
Controls and origin of (gold) mineralizing 

HENRIK KALLIOMÄKI

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A78 / 

 



ISSN 1798-7911

ISBN 978-951-51-4924-4 (pbk.)

ISBN 978-951-51-4925-1(PDF)

Helsinki 2020

© Henrik Kalliomäki (synopsis)
© Geologtical Society of London (Paper I)
© Elsevier B.V. (Paper II and III)
Cover photo: Henrik Kalliomäki (Fennoscandian scenery from the Paleoroterozoic metamorphic Uusimaa 
belt, southern Finland)

Author´s address: Henrik Kalliomäki
 Department of Geosciences and geography
 P.O.Box 64
 00014 University of Helsinki
 Finland

Supervised by: Professor Thomas Wagner
 Division of Geosciences and Geography
 University of Helsinki
 &
 Institute of Applied Mineralogy and Economic Geology, 
 RWTH Aachen University
 Germany

Reviewed by: Professor Katy Evans
 School of Earth and Planetary Sciences (EPS) 
 Curtin University
 Australia

 Professor Pietari Skyttä
 Department of Geography and Geology
 University of Turku
 Finland

Opponent: Senior Lecturer, docent Ian Pitcairn
 Department of Geological Sciences
 Stockholm University
 Sweden



3

Kalliomäki H.

Abstract

This study combines structural and geochemi-
cal approaches to investigate the evolution and 

and Paleoproterozoic greenstone belts in eastern 

and the spatial and temporal relationship of the 
schist horizon to the paleobasin architecture is 
established from the 2.0–1.9 Ga Tampere schist 
belt (TSB), south Finland. Hydrothermal min-
erals including tourmaline and calcite are used 
as a proxy of the chemical evolution and origin 

gold deposits located in the 2.7–2.5 Ga Hattu 
schist belt (HSB), eastern Finland. 
The observed structures and architecture of the 
volcano-sedimentary rocks within the south-
eastern Tampere schist belt imply the presence 
of hitherto unrecognized paleothrusts within 
the Tampere paleobasin. The paleothrusts were 
critical in the localization of the fracture zones 

-

are spatially linked to the thrusts. The results 
suggest that the currently subvertical mineral-
ized fault zones may have originally been more 
gently dipping and that their mineralization did 
not necessarily originate from great depths but 
instead may have been derived from the lower 
parts of the basin not exposed in the study area. 
The prevailing granitoids in the study area and 
nearby do not correlate temporarily or spatially 

-

our study area consists of volcanogenic massive 

are interpreted as the source for at least the de-
posits further in the west, they may have served 

Tampere schist belt architecture helps in under-
standing the timing of the similar mineralizations 
in the Tampere schist belt in terms of tectonic 
evolution, the structural control of the mineral-
ized systems, and in exploration of similar min-
eralization within the belt.
Orogenic style gold mineralizations in the Ar-
chean Hattu schist belt are present in all major 
host rocks including epiclastic sedimentary and 
volcanogenic rocks, as well as felsic intrusives. 
The gold mineralization are found within hy-
drothermal quartz veins and as dissemination in 
the altered wall rocks. Hydrothermal tourmalines 
and calcites are often associated with the gold 
mineralizations occurring in the quartz veins, as 
alteration minerals in contacts to the metasedi-
mentary host rocks and quartz veins (tourmalin-
ites), but also within the metasedimentary and 
magmatic rocks. I characterize and compare the 
major, trace and rare earth element chemistry of 

rocks in order to evaluate their suitability as a 
petrogenetic tool for tracing the chemical evolu-

-
tem. Major and trace element compositions of 
hydrothermal tourmalines from the HSB appear 



DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A

Kalliomäki H.

to be predominantly controlled by the host rocks 

However, selected trace element compositions 
(i.e., Li, V and Sr and REE patterns) suggest 

-

local host rock interaction is manifested by the 
compositions of hydrothermal calcites as well. 

-
tions show clear correlation with their respec-
tive host rocks precluding their suitability to dis-

the REE patterns of the calcites are very ho-
-

cal host rocks, suggesting that they are inherited 
-

cipitated from. The HREE enrichment relative 
to the LREE visible in the chondrite-normalized 
patterns are comparable to the REE patterns of 
calcites from hydrothermal vein type deposits of 
metamorphic origin elsewhere and contrasts with 
the REE patterns of calcites from magmatic-hy-
drothermal environments. The REE patterns of 
the hydrothermal calcites in the HSB deposits 
would therefore be compatible with formation 

from metamorphic sources, in agreement with 
-

clusion chemistry. In addition, chemically vari-
able calcite growth zones and grain populations 
within the calcites can be taken as evidence of 

-
bly due to introduction of a new and chemically 

the potential of using tourmaline and calcite geo-

-

cal host rocks. This challenges the straightfor-
ward use of tourmalines and calcites as a proxy 

reference data of the representative local host 
rock geochemistry. 

-
-

proaches used here, the results from both studies 
demonstrate that metamorphic supracrustal rocks 
are potentially the principal source of hydrother-

-
rizons in the Paleoproterozoic TSB and in the 
orogenic gold deposits of the Archean HSB. In 

schist horizons in the TSB show many similar ar-
chitectural and structural features including fault 
zones and lithostratigraphic associations that of-
ten control the mineralizations in the Paleopro-
terozoic and Archean orogenic gold deposits as 
well. This highlights the importance of meta-

as well as the architectural and structural control 

within the orogenic belts.
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1. Introduction

1.1. Metamorphic belts as hosts 
of world`s major gold deposits

Metamorphic belts are complex metamorphic 
regions formed by the thickening of the Earth`s 
crust by collisional or accretionary tectonic pro-
cesses. The tectonic evolution of these regions 
includes formation of magmatic arcs, fore arcs 
and associated sedimentary basins. The magmat-
ic arcs are associated with compressional thermal 
and stress anomalies resulting in the orogenic 
events (Fig. 1). The fore and back arc basins, on 
the other hand, are characterized by extensional 
features related to the orogeny (Fig. 1). By con-
tinuous crustal shortening, these regions are sub-
jected to metamorphism and deformation along 
with granitoid plutonism, which results in basin 

-
phic belts have been of central interest in geologi-
cal research as they host economically important 
world-class ore deposits (Fig. 1).

Mineralization including gold deposits can be 
-

style of deposits include volcanogenic massive 

Au and orogenic gold deposits (e.g., Groves et al., 
2003; Goldfarb and Groves, 2015). The forma-
tion of these ores is often related to hydrothermal 

This can happen locally in extensional environ-
ments (e.g., VMS deposits and epithermal Au-
Ag deposits) or in compressional settings (e.g., 
orogenic gold deposits, porphyry Cu-Au depos-
its and epithermal Au-Ag deposits) (Fig.1). Epi-

from the orogenic gold type by forming in nar-
rower range in crustal levels and being spatially 
more closely related to magmatic-hydrothermal 
systems; in orogenic gold deposits, the hydro-
thermal system is ubiquitous within the orogen 
and related to tectonism along converted margins 
(Groves et al., 1998). Gold has been mined from 
a variety of deposits but approximately one third 
of the world’s reserves classify as orogenic gold 

Continental crust
Accretionary wedge
Oceanic crust

Subcrustal lithosphere
Granitoids
Asthenosphere

Orogenic Au

Epithermal Au
Porphyry Cu-Au

VHMS Cu-Au

Oceanic arc Back arc Accreted
terranes

* Carling-style 
Au

* *

Continental
arc
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deposit and are related to metamorphic terranes 
including Archean and Paleoproterozoic green-
stone belts (e.g., Goldfarb et al., 2001; Frimmel, 
2008). Several unresolved questions concerning 

-
drothermal ore deposits still exist, including the 

-

structural control and origins

Hydrothermal ore-forming fluids are 
multicomponent aqueous solutions and the 
composition varies between ore types and 
localities. However, if generalized, ore-forming 

2O, CO2 and NaCl and 
have variable amounts of dissolved components 
such as Na, K, Ca, Fe, Si, Cl, C, H, O, and S 
(e.g., Kesler, 2005; Seward et al., 2014). Metals 

coordination complexes, and the complexing 
ligands likely to be present in sufficient 

-, 
CO3

2-, S species and F- (Seward et al., 2014). 
Precipitation of the metals and formation of 
the mineralization require reduction of metal 
solubility and destabilization of metal ligand 
complexes. The destabilization may happen 
by a variety of processes such as changes in 

rock interaction (e.g., Seward et al., 2014; Robb, 

interaction is typically manifested by alteration 
of the country rocks to a mineral assemblage 

(Reed, 1997). Depending on the environment, 

carbonization and tourmalinization. Direct 
information on the major and trace element 

gained from the advanced in-situ LA-ICP-

Martinek et al., 2014; Wagner et al., 2016; 
Fusswinkel et al., 2017). However, some of the 

hydrothermal alteration, such as tourmaline (e.g., 
Jiang et al., 2004; Hazarika et al., 2015; 2016; 
Molnár et al., 2016b: Ranta et al., 2018) and 
calcite (Kontak and Jackson, 1999; Fusswinkel 
et al., 2013; Sarangi et al., 2013; Dubinina et al. 

