
UNCORRECTED PROOF

Journal : Large 126 Article No : 1133 Pages : 28 MS Code : 1133 Dispatch : 10-9-2022

Vol.:(0123456789)1 3

Mineralium Deposita 
https://doi.org/10.1007/s00126-022-01133-z

ARTICLE

Multi‑source and multi‑stage metal mobilization during the tectonic 
evolution of the Central Lapland Greenstone Belt, Finland: 
implications for the formation of orogenic Au deposits

C. G. C. Patten1  · F. Molnár2,3 · I. K. Pitcairn4 · J. Kolb1 · S. Mertanen2 · S. Hector1

Received: 7 August 2021 / Accepted: 26 July 2022 
© The Author(s) 2022

Abstract
Precambrian greenstone belts are prospective terrains for orogenic Au deposits worldwide, but the sources of Au, base 
metals, metalloids, and ligands enriched within the deposits are still debated. Metamorphic devolatilization is a key mecha-
nism for generating Au-rich hydrothermal fluids, but the respective role of the metavolcanic and metasedimentary rocks 
present within these belts in releasing ore-forming elements is still not fully understood. The Central Lapland Greenstone 
Belt (CLGB), Finland, one of the largest Paleoproterozoic greenstone belts, hosts numerous orogenic Au deposits and 
is composed of variably metamorphosed volcanic and sedimentary rocks. Characterization of element behavior during 
prograde metamorphism highlights that (1) metavolcanic rocks release significant Au, As, Sn, Te, and possibly S; (2) 
metasedimentary rocks release significant S, C, Cu, As, Se, Mo, Sn, Sb, Te, and U, but limited Au; and (3) metakomati-
ite releases C and possibly Au. Throughout the CLGB metamorphic evolution, two main stages are identified for metal 
mobilization: (1) prograde metamorphism at ~ 1.92–1.86 Ga, promoting the formation of typical orogenic Au deposits and 
(2) late orogenic evolution between ~ 1.83 and 1.76 Ga, promoting the formation of both typical and atypical orogenic Au 
deposits. The complex lithologic diversity, tectonic evolution, and metamorphic history of the CLGB highlight that metal 
mobilization can occur at different stages of an orogenic cycle and from different sources, stressing the necessity to consider 
the complete dynamic and long-lasting evolution of orogenic belts when investigating the source of Au, ligands, metals, 
and metalloids in orogenic Au deposits.

Keywords Orogenic Au deposits · Metamorphic devolatilization · Metal mobilization · Metavolcanic rocks · 
Metasedimentary rocks

Introduction

Orogenic Au deposits are structurally controlled hydrother-
mal ore deposits that form in orogenic belts and account 
for a significant portion of the present and past global Au 
production (~ 30%; Frimmel 2018). These deposits are the 
product of complex large-scale processes, which include the 
production of metal-rich fluids, the transport of these fluids 
through the Earth’s crust, and the precipitation of metals in 
structurally controlled locations at various degrees of meta-
morphism (Groves 1993, 1998; Pitcairn et al. 2006a; Large 
et al. 2011; Goldfarb and Groves 2015; Kolb et al. 2015). 
Production of metal-rich fluids is of paramount importance 
in the formation of any hydrothermal ore deposit (e.g., Fyfe 
1987). Recognition of geological formations as sources 
of metals, ligands, and ore forming fluids is an impor-
tant step for the investigation of metal-rich hydrothermal 
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fluid genesis and ultimately for hydrothermal ore deposit 
formation. Although the mechanisms responsible for Au 
precipitation from hydrothermal fluids and the formation 
of orogenic Au deposits are fairly well constrained (Groves 
1993; Groves et al. 1998; McCuaig and Kerrich 1998; Gold-
farb and Groves 2015; Gaboury 2019), the sources of the 
metals, ligands, and fluids as well as the mineral reactions 
leading to the formation of Au-rich hydrothermal fluids 
are still debated (Goldfarb and Groves 2015; Groves et al. 
2019). Three main sources have been proposed to generate 
metal-rich fluids in orogenic gold systems: (1) metamorphic 
devolatilization of supracrustal rocks (Fyfe 1987; Groves 
and Phillips 1987; Wyman and Kerrich 1988; Phillips and 
Powell 2010; Tomkins 2010), (2) subcontinental lithospheric 
mantle (Groves et al. 2019), and (3) magmatic sources (Bur-
rows et al. 1986; Thébaud et al. 2018; Masurel et al. 2019).

In Precambrian greenstone belts hosting orogenic Au 
deposits, the source of metals and ligands is particularly 
cryptic (Goldfarb and Groves 2015; Groves et al. 2019), 
although metamorphic devolatilization appears to be a 
key process (Beaudoin and Chiaradia 2016; Patten et al. 
2020; Pitcairn et al. 2021). Greenstone belts are domi-
nated by metavolcanic rocks (basalt to rhyolite) with 
varying proportions of metasedimentary rocks and meta-
komatiite (de Wit and Ashwal 1995). The respective role 
of each lithology during metamorphic devolatilization 
in supplying metals, ligands, and/or hydrothermal fluids 
during dynamic and long-lasting orogenic evolution still 
remains poorly constrained. Metamorphic devolatiliza-
tion of metasedimentary rocks is an efficient mechanism 
for generating metamorphic fluids enriched in S, As, and 
Au, the most common elements found in orogenic Au 
deposits (e.g., Boyle 1966; Pitcairn et al. 2006a, 2021; 
Tomkins 2010; Large et al. 2011; Goldfarb and Groves 
2015). The scarcity of metasedimentary rocks relative to 
metavolcanic rocks in greenstone belts, however, implies 
that they cannot solely account for the formation of oro-
genic Au deposits (Goldfarb and Groves 2015). Meta-
volcanic rocks in greenstone belts, conversely, have long 
been suggested as potential source for metals (Phillips 
et al. 1987; Hronsky et al. 2012; Goldfarb and Groves 
2015; Augustin and Gaboury 2017), and although they 
can release enough Au to account for orogenic gold 
endowment (Pitcairn et al. 2015; Patten et al. 2020), their 
capacity in releasing S, As, and other metals remains 
controversial (Goldfarb and Groves 2015; Pitcairn et al. 
2015; Groves et al. 2019).

The Central Lapland Greenstone Belt (CLGB) in north-
ern Finland is one of the largest known Paleoproterozoic 
greenstone belts (Hanski and Huhma 2005) and is an excel-
lent target to study the source of metals in Precambrian oro-
genic Au deposits. The CLGB consists of a Paleoproterozoic 
sequence of oceanic crustal rocks and marine sedimentary 

rocks. The northern part of the CLGB is dominated by two 
main volcano-sedimentary sequences: the Kittilä and the 
Savukoski groups (Fig. 1). The Kittilä Group is dominated 
by tholeiitic metavolcanic rocks interbedded with various 
metasedimentary units (Hanski and Huhma 2005). The 
Savukoski Group is characterized by komatiitic and picritic 
metavolcanic rocks, which overlay pelitic metasedimentary 
rocks (Hanski and Huhma 2005). The CLGB displays a 
complex metamorphic pattern defined by zonation where 
the central area of the belt is metamorphosed at greenschist 
facies, whereas the margins are metamorphosed at amphi-
bolite or granulite facies (Hölttä et al. 2007; Hölttä and 
Heilimo 2017).

The CLGB hosts numerous orogenic Au deposits, such as 
the 302 t Au Suurikuusikko deposit, but is relatively unex-
plored compared to other Paleoproterozoic greenstone belts 
(Mineral Deposit Database of Finland 2022; Niiranen et al. 
2015). The orogenic Au deposits are preferentially located 
along the Kiistala shear zone (KiSZ) and the Sirkka shear 
zone (SiSZ), and are characterized by typical (Au-only) and 
atypical (Au-Cu-Co–Ni) metal associations (Eilu et al. 2007; 
Eilu 2015). Apart of a few occurrences in the marginal zones 
of the CLGB, most of the Au deposits occur in comparable 
lithological and structural settings characterized by green-
schist facies metamorphism and have formed under similar 
physico-chemical conditions (Eilu et al. 2007; Eilu 2015). 
This suggests that the differences in the composition of the 
various deposits are, to some extent, controlled by the geo-
chemical peculiarities of the source rocks.

In this study, we investigate the extent to which litho-
logical units present in a greenstone belt contribute to the 
generation of metal-rich metamorphic fluids during meta-
morphic devolatilization. The outcomes show that combined 
metamorphic devolatilization of metavolcanic and meta-
sedimentary rocks release sufficient metals and ligands to 
account for most of the Au and other metal endowments in 
orogenic Au deposits.

Tectonic setting

The Central Lapland Greenstone Belt

The CLGB is located in northern Finland and is exposed 
over an area of ≈ 20,000  km2 (Fig. 1). It rests on the 
Archean (3.1–2.6 Ga) Karelian Craton. The volcano-
sedimentary sequence records a complex geological 
evolution spanning from 2.45 to 1.76  Ga, including 
the 1.92–1.80 Ga Svecofennian orogeny (Hanski et al. 
2001a; Hanski and Huhma 2005; Nironen 2017; Sayab 
et  al. 2019). The CLGB is bound in the northeast by 
the Lapland Granulite Complex and to the south by the 
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Central Lapland Granitoid Complex (Fig. 1). The Pajala 
Shear Zone separates the CLGB from the Norrbotten 
structural domain in the west. To the east and southeast, 
the CLG is bound by the Nolppio Thrust and Nolppio 
Shear Zone.

