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Revisiting the Pyhasalmi volcanic complex, western
Finland: new insights from volcanic-facies mapping
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Abstract

7KH 3\KIVDOPL 9ROFDQRJHQLF ODVVLYH 6XOAGH 906 GH
of the 1.93-1.91 Ga Vihanti—-Pyhasalmi—Rautalampi belt, is the largest base met
DO VXOAGH GHSRVLWW @QWLQREQG ZW =Q J W $X
JW $J SURGXFWLRQ 2 $OWKRXJIK VLIQLAFDQ\
mineral exploration projects have been conducted since the 1950s, a comprehen
VLYH UHFRQVWUXFWLRQ RI WKH YROFDQLF VHWWLQJ DQ
ore-forming processes has been missing. Based on outcrop mapping and relogging of
ROG GULOO FRUH LQ WKH 3\KIVDOPL DUHD ZH LGHQWLI\
OLWKRIDFLHYV ZLWK GLVWLQFWLYH OLWKRORJLFDO DQG \
GRPLQDWHG E\ UK\ROLWLF ODYDV DQG RU GRPHV- PDAF (
genic sedimentary facies composed of interbedded mudstone and sandstone turbidi
WHV 9ROFDQLF IDFLHVY DVVRFLDWLRQV VXJJHVW WKDW W
VXEPDULQH DQG QRQ H[SORVLYH IRUPLQJ FRKHUHQW Ul
ZLWK TXHQFK IUDJPHQWHG K\DORFODVWLF GRPH PDUJLQ
YROFDQLF EUHFFLDV DUH DOVR IRXQG 9ROFDQLFODVWLF
WUDQVSRUW GHSRVLWY LQ D VXEPDULQH VORSH-HQYLUR
SHODJLF VHGLPHQWY LQGLFDWLQJ D GHHS ZDWHU EHOR?
7KH 3\KIVDOPL RUH IRUPDWLRQ LV OLQNHG WR WKH SHUPI
GRPHVY ODYDV ZKLFK DUH IRXQG LQ FRQWDFW ZLWK VHGL
FHQW OXOOLNNRUIPH GHSRVLW OwW PD\ UHSUHVHQW
WLQJ ZLWK QR DVVRFLDWHG VHGLPHQWDU\ IDFLHV 9ROFI
DQG K\DORFODVWLWHY VXJIJHVW VKDOORZ LQWUXVLYH F
LQ ERWK WKH 3\KIVDOPL DQG OXOOLNNRUIPH VXFFHVVLR
HIWUXVLYH DQG ORFDOO\ ZHDNO\ S\URFODVWLF PDAF PC
KLIJKOLJKWYV QHZ EHOW VFDOH H[SORUDWLRQ SRWHQWLD ¢
WDU\ OLWKRIDFLHY DVVRFLDWLRQV DQG DOORZ PRUH GH)
VXOAGH GHSRVLWY DQG RFFXUUHQFHV Z3IWEHQWLKDQWL:
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1. Introduction Recent studies in Pyhasalmi have been focused
on the deep ore body and its immediate wall

e Paleoproterozoic 1.93-1.9Ga Vihanti-Pyh&- rocks which exhibit strong folding and shearing
salmi—Rautalampi belt (Kohonen et al. 2021)Miettinen 2011; M&ki et al. 2015; Hettula
located in the Raahe—Laadoga zone (RLZ)Fig. 2019). No comprehensive description of volcanic
has been explored for more than 70 years and hasl sedimentary facies, reconstruction of facies
the highest exploration potential for undiscovereatchitecture, or the linkage between volcanism and
volcanogenic massive sulde (VMS) deposits oreforming processes has been presented. Since
Finland (Rasilainen et al. 2014; Maki et al. 2015}he last major bedtcale articles (Maki & Puustjarvi
e Pyhasalmi Zn—-Cu-S—-Au-Ag mine (Fi).  2003; Laine et al. 2015; Mé&ki et al. 2015), there
is the largest base metal deposit in Finland witlas been an increased application of volcanic facies
a total production of 63 Mt between 198222  analysis for mapping of ancient volcanic terrains,
(520000t Cu, 1320000t Zn, 32000000tS, leading to an improved understanding of the
10 t Au, and 500 t Ag) (Pyhasalmi mine websiteelationship between volcanism andfaraing
2025). To date, together with the Vihanti Zn—processes in several VMS belts (e.g., Allen et al.
Pb—Ag deposit with a total production of 3t2 2002, 2024; Rosa et al. 2008; Montelius et al. 2007,
between 1952-1992, it represents the only “worldRoss et al. 2020, Siman et al. 2025). Volcanic facies
class” VMS deposit discovered in the RLZ. Abowainalysis involves systematic mapping of outcrop
8 km NE of the Pyh&salmi mine is the smalbr drill core with a focus on descriptive collection
Mullikkorame VMS deposit (Fij) (1.15Mt of lithological (e.g., composition, texture) and
of 6.1% Zn, 0.9% Pb, 0.3% Cu, 45 ppm Ag, andlithofacies characteristics (e.g., primary volcanic
1 ppm Au; Maki etal. 2015). and depositional structures) (Big. (McPhie

e Pyhasalmi area has been studied sincet al. 1993). e descriptive observations are
the discovery of the VMS deposit in 1958, wittthen compiled and interpreted, rst as facies
pertinent information scattered in numerousassociations and then as a whole, in order to infer the
articles (Helovuori 1979; Huhtala 1979; Makidepositional setting and volcanic environment of
1986; Ekdahl 1993; Lahtinen 1994; Laine et akhe system. e scale can vary from a single outcrop
2015; Kousa et al. 1994; Maki & Puustjarvi 2003to beltscale. As part of a larger research framework,
Maki et al. 2015; Islam et al. 2025), several industwplcanic facies analysis forms a solid foundation
and survey reports (Marttila 1993; Puustjarvior beltscale assessment of metamorphic
1994, 1999; Kousa et al. 1997; Huhma et al. 2021yplcanic terranes and, thus, improved genetic and
and MSc theses (Imafia 2003; Ohtamaa 201éxploration models (Fig). (e.g., Allen et al. 1996,
Kahkonen 2017; Hettula 2019, Kontkanen 2024)2024; Soriano & Marti 1999; Rosa et al. 2008;
Despite the vast amount of geological data collectddkka & Lahtinen 2025; Siman et al. 2025).
in the Vihanti-Pyh&asalmi—Rautalampi belt, it has Here, we present new results of volcanic facies
not yielded signi cant new discoveries, raisingnalysis based on caseple bedrock mapping and
guestions about the maturity of the search space aelbgging of representative drill cores within the
the e ectiveness of the current exploration modeByhasalmi—Mullikkorame study area (Bigalso
For example, the Pyhasalmi and Mullikkoramknown as the Pyh&salmi volcanic complex (Maki &
deposits are hosted in rocks of similar lithology afdiustjarvi 2003). Our aims for this work were to 1)
overlapping U-Pb ages (Puustjarvi 1994; Makie ne and constrain the volcanic facies associations
& Puustjarvi 2003; Huhma et al. 2021) but arepresent, 2) understand the eruptive, emplacement,
classi ed in separate stratigraphic units: Pyh&salamd depositional settings of the rocks, and 3) based
in the Pyh&asalmi group and Mullikkor&me in theon the results, present a conceptual model of the
overlying Vihanti group (Maki et al. 2015; DigiKPvolcanic facies architecture of the Pyhasalmi—
2022).
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Figurel %HGURFN PHPEHU IDFLHV PDS RI D 3\KIVDOPL DQG E OXOOLNNRUIPH
3\KIVDOPL 906 GHSRVLW LQ WKH 5DDKH2/DDGRJD JRQH 5/= ,QVHW VKRZV C
JHRORJLFDO PDS 2XWFURS REVHUYDWLRQV PDUNHG ZLWK VWDUV DQG UHO
GULOO FRUH WUDFHY PDUNHG ZLWK EODFN OLQHV 2XWFURS ORFDWLRQV XV
7TRSLVNRQUIPH 7R 5DLOURDG FXW 5D 7HWULQPINL 7H 0DS PRGLAHG IUR
J)LQODQG %HGURFN RI )LQODQG 2 'LJL.3 ZLWK VWUDWLJUDSKLF PHPEHU\
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cryptic suture zone between the Archean Karelia
craton to the NE and the Paleoproterozoic
accretionargollisional orogen of the Svecofennian
domain (1.93-1.79 Ga) towards the SW (Lahtinen
et al. 2005; Bogdanova et al. 2015). e belt
formed as a 1.93-1.91 Ga juvenile oceanic arc, now
accreted to the Archean craton, and constitutes the
oldest part of the (Paleoproterozoic) Svecofennian
domain in Finland (Lahtinen 1994; Korsman et al.
1997; Huhma et al. 2021). e belt is made up of
metamorphic arc volcanic and intrusive rocks and
deep marine sediments, now found as dismembered
ribbons within crustal scale tectonic blocks
delineated by the intersecting shear zones of the
RLZ (Mé&ki & Puustjarvi 2003; Maki etal. 2015).
Bedrock of the study area comprises bimodal
volcanic rocks surrounded by migmatitic mica

