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Abstract

The Juomasuo Au—Co deposit, currently classified as an orogenic gold deposit with atypical metal association, is located in the
Paleoproterozoic Kuusamo belt in northeastern Finland. The volcano-sedimentary sequence that hosts the deposit was intensely
altered, deformed, and metamorphosed to greenschist facies during the 1.93—1.76 Ga Svecofennian orogeny. In this study, we
investigate the temporal relationship between Co and Au deposition and the relationship of metal enrichment with protolith
composition and alteration mineralogy by utilizing lithogeochemical data and petrographic observations. We also investigate the
nature of fluids involved in deposit formation based on sulfide trace element and sulfur isotope LA-ICP-MS data together with
tourmaline mineral chemistry and boron isotopes. Classification of original protoliths was made on the basis of geochemically
immobile elements; recognized lithologies are metasedimentary rocks, mafic, intermediate-composition, and felsic metavolcanic
rocks, and an ultramafic sill. The composition of the host rocks does not control the type or intensity of mineralization. Sulfur
isotope values (5°*S — 2.6 to + 7.1%o) and trace element data obtained for pyrite, chalcopyrite, and pyrrhotite indicate that the two
geochemically distinct Au—Co and Co ore types formed from fluids of different compositions and origins. A reduced, metamor-
phic fluid was responsible for deposition of the pyrrhotite-dominant, Co-rich ore, whereas a relatively oxidized fluid deposited
the pyrite-dominant Au—Co ore. The main alteration and mineralization stages at Juomasuo are as follows: (1) widespread
albitization that predates both types of mineralization; (2) stage 1, Co-rich mineralization associated with chlorite (+ biotite +
amphibole) alteration; (3) stage 2, Au—Co mineralization related to sericitization. Crystal-chemical compositions for tourmaline
suggest the involvement of evaporite-related fluids in formation of the deposit; boron isotope data also allow for this conclusion.
Results of our research indicate that the metal association in the Juomasuo Au—Co deposit was formed by spatially coincident and
multiple hydrothermal processes.
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Introduction
P< Mikael Vasilopoulos
mikael.vasilopoulos@student.oulu.fi Finland is one of the few countries in the European Union that
has economic reserves of “battery metals” and the only one
' Oulu Mining School, University of Oulu, P.O. Box 3000, producing Co at present. Cobalt is extracted as a byproduct
90014 Oulu, Finland from sulfide ores from the Sotkamo (black schist-hosted Ni—
2 Geological Survey of Finland, P.O. Box 96, Zn—Cu—Co ore), Kevitsa (magmatic Ni—Cu sulfide ore), and
FI1-02151 Espoo, Finland Kylylahti (Cu~Zn massive sulfide ore) mines. Several epige-
> Deutsches GeoForschungsZentrum, GFZ, Telegrafenberg, netic hydrothermal Au deposits in northern Finland, hosted by
14473 Potsdam, Germany the Kuusamo belt (KB), the Central Lapland Greenstone Belt
# Université de Lorraine, CNRS, GeoRessources, (CLGB), and the Perdpohja Belt (PB), are also enriched in Co
F-54000 Nancy, France (£ Cu = Ni + LREE =+ U) (Fig. 1a). These types of deposits
> Dragon Mining Oy, Sastamala, Finland have been classified by some workers as orogenic Au deposits
®  Present address: Aurion Resources Ltd., 120 Torbay Road, Suite with an atypical metal association (e.g., Eilu 2015). They
W240, St. John’s, NL A1A 2G8, Canada share several similarities with classic orogenic Au deposits
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<« Fig. 1 a Simplified geological map of Kuusamo belt (KB) showing lo-
cation of Juomasuo Au—Co deposit (red circle). Other notable Au—Co
deposits and occurrences within the KB are depicted with gray circles.
Colors of formations correspond to units in stratigraphic columns in b.
Insert map shows position of KB, Perdpohja belt (PB), and Central
Lapland Greenstone Belt (CLGB) in Finland. Modified after Laajoki
(2005) and Vanhanen (2001). b Stratigraphic column of KB showing
stratigraphic setting of Au—Co mineralization. Modified after Huhma
et al. (2018) with additions from Koykka et al. (2019) and Lahtinen and
Koykka (2020). Section of Au—Co mineralization in the stratigraphy is
taken from Vanhanen (2001). ¢ Simplified geological map of Juomasuo
deposit. Left map depicts surface geology whereas right map shows SW-
NE cross-section of the same area. Rock descriptions in this geological
map are based solely on alteration mineralogy as described by Vanhanen
(2001). Modified after Pankka (1992) and Vanhanen (2001)

(e.g., Goldfarb and Groves 2015), with the most significant
difference being the enrichment in base metals. A better un-
derstanding of hydrothermal processes leading to the forma-
tion of Au—Co deposits in these areas is needed in order to
support exploration for new deposits. The added knowledge
concerning these Co-rich deposits can also have implications
for exploration on a global scale, as Au deposits with similar
metal associations can also be found in several terranes out-
side of Finland (e.g., Slack 2013). Prominent examples of
such deposits are those in the Idaho cobalt belt (Slack 2012),
the Skuterud deposit in Norway (Grorud 1997), and the
Werner Lake (Pan and Therens 2000) and NICO (Goad
et al. 2000) deposits in Canada.

This study is focused on the Juomasuo Au—Co deposit
(EUREF Easting 598681.7, EUREF Northing 7353837.1),
located in northeastern Finland approximately 45 km north
of the town of Kuusamo (Fig. l1a). The Juomasuo deposit is
situated in the Paleoproterozoic Kuusamo belt (KB) and is
part of the Kuusamo-Kuolajarvi orogenic Au metallogenic
area (Eilu et al. 2012), which contains several epigenetic
Au—Co (£ Cu) deposits and occurrences (Pankka 1992;
Vanhanen 2001). Juomasuo is the largest known epigenetic-
hydrothermal Au—Co deposit in the Kuusamo belt. The cur-
rent total mineral resource estimate for the Juomasuo deposit
is 2.37 Mt grading 4.6 g/t Au and 0.13 wt% Co, and an addi-
tional 5.04 Mt of Co resources (accompanied by varying de-
grees of low-grade Au concentrations) grading 0.12 wt% Co
(Dragon Mining 2014). Apart from Au and Co, the most com-
monly associated trace metals in the deposit are Cu, Mo, and
REE, together with local enrichment of U (Vanhanen 2001).

The Au—Co deposits and occurrences in the Kuusamo belt
have been explored and studied in the past but there are still
open questions regarding formation of the peculiar Au—Co
mineralization. Previous studies invoked various genetic

classifications for the Au—Co (+ Cu) mineralization in this
belt, including orogenic Au with atypical metal association,
iron-oxide-copper-gold (IOCG), epithermal Au, epigenetic
Blackbird-type, and syngenetic type (Pankka 1992; Pankka
and Vanhanen 1992; Vanhanen 2001; Eilu and Pankka
2009; Slack 2012; Slack 2013). The types of hydrothermal
alteration and their relative timing, metal association, and na-
ture of the mineralizing fluids each seem to fit into one or
more of the proposed models. Another source of uncertainty
is the potential polygenetic nature of these deposits.

One of the major aims of our studies of the Juomasuo
deposit is to understand whether the Au and Co were depos-
ited from a single fluid and the temporal relationship for de-
position of these two metals. Another aim is to understand the
role of the local lithologies in potentially controlling mineral-
ization and the relationship of the alteration mineralogy to
enrichment of Co and Au. In order to answer these questions,
we use detailed petrography together with lithogeochemical
data to evaluate the relationships between different metal as-
sociations within the distinct alteration zones and with
protolith compositions. Results of paired sulfur isotope and
trace element LA-ICP-MS analyses in sulfide minerals are
used for discriminating mineralizing events. Sources of fluids
are also evaluated by crystal-chemical and boron-isotope data
for tourmaline.

Geological setting
Regional setting

The KB is a part of the larger Karasjok-Central Lapland-
Kuusamo-Lake Onega greenstone belt that extends from
northern Norway to Lake Onega in Russia (Pankka 1992).
Rocks comprising this greenstone domain are part of
Karelian supracrustal formations with ages ranging from 2.4
to 1.9 Ga (Silvennoinen 1972, 1992; Huhma et al. 2018). The
KB was at least partially formed in an intracratonic failed rift
related to Paleoproterozoic breakup of the Archean Karelian
craton (Hanski and Huhma 2005). Stratigraphy of the KB
includes several formations of volcanic and sedimentary ori-
gin, including products of three stages of mafic volcanism
with associated mafic sills and dikes (Pankka 1992).
Stratigraphy of the Kuusamo belt was first defined by
Silvennoinen (1972, 1991) (Fig. 1b). Huhma et al. (2018)
refined the stratigraphy of the belt by dividing the stratigraphic
column into 11 formations, which belong to the Salla,
Kuusamo, Sodankyl4, and Savukoski groups, the same groups
that are found in the Central Lapland Greenstone Belt. The
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stratigraphy of the KB was further refined (Koykkad
et al. 2019; Lahtinen and Koykkd 2020) and now in-
cludes a formation belonging to the Kumpu Group as
the uppermost unit (Fig. 1b). Total thickness of the
volcano-sedimentary sequence in the KB varies from 5
to 7 km (Lahtinen and Koykka 2020).

The stratigraphically lowest unit in the
Paleoproterozoic basin fill, which overlies the Archean
basement, is the continental clastic and shallow marine
Posio suite that comprises quartzite and paragneiss
(Koykkd et al. 2019). Overlying the Posio suite is the
Sirnié Formation of the Salla Group. This formation con-
tains felsic metavolcanic rocks (Fig. 1b). Overlying the
Sirni6 Formation is a polymictic conglomerate unit, less
than 50 m thick. This conglomerate is overlain by mafic
and intermediate-composition massive lava flows with
some tuffaceous intercalations that were deposited in a
subaerial environment, collectively making up the
Vehnidsvaara, Kuusijarvi, and Kuntijérvi formations (to-
gether formerly known as Greenstone Formation I).
Together with the conglomerate unit, these formations be-
long to the Kuusamo Group and are overlain by strata of
the Sodankyld Group. These strata include basal tuffite
schists and overlying sericite quartzite with interlayers
of stromatolitic dolostone (Pekkala, 1985) and silicic
schist, which probably has a felsic volcanic origin
(Silvennoinen 1972, 1992). These rocks make up the
Hukkavaara Formation (formerly Sericite Quartzite,
Sericite Schist, and Quartzite Schist formations; Fig. 1b).
Overlying the Hukkavaara Formation is a relatively thin
(<50 m) metabasaltic lava unit with pillow structures,
known as the Petdjdvaara Formation (formerly
Greenstone Formation II). After deposition of the
Petdjivaara Formation, sedimentation continued produc-
ing the Vaimojirvi Formation (formerly Siltstone
Formation), which is composed of arkose, orthoquartzite,
phyllite, and dolomite units. Overlying subaerial plateau
basalt flows form the Ruukinvaara Formation (formerly
Greenstone Formation III). The Ruukinvaara Formation
is covered by a thick (600—800 m) unit of sericite quartz-
ite with dolostone beds that grade upwards into arkose
and finally glassy orthoquartzite, collectively forming
the Rukatunturi Formation as the uppermost unit of the
Sodankyld Group in the KB. The Rukatunturi Formation
is overlain by dolostone, black shale, and basaltic tuff of
the Savukoski Group. Karhu (1993) found evidence of
carbon isotope excursion in the lower carbonate units of
the Savukoski Group in the KB, findings that suggest the
deposition of these units occurred during the late stages of
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the Great Oxidation Event (ca. 2.3 Ga; e.g., Bekker et al.
2004). Finally, sparsely outcropping conglomerate-
sandstone associations of the Kumpu Group form the up-
permost unit in the KB (Kdykka et al. 2019).

