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Abstract

The Kivilompolo molybdenite occurrence is located in the northern part of the Perapohja
belt, within the lithodemic Ylitornio nappe complex. It is hosted within a deformed
porphyritic granite belonging to the pre-orogenic 1.99 Ga Kierovaara suite. The minerali-
zation occurs mostly as coarse-grained molybdenite flakes in boudinaged quartz veins,
with minor chalcopyrite, pyrite, magnetite, and ilmenite. In this study, we report new
geochemical data from the host-rock granite and Re-Os dating results of molybdenite
from the mineralization. For the whole-rock geochemistry, the mineralized granite is
similar to the Kierovaara suite granites analyzed in previous studies. Also, the ca. 2.0 Ga
Re-Os age for molybdenite is equal, within error, to the U-Pb zircon age of the Kierovaara
suite granite. In addition, similar molybdenite and uraninite ages have been reported
from the Rompas-Rajapalot Au-Co occurrence located 30 km NE of Kivilompolo. We
propose that the magmatism at around 2.0 Ga ago initiated the hydrothermal circulation
that was responsible for the formation of the molybdenite mineralization at Kivilompolo
and the primary uranium mineralization associated with the Rompas-Rajapalot Au-Co
occurrence or at least, the magmas provided heating, and in addition potentially saline
magmatic fluids and metals from a large, cooling magmatic-hydrothermal system.
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1. Introduction

Most of the world s molybdenum comes from mag-
matic-hydrothermal porphyry type deposits, with
Mo being either the main product (porphyry Mo-
Cu) or a by-product from the copper production
(porphyry Cu-Mo). In Finland, several small
molybdenite occurrences are known, both in
Archean and Paleoproterozoic terranes (Fig. 1).
They are related to granites and resemble porphy-
ry-style deposits. The Archean Mitisvaara Mo
deposit is the only one that has been exploited in the
past, which took place in the 1940°s (e.g., Haapala
& Rimé, 2015, and references therein).

The molybdenite in the Mitisvaara deposit
is hosted by quartz and pegmatite veins in
Neoarchean tonalite gneiss and microcline granite
(Haapala & Ridmé, 2015), and provided the first
NTIMS Re-Os ages for molybdenite (Stein et
al., 1995). Matasvaaras complicated magmatic-
metamorphic history prompted the Re-Os dating
of another Archean Mo occurrence at Aittojirvi
(Markey et al., 1999) hosted in homogeneous
felsic-silicic leucosomes in an altered gneissic
granitoid at the northern end of the Kuhmo-
Suomussalmi greenstone belt (Haapala & Rimo,
2015). Building on the suspected and then proven
spatial decoupling of parent-daughter (*’Re-'¥Os)
isotopes in the Aittojirvi molybdenites (Stein et al.,
2001, 2003), further non-reproducible Re-Os age
determinations of 2791 to 2809 Ma for Aittojirvi
(Selby & Creaser, 2004) led these authors to
recommend a minimum of 40 g molybdenite for all
Re-Os age determinations. Ultimately, sample size
was shown not to be a factor in achieving accurate
Re-Os ages for molybdenites (Stein, 2006; Stein et
al. 1997). Other pioneering work on molybdenites
from Finland led Stein et al. (1998) to the Kuittila
Au prospect in the Hattu belt in eastern Finland
(Nurmi & Sorjonen-Ward, 1993). The Kuittila
Au occurrence is hosted by a TTG-series (tonalite-
trondhjemite-granodiorite) pluton and contains
locally abundant molybdenite, scheelite and
chalcopyrite in quartz veins (Stein et al., 1998). The
first molybdenite + pyrite '¥’Re-"¥’Os isochron age

of 2778 + 5 Ma for the Kauittila occurrence (Stein
et al., 1998), which slightly overreaches the age
of the hosting granitic rock (U-Pb zircon age of
2753 £ 5Ma; Nurmi & Sorjonen-Ward) was
impetus for re-examining decay constants and
sampling protocols. In sum, Finland molybdenite
occurrences, though the country has had nearly
nothing in the way of Mo production, provided
a complicated bedrock history that exposed
early challenges in molybdenite dating (Stein,
Geochemical Perspectives, in preparation).

The Paleoproterozoic Mo occurrences in
Finland are associated with rocks formed in different
stages of granitic magmatism, including pre-, syn-
and post-orogenic granites. The research target of
this study, the Kivilompolo Mo occurrence in the
Peripohja belt, is so far the only mineralization
that is related to pre-orogenic felsic magmatism,
being hosted by the pre-orogenic Kierovaara suite
granite dated at 1989 + 6 Ma (Ranta et al., 2015)
(Fig. 1). The Mo-mineralized Paleoproterozoic
granites of syn-orogenic age include the Susineva,
Taipale, Lahnanen, Varparanta and Luukkolansaari
Mo occurrences (Haapala & Rimo, 2015, and
references therein). The Tepasto Mo occurrence in
the Central Lapland belt is associated with the post-
orogenic ca. 1.80 Ga Nattanen-type granites (e.g.,
Haapala et al., 1987; Heilimo et al., 2009; Haapala
& Rims, 2015).