Figure2. :RUNARZ IRU FRPSUHKHQVLYHgE Yf@g tg r%ﬂﬁg(ﬂg'e area
St hasa uflli

system analysis in greenstone belts. Modifed after Syme mi a korame base metal
suI de VMS deposits (and few other occurrences)

interpreted to have formed in an island arc setting
Mullikkorame area, with implications for VMS (Maki 1986; Gaal & Gorbatschev 1987; Ekdahl
exploration. 1993; Lahtinen 1994; Kousa et al. 1994; Roberts
is work has been conducted as part of theet al. 2004; Eilu et al. 2013). Stratigraphically, the
STRAMIN-project (2024—2026) of the GeologicalPyhasalmi deposit is included in the Ruotanen
Survey of Finland (GTK). e project aims to better formation of the Pyhasalmi group, whereas
characterize the various volcanic sequences witthi@ MullikkorAme deposit is included in the
the RLZ regarding their age, wholek and isotope  Mullikkordme formation of the Vihanti group
geochemistry, volcanic stratigraphy and tectonimaki et al. 2015). e two formations have been
settings, with comparisons between mineralized ainterpreted either as lateral counterparts (Maki
unmineralized areas. ese topics will be discusse®l Puustjarvi 2003), or, alternatively, with the
in future papers — in this paper, we introduce Blullikkorame formation immediately overlying
case study for the application of volcanic facitee Ruotanen formation (Maki et al. 2015). Both
analysis, and hope to highlight the importance ddrmations comprise felsic and mac intrusive
understanding the physical volcanology of an areataks, lavas, and pyroclastic deposits, of calc
establish a solid base for planning and interpretatiatkaline to tholeiitic a nity (Kousa et al. 1994;
of future results (Fig). Maki & Puustjarvi 2003; Maki et al. 2015). In the
Ruotanen formation, felsic volcanic rocks (the
. Lippikyla member) are overlain by ma c volcanic
2. GEO|OgIC8.| background rocks and pillow lavas (the Mukurinpera member),
with a similar lithostratigraphic sequence envisaged
e study area is located in the 1.93-18& for the Mullikkorame formation (Puustjarvi
Vihanti—-Pyh&salmi—Rautalampi belt in Centrall994; Maki & Puustjarvi 2003; Maki et al. 2015).
Finland (Figl). e belt is part of the Raahe— Volcaniclastic metasediments of the Pellonpda
Laadoga zone (RLZ), a major NW-SE trendinfprmation overlie the bimodal volcanic rocks
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(Maki & Puustjarvi 2003). e Pyhasalmi and holes (Figl). A total of seven facies associations,
Mullikkorame areas are separated by the Venetpsitbdivided into 18 lithofacies, were recognized in
intrusive suite, a zoned synvolcanic intrusion théte Pyhasalmi—Mullikkordme area (Table 1). In the
occupies the central parts of the study ared)(Fig following text, references to Table 1 are presented in
(cf. Helovuori 1979). In the Venetpalo suite, thgarentheses (e.g., lithofacies 1.1).
subvolcanic Kettuperda unit, yielding an age of e following descriptive volcanic and sedi
1924+ 3 Ma, has been correlated with the felsimentary lithofacies characteristics were systemati-
volcanic rocks, and is thus considered the age of tdly documented at each outcrop and drill core
Pyhasalmi volcanism (Maki & Puustjarvi 2003(see McPhie et al. 1993): interpreted composition
Kousa et al. 2013; Ohtomaa 2014). Ages of felgfelsic—ma c), phenocrysts (type, size, amount),
volcanic rocks in the Mullikkorame formation argyrain size, sorting, clast/matrix textures and
the same (19242 Ma and 192% 4 Ma) (Helo- components (e.g., pumiceous and lithic clasts,
vuori 1979; Kousaetal. 2013; Huhma etal. 2021)crystals), primary igneous textures and depositional
e host lithologies of the Pyhasalmi and structures, tectonic/deformational structures,
Mullikkorame VMS deposits mainly consistcontact relationships, geometry, and range in the
of pyroclastic deposits (rhyolitic lapilli tu s), type, style and intensity of alteration. Volcanological
rhyolitic and basaltic lava ows and breccias, ambmenclature and grasize terms are used after
dikes or sills of various compositions (Kousa BicPhie et al. (1993).
al. 1997; Puustjarvi 1999; Maki et al. 2015). e In summary, outcrops are dominated by
footwall and host rocks of the Pyhasalmi deposibherent felsic lavas, with coherent and
are composed of altered felsic rhyolites and mavolcaniclastic basalts also present. In drill core,
and andesitic (subvolcanic) intrusions, wherehswever, the volcanogenic sedimentary facies
the hanging wall is a tholeiitic sequence consistiagsociation is a major constituent in the Pyhasalmi
of coherent and brecciated ma c volcanic rockeea but is absent in the Mullikkordame area.
(Maki et al. 2015). e Pyhasalmi deposit hasAccording to visual estimation, the metamorphic
been considered to have formed by massive sulglade varies from lower greenschist to upper
accumulation on the sea oor (mottgde), as well amphibolite facies.
as subsea oor replacement within the permeable
felsic pyroclastic dominated strata (Imafia 2003, 1 Volcanogenic sedimentary
Miettinen 2011; 'Makl et al. 2015). e volce_mlc facies association
sequences hosting the sulde ore deposits have
been multiply deformed and metamorphosed volcanogenic sedimentary facies association
during the Svecofennian orogeny at 1.93-1.79 Glaas been observed only in drill core and only in
Deformation phases D1-D4 shaped the ores intbhe Pyhasalmi area (Hiyj. As shown in Figure 3,
their present position relative to the host rocks atlde association comprises repeated interlayered
surrounding alteration zone (Puustjarvi 1999; Malsequences of laminated grey siltstones and
& Puustjarvi 2003; Laine et al. 2015; Maki et alsandstones (lithofacke®), black graphitic
2015; Islam et al. 2025). mudstones (lithofaciBs3), graded turbiditic
sandstonbreccias (lithofacies 5.1), and chaotic
. . . intervals of intraformational breccias (lithofacies
3. Volcanic facies anaIyS|s 5.5) composed of intrabasinal clasts derived from
the aforementioned facies and slumped and mixed
Data was collected between autumn 2024 andgether in various proportions and structures. Unit
spring 2025 and consists of a total of 51 bedrotkicknesses vary signi cantly, and only a few, or all,
mapping sites and relogging of 53 diamond dritif the associated facies may be present in a single
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drill hole (Fig4). Nevertheless, the main lithofacie® 1 .2. \/olcanic sand-siltstone lithofacies
characteristics of textural and compositional

