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A B S T R A C T

Contact metamorphism of carbon- and sulfur-rich black schists can play a critical role in the genesis of magmatic 
sulfide deposits. This study investigates the metamorphic evolution of the Matarakoski formation black schist 
surrounding the Kevitsa and Satovaara intrusions in northern Finland. Raman spectroscopy of carbonaceous 
materials and Ti-in-biotite thermometry indicate peak contact metamorphic temperatures of 500–600 ± 50 ◦C. 
Biotite-scapolite alteration during contact metamorphism indicates influx of Cl-rich fluids, which mobilized Cu 
and Co within the black schist and possibly into the Kevitsa intrusion. These fluids were channelized in porous 
zones created by the sills adjacent to the Kevitsa intrusion. During contact metamorphism, pyrite decomposition 
to pyrrhotite released sulfur, potentially contributing to the Kevitsa Cu-Ni-PGE deposit. Minor hydrothermal 
sulfides, including Co-rich pyrite, chalcopyrite, and arsenopyrite, suggest fluid-mediated metal redistribution 
during retrograde metamorphism. These findings support a multi-stage model of ore formation involving partial 
melting, devolatilization, and hydrothermal fluid transport, emphasizing the significance of contact aureole 
processes in magmatic sulfide systems.

1. Introduction

Assimilation of carbonaceous material- and sulfide-rich unconsoli
dated sediments and (meta)sedimentary rocks, by mafic-ultramafic 
magmas is widely recognized as an important process in the genesis of 
magmatic sulfide deposits. Notably, assimilation of sulfide-rich black 
shales contributed to the formation of the Cu-Ni(-PGE) sulfide deposits 
of the Duluth Complex in Minnesota, USA (e.g., Ripley, 1981; Queffurus 
and Barnes, 2014; Virtanen et al., 2024), the Kabanga Ni-Cu(-PGE) de
posits in Tanzania (Maier and Barnes, 2010), the Ni–Cu sulfide deposits 
of the Pechenga intrusion in Kola Peninsula (e.g., Barnes et al., 2001; 
Hanski et al., 2011), and the Cu-Ni-PGE deposit of Kevitsa in Lapland, 
Finland (Grinenko et al., 2003; Luolavirta et al., 2018a, 2018b, 2018c; 
Mutanen, 1997). Magmas can assimilate sulfur from black shales 
through devolatilization fluids and selective or bulk assimilation (e.g., 

Barnes et al., 2001; Mutanen, 1997; Queffurus and Barnes, 2014) 
depending on the sulfide mineralogy and composition of the host rock 
(Virtanen et al., 2021, 2024). Therefore, constraining the contact 
metamorphic processes in the host rocks is essential for understanding 
the mechanisms of sulfur mobilization, transfer, and assimilation in 
magmatic sulfide systems.

The Kevitsa intrusion (Fig. 1) is a 2.05 Ga ultramafic-mafic cumulate 
body hosting an ore-grade deposit of disseminated Cu-Ni-PGE sulfides 
(Grinenko et al., 2003; Luolavirta et al., 2018a, 2018b, 2018c; Mutanen, 
1997) with indicated remaining resources of 111.3 Mt. at 0.23 wt% Ni, 
0.34 wt% Cu, 0.010 wt% Co, 0.12 ppm Pt, 0.07 ppm Pd, and 0.07 ppm 
Au (Boliden, 2024, https://investors.boliden.com/sites/boliden-ir/files 
/pr/202503192744-1.pdf, site visited on September 05, 2025). 
Another ultramafic–mafic intrusion east of Kevitsa, known as Satovaara 
(Fig. 1), is likely genetically related to Kevitsa but contains only minor 
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sulfide deposits (Mutanen, 1997). Both intrusions are hosted within the 
Savukoski Group, which mostly consists of the sulfide-rich black schists 
known as the Matarakoski formation as well as komatiitic to mafic 
volcanic rocks (Fig. 1; Köykkä et al., 2019). The host black schists are 
thought to have contributed external sulfur to the magma of the Kevitsa 
intrusion, promoting sulfide saturation and ore formation (Grinenko 
et al., 2003; Luolavirta et al., 2018a; Mutanen, 1997). Nonetheless, the 
mineralogy and contact metamorphism of the black schists are poorly 
constrained.

This study investigates the contact metamorphism of the Mata
rakoski formation black schist surrounding the Kevitsa and Satovaara 
intrusions in northern Finland. We constrain peak metamorphic tem
peratures and present detailed mineral chemistry and whole-rock 
geochemical data to evaluate the contact metamorphic processes. Our 
findings emphasize the role of Cl-bearing fluids in mobilizing metals 
during the contact metamorphism. We also provide a paragenetic model 
for the sulfides in the contact-metamorphosed black schist.

1.1. Geological setting

The Matarakoski formation belongs to the Savukoski Group, which 
consists of various sedimentary and volcanic rocks that were deposit 
between 2.15 and 2.05 Ga based on field relationships with cross-cutting 
intrusions (Räsänen and Huhma, 2001; Köykkä et al., 2019). Strati
graphically, the Savukoski Group is above the Sodankylä Group, which 
consists of conglomerates, arkosic quartzites, pelites, carbonate and 
sulfate evaporites as well as mafic volcanic rocks, which were deposited 
between ~2.38 Ga and 2.15 Ga in a syn- to post-rift setting (Haverinen, 
2020; Köykkä et al., 2019). The presence of halite pseudomorphs indi
cate that salt beds could have existed in the original stratigraphy 
(Haverinen, 2020). The Savukoski Group represents a sedimentary basin 
in a passive margin setting (Köykkä et al., 2019). Carbon and sulfur-rich 
black schists and greywackes of the Matarakoski formation are present 
at the base of the Savukoski Group and the upper part mainly consists of 
komatiitic to picritic lavas and mafic tuffs (Haverinen, 2020; Köykkä 
et al., 2019). Traditionally, the carbon and sulfur-bearing pelitic rocks of 
Matarakoski formation have been divided into black schists and 

phyllites on the basis that the former contains generally more sulfides 
and causes staining on skin contact due to the abundant carbonaceous 
materials (Lehtonen et al., 1998). Here, we refer to these rocks collec
tively as black schists as they both contain generally >0.5 wt% C, which 
has been suggested as the lower limit for the use of the prefix black for 
shales and schists (Huyck, 1991).

The Savukoski Group was deformed and metamorphosed during the 
Lapland-Kola (Daly et al., 2006), Lapland-Norrbotten, and Svecofennian 
(Lahtinen et al., 2005) orogenies, which caused greenschist to lower 
amphibolite facies regional metamorphism of the rocks (Hölttä and 
Heilimo, 2017; Sayab et al., 2021). The black schists of the Matarakoski 
formation often preserve structural and compositional features of the 
original sedimentary layering (Hölttä et al., 2007; Mikkola, 1941). The 
typical mineral assemblages include (i) chlorite, white mica, quartz, 
ilmenite, and pyrite ± plagioclase ± biotite ± rutile ± tourmaline ±
monazite as well as (ii) biotite, chlorite, quartz, ilmenite, and pyrite ±
rutile ± titanite ± carbonate minerals ± scapolite (Hackman, 1927; 
Mikkola, 1941; Tyrväinen, 1983; Lehtonen et al., 1998; Hölttä et al., 
2007). Biotite and chlorite are typically in the groundmass but locally 
present as up to 0.05–0.1 mm porphyroblasts (Tyrväinen, 1983; Lehto
nen et al., 1998; Hölttä et al., 2007). Based on chlorite thermometry, the 
schists and metavolcanic rocks north of Sodankylä experienced regional 
metamorphic temperatures in the range of 350–400 ◦C (Hölttä et al., 
2007). Pyrite with a suggested sedimentary origin is present as macro
scopic concretions and as up to one-centimeter thick regular bands, 
which can constitute >10 wt% of the schist (Lehtonen et al., 1998; 
Mikkola, 1941). Scapolite porphyroblasts, which can reach size of 
roughly one centimeter, are present locally and they possibly formed 
due to infiltration of Cl-rich fluids from the regionally common evapo
rite rocks of the Sodankylä Group (Hackman, 1927; Haverinen, 2020; 
Lehtonen et al., 1998; Tuisku, 1985; Tyrväinen, 1983). Scapolite por
phyroblasts in the black schists are particularly abundant near the 
Kevitsa intrusion (Lehtonen et al., 1998; Mutanen, 1997). The formation 
of scapolite porphyroblasts is not lithologically controlled and they are 
present in a wide range of rocks with both sedimentary and igneous 
origin. In fact, scapolitized rocks are present throughout the northern 
Fennoscandia, along a ~ 50–100 km wide east-west oriented zone 

Fig. 1. A geological map of the study area indicating the locations of the drill cores sampled for the Matarakoski black schist. The drill core names are not shown due 
to data confidentiality.
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extending from the eastern border of Finland to the western border of 
Sweden (Frietsch et al., 1997).

