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A B S T R A C T   

The Raja Au-Co mineralization in the Paleoproterozoic Peräpohja belt in northern Finland is part of the wider 
Rompas-Rajapalot mineralized area with several known Au-Co occurrences. The area is characterized by distinct 
tourmaline occurrences, spatially associated with Au-Co mineralization. Four texturally distinct tourmaline types 
were identified although all analysed tourmalines belong to the alkali-group and are classified as dravite. δ 11B 
values and fractionation modelling indicates that at least two distinct fluids were responsible for the tourmaline 
formation with initial end member δ11B values of the fluids at − 8‰ and − 1‰. Possible sources for boron rich 
fluids are Svecofennian orogeny related (ca. < 1.9 Ga) metamorphic fluids and magmatic-hydrothermal fluids 
related to the late-orogenic ca. 1.78 Ga granitoids. Structural data from the quartz-tourmaline veins outlines a 
strong linear trend towards the Raja high-grade mineralization trend. This is interpreted as evidence for struc-
tural control of the Raja mineralization, which possibly is contained in shear-zones or within the hinge regions of 
local high degree folding. 

A distinctive rock unit with bright purple anhydrite layers and white gypsum veins has been intersected by 
drilling. While the sulfate-rich unit is unmineralized, the mineralogy and regional geological setting suggests an 
evaporitic origin. Anhydrite has δ34S values in a narrow range from 8.1 to 9.8 ‰. Gypsum has slightly heavier 
δ34S from 10.6 to 12.2 ‰. Together with isotope fractionation constraints, textural evidence suggests the 
authigenic formation of gypsum with SO4

2- sourced from anhydrite. Significant similarities in textures and sulfur 
isotope values to well-known evaporite successions of the Onega basin, western Russia, further supports the 
presence of evaporitic strata within the Peräpohja belt.   

1. Introduction 

Tourmaline is a mineral commonly associated with gold deposits (e. 
g. Slack et al., 1996; Goldfarb et al., 2005; Baksheev et al., 2015; Sciuba 
et al., 2021). It is the major boron sink in hydrothermal systems and can 
retain the isotopic signature of the source of boron throughout hydro-
thermal processes (e.g. Henry and Dutrow, 1996). Because of its resis-
tance to alteration and weathering, tourmaline can and has been used as 
a proxy for mineralizing fluids and can indicate the source and physi-
cochemical nature of the transporting fluids (e.g. Hazarika et al., 2015; 
Ranta et al., 2017; Vasilopoulos et al., 2021). Tourmaline is an abundant 
mineral associated with or in close proximity to the mineralized rocks of 
the Rajapalot Au-Co prospect area within the northern part of the 

Peräpohja belt (Fig. 1a), and can provide valuable information about the 
nature and the source of hydrothermal fluids responsible for the alter-
ation and mineralization. In this study, tourmaline major- and trace 
element compositions and B-isotope results are presented and the po-
tential source of boron, conditions during tourmaline crystallization, 
and tourmaline relationships to the Au-Co mineralization are discussed. 

The geological evolution of the Paleoproterozoic is marked by rising 
atmospheric oxygen concentrations, recorded by the disappearance of 
mass-independent fractionation of sulfur isotopes from 2.4 to 2.3 Ga (e. 
g. Bekker et al., 2004). Following this period, the Lomagundi-Jatuli 
carbon isotope excursion from 2.3 to 2.05 Ga represents a major 
global perturbation of the Paleoproterozoic carbon cycle with elevated 
δ13C values in carbonate sediments resulting from extensive burial of 
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carbon (e.g., Karhu, 1993; Karhu and Holland, 1996). The oxygenation 
of the Earth triggered the leaching of redox sensitive minerals (e.g. 
detrital uraninite, pyrite), which led to the mobilization of e.g. sulfur 
and the formation of sulfate evaporites (e.g. Maynard et al., 1991; 
Melezhik et al., 2013; Scott et al., 2014; Warren, 2016). Previously, 
several workers have proposed the existence of evaporites within the 
Paleoproterozoic belts in northern Finland (Tuisku, 1985; Eilu, 1994; 
Vanhanen, 2001; Kyläkoski et al., 2012; Melezhik et al., 2013; 2015; 
Ranta et al., 2018). Evidence has been mainly indirect such as regional 
albitization, scapolitization, pseudomorphs after halite and gypsum, or 
evidence from isotopic data (e.g. B in tourmaline; Ranta et al., 2017; 
Vasilopoulos et al., 2021). This is partly due to the poor preservation of 
salt and associated sediments in these multi-deformed Paleoproterozoic 
basins, where diagenetic, orogenic, magmatic and metamorphic pro-
cesses have led to the dissolution of the salt layers (e.g. Yardley and 

Graham, 2002; Melezhik et al., 2015). However, there are examples of 
Paleoproterozoic evaporitic rocks in the Russian part of the Fenno-
scandian shield, preserved in geologically and temporally similar 
geological strata to the volcano-sedimentary rocks in northern Finland 
(see e.g. Melezhik et al., 2013). In addition, recent drilling in the Central 
Lapland belt has revealed widespread evaporitic units with intersections 
of anhydrite, collapse breccias and pseudomorphs after evaporitic 
minerals (Haverinen, 2020). The relationships of evaporites with 
numerous types of mineral deposits have been widely discussed globally 
(e.g. Cook and Ashley, 1992; Hitzman et al., 2010; Warren, 2016), and 
also in the context of northern Fennoscandia (see e.g. Frietsch et al., 
1997; Kyläkoski et al., 2012; Ranta et al., 2018; Haverinen, 2020; Ranta 
et al., 2020). 

Paleoproterozoic volcano-sedimentary sequences in Finland host 
numerous gold deposits, including Europés largest producing gold mine, 

Fig. 1. Regional geology, stratigraphy and radiometric ages of the mineralization in the Peräpohja belt. a) Regional geological map of the Peräpohja area modified 
after Ranta et al. (2020) and Lahtinen et al. (2019). Rompas Au and Rajapalot Au-Co deposits are shown as black stars. b) Stratigraphy of the Peräpohja belt modified 
after Köykkä et al. (2019 and references therein). Basin evolution stages (1–5) as follows: 1) Initial rifting/early syn-rift, 2) syn-rift, 3) syn-rift to early post-rift, 4) 
passive margin (post-rift), and 5) foreland system. c) Compilation of dating results from metal occurrences in the northern part of the Peräpohja belt (Modified after 
Molnár et al., 2017; Cook et al., 2019a; Ranta et al., 2020). References to radiometric ages as follows: (1) Ranta et al. (2020), (2) Ranta et al. (2015), (3) Molnár et al. 
(2017), (4) Molnár et al. (2016), (5) Cook et al. (2019), (6) Molnár et al. (2017). 
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Suurikuusikko (Kittilä) within the Central Lapland belt (see Wyche et al., 
2015). The majority of these deposits are classified as orogenic gold 
deposits, based on their characteristics, tectonic setting and temporal 
correlation with the major Paleoproterozoic orogenic events in the 
Fennoscandian shield (e.g. Eilu, 2015). However, it is a relatively 
common feature of many Au deposits in the Fennoscandian shield to 
show enrichments in elements that are atypical for classical orogenic 
gold-only deposits, defined by Böhlke (1982) and later by Groves et al. 
(1998 and 2018). These, so-called “atypical” orogenic gold deposits 
have cobalt ± copper ± uranium as potential economic metals associ-
ated with gold (e.g. Eilu, 2015; Molnár et al., 2016; Vasilopoulos et al., 
2021). Examples of hydrothermal Co-rich gold deposits include those in 
the Idaho cobalt belt (Slack, 2012) and the NICO deposit in Canada 
(Goad et al., 2000). Interest in these deposits has increased dramatically 
during the recent decade due to the essential role of critical metals to-
wards Europe carbon neutrality (Hund et al., 2020) and rank as high 
supply risk, owing to non-domestic production (e.g. cobalt; Blengini 
et al., 2020). The atypical metal assemblage (e.g. Au-Co-U-Cu) is prob-
lematic in terms of genesis and evolution since the gold in classical 
orogenic gold only deposits is associated with reduced, low-salinity 
hydrothermal fluids produced during metamorphism (e.g. Patten 
et al., 2020), carrying gold as hydrosulfide complexes. In contrast, 
uranium, copper and cobalt are typically transported by more oxidized, 
high salinity, fluids since these metals are efficiently carried as 
Cl—complexes (Seward et al., 2014). Goldfarb et al. (2001) suggested 
that the complex geological evolution of the Paleoproterozoic supra-
crustal belts could have led to the formation of unusually saline meta-
morphic fluids, capable of leaching and transporting base metals. 
Alternatively, saline fluids circulating already in the rifting stage of the 
basin could be potentially responsible for base metal enrichments prior 
to the gold mineralization (e.g. Ranta et al., 2020). Evaporitic beds have 
been suggested to be the source for these saline fluids (e.g. Frietsch et al., 
1997; Kyläkoski et al., 2012; Ranta et al., 2020). Cook et al. (2019a) 
reported anhydrite and gypsum bearing intersections related to possible 
evaporites from the Rajapalot Au-Co area. S-isotope results from anhy-
drite and gypsum presented here act as evidence of an evaporitic origin 
of these sulfates and supports the presence of evaporites within the 
Peräpohja belt. 

2. Regional geology 

The Peräpohja belt (Fig. 1a) is part of the Karelian Supergroup (e.g. 
Luukas et al., 2017), a series of supracrustal sequences deposited on 
rifting Archean basement between ca. 2.44. Ga and 1.88 Ga, based 
respectively, on the ages of underlying mafic layered intrusions and the 
monzonites of the Haaparanta series, which cut the youngest sedimen-
tary rocks of the basin (Huhma et al., 1990; Perttunen and Vaasjoki, 
2003; Iljina and Hanski, 2005). The Peräpohja belt is bounded by the 
Central Lapland granitoid complex to the north and east and the 
Archean Pudasjärvi complex in the south. The N-S-trending Pajala shear 
zone separates the Peräpohja belt from the Norbotten craton in the west. 
Evolution is recorded by the sequence of relatively mature siliciclastics, 
followed by carbonate rocks, then subaerial mafic volcanic rocks and 
finally deep-water turbiditic rocks at the latest stages of rifting. Tradi-
tional divisions of the Peräpohja belt were established by Perttunen et al. 
(1995) who divided the stratigraphy into two major lithostratigraphic 
groups, Kivalo and Paakkola which are correlative to the Jatulian and 
Kalevian systems, respectively (Hanski and Melezhik, 2012). Kivalo and 
Paakkola groups were further divided into eleven formations. Kylä-
skoski et al. (2012) introduced a new formation, an inferred evaporitic 
unit (Petäjäskoski formation) into the stratigraphy, while keeping the 
overall divisions unchanged. Lahtinen et al. (2015 and 2019) and 
Köykkä et al. (2019) separated the Paakkola group from the Peräpohja 
belt and assigned the rocks into several lithodemic units due to the 
complex structural evolution creating difficulties in applying the lith-
ostratigraphic classification to them. The most recent stratigraphic 

column is presented in Fig. 1b. 
Köykkä et al. (2019) proposed regionally correlative basin evolution 

for the Peräpohja, Kuusamo and Central Lapland belts developed in five 
stages between ca. 2.5 and 1.88 Ga: 1) initial rifting/early syn-rift, 2) 
syn-rift, 3) syn-rift to early post-rift, 4) passive margin (post-rift), and 5) 
foreland system (Fig. 1c). Piippo et al. (2019) discussed the importance 
of strike-slip faulting during active rifting and pull-apart basin devel-
opment with an emphasis on how the underlying Archean basement 
topography and architecture (e.g., basement faults) controlled struc-
tures within the overlying volcano-sedimentary cover during deforma-
tion. Basin inversion was initiated during the Svecofennian composite 
orogenies between ca. 1.92–1.75 Ga when rocks underwent greenschist 
to amphibolite facies metamorphism and experienced complex brittle- 
ductile thrusting and folding. 