layering can be observed even with a relatively volcanic sand-siltstone (lithofacies 5.1)
high-degree metamorphic overprint (Big). We  shows interlayered €nto dmthick upwards
correlate this facies association with the Pellonpaéing sequences composed of coarse volcaniclastic

member of Maki & Puustjarvi (2003). sandstonébreccia) overlain by ngrained
sandsiltstone layers (F8g, h, i). e coarser
3.1.1. Silt—=mudstone lithofacies layers are texturally variable. Typically, they are

moderately to well sorted with norgaded beds
e silt-mudstone (lithofacies 5.2) comprisesand erosional to neerosional basal contacts. e
sequences of layered to laminated, massive to gradiasts are angular to rounded, 1-10 mm in size, and
greenish grey siltstones and ne sandstones witbmpositionally homogeneous with -grained
interlayers of black graphitic mudstones (bladkxture suggesting origin as felsic volcanic debris
schists) (Fige, g, i). e graphitic mudstones (Fig.3f, g, h, m). In contrast, some of the coarser
(lithofacies 5.3) commonly contain laminated olayers are poorly bedded and containterdm
disseminated pyrrhotite (F8g). Calesilicate sized ripup clasts of sandsilt and mudstone
interlayers (lithofacies 5.4.), now tremolite skarnig.3d, f). Silt lled “veins” crossutting bedding
and rare dolomite—calcite breccias are also foumay represent watescape structures (B, i).
as layers up to a few meters thick 4gigc). e e ner -grained sand-siltstone layers overlying the
silt—-mudstone facies is irregularly interlayered witloarser layers are compositionally homogeneous,
the turbiditic volcanic sand-siltstone (lithofacieminated or layered, and normal graded3gid.
5.1) as described below. ick intervals (> 100 m) Based on the graded bedding, partial Bouma
of homogeneous interlayered siltstone—black sclgsties, absence of shallow water structures (e.g.,
can be observed in drill holes like-@(F&§y.4b).  ripple marks), and association with the other
Repeated silt—-mudstone couplets suggestbmarine facies, this lithofacies represents turbidite
deposition by lowlensity turbidity currents or deposition in a deeparine below walmse
hemiturbidites in a deep marine environmen{>200m-depth) setting (Stow & Johansson 2000;
(Stow & Smilie 2020). Some of the thicker massivgtow & Smilie 2020).
sequences may also represent thewddéep
massive sand facies, deposited by sandy de§rig 3 |ntraformational breccia lithofacies
ows or highdensity turbidity currents (Stow &
Johannson 2000). Figeained laminated siltstones e intraformational breccia (lithofacies 5.5) is
and black schists most likely indicate hemipelagiomposed of chaotic mixtures of cm-sirad
“background” sedimentation (Stow et al. 2001)lasts (possibly up to bouldered?) composed of
e laminated pyrrhotite in the black schists may, atmassive and laminated sand—mudstone, and set in
least locally, be related to deposition of metalliferoastructureless and clasbr pebbly silt—-mudstone
chemical sediments of submarine volcanienatrix (Fig3j, k, ). Laminated clasts show folding
hydrothermal origin (“exhalites”) (Laitala 2015)(slumping) suggesting seddiment deformation.
e calcite breccias likely represent redepositetlayer thicknesses vary from few dmtoupto5m.
carbonate successions or similar material e variable clast size and composition, eom
transported from a shallower water setting (shelffjonly disturbed primary sedimentary structures,
but have also been interpreted as carbfac@&s occurring in an overall massive/structureless facies,
exhalites (Huhtala 1979). suggests mass transport of intrabasinal submarine
slope sediments by sliding, slumping, or debris ow
(Shanmugam 2019; Stow & Smilie 2020).
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Figure3. 'ULOO FRUH SKRWRJUDSKV LOOXVWUDWLQJ WKH OLWKRIDFLHV RI WKH |
D AQHO\ ODPLQDWHG JUDSKLWLF S\UUKRWLWH EHDULQJ PXGVWRQH OLWKRII
VDQGVWRQHV OLWKRIDFLHVF PDXGW6/ DQG IROGV LQWHUSUHWHG DV VRIW V

3<6 G VLOWVWRQH ULS XS FODVWV LQ VD QGVWRPH Q DWW KERVD PLY
OLWKRIDFLHV 3k6QRUPDO JUDGHG SHEEO\ VDQGVWRQH OLWIRNBIBIODAH L
VDQG2PXGVWRQHV OLWKRIDFLHV L 2QRUPD0 JUDGHG VDQG PXGVWRQH OD\H!
3<6 M2L ,QWUDIRUPDWLRQDO EUHFFLDV OLWKRIDFLHV M VDQGVW]I
EUHFFLD 3<2 /,, O VLOWVWRQH EUHFFLD ZLWK SHEEO\ PXGVWRQH PL
VDQGVWRQH OLWKRIDFLHY 5HG®BLYHO\ KLJK PHWDPRUSKLF JUDGH VDQG:
OD\HULQJ OLWKRIDFLHV'LDBK®ILE RI DOO VDPSOHV LV DERXW FP
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Figure 4. 'RZQKROH VWULS ORJV RI GULOO KROHV 3<6 DQ@®2B<2URPH3\KIVI
DSSUR[LPDWHO\ NP VRXWK RI 3\KIVDOPL 'LUHFWLRQ RI VWUDWLJUDSKLF \RXQ