The CLGB is divided into six main lithostratigraphic 
units from the base to the top of the lithostratigraphy: 
the Salla, Onkamo (or Kuusamo), Sodankylä, Savuko-
ski, Kittilä, Laino, and Kumpu groups. The Salla and 
Onkamo groups are dominated by intermediate to fel-
sic metavolcanic rocks and metakomatiite, respectively. 
They formed during rifting of the Archean basement 
at ca. 2.45–2.2 Ga (Hanski and Huhma 2005; Hanski 
et al. 2001a). At ca. 2.45 Ga, several layered igneous 
complexes (e.g., Koitelainen layered intrusion) were 
emplaced in the Salla Group but not the Onkamo Group. 
The Sodankylä Group is characterized by continen-
tal metasedimentary rocks, such as quartzite and mica 
schist. They correspond to a long depositional period 

before 2.2 Ga, the age of mafic dikes cutting this unit 
(Hanski et  al. 2001a; Hanski and Huhma 2005). The 
Sodankylä Group metasedimentary rocks grade trans-
gressively into the deeper-water pelitic sedimentary 
rocks of the Savukoski Group (Hanski and Huhma 2005). 
The Savukoski Group metasedimentary rocks are over-
lain by komatiitic and picritic-dominated metavolcanic 
rocks with 2.05 Ga minimum age corresponding to the 
age of the Kevitsa-layered intrusion (Hanski and Huhma 
2005; Hanski et al. 2001a). Some of the volcanic rocks 
in the Kittilä Group are probably parautochthonous, 
and some consist of 2.01 Ga allochthonous tholeiitic 
metavolcanic rocks representative of an ancient oceanic 
lithosphere (Hanski and Huhma 2005). It is subdivided 
into four formations: (1) the Kautileskä Formation, dom-
inated by metavolcanic rocks with within plate basalt 
(WPB) affinity and minor metasedimentary rocks such 
as phyllite, black schist, metagraywacke, and metacar-
bonate rocks; (2) the Porkonen Formation, dominated 

Fig. 1  Regional geological (A) and metamorphic map of the CLGB 
(B) showing major lithological units and orogenic Au depos-
its and showing major fault zones (KiSZ = Kiistala Shear Zone, 
SiSZ = Sirkka Shear Zone, PSZ: Pajala Shear Zone; VSZ: Venejoki 
Shear Zone, ESZ: Enontekiö Shear Zone; NSZ = Nolppio Shear 

Zone) complexes (CLGC = Central Lapland Granitoid Complex, 
LGC = Lapland Granulite Complex), intrusions (Ko: Koitelainen lay-
ered intrusion, K: Kevitsa layered intrusion), and sampled drillcore 
locations (black crosses). Simplified from the digital database of the 
Geological Survey of Finland
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by banded iron formation; (3) the Vesmajärvi Formation, 
dominated by metavolcanic rocks with mid-oceanic ridge 
basalt (MORB) affinity; and (4) the Pyhäjärvi Formation, 
dominated by micaschist and metagreywacke (Lehtonen 
et al. 1998; Hanski and Huhma 2005). At 1.92 Ga, the 
Kittilä Group has been thrust onto the Savukoski Group 
(Hanski and Huhma 2005). Finally, the Laino and Kumpu 
groups cap unconformably the previous groups and are 
characterized by molasse-type sediments of ca. 1.88 Ga 
maximum age (Hanski and Huhma 2005; Hanski et al. 
2001a; Hölttä et al. 2007).

Deformation and metamorphism of the CLGB

The CLGB is characterized by a complex tectonic evolu-
tion defined by different deformation and metamorphic 
events in space and time. Following Archean basement 
extension, deformation occurred at ca. 1.93–1.91  Ga 
with east–west bulk shortening (D1) as the result of the 
collision between the Norrbotten and Karelia blocks and 
development of a foreland fold-and-thrust-belt (Hanski 
and Huhma 2005; Nironen 2017; Sayab et al. 2019). Tec-
tonic juxtaposition of the Kittilä Group onto the Savuko-
ski Group led to formation of moderately dipping thrust 
zones within and at the base of the Kittilä Group, such as 
the KiSZ (Hanski and Huhma 2005; Nironen 2017; Sayab 
et al. 2019). Shortly after D1, the collision between the 
Karelia and Lapland-Kola blocks at ca. 1.90–1.89 Ga led 
to north–south shortening (D2) and thrusting of the Lap-
land Granulite Belt onto the CLGB from the northeast. 
To the south, D2 led to a new east–west orientated thrust 
system with the development of the SiSZ and leading 
to the thrusting of the Savukoski Group onto the Kittilä 
Group. The KiSZ, truncated by the SiSZ in the south, 
acted as transfer fault (Hanski and Huhma 2005; Nironen 
2017; Sayab et al. 2019). Progressive clockwise rota-
tion into northeast-vergent compression occurred at ca. 
1.88–1.87 Ga (D3), switching the deformation regime 
from compressional to transpressional and leading to 
dextral strike-slip in the KiSZ (Hanski and Huhma 2005; 
Nironen 2017; Sayab et al. 2019). A nearly 90° switch 
in the regional stress field occurred at ca. 1.84–1.81 Ga 
leading to a northwest-southeast compressional regime 
(D4). The D4 led to flipping of the kinematics in the 
KiSZ from dextral to sinistral strike-slip and to reacti-
vation of the SiSZ (Nironen 2017; Sayab et al. 2019). 
Orogenic collapse occurred during 1.80–1.77 Ga with 
NE-SW extension and granite emplacement (Hanski 
and Huhma 2005; Nironen 2017). At ca. 1.77–1.76 Ga, 
east–west shortening (D5) led to localized fault reactiva-
tion (Nironen 2017; Sayab et al. 2019).

In the CLGB, the Paleoproterozoic volcanic-sedi-
mentary sequence was affected by several metamorphic 

events, the intensity and timing of which did not occur 
homogeneously throughout the belt, leading to a complex 
metamorphic pattern. In the central part of the CLGB, 
peak metamorphism is inferred at ca. ~ 1.88–1.86 Ga dur-
ing D2–D3 and reached greenschist-facies conditions at 
250–400 °C, the lowest metamorphic grade of the belt 
(Fig. 1; Hölttä et al. 2007; Hölttä and Heilimo 2017; 
Nironen 2017; Molnár et al. 2018). Metavolcanic and 
metasedimentary rocks generally preserved their primary 
magmatic and sedimentary textures (Hölttä et al. 2007). 
Age of metamorphism in the external part of the belt is 
less well constrained. Progressive thrusting of the Lap-
land Granulite Belt during D2–D3 onto the CLGB from 
the northeast led to inverted metamorphic gradients in 
the northeastern part of the latter (Hölttä et al. 2007; 
Hölttä and Heilimo 2017). Granulite-facies metamor-
phism (770–890 °C) was initiated at ca. 1.89 Ga at the 
margin of the Lapland Granulite Belt and propagated 
towards the southwest into the CLGB until ~ 1.82 Ga, 
leading to amphibolite-facies metamorphism (Fig.  1; 
Hölttä and Heilimo 2017; Nironen 2017). In the west-
ern part of the CLGB, thrusting towards the east of 
the Haparanda Suite along the Enontekiö Shear Zone, 
at ca. 1.86–1.85 Ga, led as well to inverted metamor-
phic gradient up to mid-amphibolite facies (Bergman 
et al. 2006; Nironen 2017). Additionally, thrusting dur-
ing D3–D4 from the south resulted in emplacement of 
amphibolite-facies metamorphic rocks from the Central 
Lapland Granitoid Complex onto the Savukoski Group in 
the southern part of the CLGB along the Venejoki Shear 
Zone (Fig. 1; Bergman et al. 2006; Hölttä et al. 2007; 
Hölttä and Heilimo 2017; Nironen 2017; Lahtinen et al. 
2018). The resulting effect from thrusting of the Lapland 
Granulite Belt from the north-northeast, the Haparanda 
Suite from the west, and the Central Lapland Complex 
from the south explains the specific concentric meta-
morphic pattern of the CLGB with greenschist facies in 
the center and increasing metamorphic grade outwards 
(Fig. 1). These complex and long-lasting thrusting events 
on the margins of the CLGB most likely led to different 
ages of peak metamorphism for the lithological units of 
the CLGB. These are most likely related to D2–D3, but 
a more detailed constraint on these ages is not currently 
available (Hölttä et al. 2007; Hölttä and Heilimo 2017; 
Nironen 2017; Sayab et al. 2019). A late metamorphic 
event throughout the belt at around ~ 1.80–1.78 Ga and 
related to D4–D5 is outlined by U–Pb ages of metamor-
phic titanites and monazite, possibly related to orogenic 
collapse (Rastas et al. 2001; Hölttä et al. 2020). Finally, 
concomitantly to metamorphism, several crustal melting 
events produced orogenic granitoids at ~ 1.88–1.87 Ga 
and ~ 1.81–1.77  Ga throughout the CLGB (Fig.  1; 
Ahtonen et al. 2007; Lahtinen et al. 2018).
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Gold endowment in the CLGB

Orogenic Au deposits in the CLGB are spatially controlled 
by the KiSZ and SiSZ (Fig. 1; Patison 2007). The typical 
orogenic Au deposits are best represented by the Suuri-
kuusikko deposit (Kittilä mine), the largest Au mine in 
Europe with ~ 302 t Au reserves, and the Iso-Kuotko deposit, 
12 km north of the Suurikuusikko deposit along the KiSZ 
(Fig. 1; Table 1; Mineral Deposit Database of Finland 2022). 
The atypical orogenic Au deposits, on the other hand, are 
best represented by the Au-Cu Saattopora and the Au-Cu-Ni-
Co Levijärvi-Loukinen deposits, located in the western and 
central part of the SiSZ, respectively (Fig. 1; Table 1; Holma 
and Keinanen 2007; Kurhila et al. 2017; Molnár et al. 2017).

The typical and atypical orogenic Au deposits in the 
CLGB share many characteristics. They show strong struc-
tural control, and the orebodies generally occur as swarms 
of elongated lodes (Eilu et al. 2007; Eilu 2015). Differences 
in rheological properties of rock types present, such as ultra-
mafic and metasedimentary rocks, have important control on 
the mineralization, especially when competency is enhanced 
by early albite alteration promoting brittle behavior (Eilu 
et al. 2007; Patison 2007; Eilu 2015). Most of the deposits 
formed under similar temperature and pressure conditions, 

at 250–450 °C and 1–3 kbar, respectively, and the ores typi-
cally contain 1–5% sulfide with gold being either free, as 
inclusions or refractory (Eilu et al. 2007; Eilu 2015; Sayab 
et al. 2016). Despite the similarities, the typical and atypi-
cal orogenic Au deposits also show important differences. 
The typical orogenic Au deposits are generally dominated 
by pyrite, pyrrhotite, and arsenopyrite whereas the atypi-
cal ones show greater mineralogical diversity with pyrite, 
pyrrhotite, arsenopyrite, chalcopyrite, cobaltite, pentlandite, 
and gersdorffite, reflecting differences in metal endowment 
(Table 1; Eilu 2015). The typical orogenic Au deposits are 
preferentially located along the KiSZ whereas the atypical 
ones are located along the SiSZ (Fig. 1). Geochronologi-
cal studies indicate that orogenic Au mineralization in the 
CLGB occurred during the D1–D3 events, at ~ 1.92–1.86 Ga, 
and later during the D4–D5 events at ~ 1.81–1.76 Ga (Wyche 
et al. 2015; Molnár et al. 2018; Sayab et al. 2019). The first 
Au mineralization stage in the CLGB, occurring as early as 
1.92 Ga and apparently pre-dating peak metamorphism at 
the Suurikuusikko deposit (Wyche et al. 2015; Molnár et al. 
2018), appears to be best recorded along the KiSZ whereas 
the second Au mineralization stage is recorded along both 
the KiSZ and SiSZ (e.g., Iso-Kuotko, Saattopora and Levi-
järvi-Loukinen; Table 1).