Lahtinen et al. (2015) described up to five deformation stages from 
the youngest metasedimentary formation of the Peräpohja belt. The 
earliest deformation stage D1 (≤1.91 Ga) generated a NS-trending S1 
fabric and recumbent folds due to east-directed thin-skinned thrusting. 
NS-directed shortening in stage D2 (1.90–1.89 Ga) produced EW- 
trending folds and a pervasive, steeply dipping foliation. Stage D3 
(1.88–1.87 Ga) is represented by NNW- and WNW-trending, heteroge-
neously developed structural trends. Traces of the D4 deformation 
(1.83–1.81 Ga) are most prominently seen as NNE-trending lineaments 
in aeromagnetic images. The last deformation stage (D5, 1.79–1.77 Ga) 
is characterized by WSW-shortening. 

In addition to sedimentation that produced the supracrustal se-
quences of the Peräpohja belt, at least four episodes of felsic to inter-
mediate magmatism have been recognized: (1) the 2.0–1.99 Ga strongly 
flattened gneissic porphyritic Kierovaara granite suite (Ranta et al., 
2015; Lahtinen et al., 2019), (2) the ca. 1.88 Ga synorogenic Haaparanta 
suite granitoids, located especially in the eastern part of the belt, (3) the 
ca. 1.80 Ga appinitic plutons (Tainio, 2014), and (4) the 1.79–1.77 Ga 
late-orogenic granitoids, including tourmaline-rich pegmatitic granites 
(e.g. Ranta et al., 2015). 

3. Rompas-Rajapalot Au-Co-U 

Gold exploration at Rompas was initiated in 2008 during a uranium 
exploration campaign with the discovery of high-grade native gold 
within coarse porphyroblastic uraninite, concentrated in deformed calc- 
silicate carbonate veins in mafic rocks (e.g. Vanhanen et al., 2015). In 
2012, the first indications of Au-Co mineralized rocks in the Rajapalot 
area, approximately 8 km east from Rompas, were observed (see 
Fig. 1a). The Rajapalot area has been divided into several prospects, 
primarily Palokas, South Palokas, Raja, Rumajärvi, Hut and Joki East 
(Fig. 2). The Rompas-Rajapalot area has active exploration campaigns 
and scientific investigation (e.g. Molnar et al., 2016; Ranta et al., 2017; 
Molnar et al., 2017; Ranta et al., 2018). The following description 
summarizes the main results of these studies. Available radiometric age 
data related to the mineralization are shown in Fig. 1c. 

3.1. Rompas 

The host rocks for the Au-U bearing calc-silicate veins at Rompas are 
mafic metavolcanics. Primary uranium mineralization in the area was 
formed during rifting of the basin between ca. 2.05 and 2.0 Ga, based on 
uraninite U-Pb-ages and Re-Os dating of molybdenite (Molnar et al., 
2016; 2017). These ages correlate with the pre-orogenic granitoid 
magmatism in the area at ca. 2.0 Ga (Ranta et al., 2015) and Re-Os ages 
of molybdenite from the granite hosted Kivilompolo Mo-mineralization, 
located nearby the Rompas-Rajapalot area (Ranta et al., 2020). The 
primary uranium mineralization was re-mobilized and concentrated 
into the calc-silicate-carbonate veins as coarse grained porphyroblasts 
during regional metamorphism. At Rompas, Molnar et al. (2016) pro-
posed that the porphyroblastic uraninite and pyrobitumen within the 
rims of the uraninite acted as strong reducing traps for the gold-bearing 
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fluids, de-stabilizing the gold sulfur complexes within the fluids and 
precipitating native gold in the fractures of uraninite or adjacent to it. 
Based on detailed petrographic observations and calculated Pb-Pb 
model ages of lead minerals associated with the mineralized Au 
pockets, Molnar et al. (2016) proposed that gold mineralization at 
Rompas formed during very late stages of the orogeny, ca. 1.75 Ga. 

3.2. Rajapalot 

In the Rajapalot area (Fig. 1a; Fig. 2), the host rock assemblage and 
mineralization styles vary between different locations ranging from U- 
poor, fracture or disseminated style Au-Co to Rompas-style uranium rich 
lode Au. The Rompas style occurrences are relatively rare in the Raja-
palot area, appearing only sporadically. Overall, the area is comprised of 
amphibolite facies sedimentary and volcanic rocks with variable in-
tensity of hydrothermal alteration, ranging from regional pre- to syn-
orogenic and post-orogenic albitization to retrograde Fe-Mg, sericite- 
biotite and sulfidic alteration. A sequence of variably albitized rocks are 
intercalated with pelitic-psammitic metasediments, calcsilicate rocks 
and metamorphosed marls interspersed with mafic rocks of basaltic 
composition and local narrow (ultra)mafic sills and dykes. The complex 
structural evolution of the area resulted in the distribution of Au-Co 
mineralization controlled by a kilometer-scale fold with apparent 
overturned stratigraphy between the Raja and Palokas occurrences 
(Mawson Gold Ltd. unpublished report). The hydrothermal alteration 
related to mineralization forms a lower temperature overprint on the 
amphibolite facies metamorphic assemblages. Gold-bearing hydrother-
mal fluids were introduced into the system relatively late, during late- 
orogenic times ca. 1.78 Ga, based on Re-Os ages from molybdenite 
related to the gold-rich late tourmaline-sulfide veins found at the 

Palokas deposit (Molnar et al., 2017). This late- to post-orogenic age is 
similar to the age of a pegmatitic tourmaline rich granite adjacent to the 
Rajapalot area (Ranta et al., 2015). Ranta et al. (2017) showed that the 
B-isotope signatures of tourmaline from the granites and tourmaline 
from the Palokas deposit are similar and proposed a causal link between 
the magmatism and gold mineralization at ca. 1.78 Ga. The precipitation 
mechanism for the late gold at Rajapalot was a complex interplay of 
wall-rock reaction and hydrothermal fluid boiling based on tourmaline 
fluid inclusion studies from Palokas (Ranta et al., 2018). The main sul-
fide within the Rajapalot area is pyrrhotite (with lesser pyrite and 
chalcopyrite) which, based on textural evidence, shows pre- and/or syn- 
metamorphic growth along with late growth in more brittle faults and 
fractures. Chloritization is the most intensive alteration type at Palokas, 
whereas phengitic white mica (generally here used to describe musco-
vite group minerals) and biotite alteration dominate at Raja and 
Rumajärvi. Tourmaline is common throughout the Rajapalot area and is 
found within the mineralized and altered cordierite-orthoamphibole 
rocks, or in late tourmaline-sulfide-quartz breccias and tourmaline- 
quartz veins. Native gold is observed in several different textural set-
tings, with or without sulfides (Ranta et al., 2018). Bi-Se-S bearing tel-
lurides, native bismuth, molybdenite, chalcopyrite, and pyrrhotite are 
commonly associated with the fracture-related gold at Palokas (Ranta 
et al., 2018). Cobalt is found mainly as cobaltite and linnaeite within the 
Rajapalot area (e.g. Farajewicz, 2018). Textural information from 
petrographic studies (Farajewicz, 2018; Cook et al., 2019a) and on- 
going work on the statistical analysis of whole-rock geochemical data 
using artificial neural networks and principal-component analytics in-
dicates that at least part of the Co-mineralization is early compared to 
the gold (Ranta et al., unpublished). 

In the Raja deposit, which is the focus of this study, the high-grade 

Fig. 2. Lithogeochemical interpretation of the Rajapalot area based on aeromagnetic data modified from a map produced by Laurent Ailleres of PNG consulting 
(Mawson Gold Ltd. unpublished report). 
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Au-Co intervals are characterized by an intense fine-grained white mica 
overprint and locally contains >20% modal pyrrhotite. Talc is a com-
mon mineral phase distal (up to tens of meters) from the mineralization 
in highly talc-altered mafic or calcsilicate units but is seen only as an 
accessory phase in the Au-rich sections. Other common accessory min-
erals include cobaltite, Co-pentlandite, linnaeite, uraninite, tourmaline, 
scheelite, ilmenite and rutile. Uraninite occurs as single grains or grain 
clusters, locally spatially related to gold (e.g. Taipale, 2018). Tourma-
line is also seen as sparsely distributed grains within the mineralization, 
but more often as coarse-grained bands on the margins of the mineral-
ized zones, and some 50 m above the mineralization as abundant sub- 
vertical planar quartz-tourmaline veins or chlorite-rich tourmalinite 
bands. Gold is > 95% pure with low Ag, and the dominant cobalt min-
eral is cobaltite but Co-pentlandite and linnaeite are present (Mawson 
Oy internal reporting; Farajewicz, 2018). In addition to the mineralized 
intervals, an approximately 80 m thick rock unit with locally abundant 
bright purple anhydrite was encountered during drilling (Cook et al., 
2019a). 

4. Analytical methods 

4.1. Tourmaline sampling 

The goal for the sampling was to collect all varieties of tourmaline 
from representative sites broadly around the Raja mineralization to 
study the textural and spatial variation in tourmaline chemistry and 
isotope composition. 15 drill holes were selected and inspected in detail. 
Tourmaline vein orientations were measured and labeled using the 
standard alpha/beta convention (converted to dip/dip azimuth in 
Leapfrog™ modelling software). 

Polished 30 µm thin sections were prepared and then 100 µm thick 
sections were made from the same face of the cut-off block by the Thin 
Section Lab, Nancy, France. After detailed petrography, quantitative 
tourmaline major element chemical data were obtained on the polished 
100 µm thick sections by Electron Microprobe (EPMA). Simultaneously, 
BSE images of each sample spot were taken. The same 100 µm sections 
were then used for in-situ trace element and boron isotope analyses 
targeting the same mineral grains by laser ablation single and multi- 
collector ICP-MS (LA-MC-ICP-MS). 

4.2. Sulfate mineral sampling 

Three separate drill core samples containing sulfates were collected 
from the Raja deposit. Standard 30 µm thin sections were prepared for 
detailed petrography along with 100 µm thick sections for in-situ sulfur 
isotope analyses by LA-MC-ICPMS. 

4.3. Electron microprobe analyses 

Tourmaline major element compositions were analysed at the Centre 
for Material Analysis, University of Oulu, using a JEOL JXA-8530FPlus 
Field Emission Electron Microprobe (FE-EPMA). The analyses were 
performed with an acceleration voltage of 15 kV and a beam current of 
10 nA on a spot size of 5 µm. The peak and background counting times 
were set to 10 s and 5 s, respectively. From the major element data, 
tourmaline structural formulae were calculated by normalizing to 15 (X 
+ Y + Z) cations following the classification scheme of Henry et al. 
(2011). 