ore precipitation environments. 
Subsurface fluids need to interact with 

large volumes of rocks in order to dissolve 
and transport the metals required for ore 
mineralizations. In general, deeper in the Earth’s 
crust where the porosity of the rocks strongly 
decreases, deformational structures such as faults 
and shear zones are major features localizing 

regions is considered to occur in response to 
regional thermal and pressure gradients, and in 
most metamorphic environments structurally 
controlled fluid flow predominates during 

styles of ore deposit, vein types in particular, 
are structurally controlled, and mineralizations 
are therefore often associated with the shear 
zones, faults and fractures (e.g., Cox et al., 
2001; Chauvet, 2019). Major vein-type gold 
districts in greenstone belts are often associated 

between contrasting lithostratigraphic units (e.g., 
Eisenlohr et al., 1989: Hodgson, 1989; Groves 
et al 2018 and references there in). These major 
high-angle fault zones are often accompanied 



by some component of high-angle reverse 
displacement and/or strike-slip displacements, 
and they often record structural evidence (e.g., 
strong foliation and lineation as well as intense 
folding) of complex geological evolution of 
the belt (e.g., McCuaig and Kerrich, 1998 and 
references therein; Robert and Poulsen, 2001). 
Classic examples of structurally controlled vein-
type deposits in metamorphic belts are orogenic 
gold deposits where the primary control on world 
class ores are crustal and lithospheric-scale fault 
or shear zones (e.g., see summaries in Groves 
et al., 2000; Goldfarb et al., 2005: Robert et al., 
2005:). The locus of the ores in the world class 
Archean and Proterozoic orogenic gold deposits 
are in the second or third order fractures adjacent 
to larger-scale crustal compressional structures 
(e.g. Groves et al., 1998, 2018), and mineralized 
faults have more commonly reverse than normal 
or dominant strike-slip components (Sibson et 
al., 1988; Groves et al., 2003). However, as 
pointed out by the review of Gaboury (2019), 

encompasses diverse groups of deposits 
with variable structural geometries and fault 
kinematics.

derived from the intrusions), seawater, meteoric 
water, connate water trapped in the pore space of 

and Park, 1986; Robb, 2005). Depending on 
the style of ore deposits, the origin of the ore 

example, in metamorphic belts, vein-hosted 
deposits such as orogenic gold deposits have 
spatial and temporal relationship to regional 
metamorphism and simultaneously occurring 
magmatism, and discrimination between these 

gold deposits is still debated, and current models 

from devolatilization of metamorphic rocks 
(Pettke et al., 2000; Phillips and Powell, 2010; 
Yardley and Cleverley, 2013; Goldfarb and 
Groves, 2015; Fusswinkel et al., 2017) or mixed 
sources with contributions from metamorphic 
fluids and fluids released from syntectonic 
felsic intrusions (Wang et al., 1993; Krienitz 
et al., 2008; Zoheir and Moritz, 2014; Molnár 

for gold have been related to metasedimentary 
rocks in the Phanerozoic gold deposits, while in 
the Paleoproterozoic and Archean deposits the 

or intermediate volcanic rocks (Goldfarb and 
Groves, 2015 and references therein). High T 
and low P metamorphism (lower than the lower 
amphibolite facies) conditions are considered 
ideal for the generation of the most fertile gold 

rocks as well as gold precipitation (Tomkins, 
2010). However, it has also been suggested that 
pyrite-bearing carbonaceous sedimentary rocks 

gold deposits (e.g., Tomkins, 2010).

1.3. Objectives of this study

In this thesis, I have compiled the data and 
results of two individual research projects that 

structural and geochemical approaches to study 

as their origins in two metamorphic belts in 

the Proterozoic Tampere schist belt (TSB) 
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bedrock mapping and structural analysis are used 
to examine the spatial and temporal relationships 

stratigraphy and further to overall architecture 
of the TSB. Connecting the relationships of the 

overall architecture of eastern parts of the TSB 
could potentially contribute to exploration of other 
similar structurally controlled mineralization in 
other parts of the TSB, and supplement existing 
as well as future chronological studies of the 
mineralization. A new tectonic model of the 
eastern part of the TSB is also developed which 
gives important insights into understanding 
the mechanisms of the basin closure and the 

the basin. Furthermore, possible sources of the 

shows how the mineralization can be linked to the 
tectonic evolution of the orogenic belts and gives 
an overview of large-scale geological processes 
involved in the evolution of this metamorphic 
belt.  In the second part of the thesis (Paper II and 
III), the focus of the study moves from the large-
scale tectonics to smaller-scale processes. The 
geochemistry of hydrothermal minerals and their 

and ore-forming environments in the Archean 
orogenic gold deposit of the Hattu schist belt 
(HSB), eastern Finland is examined. I test whether 
the geochemistry of hydrothermal tourmalines, 
which is generally a robust petrogenetic 
indicator mineral, has potential to track down 

also characterize and compare the chemistry of 
hydrothermal calcites, which in general are less 
commonly used as a proxy for ore forming 
processes, to examine whether they carry the 

ore forming environments in the HSB. 

studied metamorphic belts, the Archean HSB 
and Paleoproterozoic TSB, both are composed 
of metasedimentary rocks with similar turbiditic 
depositional environments and compositionally 
variable volcanics (Ojakangas 1986; Kähkönen 
1999; Sorjonen-Ward 1993). Even though the 

from the orogenic gold mineralizations in the 
HSB, both share many common features. Most 

belts are similar, but also they share additional 
common features such as timing relative to tectonic 
events (i.e., being associated with metamorphism 
and deformation), structural control (i.e., vicinity 
to the fault zones) and similar greenschist to 
amphibolite grade metamorphic conditions. In 
addition, as the case with major mineralizations 
studied in the TSB, some of the mineralizations in 
the HSB (e.g., Rämepuro deposits) are located as 
well at, or near, the lithostratigraphic boundaries 
where succession changes from sedimentary to 
volcanic rocks.

2. Geological background

2.1. Geological setting of the 
Tampere Schist Belt within 
the Fennoscandian Shield

The continental crust of the central 
Fennoscandian Shield is mainly composed 
of 1.95–1.80 Ga rocks, forming the so-
called Svecofennian domain (Fig. 2a; Gaál & 
Gorbatschev 1987). The orogenic evolution 
that produced this domain is complex and 
interpretation varies from one single orogenic 
event to multiple orogenies which are resembled 
by arc and/or continent collisions with 
extensional rifting periods in between (e.g., 
Gaál & Gorbatschev, 1987; Rutland et al., 2004; 
Lahtinen et al., 2005; Williams et al., 2008). In the 



centre of the Svecofennian domain lies the east-
west-striking TSB which is an approximately 
200-km long greenstone belt, most intensively 
studied in central parts from Viljakkala in the 
west to Orivesi in the east extending for about 60 
km (Fig. 2b). In the north, the TSB is bounded 
by the igneous rocks of the c. 1.88 Ga Central 
Finland Granitoid Complex (e.g., Nironen et al., 
2000). To the south of the TSB lies the Vammala 
migmatite belt (also known as the Pirkanmaa 
belt). Near Tampere, the Tampere Schist Belt–

Vammala migmatite belt contact is strongly 
sheared along a curvilinear shear zone, named 
as the Tampere shear zone (Figs 2b and 3). In the 
east, the contact is obscured by the c. 1.88–1.87 
Ga Siitama batholith near Orijärvi (Figs 2b and 3; 
Nironen et al., 2000). The batholith is internally 
relatively undeformed but clearly sheared along 
its contact with the Tampere Schist Belt.

The Tampere Schist Belt is characterized by 
1.90–1.89 Ga volcanic and related sedimentary 
rocks with volcanic arc-type chemical 
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composition, and by turbiditic sedimentary 
rocks originally deposited between c. 1.92 
and 1.90 Ga (e.g., Seitsaari, 1951; Ojakangas, 
1986; Kähkönen, 1987, 1989; Lahtinen et al., 
2009). The rocks were metamorphosed under 
low-T amphibolite- to transitional greenschist–
amphibolite-facies conditions (Kilpeläinen et al., 
1994). Overall, the central Tampere Schist Belt is 

striking, subhorizontal hinge zone and a steeply 
dipping axial plane (Figs 2b and 3; Seitsaari, 
1951; Kähkönen, 1989; Nironen, 1989a). The 
northern limb is dominated by volcanic rocks, 
whereas the southern limb is considerably 
richer in sedimentary rocks, although towards 

the southernmost margin volcanic rocks again 
become more abundant (e.g., Seitsaari, 1951; 
Kähkönen, 1994, 1999). 

The generalized stratigraphy of the 
Tampere Schist Belt and derived ages of the 
rock formations are presented in Table 1.The 
lowermost unit in the stratigraphy, the Haveri 
Formation, consists of basaltic rocks and is 
overlain by metasedimentary rocks the Osara 
formation, which are stratigraphically equivalent 
to the Myllyniemi and Karppi formations further 
in the east (Figs. 2b and 3; Table 1; Seitsaari 
1951; Kähkönen 1989). The metasedimentary 
rocks, on the other hand, are overlain by younger 
felsic volcanic rocks of Pirttiniemi and Tohloppi-

N



Kiviranta-Sorila formations (Figs. 2b and 3; 

rich layers are found locally within Haveri, 
Karppi, and Myllyniemi formations. The nature 
of the basement underlying the Tampere Schist 
Belt volcanic rocks and sediments is unknown, 
but Lahtinen and Huhma (1997) inferred that 
evolved crust and associated mantle were in place 
in the area at the onset of the extension at >1.92 
Ga. The onset of basin inversion and the timing 

the crust was probably already thickened by c. 
1.88 Ga, because two large plutons, the 1878 ± 3 
Ma Värmälä and the 1882 ± 6 Ma Hämeenkyrö 
pluton, intrude the Tampere Schist Belt (Figs 2b 
and 3; Table 1). Minor volcanism and related 
deposition at this stage is, however, also observed 
(Kähkönen and Huhma, 2012).