Table 1  Main typical and atypical orogenic Au deposits of the CLGB

Py pyrite, Apy arsenopyrite, Po pyrrhotite, Cpy chalcopyrite, Gn galena, Pn pentlandite, Cob cobaltite, Ger gesdorffite

Deposit Deposit type Structural 
control

Ore assemblage Age Deformation 
stage

Gold occurrence References

Suurikuusikko Typical Au-only KiSZ Py, Apy 1.92 Ga D1 Refractory Patison (2007), 
Wyche et al. 
(2015), 
Molnár et al. 
(2018), Sayab 
et al. (2019)

Iso-Kuotko Typical Au-only KiSZ Apy, Py, Po, 
Cpy, Gn

1.87–1.86 Ga; 
main event at 
1.77–1.76 Ga

D5 Native and 
refractory

Molnár et al. 
(2018), Sayab 
et al. (2019)

Levijärvi-Louk-
inen

Atypical Au-
Cu-Ni-Co

SiSZ Po, Cpy, Py, 
Ger, Aspy

1.90–1.76 Ga; 
main event at 
1.8–1.76 Ga

D2–D5 Native and 
inclusions

Molnár et al. 
(2017), 
Kurhila 
et al. (2017), 
Holma and 
Keinanen 
(2007), Pati-
son (2007), 
Nironen 
(2017), Sayab 
et al. (2019)

Saattopora Atypical Au-Cu SiSZ Po, Cpy, Pn, 
Ger, Cob, 
Aspy

1.87–1.79 Ga; 
main event at 
1.82–1.79 Ga

D4 Native and 
inclusions

Molnár et al. 
(2019), Pati-
son (2007); 
Nironen 
(2017), Sayab 
et al. (2019)
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Sampling and analytical method

A suite of 105 drill core samples from the Kittilä Group 
and Savukoski Group, distal from the hydrothermally 
altered zones surrounding gold deposits, were selected. 
They are representative of the variation in lithology and 
metamorphic facies within the CLGB (Fig.  1). They 
include 36 metavolcanic rocks and 17 metasedimentary 
rocks from the Kittilä Group and 25 metavolcanic and 27 
metasedimentary rocks from the Savukoski Group (ESM 
1). The metamorphic grade ranges from greenschist to 
upper amphibolite facies with greenschist-facies samples 
generally preserving their primary features such as pil-
low rims and vesicles in metavolcanic rocks, whereas 
upper amphibolite-facies samples are variably foliated, 
sheared, and deformed. Of the selected samples, 43 are 
metamorphosed to greenschist facies (300–400 °C), 35 to 
lower amphibolite facies (450–550 °C), and 29 to upper 
amphibolite facies (> 550 °C; Hölttä and Heilimo 2017).

Major and trace elements were analyzed for in two 
batches by ALS Minerals and Labtium. From the samples 
sent to ALS Mineral, major elements were analyzed for 
by XRF; Ba, Ce, Cr, Cs, Dy, Er, Eu, Ga, Cd, Ge, Hf, Ho, 
La, Lu, Nb, Nd, Pr, Rb, Sm, Sn, Sr, Ta, Tb, Th, Tm, U, V, 
W, Y, Yb, and Zr by ICP-MS from lithium borate fusion 
disks after acid digest; Ag, Cd, Co, Cu, Li, Mo, Ni, Pb, 
Sc, and Zn by ICP-AES after four acid digest  (HNO3, 
HF,  HClO4, HCl); As, Bi, Hg, In, Re, Sb, Sc, Se, Te, and 
Tl by ICP-MS after aqua regia acid digest; and S and 
C by LECO furnace. A suite of standards (GIOP-102 
for XRF analysis; AMIS0304, GBM908-10, GBM908-
5, and GEOMS-03 for ICP-MS analysis; GEOMS-03 for 
ICP-AES analysis; GGC-09, GS303-9, GS310-10, and 
GS910-4 for LECO furnace analysis), duplicated sam-
ples, and blanks were analyzed to check for accuracy, 
precision, and limits of detection (ESM 2). For the sam-
ples sent to Labtium, major elements were analyzed for 
by XRF on pressed pellets; Ce, Dy, Er, Eu, Gd, Hf, Ho, 
La, Lu, Nb, Nd, Pr, Rb, Sm, Ta, Tb, Th, Tm, U, Y, Yb, 
Ag, As, Be, Bi, Cd, Ce, Dy, Er, Eu, Gd, Hf, Ho, La, Lu, 
Mo, Nb, Nd, Pr, Rb, Sm, Ta, Tb, Lu, Nb, Nd, Pb, Pr, Rb, 
Sb, Se, Sm, Sn, Ta, Tb, Te, Th, Tm, U, W, Y, and Yb by 
ICP-MS after HF-HClO4 and aqua regia digestion; Co, 
S, Sc, V, and Zr by ICP-AES after HF-HClO4 digest; 
and C by C-analyzer. A suite of standards was analyzed 
to check for accuracy, precision, and limit of detections 
(ESM 2). Gold whole rock analyses were carried out at 
Stockholm University following the ultra-low detection 
limit technique developed by Pitcairn et al. (2006b). To 
minimize possible nugget effects, 3 g of sample pow-
der was digested by  HNO3-HF-aqua regia into liquid 

solution. The solutions were analyzed using a Thermo 
Fisher XSeries 2 ICP-MS. The 3σ method detection limit 
calculated from blank digests is 0.027 ppb. Analytical 
accuracy and precision were controlled through analy-
ses of CANMET reference material TDB-1 and USGS 
reference materials WMS-1 and CH-4, which have repro-
ducibility of 104%, 91%, and 87%, respectively (Patten 
et al. 2020).

Rock classification

Metavolcanic rocks

The Kittilä and Savukoski groups contain several genetically 
unrelated metavolcanic rocks (Lehtonen et al. 1998; Hanski 
and Huhma 2005), and thus, metavolcanic rocks show sig-
nificant variations in major and trace element concentrations 
(Table 2).

Kittilä Group

Samples from the Kittilä Group are MORB (n = 13), 
WPB (n = 17), and boninite-like dikes (n = 6; Fig.  2; 
Hanski and Huhma 2005). The MORB-like samples, 
which are part of the Vesmajärvi Formation (Lehtonen 
et al. 1998; Hanski and Huhma 2005), are dominantly 
basalt (45.2–53.0 wt%  SiO2) with tholeiitic to transi-
tional affinity (Zr/Y < 3.75 and Th/Yb < 0.69; Fig. 2). 
Relatively f lat REE profiles (La/Ybpm = 1.70 ± 0.72; 
Fig.  2) suggest an E-MORB affinity. The WPB-like 
samples, which are part of the Kautoleskä Formation 
(Lehtonen et al. 1998; Hanski and Huhma 2005), are 
also dominantly basaltic (46.0–51.6 wt%  SiO2), but have 
slightly higher  Na2O +  K2O content than the MORB-like 
samples (3.93 ± 1.1 wt%), and three samples classify as 
trachy-basalt (Fig.  2). The WPB-like samples have a 
transitional to calc-alkaline affinity (Zr/Y > 4.61 and Th/
Yb > 0.42; Fig. 2). The REE profiles show LREE enrich-
ment relative to HREE (La/Ybpm = 5.91 ± 2.75; Fig. 2) 
and significant negative Ta and Nb anomalies relative to 
Th (Ta/Thpm = 0.69 ± 0.36 and Nb/Thpm = 0.76 ± 0.45). 
The boninite-like dikes are characterized by higher 
MgO (8.79 ± 0.28 wt%) and lower  TiO2 (0.51 ± 0.04 
wt%; Table 1) than MORB and WPB and have a tran-
sitional affinity (1.7–3.09 Zr/Y and 0.41–0.52 Th/Yb; 
Fig. 2). Their REE profiles show slight LREE enrich-
ment relative to HREE (La/Ybpm = 2.1 ± 0.2; Fig. 2) and 
slight negative Ta and Nb anomalies relative to Th (Ta/
Thpm = 0.32 ± 0.03 and Nb/Thpm = 0.44 ± 0.05; Fig. 2).
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Savukoski Group

Samples from the Savukoski Group are mostly meta-
komatiite (n = 15) with minor MORB (n = 6) and WPB 
(n = 4) type metabasalt. Metakomatiite is character-
ized by 46.5 ± 3.1 wt%  SiO2 and 23.9 ± 5.3 wt% MgO 
(Table 2) and is Al-undepleted  (TiO2/Al2O3 = 14.7 ± 1.89; 
Fig.  2; Barnes and Often 1990). Two samples have 
 Na2O +  K2O > 2 wt%, and two have MgO < 18 wt%, but 
these samples are classified nevertheless as metakomatiite 
based on their REE profiles (Fig. 2). The REE profiles are 
characterized by HREE enrichment relative to LREE (La/
Ybpm = 0.66 ± 0.31; Fig. 2). The MORB-like samples are 

basaltic (47.8 ± 1.3 wt%  SiO2) with tholeiitic to transi-
tional affinity (Zr/Y < 2.9 and Th/Yb < 0.55; Fig. 2). They 
show slightly enriched REE profiles (La/Ybpm = 3.9 ± 3.1; 
Fig. 2) suggesting an E-MORB affinity similarly to the 
Kittilä Group. Two samples have transitional Zr/Y and Th/
Yb values and REE patterns similar to WPB. The WPB-
like samples are basaltic to andesitic (51.6 ± 4.0 wt%  SiO2) 
with transitional to calc-alkaline affinity (Zr/Y > 4.2 and 
Th/Yb > 0.89; Fig. 2). The REE profiles are similar to the 
Kittilä Group with LREE enrichment relative to HREE 
(La/Ybpm = 6.2 ± 2.1; Fig. 2) and strong negative Ta and 
Nb anomalies relative to Th (Ta/Thpm = 0.22 ± 0.10 and 
Nb/Thpm = 0.20 ± 0.12).
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Fig. 2  Geochemical classification of the metavolcanic rocks (MORB, 
WPB, boninite-like dike and komatiite) from the Kittilä and Savuko-
ski groups. A from Le Bas et  al. (1986), B from Ross and Bédard 

(2009), C from Pearce and Norry (1979), D from Le Bas (2000), E 
from Barnes and Often (1990), and F–H primitive mantle values 
from McDonough and Sun (1995)
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Metasedimentary rocks

Kittilä Group

Metasedimentary rocks occur as intercalated units within 
the metavolcanic rocks. They comprise mainly metag-
raywacke, phyllite and black schist with variable sulfide and 
carbonaceous material contents (Hanski and Huhma 2005). 
Selected samples classify as wacke and Fe sand (Fig. 3) and 
show wide range in major and trace element concentrations 
(Table 2). Immobile trace element concentrations suggest an 
oceanic-arc dominated source (Fig. 3). These samples have a 
wide range of S and C contents ranging between 0.02–20.5 
wt% S and 0.66–12.4 wt% C but with total S + C > 1 wt%. 
Samples with the highest S and C contents are black schists 
with sulfidic seams. One competent and poorly foliated sam-
ple with S + C < 1wt% has a composition similar to that of 
WPB-like samples (Fig. 3) suggesting that it represents a 
metamorphosed volcanoclastic rock.