In the study area, the Kevitsa and Satovaara intrusions intersect the 
Matarakoski formation (Fig. 1; Mutanen, 1997, Luolavirta et al., 2018a, 
2018b, 2018c). Satovaara is a concordant intrusion with ultramafic 
basal cumulates and upper gabbroic rocks (Fig. 1). Compared to the 
Kevitsa intrusion, Satovaara contains higher proportion of olivine-rich 
ultramafic rocks, the surrounding contact-aureole is thinner, and the 
Cu-Ni-PGE sulfide mineralization is restricted to sporadic cloud-like, 
possibly stratigraphically bound, zones consisting of disseminated sul
fides (Mutanen, 1997). Kevitsa is a shallow conduit-type intrusion 
consisting of ultramafic, mostly pyroxenitic, and gabbroic cumulates 
(Mutanen, 1997, Luolavirta et al., 2018b, 2018c, Schoneveld et al., 
2025). Incompatible trace elements concentrations even in the most 
evolved cumulates of Kevitsa (Luolavirta et al., 2018a, 2018b) are 
similar or lower compared to the proposed picritic parental melt (see 
Hanski and Kamenetsky, 2013), which indicates that much of the re
sidual melt was expelled from the intrusion. The Kevitsa intrusion 
experienced an extended period of magmatic replenishment (Luolavirta 
et al., 2018a, 2018b, 2018c; Schoneveld et al., 2025), which possibly 
explains the thicker contact metamorphic aureole compared to the 
Satovaara intrusion. Little is known about the extent of assimilation in 
Satovaara but Kevitsa intrusion is thoroughly contaminated based on 
radiogenic Sr (87Sr/86Sri = 0.7050–0.7109: Luolavirta et al., 2018a) and 
Nd isotopic (εNdi = − 2.0 to − 6.9: Huhma et al., 2018) compositions in 
all rock types. Sporadically, the Kevitsa rocks contain unusual minor 
minerals including graphite and Cl-rich magmatic phases including 
amphibole, biotite, and apatite (Grinenko et al., 2003; Mutanen, 1997). 
The disseminated Cu-Ni(-PGE) sulfide deposits are hosted by the 
pyroxene-rich ultramafic cumulates. Based on the δ34S composition of 
the sulfides within the deposit, assimilation of sulfur from a sedimentary 
source was important for the formation of the deposit (Grinenko et al., 
2003; Luolavirta et al., 2018a). Sulfur and carbon isotopes from the 
Kevitsa intrusion are compatible with the Matarakoski formation being 
the main sedimentary sulfur source (Grinenko et al., 2003).

In the vicinity of the Kevitsa intrusion, the black schist of the Mat
arakoski formation has been divided into two units based on the abun
dances of sulfides and carbonaceous materials (Grinenko et al., 2003). In 
the stratigraphically lower unit of the black schist, sulfide and carbo
naceous material contents increase upwards. The stratigraphically upper 
unit has relatively higher sulfide but lower carbonaceous material 
contents relative the lower unit. As opposed to the regional Matarakoski 
formation, where pyrite is the dominant sulfide (Hackman, 1927; Mik
kola, 1941), the main sulfide mineral in the black schist near Kevitsa 
intrusion is pyrrhotite, while pyrite and chalcopyrite are the most 
common minor minerals. The Kevitsa intrusion is hosted in the upper 
unit of the Matarakoski black schist with locally concordant (Lehtonen 
et al., 1998) and locally discordant contacts (Grinenko et al., 2003; 
Mutanen, 1997).

In addition to hosting the mineralized Kevitsa and Satovaara in
trusions, the black schists of the Matarakoski formation together with 
the overlying komatiitic rocks are among the main stratigraphic loci for 
polymetallic Au-deposits in Central Lapland (Eilu, 2015; Korkalo, 2006). 
These deposits are heterogeneous in terms of metal association ranging 
from the typical Au ± Ag ± Cu deposits to more anomalous Au ± Ag ±
Cu ± Ni ± Co ± Sb deposits (Eilu, 2015; Korkalo, 2006). Especially, the 
anomalous Ni–Co assemblages are spatially associated with the 
komatiites overlying the Matarakoski formation black schist (Eilu, 
2015). These polymetallic deposits may have formed in volcanogenic 
massive sulfide (VMS) or orogenic Au-type mineralization processes or 
as a combination of the two (Eilu, 2015). Metal enrichment seems to be 
often related to albitization ± scapolitization and to mm to m-scale 
veins composed of Fe-rich dolomite and quartz (Eilu, 2015; Frietsch 
et al., 1997; Korkalo, 2006). It should be noted that on the regional scale, 
from Finland to Sweden, several types of alteration-mineralization as
sociations have been documented and that our description here is not 

meant to be exhaustive (for detailed studies see e.g., Frietsch et al., 
1997;Eilu, 2015; Korkalo, 2006). It has been proposed that the carbo
naceous materials caused reduction-induced precipitation of metals 
from an infiltrating saline fluid based on the leaching of carbon from the 
albitized and scapolitized black schists at the vicinity of the polymetallic 
deposits (Frietsch et al., 1997). The main ore minerals in these deposits 
are pyrrhotite, pyrite, and chalcopyrite with minor arsenopyrite, gers
dorffite, cobaltite, and pentlandite (Eilu, 2015; Korkalo, 2006). In 
addition, magnetite, native gold, Au–Ag tellurides, bismuthinides, 
molybdenite, millerite, violarite, and stibnite are present locally 
(Korkalo, 2006; Eilu, 2015).

2. Materials and methods

2.1. Sampling

We reviewed eight drill cores with a total of >900 m of black schist 
near the Kevitsa and Satovaara intrusions (Fig. 1). These drill cores 
contain black schists, of which some show non-fissile bedding with 
variably dark material (Fig. 2A), whereas others are characterized by 
primary sedimentary structures including mm-scale fissile bedding with 
alternating dark and light-colored material (Fig. 2B). Up to meter-scale 
intervals of nearly pure carbonaceous material are present sporadically 
(Fig. 2C). With the exception of the most carbon-rich horizons, all black 
schist types contain abundant macroscopically visible sulfides. Veins 
composed of quartz, carbonates, and sulfides commonly cross-cut the 
black schists (Fig. 2D). Collapse breccias within the black schists 
(Fig. 2E) possibly suggest dissolution of soluble interbeds such as salts, 
sulfates, or carbonates, or volume decrease due to dewatering of hydrate 
minerals such as gypsum. Near the Kevitsa intrusion, the black schists 
show gradual disappearance of the original bedding and increasing 
grain size, although the grains are still mostly <1 mm in diameter 
(Fig. 2F). In addition, the contact-metamorphic rocks show locally 
intensive scapolite-biotite alteration and loss of carbonaceous materials 
(Fig. 2F). At the contact zones, black schists and fine-grained intrusive 
rocks are often difficult to distinguish macroscopically.

In order to characterize the mineralogy and chemical composition of 
the Matarakoski formation, we collected 23 samples from the black 
schists from drill cores KV01–07 (Fig. 3): 15 from the massive portions 
(Fig. 2A), five from the thinly laminar portions (Fig. 2B), and three (K02, 
K07, and K11) from the horizons composed dominantly of carbonaceous 
materials (Fig. 2C). In the sampling, we avoided the cross-cutting 
quartz‑carbonate-sulfide veins (Fig. 2D). The samples come from 0 to 
165.5 m apparent distances (observed distance in the drill core) from 
intrusive rocks (Fig. 3). One sample (K02) is a xenolith, which comes 
from within the pyroxenitic part of the Kevitsa intrusion (not shown in 
Fig. 3). The most comprehensive sample set is from the drill core KV01 
(Fig. 3) and contains variably scapolitized dark massive black schists 
(Fig. 2F) in contact with an albitized black schist and leucogabbro 
(Fig. 2G). The ten black schist samples from this drill core are from the 
contact and up to 62 m from it. From this drill core, we also collected 
four samples from the intrusive rocks: two fine-grained gabbroic rocks 
from 0 to 20 cm from the contact, a leucocratic medium-grained 
gabbroic rock 40 cm from the contact, and a melanocratic medium- 
grained gabbroic rock 2.2 m from the contact (Fig. 3). We produced 
polished thin sections from all samples. In addition, we acquired one 
sample of the regional black schist from Sattasrimpi, ~25 km south-west 
from Kevitsa, from the drill core archives of the Geological Survey of 
Finland to compare the types of carbonaceous materials on regional 
scale. This sample represents a quartz-poor chlorite mica schist layer 
with carbonaceous material-rich bands below a small peridotitic 
intrusive.