Volcanic-facies mapping of the Pyhasalmi volcanic complex 153

3.2.Felsic volcanic facies associatiomliated and show attened elongated clasts. ese
textures indicate minimal clast transport and are
3.2.1. Coherent rhyolite lithofacies characteristic of neexplosive subaqueous quench
fragmentation (McPhie et al. 1993), and these rocks
e coherent felsic volcanic lithofacies comprisesre thus interpreted as hyaloclastites.
homogeneous rhyolites (lithofacies 1.1-1.2). ese As observed in outcrop (Topiskonrdme1fig.
are typically evenly porphyritic with 5-20 vol.%and drill holes (PY¥35,-43, -45,-46; Fig4), the
of 1-2 mm unbroken esubhedral quartz and monomictic rhyolite breccia (hyaloclastite) is in
(typically slightly smaller) feldspar phenocrystontact with both the synvolcanic resedimented
in a negrained felsic groundmass (5. A  volcaniclastic and the volcanogenic sedimentary
coarser grained facies is also commonly foundfaties associations (4 and 5 in THblee
sharp contact, with up to 20-50 vol.% of 8#B  monomictic rhyolite breccia shows variable
phenocrysts. Euhedral 0.3nfh magnetite amounts of brown to dark rgrained micaich
porphyroblasts are present in aboutlingof the  matrix (Fig5c, d; 6), and the matfiicher breccias
observed outcrops. In the Topiskonrdme outcraogre interpreted as peperitic hyaloclastites. Peperites
(Fig.1), a clearly owbanded facies (lithofaciesare volcaniclastic rocks comprising irregular
1.2) is observed (Fip) (McPhie et al. 1993). magmatic clasts in a sedimentary or volcaniclastic
e felsic volcanic rocks are deformed with weakmatrix, and are formed by interaction between
to strong foliation, and they are cut by pegmatitiavas or shallow intrusions and wet unconsolidated
and N-S trending ma c dikes and locally intrudedediments.
by basaltic lavas. ey are also cut by (synvolcanic?) e monomictic rhyolite breccias are interpre-
granodiorite and younger granite intrusions. ted to be related to in situ hyaloclastic and peperitic
In outcrop, this lithofacies is characteristicallfragmentation of lava, rather than explosive
homogeneous and is found in tens to hundrepyroclastic eruption processes (McPhie et al. 1993).
meters sized outcrops with no signi cante hyaloclastites are interpreted as in situ lava/
compositional or textural variation observed. edome margins, with some groundrnaser types
porphyritic textures and lack of compositional anfFig.5f) possibly representing minor redeposition
textural variation (i.e. bedding) strongly suggesatong dome anks, whereas the previously
that the lithofacies represents extrusive or shalloventioned coherent rhyolite facies represents the
intrusive emplacement of rhyolitic magma (McPhieenters of lava ows and/or (crypto) domes. We
etal. 1993). correlate the felsic volcanic facies association with
the Lippikyla member of M&ki & Puustjarvi (2003).

3.3.2. Monomictic rhyolite breccia _ )
lithofacies 3.3.Sandy sedimentary facies

In outcrop and drill core, the coherent rhyolite association

grades into monomictic rhyolite breccia (lithofacies sandy sedimentary facies association consists
1.3) towards the outer margins of coherent unitef a negrained, micach, and locally garnet

is facies comprises monomictic clastpported bearing foliated sandstones to siltstones (lithofacies
matrixpoor rhyolitic volcanic breccias (Bij.5¢c, 7.1). Characteristics of this lithofacies are poorly
d; 6). Clasts are irregular to blocky, 3—30 cm in sizepnstrained as we observe it only in contacts and as
and commonly quartz—feldspar porphyritic similamatrix in the monomict rhyolite breccia (lithofacies

to the coherent lithofacies. e larger clasts shovi.3). It is observed in an outcrop (bw).and drill
curviplanar margins aimdsitufragmented (jigsaw holes (PY-309,-150,-169,-170). is association

t) textures (Fighc; 6¢). Some outcrops are stronglgan be several meters thick but is typically less than
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Figure5. )LHOG SKRWRJUDSKV RI WKH IHOVLF YROFDQLF IDFLHVY DVVRFLDWLRQ 7L

OLWKRIDFLHYV 9--% 1 ( E 4XDUW]2IHOVSDU SRUSK\ULF UK
OLWKRIDFLHYV 9--% 1 ( F ORQRPLFWLF FODVW VXSSRUWH
MLJVDZ AW FODVWYV DW 7RSLVNRQUIPH OLWKRIDFLHV 9--% 1

OLWKRIDFLHYV LQWUXGLQJ AQH JUDLQHG VDQG\ VHGLPHQW OLWKRIDFLHV

(

a meter. No contact (gradational or otherwise3 4. Ma c volcanic facies association
between the sandy sedimentary (lithofacies 7.1) and

the volcanogenic sedimentary facies associati@nsna c volcanic facies association comprises
(lithofacies 5.1-5.5) has been observed and thedherent, pillowed, and brecciated basalts.
stratigraphic relationship is unclear. Coherent (massive) and variably amygdaloidal
basalts (lithofacies 2.1) are found in several
locations. Associated basaltic pillow lavas
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Figure6. 3SKRWRJUDSKV IURP GULOO FRUH LQ 3WIBB®PL D E VKRZLQJ UK\ROLWF
ZLWK VHGLPHQWDU\ PDWUL[ 5K\ROLWH FODVWY DUH PRQRPLFW ZLWK FRKHUF
VWUXFWXUH VXJIJHVWLQJ RULJLQ DV SHSHULWLF" K\DORFODVWLWH

(lithofacies 2.2) are found in outcrops in Mukurin-a ne-grained, possibly sedimentary matrix that is
perd, Tetrinmaki, and at the Mullikkorame deposistrongly altered to epidote. Massive coherent basalt
(Fig.1). Pillows are deformed and attened,and narrower mac dikes are commonly found
typically 20-50 cm (up to 1 m), and sometimesrosscutting or intruding the felsic volcanic rocks.
amygdaleich, with minor or absent inter pillow e dikes typically strike north—south.

matrix (Fig.7f). Rarely, the coherent basalt grades A 150x 150 m outcrop area in Tetrinmaki
into monomictic basaltic breccia (lithofacies 2.3JFig.1) exposes a more complex basaltic facies
which varies from clasb matrixsupported, with  association. It comprises well preserved basaltic
irregularly shaped 5-30 cm basaltic fragments sepitiow lavas overlain by pillow breccias and massive
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Figure7. 3BKRWRJUDSKV LOOXVWUDWLQJ VHOHFWHG OLWKRIDFLHV RI WKH PDAF YRO
AVVXUH YHQW FRPSOH[ DW 7HWULQPINL OXOOLNNRUIPH D2E 3RRUO\ EHGGHG
VWURQJO\ DOWHUHG HSLGRWL]HG PDWUL[ F 6WURQJO\ HSLGRWL]HG FRDUVH
YHVLFXODU WR KLIJKO\ YHVLFXODU W\SHV ZLWKLQ DQ HSLGRWL]JHG PDWUL[ H 3I