Savukoski Group

Metasedimentary rocks are common and constitute the base 
of the group on top of which the metavolcanic rocks were 

conformably emplaced (Hanski and Huhma 2005). They 
mostly consist of phyllite, black schist, and mafic metatuf-
fites (Hanski and Huhma 2005). Selected samples classify as 
Fe-shale, shale, wacke, and litharenite as protoliths (Fig. 3). 
Similar to rocks from the Kittilä Group, they show a wide 
range in major and trace element concentrations (Table 2). 
The immobile element concentration suggests either an 
active continental margin or an oceanic island arc source 
(Fig. 3). The S and C concentrations range between 0.01 
and 11.04 wt% and 0.02 and 8.14 wt%, respectively, with 
black schists being the most S- and C-rich samples. Poorly 
foliated and competent samples with S + C < 1wt% are com-
mon (n = 12) and have similar composition to that of MORB 
and WPB samples, suggesting that they represent metamor-
phosed volcanoclastic rocks (Fig. 3).

Element distribution related 
to metamorphism

Metavolcanic and metavolcanoclastic rocks 
with MORB and WPB signatures

Due to similar geochemistry, metavolcanic and metavol-
canoclastic rocks are grouped together when compared to 
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metamorphic grade. Boninites, however, are not grouped 
with MORB and WPB as they are volumetrically minor, 
not well genetically characterized and geochemically dif-
ferent (Table 2). Differences in trace element distribution 
in MORB, WPB, and related metavolcanoclastic rocks are 
observed relative to metamorphism (Fig. 4). To describe 
variations in element concentration relative to metamor-
phism, median and box plots are used rather than the aver-
age and standard deviation because of the bias induced by 
outliers in the dataset (Fig. 4). The MORB and WPB-like 
samples show systematic decrease in LOI from greenschist 
(median = 2.97 wt%) to lower amphibolite (median = 1.26 
wt%) and upper amphibolite facies (median = 0.76 wt%; 
Fig. 4). Sulfur concentration decreases systematically from 
greenschist (0.13 wt%) to lower amphibolite (0.10 wt%) 
and upper amphibolite facies (0.09 wt%), whereas C stays 
constant (Table 3). Similarly, As, Sn, Sb, Te, and Au con-
centrations decrease from greenschist (10.5 ppm, 2.05 ppm, 
0.14 ppm, 0.021 ppm, and 0.84 ppb, respectively) to lower 
amphibolite (9.0 ppm, 1.01 ppm, 0.11 ppm, 0.020 ppm, 
and 0.69 ppb, respectively) and upper amphibolite facies 

(0.98 ppm, 0.62 ppm, 0.10 ppm, 0.010 ppm, and 0.44 ppb, 
respectively; Fig. 1; Table 2). Other trace elements do not 
show systematic variation in concentration with metamor-
phic grade.

Metakomatiite

Metakomatiite samples show decreasing LOI content from 
greenschist (12.2 wt%) to lower amphibolite (8.46 wt%) and 
upper amphibolite facies (3.02 wt%; Fig. 5). Carbon content 
in upper amphibolite-facies samples (median = 0.15 wt%) 
is considerably lower than in greenschist and amphibolite-
facies samples (median = 1.32 and 1.72 wt%, respectively; 
Fig. 5; Table 3). Sulfur content does not show systematic 
changes with metamorphism. Cobalt and Ni concentrations 
decrease slightly from greenschist (93.7 ppm and 656 ppm, 
respectively) to lower amphibolite (93.5 ppm and 627 ppm, 
respectively) and upper amphibolite facies (89.6 ppm and 
482 ppm, respectively; Fig. 5; Table 3). Gold does not show 
systematic changes in concentration with metamorphism 
although upper amphibolite-facies samples have lower 
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Au concentrations (median = 0.28 ppb) than greenschist 
and lower amphibolite-facies samples (0.43 and 0.65 ppb, 
respectively).

Sulfur and C‑rich metasedimentary rocks

The various metasedimentary rocks of the Kittilä Group 
and the Savukoski Group are referred as to S and C-rich 
metasedimentary rocks (S + C > 1 wt%) and have decreas-
ing LOI content from greenschist (6.61 wt%) to lower 
amphibolite (5.01 wt%) and upper amphibolite facies 
(3.73 wt%; Fig. 6; Table 3). Carbon content shows system-
atic decrease from greenschist (2.36 wt%) to lower amphi-
bolite (2.22 wt%) and upper amphibolite facies (1.07 

wt%) whereas S shows considerably lower concentration 
in upper amphibolite-facies samples (median = 0.21 wt%) 
than in greenschist (3.02 wt%) and lower amphibolite-
facies samples (4.79 wt%; Table 3). Copper, As, and Sb 
show systematic decrease in concentration from green-
schist (373 ppm, 56 ppm, and 1.51 ppm, respectively) to 
lower amphibolite (200 ppm, 7.8 ppm, and 1.09, respec-
tively) and upper amphibolite facies (109 ppm, 2.3 ppm, 
and 0.10 ppm, respectively; Fig. 6; Table 3). Selenium, 
Mo, Sn, Te, and U have considerably lower concentrations 
in upper amphibolite-facies samples (0.77 ppm, 0.61 ppm, 
0.54 ppm, 0.01 ppm, and 1.20 ppm, respectively) than in 
greenschist (2.33 ppm, 11.3 ppm, 1.45 ppm, 0.08 ppm, 
and 4.84 ppm, respectively) and lower amphibolite-facies 

Table 3  Whole rock composition of the metavolcanic rocks, metasedimentary rocks, and metakomatiites at different metamorphic grades

LOI S C Co Cu As Se Mo Sn Sb Te Au U
wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppb ppm

Metavolcanic and metavolcanoclastic rocks (MORB and WPB composition)
  Greenschist Mean 3.49 0.17 0.38 51.81 96.90 15.9 0.69 1.53 5.88 0.26 0.024 1.85 0.82

σ 1.81 0.14 0.45 7.17 57.01 17.7 0.25 0.87 10.26 0.33 0.010 2.97 0.74
Median 2.97 0.13 0.28 49.95 92.24 10.5 0.72 1.04 2.05 0.14 0.021 0.84 0.44

  Lower amphibolite Mean 1.43 0.15 0.37 46.55 57.48 25.4 0.55 0.62 1.11 0.20 0.024 1.76 0.63
σ 1.19 0.18 0.32 13.19 47.70 30.3 0.35 0.64 0.88 0.21 0.017 2.27 0.60
Median 1.26 0.10 0.35 44.71 55.58 9.0 0.41 0.56 1.01 0.11 0.020 0.69 0.42

  Upper amphibolite Mean 1.09 0.11 0.27 47.89 83.85 1.44 0.61 0.84 0.71 0.15 0.014 0.87 0.93
σ 0.83 0.11 0.26 9.39 65.04 1.18 0.24 0.55 0.63 0.14 0.011 0.98 0.82
Median 0.76 0.09 0.14 46.02 92.08 0.98 0.66 0.74 0.62 0.10 0.010 0.44 0.51

Komatiites
  Greenschist Mean 11.78 0.096 2.02 95.8 10.7 1.20 0.18 0.06 0.16 0.19 1.85 0.60 0.04

σ 5.25 0.094 1.94 13.4 12.0 0.96 0.09 0.05 0.10 0.06 4.87 0.36 0.02
Median 12.20 0.085 1.32 93.7 4.2 0.85 0.15 0.05 0.12 0.19 0.007 0.43 0.03

  Lower amphibolite Mean 9.21 0.029 1.86 92.8 31.0 1.85 0.18 1.44 0.11 0.11 0.008 1.07 0.03
σ 2.13 0.045 0.44 5.3 38.7 1.56 0.08 2.43 0.00 0.00 0.002 1.03 0.00
Median 8.48 0.003 1.72 93.5 9.6 1.82 0.17 0.07 0.11 0.11 0.007 0.65 0.03

  Upper amphibolite Mean 2.50 0.089 0.20 77.5 46.8 0.97 0.18 0.12 0.14 0.13 0.006 0.48 0.45
σ 0.94 0.130 0.13 24.8 39.2 0.65 0.18 0.09 0.05 0.02 0.000 0.50 0.91
Median 3.02 0.022 0.15 89.6 41.8 0.91 0.12 0.10 0.10 0.12 0.006 0.28 0.03

Metasedimentary rocks (S + C > 1 wt%)
  Greenschist Mean 7.89 5.60 2.86 101 487 127 5.5 13.4 1.91 8.16 0.30 2.88 7.25

σ 4.06 6.13 1.89 162 512 219 7.1 16.2 1.28 18.81 0.39 7.17 7.71
Median 6.61 3.02 2.36 50 373 56 2.3 11.3 1.45 1.51 0.08 0.57 4.84

  Lower amphibolite Mean 7.37 4.77 4.41 52 238 51.8 13.4 34.6 2.28 0.91 0.14 0.44 14.02
σ 3.54 3.85 4.30 38 213 75.5 17.4 35.2 1.50 0.41 0.12 0.44 14.16
Median 5.01 4.79 2.22 40 200 7.8 6.9 16.8 2.10 1.09 0.09 0.29 5.65

  Upper amphibolite Mean 4.67 1.58 1.49 62 123 4.1 4.0 9.07 0.54 0.12 0.05 0.91 3.38
σ 2.65 3.11 1.09 32 65 4.0 8.0 20.8 0.15 0.04 0.09 0.84 5.83
Median 3.73 0.21 1.07 55 109 2.3 0.8 0.61 0.54 0.10 0.01 0.63 1.20
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samples (6.94 ppm, 16.8 ppm, 2.10 ppm, 0.09 ppm, and 
5.65 ppm, respectively; Table 3). Gold and Co do not 
show systematic decrease relative to metamorphic grade 
(Fig. 6).