Paleoproterozoic supracrustal belts in northern
and eastern Finland are characterized by the
presence of orogenic gold deposits, which can
be classified into Au-only deposits (e.g., Wyche
et al.,, 2015) and deposits with an atypical metal
association (Au-Co-Cu-U; e.g., Vanhanen, 2001;
Vanhanen et al., 2015; Ranta et al., 2018; Molndr
et al., 2019). The latter include, for example, the
recently discovered Rompas Au-U mineralization
and the Rajapalot Au-Co mineralization in the
northern part of the Peripohja belt (Fig. 2). The
metal associations in these gold occurrences, which
do not fit into traditional mineral deposit models,
have provoked several studies focusing on the
potential fluid and metal sources and the timing
of ore-forming processes and their relationship
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to spatially associated granitoids (e.g., Molndr et
al., 2016; Ranta et al., 2017; Molndr et al., 2017;
Ranta et al., 2018). Widespread metal enrichment
in Paleoproterozoic supracrustal rocks in Finland
indicates circulation of metal-rich fluids of various
sources and intermittent re-activation of deep-
seated structures over their ca. 600 Ma depositional
and deformational history, including the Sveco-
fennian composite orogeny starting from ca.
1.92 Ga and continuing into late- to post-orogenic
times <1.80 Ga (e.g., Molndretal.,2016,2018).

This study revisits the Kivilompolo Mo deposit
by reviewing the characteristics of the deposit based
on Yletyinen (1967) in combination with the data
collected during this study. In addition, we present
new Re-Os ages for molybdenite and discuss the
potential relationship between Kivilompolo Mo
mineralization and the early uranium enrichment
in the northern part of the Perdpohja belt, including
that associated with the Rompas-Rajapalot Au-Co
occurrences.

Z

Figure 1. Simplified geological
map of Finland modified
after Haapalaand Ramo
(2015), Rantaetal. (2015),
and Karenlampietal. (2019).
Molybdenum occurrences
are shown as red stars (taken
from Haapala & Ramo, 2015,
and referencestherein). Pb =
Perapohjabelt, CLb = Central
Lapland belt.
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Figure 2. Simplified geological map of the north-western part the Perépohja belt with the study area shown by a black
rectangle, and black stars showing the locations and names of deposits discussed in the text (modified after Lahtinen et

al., 2019).

2. Regional geology

The Perdpohja belt represents a typical Karelian
volcano-sedimentary sequence, deposited on rifting
Archean basement between ca. 2.44 Gaand 1.88 Ga,
as bracketed by the ages of mafic-layered intrusions
in the Archean basement of the Peripohja belt
and syn-orogenic Haaparanta series monzonites
(Huhma et al., 1990; Perttunen & Vaasjoki; 2003;
lljina & Hanski, 2005). The Peripohja belt is
bounded by the Central Lapland granitoid complex
in the north and east and the Archean Pudasjirvi
complex in the south. The N-S-trending Pajala
shear zone separates the Perdpohja belt from the
Norbotten craton in the west.

The Paleoproterozoic supracrustal rocks show
an evolution of progressive rifting, varying from

relatively mature siliciclastic and carbonate rocks
and subaerial mafic volcanic rocks to deep-water
turbiditic rocks. Perttunen et al. (1995) divided the
Perdpohja belt into two major lithostratigraphical
groups, known as the lower Kivalo group (2.44—
2.06 Ga) and upper Paakkola group (2.06-
1.88 Ga). The most recent stratigraphical division
of the Kivalo group (2.38-2.10 Ga) was established
by Kylikoski et al. (2012) and is presented in Fig. 3.
The lowermost unit, the Sompujirvi formation,
comprises conglomerates lying on the Archean
basement complex. The conglomerates are overlain
by subaerial basalts of the Runkaus formation
followed by quartzites of the Palokivalo formation.
The minimum depositional age for these quartzites
is determined by cutting mafic differentiated sills
dated at ca. 2.22 Ga (Perttunen & Vaasjoki, 2001;
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Hanski et al., 2010). The Petijdskoski formation,
deposited on the Palokivalo formation, is composed
of siltstones, albitic schists, and carbonate rocks.
The cutting ca. 2.14 Ga Kuusivaara mafic sill
provides a minimum depositional age for the
Petdjiskoski formation (Kylikoski et al., 2012;
Huhma et al., 2018). It is overlain by continental
flood basalts of the Jouttiaapa formation with
a whole-rock Sm-Nd age of ca. 2105 Ga + 50 Ma