GHEULV 9--% 1 ( H &RKHUHQW EDVDOWLF SLOORZ ODYD IDF
LQGLFDWHY WRS GLUHFWLRQ 9--% 1 (

to thickly bedded basaltic breccias composed di$tinct tail or drogshaped form and locally a-ne
uidal clasts and curviplanar and blocky juvenilgrained rim, set in a ner epidote—chlorite altered
fragments (Fig.7@ f). Locally, uidaklast breccia breccia matrix, and variably accompanied by blocky
is interlayered with pillow breccias and pillovand curviplanar clasts (Fd). e uidal clast
lavas. e basaltic rocks are crosscut by parallereccia occupies 30—60 vol.% of the breccia. All
sets of mac sheeted dikes striking 140-16@lasts are aphyric, and the matrix between them
(Fig.7e). e uidal clast breccia (lithofacies 2.4) comprises 40—60 vol.%. Strong alteration results
is monomict, composed of 5-30 cm uidal shapeth a pseudoclastic texture (at least locally) and
and irregularly amygdaloidal ma c clasts with hinders detailed determinations of -clestix
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relationships. e ma c¢ breccia is intruded by rare 500 meters south of the Pyhasalmi mine, in the
feldspaporphyritic (andesitic) dikes. e mac Harkéala outcrop (Fid.), the unitisin sharp contact
breccias are in sharp intrusive contact to a (lateith the coherent rhyolite facies (lithofacies 1.1).
orogenic) quartz—feldspar porphyritic granite in thdust north of the mine, in the Railroad cut outcrop
east. e western contact is not observed. (Fig.1), the unit is in contact with the coherent
e mac volcanic facies association is basalt facies (lithofacies 2.1). Based on these
interpreted to represent submarine e usiveutcrops, the thickness of the unitis atleastf-50
and shallow intrusive emplacement of basaltie drill hole PYS70 (just south of Harkala) the
magma. Pillow lavas can form in any subaqueausit is intersected for approximately 50 meters
environment regardless of water depth, an@Fig.8b).
they are common in deep marine environments Mixing of felsic and ma c volcanic detritus,
(McPhie et al. 1993; Morgan & Schulz 2012)together with abundance of angular felsic clasts,
Monomict basaltic breccias represent hyaloclastieggest rapid and local synvolcanic resedimentation
peperites, as previously described. At Tetrinmakiith minor reworking. e quartz—feldspgnhyric
the basaltic uidal clasts (Fidp) represent bombs rhyolite clasts (blocks) were likely sourced from the
and indicate neaent deposition from a fountain underlying felsic lavas/domes and thus indicate a
type submarine eruption, with basaltic liquidyounging direction (see Fi@). e felsic clasts
ejected and rapidly quenched in the water colunwere mixed with mac material sourced from
before deposition on the seaoor (Allen et alnac eruptions. Overall, this lithofacies unit is
1996; Simpson & McPhie 2000; Cas et al. 2003nterpreted as a felsic decodlapse or talus breccia
Montelius et al. 2009). We correlate the ma dormed by submarine debris ow. We correlate
volcanic facies association with the Mukurinpetiis lithofacies with the Railroad cut member
member of Méki & Puustjarvi (2003). (“Hyppykuppakivi”) of Puustjarvi (1999), located
between the felsic (Lippikyla member) and mac
(Mukurinpera member) volcanic facies associations
3.5.Synvolcanic resedimented (Maki & Puustjarvi 2003).

volcaniclastic facies association
o _ _ 3.5.2. Polymictic matrix-supported
3.5.1. Polymictic clast-rich volcanic volcanic breccia

breccia lithofacies o _ _ _
e polymictic matrix-supported volcanic breccia

e polymictic clastrich volcanic breccia (lithofacies 4.2) is characteristically matrix
(lithofacies 4.1) is poorly bedded and-ctast rich and clagboor (Fig8d, e). e matrix is
matrixsupported (Figga). Clasts are lithic, poorlysorted dark grey volcanic sandstone with
1-30cm, angular to subrounded, and dominanthabundant 1-%m angulasubrounded felsic
composed of coherent quartz—feldspar phyricagments (mostly plagioclase laths?). Suspended
rhyolite (Fig8b), with a lesser portion of ne are about 5-10 vol.% of attened and randomly
grained ma delsic metavolcanic rocks. e matrix oriented lithic volcanic clasts, which are angular
is micarich volcaniclastic sandstone (<1-2 mmjo subrounded, 1-1&n in size, and mainly
with a greenish color suggesting ma c—intermediatemposed of ngrained mac volcanic rocks
composition. e lithofacies is poorly to moderately with subordinate felsic aphanitic and porphyritic
sorted, and locally shows graded bedding. Obserwettanic rocks. e unit is in sharp contact with the
outcrops are strongly foliated with elongated clasteoherent and monomictic rhyolite breccia facies

is lithofacies was observed in outcrops and inand is cut by ma c and intermediate subvolcanic
one drill hole in the Pyhasalmi area. Approximatetiikes.
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Figure8. 3SKRWRJUDSKV LOOXVWUDWLQJ OLWKRIDFLHV RI WKH VIQYROFDQLF UHVH(
D?2F &ODVW ULFK UHVHGLPHQWHG IDFLHV OLWKRIDFLHV D ODWUL[ WR FO
"+\SS\NXSSDNLYLu LQ 3XXVWMIUYL FXW E\ D PDAF GLNH ORFDWHG DW +IU

( E $QJXODU WR VXEURXQGHG SRRUO\ VRUWHG TXDUW] SK\ULF FODVWV
VDQGVWRQH GULOO KFROBMKBXBDFWHULVWLF DQJXODU FODVWYV RI FRKHUHQW Uk
VXSSRUWHG FODVW SRRU SRO\PLFWLF EUHFFLD OLWKRIDFLHV ZLWK H UDQ

1 (
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(lithofacies 5.1-5.5) — this ambiguity is re ectediolcanogenic sedimentary facies association
in Fig.10. Whether clastic sediments were preseftithofacies 5.1-5.5; Fig), as described here
during volcanism and hydrothermal alteration ifom the Pyhasalmi area, shows similar lithofacies
an important question, as these sediments migintd organization as these models. According
represent potential host rocks for ore. to the models, the suite of lithofacies in the
e only unambiguous observation of the volcanogenic sedimentary association reect a
volcanogenic sedimentary facies (lithofacies 5range of deewater (>200 m depth) sedimentary
5.5) being intruded by the felsic volcanic faciggocesses, including hemipelagic “background”
is found outside the study area (12 km south isedimentation intermixed with sleptated slide,
Ollinniemi) in drill core PY&6 (Fig.4e), where slump, debris ows, and turbidity currents (e.g.
the coherent rhyolite intrudes the moderatel$tow and Smilie 2020). Slope instability and failure
sericite altered volcanogenic sedimentary faaeay have been triggered by volesgigmic events
(Fig.4). Similarly, the observations from the(Stow et al. 1998; Soriano & Marti 1999), with
hangingwall contact of the Pyhasalmi deposien massdownslope slumping and debris ows
(Fig.9) also suggests that the hydrothermal systgmoducing the chaotic intraformational breccia
that produced the Pyhasalmi sul de ore a ectethcies (Fig8). Sedimentation and volcanism may
both the margins of the brecciated felsic dombave been contemporaneous, with signi cant input
(hyaloclastites) and the adjacent volcanogemitvolcaniclastic sedimentary material consequently
sedimentary facies (F@). Intrusion of felsic lava reworked in such slopgated processes.
into the volcanogenic sedimentary facies — and tAdditionally, both ne and coarse volcaniclastic
apparent hydrothermal alteration of the contaahaterial (i.e., pumice and ash; Big. m) may
sediments (Fi§c) — indicates that sediments wereepresent fallout from subaerial explosive eruptions,
already present during volcanism. us, the VMSor o slope turbiditic reworking of such material.
ores in the area could hypothetically be partly hostedrthermore, volcaniclastics may represent deposits
in sedimentary facies host rocks. from subaqueous explosive eruption plumes that
Based on the available evidence, we infeollapse into turbidity currents (Kano 2003; Cas
that either the volcanogenic sedimentary faci@sSimmons 2018; Druitt et al. 2024). We have
(lithofacies 5.1-5.5), or a sedimentary successiori@fnd no evidence of primary pyroclastic deposits,
roughly similar origin (lithofacies 7.1), was presebut we cannot rule out the possibility of mixed
and being deposited during the emplacememtuptionfed volcaniclastic—turbiditic processes
of the felsic volcanism. erefore, we infer thein the formation of the volcanogenic sedimentary
depositional environment of the felsic volcanisiacies association (e.g., lithofacies 5.1) (McPhie
from the lithofacies characteristics (facies modelsgofal. 1993). e lack of evidence for shallow
the volcanogenic sedimentary facies, as discusseuhiter depositional structures (Stow et al. 1998) in
more detail below. Pyhasalmi suggests that the depositional setting
was likely a deep (below waase) submarine
volcanesedimentary rift basin. We conclude that
4.1.Depositional setting the volcanogenic sedimentary facies association
represents typical turbiditic and hemipelagic
Composite models for submarine slope sedimétpackground” sedimentation of a sedimentary
tation along active volcanic arcs have been presetasin intruded by felsic dofilee lavas and
(Stow et al. 1998; Soriano & Marti 1999). Bothvolcaniclastics (FitQ).
models are applicable to an extensional volcanic arcWhile the existence of variably migmatized
basin setting, as inferred to Pyhasalmi previoushjca schists of turbiditic origin in the Vihanti—
(Lahtinen 1994; Maki & Puustjarvi 2003). e Pyhasalmi belt has been established (e.g. Maki
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4.2 .Eruptive style of volcanism 4.3.Basaltic volcanism and

