.25 0.07 3.4 0.63 1.09 0.2 0.09 0.54

KR1598.96 1598.96 93 0.1 9.7 39 9.9 1.86 0.92 0.21 1.83 0.36 0.09 3.8 0.6 1.53 0.3 0.12 0.71 1.62

KR1616.11 1616.11 142 0.1 7.1 35 18.1 1.28 0.69 0.33 1.26 0.26 0.09 4.1 0.82 1.16 0.2 0.1 0.61

KR1617.20 1617.20 67 0.2 3.4 70 12.1 0.6 0.34 0.13 0.6 0.12 0.05 2 0.4 0.58 0.1 0.05 0.31

KVX018-79 1625.95 138 0.1 7.6 36 23.7 1.42 0.76 0.32 1.36 0.28 0.1 3.7 0.66 1.21 0.22 0.11 0.66

KR1632.17 1632.17 151 0.1 7.5 29 14.8 1.33 0.72 0.32 1.29 0.27 0.09 3.9 0.74 1.21 0.21 0.1 0.62

KR1645.32 1645.32 115 0.1 6.6 14 12.1 1.24 0.65 0.13 1.18 0.25 0.07 2.9 0.49 1.07 0.2 0.09 0.54

KR1654.21 1654.21 168 0.1 7.8 31 13.7 1.47 0.8 0.36 1.41 0.3 0.1 4 0.81 1.23 0.23 0.11 0.7

KVX018-80 1661.92 163 0.1 10.5 25 13.1 2.41 1.02 2.29 3.95 0.42 0.12 30.6 7.52 5.72 0.48 0.14 0.83

KVX018-81 1678.10 273 0.1 10.9 27 17.6 2.08 1.11 0.58 2.15 0.42 0.14 8.9 1.96 2.25 0.34 0.15 0.94

KVX018-82 1693.00 188 0.1 9.2 31 17.5 1.7 0.94 0.31 1.49 0.35 0.12 2.5 0.43 1.11 0.27 0.13 0.82

KR1701.52 1701.52 145 0.1 8.6 26 16.2 1.56 0.86 0.22 1.18 0.32 0.1 2.3 0.44 0.81 0.23 0.12 0.7

KR1724.33 1724.33 161 0.1 9.9 19 20.6 1.82 0.98 0.34 1.68 0.36 0.12 3.8 0.67 1.41 0.29 0.14 0.83

KR1733.27 1733.27 139 0.1 9.7 18 19.1 1.73 0.98 0.26 1.54 0.36 0.12 3.4 0.6 1.31 0.27 0.14 0.87

KVX018-83 1740.06 142 0.1 10.3 19 18.4 1.9 1.01 0.31 1.77 0.38 0.11 3.5 0.54 1.49 0.3 0.14 0.83

KVX018-84 1763.60 143 0.1 7.3 26 23 1.4 0.73 0.32 1.45 0.27 0.09 7.1 1.67 1.58 0.23 0.1 0.61

KR1763.60 1763.60 138 0.1 9 24 18.2 1.73 0.89 0.43 1.99 0.34 0.11 14.9 3.88 2.58 0.29 0.12 0.75

KR1770.37 1770.37 131 0.1 7.3 39 24.1 1.35 0.73 0.23 1.31 0.27 0.08 3.2 0.59 1.17 0.22 0.1 0.61

KR1771.27 1771.27 220 0.3 20.9 23 15.8 3.49 2.16 0.22 2.11 0.77 0.24 2.6 0.46 1.28 0.46 0.32 1.89

KR1771.96 1771.96 210 1 21.5 19 92.7 3.61 2.32 0.37 3.08 0.8 0.3 7.1 1.19 2.56 0.55 0.35 2.17

KR1772.22 1772.22 139 0.4 10 <2 30.8 1.62 1.05 0.17 1.34 0.36 0.14 3.4 0.58 1.1 0.24 0.16 1.01

KVX018-85 1777.00 321 0.4 18.4 61 49.2 3.39 1.82 0.88 3.92 0.67 0.21 21.5 4.72 5.01 0.57 0.26 1.6

KR1781.15 1781.15 168 0.1 6.4 35 94.1 0.95 0.63 0.19 0.97 0.21 0.11 6.8 1.73 1.18 0.14 0.1 0.7

KVX018-86 1781.75 267 0.1 17 61 16.4 2.55 1.84 0.4 1.78 0.6 0.3 4.5 1.04 1.28 0.35 0.29 1.91

KR1796.03 1796.03 175 0.2 15.9 44 55.3 2.78 1.59 1.11 2.98 0.57 0.22 18.3 4.6 3.54 0.46 0.24 1.49

KVX018-87 1811.95 295 0.9 21.5 70 33.2 3.93 2.17 0.87 3.32 0.81 0.25 5.5 0.98 2.33 0.6 0.31 1.81

KVX018-88 1821.95 26 0.3 29.3 22 179.5 5.16 2.99 1.45 5.75 1.06 0.4 40.2 10.4 7.31 0.86 0.44 2.76

KVX018-89 1832.00 219 0.5 15.8 36 82.6 3.05 1.52 0.99 3.26 0.59 0.18 11.2 2.49 3.08 0.51 0.21 1.26

KVX018-90 1842.00 18 0.5 27.8 36 197 5 2.76 1.3 5.64 1 0.38 39.5 10.55 7.13 0.84 0.4 2.58

KR1859.69 1859.69 11 0.5 35.2 34 181.5 6.12 3.48 1.54 6.76 1.24 0.46 46.7 12.15 8.55 1.01 0.51 3.2

KR1876.91 1876.91 15 0.4 33.6 25 193.5 5.82 3.29 1.53 6.51 1.18 0.44 44.3 11.45 8.23 0.96 0.47 3.01