Protolith composition

There are three critical parameters for determining the 
potential of lithological units as metal source: (1) the pri-
mary content of the elements of interest at the onset of 
metamorphism (defined as the metamorphic protolith com-
position), (2) the degree of depletion, and (3) the volume 
of the unit. The metamorphic protolith composition and 
the volume of the unit buffer the quantity of element avail-
ability for hydrothermal mobilization and can be referred 
to as the metal fertility. The degree of depletion is depend-
ent on the efficiency of hydrothermal fluids in mobiliz-
ing the elements out of the source rock. This efficiency 
is related to the degree of disequilibrium between the 
fluids and the rocks, which is dependent on the physico-
chemical characteristics of both the hydrothermal fluids 
and the rocks. The degree of depletion is inferred through 
mass variation calculations between protolith and altered 

rocks (Pitcairn et al. 2006a; Jowitt et al. 2012; Patten et al. 
2016). A lithological unit has a high potential as a source 
if it has both a high metal fertility and is highly depleted.

Metavolcanic rocks with MORB and WPB signature

To determine the mass variations related to metamorphic 
devolatilization, the different protolith primary composition 
before the onset of metamorphism must be characterized. 
Metamorphic protolith composition, however, is notori-
ously difficult to determine due to the numerous processes 
that affected trace element concentration before onset of 
metamorphism. Trace element contents in MORB and 
WPB-like samples are controlled by differences in mantle 
source, magmatic processes, and seafloor alteration preced-
ing metamorphism (Tatsumi et al. 1999; Jenner and O’Neill 
2012; Webber et al. 2013; Patten et al. 2016). Comparison 
with modern-day fresh glass MORB and WPB can provide 
insights into protolith composition, especially for elements 
which are poorly affected by low-temperature seafloor altera-
tion such as Au (Nesbitt et al. 1987; Pitcairn et al. 2015; 
Patten et al. 2016). Their use as proxies for metamorphic 
protolith composition, however, is limited as the differences 
in mantle source and magmatic differentiation between 
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Precambrian and modern-day MORB and WPB, and related 
effect on trace element concentration, are not well con-
strained (Patten et al. 2020). For instance, MORB and WPB 
from the CLGB show evidence of contamination from the 
Archean basement via the assimilation-fractionation-crys-
tallization mechanism (Hanski and Huhma 2005; Patten 
et al. 2020), but the impact on trace element concentration 
is difficult to estimate. Thus, MORB- and WPB-like samples 
metamorphosed at greenschist facies are considered better 
proxies for the metamorphic protolith composition. They 
have sustained the same magmatic-hydrothermal history 
as their higher metamorphic grade counterparts, enabling 
direct comparison, and trace element mobility during sub-
greenschist-facies metamorphism can be considered limited 
(Pitcairn et al. 2006a, 2015). Patten et al. (2020) highlighted 
that magmatic differentiation trends for Au in MORB and 
WPB are preserved in greenschist-facies samples from the 
CLGB, enabling improved characterization of the proto-
lith composition. The Zr/Y ratio, which is not affected by 
seafloor alteration and sub-greenschist facies metamor-
phism, is used to differentiate between MORB and WPB 
magmatic trends. This approach, however, does not work 
for other elements, which also show systematic decrease 
with increasing metamorphic grade, such as S, As, Sn, and 
Sb, as no magmatic differentiation trends are preserved in 
greenschist-facies samples. These elements have relatively 
high mobility during low-temperature seafloor alteration 
(Alt 1995; Jochum and Verma 1996; Patten et al. 2016) pre-
venting preservation of magmatic trends. Hence, the median 
values of the greenschist facies samples are used as proxies 
for the metamorphic protolith composition (S = 0.13 wt%, 
As = 10.5 ppm, Sn = 2.05 ppm, and Sb = 0.14 ppm; Table 3).

Sulfur and C‑rich metasedimentary rocks

Trace element content in S and C-rich metasedimentary 
rocks is highly variable, depending on sediment source and 
diagenetic processes (Crocket 1993; Ketris and Yudovich 
2009; Large et al. 2011; Pitcairn 2011). Sulfide content in 
metasedimentary rocks of the CLGB has a strong control 
on Cu, Se, Mo, Sb, Te, and U but limited control on Co, 
As, Sn, and Au (Figs. 6 and 7). Trace element content in 
the metamorphic protolith is thus strongly controlled by 
the primary sulfide content for some elements, and their 
distribution in variably metamorphosed samples might 
reflect differences in protolith sulfide content rather than 
mobilization due to metamorphism. To circumvent this 
problem, the Co/Mo ratio can be used (Fig. 8). Cobalt 
and Mo are both hosted by sulfides in metasedimentary 
rocks (Pitcairn et al. 2006a; Large et al. 2011, 2014; Hu 
et al. 2016), but during metamorphism, Co is redistrib-
uted between sulfide phases, from pyrite to cobaltite and 
pyrrhotite (Pitcairn et al. 2006a; Large et al. 2014), and 

can be considered as an immobile element if the meta-
morphic fluids have relatively low salinity (Fig. 6; Qiu 
et al. 2021), whereas Mo is efficiently mobilized, showing 
a similar behavior to S (Large et al. 2011, 2014; Fig. 6). 
Increasing devolatilization thus leads to increase in the 
Co/Mo ratio independently of the primary sulfide content 
(Fig. 8). Correlation of Se, Cu, Sb, Te, and U with the Co/
Mo ratio implies that trace element variation is related 
to metamorphic grade rather than to primary sulfide con-
tent. Although some trace element mobility in metasedi-
mentary rocks can occur early before greenschist-facies 
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metamorphism (Large et al. 2011; Pitcairn et al. 2006a), 
the median of greenschist-facies samples is used as proxy 
for protolith composition (Table 3). Greenschist-facies 
median values of Co, Cu, As, Se, Mo, Sn, Sb, Te, and U 
(50 ppm, 373 ppm, 56 ppm, 2.3 ppm, 11.3 ppm, 1.45 ppm, 
1.51 ppm, 0.08 ppm, and 4.84 ppm, respectively; Table 3) 
are comparable to the global median values in black shale 
as determined by Ketris and Yudovich (2009; 19 ppm, 
70 ppm, 30 ppm, 8.7 ppm, 20 ppm, 3.9 ppm, 5.0 ppm, 
2.0 ppm, and 8.5 ppm, respectively; Fig. 8). The Cu con-
centration (373 ppm), however, is considerably higher 
than the global black shale median (70 ppm), whereas Te 
(0.08 ppm) and Au (0.57 ppb) concentrations are consid-
erably lower (2.0 ppm and 7 ppb, respectively; Ketris and 
Yudovich 2009). The discrepancy for Au can possibly be 
attributed to unfavorable conditions for Au incorporation 
during sedimentation and diagenesis such as low Au con-
tent in seawater at 2.0–1.6 Ga (Large et al. 2015).

Metakomatiite

The trace element content in metakomatiite protolith is con-
trolled by complex processes such as mantle source, degree 
of mantle melting, melt contamination by supra-crustal 
rocks, possible sulfide segregation, and seafloor alteration 
(Barnes and Often 1990; Hanski et al. 2001b; Schandl and 
Gorton 2012; Heggie et al. 2013). The limited number of 
metakomatiite samples metamorphosed at greenschist facies 
(n = 7) makes the characterization of trace element distribu-
tion in the protolith difficult. The dataset is completed by 
whole rock data from the Karasjok greenstone belt (Barnes 
and Often 1990), the northern prolongation of the CLGB in 
Norway, and from the Peuramaa and Jeesiörova localities 
along the SiSZ (Hanski et al. 2001b). These rocks, although 
showing some differences in major element concentration 
(e.g., the Karasjok komatiites are more  TiO2–rich), share 
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Fig. 9  LOI, C, Co, Ni, and Au content relative to MgO in the meta-
komatiites from the Savukoski Group. The trend lines are the calcu-
lated protolith composition using greenschist facies samples from 

this study and from Barnes and Often (1990) and Hanski et al. (2013; 
blue crosses) except for Ni (see text). GS = greenschist, LA = lower 
amphibolite, UA = upper amphibolite
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the same genetic processes to the rocks from this study 
(Lehtonen et al. 1998; Hanski et al. 2001b), and they were 
metamorphosed only up to greenschist facies (Barnes and 
Often 1990). Using these data, magmatic differentiation 
curves were calculated for Co and Au using MgO (Fig. 9). 
Nickel concentrations in metakomatiite from this study 
are lower than those from Barnes and Often (1990), and 
Hanski et al. (2001b) and do not show clear magmatic dif-
ferentiation trends. However, the low Ni concentration of 
upper amphibolite-facies samples relative to greenschist and 
lower amphibolite facies samples (Fig. 5) is nevertheless 
partly due to magmatic differentiation as they are charac-
terized by low MgO content (Fig. 9). Nickel distribution in 

metakomatiite thus cannot be attributed to either magmatic 
or metamorphic processes, and mass variation related to 
metamorphism cannot be calculated. The metakomatiite 
samples are characterized by relatively high LOI and C 
(Table 1), most likely due to serpentinization and carbona-
tion during seafloor alteration (Barnes and Often 1990; 
Schandl and Gorton 2012), but LOI and C show neverthe-
less correlation with MgO (Fig. 9). The calculated trends 
for the LOI, C, Co, and Au are used as proxies for the 
metamorphic protolith composition (Fig. 9), whereas the 
median values of greenschist-facies samples are used as the 
metamorphic protolith composition for the other elements 
of interest (Table 3).

