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Preface to Volume 1

Earth’s present-day environments are the outcome of a 4.5-billion-year period of evolution
reflecting the interaction of global-scale geological and biological processes. Punctuating that
evolution were several extraordinary events and episodes that perturbed the entire Earth
system and led to the creation of new environmental conditions, sometimes even to funda-
mental changes in how planet Earth operated. One of the earliest and arguably the greatest of
these events was a substantial increase (orders of magnitude) in the atmospheric oxygen
abundance, sometimes referred to as the Great Oxidation Event. Given our present knowledge,
this oxygenation of the terrestrial atmosphere and the surface ocean, during the Palaeopro-
terozoic Era between 2.4 and 2.0 billion years ago, irreversibly changed the course of Earth’s
evolution. Understanding why and how it happened and what its consequences were are
among the most challenging problems in Earth sciences.

The three-volume treatise entitled ‘“Reading the Archive of Earth’s Oxygenation” (1)
provides a comprehensive review of the Palaeoproterozoic Eon with an emphasis on the
Fennoscandian Shield geology; (2) serves as an initial report of the preliminary analysis of
one of the finest lithological and geochemical archives of early Palaeoproterozoic Earth
history, created under the auspices of the International Continental Scientific Drilling
Programme (ICDP); (3) synthesises the current state of our understanding of aspects of
early Palaeoproterozoic events coincident with and likely related to Earth’s progressive
oxygenation with an emphasis on still-unresolved problems that are ripe for and to be
addressed by future research. Combining this information in three coherent volumes offers
an unprecedented cohesive and comprehensive elucidation of the Great Oxidation Event and
related global upheavals that eventually led to the emergence of the modern aerobic Earth
System.

The format of these books centres on high-quality photo-documentation of Fennoscandian
Arctic Russia — Drilling Early Earth Project (FAR-DEEP) cores and natural exposures of the
Palaeoproterozoic rocks of the Fennoscandian Shield. The photos are linked to geochemical
data sets, summary figures and maps, and time-slice reconstructions of basinal and palaecoen-
vironmental settings that document the response of the Earth system to the Great Oxidation
Event. The emphasis on a thorough, well-illustrated characterisation of rocks reflects the
importance of sedimentary and volcanic structures that form a basis for interpreting ancient
depositional environments, and chemical, physical and biological processes operating on
Earth’s surface. Most of the structural features are sufficiently complex as to challenge the
description by other than a visual representation, and high-quality photographs are themselves
a primary resource for presenting essential information. Although nothing can replace the
wealth of information that a geologist can obtain from examining an outcrop first hand, the
utility of photographs offers the next best source of data for assessing and evaluating
palacoenvironmental reconstructions. This three-volume treatise will, thus, act as an informa-
tion source and guide to other researchers and help them identify and interpret such features
elsewhere, and will serve as an illustrated guidebook to the Precambrian for geology students.
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Preface to Volume 1

Finally, the three-volume treatise provides a link to the FAR-DEEP core collection
archived at the Geological Survey of Norway. These drillcores are a unique resource that
can be used to help solve the outstanding problems in understanding the causes and
consequences of the multiple processes associated with the progressive oxygenation of
terrestrial environments. It is anticipated that the well-archived core will provide the geologi-
cal foundation for future research aimed at testing and generating new ideas about the
Palaeoproterozoic Earth. The three-volume treatise will be of interest to researchers involved
directly in studying this hallmark period in Earth history, as well as professionals and students
interested in Earth System evolution in general.

Volume 1: “The Palacoproterozoic of Fennoscandia as Context for the Fennoscandian
Arctic Russia — Drilling Earth Project” describes the implementation of the FAR-DEEP
drilling project in Arctic Russia. It summarises the knowledge of more than 50 years of
largely Russian-led fieldwork, information hitherto virtually unavailable in the West, and
provides geological description of drilling areas with an exhaustive illustration of rocks by
high-quality, representative photographs. The volume offers a comprehensive review and rich
photo-illustration of palaeotectonic, palacogeographic and magmatic evolution of the
Fennoscandian Shield in the early Palaeoproterozoic and links the evolution of the shield to
the emergence of an aerobic Earth system. The volume unfolds the event-based
Fennoscandian chronostratigraphy and discusses the chronology of the Palaeoproterozoic
global events as the basis for a new subdivision of Palaeoproterozoic time.

Welcome to the illustrative journey through one of the most exciting periods of planet
Earth!
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1.1 Tectonic Evolution and Major Global
Earth-Surface Palaeoenvironmental Events
in the Palaeoproterozoic

V.A. Melezhik, L.R. Kump, E.J. Hanski, A.E. Fallick, and A.R. Prave

Many, if not all, of the long-term fluctuations in geological
processes operating on Earth’s surface are tectonically driven
and related to the interplay of plate tectonics and deep mantle
dynamics resulting in supercontinental cycles and (super)
plume events (Condie et al. 2001; Condie 2004). These
processes include the amalgamation, dispersal, collision
and geographic position of major land-masses which dictate
volcanic and hydrothermal activities, changes in sea level
and the global patterns of ocean circulation, thermal isolation
of continents, climate change, rate of continental weathering
and its influence on seawater composition, and atmospheric
oxygen budget via control of burial and recycling of carbon
and sulphur. Further, all of these are reflected in biological
processes. However, well-documented and well-constrained
examples of this conceptual model have been developed and
tested largely on Phanerozoic rocks (Valentine and Moores
1970; Fischer 1984; Marshall et al. 1988; Hardebeck and
Anderson 1996; Berner 2006; Rampino 2010). Although
there have been a number of attempts to apply such concepts
to “Deep Time”, in particular, the Palacoproterozoic (Nance
etal. 1986; Windley 1993; Lindsay and Brasier 2002; Condie
et al. 2009), testing and verification of the models is chal-
lenging. The existence of continental masses, their
palacogeography and sizes in the late Archaean-early
Palaeoproterozoic remain hypothetical and robust plate
reconstructions are hampered by the small number of reliable
palaeomagnetic data (Evans and Pisarevsky 2008).

In this review we will focus on those global environmen-
tal events that can be documented by physical evidence (i.e.
features preserved in rocks) or well-established geochemical
proxies (e.g. S and C isotope systems). Hence, this is not a
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comprehensive review of tectonically driven processes
operating on Earth’s surface during the Palacoproterozoic;
such details can be found in Reddy and Evans (2009). We
limit this overview to the time interval, which closely pre-
ceded, was associated with, and postdated the emergence of
an aerobic Earth system between 2.5 and 2.0 Ga (e.g.
Melezhik et al. 2005a). We will focus on the series of
environmental upheavals whose understanding has great
potential to address a key question: what caused the irrevers-
ible oxygenation of the terrestrial atmosphere (the answers
to which currently remain highly uncertain; Kump 2008)?

1.1.1 Late Archaean Tectonic Restructuring

The pattern of radiometric ages for Palacoproterozoic rocks
exhibits two prominent peaks at 2.7-2.6 and 1.9-1.8 Ga
(Gastil 1960; Worsley et al. 1984; Nance et al. 1986, 1988;
Condie 1995, 1998, 2000; Campbell and Allen 2008; Condie
et al. 2009). Both episodes are seen best in North America
(Hoffman 1988, 1989) and have also been documented in the
Fennoscandian Shield (e.g. Hanski et al. 2001; Nironen 2005;
Lahtinen et al. 2005), though the main Archaean crustal
growth episode seems to have occurred slightly earlier, at
c. 2.8 Ga (e.g. Bibikova et al. 2005; Kapyaho et al. 2006;
Mikkola et al. 2011). The major global growth peak of juvenile
crust at 2.7 Ga has been suggested to be linked with a
catastrophic mantle overturn event in a transitional period
when mantle dynamics changed between layered mantle con-
vection to whole-mantle convection favouring modern-day
plate tectonic processes (Arndt 2004; Nelson 2004).

Palaeogeography

Archaean palaeotectonic reconstructions are still in their
infancy (Sorjonen-Ward and Luukkonen 2005). Bleeker
(2003) suggested that the global Archaean record includes
c. 35 large cratonic fragments and several smaller slivers.
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Three very different late Archaean global plate recon-
structions have been proposed based on palacomagnetic
data with acknowledged limitations (Mertanen and Pesonen
2005; Buchan et al. 2000; Halls et al. 2008; Evans and
Pisarevsky 2008). Bleeker (2003) proposed two: one recon-
struction includes all the cratons as a single supercraton
named Kenorland, while the other proposes three separate
supercontinents termed Vaalbara, Superia and Slavia, distin-
guished by slightly different cratonisation ages of 2.9, 2.7,
and 2.6 Ga, respectively. The third of these reconstructions
suggests the existence of two supercontinents, “Kenorland”
and “Zimvaalbara” (for detailed discussion, see Reddy
and Evans 2009). Kenorland includes the Laurentian,
Fennoscandian and Siberian shields, whereas Zimvaalbara
arguably comprises Zimbabwe, Kaapval, Pilbara, and per-
haps the Sdo Francisco and Indian cratons (Williams et al.
1991; Aspler and Chiarenzelli 1998).

Regardless of the exact number of supercontinents, geo-
logical evidence indicates that the late Archaean — early
Palaeoproterozoic was a time of protracted break-ups, driven
by inferred mantle plumes and associated intraplate rifting.
Break-up of Zimvaalbara started at 2.65 Ga, Kenorland at
2.45 Ga and the final fragmentation of these supercontinents
was during the 2.42-2.0 Ga time interval (Aspler and
Chiarenzelli 1998). The initial break-up of Kenorland started
at a low palaeolatitude (0-20 °; Christie et al. 1975) and was
associated with the formation of a large continental flood
basalt province including giant radiating dyke swarms and
layered gabbro intrusions (Heaman 1997; Vogel et al. 1998).
Attenuation of Zimvaalbara involved crust- and mantle-
driven mafic magmatism at 2.47-2.43 Ma (Jones et al.
1975; Hamilton 1977) followed by rifting. In Australia, a
245 Ga mantle plume was also emplaced equatorially
(05 °; Evans 2003), generating a large igneous province.
Vast deposition of the 2.48-2.46 Ga banded iron formations
in fringing seas, (Figs. 1.1 and 1.2a) coeval with initial rifting
in Kaapvaal and Pilbara (Barley et al. 1997; Nelson et al.
1999; Martin et al. 1998; Pickard 2003) differentiates
Zimvaalbara Paleoproterozoic events from those of
Kenorland. This difference has been ascribed to contrasting
palaeotectonic settings involving convergent (Kenorland)
and rifted (Kaapvaal and Pilbara) margins of the large late
Archaean cratons (Barley et al. 2005). In contrast, the latest
significant BIF deposition in Kenorland (Fig. 1.2b) is dated at
c. 2750 Ma (e.g. Bibikova 1989).

1.1.2 Newly Born Supercontinent(s) Through
2.4-c. 2.3 Ga Time Interval

Despite apparent differences in various palacogeographic
reconstructions, major cratons share several common
features through the Archaean-Palacoproterozoic transition:

low-latitudinal and high-standing position, mantle plume
generated gabbro plutons (Fig. 1.2¢, d) and intraplate rifting,
formation of large igneous provinces and widespread mag-
matic shut- or slowdown. These features were apparently
palaeotectonic and palaeogeographic requirements for a
series of unprecedented palaeoenvironmental upheavals
that began around 2.4 Ga.

Global Magmatic Shut- or Slow-Down

The global distribution of U-Pb ages of subduction-
associated granitoids and ages of detrital zircons suggest a
widespread reduction in terrestrial magmatic activity and a
significant lull in volcanism and crustal production during
the c. 2.45-2.2 Ga time interval (Condie et al. 2009). It is
also suggested that this was the period when the global
subduction system shutdown since most terrestrial volca-
nism is related to plate tectonics. The mechanisms by
which the global subduction system could completely shut-
down were advanced by O’Neil et al. (2007) and Silver and
Behn (2008).

Condie et al. (2009) provided a plausible causative link
between magmatic stagnation and several global events. It is
suggested that a drastic decrease of Fe®* delivery to the
oceans via submarine volcanism could shut down deposition
of banded iron formations. This, combined with a drop in the
rate of CO, venting from the mantle, could reduce the sink
for oxygen thus leading to a cooler, more oxidising atmo-
sphere capable of supporting global glaciation. It is impor-
tant to point out that such a link offers a complementary
“geotectonic” component, seemingly missing from the
widely accepted explanations in which major modifications
related to atmospheric composition and climatic changes are
driven either geochemically or biogeochemically (Pavlov
et al. 2000; Kasting 2004, 2005; Kopp et al. 2005).

Condie et al. (2009) also emphasise that the shutdown of
the global subduction system should cool oceanic litho-
sphere, which would decrease ocean ridge volume, thus
leading to deeper oceanic basins and a lower sea level
(Moucha et al. 2008). Inevitable results include extensive
and deep erosion of continental shelves, widespread
unconformities, and the incompleteness of craton-margin
sedimentary successions spanning the 2.45-2.2 Ga time-
interval. This, combined with the scarcity of magmatic
rocks suitable for dating, hampers the chronological recon-
struction of events and the causative relationships between
various factors operating during this enigmatic part of
Earth’s history.

Precise dating of sedimentation, perhaps by the Re-Os
technique, and tracking of continental erosion rate by
878r/8%Sr ratio in marine carbonates, represent major, and
challenging, components of future research. Interestingly, the
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Fennoscandian Shield is marked by an intensive intermediate-
mafic volcanism dated at 2.43 Ga, and perhaps even younger
(see Chaps. 3.2, 3.3, and 3.4), thus covering at least part of the
period otherwise marked by stagnant magmatic activity. Sedi-
mentary formations of the same age contain marine carbonate
rocks that could be targeted for chemostratigraphy.

Global Glaciation and Oxygenation
of Atmosphere

Radical modification of the Earth’s surface environments
may have started with the seemingly rapid onset of wide-
spread glaciation (Fig. 1.2e, f; Young 1970; Visser 1971;
Miall 1983; Marmo and Ojakangas 1984; Martin 1999;
Young et al. 2001) from otherwise climatically stable
conditions in the early Palacoproterozoic (for details see
Chap. 7.2).

With a partial overlap in time, this wide-spread glacia-
tion was accompanied by the disappearance of mass-
independent fractionation of sulphur isotopes (MIF-S)
(Guo et al. 2009; for details see Chap. 7.1), a significant
rise in atmospheric oxygen concentration (the “Great Oxi-
dation Event”; Holland 2006), and the onset of a short-term
global (however, for opposite view see Frauenstein et al.
2009), positive 8'°C anomaly in sedimentary carbonates
reported from the Duitschland Formation in the Transvaal
Supergroup of South Africa (Bekker et al. 2001). The
MIF-S disappearance occurs between the first and the sec-
ond (out of two) glacial units and can be constrained
between 2.48 and 2.32 Ga (Hannah et al. 2004). A some-
what similar pattern is reported by Papineau et al. (2007)
from within the Huronian Supergroup, Ontario, Canada,
where the MIF-S signal was lost after the second (out of
three) glacial unit. Similar to the Transvaal Supergroup,
radiometric age constraint for the onset of the glaciation
and the disappearance of MIF-S remains imprecise
(between 2.45 and 2.3-2.2 Ga), as does the onset of an
oxidising atmosphere.

Hence, it is evident that the Palaeoproterozoic started
with several extraordinary events associated with radical
changes in Earth surface environments and composition of
the atmosphere. The question remains: what were the
driving forces for such rapid and unprecedented modifica-
tion of Earth surface conditions after several hundreds of
million years of relative stability?

Several hypotheses advanced for explanation of these early
Palaeoproterozoic events invoke the onset of oxygenic bacte-
rial photosynthesis and the collapse of a methane-rich atmo-
sphere; however, all suggested hypotheses have conflicting

cause-and-effect relationships (Pavlov and Kasting 2002;
Kopp et al. 2005; Zahnle et al. 2006; Konhauser et al.
2009). But, did the tectonically-driven palacogeographic
restructuring of major land masses and related changes in
magmatic and metamorphic systems play any role in the
geochemical and climatic modification of the Earth system
(Catling and Claire 2005; Kump and Barley 2007; Condie
et al. 2009)?

With tectonics as the major factor in mind, Barley et al.
(2005) addressed the cause-and-effect relationships between
tectonics and early Palaeoproterozoic environmental
changes. Mantle plume breakouts were suggested as factors
limiting ocean productivity, the rate of photosynthesis, and
maintaining chemically reduced conditions throughout the
Archaean. They also proposed that the establishment of
large, thick and stable continental land masses (i.e.
supercontinents, e.g. Kenorland) and a change in the style
of plate tectonics at c. 2.4 Ga led to an increase in ocean
productivity and photosynthesis rates. This, complemented
by a decreased influx of chemically reduced gases produced
by subaerial volcanism (Kump and Barley 2007), resulted in
a reduced oxygen sink, the removal of methane greenhouse
conditions and the build-up of an oxic atmosphere. The
approach is definitely attractive and worthy of development;
however, the resultant outcome appears to be convoluted
due, mainly, to the incomplete geological record and poorly
understood history of Palacoproterozoic supercontinents and
supercratons (Reddy and Evans 2009).

The most crucial factor hampering our understanding of
the chronological sequence of events and their causative
relationships during the 2.4-2.3 Ga time interval is the
limited number of precise radiometric ages that may con-
strain onsets of different processes operating on Earth at that
time. This concerns the important question: which of the
three glacial episodes recorded in Canada correlate with the
two reported in Africa and one known in Scandinavia?
Which were global in nature? The incompleteness of the
geological record, combined with a limited number of
well-studied sections, causes a serious bias in geological
and geochemical interpretations.

The disappearance of MIF-S is recorded in only two
sections (in S. Africa and Canada) and so far cannot
provide robust information on internal structure of such
process. Was it an abrupt, single, irreversible process? Or
perhaps it was marked by several reversals that signify a
transitional period from anoxic to oxic conditions. More-
over, there is a high potential that some basal Palacopro-
terozoic beds can still contain older detrital sulphides
retaining MIF-S. This seems to be the case for some
sulphides associated with the first glacial deposits above
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the BIFs in the Hamersley Group. They carry an MIF-S
signal, however, the dating by a Re-Os technique shows
that they are significantly older than the inferred age of the
glaciations; a significant amount of sulphides in Archaean
shales in Western Australia also have older detrital
sulphides (Barley, personal communication). Consequently
Re-Os dating of sulphides should be employed more
widely in the study of sulphur isotopes during the
Archaean-Palaeoproterozoic transitional time. This will
help to confirm when the MIF stopped and how long it
took for oxidative weathering to be established and stop
older detrital sulphides retaining MIF-S being eroded,
transported and deposited in younger sediments. This
should also assist in unraveling the cause and effect of
tectonics and the early Palaeoproterozoic environmental
upheavals which continues to be a challenge.

1.1.3 Rifted Supercontinent(s) Through
c. 2.3-2.1 Ga

The world database on igneous radiometric ages, including
those from the Fennoscandian Shield (Hanski et al. 2001),
suggests a rather stable tectonic regime with minimal or no
collisional/accretional processes throughout the c. 2.4 to
2.2 Ga period (Condie et al. 2009). The response to this
prolonged phase of high-standing, stable continents was
the apparent formation of deeply weathered surfaces (e.g.
Marmo 1992) and widespread unconformities (Condie et al.
2009; also see Chap. 7.9.2). Intraplate rifting resumed at
c. 2.2 Ga and resulted in erosion of the deeply weathered
rocks (Fig. 1.2g) and deposition of chemically mature
arenites (Fig. 1.2h). This was accompanied by carbonate
sedimentation in coeval, wide-spread, shallow-water
platforms and epeiric seas.

Formation of Giant Manganese Deposits
and World-Wide “Red Beds”

The depositional age of the Hotazel Formation containing a
giant Mn deposit (Figs. 1.1 and 1.2i—j) remains poorly
constrained between 2.4 and 2.2 Ga but very likely close to
2.4-2.3 Ga as, the banded iron formation rests immediately on
Makganyene glacial beds. Manganese-rich strata of the Hotazel
Formation in South Africa contain c. four billion tons of Mn
within the Kalahari manganese field; this is by far the world’s
largest land-based Mn deposit (Gutzmer et al. 1997). Mn sili-
cate (braunite) finely intergrown with Mn-rich carbonates
(kutnahorite) form thick units within the magnetite-haematite

type of banded iron formation, all of which record deposition on
continental shelfs (Klein et al. 1987).

Deposition of the Kalahari manganese field represents a
unique oxidation and Mn extraction event in the world
oceans. Deposition requires large quantities of O,, thus
suggesting that the oxygenic photosynthetic apparatus (pho-
tosystem II) must have evolved before the formation of the
Kalahari manganese deposit (Kirschvink et al. 2000). The
oxidation and Mn extraction from seawater is also
documented in the Fennoscandian Shield, though at a more
modest scale (Fig. 1.2k).

In the Fennoscandian Shield, thin beds of manganite-
cemented arenites occur within a shallow-water shelf
dolostone-siliciclastic succession of the Tri-Ostrova Forma-
tion in the Ust’Ponoj Greenstone Belt (Melezhik and
Predovsky 1984). Here, the manganite deposits are
associated with '>C-rich carbonate rocks of the
Lomagundi-Jatuli type (Melezhik and Fallick 1996), hence
represent a later and much more modest occurrence.

The post-2.2 Ga period was the time when Palaeopro-
terozoic “red beds” (rocks stained red by iron oxide,
Fig. 1.21) became widespread (Fig. 1.1). Red beds, together
with lithified ancient sols that accumulated iron during
weathering, reflect the presence of oxygen in subaerial
environments.

One of the Greatest Perturbations of the Global
Carbon Cycle: The Lomagundi-Jatuli Isotopic
Event

Approximately contemporaneous with the world-wide
appearance of red beds and formation of manganese deposits
is the first global record of sedimentary carbonates unusually
enriched in "*C. Although accumulated in a variety of depo-
sitional settings, the '*C-rich carbonate rocks appear to be
mainly shallow-water, red coloured stromatolitic dolostones
with abundant evaporitic features (Fig. 1.2h, m—o; reviewed
in Melezhik et al. 1999a). This unprecedented perturbation
of the carbon cycle was first recognised globally by Baker
and Fallick (1989a, b), and is known as the Lomagundi-
Jatuli isotopic excursion (e.g. Melezhik et al. 2005a). The
event apparently lasted over 140 million years, and its dura-
tion was best constrained on the Fennoscandian Shield
(Karhu and Holland 1996; Karhu 2005; Melezhik et al.
2007; Martin et al. 2010).

The causes and internal structure of this long-lasting isoto-
pic perturbation of the global carbon cycle, as well as its exact
chronological relationship with other roughly coeval global
environmental changes, remain a matter of continuous debate.
Several conflicting models have been advanced to explain the
Lomagundi-Jatuli isotopic event starting with enhanced burial
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of organic carbon (Bakker and Fallick 1989a, b; Karhu and
Holland 1996), methane cycling (Yudovich et al. 1991; Hayes
and Waldbauer 2006), and a redox-stratified ocean (Aharon
2005; Bekker et al. 2008).

Melezhik et al. (1999a, 2005b) and Frauenstein et al.
(2009) have argued that there has been considerable basinal
modification (amplification) of the global 3'°C excursion,
giving the impression that the global carbon cycle perturba-
tion was much larger than it actually was. It also remains
unresolved what role tectonics/plate-tectonics played in the
onset, maintenance for over 140 million years, and the demise
of the unprecedented global carbon cycle perturbation.
It is evident that the excursion was preceded by the
c. 2.4-2.2 Ga magmatic shutdown (Condie et al. 2009), and
the major part of the isotopic event coincided with the
palacogeography of high-standing rifted continents, extensive
chemical weathering, development of shallow-water carbon-
ate platforms and epeiric seas, and flourishing stromatolite-
forming cyanobacteria (e.g. Melezhik et al. 1999a).

The termination is contemporaneous with the final break-
up of the Kenorland supercontinent and formation of deep-
water siliciclastic seas (Bekker and Eriksson 2003; Bekker
et al. 2003; Wanke and Melezhik 2005). Other details on the
Lomagundi-Jatuli isotopic event are presented in Chap. 7.3;
however, determining the global timing and regional
influences for one of the most profound carbon isotopic
excursions in Earth’s history represent major challenges for
future research.

Upper Mantle Oxidising Event

Towards the end of the Lomagundi-Jatuli event, a vast
volume of highly oxidised lavas (Fig. 1.2p) was extruded
across the Fennoscandian Shield (Chaps. 3.4 and 7.4). The
eruption has been precisely dated at 2.06 Ga in the Pechenga
and Imandra/Varzuga greenstone belts (Melezhik et al.
2007; Martin et al. 2010). These lavas form units up to
2 km in thickness in several greenstone belts, over an area
of 5,000 km?. If this considerable volume of lavas of large
regional extent is not the result of surface oxidation, then
they may represent the preserved remnants of high fO,
eruptions, and reflect original upper mantle conditions
modified through Archaean subduction of highly oxidised,
oceanic slabs. These rocks are apparently too young to be a
“smoking gun” for mantle redox evolution and the major
cause for the Great Oxidation Event. Nevertheless they
highlight the heterogeneity of upper mantle redox state.
The reduction in oxygen demand associated with the erup-
tion of these 2.06 Ga high fO, lavas might still have played
an important role in sustaining oxic surface conditions,

including the final accumulation of oxygen in the atmo-
sphere during the course of the Great Oxidation Event.

Radical Change of Seawater Sulphate Reservoir

Towards the end of the positive 8'°C isotopic excursion
many continents record formation of Ca-sulphates, which
occur as ubiquitous pseudomorphs in various marine sedi-
mentary rocks (Fig. 1.2g-s; for details see Chap. 7.5). The
sulphate-bearing strata formed in a variety of depositional
settings ranging from lacustrine and marine intracratonic
basins through passive margin and back-arc environments
(El Tabakh et al. 1999; Melezhik et al. 2001, 2005b; Pope
and Grotzinger 2003; Evans 2006; Schroder et al. 2008).
Oceanic sulphate abundance remains unknown, but a size-
able sulphate reservoir suggested as early as 2.1-2.2 Ga (e.g.
Melezhik et al. 2005b) would contrast with the view that,
prior to the Mesoproterozoic, gypsum precipitation was
inhibited by a small marine sulphate reservoir and higher
marine carbonate saturation (Grotzinger 1989; Kah et al.
2004). The irregular, cyclic, secular variations of geochemi-
cal parameters known for Phanerozoic terrestrial hydro-
sphere and atmosphere systems (Budyko et al. 1985;
Veizer 2005) should be, in principle, applicable to the
Palaeoproterozoic and may provide a means for reconciling
the two conflicting views. However, recently the small
marine sulphate reservoir hypothesis has been challenged
by the discovery of several tens of meters of massive anhy-
drite beds in the Onega Basin (Fig. 1.2t). The anhydrite
strata are associated with the '*C-rich dolostones of the
Tulomozero Formation and represent the Lomagundi-Jatuli
isotopic excursion, thus falling within the 2.22-2.06 Ga
time-interval. This new discovery (Morozov et al. 2010)
may cause us to rethink our interpretations of Palacopro-
terozoic oceanic sulphate chemistry.

1.1.4 Dispersed Kenorland Supercontinent
Through 2.1-1.9 Ga

Several hundred millions of years of tectonic stability
punctuated with repeated intraplate rifting eventually
resulted in supercontinent fragmentation at around
2.1-2.0 Ga. This is best documented in the Wyoming craton
and Fennoscandian Shield (Bekker and Eriksson 2003; Daly
et al. 2006; Lahtinen et al. 2005). How such a radical
palacogeographic reconfiguration and change in tectonic
regime of this large land mass might have influenced
weathering and burial cycles remains to be studied; how-
ever, one of the apparent consequences was the termination
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of the Lomagundi-Jatuli positive isotopic excursion of car-
bonate carbon, the greatest in Earth’s history. Whether this
was a coincidental or a causative relationship is the task for
future research.