The stratigraphic sequence of the KB underwent deforma-
tion and regional metamorphism during the Svecofennian
orogeny (1.93-1.76 Ga; Silvennoinen 1972, 1992; Lahtinen
and Koykka 2020). Deformation occurred in four stages (D1—
D4; Lahtinen and Koykka 2020), starting with an E-W com-
pressional phase (D1), followed by a N-S shortening (D2) that
produced F2 folds. Deformation continued with additional
overprinting stages of folding during D3 and D4.
Metamorphic grade varies from greenschist facies in the south
and central parts of the KB to medium-pressure amphibolite
facies in western parts, near the contact with the Central
Lapland Granitoid Complex (Holttd and Heilimo 2017).
Higher metamorphic grade is also present in the northern
and eastern parts of the KB. Lahtinen and Koykka (2020)
suggested that the gradual metamorphic zonation from
greenschist facies in the south to amphibolite facies in the
north can be explained by the presence of a long wavelength
(70-100 km) major D4 anticlinorium, with the metamorphic
grades increasing towards the hinge zone. This interpretation
was partly based on results of wide-angle reflection and re-
fraction surveys (Tiira et al. 2014) that showed ca. 8 km of
upward bulging of lower and middle-upper crust from the
southern KB to the Archean Suomujérvi complex (Fig. 1a)
north of the KB. In the central part of the KB, the NE-
trending F2 Kayld-Konttiaho anticline (Fig. 1a) is the major
structure that is associated with the majority of significant Au—
Co occurrences. The Kéyld-Konttiaho anticline zone is ap-
proximately 20 km long and 5 km wide (Vanhanen 1990).

The epigenetic hydrothermal Co-Au deposits in the KB all
share similar characteristics in terms of alteration assemblages
and ore mineralogy but show some variation in the association
of metals enriched in each deposit (Vanhanen 2001). A gen-
eral sequence of alteration in the Kuusamo metallogenic area,
which also includes the Juomasuo deposit, developed through
several stages (Pankka 1992; Pankka and Vanhanen 1992;
Vanhanen 2001): the oldest is extensive albitization that pre-
dates metamorphism and regional deformation. This was
followed by syn- to late-metamorphic alteration stages with
the first being Mg—Fe metasomatism. Afterwards, the rocks
underwent K-metasomatism and local sulfidation accompa-
nied by ductile deformation. The last stage of alteration in-
cludes carbonatization and silicification together with brittle
deformation. Pankka (1992) divided the Au—Co deposits in
the KB into a replacement type that is best represented by
Juomasuo, and a breccia type with Konttiaho being a
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representative end member. The known Au—Co deposits in
the KB have been found mostly in units near the upper and
lower boundaries of the Petdjavaara Formation (Fig. 1b;
Vanhanen 1990, 2001). Other notable deposits in the KB apart
from Juomasuo include (1) Hangaslampi (1 km south of
Juomasuo) with estimated resources of 0.369 Mt grad-
ing 5.1 ppm Au, 0.07 wt% Co, and 0.1 wt% Cu; (2)
Kouvervaara with estimated resources of 1.58 Mt grad-
ing 5.1 ppm Au, 0.07 wt% Co, and 0.1 wt% Cu; and
(3) Meurastuksenaho with estimated resources of 0.892
Mt grading 2.3 ppm Au, 0.2 wt% Co, and 0.1 wt% Cu
(Vanhanen 2001).

Geology, exploration, and mining history

The Juomasuo deposit is situated in the northern part of the
25-km-long, NE-trending, F2 Kéyla-Konttiaho anticline in an
area that hosts several Au—Co occurrences (Fig. 1a).
Mineralization at Juomasuo is structurally controlled by a
NW-trending shear zone that cuts the Kéyld-Konttiaho anti-
cline (Vanhanen 2001; Eilu et al. 2012). Re-Os and U-Pb
dating indicates that Au—Co mineralization in the KB, includ-
ing the Juomasuo deposit, formed by multiple hydrothermal
processes during the late stages (1.81-1.76 Ga) of the
Svecofennian orogeny, postdating regional peak metamor-
phism (Pohjolainen et al. 2017; Molnar et al. 2020).

The exploration history in the Kuusamo area dates back to
the late 1950s when the Finnish companies Suomen Malmi
and Outokumpu Oy began extensive mineral exploration in
the region. Several deposits were discovered then, and explo-
ration for Au, Fe, and U continued through the efforts of
several companies including Kemi Oy and Rautaruukki Oy.
In the late 1970s, the Geological Survey of Finland (GTK)
began exploration and research in the area that continued
through the 1980s and 1990s. The Juomasuo deposit was
discovered in 1985 by airborne magnetic and electromagnetic
surveys. Mining rights for the deposit were first acquired at the
beginning of the 1990s by Outokumpu Oy, who conducted
test mining and a prefeasibility study. The deposit has
changed ownership several times (Dragon Mining, Latitude
66 Cobalt Oy). To date, there has been no mining of the
Juomasuo deposit. In fact, none of the deposits that have been
discovered in the Kuusamo belt has been exploited so far.

Juomasuo consists of one major mineralized zone (lode)
and several smaller sulfidized zones that are in the vicinity
of the main ore body within an area of approximately
0.5 km? (Vanhanen 2001). The major mineralized zone com-
prises foliated sulfide disseminations and relatively narrow (<
1 m) massive or semi-massive seams or veins that parallel the
dominant foliation. Known surface dimensions of the main

lode are 50 x 100 m (Vanhanen 2001). The main mineralized
zone has been drilled to as much as 300-m depth and is con-
tinuous to that level, and dips to the SW at an average of 50
degrees (Fig. 1c). Most secondary sulfidized zones appear to
pinch out with depth but these have not been drilled to similar
depths as the main mineralized zone (Pankka 1992; Pankka
and Vanhanen 1992; Vanhanen 2001; Fig. 1c).

According to Pankka (1989, 1992), the Juomasuo deposit
hosts two main types of ore, Co ore and Au—Co ore. The Co
ore is pyrrhotite-rich with minor pyrite and chalcopyrite,
whereas the Au-rich ore lenses are pyrite-dominated (Witt
et al. 2020). Vanhanen (2001) suggested an early timing for
the deposition of cobaltite; in contrast, Witt et al. (2020) pro-
posed that cobaltite was deposited during a late stage,
superimposing Au-rich mineralizing event by remobilization
of Co from the structure of pyrrhotite. According to the latter
authors, both types of ore are foliated and characterized by
ductile deformation.

The Juomasuo deposit lies beneath 5 to 8 m of till, which
has only been removed at a pit used for test mining; geological
interpretations are based on diamond drilling and geophysical
data (Vanhanen 2001). Pervasive albitization, which accord-
ing to Vanhanen (2001) predates the hydrothermal events that
relate to the Au—Co mineralization within the KB, widely
affected the rocks in the area (Fig. 2a). The mineralized zones
also contain quartz, chlorite, biotite, sericite, carbonate,
amphibole, and talc in addition to albite. Owing to the
intense alteration of the host and country rocks at Juomasuo,
it is difficult to distinguish protoliths and determine their exact
position in the stratigraphic column of the KB. That is why
previous workers used a descriptive classification of the rocks
at Juomasuo, based on dominant alteration mineralogy.
Vanhanen (2001) suggested that the host rocks belong mostly
to the upper parts of the unit that Silvennoinen (1972) classi-
fied as the Sericite Quartzite Formation, although he noted the
difficulty in distinguishing rocks below and above the
Petdjdvaara Formation (Fig. 1b). According to Pankka
(1989), host rocks of the Juomasuo deposit are principally
metasedimentary in origin, together with altered meta-
igneous rocks of ultramafic, mafic, intermediate, and felsic
composition. Previous workers (Pankka et al. 1991;
Vanhanen 2001) also classified the rocks in the deposit area
into four categories, based on alteration mineralogy, including
albite, chlorite-talc-amphibole, albite-amphibole-quartz-car-
bonate, and quartz-sericite-chlorite rocks. The chlorite-talc-
amphibole rock type is interpreted as an ultramafic sill (Fig.
Ic). The albite and albite-amphibole-quartz-carbonate rocks
dominate the rocks outside the mineralized zones (Fig. 1c),
and mostly have a metasedimentary protolith with some rocks
having a felsic metavolcanic origin. The quartz-sericite-
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<« Fig. 2 Representative photographs of recognized rock types at Juomasuo
(a—d), photographs from mineralized intervals (i—m), and
photomicrographs from each recognized rock type (n—s). All drill core
samples are shown wet. Abbreviations: Ab = albite, Bt = biotite, Car =
carbonate, Chl = chlorite, Qz = quartz, Ser = sericite, Tlc = talc. Rock
types: a albitized rocks in the Juomasuo test pit; b pink, massive albitite
with no origin-indicative textures; ¢ albitite with preserved
metasedimentary textures; d ultramafic meta-igneous rock; e mafic
metavolcanic rock, f intermediate-composition metavolcanic rock; g
metasedimentary rock; h felsic metavolcanic rock. Ore types: i
pyrrhotite-dominated ore with 54.5 ppm Au and 1590 ppm Co; j
pyrrhotite-dominated ore with 0 ppm Au and 5400 ppm Co; k massive
pyrrhotite from ore zone with 0.02 ppm Au and 1510 ppm Co; 1 pyrite-
dominated part of ore with 11.6 ppm Au and 2080 ppm Co; m pyrite-
dominated part of ore with 1.0 ppm Au and 358 ppm Co.
Photomicrographs from polished thin sections: n ultramafic meta-
igneous rock, o mafic metavolcanic rock, p intermediate-composition
metavolcanic rock, q felsic metavolcanic rock, r metasedimentary rock,
s albitite of metasedimentary origin; crossed polars

chlorite rocks are the main hosts of the mineralization and can
be divided into quartz-chlorite and quartz-sericite rocks (Fig.
I¢). Importantly, the Co ore can be found throughout the
chlorite-rich parts of these rocks, whereas the Au—Co ore is
present mainly in the sericite-rich parts (Vanhanen 2001). Witt
et al. (2020) connected the deposition of Co ore to chlorite
alteration stages during Fe-Mg metasomatism and the later
deposition of Au to K metasomatism forming Au—Co ore
lenses that locally overprint the Co ore.

Sampling and study methods

For this study, four drill cores (KS/JS 113, KS/JS 141, KS/JS
146, and KS/JS 159) completed by Dragon Mining were stud-
ied and sampled. The strategy was to collect samples from all
rock units and all types of mineralization and alteration. The
drill cores were documented by graphic logs. A total of 106
samples were selected for various analyses. Among those, 41
samples were selected for polished thin sections for detailed
SEM-supported petrography; some of these samples were
subsequently used for in situ trace element and sulfur isotope
analyses of sulfides, and major-element and boron isotope
analyses of tourmaline crystals. A more detailed description
of the analytical methods presented in this chapter can be
found in Online Resource 1.