(Huhma et al., 1990). The upper part of the Kivalo
group comprises quartzites of the Kvartsimaa
formation and a sequence of alternating dolomites
and mafic tuffites assigned to the Tikanmaa, Poik-
kimaa, Hirsimaa, Rantamaa and Lamulehto
formations. Karhu et al. (2007) published a zircon
U-Pb age of 2106 + 8 Ma for the tuflites of the
Hirsimaa formation.
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Figure 3. Stratigraphic column of the
Perapohja belt (modified after Koykka A
etal., 2019). Tectonic settings of the . .
basin evolution (left of the diagram) Initial rifti n_gl
and detailed discussions on the ages Early syn-rift 1
shown inthis figure can be found from A
Koykka etal. (2019) and references
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beltinto the Kivalo Group and upper DU EESEIAL Goplos
lithodemic units after Lahtinen etal.
(2015, 2019).
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The lithological units in the northern part of the
Peripohja belt that were previously assigned to the
Paakkola group have undergone complex thin-skin
thrusting and show common type-2 interference
patterns, causing difficulties in applying the
lithostratigraphical classification to them. Therefore,
these rock units have recently been reclassified as
lithodemic units (Bedrock of Finland — DigiKP;
Lahtinen et al., 2015; Lahtinen et al., 2019) and
separated from the Peripohja belt sensu stricto.
Figure 3 shows the latest stratigraphic column
for the northern part of the Peripohja belt, as
constructed by Koykki et al. (2019). The Heraselka
suite is composed of quartzite and paragneiss
(e.g., Koykki et al., 2019), and the Mellajoki suite
consists mainly of quartzite, mica schist, and quartz-
feldspar gneiss (Ranta et al., 2015). The Martimo
suite constitutes autochthonous-parautochthonous
lithodemic units of Liekopalo, Viystiji and
Kaskimaa (e.g., Lahtinen et al., 2015; Lahtinen et
al., 2019). The Viystidji lithodeme, composed of
subaqueous mafic lavas, is intruded by a 2.08 Ga
mafic dike (Huhma et al., 2018) and a 2.05 Ga
felsic porphyry (Perttunen & Vaasjoki, 2001). The
Rovaniemi supersuite is a bimodal volcanic and
partly epiclastic unit (e.g., Lahtinen et al., 2015;
Koéykki et al., 2019) covering large areas in the
western and central part of Lapland. It is divided
into several suites (Hosiojoki, Rovajirvi, Oikarila;
Lahtinen et al., 2019; Koykki et al., 2019). The
Ristivuoma metasedimentary rocks are part of the
Uusivirka suite and contain psammites to thinly
layered phyllites and paraschists (Lahtinen et al.,
2019) with a maximum depositional age of 1.92—
1.91 Ga (Lahtinenetal.,2015; Rantaetal., 2015).

The tectonic evolution of the Peripohja belt
has commonly been attributed to basement rifting
followed by formation of a fold and thrust belt (e.g.,
Lahtinen etal., 2015; Nironen, 2017; Koykki et al.,
2019). In contrast, Piippo et al. (2019) suggested
development of strike-slip faults during active
rifting and pull-apart basin development with an
emphasis on the underlying Archean basement
topography and its architecture (e.g., basement
faults) controlling structures in the overlying

volcano-sedimentary cover during deformation.
Koéykki et al. (2019) proposed five regionally
correlative (Perdpohja, Kuusamo and Central
Lapland belts) basin evolution stages between
ca. 2.5 and 1.88 Ga: (1) initial rifting/early syn-rift,
(2) syn-rift, (3) syn-rift to early post-rift, (4) passive
margin (post-rift), and (5) foreland system.

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

Subsequent to deposition and metamorphism
of supracrustal rocks, at least four episodes of felsic
to intermediate plutonism have been recognized in
the Perdpohja belt: (1) the 1.99-2.0 Ga strongly flat-
tened gneissic porphyritic Kierovaara granite (the
Kierovaara granite suite) (Ranta et al., 2015; Lahti-
nen et al., 2019), (2) the ca. 1.88 Ga syn-orogenic
Haaparanta suite granitoids, found especially in the
eastern part of the belt, (3) the ca. 1.80 Ga appinitic
plutons (Tainio, 2014), and (4) the 1.79-1.77 Ga
late-orogenic granitoids, including tourmaline-rich
pegmatitic granites (e.g., Rantaetal., 2015).

3. Sampling and analytical
methods

Mapping and sampling in the study area was
conducted as part of an MSc project (Goode, 2019).
Detailed petrography and mapping results are
reported in Goode (2019). Samples representing
the mineralized quartz veins and hosting granitic
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rocks were collected from the Kahvikallio outcrop
area with a portable diamond saw. Two channels
of approximately 1 meter each long were sampled,
with their locations having been chosen so that they
intersect the main mineralized veins but also sample
the hosting granitic rock. In addition, grab samples
were collected from an area covering approximately
1x2 km around the Kahvikallio outcrop. Whole-
rock trace element analyses were conducted by
Lid in
Vancouver, Canada, using lithium borate fusion

Bureau Veritas Commodities Canada

and inductively coupled plasma mass spectrometry
(ICP-MS). The analyzed elements include Hf, Nb,
Rb, Sn, St, Ta, Th, U, V, W, Zr, Y, La, Nd, Sm, Eu,
Gd, Lu, Mo, Cu, Pb, Zn, Ni, As, Bi, Ag, and Se.