Enhanced Gglobal Accumulation of Organic
Matter: The Shunga Event, and Giant Iron-Ore
Deposits

The aftermath of the Lomagundi-Jatuli excursion was
marked by another apparently global-scale event, an unprec-
edented accumulation of organic matter known as the
Shunga Event (Figs. 1.1 and 1.2u; Melezhik et al. 1999b,
2004). Although documented on several continents, it is best
represented in basins across the Fennoscandian Shield and in
the Francevillian Series in Gabon (Chap. 7.6). The initial
stage of “black shale” accumulation may partially overlap
with the end of the Lomagundi-Jatuli excursion in Gabon
(supplementary material in El Albani et al. 2010); this,
though, is an exception and such shales are unlikely to be a
coeval and complementary reduced carbon reservoir com-
pensating for the 140 Ma-long Lomagundi-Jatuli positive
isotopic excursion of 513 Cearh. Moreover, the continuous
accumulation of vast volume of “black shales” in post-
2.0 Ma time period, reaching several hundreds of meters in
thickness, and containing up to 10-30 wt.% C, in numerous
basins world-wide (Salop 1982; Melezhik et al. 1988;
Condie et al. 2001), has not been reflected in isotopic com-
position of contemporaneous sedimentary carbonates
(Karhu 1993; Melezhik et al. 2007).

The duration and the cause of enhanced accumulation of
organic matter at c. 2.0 Ga have been only cursorily
investigated and addressed in the published literature (e.g.
Melezhik et al. 1999b; Mossman et al. 2005). Available
radiometric dates from the Pechenga Greenstone Belt sug-
gest that the event may have lasted less than 50 Ma (Hanski
1992; Melezhik et al. 2007).

This period of time is also known for the generation of
supergiant oil deposits, perhaps for the first time in Earth’s
history in such volume and scale (Mossman et al. 2005;
Melezhik et al. 2009). One of these petrified oil fields is
preserved in the Onega Basin in the southeastern
Fennoscandian Shield (Fig. 1.2v—x; for details see Chap. 7.6).
This oil field possesses rich information with a great potential
to elucidate petroleum generation and migration in the
Palacoproterozoic (Melezhik et al. 2009).

Why did the oldest known significant accumulation of
organic-carbon-rich sediments and generation of large-scale
petroleum deposits occur at around 2.0 Ga, if the fundamen-
tal features of the biologic carbon cycle were established by
3500 Ma (Schidlowski et al. 1975; Hayes et al. 1983;
Grassineau et al. 2002)? Does this accumulation of

organic-carbon-rich sediments reflect an episode of
enhanced biological productivity in a nutrient-enriched
ocean? Or, perhaps such 2.0 Ga occurrences were the result
of biased preservation or are the result of modest productiv-
ity, but enhanced preservation or even a preservation bias?
All these questions constitute a programme for investigating
this fascinating period of the Palacoproterozoic (Melezhik
et al. 1999b; Papineau 2010).

The c. 2.1-1.9 Ga time interval is also characterised by
formation of giant supergene iron-ore deposits. Recently
obtained new precise Pb/Pb ages on baddeleyite provided
2.05-2.0 Ga constraint on ore genesis in the Hamersley prov-
ince in Western Australia. Miiller et al. (2005) demonstrated
that hypogene iron-ore mineralisation (shortly postdating the
emplacement of c. 2008 Ma dikes) was oxidised, reworked
and enriched by supergene processes during c. 2.0 Ga uplift
and continental rifting. Miller et al. (2005) also suggested that
these rift-bound giant supergene iron-ores were coeval with
another class of giant iron-oxide accumulations (i.e., iron
oxide (rare earth element—Cu-Au-U) deposits, Barton and
Johnson (1996)) occurring in a similar continental rift setting.
They suggested further that several world-class iron-ore
deposits in India, South Africa, Brazil, and Ukraine exhibit
remarkably similar enrichment processes and relative timing
relationships close to 2.0 Ga (Beukes et al. 2003; Dalstra et al.
2003; Miiller et al. 2005). In Western Australia, similar to the
Fennoscandian, Canadian shields and many other cratons, the
period between 2.1 and 2.0 Ga was characterised by continen-
tal sedimentation and mafic magmatism in extensional settings
within rift basins that were linked to the breakup of a Paleopro-
terozoic supercontinent (e.g. Aspler and Chiarenzelli 1998).
Supercontinent breakup may have caused the accumulation of
hypogene iron ores followed by their first exposure and super-
gene oxidation in rift basins worldwide Miiller et al. (2005).

The Earliest Phosphorites: A Radical Change in the
Phosphorous Cycle

The 2.0 Ga enhanced accumulation of organic matter also
corresponds in time with the formation of the oldest
phosphorites (reviewed in Papineau 2010; Fig. 1.1). The phos-
phate accumulations occur in different forms (Chap. 7.7). The
most remarkable c. 2.0 Ga occurrence is the Jhamarkotra
stromatolitic phosphorites (Fig. 1.2y) containing up to 35 wt.%
P,0Os5 and reaching 25 m in thickness in the Lower Aravalli
Group in Rajasthan, India (Banerjee 1971; Chauhan 1979).
Similar age phosphorites, though in redeposited, clastic form
(Fig. 1.2z), occur in the c. 2.0 Ga Pilgujarvi Sedimentary
Formation of the Pechenga Greenstone Belt (Bekasova and
Dudkin 1982). Concretions enriched in phosphorus
(Fig. 1.2aa, ab) have been documented in the II’'mozero
Sedimentary Formation in the Imandra/Varzuga Greenstone
Belt (Melezhik 1992). Phosphorites occur also as discrete
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bands in a c. 2.0 Ga iron formation in the Central Lapland
Greenstone Belt (Gehor 1994). Other phosphorite
occurrences are summarised in (Chap. 7.7).

The appearance of phosphorites in various forms in sedi-
mentary successions at 2.0 Ga reflects a critical change in the
Precambrian phosphorous cycle. The most common path-
way of precipitation involves sedimentation of organic mat-
ter that carries biologically concentrated phosphate
(Knudsen and Gunter 2002). Most of the reported 2.0 Ga
phosphorites are commonly associated with sulphides and
organic matter, and thus are consistent with such a mecha-
nism. However, high bioproductivity and enhanced concen-
tration of organic matter (e.g. Papineau 2010) is probably
not the only factor controlling the generation of Palaeopro-
terozoic phosphorites; several older C,,o-rich formations are
known (Hayes et al. 1983), but contain no phosphorites.
Thus, it is possible that 2.0 Ga sediments record a major
change in the diagenetic mineralisation of organic matter,
which seemingly was coeval with accumulation of the first
phosphorites. One of the possible factors preventing the
diffusion of P out of the sediment could be the establishment
of a ferric oxide “trap” at the sediment-water interface
overlain by oxic water. Other factors, which controlled the
formation of the oldest known phosphorites and phosphate
concretions remain unresolved.

Establishment of an Aerobic Pathway in Recycling
of Organic Matter

The scarcity of diagenetic carbonate concretions in the
Archaean and in the early Palaeoproterozoic sedimentary
formations older than c. 2.0 Ga was acknowledged long
ago (e.g. Pettijohn 1940; Melezhik 1992), and is evident
from a later extensive carbonate concretion bibliography
listing 700 articles (Dietrich 1997). Importantly, a compila-
tion of published global data shows that 8'*C values of both
primary and diagenetic carbonates of pre-c. 2.0 Ga rocks
mostly cluster near 0 + 3%o, which are not characteristic of
microbially recycled organic matter (Fallick et al. 2008).
However, carbonates associated temporally and spatially
with banded iron formations (BIF) represent an exception
(summarised in Fallick et al. 2011).

The first known appearance, and then worldwide devel-
opment, of microbially meditated, '*C-depleted, diagenetic
carbonate concretions outside a “BIF-environment” are
documented in published literature at around 2.0 Ga (Winter
and Knauth 1992; Melezhik et al. 1998, 1999b; Fallick et al.
2008). In c. post-2.0 Ga sedimentary successions, the
concretions are varied and abundant (Fig. 1.2ac) and
associated with other diagenetic products, such as phosphate
nodules and redeposited bedded phosphorites, all of which
are seemingly absent from older rocks. Thus, it appears that

the first abundant occurrence of isotopically light diagenetic
carbonate concretions signifies an important hallmark in
biospheric evolution apparently linked to the emergence of
‘modern-style’ recycling of organic matter (Melezhik et al.
2005a). It has been suggested (Fallick et al. 2008) that prior
to c. 2.0 Ga organic matter was recycled and remineralised
predominantly in the anoxic water column and near the
sediment/water interface allowing isotopically distinctive
CO, and CH,4 to readily escape to the atmosphere, thus
leaving no isotopic traces in diageneticaly formed
carbonates. Fallick et al. (2008) also suggested that around
2.0 Ga, the water column became oxic enough to be toxic for
the anaerobic microbial recyclers, forcing them to retreat
deep into the substrate. As the result, redox gradients devel-
oped in the sedimentary column and abundant carbonate
concretions formed incorporating '*C-depleted by-products
derived from remineralised organic carbon, similar to what is
observed in the Phanerozoic world. This hypothesis represents
another subject for future research and tests. Another question
to be answered is why diagenetic carbonates with distinct
isotopic fingerprints of methanogenesis and methanotrophy
(e.g. 13C-rich) have not been confidently recorded in the
early Palaeoproterozoic sedimentary formations? Or, perhaps
their absence is the result of biased sampling? Hayes (1994)
documents organic matter in 2.7 Ga sedimentary rocks that
they attributed to methanotrophy. If this were widespread, we
would expect '*C-rich diagenetic carbonates to have been
preserved. Moreover, younger Neoarchaean rocks do not dis-
play such "*-C depleted organic matter. Was this a false start of
the aerobic biosphere (whether the oxidant used in
methanotropy was sulphate or oxygen)? Detailed and system-
atic mineralogical, petrographic, geochemical and in situ iso-
topic studies of diagenetic carbonates of this age may provide
the focus necessary to examine this problem.

1.1.5 Summary

A brief review of some of the major modifications of the Earth
surface environments emphasises that the Archaean-
Palaeoproterozoic transition was a major step towards emer-
gence of an aerobic Earth system. What remains unresolved is
precise absolute chronology of all these major events. At
present, even a relative chronological sequence can only be
established with a certain amount of approximation. This,
together with the limited palacomagnetic database and unreli-
able palaeogeographic reconstructions, hampers our under-
standing of causative effect of palaeotectonics and Earth’s
surface alterations, as well as the cause-and-effect
relationships between various global environmental changes.
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Fig. 1.2 Selected rock images illustrating major global events through

the Archaean-Palaeoproterozoic transitional time interval. Major
Archaean banded iron formations, seafloor deposition: (a) Late
Archaean, 2.5 Ga, banded iron formation from the Hamersley Group
in Western Australia. (b) Archaean, c. 2.7 Ga banded iron formation
from Bgrnevatn in northern Norway, Fennoscandian Shield. Mantle -
plume-generated early Palaeoproterozoic gabbro-norite intrusions,
and incipient rifting in the Fennoscandian Shield: (c) Magmatic

layering in 2.44 Ga gabbro-norite intrusion from the Perapohja Schist
belt in central Finland, Fennoscandian Shield; hammer head is 15 cm
long. (d) Layering in mottled anorthosite from the 2.44 Ga Koitilainen
intrusion in Finnish Lapland, Fennoscandian Shield; match box length
is 5 cm. Huronian glaciation, advanced intraplate rifting: (e) Post-
2.44 Ga “varved” siltstone with dropstone (arrowed) from the Polisarka
Sedimentary Formation in the Imandra/Varzuga Greenstone Belt, cen-
tral Kola Peninsula, Fennoscandian Shield
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Fig. 1.2 (continued) (f) Diamictite from the Gowganda Formation in ~ Fennoscandian Shield (for details see Marmo 1992). (h) Rippled and
the Huronian Supergroup, Ontario, Canada. Deeply weathered rocks,  cross-bedded, chemically mature, quartz arenite from c. 2.1 Ga
advanced intraplate rifting: (g) Quartz-kyanite schist (metamorphosed  Kuetsjarvi Sedimentary Formation in Pechenga Greenstone Belt, NW
kaolin soil) at Hokkalampi in North Karelia Schist Belt, the Kola Peninsula, NE Fennoscandia
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Fig. 1.2 (continued) First land-based, sedimentary, manganese
deposits: (i) View of open pit at Mamatwan Mine in the Kalahari
manganese field, the worlds largest manganese mine; manganese ore
(black) overlain by Late Mesozoic/Cenozoic calcretised fluvial and
lacustrine sediments. (j) Finely laminated, unmetamorphosed, braunite
(Mn carbonate ore) lutite from the southern portion of the Kalahari

manganese field. (k) Manganite bed from the Tri-Ostrova Formation in
the Ust’Ponoj Greenstone Belt, eastern Kola Peninsula in NE
Fennoscandia. Wide-spread subaerial “red beds”, large epeiric seas:
(1) Red, desiccation cracked surface of a red mudstone bed from the
Segozero Formation, central Karelia, eastern Fennoscandia




Fig. 1.2 (continued) Global perturbation of carbon reservoir, *>C-
rich sedimentary carbonates (Lomagundi-Jatuli Event), wide-spread
shallow-water carbonate platforms and epeiric seas: (m) Intertidal,
13 C-rich, stromatolitic dolostone from the Rantamaa Formation in the
Peripohja Schist Belt, central Finland. (n) Lacustrine, '*C-rich, pink,
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dolarenite from the Kuetsjarvi Sedimentary Formation in the Pechenga
Greenstone Belt, NW Kola Peninsula in NE Fennoscandia. (0) Mas-
sive, 3C-rich dolostone with weathered-out Ca-sulphates from the
Tulomozero Formation in the Onega basin, southern Karelia in NE
Fennoscandia
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Fig. 1.2 (continued) Apparent upper mantle oxidising event: (p)
Highly oxidised, subaerially erupted lava breccia with haematite-
magnetite cement (black) from the Kuetsjarvi Volcanic Formation in
the Pechenga Greenstone Belt, NW Kola Peninsula in NE
Fennoscandia. Abundant marine Ca-sulphates, wide-spread shallow-
water carbonate platforms and epeiric seas: (q) Quartz-

pseudomorphed sulphate nodules with relics of anhydrite. (r) Gypsum
rosettes replaced by quartz and dolomite. (s) Dolomite-
pseudomorphed, enterolithic layer of Ca-sulphate with relics of anhy-
drite. (t) Massive anhydrite. Images of sulphates are from the
Tulomozero Formation in the Onega basin, southern Karelia in SE
Fennoscandia
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Fig. 1.2 (continued) World-wide enhanced accumulation of organic
carbon (Shunga Event), giant petroleum deposits: (u) Rhythmically
bedded, C,-rich, turbiditic siltstone-mudstone. (v) Back-scatter elec-
tron microprobe image of graded greywacke beds with pyrobitumen

(black) trapped between layers. (w) Pyrobitumen vein cross-cutting
laminated greywacke. (x) Pyrobitumen from oil trap in shale-dolostone
succession. All images are from the Zaonega Formation in the Onega
basin, south Karelia in SE Fennoscandia
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Fig. 1.2 (continued) First phosphorites: (y) Phosphatic stromatolites
from the Jhamarkotra Formation in the Lower Aravalli Group,
Rajasthan, India. (z) Gritstone with redeposited phosphorites (black
clasts) and sulphides (dark yellow) from the Pilgujarvi Sedimentary
Formation in the Pechenga Greenstone Belt, NW Kola Peninsula in
Fennoscandia. (aa, ab) Non-zoned and zoned phosphatic diagenetic
concretions in turbiditic greywackes of the II’'mozero Sedimentary
Formation in the Imandra/Varzuga Greenstone Belt, central Kola Pen-
insula in eastern Fennoscandia. Aerobic recycling of organic matter

(ac) 13C-depleted ankeritic concretions (brown) in lacustrine turbiditic
greywacke from the Kondopoga Formation in the Onega basin, south
Karelia, SE Fennoscandia

(Photographs courtesy of Vesa Perttunen (¢ and m), Tapani
Mutanen (d), Kauko Laajoki (h), Jens Gutzmer (i and j), Dmitry
Rychanchik (t) and Domenic Papineau (y). Other photographs by
Aivo Lepland (a and ab), Eero Hanski (g) and Victor Melezhik (b, c,
h, i, 1, n-s, u—x, z, aa and ac))
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2.1 The International Continental Scientific

Drilling Program

Victor A. Melezhik

The International Continental Scientific Drilling Program
(ICDP) was founded in 1996. Its main goal is to enable
geoscientific research by obtaining continuous rock sections
through key geological formations which are not accessible
by any other means but crucial for understanding Earth’s
surface processes and their evolution, and providing direct
information on processes operating at depth. ICDP has
overseen 15 years of successful coordination of multina-
tional efforts in continental scientific drilling (Harms et al.
2007). Drilling operations are expensive and a series of
robust criteria must be met for projects to obtain financial
and operational support from the ICDP. Among these
criteria, two of the most important are global significance
and international impact, which dictate that projects must
address geological problems of global significance, utilising
world-class geological sites and establishing broad interna-
tional cooperation by pooling resources from the best possi-
ble scientific teams. Other criteria include societal needs,
need-for-drilling and depth-to-cost, which are defined
explicitly by the ICDP in order to assess and concentrate
on topics of high international priorities (Harms and
Emmermann 2007).

Over its first decade, the thematic activities of ICDP-
coordinated projects were focused on issues relating to
palacoclimate, natural hazards (earthquake, volcanism,
impact events), geodynamics and alternative energy
resources. In 2005, at a 10-year-anniversary forum, the
ICDP expanded its scope and scientific focus to include
research of the biosphere and evolution of the Earth through
critical time intervals.
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NO-7491 Trondheim, Norway
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2.1.1 Fennoscandian Arctic Russia-Drilling
Early Earth Project (FAR-DEEP)

The Fennoscandian Arctic Russia—Drilling Early Earth Proj-
ect (FAR-DEEP) was one of the responses to the ICDP’s
new initiatives (Melezhik et al. 2010). FAR-DEEP’s main
scientific objectives centre around one of the most intriguing
periods in Earth history when terrestrial environments expe-
rienced a revolutionary transition from being largely anoxic
during Earth’s first 2100 Ma to irreversibly oxic; the envi-
ronmental hallmark (Cloud 1987a, b) now often referred to
as the Great Oxidation Event (e.g. Holland 2006).

Motivation and Goals of Drilling Project

The formation of Earth as a solid body at c. 4500 Ma
(Manhes et al. 1980; Dalrymple 2001) was followed by a c.
2000-Ma-long period of environmentally stable conditions.
From 2500 to 2000 Ma the Earth System experienced a
series of fundamental upheavals (Fig. 2.1). This hallmark
period, known as the Late Archaean-Early Palaeopro-
terozoic transition (APT), represents one of the most critical
periods in Earth’s history, as it reflects the emergence of an
aerobic Earth System and a series of interrelated global
events detailed in Chap. 1.1. Most important of the Early
Palaeoproterozoic events were the establishment of an
oxygenated atmosphere between 2450 and 2320 Ma (Bekker
et al. 2004; Hannah et al. 2004) and the emergence of an
aerobic biosphere. The remaining 1500 Ma of the Protero-
zoic exhibit clear evidence that the surface environments on
Earth operated under oxic conditions, pretty much as they do
today. Even though macroscopic multicellular organisms
and plants did not evolve until much later, most biogeo-
chemical recycling, in the oceans and on land, was depen-
dent on highly energetic aerobic pathways. However, some
workers suggest that deep marine basins or perhaps even the
global deep ocean itself remained anoxic and perhaps even
became euxinic (rich in H,S) throughout much of the
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ensuing Proterozoic time slice (Canfield 1998; Anbar and
Knoll 2002; Poulton et al. 2004).

Understanding of the causative relationships between the
series of the APT global palaeoenvironmental events,
(Fig. 2.1) and the combined processes that led to the irrevers-
ible alteration of Earth’s surface environments, represents one
of the most challenging fundamental problems in the
geosciences (e.g. Melezhik et al. 2005). Essential to this is
the need for a continuous rock record spanning the APT
supported by studies that integrate the various proxy datasets
that document the various processes operating at this time.
However, obtaining a continuous rock record and, conse-
quently, an enhanced understanding of Earth System
behaviour and evolution during the APT period is hindered
by three major shortcomings: (1) limitation of exposures of key
stratigraphic intervals; (2) samples compromised by anthropo-
genic contamination; and (3) modification by recent oxidation
and weathering. These can be overcome by implementing
scientific drilling that targets key geological formations
containing a record of the 2500-2000 Ma global events. Such
a drilling project should have three major goals: (/) establish a
well-characterised, well-dated and well-archived succession of
rocks for the period of 2500-2000 Ma; (2) document the
changes in the biosphere and the geosphere associated with
the rise in atmospheric oxygen; and (3) develop a self-
consistent model to explain the genesis and timing of the
establishment of the aerobic Earth System.

Scientific Background for Implementation
of the Drilling Project

There are five areas where significant Palaeoproterozoic
successions occur that could be used to study the 2500—
2000 Ma interval; northern and southern America, South
Africa, Western Australia and Fennoscandia (Fig. 2.2).
Consequently, any of these areas could have been potential
targets for implementing an ICDP drilling project.
Fennoscandia was chosen as a result of discussions initiated
during the 2004 Nordic Academy for Advanced Studies field
course held in NW Russia. Then, an international group of
scientists from several European countries, the USA and
Australia deliberated in the field and reached the conclusion
that the eastern part of the Fennoscandian Shield contains the
finest archive of the hallmark events that typify the APT. This
was elaborated further during subsequent field studies and an
ICDP Workshop during 2004-2005 and a decision was
reached to undertake a multidisciplinary international
research programme and scientific drilling project on the
APT. Target intervals and drilling sites were identified and
overall objectives defined.

The Fennoscandian Shield is a composite craton com-
posed of late Archaean granite-greenstone belts and several
extensively developed Palaeoproterozoic greenstone and

orogenic belts (Fig. 2.3). Well-preserved igneous and sedi-
mentary rocks record a long period of rifting and opening of
a series of oceans and break-up of an Archaean continent
followed by several orogenic episodes (see Chap. 3.4). The
Palaeoproterozoic successions reach a cumulative thickness
of over 20,000 m and provide a rich information of nearly
700 Ma of Earth history. The eastern (Russian) sector of the
shield area was selected for scientific drilling (Fig. 2.3)
because it is characterised by exceptionally well preserved
and lithologically diverse rocks 2500—-1900 Ma in age. They
are considered to contain a fairly complete record of the
hallmark events of the APT (Melezhik et al. 2005), including
c. 2500 Ma global rifting (Chap. 3.4), the global Huronian-
age glaciation (Chap. 7.2), an apparent upper-mantle
oxidising trend and related redox change of volcanic rocks
(Chap. 7.4), the oldest record of subaerial hydrothermal
processes (Chap. 7.9.4), a rise in atmospheric oxygen
(Chaps. 7.1 and 8), the protracted and large-magnitude carbon
isotope excursion (Chap. 7.3), changes in the sulphur cycle
and a substantial increase in the seawater sulphate reservoir
(Chap. 7.5), changes in phosphorus cycle and accumulation of
earliest sedimentary phosphates (Chap. 7.7), a radical modifi-
cation in recycling of organic matter (Chap. 8), an unprece-
dented accumulation of organic-matter-rich sediments and the
oldest known significant generation of petroleum (Chap. 7.6).

Implementation of the Scientific Drilling Project

The ICDP FAR-DEEP implemented in Fennoscandia
represents a novel type of project among the ones typical
of the ICDP in that it aimed to obtain geological material by
drilling numerous holes in several areas (Fig. 2.3). Collec-
tively, these provided a representative geological record of
the most important global events occurring through the APT.
The drilling operations were largely co-sponsored by the
ICDP, with additional funding received from DFG (German
Research Council), NFR (Norwegian Research Council),
NASA Astrobiology Institute and the US NSF (National
Science Foundation), the Centre for Geobiology of the
University of Bergen, and the Geological Survey of Norway.

The drilling operations were carried out from late May
through late October in 2007 by the Finnish operator SMOY.
The Russian State Company “Mineral”, based in St.
Petersburg, Russia, provided all logistical support. On-site
core documentation was supported by the Institute of Geology,
the Karelian Science Centre, Petrozavodsk, Russia. Fifteen
drillholes were drilled, ranging from 92 to 503 m in depth,
totaling 3,650 m of recovered core. In order to accomplish the
proposed program, the drilling rig, the field camp, all the
equipment, and on-site operating scientists travelled together
over a total distance of 5,000 km. The large distances and
remoteness of the drilling sites with limited infrastructure
required a considerable logistical effort (Fig. 2.4).
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The ICDP FAR-DEEP with its Deep Time perspective
has opened a new window for multidisciplinary research,
with aims of obtaining new knowledge of the processes that
operated on Earth’s surface and interior at the dawn of the
emergence of an aerobic world. The chosen approach was a
success, resulting in collection of a rich archive of geological
material that is detailed in Part 6.

An ambitious and successful FAR-DEEP research
programme (http://far-deep.icdp-online.org) requires a con-
siderable international effort for its accomplishment. Cur-
rently 13 countries have applied for research grants from

various funding agencies. Five Ph.D. students from Finland,
Germany and Norway are involved in the FAR-DEEP
research program. Four postdoc projects in Finland, Great
Britain and Norway have been financed by national funding
agencies. A large group of scientists from the USA has
received support from the National Science Foundation and
NASA. Several research groups from Belgium, Czech Repub-
lic, Estonia and Russia have been also successful in obtaining
research grants. The FAR-DEEP core is stored in Trondheim,
at the Geological Survey of Norway, and is available for
coordinated international multidisciplinary research.