_ - extensional setting
e presence of voluminous rhyolitic coherent and
autoclastic lithofacies (lithofacies 1.1-1.3), witke volcaniclastic rocks (lithofacies 4.1-4.2;
no unambiguous evidence of primary pyroclastig.8) are interpreted as resedimented syn
deposits (see lithofacies 5.1), indicates an e usemiptive volcaniclastics representing subaqueous
eruption style and is interpreted to have formedblcaniclastic mass ow deposits. Lithofacies 4.1
through submarine e usive or shallow intrusivéthe Harkala outcrop; Fity) is located between
magmatism. ese deposits were emplaced ake felsic (Lippikyld) and mac (Mukurinpera)
felsic lavas, domes, cryptodomes or other typegatigraphic domains. e unit is composed of
of deepseated intrusions (e.g., laccoliths). e coherent felsic blocks, likely sourced from the
coherent lithofacies represents ows or doménderlying felsic lavas/domes, and a matrix of
centers, while the hyaloclastic facies indicatesermediatana c volcanic debris, likely sourced
brecciated dome margins (K@ (McPhie et from syrdepositional initial mac eruptions
al. 1993). Submarine dome complexes exhil(Eig.10) (this study; Puustjarvi 1999; Maki &
relatively simple facies associations comparedPtaustjarvi 2003). e unit possibly formed in an
more complex systems, such as the eadtbdeal extensional grabemvironment, which, with
associations of subaqueous pyroclastic owwsogressive rifting, led to the production of more
and their resedimented equivalents. Althougépluminous ma c lavas at spreading centers which
dome complexes can be voluminous, they remaiow overlie the felsic volcanic rocks in the study
relatively conned and localized, with minimalarea (Maki & Puustjarvi 2003). Lithofacies 4.1
transport from the eruption site to the nal pointmay represent an easy to identify stratigraphic
of deposition (McPhie et al. 1993; Allen et al. 1996narker horizon which could be traced in drill core
Ross & MercieLangevin 2014). (Fig.8a—c.)

Dome complexes are often associated with At the Tetrinméki outcrops in Mullikkorame
pyroclastic deposits. Considering that pyrocla@-ig.1), pillow lavas are associated with thick ma c
tic rocks are often di cult to recognize once-overbreccias and sheeted dikes lridelsewhere, such
printed by metamorphism, deformation, andacies associations have been interpreted to have
alteration, it remains uncertain whether they afermed from submarine fountain eruptions fed by
genuinely absent in the stratigraphy of the studhasaltic ssure vents (Allen et al. 1996; Simpson
area or have simply gone unrecognized. We sp&dMcPhie 2001; Cas et al. 2003; Montelius et al.
ulate that the absence of such deposits indica?@99; Cas & Simmons 2018; Hokka & Lahtinen
that the felsic (crypto)dome growth was largeB025). We also interpret the Tetrinmaki association
sealed without explosion, or may have experientedepresent a basaltic ssure vent complet {fig.
only subtle, thinly layered, and easily missed phre ma c breccia (lithofacies 2.4) forms a thick
atic eruptions. e absence of voluminous felsicunit (> 100 m) of basaltic spatter clast breccia debris
pyroclastic deposits (e.g., submarine ignimbriteslixed with coarser pillow breccias and crosscut
could also suggest a deeper setting for the by feeder dikes. e eruption of the ma c breccia
Pyhasalmi—Mullikkorame felsic volcanism, as rhiithofacies occurred at high discharge rates from
olitic domevolcanoes are more likely to be explossure vents, whereas pillowed ows formed during
sive when watenagma phreatomagmatic activityperiods of low discharge rate (Allen et al. 1996). e
occurs under low hydrostatic pressure (i.e. shallsheeted dikes represent conduits that transported
water, < 200 m; Cas et al. 1990; Kano 2003). emagma to the surface, forming ssure vents and
con ning pressure of the water column at depth gdillow ows. At Tetrinméki, the sheeted dikes
~3000 m will preclude explosive pyroclastie fragresently strike 140-160°. is orientation is likely
mentation (Cas 1992). perpendicular to the orientation of the paleo
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5. Conclusions as no evidence supports a repeated and overlain
sequence of two similar volcanic successions

e Pyhasalmi volcanic complex is described af.e., division between the Pyhasalmi Group and

a felsic submarine dome complex. is settingthe Vihanti Group). A better understanding of

displays similarities to major VMS camps, such @i volcanic and sedimentary facies allows for a

the Skellefte district (Sweden), Noranda districtomprehensive baitale mineral system analysis

(Canada), and the Iberian Pyrite Belt (Spainand provides new exploration space for future

Portugal). e facies architecture based on 18/MS discoveries in the underexplored Vihanti—

de ned lithofacies indicates that volcanism tooRyhasalmi—Rautalampi belt.

place in a submarine, below wave base depositional

environment, and was mainly of ficagmental

nature, erupting either as lavas and/or (cryptACknowledgements

domes. Locally abundant peperitic and hyaloclastic

facies, combined with the absence of voluminous research was carried out as part of the

felsic pyroclastic deposits, suggest shallow intrusi@aological Survey of Finland’s mineral system

of felsic magmas into a deep marine (turbiditicresearch. Special thanks are addressed to the team at

hemipelagic; graphiteand carbonateearing) the GTK Loppi Drill Core Archive: M. Tuohimaa,

sedimentary pile. is was followed by ows and M. Salonen & J. Riikonen. We also thank First

ssure eruptions of ma c extensional magmatisr@uantum Minerals Ltd. for providing access to

on the seaoor. e volcanogenic sedimentarythe Pyhasalmi Mine drill core facilities. T. Maki,

facies association shows evidence of depositio.dfiakkinen, P. Salminen, J. Avellan, J. Koykka &

abundant detrital volcaniclastic material, suggestiRg SorjoneiwVard are acknowledged for their

a possible link to s\aruptive resedimentation of support and useful discussions. We also sincerely

proximal or distal products of explosive volcanistthank the reviewers, Marcello Imafia and

However, the source of this material remain§ari Strand, for their constructive comments

unclear. and suggestions, which greatly improved the

e Pyhéasalmi VMS deposit formed as sub manuscript. We further thank the EditeiChief J.

sea oor replacement style mineralization withilHeinonen and the Handling Editor S. Yang for their

the hyaloclastic facies at the margins of the rhyol@ditorial oversight and constructive comments on

domes or lavas and adjacent to the overlying clagie manuscript.

volcanogenic sedimentary facies. Close to the ore,

these facies show pervasive hydrothermal alteration, . . .

indicating that they acted as permeable conduits ﬂUthOl’Shlp contribution

uids circulating beneath the sea oor. e hanging %tatement

wall sediments may have acted as insulation for the

hydrothermal cell. In contrast, the Mullikkoramel. Hokka — conceptualization, analytical work,

VMS depositis dominated by coherent lava or domiting, interpretation, visualization, editing;

facies, inferred to have undergone more limited Jarvinen —analytical work, data curation, writing,

hydrothermal uid circulation. e Pyhasalmi and interpretation, editing.