Samples for the whole-rock major element
analysis were collected from the drill cores of GTK
by Pyhisalmi Mine Oy in 2009. Analyses were
conducted by Labtium Oy using X-ray fluorescence
(XRF) on pressed pellets (Labtium Oy method
175X). The measurements include major elements
Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and B, and trace
elements As, Ba, Bi, Ce, Cl, Cr, Cu, Ga, La, Mo, Nb,
Ni, Pb, Rb, S, Sb, Sc, Sn, Sr, Th, U, V, Y, Zn, and Zr.

The molybdenite sample from the Kahvikallio
outcrop selected for Re-Os dating was obtained
from the Geological Museum of the University of
Oulu. The hand-drilled mineral separate was 100%
molybdenite. Two aliquots of 11.2 and 28.2 mg
were analyzed. Re-Os isotopic data were acquired
using a Carius tube dissolution with sample-spike
equilibration with a mixed Re-double Os spike
(Markey et al., 2003). Rhenium and Os isotopic
ratios were measured using negative thermal
ionization mass spectrometry (N-TIMS) at the
AIRIE Program, Colorado State University.

4. The Kivilompolo
Mo occurrence

The Kivilompolo Mo occurrence is located in the
northwestern part of the Perdpohja belt, approxi-
mately 20 km from the belts contact to the
Central Lapland granite complex (Fig. 2). Soon

after layman prospectors had sent molybdenum-
bearing boulders from the Kivilompolo area to
the Geological Survey of Finland (GTK) in the
early 1950’s, GTK workers were able to locate
the source of the boulders near Lake Iso Kallijirvi
in an outcrop called Kahvikallio, and started
a diamond-drilling program at the location, with
the total number of drill holes amounting to 33.
The first description of the Mo occurrence and the
results from the drilling campaign were reported by
Yletyinen (1967).

The mineralization is hosted by porphyritic
granite of the Kierovaara granite suite, about
1.5 km from the southern contact between granite
and the Hosiojoki suite felsic gneisses (Fig. 3).
The Kierovaara magmatic suite is approximately
30 km in length and 10 km in width and displays
a K-feldspar-porphyritic augen gneiss texture and
contains abundant paraschist and meta-arkose-
quartzite enclaves (Perttunen & Hanski, 2003;
Lahtinen et al., 2019). The Kierovaara granite has
yielded a U-Pb zircon age of 1989 + 6 Ma (Ranta
et al., 2015). While the Kierovaara suite is clearly
plutonic in origin, the Hosiojoki felsic suite is
ambiguous due to the absence of primary magmatic
structures in its feldspar gneisses; the rocks may be
sedimentary, volcanic or volcaniclastic in origin
(Lahtinen et al., 2019). In-situ dating using multi-
collector ICPMS reveals a homogeneous zircon
population with an age ca. 1.99 Ga, which equals
the age of the Kierovaara granite suite (op.cit.).

The host rock for the Kivilompolo mineraliza-
tion is gneissic porphyritic granite of the Kierovaara
granite suite (Fig. 3) with its color ranging from
red to gray, similar to the main rock type of the
Kierovaara granite suite (Fig.4). The foliation
strikes roughly NE-NNE and dips 50°-60° to SE.
Locally, the granite contains biotite-hornblende-
rich stripes. Sericitization is the most common
alteration in the granites. Boudinaged quartz
veins hosting the main part of the molybdenite
mineralization are found as individual veins or as
vein networks and are subparallel to the foliation of
the granite. Sulfides are comprised of molybdenite,
pyrite, and chalcopyrite with minor pyrrhotite
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Figure 4. Photographs from the main Kahvikallio outcrop. a) Coarse-grained molybdenite in a quartz vein subparallel to
foliation. b) Younger quartz vein (no molybdenite) almost perpendicular to the foliation crosscuts deformed mineralized
quartz-molybdenite veins subparallel to the foliation. ¢) Disseminated molybdenite grains in sericitized granite. Marker
pens and pocket knife shown as scales (approximately 5 cmin length).

locally. Drilling shows that mineralized veins
continue to a depth of at least 150 m. Yletyinen
(1967) reports that the overall area with anomalous
molybdenite in outcrops or in boulders is oriented
roughly EW and is approximately 900 m wide and
3 km long. However, the real dimensions of the
mineralized area are hard to evaluate due to limited
surface exposure. Furthermore, correlation of
the boudinaged quartz veins between drill holes is
challenging.