4.4. Trace element composition of tourmaline 

Laser ablation single collector ICP-MS analyses of tourmaline were 
performed at the Geological Survey of Finland (GTK), using a Nu AttoM 
SC-ICP-MS (Nu Instruments Ltd., Wrexham, UK) and an Analyte Excite 
193 ArF laser-ablation system (Photon Machines, San Diego, USA). The 
laser was run at a pulse frequency of 10 Hz and a pulse energy of 5 mJ at 

40% attenuation to produce an energy flux of 3.3 J/cm2 on the sample 
surface, with a 50-µm spot size. Each analysis was initiated with a 20 s 
baseline measurement followed by switching on the laser for 40 s of 
sample signal acquisition. Analyses were made using time resolved 
analysis (TRA) with systematic acquisition of data for each set of points 
(2 standards, followed by 15 samples, and then 2 quality control stan-
dards). The standard BHVO-2G was used for external standardization, 
while the standards BCR2-2G and NIST612 were used for quality con-
trol. The tourmaline standard D-108796 was also used to calculate the B 
concentration separately. The isotope 29Si was used as the internal 
standard for tourmaline. The concentrations for the line scans were 
calculated using Excel spreadsheets with NIST612 and 29Si as external 
and internal standards, respectively. A value of 35% SiO2 has been 
allocated to each tourmaline for the calculation. The measurements 
were performed over 54 isotopes and 51 elements at low resolution 
(ΔM/M = 300) using the fast-scanning mode. Data reduction was 
handled using the software GLITTER TM (Van Achterbergh et al. 2001) 
which allows baseline subtraction, integration of the signal within a 
selected time window and quantification using known concentrations of 
the external and internal standards. 

4.5. Boron isotope analyses 

B isotopes analyses of tourmaline were performed using a Nu Plasma 
MC-ICP-MS at the Geological Survey of Finland in Espoo together with a 
Photon Machine Analyte G2 laser ablation system. Samples were ablated 
in He gas (gas flows = 0.4 and 0.1 l/min) within a HelEx ablation cell 
(Müller et al., 2009). B isotopes were analysed at low resolution with 
data collection in static mode (10B, 11B). Single spot tourmaline samples 
were ablated at a spatial resolution of 50 mm, using a fluence of 3.0 J/ 
cm2 and at 5 Hz. The total B signal obtained for tourmaline was typically 
0.5 V. Under these conditions, after a 20 s baseline, 50–60 s of ablation 
was needed to obtain an internal precision of 11B/10B ≤± 0.0006 (1 SE). 
One Dravite tourmaline standard D108796 was used for external stan-
dard bracketing and one dravite tourmaline standard was used for 
quality control (Schorl B4: Tonarini et al., 2003). All reported ratios are 
related to NBS SRM 951. For a δ11B (‰) value of − 8.71 ± 0.18 ‰ (2 s) by 
TIMS for Schorl B4, an average value of − 9.1 ± 0.5 ‰ (1sd, n = 17) was 
achieved during this run. For a δ11B (‰) value of − 12.3 ± 0.18 ‰ (2 s) 
by MC-ICP-MS for Dravite BG1 an average value of − 12.7 ± 0.3 ‰ (1sd, 
n = 10) was achieved during this run. 

4.6. Sulfur isotope analyses 

Sulfur isotope analyses of anhydrite and gypsum were performed 
using the same MC-ICP-MS and laser conditions as for B described 
above. Sulfur isotopes were analysed at medium resolution and data 
were collected in static mode (32S, 34S). 

Analyses were made directly on thin sections, ablated with a 50 mm 
laser spot, using a fluence of 1.5 J/cm2 and at 3 Hz. The total S signal 
obtained was between 0.6 and 0.7 V on the samples and 3 V on the 
standards. Under these conditions, after a 20 s baseline, 50–60 s of 
ablation was needed to obtain an internal precision of 34S/32S ≤ ±

0.000005 (1 SE). Two international powdered barium sulfate standards 
pressed into pellets (IAEA-SO5 and IAEA-SO-6) have been used for 
external standard bracketing and quality control. The standards IAEA- 
SO5 and IAEA-SO-6 have been previously measured by gas mass spec-
trometry (see GEOREM standard compilation http://georem.mpch 
-mainz.gwdg.de/sample_query.asp). For a d34SCDT(‰) reference value 
of 0.5 ± 0.4 ‰ (2 s) and of –33.9 ± 1.6 ‰ (2 s), an average value of − 0.5 
± 0.8 ‰ (2 s, n = 3) and of − 31.2 ± 0.5 ‰ (2 s, n = 3) were achieved, 
respectively. Even if the measured values were within calculated errors, 
a + 1 ‰ shift was applied to all the data, based on the average difference 
between the calculated and measured values of the international stan-
dard IAEA-SO-5. 
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5. Results 

5.1. Tourmaline in Raja Au-Co prospect 

Based on drillcore and petrographic observations, four texturally 
different types of tourmaline are described: Type 1 is found in the 
quartz-tourmaline veins within albitized metasedimentary rocks on the 

hanging wall of the mineralization (Fig. 3a and c). The vein assemblage 
is relatively simple consisting of quartz and tourmaline (Fig. 3c). Most of 
the veins are sub-vertical and range in thickness from < 1 mm to a 
maximum of about 5 cm. They have prominent white albite alteration 
selvages which generally are more extensive as vein thickness increases. 
Commonly, with increasing vein thickness, the tourmaline/quartz ratio 
decreases, while the thinnest > 1 mm veins can be>90 % modal 

Fig. 3. Photographs and photomicrographs of the tourmaline types from Raja. a) Type 1 and 2 tourmaline veins. b) Type 3 and 4 tourmaline bands. c) Photomi-
crograph of Type 1 tourmaline vein. d) Photomicrograph of Type 2 tourmaline vein. e) Photomicrograph of Type 3 tourmaline band. f) Photomicrograph of Type 4 
tourmaline. Opaque minerals are sulfides in all images. 
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tourmaline. Plagioclase (albite), carbonate and talc/chlorite occur 
locally in trace concentrations. Sulfides are present in the veins, with 
pyrrhotite or pyrite as the dominant sulfide, locally with rare grains of 
cobaltite (Fig. 3a). Chalcopyrite is a trace constituent of the sulfide- 
bearing samples and occurs always as anhedral blebs on the edges of 
the dominant sulfides. Typically, tourmaline grains display optical and 
color zonation from transparent pale green or blue in cores to brown 
towards the rims. Type 2 tourmaline occurs in the footwall muscovite- 
rich quartzite unit (Fig. 3a). Macroscopically, they are hosted in < 1 
mm healed micro-cracks or as single grains on the peripheries of coarse- 
grained ‘pegmatitic’ quartz and feldspar veins. Under the optical mi-
croscope, these tourmalines have a deep brown color, lack consistent 
zonation and have subhedral to anhedral crystal shapes (Fig. 3d). Type 3 
tourmaline is found in tourmalinite bands (Fig. 3b). All the tourmaline 
grains in this group are medium to coarse grained (2–3 mm average, up 
to 20 mm) and display well-developed euhedral crystal shape (Fig. 5e). 
They occur as abundant disseminations into the host rock, in narrow 
bands (mostly < 10 cm) and sometimes at lithological contacts and 
bordering thicker, quartz-only veins. Contrary to the observations by 
Ranta et al. (2017) for the nearby Palokas mineralization, the majority 
of the coarse tourmaline grains occur in the Raja mineralization hanging 
wall rocks and do not make up a significant proportion of the mineral-
ized intervals. Host rocks for Type 3 tourmalines are dominated by 
chloritized cordierite-orthoamphibole rocks. Locally, sulfides are inter-
grown with tourmaline. Tourmaline grains show both non-zoned and 
distinctively zoned crystals. Type 4 tourmaline bands are spatially 
associated with Au-Co mineralization (Fig. 3f). In these banded in-
tervals, tourmaline is commonly poikiloblastic locally with abundant 
inclusion trails of sulfides. 

5.2. Structural orientation of the tourmaline veins 

Most quartz-tourmaline (qtz-tur) veins are relatively thin, varying 
from < 1 mm up to ~ 50 mm. The vein alteration selvages are similarly 
some centimeters thick, although the selvage thickness varies consid-
erably, roughly corresponding to the vein thickness. Significantly, the 
vein spacing is relatively constant (about 0.3 veins/m within the host 
albitite) but the absolute quantity of the qtz-tur veins varies greatly 
between adjacent drill holes. Structural measurements from the veins 
show a mean strike of 340◦ (Fig. 4), which is within 2◦ of the high-grade 
Au-Co trend (Cook, 2019b). 

5.3. Geochemistry of tourmaline 

Compositional zoning of the different types of tourmaline was 

studied using backscattered electron (BSE) images and electron micro-
probe analyses. A series of binary and ternary compositional diagrams 
were prepared in order to evaluate the controlling substitution mecha-
nisms. Resulting data arrays were compared to reference exchange 
vectors representing the theoretical schemes of substitution, with the 
correlation of the data array and the individual vectors indicating which 
substitution took place during the formation of the tourmaline crystals. 
The chemical composition of each tourmaline type is given in Table 1. 
The complete tourmaline geochemical database is recorded in the 
Electronic Supplementary Data (Appendix A). 

All the analysed tourmaline types belong to the alkali subgroup 
(Fig. 5a) and are classified as dravite (Fig. 5b). In general, compositional 
variation in the zoned crystals of Type 3 and 4 are systematic between 
cores and rims with rims being enriched in MgO, FeO, TiO2 and CaO. 
Na2O and K2O are more variable but show a general increase towards 
the rims. In Type 1 and 2 tourmaline, a similar enrichments of TiO2, 
CaO, Na2O and K2O in the rims are observed, whereas MgO and FeO do 
not show notable zonation patterns. 

All tourmaline types show Altotal generally > 6 apfu (up to 6.8 apfu) 
with slightly elevated Altotal in cores compared to rims. On the AFM 
diagram (Fig. 5c; Henry and Guidotti, 1985), tourmaline analyses plot in 
fields 5 and 4, expect Type 2, which plot only in field 4 (see Fig. 5 
caption). Fetot + Mg values in all tourmaline types < 3 apfu. Major 
substitutions affecting the tourmaline appear to be □Al(NaR-1) and 
MgFe-1 (Fig. 6a-e) in all types. Furthermore, the average Altotal content 
> 6 apfu and low Fetot + Mg values (<3 apfu) imply a substantial 
amount of Al in the Y-site and a negligible amount of Fe3+. This is also 
indicated in Fig. 6d were tourmaline shows Al-X-vacancy + Ca values 
greater than the projected dravite/schorl point suggesting that the 
dominant tourmaline is not greatly influenced by the FeAl-1 exchange 
but rather shows influence of the AlO(R(OH))-1 exchange. Therefore, no 
evidence of Al substitution by Fe3+ is observed and Mg seems to be the 
major substituent for Al in the Z-site in all tourmaline types. 