Part of this study is based on whole-rock geochemical data
of the studied drill cores provided by Dragon Mining. The
whole-rock chemical analyses were acquired by ALS Global
Ltd. at their laboratories in Rosia Montana, Romania, and
Vancouver, Canada, during 2011. The dataset comprises
multi-element analyses including major and trace elements.
Mass-transfer calculations based on the whole-rock

geochemical data were done using the EASYGRESGRANT
Excel spreadsheet of Lopez-Moro (2012). Values for the ma-
jor oxides were recalculated as volatile-free to 100% prior to
the mass-transfer calculations. Principal component analysis
(PCA) based on the whole-rock geochemical data was per-
formed using the XLSTAT software package (Addinsoft
2020) after transforming the data using a centered log-
ratio transformation (Aitchison 1986) in order to elimi-
nate the closure effect associated with geochemical data
(Reimann et al. 2008).

Sulfide trace elements and sulfur isotopes were analyzed
by laser ablation-inductively coupled plasma-mass spectrom-
etry (LA-ICP-MS) at the Finnish Geosciences Research
Laboratories located at the GTK in Espoo. Sulfur isotopes
were analyzed at medium resolution (AM/M = 3000) and data
for *2S and **S were collected in static mode. Diameter of the
laser beam was 40 pm using a fluence of 3.5 J/cm® at 3-Hz
frequency. The total sulfur signal obtained was typically 1.5—
5V for pyrite, whereas it was ca. 0.8—1.1 V for pyrrhotite and
chalcopyrite. Under these conditions, after a 20-s baseline,
50-60 s of ablation was needed to obtain an internal precision
for *S/*%S of <+5x 10 ° SE (standard error). For the trace
element analyses, the diameter of the laser beam was 50 um
using a pulse frequency of 10 Hz and fluence of 2.5 J/em®.
Analyses were conducted using time-resolved analysis (TRA)
with continuous acquisition of data for each set of points.
Analyses were initiated with a 20-s baseline measurement,
then the laser was automatically switched on for 40 s of signal
acquisition. Data reduction was carried out using the
GLITTER software program (van Achterbergh et al. 2001).

Tourmaline major-element data were acquired with an
electron probe micro-analyzer (EPMA) at the
GeoRessources laboratory, Université de Lorraine, Nancy.
Boron isotopes in tourmaline were measured in situ by sec-
ondary ion mass spectrometry (SIMS) at the Centre de
Recherches Pétrographiques et Géochimiques (CRPG),
Nancy. Samples received a primary beam of O at 13 kV with
a diameter of about 20 um. Secondary ions of '°B and ''B
were analyzed with a mass resolution of 2000. Thirty cycles
were made for each analysis.

Results
Classification of the altered host rocks
Intensely albitized rocks extend laterally up to several

hundred meters and envelope the relatively narrow min-
eralized zones (Fig. 1c) that were affected by subsequent
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Fig. 3 (A) Whole-rock geochemical data for samples from Juomasuo
divided into meta-igneous and metasedimentary rocks and plotted on
the Nb/Y—-Zr/TiO, discrimination diagram of Pearce (1996). Emerging
fields corresponding to the different lithologies are shown, subdividing
the meta-igneous rocks into ultramafic, mafic, intermediate-composition,

stages of alteration. As a result, primary rock-forming
minerals have not survived; the pervasive degree of alter-
ation thus makes it difficult and, in some cases practically
impossible, to identify the fine-grained protoliths on the
basis of mineralogy and texture (Fig. 2). Therefore, during
our drill core logging, and for the classification of
protoliths, we mostly utilized lithogeochemical data in
combination with rarely preserved primary sedimentary
and igneous rock textures, and type of pervasive alter-
ation. Especially, the Nb/Y-Zr/TiO, diagram of Pearce
(1996; after Winchester and Floyd 1977), which is widely
used as a proxy to the TAS diagram (Le Bas et al. 1986),
proved to be an effective tool in our classification. Based
on this geochemical classification, together with our ob-
servations during drill core investigations, host rocks of
the Juomasuo deposit can be classified into
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and felsic types. Metasedimentary rocks do not have a separate field as
they are a mixture of both felsic and mafic components. (B) All studied
rock samples are categorized according to Co grade and plotted on the
Nb/Y-Zr/Ti0, diagram. (C) All studied rock samples categorized based
on Au grade and plotted on the Nb/Y-Zr/TiO, diagram

metasedimentary and various meta-igneous rock types
(Fig. 2). The meta-igneous rocks were divided into mafic
and felsic metavolcanic rocks, and ultramafic rocks during
drill core logging (Fig. 2). The plot of the meta-igneous
rocks on the Nb/Y-Zr/TiO, diagram resulted in distinct
fields for each of the recognized rock types confirming
the presence of ultramafic, mafic, and felsic meta-
igneous rocks (Fig. 3). In addition, it resulted in the dis-
crimination of intermediate-composition metavolcanic
rocks that were initially included in the felsic
metavolcanic category during drill core logging (Figs. 2f
and 3(A)). Compositions of the metasedimentary rocks
show some variation, but the bulk of the data display an
intermediate to mafic affinity (Fig. 3). Graphical represen-
tations of the lithological interpretations of the four stud-
ied drill cores are presented in Fig. 4.
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Fig. 4 Graphical logs showing lithologic interpretations and prominent
textural features from the four studied drill cores (KS/JS-113, KS/JS 141,
KS/JS-146, KS/JS-159). Corresponding Au and Co concentrations are
also shown in logarithmic scale. Depicted are only the parts of the drill

Description of recognized host rocks

Rocks at Juomasuo outside of the mineralized zones mostly
are albitites regardless of protolith (Figs. 2a and 4). In some
cases, even rocks within the ore zones can be described as

cores that were examined during our drill core logging. Thin orange
rectangles on the right side of graphical logs mark parts of the rocks that
are essentially albitites

albitites. These intensely albitized parts of the host sequence
have high Na,O contents, which can be up to 10 wt%. The
albitites are dominated by fine-grained albite together with
varying amounts of fine-grained quartz, and typically lack
observable primary features. Protoliths of the albitites can be
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Fig. 5 Photomicrographs from Juomasuo thin sections (a—f) and SEM-
BSE images from selected samples (g—i). a Sample dominated by chlorite
alteration together with lesser biotite. b Extensive sericitization in a
quartz-rich groundmass. ¢ Sericite needles overprinting chlorite alter-
ation. d Pyrite-dominated sample; one pyrite grain hosts a visible inclu-
sion of gold. e Cobaltite and cobalt pendlandite inclusions in pyrrhotite. f
Elongate pyrrhotite patch in pyrrhotite-dominant part of deposit. g Native

distinguished by lithogeochemical parameters that are charac-
teristic for each rock type and by locally preserved features
such as original sedimentary laminations and grading in
albitites of metasedimentary origin (Fig. 2¢). The typical color
of the massive albitites is pink (Fig. 2a—b), but turns to brown
where iron-rich carbonates, postdating the albite alteration, are
oxidized (Fig. 2¢). Carbonate porphyroblasts range in diame-
ter from a few millimeters to a few centimeters. Also, fine-
grained carbonate commonly occurs in the albite-dominated
groundmass. Tourmaline is locally present in the groundmass
as disseminations of small (0.1-0.4 mm) needles and in asso-
ciation with pyrite in sulfidized parts of the albitites.

In areas proximal to the mineralized zones, the abundance
of albite significantly decreases due to superimposed alter-
ation. In these areas, quartz, chlorite, biotite, and sericite dom-
inate the mineralogy along with various amounts of albite,
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gold occurring in grain boundaries between sulfides and rutile. h Native
gold and tellurobismuthite embedded in silicates. i Compositionally
mixed telluride grain associated with pyrrhotite. The telluride has a
melonite core and rim of altaite. Abbreviations: Ab = albite, Au = native
gold, Bt = biotite, Car = carbonate, Ccp = chalcopyrite, Chl = chlorite,
Cob = cobaltite, Co-Pn = cobaltpentlandite, Qz = quartz, Po = pyrrhotite,
Py = pyrite, Rut = rutile, Ser = sericite

amphibole, talc, and accessory minerals. Among these min-
erals, chlorite, biotite, and sericite dominate the ore zones, and
are spatially connected to the enrichment of Au and Co.
Within the mineralized zones, the host rocks can be described
as chlorite (£ biotite) or sericite schists regardless of the
protolith. Chlorite forms tabular sheets, and in some parts of
the deposit is the predominant mineral. Vanhanen (2001) de-
fined the chlorite composition as ripidolite within the miner-
alized zones. Chlorite typically is closely associated with bio-
tite, which was deposited synchronously and/or slightly later
than the chlorite. Zones of biotitization are intercalated within
areas of intense chloritization (Fig. 5a). Petrographic observa-
tions support the inference that sericitization was a later event
compared to chlorite-biotite alteration (Fig. Sb—c).

The ultramafic rocks (Fig. 2d, n) make up a fine-grained,
dark unit comprised of a chlorite-biotite-talc assemblage with
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carbonates forming large euhedral-subhedral porphyroclasts
up to 6 mm in diameter. Biotite seams define the dominant
foliation. Some albite pseudomorphs after original plagioclase
can be observed locally. This rock unit corresponds to the
ultramafic sill recognized by Vanhanen (2001). The ultramaf-
ic unit can be distinguished by characteristically high Cr and
Ni concentrations (medians of 2220 and 854 ppm, respective-
ly), and a distinctly narrow range of Zt/TiO, ratios (0.006—
0.009) with a median of 0.007. Effects of albitization are not
evident in the ultramafic sill, suggesting possible emplace-
ment after regional albitization. The ultramafic sill is the
least-abundant meta-igneous rock at Juomasuo and was en-
countered in only two intervals in the logged parts of the four
studied drill cores (Fig. 4).

The mafic metavolcanic rocks (Fig. 2e, o) are fine-grained
and equigranular with chlorite and biotite being the dominant
minerals. In some cases, chlorite is so abundant that it gives a
dark grayish-green color to the rock. In places, the mafic rocks
are also sericitized. Some of these rocks have been folded and
brecciated; others are cut by abundant quartz veins.
Geochemically, the mafic metavolcanic rocks can be distin-
guished by low Zr/TiO, ratios (< 0.028) and slightly elevated
Cr concentrations (median 220 ppm). The mafic metavolcanic
rocks are by far the most abundant meta-igneous rocks present
at Juomasuo (Fig. 4).

The felsic metavolcanic rocks (Fig. 2h, q) are light gray, are
fine to medium grained, and contain abundant sericite, albite,
and quartz accompanied by subordinate biotite and chlorite.
Crosscutting quartz veins are common. Carbonates are rare to
nonexistent. These rocks are geochemically distinct based on
high Zt/TiO, ratios (> 0.08 with a median of 0.11) and low Cr
concentrations (median 120 ppm). The unmineralized felsic
rocks have relatively high Th concentrations (median
4.6 ppm) compared to unmineralized mafic and ultramafic
meta-igneous rocks (medians 0.93 and 1.56 ppm, respective-
ly). The felsic rocks are the second most abundant meta-
igneous rock type at Juomasuo (Fig. 4).

The intermediate-composition metavolcanic rocks (Fig.
2f, p) share similar textural characteristics with the felsic
metavolcanic rocks. The former type can be distinguished
by lower Zr/TiO, ratios (0.03—0.05). Unmineralized parts con-
tain the highest Th concentrations among the unmineralized
metavolcanic rocks (median 7.9 ppm). The intermediate-
composition type is uncommon at Juomasuo (Fig. 4).