Onset of «modern» style recycling of organic matter

The earliest sedimentary phosphorites/change in posphorus cycle
The first supergiant petroleum deposits

Supercontinent(s) dispersion

The earliest massive sulphates/sizable seawater sulphate reservoir
Rise of atmospheric O,/worldwide «red beds»

Apparent upper mantle oxidation

The first perturbation in the global carbon cycle

Global magmatic shut/slowdown

Giant sedimentary Mn-deposit

Multiple global «icehouse» events
Tapering-off of mass-independent fractionation of sulphur isotopes

Global rifting

Major banded iron formation

Supercontinent(s) assembly

Fig. 2.1 A series of global events associated with the transition from an anoxic to oxic world: a “middle-age Earth crisis”?
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Fig. 2.2 Distribution of Palaeoproterozoic rocks (red) with circled areas highlighting the most continuous and thickly developed volcano-

sedimentary successions sections (Map compiled by Aivo Lepland)
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Fig. 2.3 Geological map of the eastern Fennoscandian Shield showing FAR-DEEP drilling sites and drillhole numbers (Geological map is
modified by Aivo Lepland from Koistinen et al. (2001))
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Fig. 2.4 Scientific drilling implemented in the eastern part of the and 8B. (d) Loading core in to terrain vehicle at the site 8B. The
Fennoscandian Shield. The Pechenga Greenstone Belt: (a) Peat bog  Imandra/Varzuga Greenstone Belt: (e) ... even don’t have a dream to
near site 7A. (b) Military-terrain vehicle assists the mobile drilling rig  step on it. .. (f) On the way to the site of Huronian-age glacial deposits.
to negotiate a swamp on its way to site 6A. (c) A field camp at site 8A  (g) Breakdown on the way to sites 3A and 4A




30

V.A. Melezhik

References

Anbar AD, Knoll AH (2002) Proterozoic ocean chemistry and evolu-
tion: a bioinorganic bridge? Science 297:1137-1142

Bekker A, Holland HD, Wang PL, Rumble D, Stein HJ, Hannah JL,
Coetzee LL, Beukes NJ (2004) Dating the rise of atmospheric
oxygen. Nature 427:117-120

Canfield DE (1998) A new model for Proterozoic ocean chemistry.
Nature 396:450-453

Cloud P (1987a) Oasis in space: Earth history from the beginning.
W.W. Norton and Co, New York, p 515

Cloud P (1987b) Trends, transitions, and events in Cryptozoic history
and their calibration: apropos recommendations by the subcom-
mission on Precambrian Stratigraphy. Precambrian Res
37:257-264

Dalrymple GB (2001) The age of the Earth in the twentieth century: a
problem (mostly) solved. Spec Pub, Geol Soc Lond 190:205-221

Hannah JL, Bekker A, Stein HJ, Markey RJ, Holland HD (2004)
Primitive Os and 2316 Ma age for marine shale: implications for
Paleoproterozoic glacial events and the rise of atmospheric oxygen.
Earth Planet Sci Lett 225:43-52

Harms U, Emmermann R (2007) History and status of the international
continental scientific drilling program. In: Harms U, Koeberl Ch,

Zoback MD (eds) Continental scientific drilling: a decade of progress,
and challenges for the future. Springer, Berlin/Heidelberg, pp 1-52

Harms U, Koeberl Ch, Zoback MD (eds) (2007) Continental scientific
drilling: a decade of progress, and challenges for the future.
Springer, Berlin/Heidelberg, p 366

Holland HD (2006) The oxygenation of the atmosphere and oceans.
Philos Trans R Soc B 361:903-915

Koistinen T, Stephens MB, Bogatchev V, Nordgulen @, Wennestrom M,
Korhonen J, (comps.) (2001) Geological map of the Fenno-
scandian Shield, scale 1:2 000 000, Espoo/Trondheim/Uppsala/
Moscow

Manhes G, Allegrea CJ, Dupréa B, Hamelin B (1980) Lead isotope
study of basic-ultrabasic layered complexes: speculations about the
age of the earth and primitive mantle characteristics. Earth Planet
Sci Lett 47:370-382

Melezhik VA, Fallick AE, Hanski E, Kump L, Lepland A, Prave A,
Strauss H (2005) Emergence of the aerobic biosphere during the
Archean-Proterozoic transition: challenges for future research. Geol
Soc Am Today 15:4-11

Melezhik VA, Lepland A, Romashkin A, Rychanchik D, Mesli M,
Finne TE, Conze R, the FAR-DEEP Scientists (2010) The great
oxidation event recorded in Paleoproterozoic rocks from
Fennoscandia. Sci Drill 9:23-29

Poulton SW, Fralick PW, Canfield DE (2004) The transition to a
sulphidic ocean 1.84 billion years ago. Nature 431:173-177



Part Il

Fennoscandia: The First 500 Million Years of the
Palaeoproterozoic




3.1 The Early Palaeoproterozoic of Fennoscandia:
Geological and Tectonic Settings

V.A. Melezhik and E.J. Hanski

The Fennoscandian Shield forms part of a large crustal
segment sandwiched between the Scandinanvian Caledonian
Orogenic Belt and the cover sequences of the Russian plat-
form (Gorbatschev and Bogdanova 1993). Our main area of
interest is the eastern part of the shield, which contains a long
record of Archaean and Palaeoproterozoic evolution that,
excluding minor remnants of c. 3500 Ga gneisses (Mutanen
and Huhma 2003), started at c. 3200 Ma (Fig. 3.1, Koistinen
et al. 2001). Five main geological subdivisions can be
identified, from oldest to youngest: (1) late Archaean
granitoid-gneiss basement with relicts of greenstone belts
(Fig. 3.2); (2) early Palaeoproterozoic (2500-2000 Ma) vol-
canic and sedimentary complexes deposited on the Archaean
sialic basement (Fig. 3.3); (3) early Palaeoproterozoic
(c. 2100-1930 Ma) high-grade sedimentary and volcanic
terranes with a major juvenile component (Lapland and
Umba granulite belts, e.g. Daly et al. 2006; Fig. 3.3);
(4) early Palaeoproterozoic ophiolite complexes forming a
discontinuous chain from Outokumpu to central Finnish
Lapland (Nuttio) (Fig. 3.3; c. 2015-1950 Ma; Hanski and
Huhma 2005; Peltonen 2005); and (5) middle Palaeopro-
terozoic (1920-1880 Ma, Kahkonen 2005) sedimentary and
volcanic rocks accreted together due to microcontinent-
island arc collisions during the Svecofennian orogenies
(Lahtinen et al. 2009) (Fig. 3.4).

The 2500-2000 Ma volcanic and sedimentary rocks are
the main focus of this contribution (Figs. 3.1 and 3.3). The
Archaean basement rocks comprise most of the north-
eastern part of the Shield (they are not exposed in central
and south-western areas) and form three segments, each with
its associated cover of Palaeoproterozoic sedimentary and
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volcanic rocks. These are the Kola, Karelian (cf., Gaal and
Gorbatchev 1987), and Norrbotten (Lahtinen et al. 2005)
cratons (Fig. 3.2) and it is uncertain whether or not they
were once assembled into a single Archaean plate. Some
researchers regard the northern part of the Kola craton as a
separate tectonic unit called the Murmansk craton (e.g. Daly
et al. 2006). The Archaean rocks in the Belomorian Mobile
Belt have been affected by strong crustal reworking
(Bibikova et al. 2001) and there are no known occurrences
of Palaeoproterozoic supracrustal rocks (however, see
Bindeman et al. 2010).

Within the Fennoscandian Shield the early Palaecopro-
terozoic rocks fringe many of the Archaean complexes and
Gaal and Gorbatchev (1987) have recognised several
major tectonic units of which the Kola province, the Kare-
lian province (including the Belomorian mobile belt) and
Svecofennian domain are relevant for our case (Fig. 3.3). An
integrated study involving petrological, geochronological
and geophysical data applied to geological and tectonic
modelling of the Fennoscandian Palacoproterozoic history
has complemented the work of Gaal and Gorbatchev (1987)
and provided a more detailed and comprehensive tectonic
subdivision (presented and summarised in Lahtinen et al.
2005). The position of the boundary between the Kola and
Karelian provinces remains unresolved. Lahtinen et al.
(2005) define it as the Palaeoproterozoic Pechenga and
Imandra/Varzuga Greenstone Belts (suture zone of
Berthelsen and Marker 1986, marked by SW-dipping elec-
trical conductors) whereas others place it within the Lapland
and Umba Granulite Belt (Melezhik and Sturt 1994).

In the Kola province, the 2500-2000 Ma rocks form
a c. 1,000-km-long but discontinuous southeast-northwest
trending belt from Russia through Finland to Norway.
Each component is individually named (Imandra/Varzuga,
Pechenga, Pasvik, Opukasjarvi and Polmak greenstone
belts) and combined form the North Transfennoscandian
Greenstone Belt (Fig. 3.1). They exhibit similar sedimentary
and volcanic successions comprising volcanic rocks of tho-
leiitic, calc-alkaline, alkaline and komatiitic series ranging
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Fig. 3.1 Geological map of the eastern part of the Fennoscandian Shield emphasising the early Palacoproterozoic rocks (The map is based on
Koistinen et al. (2001), and modified by Aivo Lepland)
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Fig. 3.2 Geological map of the Fennoscandian Shield emphasising the Archaean rocks (Based on Koistinen et al. 2001); the craton’s position and

names are based on Lahtinen et al. (2005)

from ultramafic to felsic and a much subordinate suite of
diverse chemical and clastic sedimentary rocks. These have
been interpreted as recording a complicated evolutionary
history of multiple intracratonic rifting episodes leading
eventually to drifting and formation of a short lived ocean
(e.g. Melezhik and Sturt 1994). The Lapland and Umba
Granulite belts, and the areas adjacent to them on either
side of the Kola-Karelian boundary, comprise several
Palaeoproterozoic oceanic-crust terranes accreted between
c. 2100 and 1930 Ma (Merilainen 1976; Daly et al. 2006).
The main geological feature of the Karelian province is a
series of northwest-southeast trending belts that contain deposits
recording intraplate rifting starting around 2450 Ma, followed
by younger Palaeoproterozoic rocks accumulated in platform
and marginal marine basins. Orthoquartzite-carbonate-pelite
suites with varying abundances of intervening mafic volcanic
rocks developed in this stage (e.g. Lahtinen et al. 2005).
In addition, the Finnish part of the province possesses several

allochthonous rock assemblages closely resembling ophiolites:
the c. 1960 Ma Outokumpu mantle peridotites, the c. 1950
Ma Jormua sheeted dykes, gabbros, plagiogranites, lavas and
hyaloclastites, and the c. 2015 Ma chromite-bearing peridotite
and mafic lavas at Nuttio (details presented in Hanski and
Huhma 2005; Peltonen 2005, and Peltonen et al. 2008).
The southeastern part of the Karelian province is dominated
by a carbonate platform and much reduced volume of
volcanic infill (mainly mafic rocks) relative to other parts of
the province.

The Svecofennian domain in the southern and western
parts of the shield records significant growth of continental
crust between c. 2000 and 1800 Ma ago. Since Hietanen’s
(1975) plate tectonic interpretations, the generation of the
Svecofennian rocks has generally been related to subduction
zone processes. However, the geological history of the area
has turned out to be much more complicated than that of a
single subduction zone. In the Finnish part of the Svecofennian
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domain, Korsman et al. (1997) distinguished three separate
arc complexes: (1) the Primitive arc complex of central
Finland juxtaposed along the Archaean craton margin and
the Accretionary arc complexes of (2) central and western
Finland and (3) southern Finland (Fig. 3.4). These terranes
were called the Savo belt, central Svecofennia and southern
Svecofennia, respectively, by Kahkonen (2005). Characteris-
tic rock types of the complexes include turbiditic greywackes
and mudrocks, and calc-alkaline volcanic rocks ranging
from low-K to shoshonitic basalts to rhyolites representing
volcanic arc magmatism and associated accretionary prism
sediments. MORB-, EMORB- and WPB-type pillow lavas
are present locally. Carbonate formations are abundant in
southern Finland (Kahkonen 2005).

Belomorian Mobile Belt. The Pechenga and Imandra/Varzuga Green-
stone Belt, and the Onega Basin are FAR-DEEP drilling sites; the
tectonic provinces are based on Gaal and Gorbatschev (1987)

The oldest volcanic and related plutonic rocks are found in
the Savo belt, having ages in the range of c. 1930-1920 Ma,
and in the Knaften area, Sweden, were granitoids have been
dated at c. 1950 Ma. The evolved island arc volcanic rocks
and associated sedimentary rocks in western and southern
Finland are younger, recording ages of c. 1910-1890 Ma
(Kahkonen 2005). With the exception of Mesoproterozoic
rapakivi granites in central Sweden (Andersson et al. 2002),
isotopic studies have not revealed any significant Archaean
component in the source of igneous rocks of the Svecofennian
domain (Vaasjoki et al. 2005). However, these studies have
indicated that an older Palaeoproterozoic, c. 2100-2000 Ma
source component is needed (Lahtinen and Huhma 1997).
The isotopic results together with supportive geophysical
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evidence led Lahtinen et al. (2005) to suggest the presence,
though without surface exposure, of several microcontinents
(Keitele, Bothnia, Bergslagen) in the Svecofennian domain
that were amalgamated with the island arc complexes.
Lahtinen et al. (2005, 2009) have published accounts on
the tectonic evolution of the Shield and the reader is referred

C = The Accretionary arc complex of southern and western Finland.
The edge of the Archaean craton and the boundaries of arc complexes
in Finland after Vaasjoki et al. (2005)

to these articles for detailed information. It suffices here
to list the main Svecofennian orogenic stages as summarized
by Lahtinen et al. (2005): (1) microcontinent accretion
stage (1920-1870 Ma); (2) continental extension stage
(1860-1840 Ma); (3) continent-continent collision stage
(1840-1790 Ma); and (4) orogenic collapse and stabiliszation
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stage (1790-1770 Ma). The prolonged accretionary history
involving collisions of island arc-microcontinent collages
against the Archaean craton resulted in closure of oceanic
basins, crustal thickening in the Archaean-Proterozoic
boundary zone (currently 65 km), widespread orogenic to
post-orogenic plutonism and overthrusting of continental
margin sediments and fragments of oceanic crust. Archaean
crust was reactivated (melted) within a distance of 150 km
from the collisional zone (Vaasjoki et al. 2005) and isotopic
resetting of minerals and disturbance of palacomagnetic
signatures due to the thermal effects of the Svecofennian
orogenies took place still further inland within the craton.
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3.2 Litho- and Chronostratigraphy
of the Palaeoproterozoic Karelian Formations

E.J. Hanski and V.A. Melezhik

3.2.1 Lithostratigraphic Framework

In Phanerozoic successions, the definition and interbasinal
correlation of stratigraphic units is based on palacontological
evidence, generally supported by abundant high-precision
radiometric dates. In contrast, Precambrian metasedimentary
successions contain few fossils useful for correlation purposes
and commonly lack precise geochronological control. This
has hampered the development of robust chronostratigraphic
frameworks for such successions, and restricted reconstruc-
tion of their geological histories. It has also led to the prolif-
eration of many local stratigraphic nomenclatures rife with
numerous formal and informal names.

The Finnish and Russian parts of the Fennoscandian
Shield are notable exceptions in that efforts have been
made to define and apply a common stratigraphic nomencla-
ture for the entire region (see Fig. 3.5 as an example).
This concerns the Palaeoproterozoic (c. 2500-1900 Ma)
formations that have been traditionally termed Karelian
and comprise widespread sedimentary and volcanic
successions deposited or extruded on the Archaean basement
in the eastern and northern parts of the Shield before
experiencing the Svecofennian orogeny at c. 1900 Ma. Gen-
erally, and particularly away from the craton margins, the
Karelian supracrustal formations have not undergone com-
plex folding and overthrusting events during the orogeny
and therefore geologists have been able to construct strati-
graphic successions in different basins (schist and green-
stone belts') of the Fennoscandian Shield, covering an age
range of several hundreds of millions of years. Stratigraphers

'In this account the names of the Palacoproterozoic greenstone belts
and schist belts are expressed in a short form, for example, the
Perapohja Belt instead of the Perapohja Schist Belt.

E.J. Hanski (D)
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90014 Oulu, Finland
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have subdivided the Karelian rocks into several major units,
including from oldest to youngest (adjectival forms in paren-
thesis): Sumi (Sumian), Sariola (Sariolian), Jatuli (Jatulian),
Ludicovi (Ludicovian), and Kaleva (Kalevian); the latter is
also called Livi (Livvian) in Russia. These names are
derived from Karelian folklore and ethnographic names
with some of them having been introduced almost a century
ago (see Simonen 1986). The above-mentioned subdivisions
have been widely used for correlation of sedimentary strata
across the eastern part of the Fennoscandian Shield, both
informally and formally in Finland (see Hanski 2001;
Ojakangas et al. 2001) and formally in Russia (e.g.
Semikhatov et al. 1991; Negrutza et al. 2000). In the formal
nomenclature, the lithostratigraphic group (e.g. Jatuli
Group) and superhorizon terms (e.g. Sumi Superhorizon)
have been applied in the stratigraphic subdivisions in
Finland and Russia, respectively.

Each subdivision was originally viewed as having its own
unique suite of distinguishing lithological characteristics: the
Sumian rocks contained immature clastic rocks associated
with felsic volcanic rocks; the Sariolian rocks were marked
by abundant polymictic conglomerates; the Jatulian rocks
were recognised by the association of “red beds”, dolostones
(generally stromatolitic) and mature arenites, and quartz
pebble conglomerates; the Ludicovian rocks were typified
by “black shales”; and the Kalevian rocks were defined by
thick successions of turbiditic greywackes. The Sumi
through Kaleva framework has become deeply ingrained in
the geological literature and, although laudable in reducing
stratigraphic nomenclature (Fig. 3.5), an inadvertent out-
come was an over-reliance on using sedimentological and
volcanological features as a criterion for establishing interre-
gional correlations (e.g. Sokolov 1987). In some instances
this approach has proved useful, but in many others, it led to
incorrect stratigraphic correlations, as is now known from
radiometric datings (for an overview, see Melezhik and Sturt
1998; Hanski 2001).

Another complication derived from different connotations
assigned to such names, is that they have been variably used
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in a lithostratigraphic, chronostratigraphic, or tectonic sense
(Laajoki 1986). In addition, although the aim has been to
develop unified nomenclature for the whole Shield, this has
not been completely successful due to the fact that geotectonic
conditions have been different in the intracratonic setting of
the Russian part of the Shield as compared to the cratonic
margin portions in the Finnish part, resulting in accumulation
of rock successions with different physical appearances, par-
ticularly in post-Jatulian time. As the result, those sequences
have been mainly assigned to Ludicovi on the Russian side of
the border where they include large amounts of continental
volcanic rocks, while on the Finnish side the post-Jatulian
supracrustal rocks have been considered part of Kaleva, being
dominated by deep-water greywackes and their high-grade
metamorphic equivalents (mica schists and mica gneisses).
The different tectonic histories are also manifested by the
presence of allochthonous Kaleva units with ophiolitic
fragments (upper Kaleva) in the west, whereas such rocks
are absent in the east. Moreover, Karelian lithostratigraphic
units may be only partially preserved and hence incompletely
represented in the geological record. It is quite common that
not only Sumian but also Sariolian and Jatulian successions
show deposition directly upon the Archaean basement (e.g.
Pekkarinen 1979; Negrutsa et al. 1986; Gaskelberg et al.
1986; Laajoki 1991). Even the Kalevian sediments may lie
directly on Archaean gneisses (Honkamo 1985). Such
features and lateral thickness variations of the individual
stratigraphic units might have also been caused by original
uneven palaeotopography, as well as syndepositional block
movements, as demonstrated by the distribution of several
Palaeoproterozoic mafic dyke swarms in the Archaean base-
ment (Vuollo and Huhma 2005).

During the past two decades, individual local stratigraphic
sections have been increasingly subdivided and named apply-
ing strict, formal, international lithostratigraphic rules (e.g.
Hedberg 1976; for a recent Finnish guide, see Strand et al.
2010) in which geographical names are combined with
lithostratigraphical rank terms. This has, though, led to the
appearance of a plethora of local stratigraphic names, whose
correlation is cumbersome and difficult to manage. Thus there
is still a need for using informal stratigraphic terms when
defining specific successions or types of sedimentary and
volcanic rocks, which may then help to describe the geologi-
cal evolution of each depositional basin and construct regional
correlations. It should be noted that there have been previous
attempts to redefine the traditional framework. One attempt
used the concept of “tectofacies” (Laajoki 1988, 1990), in
which lithologies were linked to inferred tectonic settings:
Sumi-Sariola with rift tectofacies; Kainuu with narrow sea/
inland basin tectofacies; Jatuli with open-sea tectofacies; and
the threefold Kaleva tectofacies having lower rift-related,
middle narrow-sea and upper open-sea components.

However, this scheme has never gained popularity and has
been largely ignored by Scandinavian geologists.

3.2.2 Event Stratigraphy and Age Constraints

We propose the use of radiometrically constrained global
events (see Chap. 1) as a basis for chronostratigraphic subdi-
vision of the early Palaeoproterozoic where it is possible. For
the Fennoscandian Shield, we retain the traditional nomen-
clature, including Sumi, Sariola, Jatuli, Ludicovi, and Kaleva
and their adjectival derivatives, but place it within the global-
event-based chronostratigraphy described below (Fig. 3.6).
When applying the terms in a chronostratigraphical sense,
they should be compatible with an appropriate unit of the
International Stratigraphic Chart. Accordingly, the duration
of the Fennoscandian units is comparable with that of
the “System”. We stress that additional geochronological
constraints are needed before this framework can be adopted
formally or applied elsewhere.

The Palaeoproterozoic history of the Fennoscandian
Shield commenced with the Sumian system rocks. These
record the emplacement of large layered gabbronorite
plutons, followed by a period of uplift and erosion, and
subsequent sedimentation (see Chap. 3.4). This is best seen
in the Imandra/Varzuga Belt where the basal conglomerate
of the Kuksha Sedimentary Formation lies nonconformably
on a gabbronorite intrusion dated at 2504.4 + 1.5 Ma
(Amelin et al. 1995) (Fig. 4.3 in Chap. 4.1). We use this
age constraint to define the lower boundary of the Sumian
system at 2505 Ma.

The next subdivision, the Sariolian system, includes
Huronian-age glacial deposits and associated volcanic
rocks. Determining the age of the base of this system is
hindered by a phase of post-Sumian uplift and erosion of
unknown duration. Nevertheless, the age of the Sumi-Sariola
boundary must post-date the youngest Sumian volcanic
rocks dated at 2442.2 + 1.7 Ma (Amelin et al. 1995) and
also the 2430 + 4 Ma layered gabbronorite intrusions in the
Perapohja Belt (Perttunen and Vaasjoki 2001), which are
overlain unconformably by Sariolian conglomerates. Hence
we tentatively suggest that the base of the Sariolian system is
2430 Ma in age.

The lower boundary of the Jatulian system and the top of
the Sariolian system is defined by the onset of the major
phase of the Lomagundi-Jatuli Isotopic Event (for details see
Chap. 7.3). The initiation of this event in the Fennoscandian
Shield remains chronologically poorly constrained, but it
predates the emplacement of the c. 2220 Ma mafic-
ultramafic sills (Hanski et al. 2010). In South Africa, the
main deposition of '*C-rich carbonates postdates 2313 4 7
Ma (Guo et al. 2009; Hannah et al. 2004) and thus we assign
the age of 2300 Ma for the base of the Jatulian system. This is
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in agreement with previous propositions by Melezhik et al.
(1997) and Merilainen (1980). The termination of the
Lomagundi-Jatuli Event is constrained at 2050 4+ 8 Ma in
the Perapohja Belt (Karhu 2005) and more precisely at
2058 £ 2 Ma in the Pechenga Belt (Melezhik et al. 2007).
Thus, the boundary between the Jatulian and Ludicovian
systems is placed at 2060 Ma.

The boundary between the Ludicovian system and the
youngest Palacoproterozoic unit under consideration, the
Kalevian system, remains poorly constrained. Lithologically
it is marked by a rather rapid transition from organic-rich
rocks (the Shunga Event, Fig. 3.6) associated with mafic-
ultramafic lavas to a thick sequence of turbiditic greywackes
with only locally developed mafic volcanic rocks. In eastern
Finland, older Karelian units are cut by c. 1970 Ma diabase
dykes (Vuollo et al. 1992), but there is no geochronological
evidence for the existence of these dykes within Kalevian
metasediments. Thus, we tentatively place the Ludicovi-
Kaleva boundary at 1960 Ma. The upper limit of the
Kalevian system is set at 1900 Ma, as it must be older than
the age of the Svecofennian synorogenic plutonism that took
place at c. 1890-1870 Ma (Shul’diner et al. 2000; Nironen
2005).

Figure 3.6 summarises the suggested chronostratigraphic
subdivisions of the early Palacoproterozoic of the Fenno-
scandian Shield and demonstrates their assigment to global
palaeoenvironmental events. In the following discussion we
define the chronostratigraphic units, accompanied with
photo-documentation of the characteristic rock types.

3.2.3 The Sumian System, 2505-2430 Ma

The term Sumi has been used mostly by Russian geologists
who applied it to the oldest Palacoproterozoic rocks in the
Imandra/Varzuga, Salla, Paanajarvi, Shambozero/Lekhta,
and Vetreny belts (Fig. 3.1). Recently it has also been adopted
for the Onega Basin in central Russian Karelia (Golubev et al.
2002). The term has been poorly defined, and its content
and boundaries have been subject to continual changes (e.g.
Heiskanen 1987a). In general, the Sumi has been recognised
as a unit dominated by volcanogenic rocks containing
polymictic volcaniclastic breccias and other volcaniclastic
rocks genetically related to either interlayered rhyolites and
dacites (e.g. Heiskanen 1987a; Ojakangas et al. 2001) or to the
2440-2430 Ma layered gabbronorite intrusions (Fig. 3.7a)
(Alapieti 1982; Melezhik and Sturt 1994).

In the Kola Province, the Sumian succession is represented
by the Strel’na Group in the Imandra/Varzuga Belt (Fig. 3.1)
and consists of as much as a 5,500-m-thick pile of volcanic
rocks with subordinate sedimentary rocks totalling 1,500 m in
thickness. The Sumian succession starts with the Purnach

Formation, having a tectonic contact with the basement,
followed by the Kuksha Sedimentary Formation, which
erosively overlies the Purnach Formation and various
Archaean rocks. The Purnach Formation is more than
2,000 m thick and comprises amphibolite-facies volcanic
rocks interbedded with four 100- to 200-m-thick greywacke
units exhibiting well-preserved sedimentary features such as
planar lamination and cross-bedding. The Kuksha Sedimen-
tary Formation comprises similar greywacke and also arkosic
sandstone (Fig. 3.7b) with minor small-pebble conglomerates
and shows a variable thickness reaching more than 400 m in
the eastern part of the belt. In the western part of the belt,
polymict conglomerate and breccia (Fig. 3.7c) display a well-
developed nonconformity on top of palaeo-weathered
Archaean granites, gneisses, and layered gabbronorite
intrusions (Figs. 4.5 and 4.6 in Chap. 4.1). The overlying
Kuksha Volcanic Formation comprises massive, amygdaloi-
dal, and rarer pillowed mafic lavas (Fig. 3.7d—f). These
volcanites are overlain (the contact is marked by a palaeo-
weathered surface) by the Seidorechka Sedimentary Forma-
tion, which consists of a thick (many tens of metres)
succession of cross-bedded and flaser- to lenticular-bedded
sandstone-shale cycles (Fig. 3.7h-k) followed by a unit of
massive to bedded dolarenites and dolorudites (Fig. 3.71-n)
overlain unconformably by cross-bedded quartzites
(Fig. 3.70-1), shales, and marls (Fig. 3.7s—u). These rocks
show mass-independent fractionation of sulphur isotopes
(Fig. 3.6; Reuschel et al. 2009). The uppermost Sumian unit
is the 2,800-m-thick Seidorechka Volcanic Formation com-
posed of basaltic andesites (80 % of volume), dacites and
rhyolites (Fig. 3.7v—x), and subordinate basalts with
komatiitic affinities (Fedotov 1985).

In the Russian part of the Karelian craton (north-eastern
Karelia; Fig. 3.1), a vast volume of Sumian rocks occurs in the
Shombozero, Lekhta, and Vetreny belts (Fig. 3.7y—z). In the
latter, a thick accumulation (4,000-8,000 m) of volcano-
sedimentary rocks occurs in an area that is 15-85 km wide
and more than 250 km long (Kulikov 1988). This includes a c.
500-m-thick unit of arkosic sandstones and quartzites (Toksha
suite) and a c. 1,000-m-thick suite of andesitic basalts, basalts,
and rare komatiitic basalts (Kirich suite) followed by a suc-
cession of tholeiitic basalts, dolostones (Kozhozero suite,
c. 400 m), and conglomerates (Kalgachikha suite, c. 400 m).
The upper part is composed of c. 1,500 m of turbiditic
greywackes of the Vilenga suite overlain by c. 4,000 m of
exceptionally well-preserved komatiitic basalts of the
Vetreny Poyas suite (Figs. 3.7z and 3.32) (Puchtel et al.
1996, 1997; Kulikov et al. 2010). Kulikov et al. (2005)
speculated that, of the six above-mentioned suites, only the
Kalgachikha, Vilenga, and Vetreny Poyas rocks formed
within a c. 2.5-2.4 Ga rift setting. However, no data
supporting this assertion have been presented, and thus,
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similarly to the Imandra/Varzuga Belt, we tentatively include
all six formations of the Vetreny Belt into the Sumian system
until better radiometric constraints become available.