Mullikkorame deposits occur at broadly equivalent

stratigraphic levels but show slight variations in

lateral position or facies association within an

otherwise contemporaneous volcanic succession,



168

+RNND DQG -IUYLQHQ

References

Allen, R. L., Weihed, P. & SvensorAS.1996. Setting of
Zn-Cu-Au-Ag sul de deposits in the evolution of facies
architecture of a 1.9 Ga marine volcanic arc, Skellefte
District, Sweden. Economic Geology 91, 1022-1053.
https://doi.org/10.2113/gsecongeo0.91.6.1022

fragmentation processes. In: White J. D. L., Smellie J. L.
& Clague D. A. (ed.), Explosive Subaqueous Volcanism.
Geophysical Monograph 140, American Geophysical
Union, Washington, pp. 299-316. https://doi.
0rg/10.1029/140gm20

Allen, R. L., Weihed, P. & e global VMS research project Doyle, M. G. & Allen, R. L., 2003. Subsear replacement

team., 2002, Global comparison of voleassociated
massive sulphide districts. In: Blundell, D. J., Neubauer,
F. & Von Quadt, A. (ed.), e Timing and Location of

in volcaniehosted massive sul de deposits. Ore Geology
Reviews 23, 183-222. https://doi.org/10.1016/s0169
1368(03)0003®

Major Ore Deposits in an Evolving Orogen. GeologicaPruitt, T., Kutterolf, S., Ronge, T. A. etal., 2024. Giant o shore

Society, London, Special Publications 204, pp. 13-37.
Allen, R. & Svenson,-8., 2004. 1.9 Ga Volcanic Stratigraphy,

Structure, and Z®PbCu- AuAg Massive Sul de

Deposits of the Renstrom area, Skellefte District, Sweden.

pumice deposit records a shallow submarine explosive
eruption of ancestral Santorini. Nature Communications
Earth and Environment 5, 24ttps://doi.org/10.1038/
s4324702301171z

In: Rodney, A. Olof, M. & Par, W. (ed.), SvecofennianEilu, P., Bergman, T., Bjerkgérd, T. et al., 2013. Metallic

Ore-Forming Environments Field Trip Volcanic
associated Z@8u-Au-Ag and  magneti@patite,
sedimenhosted PiZn, and intrusiorassociated €u
Au deposits in northern Sweden. Society of Economic
Geologists Guidebook Series 33.

Allen, R. L., 2024, Volcariacies mapping and related

hydrothermal
Camp, southern BuchaRsbers Arm Belt,
Central Newfoundland: Current Research (2024).

Newfoundland and Labrador Department of Industry,

Mineral Deposit Map of the Fennoscandian Shield
1:2,000,000. Revised edition (comp.). Geological Survey
of Finland, Geological Survey of Norway, Geological
Survey of Sweden, the Federal Agency of Use of Mineral
Resources of the Ministry of Natural Resources of the
Russian Federation.

alteration studies of the Buchan&kdahl, E., 1993. Early Proterozoic Karelian and Svecofennian

formations and the evolution of the Réadmpga
Ore Zone, based on the Pielavesi area, central Finland.
Geological Survey of Finland, Bulletin 373, 137 p.

Energy and Technology Geological Survey, Report 24-ftanklin, J. M., Gibson, H. L., Jonasson, I. R., & Galley, A.

pp. 1-30.

Bedrock of Finland — DigiKP, 2021. Digital map database
[Electronic resource]. Geological Survey of Finland
[referred 6.6.2025]. Version 2.3, Espoo.

Bogdanova, S., Gorbatschev, R., Skridlaite, G., Soesoo, A.,
Taran, L. & Kurlovich, D., 2015. TrasZaltic Palaeopro
terozoic correlations towards the reconstruction of super
continent Columbia/Nuna. Precambrian Research 259,
5-33.https://doi.org/10.1016/j.precamres.2014.11.023

Cas, R. A. F, Allen, R. L., Bull, S. W, Cliord, B. A. &
Wright, J. V., 1990. Subaqueous, rhyolitic dtpe
tu cones: a model based on the Devonian Bunga Beds,

G., 2005, Volcanogenic massive sulde deposits, In:
Hedenquist, J. W., ompson, J. F. H., Goldfarb, R.

J. & Richards, J. P. (ed.), Economic Geology 100th
anniversary volume, 1905-2005. Littleton, Colo.,
Society of Economic Geologists, pp. 523-560.

FODD, 2012. Fennoscandian Ore Deposit Database.

Geological Survey of Finland (GTK), Geological
Survey of Norway (NGU), Geological Survey of
Russia (VSEGEI), Geological Survey of Sweden
(SGU), SC mineral. Online database accessed
10 July 2012, available athttp://en.gtk./
ExplorationFinlandExplorationFinland/fodd

southeastern Australia and a modern analogue. Bulleff@dl, G. & Gorbatschev, R., 1987. An outline of the

of Volcanology 52, 159-174. https://doi.org/10.1007/
bf00334802
Cas, R. A. F, & Simmons, J. M., 2018. Why deafer

eruptions are so dierent from subaerial eruptionsGalley,

Frontiers in Earth Science 6,
0rg/10.3389/feart.2018.00198
Cas, R. A. F, 1992. Submarine volcanism—Eruption styles,

19Bttps://doi.

Precambrian evolution of the Baltic Shield. Precambrian
Research 35, 15-52. https://doi.org/10.1016/0301
9268(87)90044

A. G., 2003. Composite synvolcanic intrusions
associated with Precambrian Me&ted hydrothermal
systems. Mineralium Deposita 38, 443—-473. https://doi.
0rg/10.1007/s0012602-03009

products, and relevance to understanding the hosBibson, H. L., Morton, R. L. &Hudak, G. J., 1999. Submarine

rock successions to volcdmusted massive sulde
deposits. Economic Geology 87, 511-541. https://doi.
0rg/10.2113/gsecongeo.87.3.511

Cas, R. A. F, Yamagishi, H., Moore, L. & Scutter, C., 2003.
Miocene submarine re fountain deposits, Ryugazaki
Headland, Oshoro Peninsula, Hokkaido, Japan:
Implications for submarine fountain dynamics and

volcanic processes, deposits, and environments favorable
for the location of volcaréssociated massive sul de
deposits. In: Barrie, C. T. & Hannington, M. D. (ed.),
Volcanieassociated massive sul de deposits: Processes
and examples in modern and ancient settings. Society of
Economic Geologists, Reviews in Economic Geology, 8,
13-51. https://doi.org/10.5382/rev.08.02






170 +RNND DQG -IUYLQHQ

Marttila, E. 1993. Pyhgjarven kawdtaeen Kkalliopera. assessment of undiscovered resources in volcanogenic
Summary: Pr@Quaternary rocks of the Pyhajarvi map massive sulphide deposits, porphyry copper deposits and
sheet area. Geological map of Finland 1:100 000, Sheet Outokumputype deposits in Finland. Geological Survey
3321. Geological Survey of Finland. 64 p. of Finland, Report of Investigation 208, 60 p.