In this study, outcrop samples were collected
from the main Kahvikallio outcrop area. In these
samples, several generations of quartz veins are
present. The most common veins are typically
foliation-concordant and partially boudinaged,

displaying several stages of deformation (Fig. 4a).
Vein thicknesses vary from 1-2cm up to 1 m.
A younger NS-trending set of quartz veins without
molybdenite crosscut the foliation at a high angle
(Fig. 4b) and show no evidence for deformation.
Molybdenite in quartz veins is typically coarse-
grained, with some crystals reaching more than
3 cm in size Fig. 4a). Locally, molybdenite occurs
as disseminated grains within the host granitic
rock (Fig. 4c). The sulfide mineralogy is simple,
comprising molybdenite, pyrite, and chalcopyrite.
Minor amounts of magnetite and ilmenite are
present, with ilmenite occurring as rims around
magnetite. Abundant coarse sulfides are only found
in association with quartz veins. Sericite is locally
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abundant in the host rock and the alignment of
fine-grained sericite and biotite often defines the
foliation. Chloritization of biotite is common.

The grey granite is similar in mineral composi-
tion to the red granite, though typified by a lower
proportion of K-feldspar, biotite and sericite, and
a higher quartz content. Sulfides are present in
the grey granite but are less abundant than in the
red granite. The lower amount of molybdenite is
manifested in molybdenite’s occurrence as fine-
grained disseminations within the gray granite.

The drill core loggings of the Kahvikallio
outcrop area (12 drill cores; Yletyinen, 1967 and
references therein) were digitized and based on these
loggings, the occurrence of mineralized quartz veins
was modelled using the Leapfrog GEO 3D-modelling
software (Fig. 5). The loggings do not contain any
structural measurements and therefore, the dip of
the veins is based on the description of Yletyinen
(1967) and interpreted correlations of quartz veins
between drill holes. As illustrated in Figure 5, the
mineralized quartz veins are steeply dipping to the SE.
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Figure 5. 3D-model of the molybdenite-bearing quartz veins in the main mineralized outcrop area (Kahvikallio) at
Kivilompolo. Coordinates are shown in ETRS-TM35FIN system.
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Table 1. Average composition of major element analysis of the Kivilompolo granitic rocks

Red Kivilompolo granite (n=32)  Stdev(n=32)

Grey Kivilompolo granite (n=17) Stdev(n=17)

Si02 (Wt%) 73,7 0,8
Al203 13,3 0,4
Fe203 2,8 0,7
Ca0 0,5 0,2
MgO 0,7 0,1
Na20 3,5 0,8
K20 4,7 0,8
TiO2 0,3 0,0
MnO 0,04 0,01
P205 0,1 0,0
S 0,2 0,2
Total 99,7

74,0 2,0
131 10
2,8 1,0
0,5 0,2
0,9 0,4
2,6 1,1
5,0 1,1
0,3 0,0
0,05 0,02
0,1 0,0
0,3 0,4
99,5

b.d., below detection limit.

5. Geochemistry of the
Kierovaara suite granites

The complete whole-rock major and trace element
results are listed in Electronic Appendix A. Average
major element compositions of the red and grey
granite samples in which no post-emplacement
alteration (e.g., sericitization) is observed are shown
in Table 1. The same filtering has been applied to
samples in the subsequent geochemical plots (Figs. 6
and 7). Chemically, there are no distinct differences
between the red and white granite at Kivilompolo
and thus they are not separated in the major and
trace element plots.

In Figures Ga—c, chemical compositions of
granitic rocks from the Kivilompolo Mo-bearing
area are plotted in diagrams used to classify
igneous rocks. Also, for comparison, shown are
compositions of other granites from the Kierovaara
suite and felsic gneisses of the Hosiojoki suite. In
terms of major elements, the intrusive rocks from
the Kivilompolo area (red and grey granites) are
mostly calc-alkaline to alkali-calcic, peraluminous
alkali-feldspar granites (Figs. 6a—c). They do not
differ from the Kierovaara suite granite samples
analyzed farther from Kivilompolo. In contrast,
the Hosiojoki suite rocks seem to be higher in
normative An/(An+Or) and consequently are
classified as syenogranites and monzogranites

instead of alkali-feldspar granites.

Lithophile trace element data for granites
from the Kivilompolo are shown in Figures 7a—c.
In the granitoid discrimination diagrams (Pearce
et al., 1983), the samples from Kivilompolo
straddle the boundary between the fields of
volcanic arc granitoids (VAG) and syn-collisional
granitoids (syn-COLG) (Fig. 7a). The Nb and
Sr concentrations are low, around 10 ppm and 30
ppm, respectively. The chondrite-normalized rare-
earth element patterns of the granite samples from
the Kivilompolo area are characterized by significant
enrichment in LREE with (La/Sm) ratios of 5.9—
8.3, strong negative Eu anomalies (Eu/Eu* = 0.39—
0.71), and relatively flat HREE sections (Fig. 7b).
In the primitive mantle-normalized spidergram
(Fig. 7¢), the rocks are characterized by strong
enrichment in Rb, U, Th and LREE, while Ba, Sr,
and Nb show distinct negative anomalies relative to
the neighboring elements.