The folding that produced the main Tampere 
syncline is interpreted to be associated with the 
main basin inversion and closure event (Fig. 
3; F1 folding phase of Nironen, 1989a). In 
particular, the southern central Tampere Schist 
Belt near Tampere seems to contain several 
tight to isoclinal, upright F1 folds with gently 
dipping to subhorizontal fold axes or hinge lines, 
‘parasitic’ with respect to the main regional 
syncline (Fig. 3; Nironen, 1989a). The southern 
limb is bound by the Tampere shear zone; 
kinematic indicators imply thrusting toward the 
north (i.e., reverse south-side-up; Figs 2b and 3; 

e.g., Nironen, 1989a; Kähkönen, 1999). Nironen 
(1989a) suggested that the displacement along 
the thrust was essentially vertical, and that the 

D1. The strike-slip kinematics of the Tampere 
shear zone have not yet been described in the 
literature; Nironen (1989a) interpreted that near 
Tampere, asymmetric structures have not been 
observed in the horizontal plane. He further 
interpreted that the Hämeenkyrö and Värmälä 
plutons (Figs 2b and 3) intruded during F1. 

The Tampere schist belt hosts several 

including remobilized Cu-Au VMS (Haveri 
deposit; Fig. 2b), metamorphosed epithermal 
gold (Kutemajärvi deposit; Fig. 2b), porphyry or 
granitoid-related breccia pipe Cu-W (Ylöjävi and 
possibly Ahvenlammi) and minor occurrences 
of orogenic gold, granitoid-related gold and 
VMS-style Zn in the western and central parts 
of the belt (Eilu, 2012, and references therein). In 

within the lower parts of the Myllyniemi and 
Karppi formations and in the upper parts of the 
Haveri formations. Mining activity has ended 
in many of these deposits; however, for some 
of them exploration activity has continued (e.g., 
Kutemajärvi deposit). In recent years, the focus 
of ore exploration activities and basic research 
has been targeted to other ore-rich greenstone 
belts in the Finnish part of the Fennoscandian 

Age
± Ma ( & )

Ma ( Claesson et al

Pirttiniemi ± Ma ( )

± Ma ( )
± 3 Ma ( )

( )
± 6 Ma ( & )
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Shield (e.g., Peräpohja greenstone belt in Lapland 
and Hattu schist belt in Karelia). Although ore 
exploration in the TSB is not as intensive as in the 
past, many hydrothermal mineralization in the 

forming processes. For example, it is known that 
at least some of the hydrothermal mineralizations 
including the VMS-type Haveri deposit and 

are, at least partially, structurally controlled (e.g., 
Nironen 1994; Eilu et al. 2003; Kinnunen 2008), 

schist horizons and the overall architecture and 
basin evolution of the schist belt are still largely 
unknown.        

 The focus area of this study is located in 
the eastern part of the central Tampere Schist 
Belt, SSE of the town of Orivesi (Figs 2b and 

southern Orivesi area, just east of the selected 
study area (Figs 2b and 3). These are the Karppi 
turbidites (greywackes and mudstones) in the 
north, and the Pohjala volcanic rocks (various 
volcanic rocks, including plagioclase- and 
plagioclase–uralite-porphyries, of unknown 
ages) in the south. The Karppi formation is 
stratigraphically correlated with the Myllyniemi 
and Osara formations further in the west, 
which lies in the top of the lowermost unit, 
Haveri formation. The study area was chosen 
because (1) the northern part, composed of 
sedimentary rocks presumably equivalent to the 
Karppi turbidites, represents a low level of the 
regional stratigraphy, whereas the stratigraphic 
position of the (Pohjala) volcanic rocks in the 
southern part is unclear; (2) the detailed tectonic 
development and present structural geometry of 
the area is unknown; and (3) the area contains 

and geophysical anomalies that are assumed 
to be associated with the schist horizons. The 

overall volcano-sedimentary architecture and/or 
the tectonic history are also unknown.

2.2. Geological setting of the 
Archean Hattu Schist Belt

The N-S striking HSB comprises the 
easternmost supracrustal and intrusive suites of 
the Archean Ilomantsi green stone belt (IGB) in 
eastern Finland, and it extends across the border 
between Finland and Russia (Fig. 4). The IGB, 
particularly the HSB, has been recently the focus 
of research and exploration activity due to many 
occurrences of structurally-controlled orogenic 
gold mineralization in the area (Fig. 4).

The HSB is predominantly composed of 
feldspathic epiclastic, volcanic and volcanoclastic 
rocks that are mostly intermediate and felsic 
in composition (Fig. 4). Smaller volumes of 

banded iron formations are present as well (Fig. 
4). The supracrustal sequences of the HSB are 
intruded by several series of intermediate to 
felsic plutonic rocks (granodiorites, tonalities 
and leucogranites) (Fig. 4). The intrusive nature 

relations with the supracrustal units, and also 
from the geochronological data (U-Pb ages of 
2754 ± 4 to 2725 ± 6 Ma) suggesting syn- to 
post-tectonic emplacement (Sorjonen-Ward, 
1993; Vaasjoki et al., 1993; Käpyaho et al., 
2017). The depositional basement of the HSB 
is unknown, but an inherited ca. 3.0 Ga old zircon 
population that represents distinctly older crustal 
material is found within both supracrustal and 
plutonic rocks (Sorjonen-Ward and Claoé-Long, 
1993; Vaasjoki et al., 1993; Heilimo et al., 2011; 
Huhma et al., 2012a).

The present-day architecture of the HSB is 
characterized by transpressional N-NE-trending 
dextral shear systems where granitoid plutons 
have been emplaced into dilatant sites, and where 
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several individual shear zones are distinguishable 
(Sorjonen-Ward and Luukkonen, 2005). 
Progressive deformation has resulted in a regional 

steeply-dipping structures (e.g., Sorjonen-
Ward, 1993). Deformation, metamorphism 
and magmatism are closely related and large-

country rocks. Hydrothermally altered mineral 
assemblages in the HSB record deformation 
and metamorphic overprint at greenschist to 
amphibolite facies conditions (Kojonen et al., 

Based on the results of recent pseudosection 
modelling and monazite geochronology, 
Hölttä et al. (2016), however, suggested a peak 
metamorphic event at 2660-2640 Ma which may 
have reached conditions as high as 570–670 °C 
and 6–7 kbar in the north-eastern parts of the 
HSB. The younger metamorphic overprint by the 
Paleoproterozoic Svecofennian orogeny (at ca. 
1840 Ma; Hölttä et al., 2016) is manifested, in 
places, by greenschist facies mineral assemblages 
(Sorjonen-Ward, 1993).

2.3. Orogenic gold deposits 
in the Hattu Schist Belt

The gold deposits in the HSB share several 
features with other Archean orogenic gold 
provinces worldwide, such as common host 
rock lithologies, structural setting, mineralization 
style and hydrothermal alteration. Economically 

in almost all rock types of the HSB, including 
metasedimentary rocks, mostly greywackes (the 
Korvilansuo, Rämepuro, and Hosko deposits), 
mafic to intermediate metavolcanics (the 
Pampalo deposit), tonalite intrusions (the Kuittila 
deposit), and felsic porphyry dikes associated 

with the supracrustal host rocks (Nurmi et al., 

gold ore mineralization were controlled by 
the rheological and chemical contrast between 
adjacent lithological units (Sorjonen-Ward et al., 
2015). Three major ore mineralization styles are 
distinguished in the HSB: (1) early Mo-W-(Au) 
stockwork mineralization related to the Kuittila 
tonalite; (2) a subsequent main orogenic-style 

primarily in quartz veins; and (3) the youngest 

within host rocks (Kojonen et al., 1993; Molnár 
et al., 2016a). 

Most of the gold mineralization in the HSB 
is found as disseminations within the strongly 
sheared supracrustal rocks, but Au is also 
present within quartz ± tourmaline ± calcite 
veins, especially in the Kuittila and Pampalo 
deposits. Pyrite and pyrrhotite are the principal 

chalcopyrite and arsenopyrite occur only in 
lesser amounts (Kojonen et al., 1993). The 
Hosko deposit, located in the northern part of 
the HSB, is distinguished from the other deposits 
by the abundant arsenopyrite in the ore mineral 
assemblage. Other distinctive features of the 
Hosko deposit are hydrothermal alteration 
that pre-dates the regional foliation (Sorjonen-
Ward et al., 2015) and some rather unusual 
geochemical features of tourmalines associated 
with gold mineralization (Molnár et al., 2016a, 
Paper II). Pervasive hydrothermal alteration 
resulting in silicification, potassium-rich 
alteration, tourmalinization and carbonization 
of the wall rocks are associated with the gold-
mineralizing processes in the HSB (Kojonen et 
al., 1993).