Table 4  Mass variation calculations for selected elements at greenschist, lower amphibolites, and upper amphibolite-facies conditions relative to 
protolith composition

* Au mass variation calculations in MORB and WPB are from Patten et al. (2020)

LOI S C Co Cu As Se Mo Sn Sb Te Au* U
wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppb ppm

Metavolcanic and metavolcanoclastic rocks (MORB and WPB composition)
  Greenschist Mean 17.3 22.9 54.1 4.6 3.7 49.3  − 2.8 47.3 187.7 81.2 5355 94.1 78.4

σ 60.9 112.6 186.0 15.4 58.7 167.9 43.6 83.5 501.5 234.9 19,978 393.6 172.9
Median 0 0 0 0 0 0 0 0 0 0 0  − 14.8 0

  Lower amphibolite Mean  − 51.8 13.9 55.6  − 4.5  − 39.3 146.0  − 17.0  − 40.6  − 45.7 40.8 17.4 153.9 46.1
σ 40.2 141.6 136.6 27.1 50.4 293.6 52.2 61.5 42.8 147.5 83.2 312.0 138.7
Median  − 57.6  − 18.5 46.4  − 8.3  − 41.3  − 12.2  − 38.8  − 46.1  − 50.4  − 21.5  − 2.9 14.0  − 1.7

  Upper amphibolite Mean  − 65.4  − 16.6 1.7  − 1.0  − 10.2  − 85.9  − 11.7  − 18.4  − 65.3 9.7  − 31.8  − 21.2 121.9
σ 27.5 86.2 104.6 19.6 70.7 11.8 34.9 54.3 31.7 97.5 55.3 96.4 194.5
Median  − 75.8  − 45.6  − 44.7  − 2.7  − 1.6  − 90.9  − 6.7  − 33.8  − 71.5  − 28.5  − 51.3  − 58.7 30.7

Komatiites
  Greenschist Mean 29.3 185.3 243.0  − 11.8  − 71.8 41.0 19.7 15.1 39.0  − 1.6 6.7  − 43.2 17.3

σ 56.7 277.5 374.4 11.6 31.5 111.9 60.4 102.6 86.9 29.9 20.8 43.0 49.9
Median 25.2 151.6 72.2  − 15.8  − 88.8 0.0 0.0 0.0 0.0 0.0 0.0  − 62.6 0.0

  Lower amphibolite Mean 11.0  − 14.8 560.2  − 11.3  − 18.4 116.3 17.2 2790.7  − 7.2  − 43.0 10.8  − 21.8  − 5.9
σ 22.7 133.4 213.8 6.7 102.0 182.5 49.9 4875.0 1.9 1.2 33.5 81.5 1.9
Median 0.1  − 91.0 582.4  − 11.9  − 74.8 112.5 10.4 30.7  − 8.2  − 43.6  − 7.0  − 61.9  − 6.8

  Upper amphibolite Mean  − 63.1 164.0 1661.1  − 17.8 23.3 13.7 17.7 137.9 13.9  − 35.2  − 12.5  − 77.8 1175.0
σ 7.2 385.1 2786.5 19.0 103.2 76.3 118.0 181.3 38.5 11.9 6.6 32.5 2590.4
Median  − 59.7  − 34.1 95.2  − 10.8 10.0 6.4  − 19.2 106.9  − 12.7  − 37.2  − 14.8  − 87.0  − 11.5

Metasedimentary rocks (S + C > 1 wt%)
  Greenschist Mean 19.6 19.4 85.4 21.2 30.3 30.4 127.3 137.2 18.3 31.5 440.2 257.8 404.6

σ 26.2 61.5 202.6 80.0 92.8 137.2 394.1 303.8 142.9 88.3 1244.6 461.6 1257.9
Median 5.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

  Lower amphibolite Mean 3.1 11.5 57.9 87.0 198.0  − 36.2  − 6.9 473.9 204.9 57.1  − 39.5 61.6  − 23.5
σ 1.9 53.6 127.4 182.6 246.7 56.9 135.7 749.6 310.6 103.4 27.1 140.8 77.4
Median 3.6  − 24.2 58.4  − 6.0 93.9  − 46.5  − 86.0 198.2 47.7 44.6  − 27.6 12.1  − 49.1

  Upper amphibolite Mean 72.5  − 29.3  − 47.8  − 36.8 112.4  − 67.2  − 92.6 73.0  − 20.0  − 62.5  − 92.1  − 46.5 59.9
σ 37.9 40.1 102.8 46.3 381.8 17.4 7.1 345.7 183.0 10.3 2.5 106.3 146.5
Median 75.6  − 43.6  − 92.9  − 54.8  − 31.3  − 70.9  − 95.8  − 66.7  − 94.6  − 62.7  − 93.1  − 89.1 10.4
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Element depletion during metamorphism

Element depletion of a source is determined using mass vari-
ation calculation. Mass variation in trace elements due to 
prograde metamorphism is defined as the difference between 
the metamorphic protolith composition and metamorphosed 
sample:

where ΔE is the element’s mass variation, Ep the proto-
lith composition, and Es the element concentration in the 
sample of interest. The metamorphic protolith composi-
tion is either the median of the greenschist-facies sample 
or the value determined from differentiation trends when 
possible (i.e., metakomatiite; Fig. 9). Mass variations for 
trace elements in greenschist, lower amphibolites, and 
upper amphibolite facies are compiled in Table 4 for each 
lithological group. To determine the significance of the 
calculated mass variations, a Mann–Whitney test for non-
normal distribution is used. The null hypothesis specifies 
no statistical differences relative to the protolith at 0.05 
confidence level (Table 5).

Metavolcanic rocks with MORB and WPB signature

Significant mass variation between the lower amphibo-
lite facies and the protolith occurs for the LOI (− 57.6%), 
Cu (− 60.3%), and Sn (− 50.4%). At the upper amphibo-
lite facies, significant mass variation occurs for the LOI 
(− 75.8%), As (− 90.9%), Sn (− 71.5%), and Au (− 58.7%; 
Table 5). Systematic and increasing depletion of LOI rela-
tive to the protolith, from greenschist to upper amphibolite 
facies, highlights the devolatilization during prograde meta-
morphism. Sulfur and C do not show significant mass varia-
tions although S mass variation in upper amphibolite-facies 
samples (median =  − 45.6%) is significant with a 80% degree 
of confidence (p value = 0.2; Table 5). A larger dataset would 
allow to better understand S mobility during metamorphism 
of MORB and WPB. Arsenic and Au mass variations are sig-
nificant in the upper amphibolite facies (median =  − 90.9% 
and − 58.7%, respectively), whereas Sn mass variations are 
significant in both the lower amphibolite and upper amphi-
bolite facies (median =  − 50.4% and − 71.5%, respectively), 
implying efficient mobilization of As, Sn, and Au during 
upper amphibolite-facies metamorphism. Efficient mobiliza-
tion of As from the metavolcanic rocks is inconsistent with 
the findings of Pitcairn et al. (2015), which show no As 
mobilization from metavolcanic rocks of the thick Otago 
Schist metasedimentary sequence but rather As enrich-
ment. A possible explanation for this discrepancy is that the 
metavolcanic rocks of the Otago schists interacted with the 
As-rich metamorphic fluids sourced from the surrounding 

ΔE = Ep − Es

and voluminous metasedimentary rocks (~ 95% vol. of the 
sequence; Pitcairn et al. 2015). In the CLGB, mass variation 
of Cu is significant in the lower amphibolite facies but not in 
the upper amphibolite facies, implying that Cu distribution 
is possibly not solely controlled by prograde metamorphic 
devolatilization but by cryptic magmatic processes and, 
therefore, is not considered further here.

Metasedimentary rocks

Significant mass variation in S- and C-rich metasedimen-
tary rocks relative to the metamorphic protolith composition 
occurs for the LOI (− 43.6%), S (− 92.9%), C (− 54.8%), Cu 
(− 70.9%), As (− 95.8%), Se (− 66.7%), Mo (− 94.6%), Sn 
(− 62.7%), Sb (− 93.1%), Te (− 89.1%), and U (− 75.2%) 
at the upper amphibolite facies (Table 5). Gold does not 
show any significant mass variation. The lack of Au mass 
variation is partly explained by the low Au content of the 
metamorphic protolith.

Metakomatiite

Relative to the protolith composition, significant mass 
variation in metakomatiite occurs for Cu in the greenschist 
facies (− 88.8%), for Sb at the lower amphibolite facies 
(− 43.6%), and for the LOI and Au at the upper amphibo-
lite facies (− 59.7% and − 87%, respectively). Cobalt does 
not show significant mass variation (Fig. 9; Table 5). The 
Cu mass variation in the greenschist facies is related to 
the lower Cu content of the metakomatiites of this study 
(median = 4.2 ppm) relative to those of Barnes and Often 
(1990; median = 74.5 ppm) rather than to metamorphism. 
The reasons for such low values are not understood. The 
mass variation of LOI and Au, although statistically signifi-
cant, should be interpreted carefully as the metakomatiite 
sample population is relatively small (n = 15).