The molybdenum content varies
between the Kivilompolo sample types, being
generally <100 ppm in the granite samples, whereas

greatly

in the mineralized quartz veins, it can locally be as
high as >10000 ppm. There is no clear evidence
for the presence of a halo of higher Mo in the host
rock around the veins. The Cu content in the
mineralized quartz veins is between 100-300 ppm,
with the exception of one erratic outlier of 594 ppm
(102 ppm Mo).
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6. Re-Os dating of molybde
nite from Kivilompolo

Re-Os dating of molybdenite is based on the beta
decay of 187Re to 1870s with a half-life about

10 times the age of the Earth (Stein et al. 2001).

Uniquely, molybdenite does not take in Os on
crystallization, but readily substitutes Re for Mo
in its structure. Molybdenite retains its primary
age through metamorphism as long as the system
remains reduced (Bingen and Stein, 2003).

In this study, the Re-Os ages for the

Kivilompolo molybdenite sample are presented
in Table 2. Two replicate analyses of the same

Na,0+K,0-

powdered molybdenite sample yielded Re
concentrations of 49.13 ppm and 54.72 ppm and
8Os concentrations of 1047 ppb and 1167 ppb.
The double Os spike detected no common Os.
Re-Os ages of 2001 + 8 Ma and 2003 + 7 Ma were
obtained, in excellent agreement within their
2-sigma analytical uncertainty. The Os in molyb-
denite nearly always 100% radiogenic (*’Os) and
thus the assumed value for an initial "Os/'*Os
does not have an impact on the age calculation
(Stein, 2014).
with no common Os detected, is an exemplary
molybdenite in this regard.

The Kivilompolo molybdenite,
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Table 2. Re-Os data for molybdenite from the Kivilompolo Mo occurrence.

AIRIERun # :3$E:: Re(ppm)  Reerror(ppm) 1870g (ppb) 187Qs error, (ppb) Age(Ma) Abserror(Ma)
MD-1436 E295 49,13 0,09 1047,01 0,84 2001 8
MD-1437 E295 54,72 0,07 1167,04 0,93 2003 7

Re and Os isotopic ratios were measured using negative thermal ionization mass spectrometry (NTIMS) at the AIRIE Program, Colorado
State University.

Ages reported include the decay constant uncertainty for ¥’Re, so they can be directly compared with U-Pb ages; concentration and age
uncertainties all at 2-sigma.

Re blank =3.184 +0.039 pg, Os blank = 0.174 + 0.012 pg with *¥’0s/*#80s = 0.313 + 0.017; blank corrections have no effect on the age
calculation for these analyses.
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7. Discussion

7.1. Characterization of the
Kivilompolo Mo occurrence

Around 95% of world’s molybdenum is sourced
from porphyry type deposits (e.g. Sinclair, 2007)
and about 50% of it come from porphyry Cu
deposits (e.g., Sillitoe, 2010). Porphyry deposits
represent large magmatic-hydrothermal systems,
which have affected 10s to >100 km® of upper
crustal rocks, resulting in mass redistribution and
concentration of a suite of elements (e.g., Sillitoe,
2010). Porphyry Mo deposits are generally divided
into two end-members, the arc-related type and
alkali-feldspar-rhyolite-granite type (or Climax
type) (e.g., Ludington et al., 2009; Ludington and
Plumlee, 2009; Taylor et al., 2012). These two
deposit types occur in different tectonic settings and
have different host-rock compositions.

Arc-related porphyry Mo deposits form in the
same in convergent margin tectonic environment
above subduction zones as many porphyry
copper deposits, but they are thought to form at a
deeper crustal level because of the difference in
the behavior of Mo and Cu in magmatic systems
(e.g., Sillitoe, 2010). Arc-related Mo deposits
are hosted by porphyritic intermediate to felsic
(65=77 wt.% SiO; Taylor et al, 2012) calc-
alkaline granitoid plutons, which are genetically,
temporally and spatially associated with molyb-
denite mineralization. The granitic rocks in the
Kivilompolo area are highly siliceous with SiO,
between 70 and 79 wt.%. Arc-related felsic rocks
hosting  porphyry-type  deposits
show highly fractionated REE patterns with
La/Yb 220, a flat HREE-part of the spectra, and
Sr contents above 100 ppm leading to high Sr/Y
ratios (220) (e.g., Richards, 2011). The granitic
rocks at Kivilompolo display LREE enrichment
and flat HREE patterns with La/Yb ratio around
20 (Fig. 7b). However, the Sr contents are low,

commonly

ranging from around 10 to 40 ppm, and Sr/Y ratio
is very low, around 2, which are not consistent
with the composition of a typical host rock of arc-

related porphyry deposits. Similarly, the negative
Eu anomalies of the Kivilompolo samples are
atypical for arc-related porphyry deposits, which
normally display weak or negligible negative Eu
anomalies due to the high water content of the arc-
related magmas and the consequent suppression
of crystallization of plagioclase relative to that of
hornblende (e.g., Richards, 2011 and references
therein). In arc-related porphyry Mo deposits, the
associated intrusive rocks usually show relatively
low Rb and Nb concentrations, around 300 ppm
and 30 ppm, respectively (Taylor et al., 2012).
Samples from Kivilompolo show Rb and Nb
concentrations around 220 ppm and 10 ppm,
respectively.