5.4. Tourmaline trace elements 

Ranges of trace element values for each tourmaline type are shown in 
Table 2 (complete list of LA-ICP-MS trace element results can be found in 
the Electronic Supplementary Data; Appendix B). The majority of the 
trace elements have average concentrations in the 0.1–10 ppm range. Bi, 
Cs, Mo, Ta, W, and HREE have lower (<0.1 ppm) average concentrations 
while Zn, Sc, Sr, Ni, Ga, P, Co, and Mn have higher but moderate con-
centrations (20–100 ppm). V, Cr, and Ti have the highest average con-
centrations at 170–8500 ppm. Between samples and tourmaline types, 
the trace element concentrations can vary by several orders of 

Fig. 4. Rose plot (sector size 10◦) of the measured qtz-tur veins (n = 73). Red line on the circle shows the arithmetic mean trend (340◦) calculated from all measured 
veins, which coincides within 2 degrees of the high-grade mineralization trend (Cook, 2019b). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

J. Tapio et al.                                                                                                                                                                                                                                    



Precambrian Research 365 (2021) 106410

8

magnitude (Fig. 7). The most distinct differences are the significantly 
higher Zr, Mn and REE, and lower Co in Type 2 tourmaline. Addition-
ally, Co-content is high in the sulfide-rich Type 4 tourmaline compared 
to the other tourmaline types (Fig. 7). 

All tourmaline types display LREE enrichment, positive Eu (Eu/Eu* 

up to 15) anomalies and generally low HREE abundances (Fig. 8). The 
patterns and REE concentrations vary between samples but within the 
same thin section have consistent values. The Type 2 tourmaline grains 
are slightly different with overall higher REE abundances, less pro-
nounced positive Eu anomalies and higher HREE concentrations with 

Table 1 
Geochemical compositions of different tourmaline types in Raja.  

Tourmaline Type 1 (core) Type 1 (rim) Type 2 (core) Type 2 (rim) Type 3 (core) Type 3 (rim) Type 4 (core) Type 4 (rim) 

# of 
analyses 

54 24 11 6 5 6 15 16  

Range Avg Range Avg Range Avg Range Avg Range Avg Range Avg Range Avg Range Avg 

SiO2 wt.% 33.28- 
37.88 

36.76 34.57- 
37.50 

36.69 34.98- 
36.23 

35.60 35.14- 
35.85 

35.53 35.68- 
36.42 

36.24 36.13- 
37.06 

36.53 35.38- 
37.06 

36.33 35.33- 
36.79 

35.97 

TiO2 bdl- 
1.23 

0.34 0.07- 
1.25 

0.53 0.25- 
0.99 

0.74 0.71- 
1.17 

0.90 0.25- 
0.98 

0.50 0.43- 
1.18 

0.79 bdl- 
0.50 

0.15 bdl- 
0.79 

0.38 

Al2O3 29.05- 
34.94 

32.16 31.05- 
34.14 

32.19 33.70- 
35.60 

34.51 33.22- 
34.93 

34.27 31.70- 
33.58 

32.92 31.23- 
33.09 

32.06 32.47- 
34.03 

33.26 30.41- 
33.66 

32.58 

FeO 2.80- 
5.57 

3.66 3.17- 
7.46 

4.14 4.15- 
6.90 

5.63 4.37- 
4.99 

4.67 3.23- 
3.96 

3.59 3.22- 
3.90 

3.63 3.14- 
5.04 

3.68 3.21- 
5.33 

4.21 

MgO 6.51- 
10.47 

9.17 5.69- 
9.98 

8.84 5.35- 
8.30 

6.68 7.03- 
8.08 

7.45 8.50- 
10.04 

9.14 9.18- 
10.35 

9.61 8.34- 
9.82 

9.15 8.10- 
10.02 

9.08 

CaO 0.01- 
1.12 

0.37 0.06- 
1.04 

0.45 0.31- 
0.85 

0.51 0.34- 
0.85 

0.57 0.29- 
0.66 

0.48 0.36- 
0.90 

0.66 0.22- 
1.05 

0.56 0.23- 
1.35 

0.61 

MnO bdl- 
0.03 

bdl bdl- 
0.04 

bdl bdl- 
0.08 

0.03 bdl- 
0.03 

0.01 bdl bdl bdl bdl bdl- 
0.03 

bdl bdl bdl 

Na2O 1.67- 
2.65 

2.28 1.71- 
2.61 

2.38 1.87- 
2.15 

2.03 1.91- 
2.21 

2.07 2.23- 
2.50 

2.39 2.40- 
2.56 

2.46 1.95- 
2.58 

2.32 1.98- 
2.61 

2.37 

K2O bdl- 
0.06 

0.01 bdl- 
0.04 

0.02 0.02- 
0.05 

0.04 0.02- 
0.05 

0.04 bdl- 
0.02 

0.01 bdl- 
0.02 

0.01 bdl- 
0.01 

0.01 bdl- 
0.02 

0.01 

F 0.18- 
0.06 

0.06 bdl- 
0.16 

0.07 bdl- 
0.13 

0.06 0.06- 
0.14 

0.10 0.02- 
0.10 

0.05 bdl- 
0.16 

0.09 bdl- 
0.10 

0.05 bdl- 
0.15 

0.05 

B2O3
a 9.68- 

10.89 
10.67 10.55- 

1.80 
10.68 10.57- 

10.86 
10.7 10.63- 

10.74 
10.71 10.64- 

10.86 
10.75 10.71- 

10.84 
10.75 10.59- 

10.83 
10.72 10.57- 

10.77 
10.66 

H2Oa 3.31- 
3.76 

3.65 3.59- 
3.73 

3.65 3.61- 
3.73 

3.67 3.62- 
3.66 

3.64 3.62- 
3.73 

3.68 3.63- 
3.71 

3.67 3.63- 
3.72 

3.68 3.62- 
3.71 

3.66 

O=Fa bdl- 
0.08 

0.02 bdl- 
0.07 

0.03 bdl- 
0.08 

0.02 0.02- 
0.06 

0.04 0.01 0.02 bdl- 
0.07 

0.04 bdl- 
0.04 

0.02 bdl- 
0.06 

0.02  

Normalization based on 15 (X + Y + Z) cations 
T:                 
Si apfu 5.76- 

6.09 
5.98 5.69- 

6.09 
5.97 5.72- 

5.87 
5.79 5.74- 

5.83 
5.77 5.83- 

5.91 
5.88 5.86- 

5.94 
5.903 5.78- 

5.99 
5.87 5.80- 

6.04 
5.87 

Al 0-0.23 0.05 0-0.30 0.06 0.13- 
0.28 

0.21 0.17- 
0.26 

0.23 0.09- 
0.17 

0.12 0.06- 
0.14 

0.097 0.01- 
0.22 

0.13 0-0.20 0.14 

B:                 
B 3.00 - 3.00 - 3.00 - 3.00 - 3.00 - 3.00 3 3.00 - 3.00 - 
Z:                 
Al 5.82-6 5.98 5.83- 

6.00 
5.99 6.00 - 6.00 - 5.92- 

6.00 
5.98 5.84- 

6.00 
5.947 6.00 6.00 5.88 5.99 

Mg 0-0.18 0.02 0-0.17 0.01 0.00 - 0.00 - 0-0.08 0.02 0-0.16 0.053 0.00 - 0-0.12 0.01 
Y:                 
Al 0-0.50 0.15 0-0.34 0.13 0.25- 

0.60 
0.40 0.19- 

0.41 
0.34 0-0.30 0.15 0-0.19 0.062 0.12- 

0.42 
0.25 0-0.26 0.14 

Ti 0-0.14 0.04 0-0.15 0.06 0.03- 
0.13 

0.10 0.09- 
0.14 

0.11 0.03- 
0.12 

0.07 0.05- 
0.14 

0.096 0-0.06 0.03 0-0.10 0.05 

V 0-0.02 0.01 0-0.01 0.00 - 0.00 - 0.00 0-0.01 0.01 0-0.01 0.008 0-0.04 0.01 0-0.02 0.01 
Cr 0-0.10 0.01 0-0.03 0.00 0-0.02 0.01 0-0.02 0.01 0.01- 

0.04 
0.02 0-0.03 0.014  0.00 0.00 0.00 

Mg 1.58- 
2.42 

2.19 1.40- 
2.34 

2.13 1.31- 
1.99 

1.64 1.71- 
1.96 

1.80 2.05- 
2.34 

2.21 2.19- 
2.36 

2.263 1.89- 
2.36 

2.12 1.96- 
2.40 

2.20 

cFe2+ 0.38- 
0.88 

0.51 0.43- 
1.03 

0.56 0.56- 
0.95 

0.74 0.59- 
0.68 

0.64 0.43- 
0.54 

0.49 0.44- 
0.53 

0.491 0.42- 
0.71 

0.55 0.43- 
0.73 

0.57 

∑
Y 2.85- 

2.99 
2.92 2.85- 

2.95 
2.90 2.84- 

2.95 
2.90 2.88- 

2.92 
2.90 2.92- 

2.98 
2.95 2.92- 

2.96 
2.935 2.92- 

3.02 
2.96 2.94- 

3.00 
2.97 

X:                 
Ca 0.02- 

0.20 
0.07 0.01- 

0.18 
0.08 0.045- 

0.15 
0.09 0.06- 

0.15 
0.10 0.05- 

0.14 
0.09 0.06- 

0.16 
0.115 0.03- 

0.18 
0.08 0.04- 

0.24 
0.11 

Na 0.52- 
0.84 

0.72 0.55- 
0.82 

0.75 0.56- 
0.68 

0.62 0.60- 
0.69 

0.65 0.72- 
0.79 

0.75 0.75- 
0.80 

0.772 0.61- 
0.86 

0.74 0.63- 
0.82 

0.75 

K 0-0.01 0.00 0.00 0.00 0-0.01 0.01 0-0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
□ 0.05- 

0.45 
0.21 0.05- 

0.29 
0.17 0.20- 

0.37 
0.28 0.21- 

0.26 
0.24 0.10- 

0.21 
0.16 0.04- 

0.18 
0.111 0.07- 

0.33 
0.18 0.04- 

0.25 
0.14 

aCalculated. 
cAll Fe is assumed Fe2+. 
bdl = Below detection limit. 
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flatter or slightly concave upward overall patterns (Fig. 8). Notably, 
while most REEs show decreasing trends from Type 2 through Type 3 to 
Type 1 tourmaline, Eu has practically an identical concentration in all 
tourmaline types (Fig. 8). With increasing REE concentrations the 
magnitude of the Eu anomalies decreases. 

5.5. Boron isotopes 

Histograms of the analysed values for different tourmaline types are 
shown in Fig. 9 and photomicrographs of selected analysed tourmaline 
grains are shown in the Fig. 10. A complete list of measured boron 
isotope values is included in the Electronic Supplementary Data (Ap-
pendix C). No systematic core-rim δ11B variations were observed in any 
tourmaline types but Type 1 tourmaline grains with distinctly light blue 
cores occasionally had significantly lighter cores (see Fig. 10a and b). 
Overall, Type 1 vein tourmaline shows δ11B values between − 0.9 and 
− 9.1 ‰ (avg. − 4.2‰; n = 81; Fig. 10a and b), type 2 between − 5 and 
− 11.5 ‰ (avg. − 6.8 ‰; n = 22; Fig. 10c and d), type 3 between − 2.3 and 
− 5.6 ‰ (avg. − 4.3‰; n = 23; Fig. 10e) and type 4 between − 1.9 and 
− 5.6 ‰ (avg. − 4.3; n = 38; Fig. 10f). 