The least-albitized parts of the metasedimentary rock units
(Fig. 2g, r) are generally gray. Proximal to the mineralized
zones, they are composed of quartz, biotite, chlorite, sericite,
and albite. Sheared and heavily tectonized fabrics are com-
mon. Preserved sedimentary features include layers, bands,

and laminations that are locally preserved both outside the
mineralized zones in heavily albitized parts (Fig. 2¢) and with-
in zones affected by subsequent alteration events (Fig. 2g).
Some of these preserved features are only visible at a micro-
scopic scale. The metasedimentary rocks have generally low
Cr contents (median 140 ppm) with unmineralized parts in
general having higher Th concentrations (median 9.0 ppm)
compared to the metavolcanic rocks. The Zr/TiO, ratios of
the metasedimentary rocks vary (Fig. 3(A)) but are compara-
ble to those of the intermediate-composition metavolcanic
rocks (median 0.04 ppm). Metasedimentary rocks dominate
the lithology at Juomasuo, being the most abundant rock type
in the four studied drill cores (Fig. 4).

Lithologic controls on Au and Co grades

In order to evaluate the possible correlation between the types of
host rocks and ore mineralization, data points on the Nb/Y—Zr/
TiO, discrimination diagram were classified according to the grade
of Au and Co mineralization. Classes of grades closely correspond
to the 99th, 95th, 90th, and 75th percentiles of the Au and Co
concentrations in the studied drill cores. Accordingly, the classes
for Au are as follows: > 15 ppm = very high grade, 7-15 ppm=
high grade, 1-7 ppm = moderately high grade, 0.1-1 ppm =low
grade, and < 0.1 ppm = weakly mineralized or unmineralized. For
Co mineralization, the classes are as follows: > 5000 ppm =
very high grade, 2000-5000 ppm =high grade, 1000—
2000 ppm =moderately high grade, 500—-1000 ppm=
low grade, and <500 ppm=weakly mineralized or
unmineralized. This classification is used consistently
in other parts of this study as well (see below).

The Nb/Y—Z1/TiO, plots show that significant enrichment
of both Au and Co occur in the mafic, intermediate-composi-
tion, and felsic metavolcanic rocks and in the
metasedimentary rocks (Fig. 3(B—C)). Very-high-grade Au
mineralization is present in all of these rock types, whereas
very high grades of Co are mostly hosted by the mafic
metavolcanic rocks (Fig. 3(B—C)). High-grade and moderate-
ly high-grade Co and Au grades are, however, present in al-
most all of the rock types, except for the ultramafic sill that
lacks Au and Co enrichments. Thus, it can be concluded that
there is no strict lithological control on the grades of Au and
Co in the Juomasuo deposit.

Metal associations and ore mineralogy
The four studied Juomasuo drill cores include several intervals that

are enriched in Au and Co. Examining the combined lithologic
and geochemical profiles for these cores (Fig. 4; Online Resource
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2) leads to several important observations. First, intervals that host
significant Au or Co (Au > 1 ppm and Co > 1000 ppm) contain
two types of ore: an Au—Co ore and a Co-only ore. Second, in
places, these two ores occur in adjacent zones, whereas in others
they are spatially separate. Intervals where Au is significant-
ly enriched without at least moderate Co enrichment are
virtually non-existent. It should be noted that in the Co-
only ore there can be also some degree of Au enrich-
ment, although Au concentrations remain <1 ppm.

The two types of ore are locally accompanied by various de-
grees of enrichment of other metals, namely Cu and Mo (Online
Resource 2). Copper is enriched in both Au—Co and Co-only ore
zones. Contents of Cu in these zones mostly reach maxima of
several hundred ppm, with rare parts exceeding 1000 ppm (max-
imum Cu content in Au—Co ore is 6000 ppm). Molybdenum is
also enriched in the two types of ore. In most high-grade ore zones,
Mo concentrations range from 10 to 200 ppm, with some parts
reaching up to 3500 ppm. Enrichment of Ni is limited in the
deposit. In most cases, Ni concentrations are very similar (50—
200 ppm) both within and outside the ore zones. Rare exceptions
with Ni contents reaching 1000 ppm almost exclusively occur in
the unmineralized ultramafic sill, probably reflecting the original
Ni concentrations in this sill.

The most common sulfide mineral in the Juomasuo deposit
is pyrrhotite. It occurs in massive veins, semi-massive elon-
gate patches concordant with foliation, or rarely as granular
disseminations. Pyrrhotite is present throughout the mineral-
ized zone (Fig. 2i—k) but is most abundant in chlorite-rich
parts of the deposit. Pyrite is the second most common sulfide,
forming mostly subhedral to euhedral grains of various sizes
(0.2—1.5 mm). Typically, most of the pyrite is subhedral and
occurs as either inclusions in pyrrhotite or as irregular,
anhedral grains partially replaced by pyrrhotite; this type of
pyrite is relatively inclusion-free, foliated, and characterizes
the Co-only ore and parts of the Au—Co ore. In other parts of
the Au—Co ore, however, pyrite is the predominant sulfide as
subhedral to euhedral disseminated grains or grain aggregates
(Fig. 21-m); this type of pyrite is also foliated and typically
contains abundant silicate inclusions. In these parts, pyrrhotite
is typically minor or absent. The only recognized Cu mineral
is chalcopyrite, which occurs as anhedral intergrowths with
pyrrhotite, fracture-fillings in pyrite, or as rims on pyrite.

Cobaltite is the main Co mineral at Juomasuo and can be
found in the Co-rich parts of the ore. It forms rounded or
subhedral, fine-grained (mostly 0.2—0.5 mm, rarely up to
1 mm) inclusions in pyrrhotite and locally in pyrite (Fig. 5f).
Cobaltpentlandite is the other common Co mineral and is present
mainly as flame-like exsolutions (typically 0.1-0.3 mm) in pyr-
rhotite. Molybdenite, rutile, magnetite, native Au, tellurides
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(altaite, tellurobismuthite, and melonite), and local scheelite and
uraninite are noteworthy accessories in the ore.

Molybdenite forms fine-grained (0.1-0.3 mm) flakes or grain
aggregates intergrown with other sulfides or is embedded in sili-
cates. Rutile is present throughout the deposit, including the min-
eralized zones, typically as very-fine-grained (< 0.2 mm) dissem-
inations and with ilmenite lamellae. Magnetite is rare but locally
forms euhedral disseminations (up to 0.5 mm) in chlorite-rich parts
of the host rocks. In small areas (approximately 1-2 cm in diam-
eter), fine-grained (0.2 mm) to coarse-grained (up to several mm)
uraninite is also present, typically associated with fine-grained (<
0.2 mm) euhedral galena and hosting sulfide inclusions. Uraninite
rims have been altered to secondary uranium minerals. Scheelite is
also an accessory mineral in parts of the ore zone.

Microscopically visible gold grains occur as very small (<
0.1 mm) inclusions in pyrite, pyrrhotite, molybdenite, and silicate
minerals, at grain boundaries between sulfides, and rarely in
cracks within uraninite grains. Gold also occurs in close associ-
ation with tellurides either as complex intergrowths or as nearby
inclusions in the same mineral grains or along sulfide grain
boundaries (Fig. 5h). The most common telluride mineral is
altaite, which mainly forms composite grains intergrown with
gold and other tellurides (Fig. 5i). Tellurobismuthite occurs as
inclusions in pyrite and as irregular grains closely associated with
altaite and gold (Fig. Sh). Melonite mainly forms complex ag-
gregates with gold and other tellurides (Fig. 5i).

Geochemistry of hydrothermal alteration: mass-
transfer calculations

In order to evaluate the gains and losses of elements in relation to
enrichment of Au and Co, mass-transfer calculations (Gresens
1967; Grant 1986, 1993, 2005) were done on all recognized rock
types, except the barren ultramafic sill. Although it is impossible to
find unaltered rock samples at Juomasuo, we determined least-
mineralized samples using criteria (see explanations in caption to
Fig. 6) that distinguish rocks that are relatively unaffected by al-
teration processes directly associated with the Co and Au miner-
alization. The least-mineralized samples were compared to miner-
alized samples having only Co enrichment or Au—Co enrichment
for each rock type. The calculations were done by considering Zr,
Ti, and Nb as the least-mobile elements. Results of the mass-
transfer calculations are shown in Fig. 6 and with an extended
set of data for elements and oxides in Online Resource 3.

All rock types experienced noticeable gains in Fe and K that
positively correlate with various metal enrichments in both types
of mineralized samples. The K gains are significant in the felsic
and intermediate-composition metavolcanic rocks and the
metasedimentary rocks, and moderate in the mafic metavolcanic
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Fig. 6 Graphical representation of results of mass-transfer calculations
for mafic, intermediate-composition, and felsic metavolcanic rocks, and
metasedimentary rocks from the Juomasuo deposit. Samples having S <
0.1 wt%, Au <0.01 ppm, and Co <170 ppm were classified as least
mineralized. For the mafic metavolcanic rocks, a K,O content of <
2.1 wt% was an additional criterion for this selection. Mineralized sam-
ples were classified as having Co-only enrichment if Co content is >

500 ppm and Au <0.1 ppm. Samples with both Co > 500 ppm and Au
>0.1 ppm were classified as having Au—Co enrichment. For each cate-
gory, average values of element and oxide concentrations in the samples
were calculated and used in the mass-transfer calculations. Vertical axis
represents gain or loss of a component in the mineralized samples with
Co-only enrichment (blue bar), and Au—Co enrichment (gray bar) relative
to its concentration in the least mineralized samples (AC;/C,)
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Fig. 7 Molar element ratio (MER) diagrams showing effects of addition
of major alteration minerals to each recognized rock type at Juomasuo.
Assigned MER for the two axes defines a unique point relative to fields
for the major alteration minerals (albite, sericite, chlorite, biotite, and
actinolite-talc). (A) MER diagram for different meta-igneous rock types.
(B) MER diagram for metasedimentary rocks. (C) MER diagram for all

rocks (Fig. 6). The other major elements mostly display losses in
both the Co and Au—Co mineralized samples. A significant loss
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Juomasuo rock samples categorized according to Au grades. (D) MER
diagram for Juomasuo rock samples categorized according to Co grades.
(E) MER diagram with four fields based on clustering of compositional
data for barren and mineralized samples from Juomasuo; field 1: barren
albitite field; field 2: transitional field; field 3: Co ore field; field 4: Au—Co
ore field

of Na is evident in all mineralized rocks. The greatest loss in Na
for most rock types can be seen in samples with Au—Co
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enrichment, except for the metasedimentary rocks where loss in
Na is approximately equal in both types of mineralized samples
(Fig. 6). In all rock types, there is significant loss in Ca and Mg in
both types of mineralized samples, except for the felsic
metavolcanic rocks having only Co enrichment in which a slight
gain in Mg and significant gain in Ca exists. Silica displays low
to moderate loss in all rock types; the most significant loss is in
the intermediate composition and felsic metavolcanic rocks with
Au—Co enrichment. As expected, Al is relatively immobile in all
rock types compared to the other major elements. Some small
gains and losses in Al in the different rock types could reflect
changes in the alteration mineralogy of the mineralized zones or
be within error of the analytical procedure.