Control of the source on metal endowment 
in orogenic Au deposits

Mass balance calculation

The 3D shape of the Kittilä Group rock package has been 
modeled using aeromagnetic and gravity maps as well as 
seismic profiles, revealing a hull shape with a maximum 
thickness of 9.5 km in the center and thinning out towards 
the margins (Fig. 10; Niiranen et al. 2015). The substantial 
thickening occurred via thrust stacking during D1–D2 (e.g., 
along the KiSZ; Sayab et al. 2019). From the total of 9500 
 km3 calculated for the Kittilä Group, ~ 1500  km3 of rocks 
are inferred to be metamorphosed at the upper amphibo-
lite facies (> 500–550 °C), representing a possible major 
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source volume for the orogenic Au deposits hosted in the 
CLGB (Niiranen et al. 2015). The Kittilä Group not only is 
dominated by metavolcanic rocks but also hosts minor meta-
sedimentary rocks that should be included in mass balance 
calculations. Assuming a similar relative proportion of meta-
volcanic rocks to metasedimentary rocks in the Kittilä Group 
at depth to that at the surface, a proportion of 99.6% to 0.4%, 
respectively, is determined from GTK DigiKP 1:200,000 
digital geological map (Fig. 1). It is estimated that ~ 1494 
 km3 of metavolcanic rocks and ~ 6  km3 of metasedimentary 
rocks were metamorphosed at upper amphibolite facies. The 
volume of the Savukoski Group, however, is not constrained 
but is likely significant (Niiranen, personal communication, 
2019). During the tectonic evolution, the Kittilä Group was 
thrust from the west onto the Savukoski Group, while to 
the south, the Savukoski Group was thrust onto the Kittilä 
Group along the SiSZ. It can be inferred, thus, that the Kit-
tilä Group hull structure is surrounded by the Savukoski 
Group at depth and to the south of the SiSZ (Fig. 10) as 
implied from the geological map (Fig. 1). Unlike the Kit-
tilä Group, the Savukoski rock package most likely did not 
sustain extensive thickening at depth due to thrust stacking 
making it considerably less voluminous in the source zone. 
We use a conservative volume of half that of the Kittilä rock 
package (~ 750  km3). The relative proportion of metavol-
canic rocks to metasedimentary rocks and metakomatiites 
in the Savukoski Group from the GTK DigiKP 1:200,000 
digital geological map is 29.7%, 29.4%, and 40.9%, respec-
tively. Assuming a similar ratio at depth, a volume of ~ 223 
 km3 of metavolcanic rocks, ~ 220  km3 of metasedimentary 
rocks, and ~ 307  km3 of metakomatiites is estimated to have 
been metamorphosed at the upper amphibolite facies in the 
Savukoski Group.

Mass balance calculations were carried out for the Kittilä 
Group and Savukoski Group rocks using the metamorphic 
protolith compositions (Table 3), the calculated element 
mass variations (Table 4), the estimated rock volumes in 
the source areas, and the densities of 3003 kg/m3 for meta-
volcanic rocks, 2962 kg/m3 for metasedimentary rocks, and 
2971 kg/m3 for metakomatiite (ESM 1). The calculated 
mass balances are semi-quantitative as uncertainties cannot 
be propagated (the highest uncertainty being related to the 
volume of the source zones and the lithological unit pro-
portions). They nevertheless provide insight into the order 
of magnitude of the element flux from the different source 
volumes with staggering quantities of S, C, Cu, and As 
(> 100 Mt), Se, Mo, Sn, and U (> 1 Mt), and Sb, Te, and Au 
(> 1000 t; Table 6) being mobilized. The total Au mobilized 
from both the Kittilä and Savukoski groups (~ 2500 t) is one 
order of magnitude higher than the reported Au resources 
in the CLGB orogenic Au deposit (~ 440 t; Mineral Deposit 
Database of Finland 2022). The calculated quantity of mobi-
lized Au is lower than the 4425–7080 t Au estimated by 

Niiranen et al. (2015) but of the same order of magnitude, 
the difference being caused by the overestimated protolith 
Au composition (2 ppb) used by Niiranen et al. (2015). Bulk 
Cu endowment in the CLGB orogenic Au deposits is not 
well constrained, but a minimum estimate of 0.13 Mt Cu 
(compilation from Saattopora, Levijärvi, Tepsa, Riikoski and 
Sirkka deposits) implies that the total Cu mobilized from 
both the Kittilä Group and the Savukoski Group (~ 180 Mt 
Cu) is significantly higher than the bulk Cu endowment in 
the deposits. The endowments of other metals in the CLGB 
are even less well constrained, but it can be assumed that, 
similarly to Au and Cu, the metal quantities mobilized from 
the sources are significantly higher than the ones trapped in 
the deposits.

Different sources for typical and atypical orogenic 
Au deposits?

The different lithological proportions of metavolcanic 
rocks, metasedimentary rocks, and metakomatiite between 
the Kittilä and Savukoski groups have important control 
on the element quantity mobilized during metamorphic 
devolatilization. The metavolcanic rocks released signifi-
cant Au, As, Sn, Te, and possibly S, whereas the meta-
sedimentary rocks released significant S, C, Cu, As, Se, 
Mo, Sn, Sb, Te, and U and the metakomatiites released C 
and possibly Au. Nickel and Co do not show systematic 
mobilization and a clear source for Ni and Co cannot be 
determined. The presence of evaporites in metamorphic 
belts appears as important for Co mobilization either by 
acting as a Co source (Qiu et al. 2021) and/or by providing 
Cl for forming Co–Cl complexes (Brugger et al. 2016; Qiu 
et al. 2021). Although some metaevaporites remnants are 
locally present within the CLGB, they appear to be limited 
and restricted to the southern part of the belt (Frietsch 
et al. 1997), and possibly had little impact on regional 
scale metal mobilization. They could have, nevertheless, 
locally and transiently favored Co mobilization, possibly 
promoting some atypical mineralization (Frietsch et al. 
1997). Noteworthy, the atypical orogenic Au deposits of 
the CLGB are rather Cu-rich than Co-rich in comparison 
with the Kuusamo Belt, for instance, which hosts several 
Au and Au–Co orogenic deposits showing evidence of 
mineralizing fluids with an evaporitic component (Vasi-
lopoulos et al. 2021).

In the Kittilä Group, which is dominated by metavolcanic 
rocks (~ 99.6 vol%), the metamorphic fluids generated by 
devolatilization would have been preferentially enriched in 
Au, As, Sn, Te, and possibly S. The metasedimentary rocks, 
although minor (~ 0.4 vol%), would still have provided large 
quantities of S and As to the metamorphic fluids (~ 490 Mt S 
and ~ 0.9 Mt As; Table 6). In the Savukoksi Group, however, 
metasedimentary rocks represent a large volume fraction 
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(29.7 vol%) implying that the metamorphic fluids would 
have been enriched in a larger suite of elements such as S, 
C, Cu, As, Se, Mo, Sn, Sb, Te, Au, and U (Table 6).

The lithological variability in the source is interpreted 
to have significant control on the style of mineralization 
and metal endowment in the orogenic Au deposits of the 
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CLGB. The spatial distribution of the typical orogenic Au 
deposits along the KiSZ and SiSZ and the atypical along the 
SiSZ supports this argument. By projecting the thickness 
of the Kittilä Group onto the geological map, the dominant 
rock types present at depth in the source can be inferred 
(Fig. 10). Following the approach of Niiranen et al. (2015), 
the potential source is defined as the rock volume that has 
been metamorphosed at upper amphibolite-facies condi-
tions (> 500–550 °C). In the Kittilä Group, the transition 
to amphibolite-facies conditions is inferred to be recorded 
at 4.05–5.35 km below the erosion surface level, based 
on greenschist-facies conditions recorded at the surface 
(~ 350 °C, Hölttä et al. 2007) and a temperature gradient of 
37 °C/km during metamorphism (Niiranen et al. 2015). The 
transition to amphibolite facies becomes shallower in the 
CLGB to the north due to an inverted metamorphic gradient 
caused by thrusting of the Lapland Granulite Belt and to the 
west by thrusting of the Haparanda Suite (Fig. 10).

Although the block model in Fig. 10 only represents the 
end product of the Svecofennian orogeny, it still allows 
determination of the rock types potentially present in the 
source at the time of metamorphic evolution. The Kit-
tilä Group is considered to prevail in the source volume 
where it is thicker than 4–5 km at depth, corresponding 
to the core of the CLGB, whereas the Savukoski Group 
prevails in the source volume where the Kittilä Group is 
thinner than 4–5 km and to the south of the SiSZ where 
the Kittilä Group is absent (Fig. 10). Along the KiSZ, the 
Kittilä Group is thick, especially in the southern section 
(> 7 km; Fig. 10), and thus, metamorphic fluids produced 
during metamorphic devolatilization of this rock volume 
would have been Au, As, and S-rich, accounting for the 
formation of typical orogenic Au deposit such as the 
Suurikuusikko deposit. The δ34S signature of disseminated 
and vein-hosted auriferous pyrite in metavolcanic rocks 
at Suurikuusikko ranges between 0 and + 5‰ with few 
negative values for low Au bearing disseminated pyrite 
in metasedimentary rocks (to − 5‰; Molnár et al. 2017). 
The most common pyrite signature of 0 to + 5‰ can be 
attributed to a homogenized source, most likely buffered 
by the Kittilä Group metavolcanic rocks (δ34S of altered 
oceanic crust of ~  + 1‰; Alt 1995; Molnár et al. 2017), 
whereas the few negative δ34S values could be inherited 
from primary sedimentary-related pyrite or from fluids 
buffered by the Kittilä Group black schist (− 3 to + 4‰; 
Hanski and Huhma 2005).

The Kittilä Group present on the northern side of the 
SiSZ exceeds 4 km in thickness only over a limited area 
in the central part of the shear zone (Fig. 10). The Savu-
koski Group and possibly the other lower CLGB units and 
Archean basement are thus likely to be the dominant metal 
and ligand sources at depth along the SiSZ. Metamorphic 
fluid produced during metamorphic devolatilization would 

have been thus preferentially enriched in S, C, Cu, As, Se, 
Mo, Sn, Sb, Te, and U with lesser Au, promoting the for-
mation of atypical orogenic Au along the SiSZ. The δ34S 
signature of sulfides (pyrite, pyrrhotite, and chalcopyrite) 
from the Sattopora deposit ranges between 1 and + 4‰ in 
the northern orebody, in contact with the Kittilä Group and 
between − 1 and + 18‰ in the southern orebody, in contact 
with the Savukoski Group (Molnár et al. 2019). Within 
the wide range of the S isotope ratios in the southern ore-
body, two peaks are observed, one at ~  + 2‰ (range ~  − 1 
to + 4‰), similarly to the northern orebody, and a second 
at ~  + 7– + 8‰ (range ~  + 5 to + 9‰; Molnár et al. 2019). 
The δ34S range of sulfides form the northern and south-
ern orebody between ~  − 1 and + 4‰ can be attributed to 
a source strongly buffered by metavolcanic rocks, simi-
larly to the Suurikuusikko deposit (Molnár et al. 2019). 
Instead, the δ34S range of sulfides from the southern ore-
body between ~  + 5 to + 9 ‰ is explained by buffering 
of the mineralizing fluids by the Savukoski Group black 
schists, which have high δ34S values (up to + 27‰; Hanski 
and Huhma 2005; Molnár et al. 2019). The presence of 
light hydrocarbons in fluid inclusions from the Sattopora 
deposit may imply C-rich metasedimentary rocks in the 
source, such as Savukoski Group black schists (Molnár 
et al. 2019).