Sumian rocks are also known in the Paanajarvi Belt in
northern Russian Karelia (Heiskanen 1987a) and in the north-
western rim of the Onega Basin in southern Russian Karelia
(Heiskanen 1987a; Golubev et al. 2002). In the latter area,
several laterally limited occurrences of basal clastic units sit
unconformably on Archaean gneisses or granites. The com-
posite section includes a 150-m-thick unit of quartzitic and
arkosic sandstone and siltstone at the base (Fig. 3.7aa)
followed by a c. 1,500-m-thick multiple-flow package of
massive and pillowed, porphyritic, variolitic, and amygdaloi-
dal andesitic basalts (Fig. 3.7ab). No age constraints exist for
these rocks, and their tentative placement in the Sumian
system is based on major and trace element geochemical
data (e.g. Golubev et al. 2002).

In Finland, the Sumian system rocks are locally abundant
in eastern Finnish Lapland, particularly in the Salla Belt
(Fig. 3.1), from where they can be followed to central Finn-
ish Lapland. In the Salla area, they are dominated by subaer-
ial intermediate lava flows, but a continuous, cogenetic suite
from basaltic andesite lavas to dacitic and rhyolitic lavas,
ash-flow tuffs, and ignimbrites can be found (Fig. 3.7ac—ad;
Manninen and Huhma 2001; Hanski and Huhma 2005).
Further east, in the Kuolajarvi Belt (Fig. 3.1), the Sumian
system consists of komatiitic lavas, shales and limestones
that are thrust westward onto Ludicovian and Jatulian rocks.
Sumian intermediate volcanic rocks also occur in central
Finnish Lapland where they have acted as roof rocks for
the Koitelainen and Akanvaara mafic layered intrusions.

Volcanic rocks, which comprise the bulk of the Sumian
system, range widely in the mode of occurrence and chemical
composition. They occur as massive, spinifex-textured,
variolitic, amygdaloidal, and pillowed lava flows to tuff
beds (Fig. 3.7d-g, v—z, ab—ad). In the Finnish part of the
Karelian Province, the volcanic rocks vary from intermediate
to felsic and have a mixed, tholeiitic to calc-alkaline affinity
(Salla Belt, Manninen 1991), whereas in the Onega Basin, in
central Russian Karelia, they show a calc-alkaline affinity
(Golubev et al. 2002). In the Vetreny Belt along the north-
eastern margin of Karelia, they occur as andesitic basalts,
basalts, and thick komatiitic lava flows (Puchtel et al. 1996,
1997), and in the Imandra/Varzuga Belt of the Kola Province,
they are both komatiitic and tholeiitic (Fedotov 1985;
Melezhik and Sturt 1994; Vrevskii et al. 2010).

Figures 3.9 and 3.10 summarise U-Pb geochronological
data obtained from Sumian igneous rocks. Precise radiomet-
ric ages have not been easy to acquire due to the low content
of Zr and/or the fine-grain size of zircon in these rocks.
The most precise ages are the previously mentioned
2442.2 £ 1.7 Ma determined by Amelin et al. (1995) for a
felsic subvolcanic body belonging to the Seidorechka

Formation (Imandra/Varzuga Belt) and the age 2437 + 3
Ma, which Puchtel et al. (1997) obtained for a Kirich suite
dacite (Vetreny Belt) (Fig. 3.9a). The Sm-Nd, Re-Os and Pb-
Pb systematics of the voluminous Vetreny Poyas suite
komatiitic basalts are compatible with the age obtained from
the Kirich suite dacite (Puchtel et al. 1997, 2001).
Levchenkov et al. (1994) published ages of 2442.8 + 4.8 Ma
and 2448 4+ 15 Ma for quartz porphyries from the Lekhta
area. Manninen et al. (2001) dated intermediate volcanic
rocks of the Salla Group hosting the Sumian-age Koitelainen
layered intrusion in central Finnish Lapland, and obtained a
U-Pb zircon age of 2438 £+ 11 Ma. This matches the age of
2438 + 8 Ma measured by Rasanen and Huhma (2001) for
correlative felsic volcanic rocks c. 15 km to the east of the
Koitelainen intrusion (Fig. 3.9a).

As revealed by Figs. 3.9 and 3.10, a great number of rock
samples from Sumian mafic layered intrusions have been dated
using the U-Pb system and conventional NTIMS analyses of
zircon + baddeleyite separates. Figure 3.9a, which shows data
from the Kola and Karelian cratons, suggests that the Sumian
intrusive magmatism can be divided broadly into two stages.
The older one at c. 2500 Ma is represented by three layered
intrusion complexes (Mt. Generalskaya intrusion and
Fedorovo-Pansky and Monchegorsk Complexes) occurring on
the northern flank of the Pechenga and Imandra/Varzuga belts
in the Kola Peninsula, with the oldest nominal age being
2505.1 = 1.6 Ma measured for the Mt. Generalskaya intrusion
at Pechenga (Amelin et al. 1995). The younger period of
magmatism took place at c. 24302450 Ma, during which the
rest of the Sumian layered intrusions were emplaced in various
parts of the Archaean cratons. The mafic layered intrusions of
the younger age group are thus indistinguishable in age from the
dated Sumian felsic to intermediate volcanic and subvolcanic
rocks (see Fig. 3.9a). A-type granitic stocks and dykes with ages
of c. 2440-2430 Ma have been documented recently from
eastern Finland and adjacent parts of Russia, some of them in
close association with layered intrusions (Lauri and Manttari
2002; Mikkola et al. 2010). They represent rare examples of
felsic plutonism during early Palacoproterozoic time (cf.
Fig. 3.8), though such occurrences are potentially more com-
mon than previously thought (Mikkola et al. 2010).

Previous workers thought that the supracrustal rocks of
the Purnach and Kuksha formations were cut by c. 2500 Ma
layered intrusions (Zagorodny et al. 1982; Amelin et al.
1995), but more recent studies have shown that the basal
conglomerates of the Kuksha Sedimentary Formation (see
Chap. 4.1) or volcanic rocks of the Kuksha Volcanic Forma-
tion (Chashchin et al. 2008) lie unconformably on the
Monchegorsk Layered Complex and are therefore younger
than c. 2500 Ma. Further, neither the Strel’na Group nor other
volcanic formations elsewhere in the Fennoscandian Shield
have yielded ages approaching 2500 Ma. Thus, only the
Purnach Formation in the Imandra/Varzuga Belt may contain
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potential candidates of pre-2505 Ma supracrustal rocks.
Other candidates are the four lowermost formations in the
Vetreny Belt whose depositional ages remain unknown.

In Figure 3.9a, the older magmatic phase is indicated by
three intrusive massifs from the Kola Peninsula, showing
apparently precise ages determined by Amelin et al. (1995),
and the Olenogorsk olivine-bearing gabbronorite dyke
(2495 + 13 Ma; Smol’kin et al. 2004) that cuts Archaean
banded iron formations. Amelin et al. (1995) also obtained
equally precise data from the second magmatic phase and
inferred that the older and younger magmatic events record
two, relatively short-lived episodes of Palaeoproterozoic
rifting separated by c. 60 Ma. According to this interpreta-
tion, the rifting initiated at different times in different parts of
the Fennoscandian Shield with the older phase being limited
to the Kola Peninsula. The only exceptions outside the Kola
Peninsula are the Avdeevskiy and Shalskiy gabbronorite
dykes close to the Burakovsky layered intrusion in southern
Russian Karelia, which were dated by Bleeker et al. (2008) at
c. 2504 Ma. The latter dates are not shown in Fig. 3.9a
because no errors were given by those workers. It needs to
be added that Chistyakov and Sharkov (2008) believe that the
Avdeevskiy dyke is coeval with the 2.45 Ga Burakovka
intrusion based on its Sm-Nd age of 2436 + 46 Ma.

Later, Bayanova and her coworkers obtained a large range
of ages for the same three intrusive complexes representing the
older phase of Amelin (Fig. 3.10). Data from the Fedotovo-
Pansky Complex show that several different dates have been
measured using different rock types (gabbronorites, pegmatitic
gabbronorites, anorthosites) from various stratigraphic levels
of the same intrusive body. These results have been interpreted
as recording a prolonged igneous activity fed from a long-lived
mantle plume over a time span of 50 + 20 Ma (Bayanovaetal.
1999; Serov et al. 2007; Mitrofanov and Bayanova 1999). For
the Imandra lopolith, which represents an intrusion of the
younger age group in the Kola Peninsula, Bayanova et al.
(2009) also obtained a large range of ages and distinguished
three magmatic pulses between c. 2440 and 2395 Ma. Nominal
dates obtained by the two mentioned scientific groups (and
laboratories) on zircon separates from the same Sumian-age
sample may differ by c. 10 Ma (see Mitrofanov and Bayanova
1999), but this cannot explain the large total spread of the
plotted values in Fig. 3.10. A further complication is that
even dates older than c. 2500 Ma have been produced. The
oldest measured until now is 2585 4+ 10 Ma (not shown in
figures) from the Mt. Generalskaya intrusion, which Bayanova
etal. (1999) considered to have been influenced by xenocrystic
zircon grains. Abnormally old dates (2526 + 6 Ma and
2521 £ 8 Ma) were also published by Nitkina (2006) from
the Fedorovo-Pansky Complex (see Fig. 3.10).

The current paradigm for the relatively short duration of
mantle plume head magmatism and the timing of cooling and

crystallisation of basaltic magma chambers are at odds with
the inferences for long-lived mantle plume activity. For exam-
ple, the thermal modelling by Cawthorn and Walraven (1998)
suggests that the emplacement of the c. 2060 Ma Bushveld
Complex took place within c. 0.075 Ma and the whole com-
plex was solidified within 0.2 Ma. A more detailed discussion
of the dating results and their potential interpretations is
beyond the scope of this chapter. The above, though,
emphasises that more work is needed, preferably using in
situ microbeam dating techniques on individual zircon grains.
Nevertheless, the discussed problems do not impact on the
proposed age boundaries of the Sumian system advocated in
this chapter, especially the Sumian-Sariolian boundary, which
is based on the relatively robust age for the cessation of the
younger intrusive phase by 2430 Ma.

Figure 3.9b shows separately a collection of age
determinations performed on Palaeoproterozoic igneous
rocks from the Belomorian Mobile Belt, the reworked late
Archaean terrane between the Kola and Karelian cratons that
has a complex deformational and high-pressure metamor-
phic history. The dates of mafic intrusions and dykes
(Iherzolite-gabbronorite complex) are consistent with the
younger of the above mentioned two Sumian magmatic
phases, though spread across 50 Ma from c. 2460 to
2410 Ma (e.g. Sharkov et al. 2004; Krivolutskaya et al.
2010). The interpretation of these ages is not straightfor-
ward, as it has been presented that the rocks were
metamorphosed as early as at 2440-2420 Ma (Balagansky
et al. 2001). Based on studies of mafic dyke swarms, of
which two may be regarded as Sumian in age, Stepanova
and Stepanov (2010) suggested recently that the Belomorian
Belt acted in the early Palaeoproterozoic as stable continen-
tal crust, which was affected by rifting similarly to the
adjacent Karelian craton and could have been part of it but
was later strongly reworked beyond recognition during
Lapland-Kola collision events.

When examined across the entire Fennoscandian Shield,
the Sumian system does not have a unique lithological
character, as had been previously thought (e.g., Heiskanen
1987a). The system is marked by a lithological variety
(Fig. 3.7), which is dependent upon the local palaeo-
tectonic and depositional settings. However, despite their
variable lithology and petrology, the Sumian system rocks
share two important features: (/) the volcanic rocks are
coeval and may even be partly comagmatic with the
2440-2430 Ma layered gabbronorite intrusions (Alapieti
et al. 1990; Melezhik and Sturt 1994; Hanski et al.
2001b; Chashchin et al. 2008; Kulikov et al. 2010); and
(2) isotope geochemistry of the various sedimentary units
in the upper part of the Sumian system show mass-
independent fractionation of sulphur isotopes (Fig. 3.6;
Reuschel et al. 2009).
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3.2.4 The Sariolian System, 2430-2300 Ma

Already almost a century ago, Eskola (1919) reported
findings of tillite-like sedimentary rocks lying unconform-
ably on older gneisses in the Onega region, Russian Karelia
and linked the formation of these polymict, immature
conglomerates and associated arkosic sandstones to an
ancient glaciation event. He showed that they are older than
the Jatulian rocks and named them later Sariolian deposits
(Eskola 1925). A long time passed before the corresponding
glaciogenic rocks were confidently identified and described
in Finland. In the 1980s, Marmo and Ojakangas (1984) and
Marmo (1986) reported a rock association with sedimento-
logical features typical for glaciogenic deposits; these
included the Urkkavaara Formation (North Karelia Belt,
eastern Finland) diamictites and varved shales with outsized
scattered polymict clasts (dropstones and lonestones,
Fig. 3.11a-b) (see Chap. 7.2). Later Strand and Laajoki
(1993) ascribed the deposition of the Honkala Formation at
the eastern margin of the Kainuu Belt to glaciomarine sedi-
mentation. Negrutsa and Negrutsa (1981) reinvestigated the
tilloids from the Onega region, and Ojakangas (1988) con-
firmed their glaciogenic origin. Sedimentary rocks of glacial
origin (diamictites and varved shales with dropstones) are
also known from the Imandra/Varzuga (Polisarka Sedimen-
tary Formation, Fig. 3.11c) and Shombozero (Pajozero For-
mation, Fig. 3.11d) belts.

The Sariolian sedimentary rocks, which may reach 600 m in
thickness, rest either on the Sumian igneous rocks or Archaean
basement complex (Fig. 3.11e—g). The former include partly
eroded, c. 2505 and 2430-2440 Ma layered gabbronorite
intrusions in the Pechenga and Perapohja belts, thereby
constraining the age of the base of the Sariolian system.
The Sariolian deposits are thus temporal counterparts of
the Huronian-age glacial deposits in North America
(cf. Ojakangas 1985) and South Africa (Hannah et al. 2004)
(for details, see Chap. 7.2). Apart from the glaciogenic
deposits, typical features of the Sariolian sedimentary
formations are their immature textures and compositions and
a large lateral variation of their thicknesses. It was already
inferred by Eskola (1919) that the deposition of the sediments
and their thickness variations were controlled by uneven
palaeotopography. In contrast, the overlying Jatulian sedi-
ments were deposited on a peneplained surface. Although the
distinguishing sedimentary lithofacies of the Sariolian system
is non-marine (immature, polymict conglomerate, gritstone
and greywacke; Fig. 3.11h—o), marine marl, and limestone
are also found in the Sariolian-age Polisarka Sedimentary
Formation in the Imandra/Varzuga Belt (see Chap. 6.1.2).

In addition to sedimentary rocks, the Sariolian system
contains locally thick accumulations (up to 1,000 m) of

volcanic rocks (Heiskanen 1987b; Ojakangas et al. 2001).
They were erupted either directly on Archaean gneisses as
in the northernmost part of the Kainuu Belt (Strand 1988), or
on older Sariolian sedimentary rocks in the Pechenga and
Imandra/Varzuga belts (see Chap. 6.1.2 and 6.2.1). The vol-
canic rocks commonly consist of subaerially erupted, amyg-
daloidal basalts, and andesites and, in some areas, more
magnesian komatiitic rocks. A general feature is a strong
interaction of magma with the underlying Archaean basement
as witnessed by the capture of crustal xenoliths by magmas
during their ascent. Rasanen et al. (1989) reported a detailed
description of a 250-m-thick section of volcanic rocks from
central Finnish Lapland, belonging to the Onkamo Group.
The drilled section between the Archaean basement and
Jatulian quartzites consists of crustally contaminated, frag-
mental komatiites in the lower part and highly-amygdaloidal
andesites and Cr-rich basalts (Fig. 3.11p) in the upper part.
Supracrustal rocks of the Onkamo Group are also found
discontinuously developed elsewhere in central Finnish
Lapland (Hanski and Huhma 2005). These include siliceous
high-Mg basalts and komatiitic basalts in the Salla area
(Fig. 3.1) at the Finnish-Russian border where they are
separated from the underlying Sumian rhyolitic rocks of the
Salla Group (former Salla Formation; Manninen 1991) by an
Al-rich palacoweathering crust. In the Imandra/Varzuga Belt,
the Sariolian-age Polisarka Volcanic Formation contains
variolitic and spinifex-textured komatiitic pillow lavas and
lava breccias (Fig. 3.11g-1).

The Sariolian volcanic rocks have not been reliably dated,
and there are no direct age determinations constraining the
depositional age of the sedimentary rocks. However, they
are older than the c. 2220 Ma generation of layered sills and
younger than the c. 2440-2430 Ma gabbro-noritic layered
intrusions. The Runkaus Formation basalts that overlie the
Sariolian basal conglomerates in the Perapohja Belt
(Fig. 3.1) yield an imprecise Sm-Nd age of 2330 + 180 Ma
(Huhma et al. 1990), and there is increasing isotopic (U-Pb,
Sm-Nd) evidence for mafic magmatism at c. 2300-2320 Ma
among the dyke swarms found in the Archaean basement
(Vuollo and Huhma 2005). On the other hand, Kullerud et al.
(2006) reported an age of 2403 £+ 3 Ma for gabbronorite
dykes in the West Troms Basement Complex, northern
Norway, but it is presently not known whether cogenetic or
coeval volcanic rocks exist in the Shield.

Without age constraints, the komatiitic rocks of the
Sumian and Sariolian systems are indistinguishable. Thus
the most distinctive feature of the Sariolian system is the
Huronian-age glaciogenic deposits (Fig. 3.11). In addition,
measured samples do not record mass-independent fraction-
ation of sulphur isotopes in the Sariolian system sedimentary
rocks of the Fennoscandian Shield (Fig. 3.6; Papineau
et al. 2005).
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3.2.5 The Jatulian System, 2300-2060 Ma

The Jatulian rocks variably overlie older Archaean, Sumian
or Sariolian rocks. They record the positive isotopic excur-
sion of carbon in sedimentary carbonates (Lomagundi-Jatuli
Event, Fig. 3.6) and a time of strong chemical weathering as
evidenced by regoliths composed of Al-rich shales and
kyanite-bearing, quartzitic schists at the base of the Jatulian
deposits (Fig. 3.12a, b) or the common occurrence of quartz-
pebble conglomerates, and quartz arenites (Fig. 3.12c—i)
(Negrutza 1984; Sokolov 1987; Marmo 1992). Chemical
weathering beneath the Jatulian deposits appears to be a
common phenomenon over the entire Shield. Marmo
(1992) has published a detailed account of a palaeosol (80-m-
thick Hokkalampi palaeosol) in North Karelia that was formed
on Sariolian glacial deposits. A similar paleosol (Hallavaara)
developed on Sariolian rocks has been found in the northern
part of the Kainuu Belt (Strand 1988).

The Jatulian system spans ~240 m.y., and its thickness
varies up to 2,000 m; for detailed, formation-level descriptions,
readers are referred to Pekkarinen (1979), Sokolov (1980,
1987), Kontinen (1986), Negrutsa et al. (1986), Laajoki
(1991), Kohonen and Marmo (1992), and Strand (2005). The
system exhibits great lithological variability and is typified by
mafic volcanic rocks, chemically mature arenites, quartz
conglomerates, “red beds”, and stromatolitic carbonate rocks.
Relative to the other stratigraphic units, this system displays
the greatest lithological variability (Figs. 3.12,3.13,3.14,3.15,
3.16,3.17, and 3.18). In Finnish and Russian Karelia, sedimen-
tary rocks dominate over mafic lavas. The opposite relation-
ship characterises the Jatuli in the Kola Province where
sedimentary rocks form only 5-10 % of the total thickness,
as exemplified by the Kuetsjarvi formations in the Pechenga
Belt and the Umba formations in the Imandra/Varzuga Belt.

Many lithologies are red in colour due to haematite
staining, hence application of the term “red beds”
(Fig. 3.13). Haematite occurs in the oldest rocks of the
Jatulian system as part of the weathering crust developed
on underlying Sariolian rocks. It is also present in some
quartz-pebble conglomerates, quartzose sandstones, and
dolostones, and haematite-rich rocks occur as metre-scale
layers in the uppermost Jatulian quartzites (Kiihtelysvaara
area; Pekkarinen 1979). Haematite-rich, red and black
mudstones can be abundant and commonly show desiccation
cracks (Fig. 3.13a, c, d and 3.14). Chromium-bearing mica,
fuchsite, is a characteristic mineral of some sericite
quartzites in the Ust’-Ponoy Belt (the eastern coast of the
Kola Peninsula) (Melezhik 1992) and in Finnish Lapland
and the Kuusamo area, staining the rocks green (Figs. 3.12h, i
and 3.15c). Cross-bedded and rippled, mature arenites are
widespread throughout the eastern part of the Shield
(Fig. 3.15). Carbonate rocks mainly occur in the Karelian

Province as stromatolitic, clastic, and chemically precipitated
dolostones exhibiting variable colour and textures (Fig. 3.16).
In the Kola Province, marine carbonate successions in the
Imandra/Varzuga Belt comprise fine-grained (micritic)
dolostones (Fig. 3.16e), whereas lacustrine carbonate rocks
in the Pechenga Belt are represented by stromatolitic and
redeposited carbonates (Fig. 3.16f—g). The most remarkable
feature of the Jatuli is the presence of carbonate rocks
enriched in '°C (e.g. Karhu 1993; Karhu and Holland 1996)
and abundant Ca-sulphates partially or completely
pseudomorphed by dolomite and quartz (Fig. 3.17) (Melezhik
et al. 2005).

The Jatulian system volcanic rocks range in composition
from tholeiitic to alkaline and are mostly mafic. In the
Kuusamo and Perapohja belts in Finland, they occur as
piles of mafic amygdaloidal lava flows (Fig. 3.18a), though
formations composed solely of mafic tuffs (Fig. 3.18b) or
rarer pillow lavas (Fig. 3.18d) are also present. The thickest
volcanic piles are made up by flood basalt-like
accumulations up to 500 m thick (e.g. Perttunen 1985).
Felsic ash-flow tuffs associated with pillowed and massive
mafic lavas have been documented from the small Siilinjarvi
Belt, Central Finland (Lukkarinen 2008). In the Russian
central Karelian Province, the Jatulian system volcanic
rocks are basaltic lavas and flow breccias (Fig. 3.18c). In
the Pechenga and Imandra/Varzuga belts of the Kola Prov-
ince, the volcanic rocks are more variable in composition
(Predovsky et al. 1974; Melezhik and Sturt 1994; Smol’kin
and Skuf’in 1995) and consist of subaerially erupted rhyo-
litic, dacitic, and andesitic lava-breccias and fluidal amyg-
daloidal lavas, basalts with columnar jointing, and tuffs
(Fig. 3.18e-g).

Using unconformities and related conglomerate beds, or
intervening volcanogenic formations as markers, several
attempts have been made to subdivide the Jatulian
successions into smaller subunits, such as the Lower, Middle
and Upper Jatuli in Finland (Merilainen 1980; Silvennoinen
et al. 1980; Silvennoinen 1985) or the four ‘Horizons’ in
Russian Karelia (e.g. Negrutsa et al. 1986; Sokolov 1987).
Major breaks in sedimentation have been observed, for
example, in the Kainuu Belt where Laajoki (1988, 2005)
employed the so-called Nenakangas conglomerates as a
criterion for dividing the succession into two tectofacies
(Kainuu and Jatuli). These subdivisions, though, are only
applicable locally and have restricted utility for correlations
across the Fennoscandian Shield.

Igneous rocks provide important age constraints for the
Jatulian system. Differentiated mafic-ultramafic sills cut the
lowermost Jatulian sedimentary rocks, including '*C-rich
carbonates in places (i.e., the Sericite Schist Formation in
the Kuusamo Belt; Silvennoinen 1991; Karhu 1993), across
the Karelian Province in Finland. This magmatism took
place at c. 2220 Ma (Hanski et al. 2010) and provides a
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minimum age for the start of the post-Sariolian sedimenta-
tion. Mafic dykes with an age of c¢. 2100 Ma are known to
cross-cut the basement and Jatulian rocks in eastern Finland
(Vuollo and Huhma 2005). They have been precisely dated
in the Kiihtelysvaara area, North Karelia Belt where they are
regarded as feeder conduits for lava interbeds occurring in
the middle part of the Jatulian sedimentary sequence. Two
dykes sampled at three locations yielded very similar U-Pb
zircon ages between 2113 +4 Ma and 2115 +£5 Ma
(Pekkarinen and Lukkarinen 1991). Within error, these are
the same as the ages obtained for mafic volcanic rocks from
the Tohmajarvi area, also in the North Karelia Belt
(2105 £ 15 Ma; Huhma 1986). They are also consistent
with the Sm-Nd isochron age of 2090 + 70 Ma measured
for the Jouttiaapa Formation basalts from the Perapohja Belt
(Huhma et al. 1990). Karhu et al. (2007) determined a
SHRIMP zircon age of 2106 £+ 8 Ma for a mafic tuff layer
(Hirsimaa Formation) occurring between two 13C-rich dolo-
mite formations in the Perapohja Belt. The upper age limit
for the Lomagundi-Jatuli isotopic excursion, as well as for
the Jatulian system, has been precisely constrained by dating
several volcanic units separating '*C-rich carbonates and
those with 8'°C near zero. The felsic ash-flow tuffs at
Siilinjarvi mentioned above are dated precisely at 2062 + 2
Ma (Lukkarinen 2008), and Melezhik et al. (2007) obtained
an equally precise age of 2058 4+ 2 Ma for the Kuetsjarvi
Volcanic Formation in the Pechenga Belt. Martin et al.
(2010) have determined recently a comparative age of
c. 2052 Ma for the correlative Umba Volcanic Formation
in the Imandra-Varzuga Belt. A felsic porphyry in the
Vaystaja Formation in the Perapohja Belt has been dated at
2050 + 8 Ma (Karhu 2005) and is associated with carbonate
rocks showing 8'°C near zero. Although this formation
appears to be allochthonous and its correlation with other
rocks in the Perapohja Belt remains unclear (Perttunen and
Hanski 2003), it provides, together with the other c. 2060 Ma
dates, a solid time constraint for the upper boundary of the
Jatulian system.

The variability of the Jatulian rocks can cause that they
are confused with older or younger rocks, particularly in
isolated and/or structurally complicated exposures. Hence,
the most robust criterion for identifying the Jatuli system is
the enrichment of sedimentary carbonates in '*C associated
with the Lomagundi-Jatuli positive excursion (Fig. 3.6).

3.2.6 The Ludicovian System, 2060-1960 Ma

The Ludicovian system records unprecedented accumulation
of Cyg-rich rocks, the Earth’s earliest known phosphorites,
and first abundant formation of '*C-depleted diagenetic car-
bonate concretions (Fig. 3.6). The Ludicovian rocks rest
unconformably (see Chap. 6.3.2) and, in places, with a

weathering crust (see Chap. 6.2.6) on Jatulian rocks and
locally the pre-Jatulian basement (Galdobina 1987a). In
Finland, the term Ludicovi per se has generally not been
used, but instead the lithostratigraphically equivalent rocks
have been assigned to the Marine Jatuli of Vayrynen (1933)
(Fig. 3.5). Nevertheless, all these rocks, including the tradi-
tionally defined Ludicovi superhorizon, are typified by
“black rocks” (i.e. any rocks enriched in organic carbon;
Fig. 3.19a) commonly associated with widespread and thick
accumulations of tholeiitic pillow lavas (Fig. 3.19b).