McPhie, J., Doyle M. & Allen, R., 1993, Volcanic Textures: &Roberts, M. D., Oliver, N. H. S. & Lahtinen, R., 2004.
Guide to the Interpretation of Textures in Volcanic Rocks. Geology, lithogeochemistry and paleotectonic setting
University of Tasmania Centre for Ore Deposit and of the host sequence to the Kangasjar@uZdeposit,
Exploration Studies, Hobart, 198 p. Central Finland: implications for volcanogenic massive

Miettinen, E., 2011. Detailed geology of the level—1275, sulphide exploration in the VihaRiyh&salmi district.
Pyhasalmi Mine, central Finland and genetic implications  Bulletin of the Geological Society of Finland 76, 31-62.

of rock inclusions within the ore body. MSc esis,
University of Helsinki, 67 p.
Montelius, C., Allen, R. L., SvensorA.S&Weihed, P,

2007. Facies architecture of the Palaeoproterozoic
VMS-bearing Maurliden volcanic centre, Skellefte

district, Sweden. GFF 129, 177-19&tps://doi.
0rg/10.1080/11035890701293177

https://doi.orgl0.17741/bgsf/76-2.003

Rosa, C. J. P, Mckh J., Relvas, J. M. R. S., Pereira, Z.,

Oliveira, T. & Pacheco, N., 2008, Facies analyses and
volcanic setting of the giant Neves Corvo massive sul de
deposit, Iberian Pyrite Belt, Portugal. Mineralium
Deposita 43, 449—-4686ttps://doi.org/10.1007/s00126
00801764

Morgan, L. A. & Schulz, K. J., 2012, Physical volcanology d&tosa, C. J. P, McPhie, J. & Relvas, J. M. R. S., 2010. Type
volcanogenic massive sul de deposits in volcanogenic of volcanoes hosting the massive sul de deposits of

massive sul de occurrence model. In: Shanks, W.C. Pat

IIl, & urston, R. (ed.), Volcanogenic massive sul de

occurrence model: U.S. Geological Survey Scientic

Investigations Report 2010-5070-C, 345 p.
Méki, T.,1986, e Lithogeochemistry of the Pyh&salmi Zn

Cu-Pyrite deposit, Finland. In: Prospecting in areas of
glaciated terrain symposium, Sept. 1-2, Kuopio. Finland.

the Iberian Pyrite Belt. Journal of Volcanology and
Geothermal Research 194, 107-12@tps://doi.
org/10.1016/j.jvolgeores.2010.05.005

Ross, BS. & MerciefLangevin, P., 2014. Igneous Rock

Associations 14. e Volcanic Setting of VMS and SMS
Deposits: A Review. Geoscience Canada 41, 365-377.
https://doi.org/10.12789/geocan].2014.41.045

Institute of Mining and Metallurgy, London, pp. 69-82. Ross, 5., Boulerice, A., Mercieangevin, P. & McNicoll, V.,

Maki, T. & Puustjarvi, H., 2003. e Pyhasalmi massive Zn

Cu-pyrite deposit, Middle Finland—a Paleoproterozoic
VMS-class “giant.” In: Ashton, J. et al. (ed.), Europe’s
Major Base Metal Deposits. Irish Association for

Economic Geology, Dublin, pp. 87-91.
Maki, T., Imafa, M., Kousa, J. & Luukas, J., 2015. e

2020. Volcanology, cherstratigraphy, geochronology,
hydrothermal alteration and VMS potential of the
Lemoine Member of the Waconichi Formation,
Chibougamau district, Abitibi greenstone belt,
Québec. Mineralium Deposita 55, 21-46. https://doi.
0rg/10.1007/s0012619-008846

Vihanti-Pyhasalmi VMS Belt. In: Maier W., Lahtinen, Schlatter, D. M., 2007. Volcanic stratigraphy and hydrothermal

R., O'Brien, H. (ed.), Mineral Deposits of Finland, 1st

Edition. Elsevier, Amsterdam, pp.-53D. https://doi.
0rg/10.1016/B978®-12-4104389.000260

alteration of the Petiknds South-PImCu-Au-Ag
Volcaniehosted Massive Sul de Deposit, Sweden. PhD
esis, Luled University of Technology, Sweden, 35 p.

Ohtomaa, M., 2014. Pyhasalmen alueen granodioriittien @hanmugam, G., 2019. Slides, Slumps, Debris Flows, Turbidity

happamien vulkaniittien vertailu. University of Oulu,

Faculty of Technology, MSc esis, 58 p.

Pichler, H., 1965. Acid hyaloclastites. Bulletin of Volcanology

28, 293-310. https://doi.org/10.1007/bf02596934

Puustjarvi, H, 1994. Pyh&salmen Mullikkordmeen tutkimukset

Currents, Hyperpycnal Flows, and Bottom Currents. In:
Cochran, J. K., Bokuniewicz, H. J. & Yager, P. L. (ed.),
Encyclopedia of Ocean Sciences, 3rd Edition. Elsevier,
pp. 228-257. https://doi.org/10.1016/B978-12-
4095489.10884X

vuosina 1986-94, Outokummun malminetsinta, tutki- Siman, F., Jansson, N., Liwicki, F. S., Nordfeldt, E., Persson,

musraportti 001/3321 12D/HOP/1994, 91 p. (in
Finnish)

Puustjarvi, H. (ed.), 1999. Pyh&asalmi modeling project.

Technical Report. 13.5. 1992. 5. 1999. Geologian
tutkimuskeskus, arkistoraportti, M19/3321/99/1/10,
251p.

Pyh&asalmi mine website, 2025, cited on 2.6.R0@S;//www.
pyhasalmimine. /kaivoksenotanto/

Rasilainen, K., Eilu, P, Halkoaho, T., Karvinen, A., Kontinen,
A., Kousa, J., Lauri, L., Luukas, J., Niiranen, T.,

Nikander, J., Sipila, P, Sorjo®ard, P., Tiainen,

M. F, Albrecht, L., Ginther, C. & McDonnell, P,
2025. Stratigraphy, facies, and chemostratigraphy at
the Palaeoproterozoic Ré&vliden North-PBrAg-Cu

VMS deposit, Skellefte district, Sweden. Ore Geology
Reviews, 178, 106489. https://doi.org/10.1016/j.
oregeorev.2025.106489

Simpson, K. & McPhie, J., 2001. Fluidkist breccia

generated by submarine re fountaining, Tropper

Creek Formation, Queensland, Australia. Bulletin of

Volcanology and Geothermal Research 109, 339-355.
https://doi.org/10.1016/s0370273(01)0019%8

M., Térméanen, T. & Vasti, K., 2014. Quantitative Soriano, C. & Marti, J., 1999. Facies analysis of velcano