Metal mobilization and orogenic Au mineralization 
in an evolving orogen

Orogenic Au deposits in the CLGB show multiple hydro-
thermal events with distinct stages of ore accumulation 
(Wyche et al. 2015; Molnár et al. 2018; Sayab et al. 2019). 
Two main stages of orogenic Au mineralization are currently 
recognized within the CLGB defined by an early-stage asso-
ciated with peak metamorphism and a stage associated with 
late orogenic evolution (e.g., Molnár et al. 2018). The rela-
tionship between metal source zones and ore deposits is, 
however, difficult to establish as the ages of the causative 
metamorphic events for metal mobilization from the dif-
ferent units of the CLGB, mainly the Kittilä and Savukoski 
groups, are poorly constrained.

1. Au mineralization related to peak metamorphism

The earliest known mineralizing stage occurred within 
the Kittilä Group along the KiSZ and is defined by the main 
Au stage of the Suurikuusikko deposit, which is dated at 
1.916 Ga and interpreted to be related to D1 (Wyche et al. 
2015; Sayab et al. 2019). Prograde metamorphic devolatili-
zation of rocks belonging to the Kittilä Group (Fig. 10) is 
interpreted to have occurred close to peak metamorphism 
at ~ 1.88–1.86 Ga, related to D2–D3 and generating Au-, 
As-, and S-rich metamorphic fluids. A conundrum arises 
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as the Re-Os isochron age of the Suurikuusikko deposit 
(1.916 ± 0.016  Ga) pre-dates peak metamorphism and 
associated metal mobilization. This discrepancy is difficult 
to account for, but further dating of both the Surrikuusiko 
deposit and peak metamorphism of the Kittilä and Savukoski 
groups could provide new insight. For instance, the northern 
part of the CLGB, in addition to inverted metamorphism, has 
been intruded by various magmatic bodies such as the Taatsi 
granodiorite (1.92–1.91 Ga), the Ruoppapalo granodiorite 
(1.91–1.90 Ga; Nironen 2017), and numerous porphyry dikes 
within the Kittilä Group dated at ca. 1.92 Ga (Rastas et al. 
2001; Molnár et al. 2018). The effect of numerous magmas 
intruding or underplating the Kittilä Group could have led to 
substantial heating at its base, especially in its north-north-
eastern part. The combined effect of inverted metamorphic 
gradient, due to thrusting of the Lapland Granulite Belt, and 
the excessive external heat from magmatic bodies possibly 
led to earlier peak metamorphism and metamorphic devola-
tilization at the base of Kittilä Group than in its shallower 
part, resembling to a “deep-earlier” metamorphic scenario 
(Stüwe et al. 1993; Stüwe 1998). Apart from the Suuri-
kuusikko age conundrum, the Iso-Kuotko minimum age of 
mineralization at 1.87–1.86 Ga and associated with D1–D3 
(Molnár et al. 2018; Sayab et al. 2019) fits with metal mobi-
lization from the Kittilä Group source zone during prograde 
metamorphic devolatilization. Noteworthy, stress regime 
switch from compression (D2, ~ 1.90–1.89 Ga) to transpres-
sion (D3, ~ 1.88–1.87 Ga) would have increased crustal per-
meability, favoring large-scale fluid migration along major 
shear zone (e.g., KiSZ) and ore formation (Goldfarb et al. 
1991, 2005; Bierlein et al. 2004; Sayab et al. 2019).

2. Au mineralization during late orogenic evolution

The second major epigenetic-hydrothermal typical and 
atypical stage that occurred in the CLGB during the latest 
stages of the Svecofennian orogeny corresponds to the main 
mineralization stages in the Iso-Kuotko, Saattopora and Levi-
järvi deposits (Patison 2007; Molnár et al. 2018, 2019; Sayab 
et al. 2019). These stages, occurring within a time window 
from ca. 1.83 to 1.76 Ga, are associated with D4–D5 defor-
mation (Patison 2007; Molnár et al. 2018; Sayab et al. 2019) 
and appear apparently incompatible with metal mobilization 
during prograde metamorphic devolatilization during D2–D3. 
During the late Svecofennian orogeny evolution, however, a 
widespread thermal event, granitoid magmatism and high-
grade metamorphism occurred (Hölttä et al. 2020), such as 
in the eastern Pajala Shear Zone (ca. 1.82–1.78 Ga; Bergman 
et al. 2006), the Hetta Complex (ca. 1.77 Ga; Ahtonen et al. 
2007), and in parts of the Central Lapland Granitoid Com-
plex (1.90–1.76 Ga; Corfu and Evins 2002; Nironen 2017; 
Lahtinen et al. 2018). The causes of this magmatism and meta-
morphism, such as lithospheric delamination, crustal erosion 

and asthenospheric upwelling, crustal melting following oro-
genic thickening or the far field effect of the amalgamation of 
Amazonia, Sarmatia, and Svecofennia (Corfu and Evins 2002; 
Lahtinen et al. 2005; Kukkonen et al. 2008), remain cryptic 
but most likely resulted in regional-scale lithospheric heating 
of the crust (Hölttä et al. 2020). Such event could have led 
to late-stage metamorphic fluid flow (Gonçalves et al. 2019), 
likely during D4–D5 (~ 1.84–1.76 Ga), associated with the 
SiSZ reactivation (Patison 2007) and possibly with late-stage 
metal mobilization from rocks that might have sustained only 
limited metal loss during earlier metamorphic devolatilization 
events. Again, a better understanding of the metamorphic evo-
lution of the group units throughout the CLGB, especially of 
the Savukoski Group south of the SiSZ, would allow to build 
more robust genetic links between metal mobilization from 
source zones and ore deposits. Alternatively to metamorphic 
devolatilization, deep crustal or subcontinental lithospheric 
mantle fluid could have been generated during the latest stages 
of orogenic evolution accounting for the late-stage mineraliz-
ing events in the CLGB (Goldfarb and Groves 2015). A deep 
crustal source of mineralizing fluids is suggested by the Pb iso-
topic signature of galena from the Iso-Kuotko deposit, which 
shows an Archean basement component (Molnár et al. 2018). 
However, the different metal endowment of deposits along the 
KiSZ and SiSZ still suggests partial control of a shallower 
crustal source possibly explained by mixing of deep and mid-
crustal fluids (LaFlamme et al. 2018).

Conclusions

Characterization of metal mobilization during prograde meta-
morphism of metavolcanic rocks, metasedimentary rocks, and 
metakomatiite from the CLGB enables us to test the metamor-
phic devolatilization model applied to the Paleoproterozoic 
greenstone belt. The main outcomes of the study are:

• The different investigated rock types show different metal 
mobilization during prograde metamorphism. Metavol-
canic rocks show strong Au, As, and Sn and also possibly 
S depletion. Sulfur- and C-rich (S + C > 1 wt%) meta-
sedimentary rocks show significant depletion of S, C, 
Cu, As, Se, Mo, Sn, Sb, Te, and U. Limited data from 
metakomatiite suggest that Au could be mobilized during 
prograde metamorphism. No clear mobilization of Ni and 
Co has been related to metamorphic devolatilization.

• When investigating metamorphic devolatilization from 
a source, all the rock types present should be consid-
ered and not only the dominant one. The metamorphic 
fluids produced from the devolatilization of the Kittilä 
Group were preferentially enriched in Au, As, Sn, Te, 
and S with the metavolcanic rocks (> 95% vol.) provid-
ing the bulk of these elements. The minor metasedimen-
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tary rocks (< 5% vol.) most likely acted as an additional 
source, enhancing the metamorphic fluid metal content. 
On the contrary, metamorphic devolatilization from the 
Savukoski Group led to metamorphic fluids preferentially 
enriched in S, C, Cu, As, Se, Mo, Sn, Sb, Te, and U due 
to the large volume of metasedimentary rocks (> 40% 
vol.). These metamorphic fluids possibly had limited Au 
enrichment, relative to the Kittilä Group, due to the lower 
volume of metavolcanic rocks (~ 34% vol.) and the lack 
of Au depletion from the metasedimentary rocks.

• The style of mineralization and the bulk metal endow-
ment of the deposits are strongly controlled by the nature 
of the source rocks at depth. Block reconstruction of the 
central CLGB highlights that the source of typical oro-
genic Au deposits along the KiSZ is dominated at depth 
by the Kittilä Group whereas the source of atypical Au 
deposits along the SiSZ is dominated at depth by the 
Savukoksi Group.

• A two stage model for Au mineralization in the CLGB is 
proposed:

1. The primary stage associated with metamorphic 
devolatilization related to early stage of prograde met-
amorphism reaching peak metamorphism at ~ 1.88–
1.86 Ga related to D2–D3. Devolatilization occurred 
preferentially from the Kititilä Group promoting the 
formation of typical orogenic Au deposits. Better 
dating of the metamorphic evolution of the CLGB 
unit groups, especially in the northern part of the 
belt, could reveal if this process can account for the 
formation of the Suurikuusikko deposit which pre-
dates peak metamorphism according to the presently 
available geochronological data. This stage occurred 
mainly within the Kittilä Group and along the KiSZ.

2. The second stage associated with late orogenic evo-
lution between ~ 1.83 and 1.76 Ga. In addition to 
the typical orogenic gold deposits, gold ores with 
atypical metal associations were also formed. Wide-
spread granitoid magmatism, indicating that the 
mid-crust was at least locally hot at this stage of 
tectonic evolution, and high-grade metamorphism 
present throughout the Svecofennian orogeny, likely 
promoted late metamorphic fluid flow and possibly 
late metal mobilization. Additionally, deep crustal 
fluids from the lower crust or even the sub-continen-
tal lithospheric mantle could have been involved. 
This stage is mainly recorded along the SiSZ.

Within the frame of the debate regarding the source of 
metals in orogenic Au deposit, this study highlights that in 
the CLGB, and most likely in other Precambrian greenstone 
belts, combined metamorphic devolatilization of both meta-
volcanic and metasedimentary rocks can account for the 

formation of orogenic Au deposits. Further insight, how-
ever, could be gained by better linking the causative meta-
morphic events responsible for metal mobilization from the 
source zones with the ore deposits throughout the complex 
tectono-metamorphic evolution of an orogeny. Finally, 
mobilization of metals by metamorphic devolatilization 
does not preclude the implication of other deep-seated or 
magmatic sources which might also contribute also to oro-
genic Au endowment of Precambrian greenstone belts.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00126- 022- 01133-z.
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