In the southern Russian Karelia, the Ludicovian rocks
consist of two units; the older Zaonega Formation and youn-
ger Suisari Formation (horizons in the Russian literature)
(Golubev et al. 1984; Galdobina and Melezhik 1986;
Galdobina 1987a). The sedimentary rocks of the Zaonega
Formation are exceptionally rich in organic carbon
(Fig. 3.19a, c—e) and contain a significant volume of chert
and carbonate rocks, both sedimentary and diagenetic in
origin, as well as '’C-depleted carbonate concretions
(Fig. 3.19f) (Fallick et al. 2008). The 600-m-thick Suisari
Formation comprises tholeiitic mafic tuffs, amygdaloidal,
variolitic, and pillowed lavas ranging in composition from
picritic to basaltic (Fig. 3.19g), all interbedded with minor
“black shales”. In the Finnish part of Karelia, the rocks that
are stratigraphically equivalent to the Ludicovi system
(Marine Jatulian) include “black shales”, phyllites, and car-
bonate rocks with mafic lavas and tuffs; these are well
studied in the Kiihtelysvaara area (Petaikko Formation) by
Pekkarinen (1979). In the the Perapohja Belt, Ludicovian
rocks consist of mafic pillow lavas, “black shales”, and
minor felsic tuffs (Fig. 6.19h, i, Vaystaja Formation) studied
and dated by Perttunen and Vaasjoki (2001).

In Central Finnish Lapland (Fig. 3.1), the Savukoski
Group can be regarded as Ludicovian based on its age,
stratigraphic position and lithology (Lehtonen et al. 1998;
Hanski and Huhma 2005). It lies conformably on a Jatulian-
age quartzite-carbonate sequence (Sodankyla Group) and is
composed of a phyllite-tuffite-“black schist” assemblage
with minor dolostone and chert in its lower part and pyro-
clastic and pillowed komatiites and picrites and related
basaltic rocks in its upper part (Fig. 3.19j-m) (Hanski and
Huhma 2005). Komatiitic rocks can be followed northward
to northern Norway in the Karasjok Belt (Barnes and Often
1990). Further southeast, in the Kuusamo and Kuolajarvi
belts (Fig. 3.1), the Ludicovian system was described by
Melezhik et al. (1988) and Silvennoinen (1992) and consists
of Cye-rich shales, limestones, dolostones and amphibole
schists. The c. 2000 Ma Kittila Group, occupying a large part
of the Central Lapland Belt, also belongs to the Ludicovian
system, even though it is regarded as a major allochthonous
unit (Hanski and Huhma 2005). It consists of a thick pile of
massive, amygdaloidal, and pillowed basaltic lavas, shales,
carbonate rocks, and banded iron formations and also
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contains bodies of refractory ultramafic rocks interpreted as
fragments of dismembered ophiolites (Hanski 1997).

In the Pechenga Belt, the Ludicovian system encompasses
the Kolosjoki (also spelled Kolasjoki in the literature trans-
lated from Russian into English) and Pilgujarvi formations.
The former includes red, volcaniclastic greywackes, arkosic
sandstones, stromatolitic dolostones, jaspers, and “black
shales” overlain by a 1,500-m-thick, monotonous sequence
of tholeiitic pillow basalts, subordinate flow breccias
(Fig. 3.19n-s), and “black shales”, all intruded by numerous
gabbro sills. The overlying Pilgujarvi Sedimentary Forma-
tion attains a thickness of more than 1,000 m and is
characterized by rhythmically bedded, turbiditic greywackes
rich in organic matter and iron sulphides (as disseminated
grains, concretions, and layers) and also contains redeposited
phosphorites (Bekasova and Dudkin 1982) and carbonate
concretions depleted in BC  (Melezhik et al. 1998)
(Fig. 3.17t—x). The greywacke succession is overlain by the
>3,000-m-thick Pilgujarvi Volcanic Formation containing
tholeiitic pillowed and massive basalts with minor
ferropicrites and felsic tuffs (Fig. 3.17y—ab) (Zagorodny
et al. 1964; Predovsky et al. 1974; Hanski 1992; Smol’kin
and Skuf’in 1995).

In the Imandra/Varzuga Belt, the Ludicovian system
includes the II’'mozero and and Solenozero formations.
The former is composed of volcaniclastic greywackes
with phosphate and '’C-depleted carbonate concretions
(Melezhik and Predovsky 1978; Melezhik and Fallick
1996; Melezhik 1992), stromatolitic dolostones (see Chap.
4.1 Imandra/Varzuga Greenstone Belt), cherts, and “black
shales” overlain by a 500-m-thick, monotonous sequence
of massive and amygdaloidal basaltic and dacitic andesites
(Melezhik et al. 1982; Fedotov 1985). The Solenozero
Formation of an unknown thickness contains intensively
folded and sheared, rhythmically bedded turbiditic
greywackes rich in organic matter and iron sulphides
(Smol’kin and Dain 1985).

Radiometric age constraints of the Ludicovian system
have been defined in different geographic areas. The mini-
mum age for the pelitic metasediments of the Savukoski
Group in Finnish Lapland is constrained by intrusive rocks
that cut these sedimentary rocks, many of which have been
dated using the U-Pb system (Mutanen and Huhma 2001;
Rastas et al. 2001): Keivitsa ore-bearing mafic-ultramafic
intrusion, 2058 + 4 Ma and 2054 + 5 Ma; a felsic por-
phyry, 2048 £ 5 Ma; mafic dykes from 2060 + 8 to
2048 £ 8 Ma and from 2007 £ 8 to 1995 £ 8 Ma. The
primitive volcanic rocks with komatiitic to picritic affinities
in the upper part of the Savukoski Group have been dated at
2056 + 25 Ma (Sm-Nd method, Hanski et al. 2001a). These
data thus indicate that the sedimentary and volcanic rocks of
the Savukoski Group are equal to or older than c.
2060-2050 Ma in age.

In the Pechenga Belt, the Kolosjoki Sedimentary Forma-
tion is younger than 2058 + 2 Ma, which is the age of
the underlying Kuetsjarvi lavas Melezhik et al. (2007).
Intrusions and lavas of the ferropicritic magmatism within
the Pilgujarvi Sedimentary and Volcanic Formations
have been dated by several methods approximately at
1980-1990 Ma (Hanski 1992), with the most precise
constraints being the U-Pb ages of 1987 £ 5 Ma and
1980 £ 10 Ma measured, respectively, on zircon and
baddeleyite from the Pilgujarvi Ni-Cu sulphide ore-bearing
intrusion (Skuf’in and Bayanova 2006). In the Onega region,
Puchtel et al. (1998, 1999) have obtained age data for
Ludicovian rocks. Sm-Nd, Pb-Pb and Re-Os isochrons date
a differentiated sill intruding Suisari Formation basalts at
1988 + 34, 1985 £ 57 and 1969 + 18 Ma, respectively.
These ages have been considered to be representative of
the eruption time of the Ludicovian basalts, corresponding
well to the dates obtained from the Pechenga Belt.
Shul’diner et al. (2000) determined a U-Pb zircon age of
1963 £ 19 Ma for mafic volcanic rocks of the Sortavala
Group from the Lake Ladoga region. These rocks are
regarded as correlative with the Ludicovian volcanic rocks
of the Onega region. However, the studied sample has a
heterogeneous zircon population, and hence there is some
uncertainty in the age, in addition to the relatively poor
precision. A period of wide-spread tholeiitic basic
magmatism at c. 1970 Ma is also recorded by one of the
mafic dyke swarm generations observed in the Archaean
basement (Vuollo et al. 1992; Vuollo and Huhma 2005).

The allochthonous Kittila Group in central Finnish
Lapland seems to be slightly older than the Ludicovian
rocks in the Pechenga and Onega regions. Rastas et al.
(2001) published U-Pb zircon ages for several felsic dykes
and tuffs that are considered to be coeval with the associated
mafic pillow lavas. These ages range from 2012 4+ 3 to
2017 £ 8 Ma giving a combined age of 2015 + 2 Ma
(Hanski and Huhma 2005). A Sm-Nd isochron age of
1990 + 34 Ma obtained for basalts is equal within error
(Hanski and Huhma 2005). Recently a new age determina-
tion has been performed on zircon from the gabbroic part of
a gabbro-mafic dyke assemblage from Kittila, interpreted as
representing an incipient stage of sheeted dyke complex
development. This age, 2009 =+ 3 Ma (H. Huhma, pers.
comm. 2010), confirms that the upper part of the Kittila
Group (Vesmajarvi Formation) is c. 2010 Ma in age.

For many decades, Russian geologists have considered
the boundary between the Jatulian “red beds” and
Ludicovian “black shales” as a prominent and reliable
lithostratigraphic boundary (Sokolov 1980; Galdobina
1987a; Melezhik and Predovsky 1982). However, this seem-
ingly straightforward lithological criterion is now known to
be incorrect. For example, in the Kola Province, the
Kolosjoki Sedimentary Formation in the Pechenga Belt
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consists of red volcaniclastic greywackes, cherts, jaspers,
and dolostones, including those with stromatolitic structures
(Fig. 3.19n—q). This assemblage was thought to typify the
former Jatuli Superhorizon, to which this formation was
originally assigned (Fig. 3.5; e.g. Melezhik and Predovsky
1982; Smol’kin, 1992, 2005; Mokrousov et al. 1995). How-
ever, the 2058 4+ 2 Ma age constraint for the end of the
Lomagundi-Jatuli isotopic excursion in the Pechenga Belt,
in combination with carbon isotope chemostratigraphy
(Melezhik et al. 2007), makes the Kolosjoki Sedimentary
Formation younger than the age interval for the Jatulian
system (2300-2060 Ma). Consequently, the long-held crite-
rion of a “red bed”-“black shale” boundary between the
Jatulian and Ludicovian rocks can no longer be applied.
This is not surprising given that, by 2100-2000 Ma, the
Kola and Karelia cratons were separated by the incipient
Kola Ocean (for details, see Chap. 3.4) and contemporane-
ous sedimentary basins on those cratons evolved differently,
accumulating dissimilar rocks. Thus, age constraints are the
main reliable criterion for distinguishing Ludicovian system
rocks. Another would be phosphate-bearing strata, as well as
13C—depleted carbonate concretions; these reflect the onset
of aerobic recycling of organic matter in the sedimentary
column, which has not been reported from older rocks
(Fallick et al. 2008).

3.2.7 The Kalevian System, 1960-1900 Ma

The Kalevian system contains abundant pelitic metasediments
and turbiditic greywackes (Fig. 3.20a) and developed on
south-western (Finland) and southern (Russia) margins of
the Karelian craton; its estimated thickness is between 3,000
and 5,000 m. It is present in the Perapohja, Kiiminki, Kainuu
and North Karelia belts in Finland and the latter’s south-
eastern continuation into the Lake Ladoga 560 region, as
well as the Lake Onega area in southern Russian Karelia,
where the Kalevian rocks were termed Livvian (Galdobina
1987b). The system does not appear to be associated with any
well-defined global palacoenvironmental events (Fig. 3.6).
The contact relationship between the Kalevian rocks and
the older Jatulian or Ludicovian rocks has been the focus of
many studies resulting in recognition of three kinds of
relationships. Evidence for an erosional contact, in the
form of basal polymictic conglomerates or sedimentary
breccias, comes from North Karelia (Vayrynen 1933;
Pekkarinen 1979; Kohonen 1995) and Kainuu (Vayrynen
1933; Kontinen 1986; Gehor and Havola 1988). A major
unconformity is also indicated by the occurrence of suites of
mafic dykes: they typically transect Jatulian quartzites but
are absent within the Kalevian successions (Vuollo et al.
1992; Vuollo and Huhma 2005). It is worth of mentioning
again that the Kalevian metasediments may also lie directly

on the Archaean basement, as in the Kiiminki Belt where the
Palaeoproterozoic sequence starts with coarse polymictic
conglomerates on Archaean gneisses, grading upwards into
turbiditic metagreywackes with dolostone and mafic pillow
lavas (Fig. 3.20b—f) (Honkamo 1985). In the southern part of
the Karelian province (Ladoga area), the base of the group
cuts down section by as much as 1,300 m onto Ludicovian
and Jatulian rocks over a distance of 100 km (Galdobina
1987b). Here, the basal unit is a polymict conglomerate with
a thickness of up to 120 m.

Observations of a gradational contact with underlying
rocks have also been reported (e.g. Nykanen 1971). At the
base of the Kalevian sequence in the Perapohja Belt, the
lithofacies of the sedimentary rocks appears to change
gradually, though rapidly, from shallow-water quartzite-
dolomite association to deeper-water shales (Fig. 3.20g)
(Perttunen 1985). Although quartzite-pebble conglomerates
have been reported from the Kalevian rocks in the Perapohja
Belt (at Taivalkoski, Fig. 3.20h—i), the clasts are derived
from the underlying Jatulian Kivalo Group and the
conglomerates have been interpreted as part of a coarse-
clastic turbiditic fan (Perttunen, op. cit).

The third contact type is a thrust zone. This separates the
lowermost Kalevian rocks from the older formations in
many places, particularly in North Karelia, as well as in
the Pechenga and Imandra/Varzuga belts. This is due to the
Svecofennian arc-collage/continent collision from the south-
west at c. 1900 Ma, during which the Kalevian rocks were
complexly folded and thrust over the platformal sedimentary
cover of the basement or rifted continental margin (Kohonen
1995; Melezhik and Sturt 1994).

In Finland, Kontinen (1987) divided the Kalevian rocks
into the autochthonous-parautochthonous Lower Kaleva and
dominantly allochthonous Upper Kaleva. Ward (1987)
applied the same style of informal division to the North
Karelia Belt , but it was shown later that the two units differ
in their lithology, age, and provenance (Lahtinen et al.
2010). In North Karelia, the Lower Kaleva grades south-
westward without a clear boundary into the migmatitic Savo
foldbelt of the Svecofennian domain. A detailed study
of different lithologies has revealed four lithological
assemblages that are prevalent in different, NE-SW trending
segments of the Kalevian zone (Kohonen 1995) and are
marked by a variable suite of metamorphosed siltstones,
mudstones carbonaceous mudstones, quartz arenites, and
greywackes indicating different depositional environments.
Turbiditic sequences typify the Lower Kalevian rocks in
different schist belts (Fig. 3.20j) (Kohonen 1995; Honkamo
1985; Gehor and Havola 1988) and, in the Kiiminki Belt,
there is a significant component of mafic volcanic rocks
occurring mainly as pillow lavas (Honkamo 1985)
(Fig. 3.20f). Banded-iron formations with minor phosphorite
bands occur in association with dolomites, phyllites, and
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black schists in the Kainuu Belt and were assigned to the
Marine Jatuli (i.e. Ludicovian) by Laajoki and Saikkonen
(1977), but have later been inferred as Kalevian (Gehor and
Havola 1988; Laajoki 1991). Until the geochronological
constraints are obtained, the chronostratigraphic position of
these rocks remains unresolved.

Lithologically the Upper Kaleva is rather monotonous
containing thick-bedded greywackes with minor intercalations
of black schists. According to Lahtinen et al. (2010), a typical
feature is the absence of volcanic rocks within the pelitic
metasediments. An important observation is that the occur-
rence of tectonically emplaced slivers of ophiolitic rocks is
confined to the Upper Kaleva both in Kainuu (Jormua
ophiolite complex) and North Karelia (Outokumpu ophiolite
complex) (Kontinen 1987; Peltonen et al. 2008). It has been
suggested that at least the most distal parts of the Upper Kaleva
were deposited on a newly formed oceanic crust.

The Jormua ophiolite comprises mantle tectonites, origi-
nally from subcontinental lithospheric mantle, and sheeted
dykes, gabbros, plagiogranites, pillow lavas, and hyalo-
clastites (Fig. 3.20k—1). The formation of the oceanic crust
took place at 1953 £ 2 Ma, as shown by the precise U-Pb
zircon data from a gabbroic feeder dyke (Peltonen et al.
1998; Peltonen 2005). In the Outokumpu area, ophiolitic
rocks consist mostly of serpentinite massifs, representing
oceanic mantle peridotites, with some of them hosting
major Cu-Co-Zn deposits (Peltonen 2005; Peltonen et al.
2008). In addition, there are minor gabbros and basaltic
rocks. Gabbroic bodies cutting serpentinite have been
dated at 1972 £+ 18 Ma (Huhma 1986) and 1959 + 5 Ma
(Peltonen et al. 2008).

In Russian Karelia, the Kalevian rocks (termed Livvian;
e.g. Galdobina 1987b) occur mainly as volcaniclastic,
turbiditic, greywackes with minor conglomerates in the
Onega area (Fig. 3.20m-s), and high-grade metamorphic
schists, quartzites, and amphibolites in the Ladoga area
(Fig. 3.20t). In both areas, '>C-depleted carbonate concretions
are common in greywackes and schists (Fig. 3.20p, u).

In the Kola Province, Kalevian system rocks are largely
undated. They apparently constitute sedimentary-volcanic
successions within southern parts of the Pechenga and
Imandra/Varzuga belts. In the Pechenga Belt, they comprise
tectonically imbricated units, several km in thickness, thrust
from southwest upon Ludicovian tholeiitic pillow lavas.
Lithologies vary from volcaniclastic andesitic and picritic
turbiditic greywackes and shales to andesitic, dacitic, and
rhyolitic lavas (Zagorodny et al. 1964; Predovsky et al.
1974; Melezhik and Sturt 1994). In the Imandra/Varzuga
Belt, apparent Kalevian rocks are represented by arkosic and
greywacke sandstones, and rhyolites and rhyodacites with
minor basalts and “black shales” (e.g. Skuf’in et al. 2006).

In Russian Karelia, the emplacement of a granodiorite
that intrudes the Ludicovian-Kalevian boundary has been

dated at 1922 £+ 11 Ma (U-Pb zircon; Matrenichev et al.
2006). This provides a minimum age for the Kalevian depo-
sition in the northern lake Ladoga area. In-situ dating of
detrital zircons recovered from the Lower Kaleva in Finland
has provided dominantly Archaean ages, but Nd isotopic
characteristics suggest that the rocks have a detrital compo-
nent from Jatulian mafic lavas and dykes (Lahtinen et al.
2010). In contrast to the Lower Kaleva, only c. 25 % of the
zircon populations in the Upper Kaleva are Archaean in age
with the rest falling mainly in the approximate range of 2160
to 1920 Ma. The youngest zircon grains give maximum
sedimentation ages of c. 1920 to 1950 Ma for the studied
Upper Kaleva samples (Claesson et al. 1993; Lahtinen et al.
2010). The absolute minimum age of deposition is confined
by an intrusive granite with an age of c¢. 1870 Ma (Huhma
1986), while the inferred timing of the tectonic emplacement
of the Outokumpu ophiolitic complex would provide an
older upper age limit of c. 1900 Ma (Peltonen et al. 2008).
Based on the available zircon, Nd isotopic and geochemical
data, Lahtinen et al. (2010) suggested that the main source
area for the Upper Kaleva sediments was the Lapland-Kola
orogen located now in the northern part of the Shield.

In the Kola Province, apparent Kalevian sedimentary-
volcanic associations of the Imandra/Varzuga Belt are
intruded by plagiomicrocline granite and subvolcanic dacite
dated by the U-Pb technique at 1940 £ 5 and 1907 £ 18
Ma, respectively (Skuf’in et al. 2006). The latter date
provides an upper age limit for deposition of the succession.
In the southern Pechenga Belt, the emplacement of two large
granodiorite plutons has been constrained at 1950 + 9.5 and
1939 4+ 7 Ma (U-Pb, Vetrin et al. 2008). The emplacement
of the older (Kaskeljavr) pluton was into the tectonically
imbricated Kalevian sedimentary-volcanic succession
(Kozlova and Balagansky 1995).

The currently available detrital zircon data do not provide
precise age limits for the initiation of the Kalevian sedimen-
tation. A lower age limit can be obtained from the youngest
dated underlying, pre-Kalevian volcanic rocks, which in
Finland are c. 2060 Ma Jatulian felsic volcanic rocks.
In Russian Karelia, Ludicovian volcanic rocks are
c. 1970-1980 Ma in age allowing to place the lower bound-
ary of the Kaleva at c. 1980 Ma (Ojakangas et al. 2001).
Assuming that the contact between the Lower Kaleva and
underlying Jatulian and Ludicovian (Marine Jatuli) rocks in
North Karelia is an unconformity, as implied by the termi-
nation of the c. 1970 Ma mafic dykes at this surface (Vuollo
et al. 1992), then the lower age limit of the Kalevian rocks
can be implied to be c. 1960 Ma.

The Kalevian system volcanic and sedimentary rocks
may be easily confused with those of the Ludicovian system.
There are no robust and/or unequivocal lithological or geo-
chemical criteria for distinguishing these rocks; thus the only
reliable constraint is a precise depositional age.
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3.2.8 Post-Karelian, Postorogenic
Supracrustal Rocks

Although outside the time span considered herein, some
discussion is worthwhile regarding the youngest Palaeopro-
terozoic supracrustal rocks that have been found in northern
Finland, Norway and Sweden as they form an integral part of
the supracrustal belts in this part of the Shield. The sedimen-
tary association comprises cross-bedded arkosic arenites
and quartzites (Fig. 3.21a), polymict conglomerates with
greywacke interbeds, and siltstones with desiccation cracks.
Red-brown or purple tints, caused by haematite pigment, are
a characteristic feature of the polymict conglomerates
(Fig. 3.21b, c). This sedimentary assemblage and minor
intermediate volcanic rocks, lying discordantly on older
Karelian metasedimentary and metavolcanic rocks, have
been assigned to the Kumpu and Lainio Groups in northern
Finland (Lehtonen et al. 1998; Hanski and Huhma 2005).
The sedimentary rocks of these units contain clasts and
detrital zircon derived from c. 1880 Ma felsic plutonic
rocks, which implies that their deposition postdated the
synorogenic magmatism. This time constraint precludes
incorporation of the Kumpu and Lainio Groups into the
Karelian time slice and negates previous interpretations
that these rocks were correlative with Jatulian or Kalevian
rocks (see Hanski 2001). Instead, potential counterparts are
found among other conglomerates containing fragments of
synorogenic granitoids in the Svecofennian domain. The
rocks may also be correlative with the Vepsian red
sandstones and quartzites in the western Lake Onega region,
southern Russian Karelia (Fig. 3.21d) (Hanski et al. 2001c).
There, Vepsian rocks sit erosively on sedimentary and vol-
canic rocks of the Ludicovian and Kalevian systems, and
further to the south in the Lake Ladoga area, high-grade
rocks of the Ladoga Group (Galdobina 1987c). The Vepsian
sucsession is subdivided into a c. 400-m-thick lower unit
(Petrozavodsk Formation) and a c. 1,000-m-thick upper unit
(Shoksha Formation). The Petrozavodsk Formation
comprises grey cross-bedded quartz-feldspar sandstones
with lenses of polymict conglomerate whose clasts include
basalts, C,e-rich tuffites and siltstones, and cherts. Some
sandstone beds are rich in heavy minerals, whereas others
are enriched in organic material redeposited from the
Ludicovian system rocks (Galdobina 1987c). The upper
part of the formation is marked by 10-20 m thick basaltic
flows. The Shoksha Fromation is mainly composed of red,
horizontally and cross-bedded quartz-sandstones deposited
in subaerial environments. Minor conglomerates contain
clasts derived mainly from the underlying Petrozavodsk
Formation sandstones.

3.2.9 Global Implications of the Event-Based
Fennoscandian Chronostratigraphy

In 1989 the Subcommission on Precambrian Stratigraphy
(SPS) agreed formally on a chronometric subdivision and
nomenclature of Precambrian time, and in 1990 the Interna-
tional Union of Geological Sciences (IUGS) ratified it for
international use (Plumb 1991). The major goal of this
collective effort was to establish a new time-scale nomen-
clature to facilitate international scientific communication
(Plumb and James 1986). The new time-scale was based on
absolute ages, without reference to particular rocks or type
sections, with the Palaeoproterozoic-Archaean boundary
placed at 2500 Ma and the Palaeoproterozoic subdivided
into four periods (systems): Siderian (2500-2300 Ma),
Rhyacian (2300-2050 Ma), Orosirian (2050-1800 Ma) and
Statherian (1800-1600 Ma) (Fig. 3.6). This proposed
nomenclature has not become widely adopted because
many researchers favour the stratigraphic approach pro-
moted by Cloud (1987b) rather than a geochronometrical
approach. A purely number-based time-scale seemingly
clashes with the basic principle of stratigraphy where
subdivisions are based on the rocks and use biostratigraphic
or other broadly recognisable events (Nisbet 1982; Preiss
1982; Trendall 1984; Eriksson et al. 2004).

With our Scandinavian attempt in linking the subdivision
of Palaeoproterozoic time with global palacoenvironmental
events recorded in real rock sections, we resume the old
discussion on whether “.. .stratigraphy or geochronometry
shall take priority in the definition of transitions and
boundaries in Earth history” (Cloud 1987a, p. 256). Whether
or not the suggested chronostratigraphic subdivisions of the
Fennoscandian Shield could form a base for a global subdi-
vision of the early Palaeoproterozoic in general remains to
be seen. We advocate that, in principle, at least several
global events contained in the rock record, with some of
them having been already precisely dated and others having
a great potential to be better dated, may serve as the starting
point in the creation of a common approach (Fig. 3.6). These
include: (/) the initiation of world-wide rifting of the late
Archaean supercontinent(s) at c. 2505 Ma recorded in
emplacement of large gabbro complexes and formation of
flood-basalt provinces on the Canadian and Fennoscandian
Shields; (2) a radical change in atmospheric redox state,
tapering-off of the mass-independent fractionation of sul-
phur isotopes at c. 2430 Ma as recorded in the Canadian
Shield and South Africa; (3) the onset of the Huronian global
ice age at c. 2400 Ma recorded in North America, Fenno-
scandia, South Africa, and Australia; (4) the onset and
termination of the Lomagundi-Jatuli isotope excursion
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(c. 2320-2060 Ma) recorded in several sedimentary
successions worldwide, and perhaps (5) the onset of aerobic
recycling of organic matter ("*C-depleted carbonate
concretions) associated with the formation of the Earth’s
earlies phosphorites and unprecedented accumulation of
organic matter at c¢. 2060 Ma (i.e. Shunga event), best
recorded in Fennoscandia and India.