In all rock types, there are significant gains in As, Au, Co, Mo,
Cu, and S in the mineralized rocks (Fig. 6). Gains in Co correlate
with gains in Fe, S, and As (Online Resource 3). Sulfidation
played a prominent role in the mineralization process.
Naturally, gains in Au in the Co-only mineralized samples are
minimal compared to those in the Au—Co-enriched samples.
Regardless of the type of host rock, the gain in As is larger in
the Co-only mineralization, and together with the positive corre-
lation in gains between Co and As (Online Resource 3) can be
related to the presence of cobaltite and cobaltpentlandite in Co-
rich parts of the deposit. In all lithologies, there is a distinct lack
of significant gain or loss in Ni in the mineralized rocks, with
only a marginal gain present in some cases, highlighting the
overall Ni-poor character of the deposit.

Effects of hydrothermal alteration

The main alteration zones recognized in the studied rocks at
Juomasuo consist mainly of albite, chlorite, biotite, and
sericite, whereas talc, quartz, amphiboles, and carbonates are
modally less important. For graphical representation of the
different types of alteration, weight percent concentrations of
major elements were recalculated to 100% volatile-free for
each sample and were then converted to molar values for
projection in a molar element ratio (MER) diagram (Warren
et al. 2007; Benavides et al. 2008). It was found that the 3*K/
(Al+Mg+Fe-S) vs. Al/(Al+Mg+Fe-S) diagram is the most
effective in representing the main alteration minerals at
Juomasuo and for visualizing the effects of albite, chlorite,
biotite, and sericite alteration on the host lithology (Fig. 7).
Sulfur was subtracted from the molar value of iron to elimi-
nate the influence of pyrrhotite (Fe,—,.S), which is the predom-
inant sulfide mineral at Juomasuo.

All of the rock types, except the ultramafic sill, were affect-
ed by various degrees of albitization (Fig. 7(A-B)). Data for
most samples plot on the MER diagram in an area with x < 0.4
and y> 0.5 representing albitites. Especially, part of the
metasedimentary rocks was so intensely albitized that a cluster

of samples plots next to the albite end member, representing
intervals composed almost wholly of albite (Fig. 7(B)).
Petrographic observations suggest that albitization was the
first pre-mineralization alteration event at Juomasuo.

Mafic metavolcanic and metasedimentary rocks were af-
fected significantly by alteration events subsequent to the
albitization. Data for many samples plot in the lower part of
the MER diagram (y < 0.5) that corresponds to a strong signa-
ture of chlorite-biotite alteration in the rocks (Fig. 7(A-B)).
Furthermore, some data for the mafic metavolcanic and
metasedimentary rocks trend towards the sericite end member,
showing that significant sericitization affected these strata.

The felsic and intermediate-composition metavolcanic
rocks also record subsequent alteration events, albeit on a
more limited degree compared to the mafic metavolcanic
and metasedimentary rocks due to significantly fewer data
points. Nevertheless, some of the samples plot in the lower
part of the diagram, indicating the effect of chlorite-biotite
alteration, whereas other samples plot in a line trending to-
wards the sericite end member thus highlighting the signifi-
cant effect of sericitization in these rocks (Fig. 7(A)).

Data for the samples of the ultramafic sill show a different
distribution compared to the other rock types by plotting rel-
atively close to the origin of the axes (Fig. 7(A)). This pattern
reflects the mineralogy of the rock, which comprises mainly
talc-carbonates-biotite-chlorite assemblages. The ultramafic
sill was not albitized, indicating possible emplacement after
the regional albitization event. In addition, the ultramafic sill
distinctly lacks any signs of sericitization.

Relationships between hydrothermal alteration and
mineralization

All rock intervals from the four studied drill cores with available
lithogeochemical data were classified according to grades of Au
and Co and plotted in the MER diagram (Fig. 7(C-D)) and
together with petrographic observations were used to study the
relationship between hydrothermal alteration and mineralization.
Data for most barren samples plot between the albite and
chlorite end members, whereas those for most of the mineralized
samples are distributed between the chlorite and sericite end
members (Fig. 7(C-D)). In agreement with petrographic obser-
vations, the MER diagrams (Fig. 7(C-D)) also suggest that the
pre-mineralization alteration that produced the albitized rocks
was followed by chlorite (+ biotite) and sericite alteration, and
that both of these alteration types are related to ore formation.
A significant proportion of the Co-rich intervals have data that
plot in the lower portion of the MER diagram in an area associ-
ated with chlorite-biotite-amphibole alteration. Most Co-rich
samples in this part of the diagram are part of the Co-only ore
as they are not significantly enriched in Au in addition to Co.
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PCA (axes PC1 and PC2: 67.01%)
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A Au-Co enriched samples

{» Altered and weakly enriched samples

Q Co-only enriched samples Unmineralized samples

Fig. 8 Graphical outputs of PCA based on Juomasuo whole-rock data-
base using the following variables: As, Au, Co, Mo, S, U, K,0, Na,0O,
Al,O3, MgO, Fe,05, SiO,. (A) Correlation circle showing vectors for
each variable in PC1-PC2 space. (B) Observation plot showing position
of analytical points (corresponding to each analyzed rock sample) in PC1-
PC2 space. Unmineralized samples have S <0.1 wt%, Au <0.01 ppm,
and Co <170 ppm. Altered and weakly enriched samples have S >
0.1 wt%, Au <0.1 ppm, and Co <500 ppm. Samples with Co-only
enrichment have Co > 500 ppm and Au <0.1 ppm. Samples with Au—
Co enrichment have Co > 500 ppm and Au > 0.1 ppm. The percentage of
the dataset variability expressed by the principal components is shown in
brackets

Additionally, distribution of samples having the highest Co
grades, shown in the lower part of the diagram, suggest that the
Co mineralization related to chlorite (+ biotite = amphibole)

@ Springer

alteration produced the highest Co grades in the deposit. The
Co-only ore comprises mainly massive to patchy pyrrhotite and
some euhedral to subhedral pyrite that is closely associated with
the pyrrhotite. Cobaltite is commonly present as fine-grained
inclusions in pyrrhotite and rarely as disseminations or inclusions
in pyrite. Additionally, pyrrhotite contains abundant, fine-
grained, flame-like exsolutions of cobaltpentlandite.

Some of the Co-rich samples that plot in the lower part of
the MER diagram are also considerably enriched in Au (Fig.
7(C-D)). These samples constitute the first type of Au—Co
ore. This type is similar to the Co-only ore regarding mineral
associations, with chlorite (+ biotite) alteration being the de-
finitive type connected to the mineralization. Pyrrhotite is the
main sulfide, accompanied by lesser pyrite and cobaltite, with
cobaltpentlandite inclusions similarly present in pyrrhotite.
This version of the Au—Co ore possibly was deposited during
the waning stages of the same chlorite-rich alteration event
that led to deposition of the Co-only ore. The second and most
widespread association of the Au—Co ore is with the sericite
alteration. Petrographic observations suggest that this alter-
ation is later than the chlorite (+ biotite) alteration, as sericite
commonly overprints all other silicates (Fig. Sb—c). The su-
perimposition of sericite and its connection to the Au—Co
mineralization can be also observed in the MER diagram
(Fig. 7(C-D)). The highest Au grades and a significant part
of the high Co grades are on a line starting from the area
associated with chlorite-biotite alteration, approximately in
the middle of the plot (x=0.5, y=0.5), trending towards the
sericite end member (Fig. 7(C-D)). Pyrite is typically the pre-
dominant sulfide in this version of the Au—Co mineralization,
forming 0.2- to 1.0-mm grains and grain aggregates. In the
sericite-dominant zones, cobaltite is rare and pyrrhotite hosts
fewer cobaltpentlandite inclusions compared to the other ore
types. Sericite-related Au—Co ore generally hosts the highest
Au grades (up to 54 ppm).

Principal component analysis

To further examine the geochemical characteristics of the miner-
alization, principal component analysis (PCA) was performed on
the whole-rock geochemical data. The variables chosen were As,
Au, Co, Mo, U, and S for elements that are enriched in the
mineralized parts of the deposit, and SiO,, Al,O3, Fe,03,
MgO, Na,O, and K,O for the principal major elements affected
by the alteration. Correlation coefficients of the variables for the
three first principal components are shown in Online Resource 4.
Three principal components are examined as they cumulatively
represent 77% of the variability in the data. The first principal
component (PC1) is characterized by a high negative degree of
correlation with As—Au—Co-S that reflects the mineralized
zones, and by a high positive degree of correlation with SiOy—
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Fig. 9 (A-I) Trace element and sulfur isotope binary plots for selected
trace element pairs from Juomasuo pyrite; data is discriminated according
to the relationship of the analyzed pyrite to the two recognized ore zones.
(J) Trace element boxplots with logarithmic scale for pyrite from

AlL,O;—MgO-Na,O that reflects the altered rocks. The second
principal component (PC2) has a high positive correlation with
Au (0.73) and less so with U (0.46), a result that may indicate
some degree of association between Au and U. It is also notable

Juomasuo ore zones with high Co/Ni ratio (n =47) and low Co/Ni ratio
(n=28); (K) trace element boxplots with logarithmic scale for pyrrhotite
(n=40) and chalcopyrite (n = 6)

that Au is not correlated with Co (correlation values of 0.73 and
—0.27 respectively with PC2). The third principal component
(PC3) shows a moderate negative degree of correlation with
Mo (—0.59) and As (—0.52), reflecting the association of
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= Il Pyrite A summary of the results of the trace element analyses is shown
= ) in Online Resource 5. Scatterplots are used to study the distribu-
as|-| I Pyrhotite tion and relationship of elements in different types of pyrite
a0| | [ Chalcopyrite (Fig. 9(A-T)). Cobalt lacks any strong correlation with Ni or

. 35 Au (R2 =0.004 and 0.027, respectively); variations in the Co
b s0 content of pyrite are not dependent on Au or Ni contents
%25 (Fig. 10(A, C)). Cobalt has some correlation with As (R*=
o 0.52) in pyrite, for which As shows high concentrations (As >

o 20 10° ppm; Fig. 9(B)). The Co-Ni diagram (Fig. 9(A)) shows two
15 very distinct clusters of data points, which represent very differ-
10 ent Co/Ni ratios. All analyzed pyrite from the Co-only mineral-

5 ized zones and some from the Au—Co mineralized zones have
0 very high Co/Ni ratios, mostly between 10° and 3 x 10*. This

-10 -8 -6 -4 -2 1] 2 4 6 8 10
34
& SVCD’I‘ %0

Fig. 10 Histogram showing distribution of 5**S values for analyzed
pyrite, pyrrhotite, and chalcopyrite from Juomasuo

molybdenite with As-bearing mineral phases. The results can be
best interpreted by examining the PC1-PC2 correlation circle
(Fig. 8(A)) together with the PC1-PC2 observations diagram
(Fig. 8(B)). In the correlation circle, Co is closely related to S
and has some degree of correlation with As, corresponding to the
mineralogy of Co in the deposit. This set of elements is negative-
ly correlated with Al,O3;—Si0,—Na,O and MgO. Cobalt and Au
are independent in PC1-PC2 space, as their vectors are nearly
perpendicular.

The geochemical data used for PCA were also classified
according to degree and type of mineralization (unmineralized
samples, altered and weakly enriched samples, Au—Co-
enriched samples, and Co-only-enriched samples; for expla-
nations, see caption of Fig. 8) and plotted on the observations
diagram in PC1-PC2 space (Fig. 8(B)). Data for the different
categories cluster in different parts of the diagram, with the
unmineralized rocks defining a separate ficld. Towards the left
part of the diagram, samples become progressively altered and
weakly enriched, and finally strongly mineralized. An inter-
esting observation is that data for the two types of ore at
Juomasuo plot in two distinct parts of the diagram, apart from
some overlap among Au—Co- and Co—only-enriched samples.