The relative time relations of gold 
mineralization and peak metamorphism are 
not yet fully established in the HSB. The 
maximum age limit of gold introduction is 



mineralized Kuittila tonalite while the younger 
limit is interpreted as 2700 Ma (Vaasjoki et 
al., 1993). According to Sorjonen-Ward et al. 
(2015), the peak metamorphic growth of garnet 
porphyroblasts and dynamic recrystallization 
of gold-bearing hydrothermal veins that 
overprint the gold mineralization and associated 
hydrothermal alteration in the area suggest that the 
metamorphic peak post-dates the mineralization. 
However, they infer that in the Pampalo deposit 
the time relations remain poorly constrained. 
The youngest constraint on Au mineralization 
in the Pampalo deposit is given by the 2710 Ma 
U-Pb age of hydrothermal zircon, correlated 
with the onset of peak metamorphism, crustal 
reworking and magmatism in the area (Käpyaho 
et al., 2017). The Paleoproterozoic Svecofennian 
orogeny at ca. 1851-1795 Ma (Kontinen et al., 
1992; Hölttä et al., 2016) has disturbed the 
isotopic signatures of hydrothermal minerals and 
may have caused partial remobilization of gold 
in the deposits (O´Brien et al., 1993; Molnár et 
al., 2016b). This may have led to entrapment of 

to the Archean hydrothermal gold mineralizing 
system (Poutiainen and Partamies, 2003; Molnár 
et al., 2016b). The possible Paleoproterozoic 
remobilization was clearly highly localized, 
because unmodified and structurally early 
Archean gold ore veins with primary Au-rich 

felsic dikes of the Pampalo deposit (Fusswinkel 
et al., 2017). These veins are crosscut by younger 
sets of barren hydrothermal veins, which carry 

are considered to be structurally related to the 
Archean deformational framework (Fusswinkel 
et al., 2017). A comprehensive description of 
the structure, mineralogy and hydrothermal 
alteration of gold mineralization in the HSB is 
given by Nurmi et al. (1993). The main features 

of gold mineralization of the Kuittila, Rämepuro, 
Korvilansuo, Hosko, Pampalo and Pampalo East 

summarized below.
In the Kuittila tonalite, gold mineralizations 

are present in NW-trending auriferous shear 
zones. The older WNW oriented subvertical 
quartz veins hosting abundant molybdenite and 
scheelite have been overprinted by the NW 
trending shear zones and are also weakly Au 
mineralized. The Au bearing shear zones contain 
abundant quartz veins and the surrounding 

sericitization. Auriferous shear zones are crosscut 
by late NE trending barren milky quartz veins. 

The Hosko, Korvilansuo and Rämepuro 
gold deposits are located in roughly N-NE to 
S-SW oriented shear zones, which are hosted 
by metasedimentary rocks (mainly greywackes, 

metavolcanics. Gold is typically concentrated in  
quartz-tourmaline veins, but at the Korvilansuo 
and Hosko deposits in particular, it is also present 
as dissemination in the altered mica-schist host 
rocks. The tourmaline-bearing metasedimentary 
host rocks show widespread chlorite ± sericite 
alteration in all these deposits. At Rämepuro 
and Korvilansuo, gold mineralization is also 
present in tonalite dikes. These are at least 
partly tourmalinized at Korvilansuo, while the 
tourmaline in Rämepuro is associated with 
strongly sheared and recrystallized quartz veins 
within the tonalite dike. 

The stratigraphy of the Pampalo formation 
is well established due to excellent exposures 
in active open pit and underground mines. The 
Pampalo formation is the only lithological unit of 
the HSB that is dominated by metavolcanic rocks 
and contains the following units from base to 
top (see full description in Sorjonen-Ward, 1993; 
Sorjonen-Ward et al., 2015): (1) banded iron 
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metabasalts (MB) (as known in the older literature 
and in the reports of local mining company) 
and dolerites; (3) intermediate volcanoclastic 

older literature and in the reports of the local 
mining company) intruded by felsic porphyry 

metavolcanics (UM), which are altered to talc-
chlorite-carbonate schist in the eastern parts of 
the deposit) with intercalated felsic units  and 
felsic porphyry dikes. The Pampalo gold deposit 
is hosted by one of the major shear zones of 
the HSB (Fig. 4) and the main economic gold 
mineralization is present as dissemination in the 

and as sets of quartz + K-feldspar + pyrite veins. 

dikes show extensive quartz + K-feldspar + 
biotite + sericite + carbonate alteration. The 
adjacent metabasalts host intense quartz + calcite 
+ tourmaline + pyrite veining and show distal-

and gangue mineral assemblages, three major 
hydrothermal vein generations have been 
recognized in the Pampalo deposit (Fusswinkel 
et al., 2017): (1) early quartz + K-feldspar + 
calcite + pyrite ± gold veins; (2) younger quartz 
+ calcite + tourmaline + pyrite veins; and (3) 

The early generation of quartz + K-feldspar + 
calcite + pyrite ± gold veins is present as sets 
of veins trending NE along the main foliation 

and less frequently in the metabasalts. The 

boudinaged and highly mineralized, and have 
the highest Au grades in the deposit. In places, the 
boudin necks of the felsic porphyry dikes contain 

which is identical to the early vein generation. 

The two younger vein generations crosscut the 
main pervasive foliation as well as the early vein 
type. Vein generation (2) is present as tension 
gashes and vein generation (3) are extension 
veins that crosscut the veins of generation (2). 
Locally, a very late crosscutting generation of 
hydrothermal veins is present, containing quartz, 

to the major vein generations shows the signature 

salinity, presence of CO2, CH4 or N2, high S 
contents, enrichment in B, As, Sb and W, and 
low Pb and Zn concentrations (Fusswinkel et 
al., 2017).

3. Methods and materials

3.1. Geological mapping and 
tectonic conceptualization of 
the Tampere schist belt

The relations of basin architecture, basin 
closure and occurrences of sulfide-bearing 
schists in the Tampere schist belt are based 
on intensive bedrock mapping and collection 
of structural data, which were supplemented 
by selected analysis of thin sections from the 

used to link the structures to the variations in 
local stratigraphy and further correlate these 
local features to the overall stratigraphy and 
architecture of the Tampere schist belt.   In 
addition, the results are used to develop a 
conceptual tectonic model for the eastern part 
of the Tampere schist belt. The bedrock map and 
tectonic model are based on over 250 individual 

because (1) the northern part, composed of 
sedimentary rocks presumably equivalent to 
the Karppi turbidites, represents a low level of 



the regional stratigraphy but the stratigraphic 
position of the (Pohjala) volcanic rocks in the 
southern part is unclear, (2) the detailed tectonic 
development and present structural geometry of 
the area is unknown, and (3) the area contains 
some sulphide-bearing schist horizons or lenses, 
and geophysical anomalies that are assumed to 
be associated with the schist horizons.

3.2. Sampling strategy in the 
Hattu schist belt and applied 
analytical methods

3.2.1. Sampling strategy

Sampling of hydrothermal tourmalines 
targeted hydrothermal veins, altered wall 
rocks and host rocks of the Pampalo, Pampalo 
East, Hosko, and Rämepuro deposits where 
representative rock samples were collected 
from Pampalo underground mines, open pits, 
exploration trenches and surface outcrops. The 
sample set was supplemented with representative 
drill core samples from the Korvilansuo, 
Rämepuro and Pampalo deposits. In addition, 
several granitoids in the HSB were sampled 
including the Kuittila, Tasanvaara and Korpivaara 
tonalites, Vilunvaara granodiorite and Naarva 
leucogranites. Approximately 70 thin sections 

optical microscopy, and 28 tourmaline-bearing 
samples were selected for major and trace 

the ore zone and barren tourmalines from all 
the major host rocks of the HSB. They were 
grouped in the following way: 1) metamorphic 
tourmalines in the metasedimentary and 
metavolcanic supracrustal host rocks; 2) 
magmatic tourmalines in the granitoids; and 3) 
hydrothermal tourmalines  within quartz veins, in 
tourmaline veinlets, as disseminated tourmaline 
within felsic dykes, and as tourmalinites related to 

alteration of metasedimentary and metavolcanic 
rocks.

The sampling of calcite targeted calcite-
bearing hydrothermal veins and host rocks of the 
Pampalo and Pampalo East Au deposits, covering 
all major host rocks including metavolcanics and 
felsic porphyry dikes. Representative samples 
were collected from the Pampalo underground 
mine and supplemented with samples from 
selected drill cores. For comparison, calcite-
bearing samples from the Korvilansuo Au 
deposit, hosted by metasedimentary rocks and 
felsic dikes, and from the Kuittila tonalite were 
included as well. A subset of the hydrothermal 
vein samples used in this study were used also 

al. (2017). The major element composition of 
carbonates was analysed from 18 samples, and 
trace element and REE analysis was performed 
on 17 of these. All analysed samples were 
also studied by conventional transmitted-light 
petrography and optical cathodoluminescence 
(CL) imaging to detect possible growth zoning.

3.2.2. Electron probe microanalysis

The major element composition of tourmaline 
was determined by wavelength-dispersive 
electron-probe microanalysis (EPMA) in two 

analysed at the Department of Geosciences and 
Geography, at the University of Helsinki with 
the JEOL JXA 8600 Superprobe instrument, 
upgraded with SAMx hardware and XMAs/
IDFix/Diss5 analytical and imaging software 
package. The WDS measurements at the Helsinki 
laboratory were carried out with acceleration 
voltage of 15 KV and 15 nA beam current. The 
second batch of samples were analysed at the 
Fachbereich Geowissenschaften, University of 
Tübingen with a JEOL JXA-8900 Superprobe 
instrument. The WDS measurements at the 
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Tübingen laboratory were carried out with 15 
kV acceleration voltage and 20 nA beam current. 
The analytical routine used in the Tübingen 
laboratory included measurements of B which 
enhances the accuracy of the ZAF matrix 
correction. However, analytical uncertainty of 
the B with this EPMA method is too large (10–
30%) and the measured concentrations were 
not used in the mineral formula calculations. 
Tourmaline structural formula were calculated 
on the basis of (O + OH + F) = 31 apfu assuming 
stoichiometric water and boron content and no 
ferric iron.