The first priority for building the Palacoproterozoic strat-
igraphic nomenclature assigned to broadly recognisable
global events is to obtain new, reliable precise ages, along
with comprehensive understanding of rock geochemistry
and rock depositional environments worldwide; this cannot
be made by using data derived solely from Fennoscandia
or any other individual craton due to the inherent
incompleteness of the rock record on any given continent.
Although 700 million years of early Palaeoproterozoic

history have been recorded on the Fennoscandian Shield,
the 20-km-thick sedimentary-volcanic succession would
yield an average accumulation rate of c. 30 m per million
years. Such rates cannot be considered to represent a com-
plete geological record. Several prominent unconformities
dividing the Fennoscandian stratigraphic units remain
undated and thereby compromise stratigraphic complete-
ness. However, the common effort involving successions
from different continents should overcome such problems.
Compilations presented in several chapters of this book
demonstrate that a considerable achievement has already
been made by collaborative international efforts in obtaining
geochronological constraints of several global events
recorded in rocks; many of these events were outlined as
early as in the 1980s by Cloud (1987a), and many have
remain unchanged ever since.
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Shunga Event/Supergiant petroleum deposits -
Fennoscandian and Indian phosphorites -

"?C-rich carbonate concretions/Modern
style, aerobic recycling of organic matter

Subaerial red beds

Lomagundi - Jatuli Event
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_ Canadian, S. African and
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- Mass-independet fractionation
of sulphur isotopes
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Fig. 3.6 Global environmental events in the early Palacoproterozoic applied to the chronostratigraphic subdivisions of 2.5-2.0 Ga volcano-
sedimentary formations of the Fennoscandian Shield
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Fig. 3.7 Selected major sedimentary and igneous rock types
representing the 2505-2430 Ma Sumian system. Perdpohja Belt: (a)
Magmatic layering in a 2440 Ma gabbronorite intrusion at the base of
Perapohja sedimentary-volcanic succession; hammer head is 15 cm
long. Kuksha Sedimentary Formation, western Imandra/Varzuga Belt:
(b) Carbonate-cemented arkosic sandstone comprising cross-bedded
and horizontal, parallel-bedded units in the Kuksha Sedimentary

Formation in the western part of the Imandra/Varzuga Belt; lens cap
is 6 cm in diameter, (c¢) Polymict conglomerate constituting the basal
part of the Kuksha Sedimentary Formation; clasts are amphibolite and
gabbro-anorthosite, whereas matrix is composed of gabbro particles;
both the matrix and the clasts are derived from the underlying 2505 Ma
gabbronorite intrusion; drillhole 2147, depth 120 m, core diameter is
6 cm
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Fig. 3.7 (continued) Kuksha Volcanic Formation, western Imandra/ ~ with amygdale-rich tops. (f) Mafic lava flow rich in quartz-filled
Varzuga Belt: (d) A series of thin lava-flows composed of amygdaloi- amygdales. (g) Mafic lava flow containing numerous xenoliths of
dal basalts. (e) Several thin lava-flows comprised of massive basalts  arkosic sandstone. Lens cap for scale in b and d-g is 6 cm in diameter
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Fig. 3.7 (continued) Seidorechka Sedimentary Formation, western
Imandra/Varzuga Belt: (h) Alternating wavy- to flaser-bedded
sandstone-mudstone layers; many sandstone layers exhibit ripple
cross-lamination and mudstone drapes; basal part of the formation. (i)
Lenticular- to flaser-bedded rippled sandstone-mudstone couplets;

N e e

g - e W

basal part of the formation. (j) Flaser-bedded sandstone-mudstone
unit; basal part of the formation. (k) Flaser-, wavy- and lenticular-
bedded sandstone-mudstone injected by sandstone dyke; base of the
formation




4 3.2 Litho- and ostratigraphy of the Palaeoproterozoic Karelian Formations

Fig. 3.7 (continued) Seidorechka Sedimentary Formation, western
Imandra/Varzuga Belt: (1) Dolostone bed with in situ brecciated base
resting on hummocky surface of calcareous shale with rounded
dolostone fragments; middle part of the formation. (m) Thin, massive
dolostone bed, which is discontinuously developed along strike due to

partial or complete erosion prior to the deposition of overlying strata;
middle part of the formation. (n) Siliceous doloarenite-matrix breccia
with unsorted micritic dolostone clasts in the middle part of the
formation




Fig. 3.7 (continued) Seidorechka Sedimentary Formation, western
Imandra/Varzuga Belt: (0) Shale bed (/) overlain by breccia with
unsorted clasts of clayey dolostones and a dolomite-cemented sand-
stone matrix, followed by (2) quartz-sandstone-matrix breccia with
platy clasts of micritic dolostones caped by (3) mature, massive, quartz
sandstone; middle part of the formation. (p) Sandstone-matrix con-
glomerate supported by tan and dark grey, unsorted fragments of
dolostone followed by sandstone-supported, platy, imbricated clasts
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of dolostone, which pass gradually into mature, cross-bedded quartz
sandstone; middle part of the formation. (q) Massive, silica-cemented,
quartz sandstone erosively overlain by dolomite-cemented (brown-
stained on weathered surface), cross-bedded, quartz sandstone; middle
part of the formation. (r) Quarry wall exhibiting sets of alternating
cross- and ripple-bedded quartzite beds in the middle of the formation;
note unidirectional cross bedding
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Fig. 3.7 (continued) Seidorechka Sedimentary Formation, western
Imandra/Varzuga Belt: (s) Parallel-bedded dolostone with thin shale
laminae overlain by laminated marl in the upper part of the formation.
(t) Tectonically modified interbedded limestone (white), dolostone
(pale grey) and shale (black and brown) in the upper part of the

formation. (u) Light brown, sandy, crudely stratified marl containing
grit-size, rounded dolostone fragments (white and pale grey) grading
into laminated, silty dolarenite followed by fine-grained, laminated
dolarenite; coin diameter is 2 cm




Fig. 3.7 (continued) Seidorechka Volcanic Formation, western
Imandra/Varzuga Belt: (v) Dacitic lava with large quartz-filled
amygdales. (w) Andesitic lava with sub-spherical, quartz-filled
amygdales. (x) Accretionary lapilli in quartz-feldspar-phyric rhyolitic
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tuff. Tunguda Formation, Lekhta Belt: (y) Pillowed basaltic andesite.
Vetreny Belt: (z) Photomicrograph of pyroxene spinifex-textured
komatiitic lava; transmitted, polarised light
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Fig. 3.7 (continued) Central Karelia: (aa) Low-angle cross-bedded lava; coin diameter is 2 cm (Photographs courtesy of Vesa Perttunen
quartzite; length of hammer head is 15 cm. (ab) Poligonally jointed, (a), Vladimir Pozhilenko (x), Valery Zlobin (y), Evgeny Sharkov (z),
komatiitic pillow lava; pen length is 13 cm. Rookkiaapa Formation,  Sergey Svetov (aa, ab) and Tuomo Manninen (ac, ad). The rest of the
Central Lapland Belt: (ac) Pumice fragments in felsic tuff. Salla  photographs by Victor Melezhik)

Group, Salla Belt: (ad) Flat-bottomed segregation vesicle in andesitic




62

E.J. Hanski and V.A. Melezhik
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Granite, grancdiorite, tonalite, monzonite etc.
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Fig. 3.8 Compilation of U-Pb zircon + baddelyite dates of igneous
rocks from the Karelian and Kola Provinces of the Fennoscandian
Shield, including the part of northern Sweden that has been shown by
Nd isotopes to be underlain by Archaean crust (cf. Mellqvist et al.
1999). There exist time periods in the evolution of the shield that are
characterised by magmatic quiescence, including intervals
2430-2310 Ma, 2290-2230 Ma, 2200-2150 Ma and 1960-1930 Ma
(excluding ophiolites). The period between 2400 and 2200 Ma is a
globally observed “crustal age gap” when there is little evidence for

juvenile continental crust formation or LIP magmatism (Condie et al.
2009); nevertheless, the Sariolian volcanic rocks most probably erupted
during this gap. The lack of reliable age determinations, with the
exception of few on mafic dykes in the Archaean basement, is at least
partly due to the fact that metamorphosed mafic volcanic rocks are
commonly not amenable for isotopic dating. Dates labeled with a
question mark have a large analytical error or, in a few cases, are
otherwise problematic. For classification of granitoids into different
orogenic types, see Nironen (2005)
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Fig. 3.9 U-Pb zircon + baddeleyite ages and their error bars
measured for Sumian-age intrusive and volcanic rocks. (a) Russian
and Finnish parts of the Fennoscandian Shield excluding the
Belomorian Mobile Belt. (b) The Belomorian Mobile Belt (for location
see Fig. 3.3 in Chap. 3.1). Data sources: (1) Amelin et al. (1995), (2)
Balashov et al. (1993), (3) Bayanova (2004), (4) Bayanova and
Mitrofanov (2005), (5) Barkov (1992, cited by Barkov et al. 2001),
(6) Barkov (1991, cited by Glebovitsky et al. 2001), (7) Bailly et al.
(2009), (8) Perttunen and Vaasjoki (2001), (9) Alapieti (1982), (10)
Mutanen and Huhma (2001), (11) Vuollo and Huhma (2005), (12)
Smol’kin et al. (2004), (13) Vrevskii et al. (2010), (14) Chashchin
et al. (2008), (15) Manninen et al. (2001), (16) Rasanen and Huhma

(2001), (17) Nironen and Manttari (2003), (18) Buiko et al. (1995), (19)
Levchenkov et al. (1994), (20) Puchtel et al. (1997), (21) Lauri and
Manttari (2002), (22) Luukkonen (1988), (23) Mikkola et al. (2010),
(24) Efimov and Kaulina (1997), (25) Bogdanova and Bibikova (1993),
(26) Kaulina and Bogdanova (2000), (27) Sharkov et al. (2004), (28)
Slabunov et al. (2001), (29) Kaulina (1996), (30) Mitrofanov et al.
(1995), (31) Frisch et al. (1995), (32) Alexejev et al. (2000), (33)
Lobach-Zhuchenko et al. (1993), (34) Bogdanova et al. (1993), (35)
Bibikova et al. (1993), (36) Lobach-Zhuchenko et al. (1998). All
analyses made by the conventional TIMS method except those by
Bailly et al. (2009), which are LA-ICP-MS data
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Fig. 3.10 U-Pb zircon + baddeleyite ages and their error bars for the
Monchegorsk Layered Complex, Fedorovo-Pansky Complex and Mt.
Generalskaya intrusion. Data sources: (1) Amelin et al. (1995), (2)
Balashov et al. (1993), (3) Bayanova and Mitrofanov (2005), (4)
Bayanova et al. (2009), (5) Bayanova et al. (2010), (6) Mitrofanov

and Bayanova (1999), (7) Mitrofanov et al. (1995), (8) Nitkina (2006),
(9) Smol’kin et al. (2004), (10) Grooshan and Nitkina (2008). The dates
published by Amelin et al. (1995) are shown in yellow; d = within-
intrusion noritic dyke



Fig. 3.11 Selected major sedimentary and igneous rock types
representing the 24302200 Ma Sariolian system. Urkkavaara Forma-
tion, North Karelia Belt: (a) Syndepositionally deformed, bedded, silty
sandstone (lower right corner) overlain by unsorted sandy gritstone
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with an oversize granitoid clast (white) representing subaerially-
deposited glaciogenic sediments. (b) Tonalitic clast piercing layers
beneath and overlain by layers above in crudely bedded, unsorted,
silty, glaciomarine sandstone
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Fig. 3.11 (continued) Polisarka Sedimentary Formation, Imandral ~ Shambozero Belt: (d) Diamictite containing unsorted, polymict clasts
Varzuga Belt: (c) Dropstones of variable size in finely laminated, in a massive clayey, fine-grained sandstone matrix
varved, clayey glaciomarine siltstone. Pajozero Formation,
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Fig. 3.11 (continued) Pechenga Belt: (e) Fractured Archaean pegma-
tite at the base of the Pechenga Belt succession; fracturing is associated
either with incipient extensional tectonics or with ice-shattering event.
Perdpohja Belt: (f) Magnetite-filled cracks in jointed Archaean base-
ment granite beneath the basal conglomerate shown in photograph g.
(g) Basal boulder conglomerate (above the hammer head) on Archaean

basement granite; boulder composition reflects a local source. Hammer
head length is 15 cm. Ahven-Kivilampi Formation, Kainuu Belt: (h)
Conglomerate with polymict, variably rounded and unsorted fragments
of granitoid and mafic lava supported by a gritty sandstone matrix. (i)
Fragment-supported, unsorted, polymict-conglomerate overlain by
pebbly gritstone
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Fig. 3.11 (continued) Pjalozero Formation, Central Russian Karelia: ~ fragment-supported monomict conglomerate with clasts derived from
(j) Conglomerate with unsorted pebbles and boulders of granites with ~ the underlying basement granite. Pajozero Formation, Shambozero
subordinate clasts of gneisses and crystalline schists supported by a  Belt: (1) Bedding surface of volcaniclastic-matrix-supported conglom-
gritty greywacke matrix. (k) Fractured Archaean granite overlain by  erate with rounded, unsorted, polymict clasts




E.J. Hanski and V.A. Melezhik

Fig.3.11 (continued) Neverskrukk Formation, Pechenga-Pasvik Belt:  interbedded with sandy gritstone. (o) Gritstone containing angular
(m) Clast-supported, polymict conglomerate with imbricated boulders.  plagiogranite clasts derived from the underlying Archaean basement
(n) Greywacke matrix-supported, plagiogranite-bearing conglomerate
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Fig. 3.11 (continued) Kaukonen Formation, Central Lapland Belt: 5 cm. (r) Pillow fragment breccia of ultramafic komatiite. Photographs
(p) Amygdaloidal andesitic lava; leaf for scale is 2.5 cm in diameter.  courtesy of Vesa Perttunen (f and g) and Pentti Rastas (p). Photographs
Polisarka Formation, Imandra/Varzuga Belt: (q) Pyroxene spinifex a, b, h—i by Eero Hanski and c—e, j—o and q-r by Victor Melezhik
texture in komatiitic basalt; FAR-DEEP 3A drillcore, core diameter is
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Fig. 3.12 Selected images of palaeosol and chemically mature sedi-
mentary rocks representing the 2200-2060 Ma Jatulian system.
Hokkalampi Formation, North Karelia Belt: (a) Hokkalampi palacosol
with vein quartz fragments as a chemically resistant residue; coin
diameter is 2 cm. (b) Kyanite-quartz palaeosol with a tourmaline-quartz
fragment as a chemically resistant residue; coin diameter is 2 cm. Reittio

Formation, Nilsid Belt: (¢) Conglomerate containing rounded, unsorted
clasts of vein quartz supported by a quartz-gritstone matrix. Koli For-
mation, North Karelia Belt: (d) Quartz-sericite schist (in the middle)
with quartz-pebble conglomerate channels sandwiched between beds of
conglomerate composed of poorly sorted pebbles and cobbles of vein
quartz
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Fig. 3.12 (continued) Kaisavaara Formation, Perdpohja Belt: (e)  Formation, Central Lapland Belt: (h) Trough cross-bedded, quartzite
Well-rounded and well-sorted clasts of quartzite embedded in a  with fuchsite-rich layers (green). (i) Fuchsite-bearing, coarse-grained,
dolarenite matrix. Koli Formation, North Karelia Belt: (f) Cross- and  quartz sandstone grading into fine-grained sandstone. Photograph (e)
parallel-bedded quartzite. Jero Formation, North Karelia Belt: (g)  courtesy of Vesa Perttunen, the rest of the photographs by Eero Hanski
Cross-bedded, arkosic gritstone-matrix conglomerate. Virttiovaara




E.J. Hanski and V.A. Melezhik

Fig. 3.13 Selected images of Jatulian system “red beds”. Segozero  red, ripple-bedded mudstone layers. (¢) Polygonal desiccation cracks
Group, Segozero Belt: (a) Red mudstone beds with irregular desicca-  developed on a red mudstone bed
tion cracks; hammer head is 14 cm long. (b) Arkosic sandstone with
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intensively desiccated, dismembered mudstone layers on top; lens cap
diameter is 6 cm. Umba Sedimentary Formation, Imandra/Varzuga
Belt: (e) Rhythmically bedded, beige and purple dolarenite (Photo-
graph (a) courtesy of Kari Strand, the rest of the photographs by Victor

Fig. 3.13 (continued) Rukatunturi Quartzite Formation, Kuusamo
Belt: (d) Lenticular-bedded “red bed” unit (continuous purple m

stone layers covering ‘lens-like’ sandstone ripples) overlain by
pale pink, low-angle cross-bedded sandstone, followed by flaser-
bedded mudstone-siltstone couplets with sandstone layers containing ~ Melezhik)
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Fig. 3.14 Selected images of desiccated mud beds of the Jatulian
system. Quartzite Schist (Erivaaransuo) Formation, Kuusamo Belt:
(a) Intensely desiccated and dismembered, haematite-rich mud layers
imbedded in massive arkosic sandstone. (b) Cross-bedded sandstone
(bottom) overlain by mudstone-sandstone couplets occurring as contin-
uous, desiccated, black mudstone layers covering sandstone ripples,

thus forming lenticular bedding. Lower formation, Middle group, Kalix
Belt: (c¢) Incipient desiccation developed on marl bed surface.
Rukatunturi Quartzite Formation, Kuusamo Belt: (d) Siltstone with
interfering rhomboidal ripple marks affected by desiccation cracks.
Sample (d) courtesy of the Geological Museum of the Department of
Geosciences, University of Oulu
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Fig. 3.14 (continued) Rukatunturi Quartzite Formation, Kuusamo
Belt: (e) Polished slab showing tidal sandstone-mudstone couplets
and lenses. Note the influence of waves in the form of rippled tops on
some of the sandstone beds and the presence of sand-filled desiccation
cracks in many of the mudstone layers as evidence of intermittent

subaerial exposure (Sample (e) courtesy of the Northern Finland Office
of the Geological Survey of Finland. Photographs by Victor Melezhik
(a=b) and Eero Hanski (d); (c) reproduced from Wanke and Melezhik
(2005) with permission of Elsevier. Photograph (e) courtesy of Reijo
Lampela)
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(b) Tabular, unidirectional cross-bed coset. Virttiovaara Formation,
Central Lapland Belt: (c) Trough cross-bedded, fuchsite-bearing

Fig. 3.15 Selected images of cross-bedded and rippled arenites of the
Jatulian system. Himmerkinlahti Member, southeastern Kuusamo Belt:
(a) Parallel- and cross-bedded sandstones interbedded with unsorted — quartzite with clay chips (yellow and dark green)

conglomerate with polymict clasts. Segozero Group, Segozero Belt:
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Fig. 3.15 (continued) Virttiovaara Formation, Central Lapland Belt:  overturned forsets contains brown clay chips; Compass width is 5 cm.
(d) Tabular and trough cross-bedded quartz sandstone with some layers  (f) Sets of small-scale tabular and trough cross-beds in quartz sand-
showing enrichment in clastic magnetite and haematite (black). (e) Sets  stone; red dots represent post-depositional haematisation; compass
of small-scale trough cross-beds in fuchsite-bearing quartzite; the lower ~ width is 5 cm
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Fig. 3.15 (continued) Virttiovaara Formation, Central Lapland Belt:  quartz sandstone bed (Photographs by Victor Melezhik (a, b) and
(g) Sand ripples in horizontally bedded quartz sandstone. Palokivalo  Eero Hanski (c—g); photograph (h) courtesy of Vesa Perttunen)
Formation, Perapohja Belt: (h) Symmetrical oscillation ripples in
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Fig. 3.16 Selected images of carbonate lithofacies of the Jatulian system. Lower formation, Middle group, Kalix Belt: (a) Stromatolitic dolostone
(beige) and massive and laminated dolarenite lenses (pale brown and greenish) encased in mafic tuff (dark brown)
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Fig. 3.16 (continued) Rantamaa Formation, Perdpohja Belt: (b)  stromatolites (pale brown) in a yellow dolarenite matrix. Tulomozero
Bedding surface with exhumed tightly-spaced domal, dolomitic, Formation, Onega Basin: (d) Pink, tightly spaced, branching, dolomitic
stromatolites in a dolarenite matrix. (¢) Columnar dolomitic stromatolites
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Fig. 3.16 (continued) Umba Sedimentary Formation, Imandral — Kuetsjirvi Sedimentary Formation, Pechenga Belt: (f) Flat-laminated
Varzuga Greenstone Belt: (e) White, massive to crudely bedded, finely  and mini-domal dolomitic stromatolites. (g) Clayey dolomitic gritstone
crystalline dolostone; FAR-DEEP drillcore 4A; core diameter is 5 cm.  with desiccated travertine crust (pale pink)
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Fig. 3.16 (continued) Rantamaa Formation, Perdpohja Belt:  conglomerate grading into dolomitic gritstone (Photographs by Victor
(h) Quartz sandstone with unsorted, variably rounded dolostone clasts.  Melezhik (a, c—g) and Eero Hanski (b, h, i); photograph (b) courtesy of
(i) Grey greywacke erosively overlain by fine-pebble dolostone  Vesa Perttunen)
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Fig. 3.17 Selected images of Ca-sulphates of the Jatulian system.
Tulomozero Formation, Onega basin: (a) Dolomite-pseudomorphed
gypsum rosettes, crystals and impregnation in dark grey, haematite-
rich marl. (b) Brown, bedded mudstone with tabular and swallowtail-
twined crystals of gypsum partially pseudomorphed by dolomite.

(¢) Brown, bedded mudstone with gypsum rosettes partially pseudo-
morphed by dolomite and quartz. (d) Dolomite-pseudomorphed Ca-
sulphate (white) and red mudstone layers plastically deformed into
enterolithic structure modified by styolitisation (Photographs (b—d)
reproduced from Melezhik et al. (2005) with permission from Elsevier)
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Fig. 3.18 Selected images of volcanic rocks of the Jatulian system.  (b) Rhythmically bedded mafic tuff. Onega Basin: (c¢) Mafic flow
Jouttiaapa Formation, Perdpohja Belt: (a) Amygdaloidal mafic  breccia. Santalampi Formation, Perdpohja Belt: (d) Mafic pillow lava.
lava; coin diameter is 2 cm. Tikanmaa Formation, Perdpohja Belt:
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Fig. 3.18 (continued) Kuetsjirvi Volcanic Formation, Pechenga Belt:  folded fluidal, rhyolitic, magnetite-haematite-rich (dark grey and black
(e) Columnar joints in alkaline basalt with pervasive epidotisation  bands) rhyolitic lava-flow (Photographs courtesy of Vesa Perttunen
(bright greenish) on either side of the joints. (f) Ubiquitous quartz- (a, b, d) and Sergey Svetov (c); photographs (e-g) by Victor Melezhik)
chlorite-epidote-filled amygdales in mafic lava. (g) Syndepositionally
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Fig. 3.19 Selected major sedimentary and volcanic rock types
representing the 2060-1960 Ma Ludicovian system. Zaonega Forma-
tion, Onega Basin: (a) Cg-rich rock, locally termed “shungite”, from
the type locality near the village of Shunga (total organic carbon
content is 62 wt.%, Melezhik et al. 1999). Black, C,,-rich rocks
comprise several sedimentary successions in the Karelian province,

and make the Ludicovian system rocks distinctly different from other
early Palaeoproterozoic formations of the Fennoscandian Shield; width
of the photograph is 10 cm. Kolosjoki Volcanic Formation, Pechenga
Belt: (b) Tholeiitic pillow lava; width of the view is c. 2 m. Pillow lavas
comprise several kilometre-thick formations in the Kola province
and in the Central Lapland Belt
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Fig. 3.19 (continued) Zaonega Formation, Onega Basin: (c¢) Rhyth-  12B. (e) Massive organosiliceous rock, locally termed “maksovite”
mically bedded, C,,-rich siltstone (black)-greywacke; FAR-DEEP  from the Maksovo deposit. (f) Black shale-hosted carbonate concretion;
drillcore 13A. (d) Massive organosiliceous rock; FAR-DEEP drillcore ~ FAR-DEEP drillcore 13A. Core diameter in photographs ¢—f is 50 mm
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Fig. 3.19 (continued) Suisari Formation, Onega Basin: (g) sedimentary rocks. Viystdji Formation, Perdpohja Belt: (h, i)
Variolitic mafic lava that, together with pillowed and massive Tholeiitic pillow lava
lavas and tuffs, forms a c. 500-m-thick unit overlying C,.-rich
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Fragmental komatiitic lava; tag length is 10 cm. Linkupalo Formation,
Central Lapland Belt: (m) Tholeiitic pillow lava; lens cap diameter is

Fig. 3.19 (continued) Linkupalo Formation, Central Lapland Belt: (j)
Variolitic mafic lava; coin diameter is 2 cm. Sattasvaara Formation,
Central Lapland Belt: (k) Zoned fragments of komatiitic lava in a 6 cm
hyaloclastic ultramafic tuff matrix; matchstick length is 4 cm. (I)
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Fig. 3.19 (continued) Kolosjoki Sedimentary Formation, Pechenga left core) and greywacke; FAR-DEEP drillcore 8A. (p) Jasper layers
Belt: (n) Cross-bedded volcaniclastic greywacke with a channel filled and veinlets in haematite-rich greywacke; FAR-DEEP drillcore 8B.
with polymict volcaniclastic conglomerate grading into gritstone. (q) Silicified (dark grey), spheroidal stromatolites (white); FAR-DEEP
(0) Pale pink dolostones interbedded with chert (the upper part of the  drillcore 8B. Core diameter in photographs o—q is 50 mm
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Fig. 3.19 (continued) Kolosjoki Volcanic Formation, Pechenga greywacke with a calcite concretionary bed (top) and several
Belt: (r) Tholeiitic pillow lava. (s) Tholeiitic flow breccia. pyrite layers
Pilgujarvi Sedimentary Formation, Pechenga Belt: (t) C,g-rich




Fig. 3.19 (continued) Pilgujdirvi Sedimentary Formation, Pechenga
Belt: (u) Rhythmically bedded greywacke-mudstone (black) couplets
overlain by gritstone that grades into greywacke, rhythmically
bedded greywacke-mudstone and black mudstone. (v) Zoned, pyrite
concretions overgrown by pyrrhotite; two spherical concretions in the

E.J. Hanski and V.A. Melezhik

centre have septarian cracks. (w) Black mudstone and rhythmically
bedded mudstone-shale injected by pyrite- and pyrrhotite-rich sedi-
mentary dyke, which experienced syndepositional fragmentation. (x)
Large, zoned, spherical, calcite concretion in sulphide-bearing
greywacke
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Fig. 3.19 (continued) Pilgujirvi Volcanic Formation, Pechenga Belt:  tuff forming a c. 50 cm bed between mafic lavas (Photographs by
(y) Pillowed tholeiitic lava with hyaloclastic material (dark grey) filling ~ Victor Melezhik (a—f, n—x) and Eero Hanski (y—ab). Photograph cour-
inter-pillow space. (z) Mafic lava fragments in a felsic tuff matrix. (aa)  tesy of Sergey Svetov (g), Vesa Perttunen (h, i), Vesa Kortelainen (j),
Felsic globules (ocelli) in ferropicritic lava. (ab) Laminated rhyolitic =~ Jorma Résanen (1, k) and Reino Kesola (m))
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Fig. 3.20 Selected major sedimentary and volcanic rock types exhibiting rhythmically bedded greywacke-mudstone-shale turbidites
representing the 1960-1900 Ma Kalevian system. Kondopoga Forma-  comprising bulk of the c. 700-m-thick Kondopoga Formation; width of
tion, Onega Basin: (a) A quarry wall perpendicular to the bedding, the viewisc.2.5m
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Fig. 3.20 (continued) Utajirvi Conglomerate Formation, Kiiminki
Belt: (b) Basal conglomerate with unsorted, polymict clasts supported
by a gritstone matrix. Y/i-Kiiminki Greywacke Formation, Kiiminki
Belt: (¢) Mica schist retaining primary rhythmic bedding; note sand-
stone bed (light grey) grading into siltstone-shale. Vepsa Formation,