Sulfide trace elements

The majority of sulfides chosen for trace element analysis by LA-
ICP-MS are from mineralized parts of the deposit and include
both the Au—Co ore and Co-only ore types (see sample localities
in Fig. 4). A few pyrite and pyrrhotite samples were selected
from low-grade mineralized zones for comparison.
Measurements were performed for 37 elements (Al, Si, S, Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Ga, Ge, As, Se, Nb, Mo, Ru, Rh,
Pd, Ag, Cd, In, Sn, Sb, Te, Ba, W, Pt, Au, Hg, T, Pb, Bi, Th, U).
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cluster has high contents of Co (up to 2.2 wt%) and very low Ni
(mostly 0.5-10 ppm). The other cluster mainly comprises data
for pyrite only from the Au—Co mineralized zones and includes
pyrite with similar to slightly lower Co contents but significantly
higher Ni contents (up to 1030 ppm), with lower Co/Ni ratios
between 1 and 100. No correlation exists between Au and As
(R*=0.002), as high Au concentrations occur both in low-As
and high-As samples (Fig. 9(D)). There is, however, a positive
correlation of Au with Te, Bi, and Sb (R* =0.54, 0.36, and 0.55,
respectively; Fig. 9(E-QG)).

Distribution of the Se/S ratio is also different between the two
distinct pyrite groups (Fig. 9(I)). The high Co/Ni group has a
relatively narrow range in Se/S with a mean value of 1 x 107>,
The low Co/Ni group, in contrast, displays a wide range with just
over half of the data being similar to the ratios of the high Co/Ni
ratio group, with the remaining samples having higher values
(mean Se/S ratio of this group overall is 1.7 x 10~%). In addition,
concentrations of other elements also vary systematically in the
two groups. Pyrite from the low Co/Ni group has significantly
higher Ni contents and also higher As, Se, Sb, V, Te, and W
contents relative to pyrite from the high Co/Ni group (Fig. 9(J)).

Statistical representation of trace element contents of pyrrhotite
and chalcopyrite from Juomasuo are shown in Fig. 9(K).
Pyrrhotite has Co contents of mostly ~0.2 wt% (median
0.22 wt%) with a total range of 6 ppm to 0.7 wt%. Chalcopyrite
Co contents are significantly lower, from 4 to 70 ppm. The Ni
content of pyrrhotite displays a wide range from 1.4 to 800 ppm
(median 170 ppm). Pyrrhotite has significantly lower As (median
0.45 ppm) compared to pyrite (median 0.15 wt% for the high Co/
Ni ratio pyrite, 0.37 wt% for the low Co/Ni ratio pyrite). Other
analyzed trace elements in pyrrhotite have comparable values to
those in pyrite. Chalcopyrite in contrast is more enriched in Pb,
Zn, and Sn relative to pyrite and pyrrhotite.

Sulfur isotopes

The total range of 5**S values for the analyzed sulfides is — 2.6
to + 7.1%o0 with most values between + 2 and + 5%o. A few of
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Fig. 11 (A) Classification of tourmaline types based on Fe/(Fe+Mg) vs.
Na/(Na+Ca) plots. Modified after Jiang et al. (2002); (B-D) ternary and
binary plots of tourmaline compositions. (B) Al-Fe-Mg ternary plot after
Henry and Guidotti (1985). Key to numbered fields: 1, Li-rich granitoid
pegmatites and aplites; 2, Li-poor granitoids and associated pegmatites
and aplites; 3, Fe**-rich quartz-tourmaline rocks; 4, metapelites and
psammites coexisting with Al-saturating phases; 5, metapelites and

the pyrite and pyrrhotite grains have negative or near-zero
values of —2.6 to +0.9%o; several others are between + 1
and + 2%o. All of the analyzed chalcopyrite has positive 5°*S
values of +2 to + 6%o (Fig. 10). In samples for which both

psammites not coexisting with Al-saturating phases; 6, Fe**-rich quartz-
tourmaline rocks, calc-silicate rocks, and metapelites; 7, low-Ca meta-
ultramafic rocks and Cr, V-rich sediments; 8, metacarbonates and
metapyroxenites. (C) Al-X-site vacancy + Ca vs. R + X-site vacancy-
Ca +Ti binary for tourmaline (after Henry et al. 2008). (D) Al vs. X-
vacancy binary for tourmaline with exchange vectors shown for different
crystallographic substitutions

trace elements and sulfur isotopic compositions were mea-
sured, analysis spots for the two procedures were placed next
to each other (< 30-um separation). The analyzed pyrite grains
were checked for internal zoning via SEM. Where such
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Fig. 12 Histogram of 5''B values
for analyzed Juomasuo
tourmaline and comparison with
values of different global boron
isotope reservoirs. Reservoirs
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zoning was recognized, analytical spots for the two proce-
dures were placed to reflect the same zone. In this way, we
attempt to best evaluate correlations between the sulfur iso-
tope composition and trace element characteristics of the an-
alyzed pyrite grains. Pyrite with high Co/Ni ratios has a heavi-
er 5>*S signature with values ranging between + 1.2 and +
6.8%0 (Fig. 9(H)) and a mean of + 3.8%o. Pyrite from the low
Co/Ni ratio group has generally lower 6°*S values (— 2.6 to +
4.7%0; mean + 2.4%o), including all negative values obtained
from analyzed pyrite (Fig. 9(H)).

Tourmaline crystal chemistry

In this study, tourmaline grains from four samples were ana-
lyzed. All four samples represent albitites of metasedimentary
origin with varying degrees of subsequent alteration. Four
types of tourmaline, each from a different sample, were rec-
ognized. Photographs of the selected samples can be seen in
Online Resource 6; drill core localities are shown in Fig. 4.
Type 1 tourmaline is disseminated in the matrix of a barren
albitite with very little subsequent alteration that lacks sul-
fides. Type 2 tourmaline is associated with pyrite and sericite,
and is from a pink massive albitite that has undergone
sericitization, even though it is not enriched in Au or Co.
Type 3 tourmaline is associated with pyrite and is from an
albitite without Au or Co enrichment that has been subjected
to post-albite silicification, carbonatization, and sulfidation
with additional sericite and biotite present in the matrix.
Type 4 tourmaline, from a mineralized sample, is disseminat-
ed in the matrix of a sulfidized albitite enriched in Au
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(4.42 ppm) and Co (608 ppm). Tourmaline in this sample is
closely associated with biotite and sericite.

Results of EPMA analyses of tourmaline are presented in
Online Resource 6. Based on calculated crystal-chemical com-
positions, most of the tourmaline is classified as dravite apart
from a subgroup of type 1 tourmaline cores (type 1b) that con-
sists of schorl (Fig. 11(A)). Type 1 tourmaline has highly variable
Al contents (4.9-6.7 apfu) with an average of 6.0 apfu. The X-
site is dominated by Na (0.4—1.0 apfu), Ca (0-0.2 apfu), and X-
site vacancies (0—0.56 apfu). Cores of type 1b tourmaline show
consistent Al contents of > 6.0 apfu and Na contents of <0.8
apfu. Type 2 tourmaline has Al contents between 5.0 and 6.2
apfu with an average of 5.4 apfu; the X-site is dominated by Na
(0.6-1.0 apfu), Ca (0-0.3 apfu), and X-site vacancies (0-0.3
apfu). Type 3 tourmaline has Al contents between 4.2 and 6.0
with an average of 5.4 apfu, and X-site dominated by Na (0.5—
1.1 apfu), Ca (0-0.5 apfu), and X-site vacancies (0-0.1 apfu).
Type 4 tourmaline has Al contents between 4.0 and 6.2 with an
average of 5.4 apfu; the X-site is dominated by Na, with an
average of 0.9 apfu and a maximum of 1.0 apfu.

Compositions of most tourmaline types show distinct trends
on ternary and binary diagrams (Fig. 11). In the AFM ternary
diagram (Henry and Guidotti 1985), data for most type 1, 2, 3,
and 4 tourmalines plot in fields 5 and 6 (see Fig. 11(B) for
explanation); type 1b tourmaline defines a compositionally iso-
lated group in field 2 (Fig. 11(B)). Compositions plotting in fields
5 and 6 show an oxydravite-povondraite (O-P) trend for tourma-
line types 1 and 4 and for parts of types 2 and 3. In addition, an
inverse correlation exists between Fey, and Al, suggesting Al
substitution by Fe’*. The tourmaline compositions that
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plot on the O-P trend in the AFM diagram show Al-X-
site vacancy+Ca values along the O-P trend
(Fig. 11(C)); deviation from the O-P trend implies that
in addition to Fe**Al ,, there is influence of other ex-
change vectors, mainly (X,,.,Al)(Na,Mg) (Fig. 11(D)).

Tourmaline boron isotopes

The in situ 5''B %o values for different types of tourmaline
can be seen in Fig. 12 and in more detail via Online Resource
6. In all samples, 5''B analyses were acquired on tourmaline
cores and rims where a clear distinction was evident based on
optical zoning. In most cases, the rims are characterized by
higher 5''B values, as much as 10%c. However, this result was
not found in type 4 tourmaline, for which the only analyzed
core has a slightly higher §''B value than the rim. Most of the
5''B values fall in a continuous field ranging from — 5 to +
6%o. Importantly, there is a second population of data with
significantly lower 5''B %o values between — 18 and — 11%o.
This isotopically lower population comprises one core from
type 3 tourmaline and all data obtained for type 1b tourmaline.

Discussion

Constraints on multiple mineralization processes
from lithogeochemistry and mineralogy

Results of our mineralogical and lithogeochemical studies at
Juomasuo document three different major alteration events. The
earliest event was widespread albitization that affected all rock
types and increased their competency. During this stage, albite
replaced most original minerals in the rocks. In metasedimentary
rocks, quartz was the only mineral that was locally preserved; in
parts with a greater intensity of albitization, even the sedimentary
quartz was completely replaced by albite. Intensity and timing of
the albitization are also reflected in mass-transfer calculations (Fig.
6). For all studied rock types, the Na content decreases in the
“mineralized” and “strongly mineralized” intervals, suggesting that
the “least altered” rocks were affected by the early albitization even
if lacking signs of other alteration assemblages. Observations
about losses of Na agree with our petrographic observations and
thus we conclude that albitization was an event that affected all
rock types at Juomasuo (except for the ultramafic sill) and preced-
ed the alteration stages related to ore deposition. This conclusion is
further supported by trends in MER diagrams, where the degree of
albitization is inversely correlated with grades of Au and Co (Fig.
7). The first alteration event directly associated with the Au—Co
mineralization was characterized by chlorite (+ biotite + amphi-
bole) with accompanying pyrrhotite-dominated sulfide

assemblages. This stage of alteration was closely connected to
Co mineralization, based on data that show the highest Co grades
plot close to the compositions of these minerals (Fig. 7(D)). This
alteration stage also has a link to the Au mineralization, with some
Au enrichment present in chlorite-dominant samples. It is possible,
however, that this pattern reflects an overprint of later Au-rich
fluids only on parts of the Co-only mineralization. On the other
hand, the later sericite alteration was accompanied by significant
Au mineralization and by notable Co mineralization (Fig. 7).