The calcite major element composition was 
determined by wavelength-dispersive electron 
probe microanalysis with the JEOL JXA-8600 
Superprobe instrument, upgraded with SAMx 
hardware and the XMAs/IDFix/Diss5 analytical 
and imaging software package, at the Department 
of Geosciences and Geography, University of 
Helsinki. The quantitative (WDS) measurements 
were performed with 15 kV acceleration voltage 
and 10 nA beam current and focused beam.

3.2.3. Laser ablation inductively 
coupled plasma-mass spectrometry

The trace element and REE concentrations 
in tourmalines and calcites were analysed with 
the LA-ICP-MS system at the Department of 
Geosciences and Geography at the University 
of Helsinki. This system couples a Coherent 
GeoLas MV 193 nm excimer laser ablation 
system to an Agilent 7900s quadrupole ICP mass 
spectrometer. The laser repetition rate was set to 

of He carrier gas to 1.0 L/min, and Ar auxiliary 
gas to 0.85 L/min. Spot sizes from 32 to 120 μm 
were used for the tourmaline analysis and from 
60 to 90 μm for the calcite analysis. Common 
trace elements were analyzed with a laser energy 
of 6 J/cm2, while the REE analysis required laser 

energy of 8 J/cm2 in order to extract more ablated 
material and to obtain higher count rates for low 
concentration elements. Both common trace and 
rare earth elements of calcites were done with 7 
J/cm2. The concentrations of Si and Ca measured 
with EPMA were used as an internal standard 
for tourmaline and calcites, respectively. In all 
analyses, the reference material NIST SRM 
610 was used to bracket sample analysis and 
as external standard. Replicate analysis of NIST 
SRM 612 as a unknown sample was used to 
monitor the accuracy of the measured elemental 
concentrations, and the long-term accuracy was 
better than 5% for most elements. Data reduction 
was done with the SILLS software package 
(Guillong et al., 2008) following procedures 
outlined in Heinrich et al. (2003). 

3.2.4. Optical cathodoluminescence imaging

Calcite samples were analyzed with an 
optical CL microscope in order to detect possible 
chemical zoning. The calcite-bearing thick 
sections were analyzed with a Cambridge Image 
Technology Limited (CITL) CL8200 Mk5-2 
optical cold cathodoluminescence stage mounted 
onto a Leica DM2700P polarization microscope 
equipped with a Peltier-cooled DFC-450C high-
resolution digital camera at the Department of 
Geosciences and Geography, University of 
Helsinki. CL imaging of carbonates was done 
with an acceleration voltage of 7.5 kV and a 
beam current of 250 μm.

4. Summary of original papers

4.1. Paper I

Paper I presents detailed structural 
and geological observations from the 
Paleoproterozoic Tampere schist belt in southern 



construct a new conceptual tectonic model for the 
southeastern margin of the Tampere paleobasin 
during its inversion and subsequent closure; (2) 

to the overall architecture of the paleobasin; and 

bearing schist horizons occur locally within 
the TSB, and their relationships to the overall 
volcano-sedimentary architecture and tectonic 
history are largely unknown. 

area can be divided into two distinct units which 
display different lithological and structural 
characteristics: The volcanic-dominated 
southeastern part (Volcanic unit) and the 
sedimentary siliciclastic unit in the north. The 

northern limb the rock units display contrasting 
top of strata and dip direction than observed 
within the siliciclastic unit. The siliciclastic unit, 
on the other hand, is part of the southern limb of 

schist belt. No evidence of anticline structures 
between the synclines was observed (except 
one single bed polarity observation, discussed 
more detailed in Paper I) and the transition 
from the volcanic unit to the siliciclastic unit 
(and from one bed polarity trend to another) is 
sharp. Juxtaposition and development of this 
double syncline architecture of the volcanic and 
siliciclastic units, as well as the abrupt changes 
in structures, lithotypes and bedding polarities 
from one unit to another, are explained in here 
by faulting along a paleothrusts (named Pohjala 
thrust) between the volcanic and siliciclastic 
units. The spatial association of the mineralized 
horizons near the contact of the two units would 
support the interpretation of the thrust, which 
would have served as a conduit for mineralizing 

volcanic and siliciclastic unit is not exposed, and 
the age relationship between these two units is 

the folds (F1A) close to the contact of the two 
units and the interpreted Pohjala thrust represents 
shear fold as implied, the asymmetry of the folds 
would represent north side-up kinematics and 
suggest that the siliciclastic unit is older than 
the volcanic unit. This interpretation is supported 
by the stratigraphic correlation of the units with 
the dated units elsewhere in the TSB that shares 
approximately similar stratigraphic position (i.e., 
the volcanic unit with the younger Tohloppi-
Tesoma-Kiviran-Sorila units further in the west, 
and siliciclastic unit with the older Myllyniemi 

observations and implications that the volcanic 
unit is younger than the siliciclastic unit in the 
study area, a summary of the conceptualized 
model for the tectonic developments of the 
southeastern margin of the Tampere schist belt 
is given later in the discussion (see detailed 
presentation and discussion in also Paper I).        

 The reconstructed tectonic model suggests 

after the basin inversion, during the deformation 
stage D1 when the N-S oriented crustal 
shortening progressed, and the mineralizing 

prior to the development of S1, as indicated by 

The fractured mineralization, which cut the host 
rocks, obviously represents a second younger 

D1 phase when the movement within the Pohjala 
thrust had changed from reverse faulting to  
strike-slip faulting. The fractured mineralizations 
probably formed prior to NW-SE directed D2, 
as remobilization is not evident from the studied 
samples. The relative age of mineralization is 
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constrained by the 1.88 Ga Siitama batholith, 

 Currently subvertical mineralized fault zones 
may have originally been more gently dipping 
and their mineralization inventory did not 
necessarily originate from great depths, instead 
they may have been derived from the lower 
parts of the basin not exposed in the study area. 
The prevailing granitoids in the study area, and 
vicinity, do not correlate temporarily or spatially 

rocks similar to those that are interpreted as the 
source for at least the structurally controlled 

have been the original source of the mineralizing 

4.2. Paper II

Paper II provides comprehensive major, 
trace and rare earth element characterization 
of hydrothermal tourmalines from the orogenic 
gold deposits in the Archean HSB. The 
geochemistry of tourmaline has been recognized 
as a robust petrogenetic indictor of the host 
environment (e.g., Henry and Guidotti, 1985; 

evolution (Slack and Trumbull, 2011), however 
detailed characterization of tourmaline related 
to orogenic gold deposits and especially their 
trace and REE compositions, are still largely 
lacking. In the HSB, hydrothermal tourmalines 
are often associated with gold mineralization in 
the quartz veins and as alteration minerals in the 
contact of the quartz veins and their host rocks 

and tourmalinites), but they also are disseminated 
in the metamorphic supracrustal rocks (here 

tourmalines). In this study, we characterize and 
compare the chemical compositions of these 
tourmalines in order to evaluate their suitability 

of the hydrothermal system of orogenic gold 
deposits in the HSB. 

 Because the concentrations of many 
elements including Ni, Pb, Cr, Mn, Ga, Zn and 
Sn show a wide overlap between the magmatic, 
metamorphic and hydrothermal tourmalines, 
these elements are not suitable to discriminate 

The co-variations of many elements in the 
hydrothermal tourmalines, when plotted against 
Li, show more overlap with the metamorphic 
tourmalines and the whole-rock compositions 
of metasedimentary and metavolcanic host 
rocks than with their magmatic counterparts. 
This indicates that the major and trace element 
composition of hydrothermal tourmalines in 
the HSB is predominantly controlled by the 

manifested by the REE patterns of tourmalines. 
The magmatic tourmalines have distinct LREE 
enriched patterns resembling the whole-rock 
REE patterns of granitoid intrusives, while the 
metamorphic and hydrothermal tourmalines 
have flat or weakly fractionated patterns 
similar to metavolcanic and metasedimentary 

tourmaline, selected trace elements show clear 
and contrasting Li, Sr, and V compositions 

elements can be used to discriminate between 

Li, Sr and V compositions are comparable with 
the metamorphic tourmalines and clearly distinct 
from their magmatic counterparts supporting 



the tourmaline data suggest that hydrothermal 
tourmalines associated with gold mineralizing 

rocks without important contributions of 
magmatic fluids, and that local fluid-rock 
interaction exerted a major control on the 
composition of tourmaline.