2.2. Raman spectroscopy

We used Raman spectroscopy to characterize the molecular structure 
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of the carbonaceous materials in the black schist samples. The Raman 
spectral features (i.e., energy distribution of scattered photons) of 
carbonaceous materials reflect bonding between connected C atoms and 
possibly other elements such as H, O, and S (for a comprehensive review, 
see Beyssac and Lazzeri, 2012). The main spectral features relevant for 
our study are (i) the so-called G band at 1580 cm− 1, which are related to 
graphite-like highly ordered stacked sheet structure, and (ii) the D1 and 
D2 bands at ~1340–1360 cm− 1 and ~ 1620 cm− 1, respectively, which 
are related to structural defects and possibly the presence of elements 
other than C. On the basal plane of graphite sensu stricto, only the G 
band is present, whereas small D1 and D2 bands arise when measure
ments are done on the edge planes (Beyssac and Lazzeri, 2012). Several 
studies have shown that the molecular structure of the carbonaceous 
materials goes through systematic irreversible changes with increasing 
temperature, which makes the Raman spectroscopy of carbonaceous 
materials a useful method for determining metamorphic peak temper
atures without the influence of retrograde resetting (e.g., Aoya et al., 
2010; Beyssac et al., 2002; Lahfid et al., 2010).

We measured the carbonaceous materials using a Renishaw InVia 
Qontor confocal Raman microscope equipped with a 514.5 nm diode- 
pumped solid-state laser at the CEMHTI, Orléans. To focus the laser on 
the sample, we used a Leica DM2500 optical microscope with a 100×
objective, which has a 0.85 numerical aperture providing a spatial res
olution of ~0.75 μm. To avoid thermal damage of the carbonaceous 
materials, we set the laser power on sample surface to ~0.25 mW using a 
Thorlabs PM100A power meter. We applied an edge filter to filter out 

Rayleigh scattering and selected a grating with 1800 lines/mm to direct 
the signal to a thermo-electrically cooled (− 70 ◦C) Renishaw Centrus 
PN200 CCD detector with a 1024 × 256 pixels array (26 × 26 μm pixel 
size). We used a silicon standard for detector calibration and a graphite 
standard to verify the absence of any spectral features related to heating.

We measured only carbonaceous materials that were present under 
transparent silicate and carbonate grains to avoid structural degradation 
caused by polishing. We recorded the spectrum for 30 s with five spec
tral accumulations (i.e., the total measurement time is 150 s for each 
spectrum) to reduce the noise. Because carbonaceous materials within 
samples can be heterogeneous (e.g. Aoya et al., 2010), we collected 
15–16 spectra from each sample. For treatment of the raw measurement 
data, we used PeakFit (version 4.12). Linear or second order polynomial 
baselines were visually fitted to the measured spectra to define the signal 
background. Spectra affected by strong fluorescence causing a strongly 
curved background were discarded due to uncertainties in the fitting of 
the baseline. For spectral deconvolution, we fitted one or three sym
metric peaks (i.e., G band ± D1 and D2 bands) to the measured spectra 
using the Voigt function. The fit between the fitted and measured spectra 
was generally R2 ≥ 0.98, which we adopted as the threshold value for 
including the data in the thermometry calculations. For thermometry, 
we adopted the parameterization of Beyssac et al. (2002) in which the 
peak temperature is calculated based on the surface area of the D1 peak 
relative to the total surface area of the spectrum: D1/(G + D1 + D2). 
This ratio is called the R2 parameter, which has been shown to linearly 
correlate with temperature following the relation T(◦C) = − 445 x R2 +

Fig. 2. Typical features in the Matarakoski formation: A) massive black schist, B) thinly laminated black schist, C) a horizon within thinly laminated black schist 
composed nearly purely of carbonaceous materials, D) quartz‑carbonate-sulfide veins cross-cutting a black schist, E) a collapse breccia horizon within a black schist, 
F) thorougly biotite-scapolite-altered black schist with very low content of carbonaceous materials, and G) an albitized leucogabbro ~30 cm from the contact.
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641, and is valid over the temperature range 330–650 ◦C with an esti
mated uncertainty of ±50 ◦C (Beyssac et al., 2002). This thermometer 
has been calibrated with measurements done with a laser with the same 
wavelength as used in this study and has been shown to be valid for 
regionally metamorphosed and contact-metamorphic rocks (Aoya et al., 
2010; Beyssac et al., 2002). The maximum temperature of the ther
mometer (650 ◦C) is defined by the temperature at which the carbona
ceous materials reach perfectly ordered crystal structure of graphite.

2.3. Whole-rock geochemistry

With the exception of the samples from the horizons composed 
almost purely of carbonaceous materials, all black schist and igneous 
samples were included for the whole-rock geochemical analyses. From 
the xenolith samples, which also contained intrusive rocks, we only 
selected the black schist portion for the analyses. Sample preparation 
and analytical work was conducted by ALS Minerals. For major and trace 
element analyses, powdered samples were fused with lithium borate and 
subsequently digested in an acid solution. For base metal analyses, the 
lithium borate beads were digested using a four acid (HNO3-HF-HClO4- 
HCl) solution. The major elements were measured using inductively 
coupled plasma atomic emission spectrometry (ICP-AES), and trace el
ements using ICP mass spectrometry (MS). Loss on ignition was deter
mined by weight loss after heating the sample powder to 1000 ◦C. Total 
C and S were measured from the powdered samples with infrared 
spectrometry using a LECO furnace. The amount of non‑carbonate C was 
measured with the same method but the sample powders were leached 
multiple times using HCl before the measurement to remove carbonates 
from the analyte. Structurally bound water (H2O+) contents were 
measured from the sample powders with infrared spectrometry using a 
combustion furnace. To determine the analytical accuracy, precision, 

and detection limits, several standard materials and blanks were 
measured along the samples. More details of the whole-rock geochem
istry methods are included in the ESM1.

2.4. Mineral chemical analyses

We conducted the mineral chemical analyses at the Institut des Sci
ences de la Terre d'Orléans. We used a Zeiss Merlin Compact field 
emission secondary electron microscope for imaging and qualitative 
phase identification. For quantitative measurements, we used a Cameca 
SX Five electron microprobe analyzer (EMPA) equipped with five 
wavelength-dispersive detectors. Chlorite, biotite, and scapolite com
positions were measured from four black schist samples from the drill 
core KV01, which contains black schists at the contact with gabbroic 
rocks (Fig. 3). Twelve black schist samples from drill cores KV01–07 
were included in sulfide composition measurements. For the measure
ments, we set the working distance to <10 mm and used a focused beam. 
For the silicate minerals, we used an acceleration voltage of 15 kV and 
current of 10 nA. For sulfides acceleration voltage was set to 20 kV and 
current to 40 nA. Detailed information about the analytical conditions, 
error calculation, and detection limits are included in the ESM1.