Some specific compositional fields exist within which most of
the mineralized samples plot in a MER diagram (Fig. 7(C, D)).
Specific fields are shown in order to highlight the vectors from
barren to mineralized samples (Fig. 7(E)). Samples that plot near
the albite end member (field 1), mostly barren samples that are
strongly albitized, were affected to a limited degree by subse-
quent alteration events. In the lower parts of the field, a few
samples enriched in Au or Co are present. Field 2 is a transitional
field that includes some Co-rich and a few Au-rich samples but is
still dominated by barren samples. Field 3 contains samples af-
fected by chlorite (+ biotite + amphibole) alteration and com-
prises numerous Co-rich samples, including those with the
highest Co grades in the deposit. Some of these Co-rich samples
are also enriched in Au. Finally, field 4 hosts most of the samples
enriched in both Au and Co, with most of the significant Au
grades (> 1 ppm) plotting in this area; Co grades are generally
lower in comparison to field 3. The MER diagram showing the
four defined fields could be used as a vectoring tool in exploring
for deposits with similar mineralogical and geochemical charac-
teristics to those recognized in the Kuusamo belt.

An interesting observation from the PCA of the whole-rock
database is that vectors for Au and Co in the PC1-PC2 correlation
circle are perpendicular and thus show no degree of correlation
(Fig. 8(A)). By plotting data for all samples in PC1-PC2 space,
distinct vectors emerge (Fig. 8(B)). Data for the barren samples
plot in a compact field, distinct from weakly enriched and min-
eralized samples. Data for Co-only-enriched samples plot in a
separate part of the diagram from those having Au—Co enrich-
ment, regardless of spatial association. This distinction
concerning Au and Co in the two PCA diagrams suggests that
the Au—Co enrichment was generated by a different mineralizing
process than the Co-only enrichment.

Pyrite geochemistry

Based on in situ LA-ICP-MS trace element data for Juomasuo
pyrite, Au is positively correlated with Bi, Sb, and Te (Fig. 9).
The co-enrichment of Au with Bi is expected as they display
similar geochemical behavior and precipitation mechanisms
(e.g., Grundler et al. 2013). Antimony has similar properties
with As and it has been suggested that, like As, Sb can control
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the uptake of trace metals in pyrite (George et al. 2018), which
may explain the positive correlation between Au and Sb.

Cobalt and Ni can be involved in isovalent substitutions with
Fe®* in pyrite, and Se and As may serve as anions and partially
replace S in the pyrite lattice (e.g., George et al. 2018). With the
exception of a few cases in the literature (e.g., Pitcairn et al. 2010;
Gadd et al. 2016), these four elements that form limited solid
solution series with pyrite are generally not released from pyrite
even during later recrystallization events (Large et al. 2009).
Therefore, their distribution in pyrite may provide insights into
the nature of the pyrite-precipitating fluid (e.g., Zhao et al. 2011).

The pyrite population with high Co/Ni ratios (Fig. 9) includes
all data from the Co-only ore and some for pyrite from the Au—
Co ore. In both cases, pyrite is closely associated with chlorite
and to some extent biotite. This type of pyrite is typically foliated,
subhedral, and relatively inclusion-free and is closely associated
with pyrrhotite. It seems that all of the pyrite from this population
was deposited during chlorite-biotite alteration that marks the
first major mineralizing event (stage 1) at Juomasuo. The high
Co/Ni ratios of the pyrite linked to chlorite- and biotite-rich al-
teration assemblages, together with very low Ni contents, and
relatively homogeneous Se/S ratios and 5>*S values, suggest that
the stage 1 pyrite precipitated from a homogeneous hydrothermal
fluid. This stage 1 pyrite is characteristic of the earlier Co-rich
mineralization event. The presence of a pyrrhotite-pyrite assem-
blage indicates that the fluids were relatively reduced during this
stage (Eilu 1994; Thompson et al. 1996).

The solubility of Co displays a stronger sensitivity to salinity
than Ni, which is one of the main reasons why Co is more easily
mobilized by hydrothermal fluids (Brugger et al. 2016). This pat-
tern is due mainly to the coordination chemistry of these elements,
with Ni requiring higher temperature and higher salinity in order to
transition from octahedral to tetrahedral aqueous complexes
(Brugger et al. 2016). Tetrahedral complexes show a higher affin-
ity for chloride ligands and are thus more easily mobilized. Liu
et al. (2012) showed that in a 2-m NaCl solution, the solubility of
cobaltpentlandite is at least 100 times higher than that of pentland-
ite, highlighting the large contrast in the mobility of Co and Ni in
hydrothermal fluids. In addition, the whole-rock geochemical pro-
files for the four studied drill cores (Online Resource 2) show that
the significant enrichment of Co in the Juomasuo deposit does not
correlate with any appreciable enrichment in Ni, compared to areas
outside the ore zones. The only exception is the ultramafic sill,
which as expected has elevated Ni contents. The relatively low
contents of Ni on a deposit scale argue against an ultramafic rock
source for Co in the Juomasuo ores.

Pyrite grains having relatively low Co/Ni ratios (Fig. 9) are
limited to the Au—Co ore zones and are closely associated with
sericitization. This pyrite population typically occurs as
subhedral to euhedral disseminated grains or grain aggregates,
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is foliated, and contains silicate inclusions. Because the
sericitization event is later than the chlorite-biotite alteration, this
type of pyrite together with the presence of the sericite-altered
rocks mark the second major stage of mineralization at
Juomasuo. The shift of sulfur isotope values of sulfides towards
negative values is widely attributed to the presence of abundant
oxidized sulfur species in the ore-forming fluids (Ohmoto 1972;
Cameron and Hattori 1987; Hodkiewicz et al. 2009) but it may
also reflect a different source of sulfur (e.g., Hodkiewicz et al.
2009; Molnar et al. 2016). The lower 5>*S values of this stage 2
pyrite (mean + 2.4%o), including some values as low as — 2.6%o,
suggest that more oxidizing conditions existed during this min-
eralizing stage. The more oxidized character of stage 2 mineral-
ization is also recorded by sulfide mineral assemblages. Whereas
stage 1 is dominated by pyrrhotite, stage 2 is characterized by
abundant pyrite with only minor pyrrhotite. Stage 2 pyrite has a
relatively wide range of Se/S ratios with some being similar to
those of stage 1 pyrite and some having considerably higher
ratios. The median Se/S ratio for stage 2 pyrite (1.6 x 107 is
thus significantly higher compared to stage 1 pyrite (8 x 10™%).
Because different sulfur reservoirs, like magmatic fluids and sea-
water, have distinct isotope and Se/S ratios (Huston et al. 1995;
Seal 2006), the data for those in the two Juomasuo pyrite types
thus supports the involvement of two different fluids in the
mineralization.

Stage 2 pyrite is significantly enriched in Ni, Se, Te, Sb, and
W and slightly enriched in Bi relative to stage 1 pyrite (Fig. 8). It
is also slightly depleted in Co compared to stage 1 pyrite. The
enrichment of redox-sensitive elements such as Ni and Te in
stage 2 pyrite may further support the premise that a more oxi-
dized fluid was responsible for deposition of this pyrite (cf.
Brugger et al. 2016). As discussed above, Co is much easier to
mobilize by hydrothermal fluids than is Ni. If we consider the
same source of fluids and metals for the more Ni-rich stage 2
pyrite, the salinity and temperature of the fluid would have need-
ed to rise significantly for mobilization and deposition of Ni,
which has contents up to four orders of magnitude greater than
those of stage 1 pyrite. In this case, the more easily mobilized Co
is expected to also significantly increase compared to stage 1
pyrite. That is not the case, however, as stage 2 pyrite has slightly
lower Co contents relative to stage 1 pyrite (Fig. 9).

Sulfur isotope values close to 0%o (0+3) are believed to be
typical for magmatic sulfur (e.g., Ohmoto 1986). That is not al-
ways the case, however, since near-zero 534S values can also
reflect the sulfur isotope composition of the host rocks (Craw
et al. 1995). Nevertheless, at Juomasuo, pyrite related to
sericitization (stage 2) shows Ni enrichment, together with a wide
range of Se/S ratios, significant decreases in Co/Ni ratios and 5**S
values, and enrichment of redox-sensitive elements; these charac-
teristics indicate a relatively oxidized fluid incursion, during stage
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Table 1

Paragenetic table showing major alteration and mineralization events at Juomasuo

Alteration/
mineralization stage

Pre-mineralization alteration

Mineralization stage 1

Mineralization stage 2

Alteration type

Albitization

Fe-Mg metasomatism

K-metasomatism

Nature of fluid(s)

Saline fluid related to
metaevaporites

Relatively reduced, metamorphic

Incursion of relatively
oxidized fluid

Characteristic of
mineralization stage

No mineralization

Co-rich mineralization with
some Au enrichment

Au-rich mineralization with
lesser Co enrichment

Albite
Quartz

Chlorite
Biotite
Carbonates — 10
Sericite
Amphiboles

Tourmaline

Pyrrhotite
Stage 1 pyrite

Stage 2 pyrite
Cobaltite
Cobaltpentlandite
Gold

Uraninite
Molybdenite
Chalcopyrite
Rutile

Magnetite
Tellurides

2 mineralization. The overlap in 5**S values and Se/S ratios be-
tween stage 1 pyrite and part of stage 2 pyrite (Fig. 8) could
indicate some degree of mixing of the oxidized stage 2 fluid with
the more reduced fluid of stage 1.

Indications for involvement of evaporitic fluids

The wide range in the isotopic fractionation of boron in dif-
ferent geological environments makes it possible to constrain
the source of boron in hydrothermal systems on the basis of
boron isotope data for tourmaline (Marschall and Jiang 2011;
Trumbull et al. 2020). Tourmaline also exhibits a very high
degree of stability after crystallization. This refractory nature

of tourmaline under diverse geological conditions favors its
use in evaluating the local chemical environment during tour-
maline formation (van Hinsberg et al. 2011; Molnar et al.
2016; Ranta et al. 2017; Dutrow and Henry 2018).

For all studied Juomasuo tourmaline, type 1b is chemically
distinct and only comprises some cores from type 1. It has rela-
tively low Na contents (median 0.7 apfu), low Mg contents (me-
dian 0.72 apfu), and high Al contents (median 6.6 apfu), and lacks
evidence of Al substitution by Fe**. These characteristics are typ-
ical of tourmaline that precipitated from reduced, low-salinity
fluids (cf. van Hinsberg et al. 2011; Hazarika et al. 2015). The
remaining tourmaline types show either direct or indirect evidence
of Al substitution in the Z-site by Fe** (Fig. 11), thus implying
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moderate to high Fe**/Fe®* ratios. In addition, the tourmaline data
record influence of the (X,,.,Al)(Na,Mg) exchange vector. All
tourmaline compositions, excluding type 1b, display relatively
high Na (median 0.88 apfu) and Mg (median 2.16 apfu) contents
and relatively low Al contents (median 5.76 apfu). These results
suggest that these tourmalines precipitated from saline, oxidized
fluids (e.g., Henry et al. 2008; Hazarika et al. 2015). Typically,
such features are characteristic of metaevaporite settings, resulting
in the formation of tourmaline rich in Na and Mg, moderately to
highly depleted in Al, and enriched in “O* and Fe** (Henry et al.
2008). If tourmaline shows enrichment in Fe™*, its composition
generally follows a trend between oxydravite and povondraite,
easily seen on an AFM diagram (e.g., Henry et al. 2008;
Hazarika et al. 2015). In our study, compositions of most of the
tourmaline, except for type 1b, agree with many of those charac-
teristics. Especially, the O-P trend is present in the majority of
cases, excluding partly type 2 tourmaline (Fig. 11(B)). This O-P
trend is locally slightly displaced, owing to the influence of other
exchange vectors such as (X,..,Al)(Na,Mg) (Fig. 11(D)). Even in
type 2 tourmaline, the influence of the F AL, exchange vector
(in the Z site) can be inferred by other parameters such as low Al
(<6.0 apfu) and high Fe+Mg contents (>3.0 apfu). Type 1
tourmaline is linked to the early albitization event, and displays
the clearest O-P trend (Fig. 11(B)) and the most influence of the
Fe*AL, exchange vector in an Al-Xacancy+Ca v8. R+Xyacancy-
Ca+Ti diagram (Fig. 11(C)). It is thus suggested that saline, oxi-
dized fluids typical of metaevaporitic environments (e.g., Henry
et al. 2008) were responsible for the pre-mineralization albitization
in the area of the Juomasuo Au—Co deposit.