4.3. Paper III

In Paper III, the results of a geochemical study 
of hydrothermal calcites from the Archean Hattu 
schist belt, eastern Finland, including Pampalo 
and Korvilansuo orogenic gold deposits as well 
as the Kuittila tonalite intrusion is presented. 
I characterize and compare the major and 
trace element chemistry of hydrothermal vein 
calcites and disseminated calcites within the 

gold deposits (e.g., andesitic metavolcanics, 
metasediments and felsic dikes). In addition, I 
compare the hydrothermal calcites with calcite 
from the regional gold-mineralized Kuittila 
tonalite intrusion, which could have contributed 
magmatic-hydrothermal fluids to the gold 
mineralizing system. The data make it possible 
to evaluate whether calcite geochemistry carries 
a clear signal of the ore-forming hydrothermal 

They do also permit directly to link the calcite 
trace element chemistry with the composition 
of the main Au ore-stage and late-stage 

The calcites show textural growth and 
chemical zoning, considerable chemical 
variations within samples and some chemical 
overlap between the samples. Some of the 
trace element characteristics in hydrothermal 
calcites, including Sr, Y, Mn, (La/Lu)N and 

indicating that interaction between hydrothermal 

calcites. However, chemically variable growth 
zones in large calcite crystals and chemically 
distinct grain populations within individual 
samples cannot be readily explained by host 
rock control, but instead they are considered to 

The chondrite-normalized REE patterns of the 
hydrothermal calcites are mostly HREE-enriched 
relative to LREE, with very few exceptions 

enriched (relative to the HREE) patterns. The 

those of their local host rocks which suggest that 

they precipitated from. The enrichment of HREE 
relative to the LREE visible in the chondrite-
normalized patterns resembles the REE patterns 
of calcites from hydrothermal vein type deposits 
of metamorphic origin elsewhere and contrasts 
with the REE patterns of calcites from magmatic-
hydrothermal environments. The REE patterns 
of the hydrothermal calcites in the HSB deposits 
would therefore be compatible with formation 

from metamorphic sources, in agreement with 

chemistry studies (Fusswinkel et al., 2017).

5. Controls and origin 
of (gold) mineralizing 

5.1. Insights from the paleobasin 
architecture of the Proterozoic TSB

5.1.1. Structural control of mineralizations

Based on the structural observation and 
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interpreted age relations of studied stratigraphic 

are controlled by the local structures in the TSB. 
The overall double syncline architecture of the 
newly discovered volcanic unit and siliciclastic 
unit in the study area is best explained thrust 
fault between the two units (Fig. 5a and b). 
This thrust fault would also serve as a conduit 

the host rocks and the second-order fractures 
and explain the spatial association of the main 

lithological units (Fig. 5a and b). The kinematic 
indicators in the vicinity of the Pohjala fault are 
interpreted to represent a change in faulting style 
from reverse (northern siliciclastic unit moving 
up as indicated by the asymmetric F1 folds) to 
sinistral strike slip faulting (as indicated by sigma 
clasts) responsible for a second-order fracturing. 

not found in the area, they share many similar 
structural features with major Archean and 
Paleoproterozoic orogenic Au deposits. These 
include association of mineralization with fault 
zones which shows reverse kinematics and are 
often overprinted by later strike-slip movement, 
location of the mineralization in the second order 
fractures and as disseminations within the host 
rocks, and spatial occurrence in the vicinity of the 
contacts between contrasting lithological units 
(i.e., between volcanic and sedimentary units). 

5.1.2. The relationship of mineralizing 

In order to highlight the spatial and temporal 
relationship of the mineralization with the overall 
basin architecture, a new conceptual tectonic 
model (presented originally in paper I) for the 

(Fig. 6):
(1) The siliciclastic unit was deposited, with 

the remainder of the Myllyniemi formation, 
mainly on a margin of a rifted microcontinent 
at c. 1.92–1.90 Ga covering at least parts of the 
volcanic rocks of the Haveri Formation (Fig.6a). 
According to Kähkönen (1999), stepwise 
subsidence of the basin has caused the lobate 
architecture of the siliciclastic unit.

(2) The initiation of northward subduction 
at c. 1.90 Ga changed the deposition style in 
the TSB to a volcanism-dominated environment 
during the period of c. 1.90–1.89 Ga. This arc-
type volcanism resulted in the deposition of the 
volcanoclastic units in the study area. 

(3) As the subduction advanced, the inversion 
of the basin began with N-S compression (the 
local D1 event; Fig. 6b). Reactivation of at least 
some of the normal faults led to open folding of 
the volcanic and siliciclastic units. The folding 
of the Pohjala syncline is better accommodated 
by thick-skinned deformation because the 
purely thin-skinned deformation of successive 
subhorizontal sedimentary packages would more 
likely have resulted only in repetition of units 

footwall of the thrust. 
(4) As basin closure progresses, the 

normal fault inversion cannot accommodate 
the increasing amount of shortening, and a 
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southward-propagating thin-skinned thrust 
system develops, including the Pohjala thrust 
(Fig. 6c). Where the thick-skinned shortening is 
accommodated at this point is not inferable from 
the data. The thrust planes are approximately 
layer-parallel and break towards the surface 
when they meet the buried basement highs 

units, including the observed southward-
younging and northward-younging units. The 
earlier anticlines are mostly destroyed as they 
are thrust upwards and subsequently eroded. 
At least one major thrust is active within the 
Vammala migmatite belt; this fault will develop 

here interpreted to potentially be a continuation 
of the Tampere shear zone (TSZ in Fig 2b and 
3; see also Nironen, 1989a). The TSZ (and the 
continuation) helps to accommodate the overall 
shortening and tightens the Pohjala syncline.

(5) Progressive shortening results in the 
development of S1, tightening of the folds and 
rotation of the bedding and the Pohjala thrust 
into an upright position (Fig. 6d). In the steeper 
positions of the thrust(s), the lateral movement is 
mechanically favourable compared to the reverse 
movement, and this likely occurred at this stage 

observations (the minor movements in Fig. 6d). 
Despite the lateral shear being localized into 

the paleothrust plane(s), bedding-perpendicular 
coaxial (pure) shear while the beds were in an 
upright position probably accommodates some 
shortening. At depth, the layer-parallel thrusts are 
folded together with the rock units that host them.

(6) At the time of intrusion of the Siitama 
batholith at c. 1.88–1.87 Ga, sinistral lateral 
kinematics in this part of the TSB developed and 

orientations (Fig. 6e). 
(7) Lastly, the second deformation phase D2, 

with approximately SSE-NNW compression 
crenulates the earlier S1 schistosity and develops 
localized dextral faulting within the siliciclastic 
unit (the curved fault Figs. 5a and b).  

The reconstructed tectonic model suggests 
that the first generation of mineralizations 
occurred after the basin inversion, during 
the deformation stage D1 when the N-S 
trending crustal shortening progressed and the 

the Pohjala thrust (stage (4)). The mineralization 
must have occurred prior to the development S1 
(at stage (5)) as evident from the disseminated 
ore minerals foliated along to the schistosity. 

manifested in the second order fractures that 

the fractures is unknown, but they obviously 
postdate the formation of the main schistosity 
within the thrust. The D2 related structures are not 
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observed to be associated with the hydrothermal 
activity in the study area, and it is considered that 
the second-order fractures are related to the late 
D1 strike-slip movements. The remobilization of 

in the thin sections. 
A magmatic source of the mineralizing 

intrusions, seems unlikely based on the spatial 
and temporal relationships. The closest intrusion, 
the Siitama batholith, which is in contact 

generation) as evident from the xenoliths of the 

The 1.896 ± 0.003 Ga Pukala intrusion in the 
northern margin of the TSB, which has been 
interpreted to have been the heat source for the 

deposit (Talikka and Mänttäri, 2005; Kinnunen, 
2008) may potentially have contributed to the 

of the Kutemajärvi deposit extends at maximum 
to ca. 1 km from the intrusion (Talikka and 
Mänttäri, 2005; Kinnunen, 2008) and therefore 
has most likely not contributed the mineralizing 

south. Metamorphic supracrustal rocks, which 

in orogenic gold deposits (e.g., Goldfarb and 
Groves, 2015; Fusswinkel et al., 2017), are 
proposed as the sources for the mineralizing 

horizons in the study area. 
The results and interpretation of the Paper I 

are released during metamorphism of lithologic 
sequences deeper in the gold-hosting basins 
(see review in Goldfarb and Groves, 2015). 
The currently subvertical mineralized fault 
zones in our study area may have originally been 
more gently dipping and the ore mineralizing 

our study area consist of VMS-hosting rocks 
similar to those which have been interpreted 
(see Nironen, 1994; Eilu et al., 2003) as the 
source for the Haveri deposit, they may have 

area. The genetic model of the Haveri deposit 
is still controversial; the latest studies, however, 
indicates that it is a VMS type deposit with 
possible minor overprint by orogenic gold (Eilu, 
2012).  In addition to comparable architectural 
and fault geometries described earlier, the source 

deposits seems to be the same i.e., within the 
metamorphic supracrustal rocks. The purpose of 

to the features seen in the orogenic gold deposits, 
including those seen in the HSB, is not  attempt 

type of ore mineralization, but rather to highlight 
the prevalence of the metamorphic supracrustal 
rocks as the source as well as architectural and 

orogenic belts.

5.2. Insights from tourmaline 

examples from Archean orogenic 
gold deposits in the HSB

Tourmaline is considered as a robust 
petrogenetic indicator mineral of magmatic, 
metamorphic and hydrothermal environments 
(e.g., Henry and Guidotti, 1985; Slack, 1996; 
van Hinsberg, 2011a, 2011b). The chemical 
composition of tourmalines has been widely 

of hydrothermal ore deposits including volcanic 



Plimer and Lees, 1988), granite-hosted Sn-(W)-
Cu deposits (e.g., Mlynarczyk and Williams-
Jones, 2006; Duchoslav et al., 2017), quartz vein-
hosted orogenic Au deposits (e.g., Krienitz et al., 
2008; Hazarika et al., 2015; Molnár et al., 2016b; 
Paper II) and the quartz vein-hosted Proterozoic 
Rompas-type deposit in the Fennoscandian 
Shield (Ranta et al., 2018). Because tourmaline 

by post-mineralization processes, it has been 
suggested that the geochemistry of tourmalines 
from gold deposits could be used to discriminate 
between metamorphic and magmatic fluid 
sources (Pirajno and Smithies, 1992; Henry and 
Dutrow, 1996; Slack, 1996; Jiang, 1998; Jiang 
et al., 1998). Based on the tourmaline chemistry, 

inferred in orogenic gold deposits in the Okote 
district in the Adola belt, eastern Africa (Deksissa 
and Koeberl, 2002), in the Yunglon deposit in the 
Sanjiang Tethys belt in southern China (Jiang et 
al., 2004) and in the Hutti deposit in the Hutti-
Maski greenstone belt in India (Hazarika et al., 
2015, 2016). Conversely, contributions from 

been suggested for the Archean G.R Halli deposit 
in the Chitradurga greenstone belt in India (Gupta 
et al., 2014) and the Archean gold deposits in 
the Hattu schist belt in eastern Finland (Molnár 
et al., 2016b).