3. Results

3.1. Raman spectroscopy

In the thinly laminated and massive black schists, carbonaceous 
materials are present as equally dispersed rounded micron-scale 
disseminated grains within the groundmass and as elongated accumu
lations in fractures (Fig. 4A). These grains are structurally fairly ho
mogeneous from sample to sample with the Raman spectra showing 

Fig. 3. Illustrations of the sampled drill cores, excluding the core KV07 from which only a xenolith (sample K02) within the main pyroxenite of the Kevitsa intrusion 
was collected.
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well-developed G-bands with minor D1 and D2 bands (Fig. 5, Table S1). 
Raman spectroscopy reveals similar structural features for carbonaceous 
material in samples K07 and K11, which represent horizons composed 
almost entirely of carbon (Fig. 5). For the samples with this type of 
carbonaceous materials, we were able to measure 11–16 spectra, which 
complied with our criteria for baseline fitting and deconvolution (see 
methods). For most of these data, the average contribution of the D1 
band on the sum spectra (R2 parameter) is 0.16–0.29 (Fig. 5) with a 
standard deviation of ≤0.06. The calculated average peak metamorphic 
temperatures for the samples are 513–566 ◦C (Fig. 5, Table S1) with the 
methodological uncertainty of ±50 ◦C. The R2 parameters in these 
samples near the Kevitsa intrusion are distinctly lower compared to the 
sample R58–35 from Sattasrimpi, which shows an average R2 of 0.42 

indicating peak temperature of 456 ± 50 ◦C (Fig. 5, Table S1).
The intensively biotite-scapolite altered sample K18, which comes 

from 7.3 m distance from intrusive contact in drill core KV01 has very 
low concentration of C, hence we were able to measure only six spectra. 
For these spectra, average R2 is 0.19, which is slightly lower compared 
to most of the samples, although the data are partially overlapping 
(Fig. 5, Table S1). The calculated peak metamorphic temperature of this 
intensively biotite-scapolite altered sample is 556 ± 50 ◦C. From the 
same drill core the samples closer to the contact with the intrusive rocks 
(K19–20) contain too low concentrations of carbonaceous material for 
Raman measurements. The samples K14–15 from drill core KV02 
contain micron-scale carbonaceous materials, which have more angular 
appearance compared to other samples. These materials yield distinctive 

Fig. 4. Back-scattered electron (BSE) images showing occurrences of structurally disorganized (A) and fully graphitic (B) carbonaceous materials (black material 
indicated with CM) in the black schists of the Matarakoski formation.

Fig. 5. Representative Raman spectra of carbonaceous materials from black schist of the Matarakoski Formation for each sampled drill core. Stippled lines indicate 
the ideal positions of the G, D1, and D2 peaks. Box plots summarize all measurements and present the calculated R2 parameter and corresponding peak metamorphic 
temperatures. All samples are from locations near the Kevitsa intrusion, except for sample R58–35, which was collected approximately 25 km southwest of Kevitsa.
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Raman spectra with R2 of 0.10–0.16 and peak temperatures of 566–602 
± 50 ◦C (Fig. 5, Table S1). In addition, the xenolith sample K02 from 
within the pyroxenitic unit of the Kevitsa intrusion contains up to about 
30 μm long lathlike grains of carbonaceous materials, which are present 
as one of the volumetrically major phases (Fig. 4B). Raman spectro
scopic measurements of some grains show only a G band verifying that 
these lathlike grains are graphite sensu stricto (Fig. 5). Most measure
ments show small contributions from D1 and D2 bands (R2 is generally 
<0.05) due to the effect of orientation of the laths (Fig. 5, Table S1). The 
adopted thermometry indicates a minimum temperature of 641 ◦C (±
50 ◦C) for full graphitization (Beyssac et al., 2002) and the lower 
calculated temperatures (Fig. 5) arise from the orientation effect on the 
spectra. Hence, the presence of graphite in this xenolith indicates that 
the peak temperature exceeded ~650 ◦C.

3.2. Petrography and mineral chemistry of the black schist

The main silicate minerals in all black schist samples are chlorite, 
quartz, and biotite, which are present in variable grain sizes and pro
portions on the thin section scale, translating into the macroscopic 
bedding observable on the drill core scale. The abundance of carbona
ceous materials is variable and governs the degree of dark coloration in 
the samples (Fig. 6A–B). Scapolite is a main mineral in some locations 
(Fig. 6C–D) and, in drill core KV01, it is the most abundant mineral in a 
4 m thick interval next to thoroughly albitized black schist (Fig. 6D) and 
gabbro. Carbonaceous material is very scarce in the most intensively 
scapolitized rocks and completely absent in the albitized parts 
(Fig. 6C–D). The ubiquitous minor minerals are apatite and titanite, 
which are present in all samples, whereas plagioclase, and K-feldspar are 
locally present as minor and, less commonly, major minerals. Minor 
epidote and rutile are present in some samples. Chlorite, biotite, and 
typically elongated quartz grains are aligned with the foliation (Fig. 6E), 
which is close to parallel with the bedding. Locally, chlorite can also be 
found as round poikiloblasts, which preferentially enclose quartz grains. 

The schistosity bends around these poikiloblasts, which can reach up to 
200–300 μm in diameter as opposed to ≤50 μm grains of chlorite in the 
groundmass.

In drill core KV01, chlorite and biotite in the groundmass are closer 
to their Mg end-member compositions with molar Mg/(Mg + Fe) of 
0.58–0.80 (n = 12, Table S2) and 0.48–0.80 (n = 17, Table S3), 
respectively. The lowest Mg/(Mg + Fe) of biotite (0.48–0.69, n = 9 of 
17) are measured near the intrusive contacts, where the original layering 
of the rock disappears. In the same drill core, scapolite forms rounded 
poikiloblasts (Fig. 6F), which can reach up to 500 μm in size. The 
structural formula of scapolite-group mineral can be written as (Ca, Na, 
K)4(Si, Al)12O24(CO2, SO2, Cl) and the common end-members are Ca and 
C or S-rich meionite as well as Na and Cl-rich marialite. Meionite content 
of scapolite is calculated on molar basis as follows: Me = 100 * Ca/(Ca +
Na + K). In our samples, meionite content varies from 25 to 35 and it is 
inversely linearly correlated with chlorine content (R2 = 0.94), which 
varies between 2.6 and 3.7 wt% (molar content of 0.6–0.9 on stoichio
metric basis) (Table S4). This means that the scapolite is marialitic. 
Qualitatively estimating, there is positive correlation between perva
siveness of scapolite alteration and Cl content of scapolite.

Among the common minor phases, apatite forms typically anhedral 
poikiloblasts, which can reach 300 μm in diameter. Compositionally it is 
fluorapatite based on qualitative EDS measurements. The other ubiq
uitous minor phase, titanite, is typically present as anhedral dissemi
nated grains but also rarely as similar poikiloblasts as apatite. Of the less 
common minor phases, plagioclase (with the exclusion of albite) is 
present as ≤20 μm grains in the groundmass and it contains roughly 
equal amounts of CaO and Na2O on the wt% basis based on EDS mea
surements. Potassium feldspar is present as similarly sized grains in the 
groundmass as plagioclase and shows spatial association with biotite.

3.3. Sulfide petrography and chemistry

Pyrrhotite is the most common sulfide mineral in our black schist 

Fig. 6. Transmitted light scans of thin sections with black schist samples from drill core KV01: A) K16, 24 m from the intrusive contact with typical amount of 
carbonaceous materials (most of the opaque areas) and minor biotite-scapolite -overprint (light-colored bands), B) K17, 15 m from the intrusive contact showing high 
amount of carbonaceous materials, C) K18, 7 m from the intrusive contact showing pervasive biotite-scapolite alteration and nearly complete loss of carbonaceous 
materials (most of the dark parts are biotite), and D) K19, 3 m from the intrusive contact, with pervasive albitization, minor biotite-scapolite alteration, and complete 
loss of carbonaceous materials. The back-scattered electron images show samples E) K10, 9.5 m from the intrusive contact in drill core KV05 with the typical quartz- 
chlorite-biotite-pyrrhotite assemblage and carbonaceous materials (black) and F) K18 (same sample as in C) with scapolite porphyroblasts surrounded by biotite and 
quartz. The orientation of the original bedding is preserved in the quartz grains enclosed in scapolite. Note that the distances from intrusive contacts have been 
measured from a drill core, hence they are apparent and might not indicate a true distance.
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samples and locally abundant enough to be considered as one of the 
main rock-forming minerals (> 5 vol%) (Fig. 7A–D). It is most 
commonly present as disseminated grains, which reach 400 μm in the 
longest dimension, but also as submicron inclusions within the poiki
loblastic minerals. The disseminated grains are mostly elongated par
allel with the schistosity (Fig. 7A) and they often contain small 
inclusions of the other groundmass minerals. The largest disseminated 
grains are commonly intergrown with the silicate minerals, mostly lath- 
like chlorite (Fig. 7D). Spatial association between disseminated pyr
rhotite and titanite ± rutile is observed in some samples. Locally, the 
disseminated pyrrhotite grains contain troilite exsolutions, which are of 
submicron-scale and too small for EMPA measurements. Pyrrhotite is 
also locally present as <1 mm thick bands or veins, which are 
conformable with bedding and schistosity (Fig. 7A) and contain in
clusions from the groundmass minerals. All types of pyrrhotite are 
variably Ni-bearing with the concentrations varying from 0.08 to 0.54 
wt% (n = 146, Table S5). Pyrrhotite has generally fairly homogeneous 
Ni content on sample scale with the overall variability being close to the 
analytical uncertainty even between the coexisting disseminated and 
vein-like pyrrhotite. However, larger variability is observed in the most 
intensively biotite-scapolite altered sample, where Ni content in pyr
rhotite is 0.19–0.54 wt% (n = 12), and from the two xenolith samples, 
where Ni contents in pyrrhotite are 0.09–0.28 wt% (n = 14) and 
0.13–0.46 wt% (n = 12). In addition, one sample at the exact contact 
with an intrusive rock contains compositionally distinctive disseminated 
and vein-like pyrrhotite with 0.15–0.24 wt% Ni (n = 3) and 0.29–0.31 
wt% (n = 8), respectively. There is no correlation between Ni content of 
pyrrhotite and the thermometry results.