Boron isotope values of the analyzed tourmalines fall into two
separate groups (Fig. 12). Type 1b tourmaline has §''B values of
— 16 to — 11%o. Results for one tourmaline core from a sulfidized
albitite (type 3 tourmaline) also fall in this range. Remaining
tourmalines have significantly higher 5''B values between — 5
and + 7%o. Data for type 1b tourmaline that mostly represent the
lower &''B values plot in field 2 in the AFM diagram
(Fig. 11(B)) and could thus represent remnants of tourmaline that
precipitated before albitization of the parent rock. The heavier
§''B values are mostly from albitites that have experienced sub-
sequent alteration linked to the Co—Au mineralizing stages. The
§"'B values are within the range of non-marine evaporites and
clastic metasediments in terms of global boron reservoirs
(Fig. 12) with either of them being a possible source for the boron
in the tourmalines. However, by taking into consideration the
chemical composition of the tourmalines, we suggest that the
higher 5''B values could represent the mixing of evaporitic fluids
with metasediment-derived fluids (stage 1) and with a more ox-
idized fluid (stage 2), while still partly preserving the evaporitic
signature in the 5''B values of the tourmalines. This model could
also explain the deviation of some of the data for tourmaline
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types 2, 3, and 4 from the O-P trend (Fig. 11(B)) while still
showing evidence for the involvement of an evaporitic fluid.

Even though unambiguous proof for the presence of evap-
orites has not yet been found in the stratigraphy of the KB,
there are several indications of their presence. Such indica-
tions include an abundance of meta-dolostone beds in close
association with albitized metasedimentary rocks, occurrence
of stromatolites within these dolostone beds, and the presence
of scapolite in parts of the KB (Vanhanen 2001). Previous
researchers have argued that fluids interacting with evaporites
were responsible for the extensive albitization found in the
KB, including at Juomasuo (Vanhanen 2001). A high-
salinity hydrothermal fluid derived from the devolatilization
of a metasediment-dominated, volcano-sedimentary sequence
that included evaporites and mafic volcanic rocks (Petéjavaara
Formation; Fig. 1) could thus explain the characteristics of
stage 1 mineralization. In our model, Co contents in the hy-
drothermal fluid were high during this stage and cobaltite was
deposited first. Afterwards, pyrrhotite with cobaltpentlandite
exsolutions and Co-rich pyrite were deposited.

Implications for the ore deposit model

A summary of different proposed hydrothermal processes
related to the origin of the Juomasuo Au—Co deposit can
be seen in Table 1. The first process was widespread
albitization. High-salinity fluids probably derived from
evaporitic units yielded pervasive alteration of the meta-
morphosed volcano-sedimentary host rocks. During this
stage, minor sericite alteration took place followed by
carbonatization. The first stage of mineralization was
caused by highly saline, reduced hydrothermal fluids
probably of metasedimentary origin that leached metals
from the mafic metavolcanic rocks of the Petdjidvaara
Formation surrounding Juomasuo. This Co-rich minerali-
zation stage started with pervasive chlorite alteration and
the deposition of cobaltite together with abundant pyrrho-
tite. As the mineralization progressed, chlorite was depos-
ited together with biotite and stage 1 pyrite having a high
Co/Ni ratio. During this stage, the mineralizing fluid was
probably also enriched in Au, which was deposited local-
ly in the Co-rich zones. With decreasing temperature,
cobaltpentlandite exsolutions formed in pyrrhotite. The
second mineralization stage was caused by a relatively
oxidized fluid and is characterized by deposition of Au—
Co ore richer in Au and poorer in Co relative to the first
stage. This model agrees with the observations of
Vanhanen (2001) who stated that Au deposition began
along with the early sulfides and continued until the late
stages of sulfide deposition. Another possibility is that the
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Au—Co ore was at least partially formed by overprinting
of stage 2 Au-rich mineralization on older Co ore, a mod-
el that would agree with the observations of Witt et al.
(2020). Whichever of these models is correct, it is clear
that the first mineralizing event was especially rich in Co,
whereas the second deposited most of the Au. Widespread
sericitization characterized the second mineralizing stage
dominated by stage 2 pyrite having much lower Co/Ni
ratios compared to stage 1 pyrite. Molybdenite and tellu-
rides were also deposited in this stage and in some cases
are closely associated with Au deposition.

The general temporal relationships of the early Co-rich
and later Au-rich mineralizing events established in our
study agree with the recent observations of Witt et al.
(2020). However, these authors argue that the highest
grades of Co formed by the remobilization of Co from
pyrrhotite, in places where sericite replaced chlorite, and
suggest a late timing for the deposition of cobaltite in the
deposit. In our study, we found several cobaltite-bearing
samples from Co-only mineralized zones with no sign of a
later overprint of chlorite by sericite. In these samples,
cobaltite occurs mostly as inclusions in pyrrhotite; our
observations thus agree with Vanhanen (2001), who pro-
posed that cobaltite was the first sulfide to crystallize dur-
ing stage 1 mineralization. It is therefore possible that
there are two generations of cobaltite in the Juomasuo
deposit, with the first having crystallized during the early
parts of stage 1 mineralization and the second being a late
phase related to mobilization of Co from pyrrhotite by the
overprint of late Au-rich fluids.

Slack (2013) compiled a list of Co—Cu—Au deposits
from different terranes that share similar geological, min-
eralogical and geochemical features; Juomasuo was in-
cluded in that list and the deposits were collectively termed
as Co—Cu—Au deposits in metasedimentary rocks. Many of
these deposits, similarly to Juomasuo, are characterized by
distinct multi-stage mineralizing processes (e.g., deposits
of the Idaho cobalt belt, USA; Bookstrom et al. 2016;
Saintilan et al. 2017) and by widespread albitization (e.g.,
Modum district; Munz et al. 1994). Slack (2013) suggested
that these Co—Cu—Au deposits could have a potential ge-
netic affiliation with IOCG deposits. Some workers have
indeed suggested an IOCG classification for some of these
deposits (e.g., Goad et al. 2000; Slack 2012). On the other
hand, Slack (2013) acknowledged that features such as the
structural control commonly seen on these Co—Cu—Au de-
posits together with stable isotope data could indicate that
these deposits formed by similar metamorphogenic pro-
cesses as classic orogenic Au deposits, despite geochemi-
cal and mineralogical differences. Juomasuo was classified

as an IOCG deposit by Vanhanen (2001), whereas Witt
et al. (2020) invoked the involvement of an orogenic Au
fluid in formation of the deposit.

Mineral deposits having similar characteristics are not
uncommon in the Paleoproterozoic greenstone belts in
northern Finland. There are several deposits in the KB,
the CLGB (e.g., Sirkka, Levijarvi-Loukinen), and the PB
(Rompas-Rajapalot project) that display similar metal as-
sociations and geochemical and mineralogical characteris-
tics, and occur in greenstone belts with complex but com-
parable geotectonic histories. Several authors have classi-
fied some of these deposits as orogenic Au deposits with
an atypical metal association (e.g., Holma and Keindnen
2007; Holma et al. 2007; Eilu 2015). Groves (2003) sug-
gested that some of the deposits that are classified as
orogenic Au with atypical metal association are actually
base metal-rich deposits overprinted by orogenic Au min-
eralization through reactivation of the same structures
during subsequent events. Our recognition in this study
of two distinct mineralizing stages with different fluid
characteristics at Juomasuo, with the later Au-rich stage
overprinting earlier Co-rich mineralization, is permissive
of a model involving the spatial coexistence of two tem-
porally unrelated, contrasting types of mineralization.
However, we think that in order to create a reliable ore
deposit model, more research is needed to better constrain
the age of the mineralizing events, the structural con-
trol(s), and the physical-chemical characteristics of the
fluids at Juomasuo and other similar Co—Au deposit in
northern Finland.

Summary and conclusions

In the Juomasuo deposit, Au—Co mineralization occurs in
a strongly altered and metamorphosed volcano-
sedimentary sequence of Paleoproterozoic age. The highly
altered metavolcanic host rocks can be successfully clas-
sified by utilizing drill core observations and bulk chem-
ical compositions on a Nb/Y—Zr/TiO, discrimination dia-
gram. The five rock types recognized include ultramafic,
mafic, intermediate-composition, and felsic meta-igneous
rocks, and metasedimentary rocks. The mineralization is
not controlled by primary lithology as both Au—Co and
Co-only types of mineralization at Juomasuo occur in all
rock types except the ultramafic sill.

Widespread albitization that affected the rocks at Juomasuo
predates the Au—Co mineralization. The most important alter-
ation minerals closely associated with the mineralization are
chlorite and sericite. Chloritization is older than sericitization
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based on crosscutting relationships. Mainly, Co-only ore was
deposited during the chlorite alteration (stage 1) with some
Au—Co ore possibly also deposited then. The later mineraliza-
tion (stage 2) that is linked to sericitization deposited Au—Co
ore with higher Au and lower Co contents, compared to the
previous mineralization stage, and possibly overprinted parts
of the earlier, mostly Co-only mineralization.

Sulfide trace element and sulfur isotope data together with
tourmaline crystal chemical and boron isotope data also record
two distinct mineralizing stages with different characteristics.
Stage 1 pyrite was deposited from a single or homogeneous
hydrothermal fluid that was probably derived by metamorphic
fluids that leached metals from the volcano-sedimentary se-
quence, which included mafic volcanic rocks and inferred
non-marine evaporites. Stage 2 pyrite, in contrast, was depos-
ited from a relatively oxidized fluid.

Interpretation of an evaporitic component in the early
albitization and subsequent Au—Co mineralization pro-
cesses at Juomasuo is based on tourmaline chemistry, in-
cluding high Na and Mg contents (medians 0.88 and 2.16
apfu, respectively), relatively low Al contents (< 6.0
apfu), and high inferred Fe*/Fe”* ratios, suggesting pre-
cipitation of this mineral from saline fluids derived from a
meta-evaporitic environment. Tourmaline &''B data are
also in line with this conclusion.

The recognition of two mineralization stages with distinct
geochemical characteristics could have implications for explora-
tion elsewhere in the Kuusamo belt. Pyrite geochemistry and the
molar element ratio (MER) diagram both proved to be effective
tools in discriminating the two stages of mineralization, and
could be utilized in creating vectors towards mineralization in
the Kuusamo belt and other metallogenic belts having similar
geologic and metallogenic characteristics.
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material available at https://doi.org/10.1007/s00126-020-01039-8.
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