Even though quantitative field and 
experimental studies have shown that calcite 
chemistry, especially the trace elements and 

and Mazuda, 1988; Bau, 1991; Bau and Möller, 
1992; Zhong and Mucci, 1995; Wogelius et al. 
1997; Barker and Cox, 2011), calcites have been 
used less commonly as a petrogenetic proxy of 
the ore forming environments. However, case 
studies have been published from post-orogenic 

Pb-Zn veins in the Harz district, Germany 
(Möller et al., 1979, 1984), hydrothermal Mn-
Fe-As veins in Permian rhyolites in southern 
Germany (Fusswinkel et al., 2013), Phanerozoic 
metasedimentary-hosted orogenic gold deposit 
of the Meguma terrane in Canada (Kontak and 
Jackson, 1999), the hydrothermal-metamorphic 
type Sukhoi Log Au deposit in Russia (Dubinina 
et al., 2014) and Archean greenstone-hosted 
orogenic gold deposits in India (Sarangi et al., 
2013; Hazarika et al., 2016).

 
5.2.1. Fluid-rock interaction in 
orogenic gold deposits

Both major and trace element characteristics 
of tourmalines from the HSB records the 

host rocks based on the Fe-Al-Mg system, the 
majority of the major element data of tourmalines 
from the HSB correlates with the host rock. 
The magmatic tourmaline data plots within the 

pegmatites and aplites, while the metamorphic 

and psammites (Fig. 8 in Paper II). Most of the 
hydrothermal tourmalines, which are hosted by 
the metasedimentary and metavolcanic rocks, plot 

demonstrating the intense interaction between the 

tourmalines from the Hosko deposit, which 
shows great compositional variation, extends 

and some of the hydrothermal tourmalines hosted 
by the felsic porphyries and tonalites plots in 

of that of granitoid host rocks (Fig. 8 in Paper 
II). Similarities in the geochemical composition 
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of metamorphic tourmalines and their least-
altered clastic sedimentary host rock protoliths 
suggest that tourmaline composition is largely 
controlled by host rock composition (Raith, 
1988; Slack et al., 1993). As demonstrated by the 
covariation of Fe (apfu) and Al (apfu) between 
the metamorphic tourmalines, hydrothermal vein 
tourmalines and tourmalinites (Fig. 5b in Paper 

and are clearly distinct from the magmatic 
tourmalines. This strongly supports genetic 
links between the hydrothermal tourmalines and 
metamorphic rocks. The tourmalines from the 
Hosko deposit extends from the metamorphic 

appears unlikely that a potential contribution of 

local scale. Moreover, none of the tourmalinites 
from other Au deposits plots into the magmatic 

deposits are located adjacent to large granitoid 
intrusions.

Large compositional overlap and co-
variations of trace elements between hydrothermal 
and metamorphic tourmalines are also taken as 

host rocks. This is well demonstrated when 
elemental concentrations are plotted against 
Li (Fig. 9 in Paper II), which preferentially 
fractionates into fluids and can potentially 

(Duke, 1995; Ridley and Diamond, 2000). 
Despite considerable compositional variation, 
a number of elements including Pb, Ga, Zn, 
Sn, and especially Sr and V shows that the 
hydrothermal tourmalines have more overlapping 
compositions with metamorphic than magmatic 
tourmalines. This is in best agreement with the 
interpretation that the hydrothermal tourmalines 

with, or were alternatively produced locally 
from compositionally variable metavolcanic and 

metasedimentary host rocks. This is supported by 
the correlation between the Li, Sr, Ni, Cr and Pb 
compositions of tourmaline and their respective 
metavolcanic and metasedimentary host rock 
(Fig. 9 in Paper II). 

The control of the host rocks on tourmaline 
chemistry is also evident in the REE patterns. 
The chondrite normalized REE patterns of the 
metavolcanic and metasedimentary host rock 

moderately LREE enriched patterns which have 
a systematic decrease towards HREE (O`Brien 
et al., 1993). The chondrite normalized REE 
patterns of the granitoid intrusives, on the other 
hand, show distinctly fractionated patterns 
from higher LREE to lower HREE values 

and metasedimentary hosted tourmalines 
(metamorphic tourmalines in Paper II), which 
show somewhat less fractionated patterns than 
those of distinctly LREE-enriched compared 
to HREE describing the tourmalines from the 
magmatic intrusives (magmatic tourmalines 
in Paper II). This agreement could be taken 
as evidence that the tourmaline REE patterns 
can be considered as a good proxy of the host 
environment. The hydrothermal vein tourmalines 

REE patterns except for few vein tourmalines 
from the felsic and tonalitic intrusives that have 
patterns more fractionated and LREE enriched 
relative to HREE. This highlights that the 
chemical composition of tourmalines may be 

host rocks. However, if the REE patterns of the 
local host rocks are known and they do vary, the 

tourmaline REE chemistry may be possible (see 
discussion in Paper II). 

the local host rocks is also recorded by the 
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composition of hydrothermal calcites from the 
HSB deposits, which show even more systematic 
variation of the elemental composition as 
function of the respective host rocks than 
the tourmalines. In the Korvilansuo deposit, 

(i.e., felsic porphyry dikes and metasedimentary 

and Sr concentrations (Figs. 7 and 11B; Table 

the Sr compositions resemble those observed for 
the whole-rock geochemistry of their respective 
host rocks (Bornhorst et al., 1993). In addition, 
the trace element composition of hydrothermal 
vein calcites and disseminated calcite in the felsic 
porphyry dikes are essentially the same as in 
the Korvilansuo and Pampalo deposits (Fig. 7 
and table 5 in Paper III), which demonstrates 

local host rocks in controlling calcite chemistry. 

(La/Lu)N compositions of hydrothermal calcites 

andesitic/felsic host rocks (Figs. 11 and 15 in 
Paper III). The correlation between the Mn and 

rocks is not as clear because of some overlapping 

On the other hand, the calcite sample from the 

the deposit, which is located close to contact 

have interacted with both rock types, leading to 
a mixed signal in the calcite trace element data. 

According to Zhong and Mucci (1995) and 
Voigt et al. (2017), REE partitioning between 
fluids and calcites is mainly controlled by 
variations in the REE composition of the 

geochemistry. On the other hand, fractionation of 
the individual REE cannot be explained by host 
rock control (discussed below). The Y, Sr and 
Mn compositions of the hydrothermal calcites 

(Fig.16 in Paper III) and the data for calcites 

andesitic metavolcanic and felsic porphyry host 

rock on the other end of the compositional range. 
This shows that some of the trace elements 

tourmalines and calcites do not allow to directly 

localities, host rocks or textural types, and the 
anomalies cannot be used as petrogenetic proxies 

However, Eu and Ce anomalies of hydrothermal 
tourmalines and calcites have been previously 

environments (Fusswinkel et al., 2013; Dubinina 
et al., 2014; Hazarika et al., 2015; 2016), and 
thus we conclude that the magnitude of these 
anomalies in the HSB tourmalines and calcites 

incorporation. 

5.2.2. Evidence for successive 

Even though the interaction between the 

in the geochemistry of hydrothermal minerals, 
especially in the case of the calcites, some locally 
occurring textural features such as chemically 
variable growth zones in large calcite crystals and 
distinct calcite grain populations within individual 
samples cannot be readily explained by host 
rock control. The development of compositional 
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zoning in calcite has been explained by a number 

and surface structures (e.g., Reeder and Grams, 
1987; Paquette and Reeder, 1990), and changes 

The data do not allow determination of 
the relative contributions of these individual 
mechanisms to the development of detectable 
growth and chemical zonation in the HSB 
calcites. However, given the clear correlation 
between calcite trace element chemistry and 
host rocks, the full compositional and textural 
spectrum of hydrothermal calcites in crustal-scale 
hydrothermal systems such as that of HSB are 
clearly not the product of such crystal-chemical 
mechanisms. Rather, the large variations in 
trace element and REE concentrations in the 
hydrothermal calcites of the HSB, which are 
often related to primary growth zoning, should 

(and pressure–temperature conditions) during 
calcite precipitation. This would explain the 

(and the co-variation of Pb, Zn, Cd and Sr with 
the REE) in two chemically distinct calcite 
populations in sample PAM-3a (Fig. 12 in Paper 
III). Similar conclusions have been reached in 
previous studies, such as the experimental data of 
Zhong and Mucci (1995) and Voigt et al. (2017), 
which show that the control of REE partitioning 

Similarly, the changes in the REE compositions 
of natural hydrothermal vein calcites from the 
Meguma orogenic gold deposits (NE Canada; 
Kontakt and Jackson, 1999) and unmineralized 

2006) have been explained, at least partly, by 

multiple generations of calcite bearing veins 
with contrasting chemical composition have 