The most common minor sulfide in our samples is chalcopyrite 
(Fig. 7B). It is mainly present as anhedral grains either at the flanks or 
within cracks of pyrrhotite grains. Minor element contents in chalco
pyrite are below the detection limit of our microprobe measurements 
(Table S6). Arsenopyrite is the second most common minor sulfide in 
our black schist samples (Fig. 7C). It is present as inclusion-free grains 
within the groundmass and at the flanks of pyrrhotite grains. Arseno
pyrite has variable concentrations of Co: 1.10–7.18 wt% and Ni: 

0.06–0.92 wt% (Table S7). Pyrite is typically nearly euhedral but locally 
anhedral and present mainly within or at the flanks of the largest 
disseminated pyrrhotite grains (Fig. 7D) and pyrrhotite bands. Rarely, 
pyrite is also present as disseminated grains. Pyrite grains associated 
with pyrrhotite contain 0.59–1.57 wt% of Co, whereas Co content of the 
less common disseminated grains is below the detection limit (Table S8). 
Other less common minor sulfide phases include sphalerite, which has 
similar occurrence with chalcopyrite as well as galena and stibnite, 
which are sparsely present as small grains within the groundmass.

3.4. Whole-rock chemistry of the black schist and gabbro

Overall, the black schists of the Matarakoski formation are chemi
cally heterogeneous (Table S9). Even with the exclusion of scapolitized 
(K18), albitized (K19–20), carbonate-rich (K09) and carbonaceous 
material-rich (K02) samples, most major elements show range of several 
weight percent: SiO2 = 56.6–66.0 wt%, TiO2, = 0.6–1.0 wt% Al2O3 =

11.0–17.5 wt%, Fe2O3
total = 3.5–11.1 wt%, MgO = 2.9–7.0 wt%, CaO =

0.4–3.6 wt% Na2O = 1.4–2.9 wt%, K2O = 2.3–4.0 wt%, H2O = 1.4–2.5 
wt%, Corg, = 0.7–4.5 wt%, and S = 0.4–4.0 wt% (Table S9). In the drill 
core KV01, the black schist exhibits few clear changes in major elements 
towards the contact with the gabbroic intrusive rock (Fig. 8). The 
intensively scapolitized zone (3–7 m from the contact) shows depletion 
in Corg (0.07 wt%) and slightly elevated contents of CaO (3.5 wt%) and 
Na2O (3.7 wt%) compared to black schists located farther from the 
intrusion in the same drill core and to most black schists in other cores 
(Fig. 8). More pronounced CaO (3.5–4.8 wt%) and Na2O (7.6–7.7 wt%) 
enrichment as well as Corg (0.02 wt%) and K2O (0.4–1.4 wt%) depletion 
is observed in the albitized zone (≤ 3 m from the contact) closer to the 
intrusive contact (Fig. 8). In addition, SiO2 is slightly depleted in the 
black schist right next to the contact (Fig. 8). In terms of rare earth el
ements (REE) the samples from drill core KV01 have mostly similar light 
REE (LREE) enriched primitive mantle normalized (primitive mantle 
composition from Palme and O'Neill, 2013) patterns but absolute con
tents are lower compared to the black schists in other drill cores. The 
intensively scapolitized sample (K18) has lowest REE contents with a 

Fig. 7. Back-scattered electron images showing: A) typical occurrence of disseminated and lamina-type sulfides (white), B) pyrrhotite (Po) and chalcopyrite (Cpy), C) 
pyrrhotite and arsenopyrite (Apy), and) pyrrhotite and pyrite (Py). The titles indicate the sample and the apparent distance from an intrusive contact.
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distinct pattern showing low LREE, lower middle REE (MREE) but 
relatively high heavy REE (HREE), and a positive Eu anomaly (Fig. 8). 
The primitive mantle normalized pattern of the intensively albitized 
sample (K19) is characterized by highest LREE enrichment compared to 
MREE and HREE, slightly enriched Tm, Yb, and Lu compared to the 
other HREE, and a positive Eu anomaly (Fig. 8).

Compared to the black schist, the gabbroic rocks show clearer 
chemical differences towards the contact. Contents of SiO2 and Na2O are 
enriched, whereas TiO2, Fe2O3, and CaO are depleted in the fine-grained 
gabbro and leucogabbro near the contact (Fig. 8). Notably, the gabbroic 
rocks have similar or lower MgO as well as higher TiO2 and REE contents 
relative to most black schists in the area (Fig. 8). In addition, the 
gabbroic rocks have high Zr contents (160–294 ppm) compared to most 
of the black schists, which have 44–255 ppm Zr with an average of 115 
ppm (Table S9).

4. Discussion

4.1. Peak metamorphism of black schist around the Kevitsa intrusion

It has been shown that heterogeneity of carbonaceous materials on 
thin section scale is one of the main sources of uncertainty in the Raman 
thermometry in both regionally metamorphosed and contact- 
metamorphosed rocks (Aoya et al., 2010; Lünsdorf et al., 2014). To 
account for this heterogeneity, it has been suggested that at least 25 and 
ideally >50 measurements should be conducted to calculate an average 
R2 parameter (see methods) for thermometry (Aoya et al., 2010), which 
is considerably more compared to our 11–16 spectra per sample. Aoya 
et al. (2010) showed that even >100 measurements from a single thin 
section may not be enough to reduce standard deviation of the R2 
parameter to <0.06–0.07, which translates to an additional uncertainty 
of approximately ±30 ◦C on the thermometry. In our samples, the thin 
section scale standard deviation for the R2 parameter is 0.02–0.06 
(Table S1), which we interpret to reflect relatively homogeneous 

populations of carbonaceous materials. It should be noted that Aoya 
et al. (2010) conducted measurements for 30–60 s with a single spectral 
accumulation, whereas we measured each spectrum for a total of 150 s 
(five accumulations of 30 s), which leads to better counting statistics for 
our spectra. In addition, Aoya et al. (2010) report laser power of 3 mW at 
the sample surface, which is considerably higher than the typically 
suggested ≤0.5 or 1 mW (≤ 0.25 mW in our study) to avoid heating- 
induced effects on photon scattering from carbonaceous materials 
(Beyssac and Lazzeri, 2012; Lünsdorf et al., 2014). We suggest that in the 
case of our samples and with the used analytical conditions, the 11–16 
measured spectra are sufficient for calculating meaningful peak meta
morphic temperatures.