Kiiminki Belt: (d) Rhythmically bedded dolostone-shale units with a
thick brecciated dolostone bed in the middle. Y/i-Kiiminki Greywacke
Formation, Kiiminki Belt: (e) Former zoned calcite concretion replaced
by calc-silicate minerals in mica schist. Kiiminki Volcanic Formation,
Kiiminki Belt: (f) Tholeiitic pillow lava. Hammer head length is 15 cm
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Fig. 3.20 (continued) Mellajoki Suite, Perdpohja Belt: (g) Bedded
mica schist with weathered cordierite porphyroblasts. Martimo Forma-
tion, Perdpohja Belt: (h) Intraformational quartzite-pebble conglomer-
ate occurring within a greywacke succession. (i) Quartzite-pebble

conglomerate filling a channel in pebbly gritstone. Nuasjdrvi Group,
Kainuu Belt: (j) Turbiditic greywacke belonging to allochthonous
Kaleva rocks
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Fig. 3.20 (continued) Kainuu Schist belt: (k) Sheeted dyke complex, Jormua ophiolite. (I) Pillow lava, Jormua ophiolite
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Fig. 3.20 (continued) Kondopoga Formation, Onega Basin: turbiditic greywacke; coin diameter is 1 cm. (p) Diagenetic ankerite
(m) Rhythmically-bedded, graded sandstone-siltstone-shale turbiditic ~ concretion (pale brown) in thythmically bedded turbiditic greywacke-
units. (n) Fining-upward turbiditic succession; note partial cementation — mudstone

of a thick sandstone unit with dolomite (pale brown). (o) Slumping in
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Fig. 3.20 (continued) Kondopoga Formation, Onega Basin: (q) Cross-section view of rhythmically and graded-bedded sandstones interbedded
with mass-flow deposit containing large, unsorted, angular fragments of laminated sandstone-siltstone
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Fig. 3.20 (continued) Kondopoga Formation, Onega Basin: pyrobitumen in turbiditic greywacke. Ladoga Group, Ladoga Lake
(r) Small-scale slumping creating a rippled surface; note that some  area: (t) Turbiditic rhythmites preserved in amphibolite-facies crystal-
ripples have subvertical or even overturned slopes. (s) Clast of line schists
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Fig. 3.20 (continued) Ladoga Group, Ladoga Lake area: metamorphism accompanied by partial melting (Photographs by Victor
(u) Paragneiss-hosted, calcite-diopside-forsterite (originally calcitic) Melezhik (a, k, m—u) and Eero Hanski (b—f, j, 1). Phographs (g—i)
concretion  surviving a high-temperature = amphibolite-facies  courtesy of Vesa Perttunen)



Fig. 3.21 Selected images of post-Karelian sedimentary rocks.
Pyhdatunturi Formation, Central Lapland Belt: (a) Cosets of small-
scale trough cross-beds in arkosic sandstone with layers rich in hema-
tite and other heavy minerals. Levi Formation, Central Lapland
Belt: (b) Haematite-stained, fragment-supported conglomerate with
polymict clasts. Sample (b) courtesy of the Geological Museum of

E.J. Hanski and V.A. Melezhik

the Department of Geosciences, University of Oulu. Kumputunturi
Formation, Central Lapland Belt: (c) Polymict, clast-supported con-
glomerate. Shoksha Formation, western Onega Lake area: (d) Subaer-
ial, pink quartz sandstone that constitutes most of the Shoksha
Formation (Photographs (a—c) by Eero Hanski and n(d) Victor
Melezhik)
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3.3 Palaeotectonic and Palaeogeographic Evolution
of Fennoscandia in the Early Palaeoproterozoic

V.A. Melezhik and E.J. Hanski

The Palaeoproterozoic Era spans the time interval between
2500 and 1600 Ma (Plumb 1991) and it is the early part of
this time slice, from 2500 to 1900 Ma, that is the focus of our
research on the Fennoscandian Shield. Between c. 2505 and
1900 Ma, two main stages of southwest-prograding intra-
plate rifting led to fragmentation of the Shield and eventu-
ally to oceanic crust development, closure of ocean basins,
continent-arc collisions and resultant orogenies. Figure 3.22
provides a general guide through the tectonic and associated
palaeogeographic stages and Figs. 3.23, 3.24, 3.25, 3.26,
3.27, 3.28, and 3.29 illustrate the main rock types
representing the salient features of the early Palaeopro-
terozoic evolution of the Fennoscandian Shield.
Palaeomagnetic evidence for Palaeoproterozoic plate
reconstructions remains ambiguous (Buchan et al. 2000). It
is not clear whether a supercontinent formed during the late
Archaean or if there were several large, dispersed continen-
tal plates (e.g. Bleeker 2003, notes 35 late Archaean cratons
that could have been amalgamated in the Palaeoproterozoic).
Tentative reconstructions imply the existence of two
supercontinents: Kenorland, comprised of the North American,
Fennoscandian and Siberian shields, and the less-definite
Zimvaalbara, an assembly of the Zimbabwe, Kaapvaal, Pilbara,
Sao Francisco and Indian cratonic blocks (Williams et al. 1991;
Roscoe and Card 1993; Heaman 1997; Aspler and Chiarenzelli
1998; Condie 1998). Williams et al. (1991) named the former
after the 2720-2680 Ma Kenoran orogeny that formed the
Superior craton (Card and Poulsen 1998; Percival et al.
2006). Subsequently, the meaning of “Kenorland” has varied
(reviewed by Reddy and Evans 2009), but if it existed, it must
have been fragmented during a period of global rifting marked
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by numerous large igneous provinces at c. 2450 and 2200 Ma
(e.g. Heaman 1997; Bleeker and Ernst 2006).

As emphasised by Bleeker and Ernst (2006), short-lived
mantle-generated magmatic events, as represented by mafic
dyke swarms, provide the most robust tool in reconstructing
ancient, pre-Pangaea continental palacogeographies.
Fennoscandia contains at least five main episodes of dyke
injections that span c. 2450 and1970 Ma (Vuollo and Huhma
2005). Each set of dyke swarms has different orientations,
suggesting several phases of a protracted extensional tec-
tonic regime. It is generally assumed that the initial phase of
global rifting began at c. 2450 Ma (Heaman 1997). How-
ever, the current geochronological information indicates that
in the Fennoscandian Shield rifting started earlier (though
there are still problems in the interpretation of the isotopic
data, see Chap. 3.1).

3.3.1 Pre-Sumian Time

At c. 2505 Ma, a mantle plume caused incipient uplift,
rifting, and emplacement of large gabbro-norite plutons in
the Kola craton (e.g. Bayanova et al. 2009), which forms the
northeastern part of the Fennoscandian Shield (Fig. 3.22a).
There is no robust record of volcanism associated with this
early phase of emplacement of the gabbro-norite plutons,
and it remains unresolved whether or not any incipient rifts
were formed in the response to the mantle plume. The oldest
formations in the Vetreny Belt,' which is located along the
north-eastern margin of the Karelian craton (Fig. 3.1), are
the only probable products of 2505 Ma (pre-Sumian) rift
basins (Kulikov et al. 2010). These are the Toksha (arkosic
arenite and quartzite), Kirich (basalt, andesitic basalt and
subordinate komatiitic basalt) and Kozhozero (dolostone

"In this account the names of the Palaeoproterozoic greenstone belts
and schist belts are expressed in a short form, for example, the Vetreny
Belt instead of the Vetreny Greenstone Belt.
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and tholeiitic basalt) formations. The oldest formation of the
Imandra/Varzuga Belt (Fig. 3.1), known as the Purnach
Formation (Fig. 4.3), is another probable pre-Sumian
sedimentary-volcanic succession. However, this 1,500-m-
thick pile of tholeiitic basalts, interbedded with several
thick (600 m in total) units of rippled, cross- and parallel-
bedded greywacke, has a conformable relationship with the
overlying Kuksha Sedimentary Formation which, in places,
erosively overlies the 2505 Ma gabbro-norite intrusions.
Based on this observation, the Purnach Formation very
likely comprises the lowest part of the 2505 and2430 Ma
Sumian succession, which is discussed in the following
section.

3.3.2 2505-2430 Ma Period

This time interval started with uplift and erosion of the Kola
craton. The c. 2500 Ma layered gabbro-norite plutons,
emplaced previously along the northern margin of the
Imandra/Varzuga Belt were uplifted, faulted, eroded
(Figs. 3.22b and 3.23a), and erosionally overlain by basal
polymict conglomerates associated with the younger Sumian
rift basins (Fig. 3.22c; for details see Chap. 4.1). At least
2-3 km of erosion occurred prior to the deposition of the
Sumian supracrustal rocks, as determined by petrological
estimates for the depth of crystallisation of the underlying
plutonic bodies belonging to the first phase of mafic-
ultramafic magmatism at the Archaean-Proterozoic boundary
(Latypov et al. 1999). The duration of this phase of uplift and
erosion (Fig. 3.22b) is unknown, but currently available data
(Amelin et al. 1995) constrain it to between c. 2505 Ma (the
age of the eroded gabbro-norite pluton) and 2442 Ma (the age
of the Sumian volcanic rocks in the Imandra/Varzuga Belt).

After the c. post-2504 to 2442 Ma tectonic inversion and
erosion episode, the Archaean-early Palacoproterozoic tran-
sition was marked on the Fennoscandian Shield by the
emplacement of another generation of layered gabbro-norite
plutons and numerous smaller intrusive bodies (Fig. 3.23b)
at c. 2440-2430 Ma (Fig. 3.22c; Alapieti 1982; Amelin et al.
1995; Vogel et al. 1998; Perttunen and Vaasjoki 2001; Iljina
and Hanski 2005; Sharkov 2006). This was accompanied by
a new phase of crustal extension and intraplate rifting
(Melezhik and Sturt 1994). Two major SE-NW-trending
rift systems were generated. One was developed near the
southwest boundary of the Kola craton, and the other along
the northeast margin of the Karelian craton (Fig. 3.22c).
Mafic dykes in the Archaean basement related to this phase
of rifting have a variable orientation but most of them are
NE-SW-trending (Vuollo and Huhma 2005).

In the Salla, Imandra/Varzuga and Vetreny belts and in
the northern Onega Lake area, the Sumian-age rift basins
were predominantly filled with volcanic rocks, although

several hundreds of metres of sedimentary rocks interbedded
with lavas accumulated in several basins (e.g. Heiskanen
1987a). The sedimentary part of the rift infill is mainly
composed of polymict conglomerates, greywackes and
shales, but mature quartz arenites and carbonate rocks are
also present (Fig. 3.23a, c—g). Depositional environments
range from alluvial fan and braided fluvial settings in the
Finnish part of the Karelian craton (Heiskanen 1987a;
Ojakangas et al. 2001) to a clastic marine shelf along the
Kola craton. The volcanic rocks are mainly subaerially
erupted komatiitic and tholeiitic to calc-alkaline lavas
(Melezhik and Sturt 1994; Puchtel et al. 1996, 1997, 2001;
Hanski et al. 2001; Hanski and Huhma 2005; Kulikov et al.
2010). In all Sumian rift basins both subaerially erupted
amygdaloidal and submarine pillow lavas occur
(Fig. 3.23h—m). The volcanic formations reach 5,500 m in
thickness in the Imandra/Varzuga Belt (Fedotov et al. 1982)
and as much as 8,000 m in the Vetreny Belt (Kulikov et al.
2010). Most of the volcanic successions are considered to be
coeval and comagmatic with the c. 2440 Ma layered gabbro-
norite complexes (Alapieti 1982; Melezhik and Sturt 1994;
Amelin et al. 1995; Vogel et al. 1998; Chashchin et al. 2008;
Bogatikov et al. 2010; Kulikov et al. 2010) and are
interpreted to be continental flood basalts (Puchtel et al.
1996, 1997, 2001). A common feature of the volcanic
rocks is a strong interaction of the magma with the conti-
nental crust through which it ascended to the surface
(Puchtel et al. 1997; Hanski et al. 2001).

A conservative estimate of the lateral extent of the
Sumian flood basalt province, based on the present-day
distribution of the layered gabbro intrusions, dykes and
coeval volcanic formations, is c. 700,000 km? (Melezhik
2006). However, it is likely that it was much greater
(Bogatikov et al. 2010), particularly considering that the
Kola and the Karelia provinces were once separated by
the c. 2100 Ma Kola Ocean, and are now juxtaposed along
the Lapland-Kola suture (Daly et al. 2006).

No consistent set of palacomagnetic data has so far been
obtained for the c. 2500 Ma intrusions. The latitudinal posi-
tion of the Shield has been calculated as within 5-42° from
the equator based on measurements from the Shalskiy dyke,
Monchegorsk Layered Complex and Mt. Generalskaya
intrusion (Mertanen et al. 2006; Pechersky et al. 2004;
Arestova et al. 2004). The younger, c. 2440 Ma magmatic
event indicates a sub-equatorial positions at c. 30°S as
recorded by gabbro-norite dykes in the Lake Paajarvi area
near the Oulanka Group layered intrusions in central Russian
Karelia (Mertanen et al. 1999).

The mantle-plume-driven continental uplifts continued
on the Fennoscandian Shield until c. 2435 Ma, as indicated
by the age of layered gabbro-norite plutons in Finland
(Perttunen and Vaasjoki 2001). Daly et al. (2006) suggested
that the mantle-plume and related magmatic underplating at
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c. 2450 Ma led to crustal thickening and subsequent uplift
and erosion. The top of the Sumian continental flood basalts
and penecontemporaneous layered intrusions is marked by a
regional unconformity that can be traced throughout
Fennoscandia (e.g. Sturt et al. 1994; Ojakangas et al. 2001)
(Fig. 3.22d). All rocks beneath this unconformity surface
have been deeply eroded. In the Perapohja Belt, the uncon-
formity cuts c. 3,000 m down section into the Penikat lay-
ered gabbro-norite intrusion (Laajoki 2005). Assuming that
the layered gabbro-norites crystallised at depths of 2—3 km
(e.g. Latypov et al. 1999), at least 5-6 km of erosion
occurred prior to the deposition of the Sariolian units in the
Perapohja Belt. In the Koillismaa area, the originally large,
sheet-like Koillismaa layered intrusion was, after solidifica-
tion, faulted, tilted and fragmented by block movements into
several individual bodies. Karinen (2010) suggested that the
tensional stress-field, which was associated with the rifting
and emplacement of the intrusion, changed later to a com-
pressional stress field, leading to thrusting of intrusion
blocks over each other. However, it is presently not known
to which regional tectonic events these compressional
movements were connected and when they occurred.
Nevetheless, it is clear that the igneous bodies were uplifted
and variably eroded before the deposition of Sariolian sedi-
mentary rocks. This implies that a vast volume of the
Sumian flood basalt province was subject to deep erosion
as well. The duration of the post-Sumian erosional period
cannot be precisely constrained, but it is younger than c.
2440-2435 Ma, the ages of the Sumian volcanic rocks in the
Imandra/Varzuga and Vetreny belts (Amelin et al. 1995;
Puchtel et al. 1996) and Kemi layered gabbro-norite intru-
sion (Perttunen and Vaasjoki 2001), and older than overlying
2430 Ma Sariolian rocks.

3.3.3 2430-2300 Ma Period

The Sariolian system supracrustal rocks were deposited dur-
ing this time slice (see Chap. 3.1). Owing to the above-
mentioned deep erosional processes, palaeotopography
would have been marked by large, rift-separated uplifts
and prominent erosional valleys typical of plume-generated
continental flood basalt provinces (Melezhik 2006). The
physical weathering and deep erosion (as much as 5-6 km)
of the Archaean crust and flood basalts occurred over a
period of several millions of years. Such processes should
have inevitably resulted in an enhanced rate of silicate
weathering and a considerable consumption of atmospheric
CO,, and could have been one of the crucial causes respon-
sible for the onset of the Huronian glaciation (Young 1991;
Young et al. 2001; Melezhik 2006).

The newly formed rift basins were filled by as much as
500 m (note, though, that thicknesses vary greatly across the

shield) of polymict gritstones and conglomerates
(Fig. 3.24a-k) with rare greywacke and minor shales
(Fig. 3.241) and, in the Imandra/Varzuga Belt, there are
high-Sr limestones. Clasts in the conglomerates are typically
derived from local sources including Sumi-age igneous
rocks, various older rock types from the basement as well
as underlying Sariolian volcanic rocks. In the Pechenga and
Perapohja belts, the conglomerates rest erosionally on, and
contain reworked clasts of, the c. 2505 Ma and 2435 Ma
layered gabbro-norite intrusions, respectively (Fig. 3.24m).
Glaciogenic rocks, such as varved sediments and
diamictites, are important and form parts of the sedimentary
successions (Fig. 3.24n—q) in the northern North Karelian
Belt (Marmo and Ojakangas 1984), and the Shambozero-
Lekhta, and Imandra/Varzuga belts (see Chap. 7.2).
Associated volcanic rocks commonly overlie the sedimen-
tary successions and reach 1,000 m in thickness. They con-
sist mainly of tholeiitic and komatiitic, amygdaloidal,
globular- and spinifex-textured lavas extruded under subaer-
ial or subaqueous conditions (Fig. 3.24r—u).

Several and varied palacogeographic and palaeotectonic
reconstructions have been advanced for the 2430-2300 Ma
time frame but all share the common theme of intracon-
tinental rifting (Fig. 3.22e). In the Kola craton, SE-NW-
trending rift systems have been predominantly filled by
volcanic rocks. A similarly trending rift system formed
along the northern margin of the Karelia craton with an
apparent ‘rift star’ in its central part (Fig. 3.22¢). Such ‘rift
stars’ have four branches radiating from a common centre;
each is fairly equant and filled with an initial thin basal
polymict conglomerate overlain by thick piles of volcanic
rocks. In contrast, the central part of the Karelian craton is
marked by a basin filled mostly with immature, polymict,
alluvial conglomerates and only minor volcanic rocks
(Heiskanen 1990, 1987b). In addition, 2403-2200 Ma mul-
tiple rifts have been recently recognised on the Norwegian
coast (a chain of windows in the Caledonides termed the
West Troms Basement Complex, Fig. 3.1) (Bergh et al.
2010). Kullerud et al. (2006) reported on a 2403 4+ 3 Ma
dyke complex (Ringvassgy dykes) which they correlate
broadly with a global Palaeoproterozoic magmatic event
that formed extensive bimodal intrusive and extrusive suites
in the Fennoscandian Shield. They suggested a distinct trend
from the 2505-2490 Ma (Kola Peninsula) through the
2460-2440 Ma (Kola, Russian and Finnish Karelia) to the
2403 Ma dykes in the West Troms Basement Complex,
implying that the locus of maximum extension and mag-
matic activity may have been shifting with time.

Some models suggest that deposition on the
Fennoscandian Shield was solely in marine environments
(Negrutza 1984; Heiskanen 1990), whereas others infer pre-
dominantly subaerial volcanism and sedimentation
(Melezhik 1992; Laajoki 2005; Lahtinen et al. 2008).
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However, direct evidence for marine deposition has been
documented only for the younger part of the Sariolian
successions in the northern North Karelian Belt (Marmo
and Ojakangas 1984; Laajoki 2005), and possibly in the
Imandra/Varzuga Belt, assuming that the glacially
associated high-Sr limestones would require precipitation
from seawater (see Chap. 6.1.2). Considerable thicknesses
of immature polymict conglomerates in both the Kola and
Karelian cratons (up to 500 m) imply a palacogeography of
highly dissected relief across the Fennoscandian Shield.
Ojakangas et al. (2001) reported diamictite-dropstone
associations in 16 widespread localities (Fig. 3.22e shows
their spatial distribution), which implies that a significant
part of the shield might have been covered with ice during
the Huronian-age icehouse (for details see Chap. 7.2). Reli-
able palacomagnetic data showing the geographic position
of the Karelian craton during the glaciation event are still
scarce. The data obtained from late-Sumian igneous rocks
(see above) point to a location at low latitudes at c. 2440 Ma
(Fig. 3.25). This together with similar palacomagnetic
results from Huronian glacial formations (Williams and
Schmidt 1997) can be taken as evidence for a near-
equatorial, global glaciation during the ensuing Sariolian
time (Evans et al. 1997; Mertanen and Pesonen 2005).

3.3.4 2300-2060 Ma Period

This time slice is marked by deposition of the Jatulian
system sedimentary and volcanic rocks. Its base defines an
unconformity surface, but one that is less pronounced in
comparison with those bounding the two older groups.
Most of the unconformity-associated palacoweathering
features beneath the Jatulian rocks (the first documented
features were by Metzger in 1924) are thin intervals and
horizons (reviewed in Sokolov and Heiskanen 1984; Marmo
1992; Ojakangas et al. 2001), which is particularly the case
for the Pechenga and Imandra/Varzuga belts (Melezhik and
Predovsky 1982). However, some of the palacoweathering
profiles formed during post-Huronian time are remarkable.
Marmo (1992) reported an as much as 80 m thick pre-
Jatulian palaeosol developed on granites and Sariolian
sandstones in the northern North Karelian Belt (Figs. 3.1
and 3.26a). The most deeply weathered Sariolian arkosic
sandstones, now metamorphosed into quartz-kyanite rocks
(Fig. 3.26b), contain up to 21 wt.% Al,O3, 77 wt.% SiO,,
0.5 wt.% TiO, and 0.5 wt.% K,O (Marmo 1992). In terms of
primary sedimentary mineralogy, such rocks would repre-
sent a mixture of quartz and kaolinite.

The strong chemical weathering demonstrated by Jatulian
sedimentary rocks has been regarded as evidence for sub-
tropical to tropical, humid climate conditions (Marmo
1992). Palaeomagnetic measurements from the c. 2060 Ma

Kuetsjarvi Volcanic Formation, carried out by Torsvik and
Meert (1995), yielded a latitudinal position at 23° from the
equator but with large errors and therefore this result needs
to be tested with further palacomagnetic studies.

Bleeker and Ernst (2006) compared short-lived,
Palaeoproterozoic mafic magmatic events in several cratonic
Archaean blocks and produced a palacogeographic recon-
struction in which the Karelia-Kola craton was placed
against the southern margin of the Superior craton as part
of the supercraton called Superia. This is similar to the
reconstruction of Heaman (1997) with the exception that
the Karelia-Kola craton is ‘“up-side-down” in Heaman’s
model. Bleeker and Ernst (2006) admit that these geological
reconstructions do not fully comply with the existent
palacomagnetic data, but on the other hand, the complexity
of the palacomagnetic data from the Fennoscandian Shield is
not easy to interpret. In their supercraton, Bleeker and Ernst
(2006) delineated radiating patterns of dyke swarms of four
events (c. 2505, 2450, 2210-2220 and 2110 Ma), with their
focal points at the southern and eastern margin of the Supe-
rior craton margin. This model suggests that the Superior
and Karelia-Kola cratons shared multiple magmatic events
until c. 2100 Ma. A subsequent major dyke injection episode
that took place at c. 1980-1970 Ma in the Karelia craton is
not found in the Superior craton, hence the final break-up of
Superia can be estimated to have occurred between 2100 and
1980 Ma.

The regional palaeogeographic and palaeotectonic
reconstructions advanced for the Jatulian rocks, like those
for the older sequences, vary greatly in detail (Negrutza
1984; Heiskanen 1990; Laajoki 2005; Lahtinen et al. 2008;
Akhmedov et al. 2004). However, most agree on a basic
template in which a SE-NW-trending intracontinental rift
system developed along the Kola craton between c. 2200
and 2100 Ma. The presence of mature sandstones, and
alternating sandstone-mudstone assemblages suggest high
wave-energy and tidally influenced shorelines and the exis-
tence of open sea conditions (e.g. Nikula 1988; Laajoki
2005). A vast, clastic epeiric sea had developed on the
Karelian craton that paralleled the Kola rift system, in
which three distinct carbonate platforms formed (tentatively
named as the Vesteralen, Perapohja and Onega; Fig. 3.22f).

The sedimentary-volcanic infill of the Kola intracratonic
rifts is traceable over a distance of more than 1,000 km
(Melezhik and Sturt 1994) and defines a couplet in which
the sedimentary rocks comprise the lower and thinner part.
The sedimentary units are lithologically diverse, ranging
from fluvial-deltaic siliciclastic rocks to shallow-water
lacustrine tufas, travertines and stromatolitic carbonates in
the Pechenga rift (Fig. 3.26c—m), to fine-grained, clastic
marine shelf rocks and deep-marine resedimented carbonate
rocks in the Imandra/Varzuga rift (Fig. 3.26n—q). Both the
siliciclastic and chemical sedimentary rocks display
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variegated colour (Fig. 3.26d, h, k, m, o, and p). The volca-
nic rocks are more than 1,000 m thick and occur as subaeri-
ally erupted amygdaloidal, fluidal lavas, lava-breccias and
tuffs, minor volcaniclastic rocks, and rare pillow basalts
(Fig. 3.26r—u). Peculiar types are highly oxidised alkaline
and subalkaline volcanic rocks ranging in composition from
picritic to rhyolitic (Fig. 3.26v; see Chap. 6.2.3).

On the central Karelian craton the initial deposits in the
epeiric seaway are thick successions (up to 400 m) of allu-
vial and lacustrine conglomerates, gritstones and sandstones
(Fig. 3.26w, x). Prevalent transport directions are south to
north and southeast to northwest (Heiskanen 1990). These
are followed by similarly thick units (+500 m; Sokolov
1987) of mainly fine-grained, well-sorted, mature arenites
deposited under shallow-water conditions (Fig. 3.26y); thin
beds of haematite-rich siltstones and mudstones, commonly
desiccated (Fig. 3.26x—ac), occur in places. Many rocks are
red in colour, hence “red beds” (Fig. 3.26ad). The volcanic
rocks are much less significant than those on the Kola craton
and are mainly subaerially erupted tholeiitic basalts.

The Finnish part of the Karelian craton shows somewhat
similar depositional environments. In the North Karelia Belt,
close to the western edge of the Karelian craton, Kohonen
and Marmo (1992) described a relatively monotonous
supracrustal sequence of clastic sedimentary rocks with a
maximum thickness of 2,500 m (Fig. 3.26af, ag). It is note-
worthy that the lowermost coarse-grained quartzites and
conglomerates are locally rich in haematite that seems to
be detrital in origin (Fig. 20c in Kohonen and Marmo 1992).
The sedimentary sequence is dominated by mature
quartzites with the exception of an arkosic formation in the
middle part, which has been interpreted as resulting from a
rift phase interrupting a long stable platformal period.
Palacocurrent measurements indicate a general westward
transport in the lower part of the sequence. In the middle
part, the direction was first variable between southwest to
northwest and then toward the south, whilst the highest units
in the succession show a transport path toward the north-
west. As indicated by the presence of well-sorted massive
gravels and sedimentary structures, such as desiccation
cracks and large-scale trough cross-bedding (Fig. 3.26ah),
the major part of sedimentation took place in a subaerial,
fluvial environment. Well-sorted quartz sandstone on top of
the sequence suggests a transgression and sedimentation in a
nearshore marine environment (Marmo et al. 1988; Kohonen
and Marmo 1992).

In the Kainuu Belt deposition of a thick succession of
epiclastic sediments was only once interrupted by a volcanic
event producing a thin unit of mafic lava. Up to 1,400 m of
mature quartz-pebble conglomerates and quartz arenites
(Fig. 3.26ai), representing alluvial fans and braided fluvial
deposits, were followed by 2,300-2,600 m of proximal shelf
sediments related to a passive margin developed to the west

and southwest of the Kainuu Belt. The latter sediments were
divided by Strand (2005) into four sequences, each recording
a long-term transgressive-regressive cycle. The first sequence
starts with coarse, clastic, alluvial-plain sediments and
shallow-marine siltstones deposited in incised valleys with
the palaeocurrent data indicating a general southwesterly or
westerly trend of material transport. They are overlain by
rippled and horizontally laminated sandstones representing a
wave-dominated shoreline setting. The second sequence is
separated from the underlying rocks by a 20-50 m thick,
subaerially erupted mafic lava, and consists of quartzose
arenites with mudstone interbeds in its lower part,
representing barrier beach, lagoonal and tidal settings. The
upper part is characterised by fluvial and coastal, coarse-
grained quartz arenites. The third sequence contains
mudstones deposited in a tidal flat environment followed by
a highstand sequence of coarse alluvial-plain sandstones. The
fourth sequence is dominated by sandstones with large-scale
trough cross-bed sets and horizontally laminated, medium-
grained sandstones interbedded with fine-grained lithologies,
interpreted as sand shoals and sheets of an inner shelf system.
The four mentioned sequences form an overall major trans-
gressive succession preceding the development of carbonate
platforms and deposition of outer shelf carbonates (Strand
2005).