The alkali-feldspar-rhyolite-granite-type Mo
porphyry deposits (Climax-type) are typically
formed in back-arc extensional to trans-tensional
zones and rift zones (John and Taylor, 2016, and
references therein). They are commonly hosted by
highly evolved, A-type granites (e.g., Ludington and
Plumlee, 2009), with their trace element signature
being characterized by high Rb (250 ppm)
and Nb (>20 ppm) contents coupled with low
Zr concentrations (<120 ppm; Ludington and
Plumlee, 2019). The analyzed granite samples
from Kierovaara have average Rb and Nb contents
of 220 ppm and 10 ppm, respectively, and Zr
averages 150 ppm. Strontium concentrations in
the Climax-type porphyry deposits are usually
well below 100 ppm (Taylor et al., 2012), which is
similar to values found in the Kivilompolo granites
(avg. 30 ppm). Typically, the host granitoids of the
Climax-type deposits show a high fluorine content,
up to 1 wt.% (Ludington and Plumlee, 2009). We
do not have data for E but based on the signature
of other trace elements, the Kierovaara granite
does not resemble the host-rocks of Climax-type
porphyry deposits. Figure 8 compares primitive
mantle-normalized spidergrams for granites from
the Kivilompolo, host rocks for the Arc-related
MAX porphyry Mo deposit (Lawley et al., 2010),
and the Climax-type Shapinggou Mo deposit
(Zhang et al., 2014). Furthermore, REE pattern
from the classical Climax-type deposits from
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Colorado Mineral Belt display U-shaped pattern
with strong negative Eu-anomaly (Stein, 1988)
which do not characterize Kivilompolo. Regarding
the genesis of the Kivilompolo Mo occurrence, it
seems not to fit into either classical member of
the porphyry family. However, given the tectonic
setting during the pre-orogenic rifting of the basin
at ca. 2.0 Ga, the Kivilompolo resembles more
closely the Climax-type porphyry deposits than
arc-related deposits, despite some of the differences
in their geochemistry. At least a partial continuum
of the two end-member porphyry types could be
expected (e.g., Zhu etal., 2010; Taylor et al., 2012),
and such would accommodate the Kivilompolo
mineralization.

The deformation history and geochrononology
of the Kierovaara suite and the coeval Hosiojoki
suite at the margins of the Perdpohja belt attest
that the magmatism was pre-orogenic, as the
Svecofennian orogeny began tens of millions of
years later, at ca. 1.92 Ga (Lahtinen et al., 2015,
and references therein). The tectonic setting of

these felsic suites was not subduction related but
they represent continental rift-related melts. The
Kierovaara granites yield negative initial &, values
of -4 (Ranta et al., 2015; Lahtinen et al., 2019)
indicating they have a significant Archean crustal
component in their source (Ranta et al., 2015;
Lahtinen et al.,, 2019). In contrast, the Hosiojoki
suite felsic rocks show an A-type chemical affinity
and are interpreted as melts from a different crustal
source (Lahtinen et al., 2019). Lahtinen et al.
(2019) proposed that the Kierovaara granites were
derived from a source in the hydrous lower Archean
crust, as a result of mafic magmatic underplating,
whereas the A-type granites could represent partial
melts of a dry mafic underplate. The flat HREE
patterns of the Kivilompolo granites indicate
that the melting episode left a garnet-free residue,
generating a granitic melt relatively undepleted in
HREE. This implies that the parental magma of the
Kierovaara-type granites was a product of relatively
low-pressure melting, below garnet stability (<10
kbar; Moyen & Stevens, 20006).
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7.2. Molybdenite Re-Os age
and its implications

The obtained molybdenite Re-Os age is similar
to the U-Pb zircon age for the hosting Kierovaara
granite (ca. 2.0 Ga; Ranta et al., 2015; Lahtinen et
al., 2019) implying that the Mo mineralization was
formed during the cooling of the magmatic body,
probably due to the magma becoming saturated in
a magmatic fluid phase. In magmatic-hydrothermal
systems, the behavior and enrichment of Cuand Mo
into magmatic fluid during cooling of the magmatic
body is dependent on the timing of fluid saturation
and the initial water content of the magma (e.g.,
Robb, 2005). Cu behaves as a compatible element
before the fluid saturation of the magma (Taylor et
al., 2012 and references therein). After the fluid
saturation is attained, Cu act as an incompatible
element during the crystallization process. In
contrast, Mo behaves as incompatible element
throughout the crystallization. It is generally
thought that in shallow crustal settings, magmas
that reach fluid saturation relatively early will
have high Cu/Mo ratios since Cu has not yet been
incorporated into crystallizing phases. In these
settings, due to the low fractionation of the magmas
at the time of the fluid saturation, initial Mo content
of the magma is relatively low (e.g., Robb, 2005, and
references therein), and therefore, the amount of the
Mo entering into the fluid is not enough to produce
Mo-(Cu) porphyry deposits. In contrast, magmas
that attain fluid saturation in a more advanced stage
of fractional crystallization (e.g., due to a lower
initial water content) will generally have a higher
Mo/Cau ratio because of a more incompatible nature
of Mo into the crystallizing phases compared to Cu.
Therefore, at this stage, a large proportion of Cu
had already been lost into the crystallizing minerals
during cooling, hence increasing the Mo/Cu ratio
of the evolving fluid phase. At Kivilompolo, no
significant Cu has been reported. This suggests that
fluid saturation was obtained relatively late in the
cooling stage.