Based on previous studies, the Savukoski Group, which hosts the 
Matarakoski formation, experienced greenschist facies regional meta
morphic conditions with chlorite thermometry indicating temperatures 
of 350–400 ◦C ~ 10–15 km south of the Kevitsa intrusion (Hölttä et al., 
2007, Hölttä and Heilimo, 2017). These estimates are similar to our 
measurements from the Matarakoski black schist sample originating 
~25 km south-west from Kevitsa, which indicates a maximum peak 
metamorphic temperature of 460 ± 50 ◦C (Fig. 5). It should be noted, 
however, that our sample comes 17 m below an ultramafic intrusive 
rock with an undefined thickness (upper limit not observable), which 
may have caused some contact metamorphism. Only 1–2 km north of the 
Kevitsa intrusion, the degree of regional metamorphism reaches lower 
amphibolite facies, with an estimated peak pressure and temperature 
reaching 4–5 kbar and 560–615 ◦C, respectively (Hölttä et al., 2007; 
Hölttä and Heilimo, 2017). These conditions are found in rocks from the 
Sodankylä Group, which is stratigraphically below the Savukoski Group. 
Although our study area is located near the zone where regional meta
morphism reached lower amphibolite facies conditions, we suggest that 
the peak metamorphic temperatures of 500–600 ± 50 ◦C (Fig. 5) 
recorded by our Matarakoski black schist samples from around the 
Kevitsa and Satovaara intrusions are more likely due to contact meta
morphism. In the greenschist facies zone (south and southwest from the 

Fig. 8. Compositional variability in black schist and gabbroic intrusive rocks in drill core KV01. Rare earth element (REE) concentrations are normalized to primitive 
mantle values (Palme and O'Neill, 2013) and shown for all analyzed samples with the exception of the black schist xenolith K02.
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Kevitsa intrusion), the pelitic rocks are characterized by chlorite–white 
mica–quartz ± plagioclase ± biotite and biotite–chlorite–quartz min
eral assemblages (Hölttä et al., 2007). In the lower amphibolite facies 
zone (north of the Kevitsa intrusion), the typical mineral assemblages in 
the pelitic rocks are muscovite–chlorite–quartz and garnet–staur
olite–muscovite–chlorite–quartz ± andalusite ± kyanite ± plagioclase, 
where the aluminosilicates are typically present as macroscopic por
phyroblasts (Hölttä et al., 2007). Biotite is rare and mostly retrograde in 
the pelites metamorphosed at the lower amphibolite facies conditions 
(Hölttä et al., 2007). Our samples dominantly show a bio
tite–chlorite–quartz mineral assemblage, which is typical for the 
greenschist facies regional metamorphism.

To interpret the metamorphic history of our samples, we calculated a 
P-T pseudosection for an average composition of our Matarakoski black 
schist samples (Fig. 9A), using MAGEMin (Riel et al., 2022). The peak 
temperature constraints from the carbonaceous material thermometry 
and the complete absence of muscovite in our samples indicates that the 
stable peak metamorphic assemblage was alkali feldspar, plagioclase, 
biotite, cordierite, quartz, and rutile (Fig. 9A). This is compatible with 
the observed mineral assemblages from our samples with the exception 
of the lack of cordierite and presence of abundant chlorite and titanite 
(Fig. 6E and Fig. 9B–C). We suggest that the lack of cordierite is due to its 
breakdown into chlorite and quartz at greenschist facies conditions (≤
500 ◦C based on the pseudosection), either during to the cooling stage of 
the contact metamorphism or more likely during the longer-lived 
regional metamorphism. Especially, the rounded chlorite poikiloblasts 
with abundant quartz inclusions are compatible with this interpretation 
(Fig. 9B). Similar to chlorite, titanite formed after the peak meta
morphism at ≤450 ◦C (Fig. 9A), likely due to reaction between rutile and 

possibly plagioclase, which could supply the required Ca for the reaction 
(Fig. 9C). The presence of chlorite and titanite together with the absence 
of cordierite and muscovite is a strong indication that the Matarakoski 
black schist around Kevitsa intrusion was subjected to greenschist facies 
(≤ 500 ◦C) rather than lower amphibolite facies regional meta
morphism, and is also compatible with the previously interpreted border 
between the two metamorphic zones (Hölttä et al., 2007). In summary, 
the mineralogical evidence and temperature estimates strongly indicate 
that the peak metamorphism observed in our samples was caused by 
contact metamorphism, and not by regional metamorphism.

4.2. Magma-sediment interaction and contact metamorphism around the 
sills

Drill core KV01 provides an opportunity to characterize the style of 
magma–sediment interaction and contact metamorphism associated 
with sill intrusions at Kevitsa. These sill intrusions most likely represent 
magma injections into the black schist, along the flank of the main 
intrusion (Fig. 10A–B). Based on its low MgO and high TiO2, REE, and Zr 
contents (Fig. 8, Table S9), the magma had fractionated extensively 
within the main intrusion before it intruded the black schist as a sill. We 
suggest that the sill represents residual melt expelled from the Kevitsa 
intrusion after the formation of the gabbroic cumulates, which contain 
only small amount of interstitial melt based on the low incompatible 
trace element (e.g., Zr and REE) contents (Luolavirta et al., 2018a, 
2018b). Within the main intrusion, the parental melt is likely to have 
undergone extensive black schist assimilation during emplacement, as 
strongly suggested by Sr, Nd, and S isotopic studies (Grinenko et al., 
2003; Huhma et al., 2018; Luolavirta et al., 2018a). This explains the 

Fig. 9. A) pseudosection calculated in the NCKFMASHT (Na, Ca, K, Fe, Mg, Al, Si, H2O, Ti) system for the average composition of the Matarakoski black schist using 
MAGEMin (Riel et al., 2022). The system is buffered to graphite-CO (CCO). The thermodynamic dataset is ds62 (Holland and Powell, 2011) and solution models are 
from White et al. (2014). For the average black schist calculation, Fe bound to pyrrhotite was removed with the assumption that all sulfur is hosted in Fe0.94S, which 
is close to the observation in the samples. From the average calculation, we omitted sample K09, which has anomalously high CaO (12.2 wt%) and CO2 (3.74 wt%) 
contents indicating the presence of carbonates. The colors correspond to the degrees of freedom, which is defined by the number of stable phases within the fields. 
The peak contact metamorphic conditions have been estimated based on the peak metamorphic temperatures defined using the Raman spectroscopy of carbonaceous 
materials and based on the absence of muscovite and presence of alkali feldspar in our samples. B) chlorite poikiloblast with quartz inclusions in sample K14. C) 
Textural association of titanite, rutile, and plagioclase in sample K12. Abbreviations are: afs = alkali feldspar, and = andalusite, bt = biotite, cd = cordierite, chl =
chlorite, ep = epidote, ilm = ilmenite, liq = melt, mu = muscovite, pl = plagioclase, qz = quartz, ru = rutile, sill = sillimanite, and ttn = titanite.
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similar primitive mantle normalized REE patterns of the sill and black 
schist (Fig. 8), although it should be noted that additional assimilation of 
some deeper country rocks is also possible (Huhma et al., 2018). The sill 
has higher REE contents than the black schist (Fig. 8), which indicates 
that extensive fractionation of clinopyroxene, orthopyroxene, and 
plagioclase occurred within the main intrusion prior to the final 
emplacement of the sill. Clinopyroxene and orthopyroxene preferen
tially incorporate HREE over LREE (e.g., Bédard, 2007, 2014), which 
could explain the slightly more LREE-enriched composition of the sills 
compared to the black schist.

During the emplacement of the sill, in situ assimilation is markedly 
more limited and primarily confined to the immediate contact zone (~1 
m thick), where the contents of some major elements (SiO2, TiO2, 
Fe2O3

total, and CaO) in the magmatic rocks change towards compositions 
characteristic of the black schist (Fig. 8). However, interpretations of 
element fluxes during in situ assimilation remain uncertain due to 
overprinting albitization in both the gabbroic rocks and the black schist. 
Only carbon mobilization is clearly observable in the distinct ~8 m- 
thick, recrystallized, carbon-poor zone above the ~14 m-thick sill. It is 
likely that most chemical changes within this zone were triggered by 
devolatilization as the temperatures did not reach the solidus of the 
black schist based on the pseudosection (Fig. 9A).

The peak temperatures recorded in carbonaceous materials from all 
sampled black schists are fairly uniform, regardless of the distance from 
the nearest visible sills (Fig. 5). This suggests that the contact meta
morphism of the black schist was primarily driven by the main body of 
the Kevitsa intrusion. With the exception of the sample K02, which 
represents a xenolith within the Kevitsa intrusion (Fig. 10A), the highest 
temperatures are registered in samples K14–15, which come from the 
deepest sampled parts of the Matarakoski formation (Fig. 3 and 10B), 
possibly due to the slower cooling of the deeper part of the contact 
aureole. In conclusion, the extents of assimilation and contact meta
morphism around the small and fractionated sills were limited 
compared to the more pronounced effects within the main Kevitsa 
intrusion, which supplied significantly more heat. However, we propose 
that the more extensive devolatilization adjacent to the sills may have 
generated zones of higher porosity, which channelized the influx of Na- 
and Cl-rich fluids, resulting in intense biotite-scapolite alteration and 
albitization (Fig. 10C-D).