5.6. Anhydrite and gypsum 

A tens of meter thick anhydrite (CaSO4) bearing interval within a 
biotite-calcsilicate unit was encountered during exploration drilling 
(Cook et al., 2019) and similar intervals have since been found 

throughout the Rajapalot area. The appearance of anhydrite varies from 
1) monomineralic, folded layers (Fig. 11a), 2) anhydrite associated with 
quartz veins (Fig. 11b) and 3) as unclassified veins/bands (Fig. 11c). 
Within the anhydrite rich layers, texturally late mm-scale veinlets of 
gypsum cut the host rocks and form sets of ~ 5–10 individual veinlets 
per 10 m (Fig. 11c). 

Under the microscope, anhydrite is dominantly colorless to rose or 
violet, coarse grained (1–5 mm) with anhedral crystal morphology and 
perfect cleavage on {0 1 0} and {1 0 0} (Fig. 12a). Gypsum was mostly 
destroyed during the thin section preparation process but survived in 
places in some of the 100 μm thick sections. Gypsum occurs only as 
small < 2 mm thick veins that display prominent elongated blocky 
morphology and syntaxial vein growth with growth competition (Bons 
et al. 2012; Fig. 12b). Within the veins, individual gypsum grains grew 
gently inclined to the vein walls. Where the gypsum veins crosscut 
anhydrite, the gypsum grains/fibers grow perpendicular to the anhy-
drite (Fig. 12c). 

5.7. Sulfur isotopes 

Histograms of S-isotope values of anhydrite and gypsum are shown 
in Fig. 12d and a complete list of analysed values are given in Electronic 
Supplementary Data (Appendix D). S-isotopes of anhydrite from two 
different samples show a uniform set of δ34S values ranging from 8.1 to 
9.8 ‰ (avg. = 8.90 ‰; n = 19). Analyses from gypsum showed also 
relatively homogeneous values between 10.6 and 12.2 ‰. 

Fig. 5. Ternary and binary diagrams for tourmaline composition. a) Principal subgroups based on the occupancy of the X-site (modified after Hawthorne & Henry, 
1999). b) Plot of Fe/(Fe + Mg) vs. Na/(Na + Ca) of tourmaline grains. c) Al-Fe-Mg ternary diagrams for different tourmaline types after Henry & Guidotti (1985). 
Field for the Al-Fe-Mg ternary diagrams: 1) Li-rich granitoid pegmatites and aplites. 2) Li-poor granitoids and their associated pegmatites and aplites. 3) Fe3+-rich 
quartz-tourmaline rocks. 4) Metapelites and psammites coexisting with Al-saturating phases. 5) Metapelites and psammites not coexisting with Al-saturating phases. 
6) Fe3+-rich quartz-tourmaline rocks, calc-silicate rocks and metapelites. 7) Low-Ca meta-ultramafics and Cr, V-rich metasediments. 8) Metacarbonates and 
metapyroxenites. 
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6. Discussion 

6.1. Major element composition of tourmaline 

The major element composition of tourmaline reflects host rock, 
fluid chemistry, temperature and pressure conditions in which it grew 
(e.g. Henry and Dutrow, 1996). In high fluid/rock ratios, major elements 
in tourmaline are buffered by the fluid phase and thus, the influence of 
the host rock composition is reduced (Slack and Coad, 1989). At Raja-
palot, the observed differences in Mg and Fe contents seem to reflect the 
host rock composition varying from albitized metasedimentary rocks 
(low Mg/(Mg + Fe) to altered cordierite-orthoamphibole rocks or within 

mineralized sulfide rich intervals with notably higher Mg/(Mg + Fe) 
ratios. 

Tourmaline types with visible zoning (Type 1, Type 3 and Type 4) 
show similar core-rim variation in major elements where rims tend to be 
richer in TiO2, CaO, Na2O and K2O. FeO and MgO variation is only seen 
in Type 3 and Type 4. This major element difference corresponds with 
color change from almost transparent cores to yellow/brown rims. 
Based on elemental substitutions during the crystallization of the tour-
maline, Fe3+/Fe2+ ratios seem to be low. Sodium contents are not 
elevated (i.e., below 0.8 apfu as defined in Henry et al., 2008), around 
0.75 apfu in all tourmaline types except Type 2 tourmaline with a lower 
average value (0.63 apfu). The inferred low Fe3+/Fe2+ , Na values < 0.8 

Fig. 6. Binary diagrams used for testing controlling substitutions in tourmaline. The directions of selected exchange vectors are shown for reference.  
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Table 2 
Trace element compositions of different tourmaline types in Raja.  

Tourmaline Type 1 (core) Type 1 (rim) Type 2 (core) Type 2 (rim) Type 3 (core) Type 3 (rim) Type 4 (core) Type 4 (rim) 

# of analyses 50 16 19 5 12 8 19 16 

ppm Range Avg Range Avg Range Avg Range Avg Range Avg Range Avg Range Avg Range Avg 

Li 2.6–17.6 6.5 2.71–15.3 6.30 4.10–10.2 6.63 4.88–8.27 6.10 5.07–16.9 10.0 4.28–19.2 10.3 4.13–21.6 9.80 3.86–10.5 6.07 
P 26.4–97.4 43.7 29.6–157 47.4 33.8–49.0 40.0 36.0–42.9 39.7 40.1–55.6 45.1 38.1–46.0 41.6 33.3–60.4 46.8 34.0–53.2 42.5 
Sc 1.52–100 20.4 4.37–23.8 13.6 4.34–40.2 18.6 3.51–30.0 13.0 5.74–34.0 14.6 7.73–23.9 15.3 2.22–135 31.7 1.81–115 46.0 
Ti 141–8438 2875 571–7272 3795 3351–6536 5463 4920–6401 5696 1499–6070 3854 2270–7444 4919 186–3149 1604 276–5932 2730 
V 8.22–2003 397 87.4–536 335 76.5–347 178 88.4–282 172 269–599 420 235–630 438 63.1–1965 349 60.6–1214 432 
Cr 3.64–8305 738 4.27–1793 228 26.5–910 381 161–919 616 274–2152 776 286–1465 657 9.28–327 204 10.1–379 226 
Mn 8.69–260 36.7 8.91–296 50.5 178–443 307 204–259 225 14.4–40.1 28.1 13.3–31.0 22.8 8.06–45.4 18.0 5.79–25.4 18.3 
Co 11.5–117 33.5 11.8–62.5 34.7 6.60–26.1 12.7 5.92–22.1 14.8 13.3–109 47.2 15.3–131 65.0 41.1–252 103 48.3–224 96.8 
Ni 0.95–102 38.4 3.09–117 42.2 8.06–127 46.2 43.0–49.7 45.5 6.52–159 66.0 4.75–132 42.5 1.07–41.7 12.5 1.29–30.3 9.27 
Cu 1.67–4.40 2.34 1.70–4.93 2.41 2.52–3.41 2.95 2.60–3.26 2.93 2.10–4.22 3.13 2.23–3.93 3.16 2.45–4.01 3.19 2.41–3.87 3.20 
Zn 2.89–56.5 13.8 2.71–37.1 15.4 40.2–92.1 61.7 38.7–76.9 48.7 3.98–5.53 4.75 4.4–6.26 5.16 2.03–9.54 4.84 1.86–9.36 4.28 
Ga 28.9–69.6 39.8 35.8–71.7 42.3 26.7–54.2 40.6 27.0–52.6 40.4 28.0–52.1 37.7 36.5–58.8 43.2 24.7–54.0 30.5 26.5–57.8 35.0 
Ge 0.20–1.17 0.66 0.38–1.9 0.75 0.44–1.38 0.79 0.70–1.28 1.08 0.21–0.59 0.44 0.17–0.54 0.36 0.20–0.78 0.50 0.14–0.80 0.48 
Rb bdl-0.10 0.05 bdl-2.81 0.50 0.03–5.89 1.37 0.03–0.07 0.05 bdl-0.07 0.04 bdl-0.03 0.03 0.02–0.07 0.05 bdl-0.09 0.05 
Sr 7.69–142 49.4 18.3–93.3 45.5 16.6–50.3 27.9 18.1–42.9 34.4 5.51–17.5 11.1 4.38–28.9 15.4 2.58–68.1 13.9 3.96–40.8 18.0 
Y bdl-0.43 0.06 0.01–0.61 0.13 0.02–2.76 0.59 0.03–4.53 1.17 0.01–0.85 0.23 0.01–0.84 0.17 0.01–0.05 0.02 bdl-1.46 0.12 
Zr 0.02–2.06 0.26 0.04–1.03 0.35 0.06–9.48 2.49 0.04–12.1 3.09 0.14–2.11 0.59 0.09–0.35 0.24 0.05–2.43 0.25 bdl-7.56 0.68 
Nb bdl-1.77 0.14 bdl-7.9 0.65 0.01–0.23 0.08 0.01–0.12 0.05 0.01–0.10 0.04 0.01–0.18 0.07 bdl-0.27 0.06 0.01–0.26 0.07 
Mo bdl-0.14 0.07 bdl-0.13 0.06 0.04–0.14 0.09 bdl – bdl-0.141 0.12 bdl-0.14 0.08 0.05–0.14 0.08 bdl-0.11 0.07 
Sn 1.03–10.8 3.48 0.77–14.1 4.03 0.53–6.24 2.66 0.59–4.03 2.83 1.79–5.25 3.16 2.06–6.12 3.79 0.33–3.28 1.21 0.45–4.02 2.09 
Cs 0.01–0.03 0.01 0.01–0.03 0.02 0.01–0.05 0.03 0.01–0.01 0.01 0.01–0.03 0.02 0.02–0.02 0.02 0.01–0.03 0.02 0.01–0.03 0.02 
Ba 0.06–1.44 0.47 0.14–3.6 0.65 0.08–61.07 7.41 0.02–1.33 0.59 0.02–0.59 0.19 0.07–0.44 0.27 0.03–0.29 0.13 0.06–0.35 0.17 
La 0.02–4.49 0.54 0.01–4.79 0.85 0.8–4.39 2.06 1.48–2.22 1.80 0.07–0.77 0.35 0.09–0.83 0.50 0.09–2.7 0.70 0.19–1.94 0.88 
Ce 0.04–8.26 1.07 0.03–8.51 1.60 1.61–12.9 4.94 3.68–9.25 5.55 0.16–1.53 0.74 0.22–1.79 1.07 0.19–4.28 1.31 0.35–3.39 1.63 
Pr bdl-0.72 0.09 bdl-0.78 0.16 0.13–1.75 0.55 0.32–1.32 0.73 0.01–0.14 0.06 0.02–0.18 0.10 0.01–0.36 0.11 0.02–0.3 0.14 
Nd 0.01–2.60 0.34 0.05–2.38 0.50 0.5–7.3 1.97 0.9–6.07 2.96 0.04–0.49 0.20 0.03–0.49 0.27 0.03–1 0.34 0.04–0.89 0.43 
Sm 0.01–0.38 0.07 0.01–0.30 0.07 0.02–0.99 0.30 0.07–1.37 0.63 0.01–0.06 0.03 0.02–0.07 0.04 0.01–0.13 0.06 0.02–0.27 0.08 
Eu 0.05–0.52 0.23 0.05–0.38 0.23 0.05–0.56 0.20 0.08–0.49 0.31 0.05–0.20 0.13 0.08–0.41 0.19 0.02–0.33 0.12 0.03–0.27 0.15 
Gd 0.01–0.18 0.05 0.02–0.13 0.06 0.04–0.37 0.15 0.13–0.97 0.48 0.01–0.10 0.06 0.02–0.07 0.03 0.01–0.07 0.05 0.02–0.21 0.05 
Tb bdl-0.02 0.00 bdl-0.02 0.01 bdl-0.06 0.02 bdl-0.12 0.04 bdl-0.02 0.01 bdl-0.01 0.01 bdl-0.01 0.00 bdl-0.05 0.01 
Dy bdl-0.07 0.02 0.01–0.08 0.03 0.01–0.24 0.10 0.03–0.89 0.46 0.01–0.13 0.05 0.01–0.12 0.05 0.01–0.02 0.01 bdl-0.29 0.04 
Ho bdl – bdl-0.02 0.01 bdl-0.09 0.02 0.01–0.19 0.07 bdl-0.02 0.01 bdl-0.03 0.01 bdl  bdl-0.05 0.01 
Er bdl-0.04 0.01 bdl-0.10 0.02 0.01–0.62 0.15 0.01–0.68 0.34 bdl-0.11 0.03 bdl-0.09 0.02 bdl-0.01 0.01 bdl-0.22 0.02 
Tm bdl-0.01 0.00 bdl-0.01 0.01 bdl-0.2 0.03 0.11–0.11 0.11 bdl-0.01 0.01 bdl-0.02 0.01 bdl-0.01 0.00 bdl-0.02 0.01 
Yb bdl-0.07 0.02 bdl-0.10 0.03 0.01–2.38 0.36 0.01–0.88 0.23 bdl-0.16 0.06 0.01–0.12 0.04 bdl-0.02 0.01 bdl-0.16 0.03 
Lu bdl-0.03 0.01 bdl-0.01 0.01 bdl-0.66 0.10 bdl-0.12 0.06 bdl-0.03 0.01 bdl-0.01 0.01 bdl-0.01 0.00 bdl-0.03 0.01 
Hf bdl-0.06 0.02 bdl-0.09 0.03 0.01–0.32 0.10 0.01–0.57 0.29 0.01–0.07 0.03 bdl-0.01 0.01 bdl-0.08 0.01 bdl-0.18 0.02 
Ta bdl-0.28 0.03 bdl-1.8 0.20 bdl-0.19 0.05 0.01–0.05 0.03 bdl-0.04 0.02 0.01–0.17 0.07 bdl-0.13 0.04 bdl-0.11 0.03 
W bdl-0.12 0.02 bdl-0.01 0.02 bdl-0.16 0.04 bdl-0.01 0.01 bdl-0.03 0.01 bdl-0.04 0.02 bdl-0.02 0.01 bdl-0.04 0.02 
Pb 0.52–4.70 1.93 0.75–3.25 1.90 1.05–5.2 2.26 0.87–3.48 2.36 0.29–1.47 0.77 0.37–1.86 1.21 0.41–1.96 0.88 0.68–1.89 1.11 
Bi bdl – bdl – bdl – bdl – bdl – bdl – bdl – bdl – 
Th bdl-0.16 0.01 bdl-0.01 – bdl-8.97 0.60 bdl-1.8 0.90 bdl – bdl – bdl-0.01 – bdl-0.03 0.01 
U bdl-0.08 0.01 bdl-0.042 0.01 bdl-3.73 0.31 1.71 – bdl-0.12 0.04 bdl-0.04 0.01 bdl-0.02 – bdl-1.64 0.24 