Fusswinkel et al. (2017) and the occurrence of 
hydrothermal veins with chemically distinct 
calcite population with no apparent growth 
zoning (e.g., sample PAM-3a in Paper III), we 
interpret the formation of clearly growth zoned 
calcite crystals in terms of successive chemically 

consistent with (1) the presence of galena, which 
has been interpreted as the late phase in the ore 
mineral paragenesis of the HSB (Kojonen et 

composition for three successive hydrothermal 
vein generations, of which the galena and zoned 
calcites bearing veins represent the youngest 
generation (Fusswinkel et al., 2017). In addition, 
the calcites characterized by apparent growth 
zonation occur very locally in the HSB, which 
could be easily explained by strong focussing 

The calcite data do not permit direct 
correlation of the trace element variations of 
the HSB calcites with the chemical changes of 

inclusion study of Fusswinkel et al. (2017). This 
is due to considerable variation and overlapping 
of the trace element compositions between 
and within calcite samples. However, some 
geochemical characteristics of hydrothermal 
vein calcites correspond well with the directly 

hydrothermal veins. For example, the core parts 
of the zoned calcites in the early vein type have 
higher Sr contents than the outer growth zones 
and rims (Fig. 10 in Paper III). This compares well 
with the observations that the Sr concentration 

earlier type hydrothermal vein generation (type 
B in Fusswinkel et al., 2017) than in those of the 
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al., 2017). In addition, Sr concentration varyies 
between the growth zones of calcites in the 
late vein type and between compositionally 

(Fusswinkel et al. 2017).

5.2.3. The origin of the gold 

The major and trace element characteristics 
of the hydrothermal tourmalines and calcites 
from the Archean orogenic gold deposits in the 
HSB the product of several processes, including 

in the composition and oxidation state of the 

rock interaction is generally more pronounced 

primary composition of the externally derived 

element data of tourmaline and calcite cannot be 
used in a straightforward way to discriminate the 

Based on the data presented, the mineral trace 
element composition is strongly controlled by 

and only a few trace elements are suitable to 

element data with the geochemistry of the local 
host rocks. 

Many studies have attempted to compare the 
chemistry of hydrothermal tourmaline with the 
whole-rock geochemistry of inferred magmatic 
and metamorphic host rocks (e.g., Taylor and 

et al., 2015), but certain elements such as Pb 
and Zn may yield mixed signals. Elevated Pb 
concentrations in tourmalines from the greenstone 
hosted emerald deposits of the Yukon Territory 
in Canada have been related to granitic sources 
(Galbraith et al., 2009), whereas hydrothermal 
tourmalines from the alteration zones of VMS 
deposits have been reported to contain even 
higher Pb values than tourmalines from granites 
or granitic pegmatites (Taylor and Slack, 1984; 

tourmalines with high Pb concentrations from 
VMS deposits have low Zn concentrations (and 
low Zn/Fe ratios), which would discriminate 
them from granite-related tourmalines that 

et al., 1996). This supports the conclusion that 

established. This issue is evident in the somewhat 
overlapping compositions of tourmalines of the 

host rock geochemistry for some important rock 
types present. 

Typically, tourmalines which are genetically 
related to felsic magmatic intrusions have 
higher Li and lower Sr and V compositions 
compared to tourmalines related to metapelitic 
or metavolcanic rocks (Taylor and Slack, 1984; 
Jiang et al., 2004; Galbraith et al., 2009; Hezel 
et al., 2011). These results are in good agreement 
with the data on tourmalines from the HSB 
where the metamorphic tourmalines have clearly 
distinct Li, Sr and V compositions compared to 
magmatic tourmalines; therefore this group of 
elements is considered as the most suitable proxy 

tourmalines associated with the HSB gold 
deposits. All hydrothermal tourmalines, including 
the vein tourmalines from the felsic intrusives, 
have Li, Sr and V compositions comparable to 
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trace elements. However, the REE patterns 
of the hydrothermal calcites, which are very 
uniform when compared to the REE patterns of 

the host rock interaction. In addition, none of 
the REE patterns of the host rocks shows HREE 
enrichment relative to LREE, which would 
resemble those of the hydrothermal calcites. This 
leads to the interpretation that the REE patterns 
in hydrothermal calcites in the HSB are to a 

by published examples of hydrothermal vein 
calcites elsewhere. The REE characteristics of 
the hydrothermal vein calcites from the Meguma 
terrane orogenic gold deposit in Canada (Kontak 

in the Lachlan orogen in Australia (Barker et 
al., 2006) have also been attributed to the REE 

vein hosted carbonates (ankerites) with low REE 
concentrations and HREE enrichment over the 
LREE, comparable to those of the hydrothermal 
calcite in the HSB, have been described from 
the metasedimentary hosted hydrothermal-
metamorphic Sukhoi Log deposit in Russia 
(Dubinina et al., 2014). The REE patterns of these 
carbonates have been interpreted as being inherited 

rocks. None of the hydrothermal calcites in the 
HSB (with the exception of some spots analysed 
from the zoned calcites), including those hosted 
by felsic porphyry dikes and tonalite intrusions, 
show high REE concentrations with strongly 
fractionated patterns with LREE enrichment 
and HREE depletion; these are more typical 
for calcites related to magmatic-hydrothermal 
environments (e.g., Möller et al., 1979). This 
demonstrates that in the HSB the hydrothermal 

gold mineralization as well, have a predominantly 

the magmatic tourmalines, which suggests a 

source for the HSB gold deposits. 
Previous studies have suggested that the REE 

patterns of hydrothermal tourmalines largely 

which they have precipitated and that the REE 
patterns can be consequently used as a proxy 

Jiang et al., 2004; Marks et al., 2013). In the 
HSB, the REE patterns of the hydrothermal 
tourmalines are essentially the same as those 
of the metamorphic tourmalines and clearly 
different from the magmatic ones, which 
supports the interpreted metamorphic source 
for the hydrothermal tourmalines and associated 
orogenic gold mineralization. The only notable 
exception are few veins from felsic intrusives 
that show more fractionated and LREE-enriched 
REE patterns that are more similar to the 

composition of hydrothermal tourmalines may 

local host rocks, which again highlights that the 
interpretation of tourmaline composition data in 

detailed characterization of the host rocks and 
their geochemical composition.

Following the general trends observed for 
the tourmalines, the hydrothermal calcites in 
the HSB show great compositional variation 

within samples.  The most distinct geochemical 
feature of the hydrothermal calcites of the HSB 
is the strong correlation between the calcite trace 
element composition and the host rocks. This 

rock interaction exerts a major control on trace 
element composition, which was already derived 
from the tourmaline data. Because of strong host 
rock interaction, no compositional characteristic 
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metamorphic origin.         
As a general conclusion, the geochemistry of 

hydrothermal tourmalines and calcites from the 

local host rocks and the majority of the major and 
trace element data are not suitable as proxies for 

However, selected trace elements such as the Li, 
Sr and V composition of tourmalines and the 

discriminate between magmatic and metamorphic 

Li, Sr and V data of tourmaline and the REE 
patterns of calcite clearly point to an essentially 

advocate predominantly metamorphic sources 

al., 1993; Fusswinkel et al., 2017). Finally, this 
study shows that meaningful interpretation of the 
trace element data of hydrothermal minerals in 

rock interaction are accounted for, that the local 
host rocks are geochemically characterized, and 
that the suitability of certain trace elements as 

on a case by case basis.

6. Conclusions

In this thesis, the control of mineralizing 

their spatial and temporal relationship with the 
overall paleobasin architecture is examined in 
the Paleoproterozoic Tampere schist belt which 
is a greenstone belt located in southern Finland. 
The geochemistry of hydrothermal minerals (i.e., 

tourmaline and calcite) is used as a proxy of gold 

deposits in the Hattu schist belt, which is the 
easternmost greenstone belt in eastern Finland. 
The main results of the work are:

     

and style/scale of the studied mineralizations in 

schist horizons in the Tampere schist belt show 
many features common also in orogenic gold 
deposits, including many of those observed in the 
Hattu schist belt. These typical features include 
the structural control of the mineralizations being 
associated with fault zones, mineralizations 
occurring as disseminations within the country 
rocks as well as in the second-order fractures, 
similar positions of the major mineralizations 
in the litholostratigraphic succession at, or close 
to, the contact of contrasting metavolcanic and 
metasedimentary units, and metamorphic source 

(2) The observed structures and architecture 
of the southeastern Tampere schist belt imply 
the presence of the unrecognized paleothrust(s), 

Tampere schist belt are not spatially or temporally 
associated with the magmatic intrusions nearby, 

is from the supracrustal lithologies. According to 
the tectonic model developed here, the steeply 
dipping structures may have been originally in 
more horizontal positions and the mineralizing 

parts of the basin succession, such as from the 
levels of the VMS-bearing rocks, which have 

deposits in the area. 
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(3) The geochemistry of the hydrothermal 
tourmaline and calcite displays clear correlations 
with the local host rocks, supporting strong 
interaction between the host rocks and 

gold deposits in the Hattu schist belt. The host 

sources, and places some limitations on the use 
of the trace element chemistry to discriminate 

fluids. Nevertheless, selected elements in 
tourmalines (Li, Sr, and V concentrations, 
and REE pattern) and calcites (REE patterns) 
show distinct characteristics that are potentially 
suitable for discriminating between magmatic 

the Hattu schist belt orogenic gold deposits 
clearly identify the hydrothermal fluids as 
metamorphogenic in origin with no evidence 
for magmatic contribution.
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