4.3. Timing and significance of biotite-scapolite alteration

To estimate the timing of biotite-scapolite alteration in the drill core 

KV01, we use a Ti-in-biotite thermometer (Henry et al., 2005) to 
compare the equilibration temperatures of biotite with the peak meta
morphic temperatures from the same samples. This Ti-in-biotite ther
mometer has been calibrated for ilmenite or rutile-bearing graphitic 
pelites, which experienced regional metamorphism at ~4–6 kbar and 
480–800 ◦C and it has uncertainty of ±25 ◦C (Henry et al., 2005). The 
thermometer has been shown to yield reasonable results (within 16 ±
23 ◦C from other thermometry estimates) for the Ballachulish contact 
metamorphic aureole with a lower pressure of ~3 kbar (Henry et al., 
2005 and references therein). The samples, for which we have measured 
biotite compositions, have suitable mineral assemblages for the ther
mometry as they contain carbonaceous materials and minor rutile. 
Moreover, the measured biotite grains have Mg/(Mg + Fe) and Ti con
tents (Table S3) in the range of the dataset used for calibrating the 
thermometer (Henry et al., 2005). The main uncertainty is related to 
pressure for which we lack any quantitative estimations but it is likely 
lower than 3 kbar as the Kevitsa intrusion formed during the same late 
stage of the passive margin basin setting in which the Savukoski Group 
sediments were originally deposited (see also Fig. 9A). Another Ti-in- 
biotite thermometer, which was calibrated for similar mineral assem
blages and pressure-temperature-composition ranges as the one adopted 
in this study, indicates that the effect of pressure is linear with the 
calculated temperature increasing by ~10 ◦C/kbar (Wu and Chen, 
2015). This thermometer was shown to produce within uncertainty 
same temperatures with the other calibration for all tested mineral as
semblages (Wu and Chen, 2015). We consider that our Ti-in-biotite 
thermometer results may underestimate the temperature at most by 
30 ◦C due to the uncertainty of pressure.

For our four scapolite-bearing black schist samples, the Ti-in-biotite 
thermometry yields temperatures of 484–563 ◦C (n = 2), 529–598 ◦C (n 
= 6), 510–567 ◦C (n = 3), and 474–613 ◦C (n = 6). Most of these tem
peratures are within uncertainty overlapping with the peak meta
morphic temperatures defined for the same samples using the 
carbonaceous material thermometer (Fig. 11). These results strongly 
suggest that biotite-scapolite alteration occurred during the peak of 
contact metamorphism. This interpretation is compatible with our 
observation that the most pervasive biotite-scapolite alteration is pre
sent within a 4-m interval 3–7 m from an intrusive contact, and with the 
earlier documentation of most intensive scapolitization in the area being 
spatially associated with the Kevitsa intrusion (Mutanen, 1997). Scap
olite in our black schist samples is compositionally close to the Na and 
Cl-rich endmember marialite, which is typical in the ~50–100 km wide 
east-west oriented scapolite-alteration district extending from the 

Fig. 10. A) a cross-section of the Kevitsa intrusion and surrounding lithologies modified after Luolavirta et al. (2018c). Note that the presence of the Sodankylä 
Group has not been verified and that the extent of the Matarakoski formation below the Kevitsa intrusion is uncertain. B) a schematic close-up of the contact zone 
between the Kevitsa intrusion and the black schist, illustrating a combination of concordant and discordant geometries. The schematic is not to scale, and the exact 
extent, thickness, and number of sill-like intrusions into the black schist are unknown. Sample locations are approximate and intended to represent relative depth and 
position below, above, and between the sills. C) a schematic of a sill intruding into the black schist and causing devolatilization of the host rock. D) subsequent influx 
of Na- and Cl-bearing fluids during either syn- or postmagmatic stage, resulting in scapolitization and albitization of the rocks.
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eastern border of Finland to the western border of Sweden (Frietsch 
et al., 1997; Tuisku, 1985). Clearly, the main stage of regional scapolite- 
alteration must be related to large-scale flow of Cl-rich fluids during 
orogenic processes rather than localized contact metamorphism. 
Nevertheless, the presence of scapolite, which formed at the peak 
contact-metamorphic stage around the Kevitsa intrusion, indicates flow 
of Cl-rich fluids in the vicinity of the intrusion during the syn- or post
magmatic stage. Flow of Cl-rich fluids within the contact- 
metamorphosed Matarakoski formation has been previously suggested 
based on whole-rock Cl-data (Mutanen, 1997). The positive correlation 
between Cl and K2O in the contact-metamorphosed Matarakoski for
mation samples (Mutanen, 1997) is consistent with biotite-scapolite 
alteration as observed in our study. In previous studies, evaporitic 
rocks, which are common in the underlying Sodankylä Group, have been 
suggested as the source of Cl in the fluid (Frietsch et al., 1997; Mutanen, 
1997; Tuisku, 1985) but supporting data for the origin of Cl is lacking. A 
detailed study on Br/Cl in scapolite could reveal the origin of the Cl-rich 
fluids (see, Qiu et al., 2021; Zeng et al., 2020).

Our findings highlight that Cl-rich fluids were present around the 
Kevitsa intrusion during the syn- and/or postmagmatic stage. Syn
magmatic mobility of Cl is compatible with the up to wt% level Cl 
contents in whole-rock samples and the presence of unusually Cl-rich 
magmatic amphibole, biotite, and apatite in the Kevitsa intrusion 
(Mutanen, 1997). Scapolite has also been documented from the Kevitsa 
intrusion (Mutanen, 1997), which indicates that influx of Cl-rich fluids 
continued in the postmagmatic stage as well. The presence of Cl-rich 
fluids could be important for the mineralization in Kevitsa as they can 
mobilize base metals, especially Cu and Co (Liu et al., 2024; Pirajno, 
2018). A detailed study on the paragenesis of the Cu and Co-bearing 
sulfides in the Kevitsa intrusion and their spatial association with the 
Cl-rich phases could reveal how important the Cl-rich fluids were for the 
mineralization. Based on the thorough albitization of plagioclase in the 
black schist and leucogabbro at the contact with biotite-scapolite altered 
black schist, we speculate that these fluids might have been composi
tionally similar to those forming the scapolite-albite-associated poly
metallic Au–Cu deposits in the northern Fennoscandia (see, Frietsch 
et al., 1997). A detailed study on the distribution of Cu, Ni, Au, and PGE 

in the Kevitsa intrusion has shown that Cu and Au have been mobilized 
in postmagmatic hydrothermal processes (Le Vaillant et al., 2016). We 
consider it as a possibility that Cl-bearing fluids from the contact-aureole 
infiltrated the Kevitsa intrusion in both syn- and postmagmatic stages, 
mobilizing sulfur and metals from the sulfide deposits. However, it 
should be noted that a later orogeny-related regional scale process 
cannot be excluded with the existing data.

4.4. Sulfide genesis in the contact-metamorphosed black schist

The sulfide-bearing black schist of the Matarakoski formation has 
been suggested to be the main source of sulfur in the Kevitsa Cu-Ni-PGE 
sulfide deposits (Grinenko et al., 2003; Luolavirta et al., 2018a; Muta
nen, 1997). Sulfur is proposed to be assimilated as the magma partially 
melted the black schist with graphite in the magmatic rocks representing 
the solid residue of the digested material (Mutanen, 1997). The possible 
devolatilization of sulfur from the contact-metamorphosed Matarakoski 
formation has not been considered in the previous studies. This process 
was likely important in the formation of the Ni–Cu deposits of Pechenga 
in Kola Peninsula (Barnes et al., 2001), and the Cu-Ni(-PGE) deposits of 
the Duluth Complex in Minnesota (Ripley, 1981; Virtanen et al., 2021). 
The following discussion focuses on the genesis of sulfides in the contact- 
metamorphosed black schist, with particular emphasis on the role of 
hydrothermal processes.

Matarakoski black schist occurrences with pyrite concretions and 
regularly spaced macroscopic pyrite bands of a suggested sedimentary 
origin have been described between the town of Sodankylä and the 
Kevitsa intrusion (Hackman, 1927; Mikkola, 1941). Accordingly, we 
suggest that the pyrrhotite-bearing black schist around the Kevitsa 
intrusion was likely pyrite-bearing during the onset of the magmatism. 
This interpretation is compatible with the fact that pyrite commonly 
forms in black shales during the diagenetic and early metamorphic 
stages, whereas pyrrhotite is rarely present in these conditions (e.g., 
Rickard and Morse, 2005; Schoonen, 2004). Pyrrhotite in black schists 
typically forms in early metamorphic devolatilization stage when pyrite 
reacts with methane released from the carbonaceous materials (2 pyrite 
+ CH4 = 2 pyrrhotite +2 H2S + carbonaceous material). Under water- 
undersaturated conditions, the decomposition of pyrite is progressive 
initiating when the metamorphic temperature reaches ~350–400 ◦C and 
continuing until ~500–650 ◦C (Chen et al., 2000; Ma et al., 2016). The 
regional metamorphism in the Sodankylä area reached ~350–400 ◦C 
(Hölttä et al., 2007, Hölttä and Heilimo, 2017), which is compatible 
with the preservation of the original sedimentary pyrite as observed in 
the regionally metamorphosed black schists (Hackman, 1927; Mikkola, 
1941). Our thermometry results indicate that the pyrrhotite-bearing 
black schist at the vicinity of the Kevitsa intrusion reached peak 
contact-metamorphic temperatures of 500–600 ± 50 ◦C, which would 
have caused complete pyrite decomposition.