bdl = Below detection limit. 
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apfu and similar elemental substitution trends to tourmaline from the 
adjacent Palokas gold occurrence (Ranta et al., 2017) indicate that 
tourmaline crystallized from reduced, relatively low salinity fluids. 
These types of fluid compositions as suggested by Ranta et al. (2017) 
based on tourmaline geochemistry were later confirmed with micro-
thermometry and Raman spectroscopy measurements from primary 
fluid inclusions in tourmaline (Ranta et al., 2018). 

6.2. Trace element composition of tourmaline 

Most trace elements display wide ranges that overlap between 
different tourmaline types and show large variability between samples 
of the same type. Sciuba et al. (2020) studied tourmaline major and trace 
element composition from 18 different orogenic gold deposits using 
exploratory analyses (e.g. binary plots) and partial least square- 
discriminant analyses (PLS-DA). They concluded that tourmaline trace 
element compositions reflect a transition in geological environments 

between metamorphic, hydrothermal, magmatic-hydrothermal and 
magmatic. Also, tourmaline from orogenic gold deposits has a distinc-
tive trace element signature characterized by high V, Sr and Ni, and low 
Li, Be, Ga, Sn, Nb, Ta, U and Th compared to the tourmaline from other 
deposit types or geological settings. The tourmaline trace element data 
presented here mostly fit into the field for orogenic gold deposits 
(Fig. 13a). However, tourmaline from Raja shows lower Sr contents 
compared to tourmaline from most orogenic gold deposits and plots 
partly outside of the “orogenic gold” field in Fig. 13b and c. Based on 
these observations, the Raja tourmaline have the geochemical signature 
of an hybrid magmatic-hydrothermal system. Regarding metamorphic 
facies (Fig. 13d), tourmaline from Raja plots within the fields of felsic 
and sedimentary host rocks in lower greenschist to lower amphibolite 
facies environment. 

All tourmaline types from Raja display strong to extreme positive Eu 
anomalies and decreasing or slightly concave up REE trends. These 
trends are identical to those in tourmaline from Palokas and are broadly 

Fig. 7. Selection of box- and whisker plots of trace elements which show variation between the tourmaline types. Each individual assay is shown as a black dot.  
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Fig. 8. Chondrite-normalized REE patterns for different tourmaline types from Raja. Normalization values are after Boynton (1984).  

Fig. 9. Histograms representing the δ11B values for different tourmaline types from Raja.  
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similar to tourmaline compositions from the tourmaline granite (Ranta 
et al. 2018). The absolute REE abundances are more variable possibly 
due to the variety of samples in the present study. Another factor for this 
variability is likely the co-precipitation of REE-rich phases (e.g. mona-
zite, zircon, apatite) which commonly coexist with tourmaline, espe-
cially with Type 1 tourmaline. The strong Eu anomaly can be inferred to 
reflect the reduced nature of the tourmaline forming fluid (Bau, 1991; 
Van Hinsberg, 2001). In strong contrast to all other REEs, Eu concen-
trations remain essentially the same irrespective of the tourmaline type 
at Raja. 

6.3. Boron isotopes 

Boron isotope composition of tourmaline is controlled by the boron 
isotope composition of the source rock, formation temperature, fluid/ 
rock ratio and P/T conditions of the regional metamorphism (Henry and 

Dutrow, 1996; Jiang, 2001; Trumbull et al. 2020). δ11B values of 
different types of rocks are shown in Fig. 14. In the heavier end of the 
δ11B spectrum are marine evaporitic rocks which typically have δ11B 
values > 20‰. Tourmaline in granitic rocks show a wide range of δ11B 
values from slightly positive to highly negative depending on the granite 
type being typically < -10‰ in pegmatitic granites. 

At Raja, the measured isotope values fall into three groups: 1) A tight 
cluster of values near the average δ11B of − 4.3 ‰ for all the studied 
coarse-grained Type 3 and Type 4 tourmaline, 2) Type 1 with a large 
distribution of δ11B values from − 0.9 to − 9 ‰, but with an identical 
average value as that of Type 3 and 4 tourmaline, and 3) δ11B values 
between − 5 ‰ and − 11.5 ‰ for Type 2 tourmaline with an average of 
− 6.8 ‰. 

The variation in boron isotope composition within single deposits 
cannot be explained by crystallization from single fluid alone, unless the 
high isotopic fractionation can be explained with a compositional 

Fig. 10. Microphotographs of tourmaline types and examples of δ11B values. a) and b) Type 1 tourmaline. b) and c) Type 2 tourmaline. e) Type 3 tourmaline. f) Type 
4 tourmaline. All photos are taken from 100 µm thick sections. 
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change of the fluid over time. Large variations in δ11B values within a 
single deposit have been explained by mixing of two distinct fluid 
sources (e.g. Esmaeily et al., 2009; Su et al., 2016), boiling of the hy-
drothermal fluids and crystallization of boron-bearing silicates (e.g. 
sericite; Leeman et al., 2005; Wunder et al., 2005), variation in fluid/ 
rock ratio (e.g. Palmer and Slack, 1989) and by hybrid models with 
Rayleigh fractionation and fluid mixing (Qiao et al., 2019). 

At Raja, the overall difference between the measured δ11B values is 
around 10 ‰, with Type 1 exhibiting the most variability. Tourmaline 
isotopic composition is always lighter than the composition of the fluid 
from which it crystallized (e.g. Palmer and Swihart, 1996). Meyer et al. 
(2008) studied the equilibrium fractionation between tourmaline and 
fluid from synthetic tourmaline between temperatures of 400 ◦C and 
700 ◦C. At 400 ◦C, the isotopic fractionation between fluid/tourmaline 
was determined to be − 2.7‰ (Meyer et al., 2008). In the Rajapalot area, 
the best available estimate of crystallization temperature of tourmaline 
is around 300 ◦C, based on the fluid inclusion studies of tourmaline from 
Palokas (Ranta et al., 2018). Even though the published experimental 
fractionation estimates do not reach below 400 ◦C, using the equilibrium 
fractionation coefficients after Meyer et al. (2008) at 300◦ C, the isotopic 
fractionation between fluid/tourmaline is calculated to be around − 4‰. 

This means that the estimates of the δ11Bfluid for different tourmaline 
types, assuming equilibrium fractionation, deviates from each other 
markedly: Type 1 δ11Bfluid ranges from + 3 to − 5‰, Type 2 from − 1 to 
− 8‰, and for Type 3 and 4 from + 2 to − 1.5‰. The initial δ11Bfluid of 
− 8‰ would explain the range of δ11B values observed in Type 1 and 
Type 2 tourmaline occurring in the veins (Fig. 15a). δ11Bfluid of − 8‰ and 
a temperature of 300 ◦C, would produce tourmaline with δ11B of − 12 at 
the onset of boron fractionation (F = 1; Fig. 15a) and as fractionation 
progresses, would produce tourmaline with δ11B values all the way to 
0 (Fig. 15a). Similarly, for Types 3 and 4, occurring in tourmalinite 
bands, fluid with initial δ11B around − 1‰, would crystallize tourmaline 
with δ11B − 5‰ at the onset of boron fractionation (F = 1; Fig. 15b) and 
as fractionation progresses would produce tourmaline with heavier 
boron isotope signature up to 7‰. However, the heavy end of the boron 
values are not observed in this study and therefore the fractionation 
model for Type 3 and Type 4 tourmaline is not fully supported. In any 
case, the markedly different textural appearance and the lack of light 
δ11B values of Type 3 and 4 tourmalines compared to Type 1 and 2 
would indicate two fluid sources responsible for the tourmaline forma-
tion. If the temperature during the formation of Type 3 and Type 4 
tourmaline were considerably higher, the isotopic fractionation would 

Fig. 11. a) Folded anhydrite (purple) in biotite and calcsilicate rich host rock (drill hole PAL0180; Raja); b) Anhydrite associated with a quartz vein (drill hole 
PAL0202; Palokas, red line is a bottom-of-hole core orientation mark); c) Narrow white gypsum veinlet cutting the host lithology and massive anhydrite (Drill hole 
PAL0169; Raja). Drill core samples are 5 cm wide. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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be much less than modelled at 300 ◦C and would not reach up to 7‰ as 
the fractionation progresses. For example, at 450 ◦C the tourmaline 
formation in the advanced stage of fractionation (F = 0.1) is ~ 3‰ and 
at 600 ◦C, it is ~ 1‰ (Büttner et al., 2016). At this point however, we do 
not have further data on formation temperatures of tourmaline from 
Raja therefore temperature estimation from the Palokas occurrence have 
been used. 