In Figure 9, geochronological data from the
northern part of the Peridpohja belt, including the

Rompas-Rajapalot Au-Co occurrences located ap-
proximately 30 km NE of Kivilompolo, are com-
pared with the data from the Kivilompolo
molybdenite. According to Molndr et al. (2017),
the Pb-Pb ages of uraninite and the Re-Os ages of
molybdenite grains in the Rompas Au occurrence
are both ca. 2.0-2.05 Ga and represent the age
of the primary uranium mineralization. These
Rompas-Rajapalot ages are similar to the Kivilom-
polo Re-Os molybdenite ages. Molndr et al. (2017)
proposed that the potential source for U-bearing
hydrothermal fluids is basinal fluids circulating
during late-stage basin evolution. Furthermore,
Cook et al. (2019) reported a monazite U-Pb
age for albitized granodiorite from the Rajapalot
area, located approximately 8 km east of Rompas
(Fig. 2). The oldest monazite yields an age of 2016
+ 17 Ma, which is consistent, within error, with the
Kivilompolo molybdenite Re-Os ages (Fig. 9).
Magmatic-hydrothermal fluid circulation in
and around magmatic intrusions (especially in
porphyry deposits) may have a far-reaching foot-
print. In alkali-feldspar rhyolite-granite-related
porphyry Mo systems, elevated fluorine and
uranium may be detected kilometers, even tens
of kilometers away from large porphyry bodies
(Ludington & Plumlee, 2009). The heat provided
by intruding magmas can potentially initiate
circulation of basinal fluids. In the Peripohja
belt and other similar Precambrian intracratonic
successions in the Fennoscandian Shield, the
former presence of evaporite rocks has been
indicated in several studies (e.g., Kyliskoski et
al., 2012; Ranta et al., 2017; Vasilopoulos et al.,
2019). In the Peripohja belt, an anhydrite-bearing
rock interval was encountered during drilling in
the Rajapalot area (Cook et al., 2019). Evaporite
beds in the stratigraphy provide sources for highly
saline fluids, capable of oxidizing and mobilizing
a wide range of metals (including Mo, Cu and U)
from the surrounding rocks. The potential
contribution of magmatic fluids to the fluid and
metal budget in the Rompas-Rajapalot area cannot
be fully evaluated at this stage. Nevertheless, the
obtained geochronological data are consistent
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with the hypothesis that the magmatic event
producing the Kierovaara and Hosiojoki suite
rocks was at minimum a heat engine, and may
have also provided fluids for a more regional
magmatic-hydrothermal system responsible for the
precipitation of metals throughout the northern
part of the Perdpohja belt. Although the currently
available data from Kivilompolo indicate that the
extent and grade of the Mo occurrence are limited,
our study provides valuable information on the
greater mineralizing processes in the Perdpohja belt.

8. Conclusions

Based on our Re-Os dating of molybdenite and

whole-rock geochemical data, we draw the follo-
wing conclusions:

1) The major and trace element compositions of

the unnamed granite hosting the Kivilom-

2)

3)

4)

polo Mo occurrence closely match those of
the Kierovaara granite suite.

The 2001 + 8 and 2003 + 7 Ma Re-Os ages
for molybdenite from the Kivilompolo Mo
occurrence are similar to the U-Pb zircon
age of ca. 2.0 Ga published for Kierovaara
suite.

The Kivilompolo Mo occurrence resembles
porphyry-type Mo deposits but does not
have any distinctive features that could
be used to classify it into any subtype of
porphyry deposits.

Based on the geochronological data, the ca.
2.0 Ga mineralizing event at Kivilompolo
may be genetically related to processes that
formed primary uranium (and cobalt)-
mineralization in the Rompas-Rajapalot
Au-Co occurrence in the northern part of
the Perdpohja belt.
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5) The emplacement of the Kierovaara granitic
suite is a potential heat source for triggering
the circulation of early saline basinal fluids
carrying metals in the Perdpohja belt. These
granites could also have provided the fluids
and metals for a large magmatic-hydro-
thermal system that includes the initial
metal enrichment at the Rompas-Rajapalot
Au-Co occurrence.
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