Ubiquitous Ni-bearing pyrrhotite, which is often intergrown with the 
silicate phases in our black schist samples (Fig. 7B and D) is consistent 
with the interpretation of it representing residual sulfide after pyrite 
decomposition. Black shale heating experiments have shown that 
decomposition of Ni-free pyrite can lead to formation of Ni-bearing 
pyrrhotite as Ni becomes available from breakdown of chlorite or 
other phases in the sedimentary rock (Virtanen et al., 2021). Pyrite 
decomposition mobilizes roughly 50 wt% of sulfur in a fluid phase, 
which may either re-precipitate in situ within the black schist or prop
agate via suitable structures to the surroundings such as the adjacent 
metavolcanic rocks of the Savukoski Group or to the Kevitsa or Sato
vaara intrusions. Sulfur isotopic composition of sulfides remain largely 
unchanged during the process (Seal II, 2006). Considering that the 
maximum apparent distance (observed distance in drill core) of our 
samples from the intrusive contact is 165 m, the quantity of sulfur that 
could have been mobilized is large and this could have contributed to 
the sulfur budget of the Kevitsa deposits. Estimating whether sulfur was 
gained or lost in the contact metamorphosed black schist is, however, 

Fig. 11. Comparison with the thermometry results based on the structure of 
carbonaceous materials (CM) and composition of biotite. No carbonaceous 
materials were measured from K19 due to too low concentration of carbon. The 
additional +30 ◦C uncertainty for the biotite thermometry results is related to 
the uncertainty in pressure (P) during the contact metamorphism.
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currently not possible due to the lack of sufficient amount of data to 
constrain the variability of sulfur content in the regional black schist. 
Importantly, it is not clear if the sulfide-rich character of the upper 
portion of the Matarakoski formation black schist, which hosts the 
Kevitsa intrusion, is a primary sedimentary feature or if it is related to 
sulfur redistribution within the black schist during contact meta
morphism. It is important to emphasize that sulfur assimilation via fluid 
transport and partial melting are not mutually exclusive processes and 
both could have contributed to the genesis of the Kevitsa deposits 
(Mutanen, 1997).

In our black schist samples, chalcopyrite and Co-bearing pyrite are 
present as inclusions and over- or intergrowths in pyrrhotite (Fig. 7 B 
and D), which suggests that they are not of primary sedimentary origin, 
especially as any original pyrite would have decomposed during the 
contact metamorphism. Based on a compilation of pyrite data from 
submarine exhalative (SEDEX) and VMS deposits, as well as various 
sedimentary, magmatic, and skarn rocks, it has been suggested that Co/ 
Ni can be used as a genetic indicator for pyrite (Bajwah et al., 1987). In 
sedimentary and magmatic rocks, pyrite has generally Co/Ni < 1 with 
the absolute contents of these metals being higher in pyrite with 
magmatic origin (Bajwah et al., 1987). Skarns contain pyrite with Co/Ni 
of 1–10 and highest Co/Ni of 10–50 is found in SEDEX and VMS deposits 
(Bajwah et al., 1987). In our pyrite, Ni content is below the detection 
limit of 0.04 wt% and Co content is 0.59–1.57 wt% meaning that min
imum Co/Ni is around 15–40, which is similar with pyrite from SEDEX 
and VMS deposits. In these types of deposits, pyrite precipitates from 
generally S- and Cl-rich fluids (e.g., Large, 1992), which is consistent 
with the presence of scapolite in our samples as it indicates presence of 
Cl-bearing fluids during contact metamorphism. In addition, the rela
tively Co-poor pyrrhotite also points to hydrothermal origin of Co, 
which otherwise should have become enriched in pyrrhotite during 
pyrite decomposition (Finch and Tomkins, 2017).

In addition to Co-pyrite and chalcopyrite, we have identified arse
nopyrite, sphalerite and galena in our samples and these minerals are 
commonly associated with SEDEX and VMS deposits (Large, 1992). 
Arsenopyrite in our samples has highly variable Co/Ni from 3.2 to 70.0 
(average 26.2, n = 14). We are not aware of Co-rich arsenopyrite as a 
primary sedimentary sulfide but it is for example associated with chert 
and carbonate-hosted hydrothermal Co mineralization in the Eastern 
Kunlun metallogenic belt in China (Liu et al., 2024). Generally, the 
observed sulfides (with the exception of pyrrhotite) precipitate at 
<400 ◦C, when the metal solubility of the fluid is sufficiently low (Large, 
1992), which is much lower compared to the peak metamorphic tem
perature in our samples. Accordingly, we suggest that chalcopyrite, Co- 
bearing pyrite, and arsenopyrite precipitated simultaneously with 
scapolite from a fluid phase during the retrograde stage of contact 
metamorphism. These observations provide additional evidence for our 
speculation of Cu and Co mobility in the Cl-bearing fluids during 
contact-metamorphic fluid circulation in the black schist. As the source 
of the fluid is unknown, the effect on sulfur isotopic composition of the 
black schist cannot be evaluated. However, since chalcopyrite, pyrite, 
and arsenopyrite occur only in minor quantities, the existing whole-rock 
sulfur isotopic data likely reflects the original sedimentary sulfide 
signature and can therefore be used reliably to trace the source of sulfur. 
To summarize, the contact metamorphism of the Matarakoski black 
schist facilitated sulfur release through large-scale pyrite decomposition 
to pyrrhotite followed by subsequent flux of Cl-rich fluids, which 
mobilized Cu and Co in the black schist and potentially in the Kevitsa 
intrusion.

5. Conclusions

This study provides new constraints on the contact metamorphism of 
the Matarakoski formation black schist surrounding the Kevitsa and 
Satovaara intrusions. Peak temperatures reached 500–600 ± 50 ◦C in 
the contact aureole and ≥ 650 ◦C in xenoliths, as determined by Raman 

spectroscopy of carbonaceous materials. Even adjacent to the sills within 
the black schist, the peak temperatures seem to be controlled by the 
main intrusive bodies. Biotite-scapolite alteration of the black schist 
occurred during the peak contact metamorphic stage, based on Ti-in- 
biotite thermometry, which indicates influx of Cl-rich fluids within the 
contact aureole during the syn- or postmagmatic stages. A future study 
could reveal if these fluids originated from the evaporitic rocks of the 
area. Albitization adjacent to the biotite-scapolite zones likely occurred 
during this stage, suggesting a similar fluid composition as for scapolite- 
albite-associated polymetallic Au deposits in northern Fennoscandia. 
These fluids were likely channeled through porous zones near sills and 
contributed to the mobilization of Cu and Co within the black schist and 
potentially into the Kevitsa intrusion. Such fluid-influx may have played 
a role in redistributing metals in the Kevitsa Cu-Ni-PGE deposit as well.

Pyrite decomposition to pyrrhotite during contact metamorphism of 
the black schist led to widespread mobilization of sulfur, which may 
have contributed to the formation of the Kevitsa Cu-Ni-PGE deposit. The 
presence of Co-rich pyrite, chalcopyrite, and arsenopyrite in the black 
schist, suggest that metal redistribution occurred during retrograde 
metamorphism, probably due to prolonged circulation of the Cl-rich 
fluids. Overall, our findings support a multi-stage model for the gene
sis of the Kevitsa Cu-Ni-PGE deposit, involving partial melting, devola
tilization, and hydrothermal fluid transport. Further constraints on the 
extent and style of black schist assimilation by the magma, the sources of 
Cl-rich fluids, and the sulfur mass balance between regionally and 
contact-metamorphosed black schist could help refine the role of these 
processes in ore formation. Our study emphasizes the importance of 
contact aureole processes in contributing sulfur and mobilizing metals in 
magmatic sulfide deposits hosted by mafic-ultramafic intrusions.
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