Considering the large distribution of the δ11B values in the tourma-
line veins (Type 1 and 2), there are locally clear intracrystalline isotopic 
variation between core-rim and this is best seen in tourmaline grains 
with blueish cores with light δ11Bcore values. In addition, some variation 
in respect to the position of tourmaline grains within the vein are 
observed, although this was not considered initially when collecting the 
samples. However, tourmaline grains from the outer edges of the veins 
show lighter isotopic values compared to grains located in the middle of 
veins. This variability could be potentially explained by processes 
related to vein growth and opening, such as episodic fluid flow (crack- 
sealing or fracture re-activation; Baksheev et al., 2015) with limited 
fluid volume pulses fractionating boron isotopes and potentially also 
influenced by boiling in fractures (Liebscher et al. 2005; Su et al. 2016). 
Boiling of the B-rich fluid was also proposed by Ranta et al. (2018) from 
the Palokas tourmaline-sulfide-quartz breccia type veins. 

Owing to the lack of heavy δ11B values, a marine source of boron can 
be ruled out. The Type 1 and 2 tourmaline with estimated δ11Bfluid 
around − 8‰ overlaps with multiple sources, including granitic, meta-
sedimentary or non-marine evaporitic source (Fig. 14). The source of the 
fluid forming Type 3 and 4 tourmaline with heavier boron and an esti-
mated δ11Bfluid around − 1‰ is most consistent with boron sourced from 
non-marine evaporites or arc-volcanic rocks or I-type granitoids. Taking 

into consideration the geological context of the Peräpohja belt as an 
intra-cratonic rift basin, and earlier indications of evaporites and 
anhydrite encountered in the drill cores (see discussion in section 6.4), 
we would argue that the boron in the fluids have source component from 
the non-marine evaporitic sequences even though the geochemistry of 
tourmaline indicates relatively low- to moderate salinity conditions. The 
high modal content of tourmaline in the Raja rocks indicates the B-rich 
nature of the fluids which within the context, can also be taken as 
indication of an evaporitic source, commonly highly enriched in boron 
(e.g. Cook and Ashley, 1992; Warren, 2016). Furthermore, the measured 
δ11B values are corresponding to values measured from the nearby 
Petäjäskoski formation (Ranta et al., 2018) which has been interpreted 
to represent an evaporitic sequence within the Peräpohja belt (Kyläkoski 
et al., 2012). The δ11B values of the nearby tourmaline-rich granite (ca. 
1.78 Ga) are similar to the Type 3 and 4 tourmaline in Raja and similar to 
tourmaline in Palokas (Ranta et al., 2017). The relationship of the 
tourmaline granite and the late-orogenic formation of the gold is not 
only spatial but also temporal as the molybdenite associated with 
tourmaline was dated to be ca. 1.78 (Re-Os age; Molnár et al., 2017). The 
isotopically lighter Type 1 and 2 tourmaline possibly represent meta-
morphic fluids sourced from the metasedimentary rocks circulating at 
the same time with the magmatic-hydrothermal activity in late-orogenic 
times. 

6.4. Sulfate S-isotopes, evidence for evaporites in the Peräpohja belt 

Common sulfate minerals anhydrite, gypsum, and barite have been 
described as important hydrothermal alteration products especially in 
VMS and porphyry deposits (Seward et al., 2014; Sillitoe, 2009). 

Fig. 12. a) Photomicrograph of large anhedral anhydrite grains with distinct cleavage (XPL). b) Photomicrograph of gypsum vein with fibrous slightly inclined 
gypsum grains (XPL). c) Photomicrograph of gypsum fibers growing perpendicular to the anhydrite grain boundary, elongated in the direction of minimum stress 
(PPL). d) Histogram of δ34SCDT isotope values from the anhydrite and gypsum. Average values and standard deviations of the assays are shown in a box within the 
graph. Photomicrographs b) and c) are from 100 µm thick sections. XPL = crossed polarized light, PPL = plane polarized light. Mineral abbreviations: Anh =
Anhydrite; Gb = Gypsum. 
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Anhydrite has also been described as a primary igneous phase precipi-
tated from silicate melts (Luhr, 2008 and references therein) and hy-
drothermal vents in modern subseafloor systems (e.g. Hannington et al. 
2001). However, the most significant sulfate-rich strata occur in evap-
orite deposits (e.g. Spencer, 2000) of Paleozoic and late Proterozoic age 
(e.g. Horita et al. 2002). Precambrian sulfate evaporite deposits are 
mostly destroyed by later geological processes but are recognized for 
example as pseudomorphic replacements of primary evaporitic minerals 
(Pope and Grotzinger 2003). An important preserved example occurs in 
the Onega basin, western Russia, within the Fennoscandian Shield, 
where the Tulomozero formation comprises several hundred meters of 
evaporite sequence of Paleoproterozoic age (Melezhik et al. 2013; 
Blättler et al. 2018). The supracrustal rocks in Onega basin represent 
sedimentation and volcanism of similar age and lithological associations 
as the rocks in the Peräpohja belt (Hanski and Melezhik, 2012). 

To constrain the sulfur isotopic composition of ancient seawater, 
Reuschel et al. (2012) measured δ34S of carbonate-associated sulfate 
(CAS) and anhydrite/barite relicts from the Tulomozero formation 
which resulted in δ34SCAS = 10.9 ± 2.7 ‰ and δ34Sanhydrite = 9.6 ± 1.0 
‰. Blättler et al. (2018) sampled primary sulfate minerals from different 
stratigraphic units from Tulomozero Formation and got δ34S values 
mostly between 5 and 7 ‰, but with the stratigraphically uppermost 
unit having higher values identical to δ34S in Reuschel et al. (2012). As 
discussed by Blättler et al. (2018) and Planavsky et al. (2012) the sulfate 

δ34S varies in respect to the position within the evaporite sequence, 
which explains the difference to values in Reuschel et al. (2012), and 
likely corresponds to the temporal evolution of the sulfur isotopic 
composition of the water column. 

The sulfur isotope data of anhydrite and gypsum from Raja is uni-
form (Fig. 12d). According to Hanor (2000), sulfur isotope fractionation 
from sulfate solution into gypsum is around 1.65 ‰, closely corre-
sponding to the isotopic difference observed here. Hence, the difference 
in δ34S values of gypsum and anhydrite can be explained by partial 
anhydrite dissolution and formation of gypsum by SO4

2- sourced from 
the anhydrite. Importantly, the Raja sulfates have almost identical δ34S 
values to the sulfate from Tulomozero formation. Previous suggestions 
of the presence of evaporites in northern Finland is based on compelling 
but indirect evidences, e.g., widespread albitization, scapolitization and 
red beds, high MgO and K2O of the rocks, boron isotope data, and 
textural evidences (e.g. pseudomorphs after evaporite minerals, 
‘chicken-wire’- textures” ;e.g., Tuisku, 1985; Eilu, 1994; Frietsch et al., 
1997; Vanhanen, 2001, Kyläkoski et al., 2012; Ranta et al., 2018). 
Furthermore, considering the age and tectonic setting of the Paleo-
proterozoic basins in northern Finland, they correlate with world-wide 
deposition of evaporites and red-beds (Lambert-Smith et al., 2016; 
Melezhik et al., 1999). Based on the δ34S data, widespread strong to 
intense albitization, and comparison to the roughly coeval Tulomozero 
Formation, it is suggested that the sulfates in the Rajapalot area are 

Fig. 13. a) Binary plot Li vs. Sn. b) Binary plot Sr/Sn vs. Ba. c) Binary plot Sr/Sn vs. V/Nb. d) Binary plot (after Sciuba et al. 2020) relating tourmaline REE (total) vs. 
Ga composition to metamorphic grade of the host rock in orogenic gold deposits. Blacked stippled area in a, b and c is the range for orogenic gold deposits after 
Sciuba et al. (2020). 
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evaporitic in origin. Stratigraphically, the sulfate bearing rocks at 
Rajapalot correlate with the widespread and global occurrence of 
evaporite deposits in sedimentary basins between 2.2 and 2.0 Ga, dis-
cussed by Reuschel et al. (2012) and references therein. Furthermore, 
during drilling, intervals with possible carbonate collapse breccias and 
pseudomorphs of gypsum have been encountered and resemble obser-
vations from the Central Lapland belt (Haverinen, 2020), which con-
firms the original ideas by Tuisku (1986) proposing the existence of 

evaporites within Central Lapland belt. Based on the evidence provided 
here, the proposal of Kyläkoski et al. (2012) and Ranta et al. (2018) 
about the existence of a widespread evaporitic unit within the Peräpohja 
belt is strongly supported. However, the exact stratigraphic correlation 
of the sulfates analysed and the known units of the Peräpohja belt (e.g. 
Petäjäskoski formation) is still ambiguous. In the Rajapalot area, bitu-
minous black rocks encountered during drilling (e.g. Vanhanen et al., 
2015) resembles the shungitic rocks within the Zaonega formation in the 

Fig. 14. Boron isotope composition of marine and terrestrial crustal rocks modified after Trumbull et al. (2020 and references therein). Orange and red shaded areas 
represent the inferred boron isotopic composition of the B-bearing fluids (upper part of the figure) and range δ11B values of tourmaline types (lower part of the figure) 
at Raja. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Onega basin, unconformably overlying the Tulomozero formation. 
Evaporitic rocks can be potentially found throughout the stratigraphic 
column from ca. 2.2 to 2.0 Ga within the Peräpohja belt, similar to the 
Tulomozero formation (Reuschel et al., 2012). Sulfates at Rajapalot 
could be correlated with the upper part of the Tulomozero formation, 
close to the transition to more reduced depositional environment indi-
cated by the shungites. This is also supported by the higher δ34S values 
discussed above correlative with the δ34S values in the upper part of the 
Tulomozero formation (Reuschel et al., 2012; Blättler et al., 2018). In 
this scenario, evaporitic rocks of the Petäjäskoski formation, would be 
equivalents of the lower parts of the almost 900 m thick Tulomozero 
formation. 

In terms of metallogeny, the presence of evaporites have important 
consequences. The circulation of saline fluids produces intense albiti-
zation, a common feature in all of the Paleoproterozoic supracrustal 
belts in Finland and elsewhere (e.g. Cook and Ashley, 1992; Vanhanen, 
2001; Melezhik et al., 2012, 2015). Albitization increases the compe-
tency of the altered rocks, thus making them behave in a brittle manner 
during deformation, allowing efficient circulation of hydrothermal 
fluids. Also, as already discussed, the chlorine rich fluids are capable of 
leaching and transporting several different metals, including copper, 
cobalt, uranium and gold in relatively oxidized environments. Thirdly, 
the sulfates in evaporites are good candidates for providing external 
sulfur to mineralizing systems, in both hydrothermal and magmatic ore 
deposits. The pre-orogenic enrichment of uranium and molybdenum 
within the Rompas-Rajapalot system has been verified with radiometric 
ages (Molnár et al., 2017; see Fig. 1d). Cobalt has also been inferred to be 
relatively early (compared to gold), but no exact dates are available. 
Ranta et al. (2020) suggested the possible involvement of pre-orogenic 
felsic magmatism to the metal distribution (Mo and U) within the 
Peräpohja belt as the Re-Os dating of molybdenite and U-Pb age of the 
uraninite in Rompas-Rajapalot area corresponds to the U-Pb age of the 
ca. 2.0 Ga granite (See Fig. 1c). In any case, it is even more evident that 
the evaporitic rocks have had a huge effect in the metallogeny of the 
Paleoproterozoic supracrustal belts enabling suitable structural features, 
alteration and composition of the hydrothermal fluids. The orogenic 
gold overprint during late-orogenic times has affected earlier minerali-
zation, alteration and structures, resulting in complex, multi-stage 
mineralized systems. 

7. Conclusions 

Based on their textures and appearance, four types of tourmaline 
were identified from the Raja Au-Co deposit. δ11B values and the frac-
tionation modelling indicates that at least two different fluids are 
responsible for the tourmaline formation with initial δ11B values of − 8‰ 
(Type 1 and 2 tourmaline) and − 1‰ (Type 3 and 4 tourmaline). Possible 

sources for boron rich fluids are metamorphic fluids and magmatic- 
hydrothermal fluids related to the late-orogenic ca. 1.78 Ga granit-
oids. The sulfur isotope data of anhydrite and gypsum from Raja show 
homogeneous values with δ34Saverage of 8.9 ‰ for anhydrite and 
δ34Saverage of 11.2 ‰ for gypsum. Measured values are similar to the 
reported δ34S values of sulfates from the evaporitic Tulomozero for-
mation in the Russian side of the Fennoscandian shield (Reuschel et al., 
2012). Our results further support the presence of evaporitic strata 
within the Paleoproterozoic Peräpohja belt. The close spatial relation-
ship of the Au-Co deposits and the evaporitic rocks indicates their 
important role as a potential fluid and ligand source for the multi-stage 
metallogeny of the belt. 
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Peräpohja belt as viewed from within the Rompas-Rajapalot project. In: Cook N. 
(ed.) NEXT – 3rd Progress Meeting 7-10 October, 2019, Pohtimolampi, Rovaniemi, 
Finland: Rovaniemi: Mawson Oy, p. 13–16. 

Cook, N., 2019. Silicate alteration and whole rock geochemistry of Rajapalot. In: 
Cook, N. (Ed.), NEXT – 3rd Progress. Mawson Oy, Pohtimolampi, Rovaniemi, 
Finland: Rovaniemi, pp. 11–12. 

Eilu, P., 1994. Hydrothermal alteration in volcano-sedimentary associations in Central 
Lapland greenstone belt. Geological Survey of Finland. Bulletin 374, 145p. 

Eilu, P., 2015. Overview on gold deposits in Finland. In: Maier, W.D., O’Brien, H., 
Lahtinen, R. (Eds.), Mineral Deposits of Finland. Elsevier, Amsterdam, pp. 377–403. 
https://doi.org/10.1016/B978-0-12-410438-9.00015-7. 

Esmaeily, D., Trumbull, R.B., Haghnazar, M., Krienitz, M.-S., Wiedenbeck, M., 2009. 
Chemical and boron isotopic composition of hydrothermal tourmaline from 
scheelite-quartz veins at Nezamabad, western Iran. Eur. J. Mineral. 21, 347–360. 

Farajewich, M., 2018. Mineral relationships of cobaltite and cobalt pentlandite at 
Rajapalot. M.Sc. Thesis. University of Exeter, Finland, p. 85. 

Frietsch, R., Tuisku, P., Martinsson, O., Perdahl, J.-A., 1997. Early Proterozoic Cu-(Au) 
and Fe ore deposits associated with regional Na-Cl metasomatism in northern 
Fennoscandia. Ore Geol. Rev. 12 (1), 1–34. 

Groves, D.I., Santosh, M., Goldfarb, R.J., Zhang, L., 2018. Structural geometry of 
orogenic gold deposits: Implications for exploration of world-class and giant 
deposits. Geosci. Front. 9 (4), 1163–1177. 

Groves, D.I., Goldfarb, R.J., Gebre-Mariam, M., Hagemann, S.G., Robert, F., 1998. 
Orogenic gold deposits: A proposed classification in the context of their crustal 
distribution and relationships to other deposit types. Ore Geol. Rev. 13, 7–27. 
https://doi.org/10.1016/S0169-1368(97)00012-7. 

Goldfarb, R.J., Groves, D.I., Gardoll, S., 2001. Orogenic gold and geologic time: A global 
synthesis. Ore Geol. Rev. 18 (1-2), 1–75. 

Goldfarb, R.J., Baker, T., Dube, B., Groves, D.I., Hart, G.J.R., Gosselin, P., 2005. 
Distribution, character, and genesis of gold deposits in metamorphic terranes. Econ. 
Geol. 100, 407–450. 

Goad, R.E., Mumin, A.H., Duke, N.A., Neale, K.L., Mulligan, D.L., Camier, W.J., 2000. 
The NICO and Sue-Dianne Proterozoic, iron oxide-hosted, polymetallic deposits, 
Northwest Territories—application of the Olympic Dam model in exploration. 
Explor. Min. Geol. 9, 123–140. 

Hannington, M., Herzig, P., Stoffers, P., Scholten, J., Botz, R., Garbe-Schönberg, D., 
Jonasson, I.R., Roest, W., 2001. First observations of high-temperature submarine 
hydrothermal vents and massive anhydrite deposits off the north coast of Iceland. 
Mar. Geol. 177 (3-4), 199–220. 

Hanor, J., 2000. Barite-Celestine geochemistry and Environments of Formation. In: 
Alpers, C.N., Jambor, J.L. & Nordstrom, D.K. (eds.) Sulfate minerals: 
crystallography, geochemistry, and environmental significance. Reviews in 
Mineralogy and Geochemistry, 40, p. 193–263 ISBN 0-939950-52-9. 

Hanski, E.J., Melezhik, V.A., 2012. Litho- and chronostratigraphy of the Karelian 
formations. In: Melezhik, V.A., Prave, A.R., Hanski, E.J., Fallick, A.E., Lepland, A., 
Kump, L.R., Strauss, H. (Eds.), Reading the Archive of Earth’s Oxygenation, 1. 
Springer-Verlag, pp. 39–110. 

Haverinen, J., 2020. Evaporites in the Central Lapland Greenstone Belt. MSc thesis. 
University of Helsinki, p. 80 p.. 

Hawthorne, F.C., Henrys, D.J., 1999. Classification of the minerals of the tourmaline 
group. Eur. J. Mineral. 11 (2), 201–216. 

Hazarika, P., Mishra, B., Pruseth, K.L., 2015. Diverse tourmaline compositions from 
orogenic gold deposits in the Hutti-Maski Greenstone Belt, India: implications for 
sources of ore-forming fluids. Econ. Geol. 110 (2), 337–353. 

Henry, D.J., Guidotti, C.V., 1985. Tourmaline as a petrogenetic indicator mineral: an 
example from the staurolite-grade metapelites of NW Maine. Am. Mineral. 70, 1–15. 

Henry, D.J., Dutrow, B.L., 1996. Metamorphic tourmaline and its petrologic applications. 
In: Grew ES, Anovitz LM (eds) Boron: Mineralogy, petrology and geochemistry: 
Reviews in Mineralogy 33, 503–557. 

Hitzman, M.W., Selley, D., Bull, S., 2010. Formation of sedimentary rock-hosted 
stratiform copper deposits through Earth history. Econ. Geol. 105 (3), 627–639. 

Horita, J., Zimmermann, H., Holland, H.D., 2002. Chemical evolution of seawater during 
the Phanerozoic: Implications from the record of marine evaporites. Geochimica et 
Cosmochimica Acta 66 (21), 3733–3756. 

Huhma, H., Cliff, R.A., Perttunen, V., Sakko, M., 1990. Sm-Nd and Pb isotopic study of 
mafic rocks associated with early Proterozoic continental rifting: the Peräpohja 
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The Suurikuusikko Gold Deposit (Kittilä Mine), Northern Finland. In: Maier, W.D., 
O’Brien, H., Lahtinen, R. (Eds.), Mineral Deposits of Finland. Elsevier, Amsterdam, 
pp. 467–484. https://doi.org/10.5382/econgeo.112.6.br03. 

Yardley, B.W.D., Graham, J.T., 2002. The origins of salinity in metamorphic fluids. 
Geofluids 2, 249–256. 

J. Tapio et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0301-9268(21)00338-7/h0300
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0300
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0310
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0310
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0310
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0315
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0315
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0320
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0320
https://doi.org/10.1016/j.precamres.2019.02.003
https://doi.org/10.1016/j.precamres.2019.02.003
https://doi.org/10.1073/pnas.1120387109
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0335
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0335
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0335
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0340
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0340
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0340
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0345
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0345
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0345
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0350
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0350
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0350
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0355
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0355
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0355
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0360
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0360
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0360
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0360
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0365
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0365
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0365
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0370
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0370
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0385
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0385
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0385
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0390
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0390
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0390
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0395
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0395
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0395
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0395
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0400
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0405
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0405
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0410
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0410
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0410
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0420
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0420
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0425
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0425
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0425
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0425
https://doi.org/10.1016/j.oregeorev.2020.103682
https://doi.org/10.1016/j.oregeorev.2020.103682
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0435
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0435
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0445
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0445
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0445
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0445
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0455
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0455
https://doi.org/10.1007/s00126-020-01039-8
https://doi.org/10.1007/978-3-319-13512-0
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0470
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0470
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0470
https://doi.org/10.5382/econgeo.112.6.br03
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0480
http://refhub.elsevier.com/S0301-9268(21)00338-7/h0480

	Paleoproterozoic Rajapalot Au-Co system associated with evaporites: Chemical composition and boron isotope geochemistry of  ...
	1 Introduction
	2 Regional geology
	3 Rompas-Rajapalot Au-Co-U
	3.1 Rompas
	3.2 Rajapalot

	4 Analytical methods
	4.1 Tourmaline sampling
	4.2 Sulfate mineral sampling
	4.3 Electron microprobe analyses
	4.4 Trace element composition of tourmaline
	4.5 Boron isotope analyses
	4.6 Sulfur isotope analyses

	5 Results
	5.1 Tourmaline in Raja Au-Co prospect
	5.2 Structural orientation of the tourmaline veins
	5.3 Geochemistry of tourmaline
	5.4 Tourmaline trace elements
	5.5 Boron isotopes
	5.6 Anhydrite and gypsum
	5.7 Sulfur isotopes

	6 Discussion
	6.1 Major element composition of tourmaline
	6.2 Trace element composition of tourmaline
	6.3 Boron isotopes
	6.4 Sulfate S-isotopes, evidence for evaporites in the Peräpohja belt

	7 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