The general transgressive development from epiclastic
sedimentation to carbonate rock deposition occurred widely
but differed in detail in different basins. In the Central
Lapland and Kuusamo belts, carbonate rocks were preceded
by trough-cross-bedded quartzites, and rippled and bipolar
cross-stratified sandstones (Fig. 3.26aj—an). In the Kuusamo
Belt these arenites are interlaminated with haematite-rich,
desiccated mudstones, representing tidal channel and tidal
flat settings (Fig. 3.26a0-aq). Well-preserved primary sedi-
mentary structures suggest syndepositional fragmentation of
red, haematite-rich, mud layers, thus syndepositional oxida-
tion (for details, see Strand and Laajoki 1999). One pecu-
liarity in the Kuusamo Belt and its continuations in Central
Lapland is the presence of quartzitic sandstones enriched in
Cr-bearing mica, fuchsite. This mineral occurs now as a
matrix mineral between quartz clasts and the enrichment of
rocks in fuchsite seems to follow bedding planes
(Fig. 3.26aj).

As mentioned previously, major Jatulian carbonate
platforms were formed in three areas: Vesteralen, Perapohja
and Onega (Fig. 3.22f). The Vesteralen platform rocks were
affected by amphibolite- to granulite-facies metamorphism
and the marbles preserve no primary sedimentary structures.
They still retain high 8'°C values (Baker and Fallick 1989),
which provide a chemostratigraphic correlation to the isoto-
pically similar carbonates on the Karelian craton recording
the Lomagundi-Jatuli positive excursion of carbonate carbon
(e.g. Karhu 1993; Melezhik et al. 1999a). In contrast, the
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Perapohja and Onega platforms preserve rich original sedi-
mentological characteristics and have attracted the attention
of many researchers (Sokolov 1963, 1987; Makarikhin and
Kononova 1983; Melezhik et al. 2000; Wanke and Melezhik
2005; Akhmedov et al. 2004; Melezhik and Fallick 2010).

The Onega carbonate platform is marked by large lateral
facies variations (Sokolov 1987; Akhmedov et al. 2004), and
one of the most detailed studied sections is 800 m thick and
comprises several distinct lithofacies (Melezhik et al.
1999a). Figure 3.26ar-ba illustrate some of the main
lithofacies and their sedimentological features. The platform
carbonate rocks sit on dolomite-cemented sandstones that
record a distal fluvial-coastal sand flat system. A significant
component of the platform is biostromal and biohermal
columnar stromatolites (for details see Chap. 7.8.2) and
red, re-sedimented carbonates deposited in shallow-water,
low-energy, intertidal zones and barred evaporitic lagoons
and peritidal evaporitic environments (Fig. 3.26ar—au). The
next abundant lithologies are red, flat-laminated, dolomitic
and magnesite stromatolites formed in evaporative ephem-
eral ponds and coastal sabkhas. Desiccated carbonate beds,
red desiccated mudstones with tepees, pseudomorphs after
calcium sulphate, and halite casts (Fig. 3.26av—ax) suggest
that coastal sabkhas alternated with playa lake
environments. Abundant dissolution-collapse breccias in
both mudstone and dolostone environments (Fig. 3.26az—ba)
are indicative of a considerable volume of once-present
sulphates and other soluble salts (Melezhik et al. 2001,
2005a). The overall depositional trend in this evolving plat-
form along the southern Karelian craton is a transition from
peritidal and shallow-water tidal to a deeper intertidal envi-
ronment with intervening sabkhas and playas, then a return
to intertidal marine conditions followed by a final phase of
emergence and partial erosion (Melezhik et al. 1999a).

The Perapohja carbonate platform, studied in detail in the
Kalix Belt (Wanke and Melezhik 2005; Melezhik and
Fallick 2010), shows somewhat different lithofacies
(Fig. 3.26bb-by), and a different depositional history. The
platform succession is more than 200 m thick and
transgressively oversteps a subaerially exposed surface
developed on top of a 300-m-thick pile of terrestrial amyg-
daloidal basalts (Fig. 3.26bb). Sharp juxtaposition of
shallow-marine carbonate lithofacies over subaerially
extruded lavas suggests rapid subsidence. At an early
stage, a shallow-water basin received a significant amount
of mafic pyroclastic material (Fig. 3.26bc—bf) accompanied
by extensive input of siliciclastic components reworked by
waves, storms and tidal currents (Fig. 3.26bg—bj) until the
carbonate platform was established and stabilised (Wanke
and Melezhik 2005). The platform succession is comprised
of laminated dolostones (chemically precipitated and
resedimented) and biohermal and biostromal dolostones

composed of columnar, spherical and flat-laminated
stromatolites (Fig. 3.26bk—bn; for details see Chap. 7.8.2).
The platform has experienced frequent episodes of emer-
gence (Fig. 3.26bo-bq) and was affected by synchronous
mafic volcanism. Tidal and storm-wave reworking is
documented in several beds of ripple- and herringbone-
stratified sandstones and abundant storm flakestones
(Fig. 3.26br-bx). Resedimented carbonates occur as
dolarenite, dolostone breccia and deep-water, ribbon-like
dolostone comprised of alternating pale and dark grey
couplets (Fig. 3.26by). The dominant carbonate stromatolitic
facies have been interpreted as fringing-reef complexes, and
the overall depositional setting was categorised as a rimmed
carbonate shelf (Wanke and Melezhik 2005). The carbonate
platform succession is followed by 2,000 m of deeper-water
shales with minor basalts, tuffites (Fig. 3.26bz), limestones
and arenites (Lager and Loberg 1990). These siliciclastic
sediments overstep the carbonate lithofacies suggesting irre-
versible drowning of the carbonate shelf and the transition
from a rift to drift tectonic setting.

The Jatulian supracrustal successions contain thick
accumulations, up to 500 m, of flood basalt-like, subaerial
volcanic piles demonstrating continental conditions, though
minor units composed of shallow-water pillow lavas are also
present. In the south-western part of the shield, as
represented by the Perapohja and Tohmajarvi areas
(Fig. 3.1), these mafic magmas are uncontaminated by
crustal material, unlike previous magmatic episodes, even
though underlain by thinned continental crust (cf. Huhma
et al. 1990). In more central parts of the shield, the presence
of uncontaminated Jatulian lavas has not been documented.
One of the most prominent mafic dyke swarm systems in the
Archaean basement with trends varying between E and NW
belongs to this stage and indicates severe crustal extension at
c. 2100 Ma. Some of these Fe-tholeiitic mafic dykes have
been shown to have acted as feeders to Jatulian volcanic
rocks (Pekkarinen and Lukkarinen 1991). The previous
major magmatic event that took place c. 120 Ma earlier in
Finland is not manifested by mafic dykes in the basement but
produced c. 2220 Ma semiconformable, sill-like bodies close
to the contact zone between the Archaean basement and
Palaeoproterozoic bedrock (Hanski et al. 2010), suggesting
a less-extensional tectonic regime from that prevailing dur-
ing rifting at c. 2100 Ma in this part of the shield.

Several protracted continental rifting episodes, as
recorded by mafic dyke swarm generations, occurred after
the first magmatic event at c. 2505 and, towards the end of
Jatulian time, led to further attenuation of the continental
crust and deepening of the depositional environment. An
initial break-up of the Archaean supercontinent and the
formation of the Kola Ocean is roughly dated to
2100-2060 Ma and is marked by arc-related volcanic rocks



5 3.3 Palaeotectonic and Palaeogeographic Evolution of Fennoscandia in the Early Palaeoproterozoic

117

and back-arc-basin volcaniclastic sediments carrying a sig-
nificant juvenile signature (e.g. Sharkov and Smol’kin 1997;
Daly et al. 2006). The break-up of the Fennoscandian Shield
led to the onset of open marine conditions along the fringing
continental margin to the northeast of the Kola Ocean and
along the Karelian craton. However, whether the extension
of the continental crust led to the complete break-up along
the south-western margin of the Karelian craton, and devel-
opment of oceanic crust in Jatulian time, is still uncertain
given that ophiolitic rocks are absent in the Jatulian
successions (the rocks regarded confidently as slices of oce-
anic crust are post-Jatulian in age; see Chap. 3.2). The
present-day buried SE-NW-trending western boundary of
the Karelian Archaean craton (Figs. 3.2 and 3.3 in Chap.
3.1) has been delineated by Nd isotope compositions of
felsic plutonic rocks and trends from the Lake Ladoga
region, Russian Karelia, through Central Finland to northern
Sweden (Huhma 1986; Ohlander et al. 1993; Konopelko
et al. 2005). Several models have been presented for the
time of generation of this cratonic margin. Nironen (1997)
considered two options: (1) the break-up of the continent and
development of the pre-Svecofennian ocean took place
sometime between 2100 and 2000 Ma (see also Kohonen
and Marmo 1992) and later a Red Sea-type marginal basin
was formed at the attenuated continental margin, now
represented by the c. 1950 Ma crustal section of the Jormua
ophiolite; or (2) both the passive continental margin and
oceanic crust developed at c. 1950. Recent results of deep
reflection seismic sounding across eastern Finland favour the
passive continental margin model, in which the Jormua
complex and enclosing sedimentary rocks represent
remnants of an overthrust sheet transported from the newly
formed western margin of the disrupted craton (Kontinen
and Paavola 2006). Karhu (1993) suggested that the end of
the Lomagundi-Jatuli carbon isotope perturbation at
c. 2060 Ma marks the timing of the final continental break-
up; this view was also favoured by Wanke and Melezhik
(2005) and Lahtinen et al. (2005). So far, the oldest age
determination that can be used to constrain the earliest
formation of oceanic crust is c. 2015 Ma from the Kittila
Group in Finnish Lapland (see below), which occurs outside
the Jatulian time slice (see Chap. 3.2).

In summary, the major environmental components of
Jatulian time in the Fennoscandian Shield are: (a) the devel-
opment of a vast epeiric sea with several extensive carbonate
platforms (stable cratonic regime) in a sub-equatorial posi-
tion; (b) abundant deposition of diverse stromatolites and
marine Ca-sulphates (oxic seawater); (c¢) widespread “red
bed” formation (O,-rich atmosphere); and (d) 13C-rich car-
bonate formation (Lomagundi-Jatuli perturbation of the
global carbon cycle). The geotectonic regime was marked

by the break-up of the Fennoscandian Shield and the
c. 2100 Ma opening of the Kola Ocean between the Kola
and Karelian cratons (Fig. 3.22f).

3.3.5 2060-1950 Ma Period

The current knowledge of the evolution of the
Fennoscandian Shield suggests that the complete break-up
of the Archaean continental crust and related start of the
formation of oceanic crust took place at slightly different
times in different parts of the craton. The opening of the pre-
Svecofennian ocean led to the generation of a passive mar-
gin along the south-western boundary of the Karelian craton,
which was later hidden beneath accreted island arc
complexes when the ocean was closed during the collision
events related to the Svecofennian orogeny. The other half of
the split continent drifted away and its current position is
unknown.

According to Daly et al. (2006), the opening of the
Lapland-Kola Ocean had advanced to a seafloor-spreading
stage by c. 2050 Ma, but the exact timing is still poorly
constrained (Fig. 3.22f—g). Well-preserved ophiolitic rocks
are lacking in the Kola province. Based on geochemistry,
potential candidates for metamorphosed oceanic crustal
rocks are found in the Tanaelv Mélange bordering the
Lapland Granulite Belt. Evidence for the former existence
of an oceanic basin comes from arc-derived, juvenile crust
recorded by c. 1940-1975 Ma felsic plutons and
orthogneisses in the Inari, Tersk and Strel’'na Terranes
(Daly et al. 2006). In their model, Daly et al. (2006) also
proposed another geographically separated, modestly wide
ocean, the Pechenga-Imandra-Varzuga Ocean, in which sea-
floor spreading commenced at 1990-1970 Ma. In our model,
the latter is part of the Kola Ocean because there is no robust
evidence to infer the existence of a separate ocean. The
Pechenga and Imandra/Varzuga belts do not provide infor-
mation on the exact timing of continental break-up.
Although the two uppermost volcanic formations in the
North Pechenga Group are mostly composed of submarine
pillow lavas (Fig. 3.27a-b), whose magma originated in
depleted mantle, a thin acid volcanic unit in the
c. 1980 Ma Pilgujarvi Volcanic Formation carries felsic
gneiss xenoliths (Hanski 1992) demonstrating the existence
of sialic basement under the Pechenga basin at this time.
Nevertheless, this does not rule out oceanic spreading else-
where and further seaward of the continental margin at this
time.

Two other seaways did develop. One was in close prox-
imity to the Kola Ocean, termed here the Kittila Ocean
whose opening is dated at c. 20102015 Ma (Hanski and
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Huhma 2005) (Fig. 3.22g). In the southern part of the shield,
the c¢. 1970 Ma Outokumpu ophiolite complex and the
c. 1953 Ma Jormua ophiolites (e.g. Peltonen 2005) are evi-
dence for the second seaway, which we term the Jormua
Ocean (Fig. 3.22g). Consequently, in our model the
2060-1950 Ma basinal configuration includes the Kola,
Kittila and Jormua Oceans separating the Fennoscandian
Shield into distinct segments. The Pechenga, Imandra/
Varzuga and the Central Lapland intraplate rifts remained
active until c. 2050 Ma as fringes to the newly formed
oceans. In addition, the Onega rift formed at c. 2000 Ma
along the southern Karelian continental margin prior to the
opening of the Jormua Ocean (Fig. 3.22g).

The rifts fringing the active continental margins of the
Kola Ocean accumulated fluvial-deltaic sedimentary and
volcaniclastic rocks, jasper beds, redeposited ironstones,
shallow-marine stromatolitic dolostones, dolarenites, marls
and shales (Fig. 3.27c—i), succeeded by deep-water
greywacke turbidites with abundant carbonate and phos-
phate concretions (Melezhik 1992). These rocks are overlain
by more than 1,500 m of tholeiitic pillow lavas and lava
breccias (Fig. 3.27a), which are, in turn, overlain by several
hundreds of metres of deep-water shelf to turbiditic conti-
nental  slope  organic-matter-rich,  sulphide-bearing
greywackes and shales with calcite nodules (Fig. 3.27j—n)
(e.g. Akhmedov and Krupenik 1990). Repeated submarine
volcanism resulted in several kilometres of monotonous
tholeiitic massive and pillowed lavas and breccias with minor
felsic tuffs and ferropicritic volcanites (Fig. 3.27b, 0-s).

In the Central Lapland area, advanced rifting and incipi-
ent spreading resulted in deposition of sulphide-bearing
“black shales” and tuffites followed by accumulation of
primitive volcanic rocks with komatiitic and picritic chemi-
cal affinities (Hanski and Huhma 2005). The komatiitic-
picritic volcanic association has been traced along strike
over a distance of 350 km, and occurs as massive and
pillowed (including variolitic varieties) lavas, lava breccia,
agglomerates, lapilli tuffs, and reworked tuffs (Fig. 3.27t—w).
The reported products of the Kola Ocean per se were volca-
nic rocks and volcaniclastic sediments associated with vol-
canic arc and back-arc rift environments (Daly et al. 2006).

The Kittila Ocean features one of the largest accumula-
tion of mafic lavas on the shield, occurring as pillowed and
massive lavas and hyaloclastites (Fig. 3.27x—z). They cover
an area of more than 2,600 km? and form together with
associated sedimentary rocks a greenstone complex with a
present-day thickness of ¢. 6 km (Hanski and Huhma 2005).
Minor felsic porphyries are present and have been dated at
2015 £+ 15 Ma (Rastas et al. 2001); the age is considered to
be the best available to constrain the timing of formation of
oceanic crust (Hanski and Huhma 2005). Interbedded sedi-
mentary rocks consist of greywackes, shales, C,- and
S-bearing schists, minor jasper breccia (Fig. 3.27aa),

Mn-rich carbonate rocks and banded iron formations
(Paakkola and Gehor 1988; Lehtonen et al. 1998). Close to
the eastern, tectonic contact of the greenstone complex with
the cratonic cover sequence, there exists a string of highly
refractory, ultramafic lenses, which Hanski (1997) consid-
ered dismembered ophiolitic mantle rocks. In the eastern
part of the complex, there are also amygdaloidal basalts
(Kautoselka Fm) with a continental geochemical affinity
and could represent passive margin volcanic rocks.

The formation of the Jormua Ocean is recorded by
EMORB-type pillow basalts, sheeted dyke complexes,
gabbros and minor plagiogranites in the Jormua area,
Central Finland (Kontinen 1987; Peltonen 2005)
(Fig. 3.27ab-ae). The volcanic part of the ophiolite is
100—-400 m thick, while the underlying sheeted dyke com-
plex exceeds 1,000 m in thickness. Some of the lavas have
erupted directly onto mantle peridotites, and mantle rocks
are found as interdyke screens in the sheeted dyke complex.
The lherzolitic mantle tectonite bodies are cut by c. 2100 Ma
OIB-type dykes carrying a population of Archaean zircon
xenocrysts from deeper mantle sources (Peltonen et al.
2003). The ultramafic hosts are also Archaean in age
(Tsuru et al. 2000). Thus, in essence, the Jormua ophiolite
has two different components, fragments of Archaean sub-
continental lithospheric mantle and Palaeoproterozoic oce-
anic crustal rocks. To explain this kind of lithological
combination, Peltonen (2005) maintained that the Jormua
Ophiolite represents a transition zone between the continen-
tal lithosphere and oceanic regime where subcontinental
lithospheric mantle was exhumed by detachment faulting
upon development of a passive continental margin.

In the Outokumpu area, dismembered ophiolitic rocks are
mainly represented by serpentinised refractory ultramafic
lenses with minor gabbroic bodies and gabbroic and basaltic
dykes. These are associated with Kalevian sulphide- and
Corg-bearing  schists and turbiditic greywackes (e.g.
Koistinen 1981). The Outokumpu-type massive Co-Cu-Zn
sulphide ores are hosted by dolomitic carbonate, skarn and
quartz rocks that surround ultramafic bodies. The host rocks
are not sediments, as was thought previously, but products of
extensive metasomatic alteration of ultramafic rock bodies
during hydrothermal ore formation on the seafloor (Peltonen
et al. 2008). Differing from the Jormua mantle rocks, those
of the Outokumpu area are interpreted as asthenospheric
abyssal peridotites formed in an oceanic environment
(Peltonen 2005). At the time of the formation of the oceanic
crust represented by the Outokumpu ophiolitic rocks, rifting
in the continental margin continued, as evidenced by the
c. 1980-1970 Ma mafic Fe-tholeiitic dyke swarms
transecting the Archaean basement in a NW-SE direction
(Vuollo and Huhma 2005).

At c. 2000 Ma, along the northeastern Karelian margin
towards the future Jormua Ocean, a deep-water,
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volcanically-active rift formed (Fig. 3.22g). The rift-bound
sedimentation and volcanic activity resulted in accumulation
of several hundred metres of organic-rich clastic sedimen-
tary rocks, organosiliceous rocks, cherts and carbonates
(Fig. 3.27af-ai) interbedded with tholeiitic pillow lavas (e.g.
Galdobina 1987a). This succession was sealed beneath sev-
eral hundred metres of tholeiitic pillow basalts. The C,,,-rich
rocks served as a petroleum source to a supergiant oil-field
(Figs. 3.22g and 3.27af, ai). Part of this field has survived later
tectono-metamorphic overprinting and preserves many pri-
mary features (Melezhik et al. 2009, Fig. 3.27ah, aj).
Palacomagnetic  measurements on the Konchozero
differentiated sill that is thought to be genetically linked to
the volcanism suggest that the position of the shield was near
the equator (23°) (Pisarevsky and Sokolov 1999).

To summarise, the major environmental characteristics of
the 2060-1950 Ma period include: (/) advanced stage of
break-up of the Fennoscandian Shield; (2) voluminous sub-
marine eruptions of MORB-like pillow basalts; (3) the ter-
mination of the Lomagundi-Jatuli isotopic excursion; and (4)
an unprecedented accumulation of Cg,-rich rocks and for-
mation of a supergiant oil-field linked to the worldwide
Shunga Event (Melezhik et al. 1999b, 2004, 2005b).

3.3.6 1950-1900 Ma Period

The post-1950 Ma period lies outside the main focus of this
review. Comprehensive summaries of the depositional and
tectonic environments of this time are presented in
Kahkonen (2005) and Lahtinen et al. (2005). For reasons
of completeness, we provide a brief outline of this geological
history in the aftermath of the major phase of craton
separation.

Development of a continental margin at the western edge
of the Karelian craton created slopes that allowed erosional
products from the Archaean crust and its Palaeoproterozoic
cover to be transported by density currents to deep parts of
the ocean. These deposits, known as Kalevian turbidites
(Fig. 3.28a, b) (Livian, in Russia), were partly accumulated
on attenuated continental crust and partly on newly-formed
oceanic crust. Volcanism was subdued at this stage, with the
only significant submarine pillow lava formations being
found in association with the turbidites in the Kiiminki
Belt (Fig. 3.28¢c) and the Lake Ladoga area. Geochemical
and detrital zircon studies have shown that the older flysch-
like sediments at the continental margin were derived from
the adjacent regions of the Karelian craton but the younger,
distal sediments acquired some of their detritus from more
distant sources having ages in the range of 1950 to 1920 Ma
(Lahtinen et al. 2010). The location of these relatively young

sources have been considered to be in a primitive island arc
of the Svecofennian composite orogen in the west (Lahtinen
2000) or in the Himalaya-type Lapland-Kola orogen in the
northeast (Lahtinen et al. 2010), having its main collisional
stage at 19301910 Ma (Daly et al. 2006). The latter option
suggests that the Karelian and Svecofennian sedimentary
rocks are unrelated and separated by a (cryptic) suture
zone that is running in a SE-NW direction along the south-
western boundary of the craton.

A northeastern-directed collision of a Palaeoproterozoic
microcontinent-arc collage with the Archaean craton at c.
1920-1910 Ma led to obduction of deep-water sediments
and their oceanic crust basement and related ore deposits (e.g.
Outokumpu) onto the Archaean basement. This was one of
the accretionary events that produced the composite
Svecofennian orogen in the southwestern part of the shield
by amalgamating several microcontinents and island arc
complexes in a prolonged period lasting c. 100 Ma (Lahtinen
et al. 2009). The island arc complexes, which were formed
between c. 1920 and 1890 Ma in unknown locations, com-
prise voluminous bimodal, arc-type volcanic rocks (Fig. 3.28
d—f) and associated thick successions of shales, volcaniclastic
turbiditic greywackes gritstone and polymict conglomerate
with some containing limestone beds and abundant carbonate
concretions (Fig. 3.28g—1). The shale-greywacke assemblage
represents  erosional products of volcanic edifices
accumulated in fluvial and shallow-water settings as well as
in more distal, deep-water turbiditic environments (Kahkonen
2005).

Closure of the Kittila Ocean in the north, which has been
linked by Lahtinen et al. (2005) to accretion of the
Norrbotten craton to the Karelian craton (Fig. 3.2), likely
took place approximately at the same time (c. 1920 Ma;
Hanski and Huhma 2005) as the above-mentioned first colli-
sional event in the south, in the Outokumpu area. Arc-
continent and subsequent continent-continent collisions
that generated the Lapland-Kola orogen and related high-
pressure  metamorphic rocks mainly occurred at
1930-1910 Ma (Daly et al. 2006). The U-Pb zircon studies
of rocks from the Finnish part of the Lapland Granulite Belt
by Tuisku and Huhma (2006) indicate that the deposition of
pelitic protoliths of the belt took place later than 1940 Ma,
whereas enderbitic plutons representing arc magmatism
were emplaced at c. 1920-1905 Ma. Subsequent burial and
orogenic metamorphism followed by exhumation up to
upper crustal levels was over by c. 1880 Ma. Thus the
whole cycle lasted less than c. 60 Ma.

In the southern Karelian craton, the Onega rift succession,
hosting a supergiant petroleum field, was subject to uplift
and erosion, followed by reactivation of the old rift system,
leading to formation of a large lacustrine basin (Fig. 3.22h).
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A 500-m-thick succession of lacustrine, turbiditic,
volcaniclastic greywackes, siltstones and mudstones, com-
prising the Kondopoga Formation, sits unconformably
(Galdobina 1987b) on the c. 1980 Ma Suisari Formation
basalts (Puchtel et al. 1998). The most typical rock type is
rhythmically-bedded turbiditic volcaniclastic greywackes
with several breccia- and massive sandstone-filled channels
(Fig. 3.28m-p). Many greywacke beds contain abundant
carbonate concretions and concretionary beds (Fig. 3.28m, n).
Channel-filling polymict breccia is commonly matrix-
supported and contains large fragments of siltstones,
mudstones, sandstones and fragmented carbonate nodules.
All clasts show a limited degree of sorting and variable
roundness (Fig. 3.280). Syndepositional faulting is common
(Fig. 3.28k). Many beds contain ubiquitous pyrobitumen
clasts (Fig. 7.5q—s) derived from eroded surface- and sub-
aqueous oil seeps sourced from the cannibalised petroleum
reservoirs (Melezhik et al. 2009).

In the Kola craton, sedimentary-volcanic successions
associated with this period of time remain largely undated
and poorly studied. In the southern part of the Imandra/
Varzuga Belt, thick successions of orogenic rhyolites,
rhyodacites and minor basalts, and volcaniclastic
greywackes and arkosic sandstones (Saminga and
Panarechka formations) are intruded by plagiomicrocline
granite and subvolcanic trachydacite whose emplacement
has been constrained to 1940 + 5 Ma and 1970 + 18 Ma,
respectively (Skuf’in et al. 2006). Apparently, several oro-
genic and post-orogenic basins formed in the southern part
of the Pechenga Belt, now represented by tectonically
imbricated successions of volcaniclastic andesitic
greywackes with interlayers of conglomerate containing
andesite pebbles with pre-existing tectono-metamorphic
fabrics (Melezhik and Sturt 1994). The rocks of the southern
part of Pechenga Belt experienced deformation caused by
the emplacement of the Kaskeljavr granodiorite massif dated
at 1950.0 £ 9.5 Ma (Kozlova and Balagansky 1995; Vetrin
et al. 2008). The crystallisation age of another similar intru-
sion, the Shuonijavr Massif, has been constrained to
1939 4+ 7 Ma (Vetrin et al. 2008). However, the relationship
of both massifs with the orogenic andesites remains
unresolved.

3.3.7 1900-1850 Ma Period

As a hallmark of the last stages of orogeny, molasse-type,
clastic and coarse-clastic sediments were accumulated in
foreland basins with the detritus derived from various
sources including the obducted slices of oceanic crust, the
c. 1880 Ma Svecofennian synorogenic plutonic rocks from

uplifted and eroded orogens, and the Archaean basement and
its Palaeoproterozoic cover (Fig. 3.29a—g). Erosional
remnants of these sedimentary formations accompanied
locally with intermediate to felsic volcanic rocks are
scattered across a wide area in northern Scandinavia (Hanski
et al. 2001; Laajoki and Huhma 2006). In central Finnish
Lapland, as much as 2,000 m thick sedimentary
accumulations occur (Hackman 1927). Clasts in
conglomerates represent a large array of lithologies:
metavolcanic and intrusive rocks, schists, arenites, vein
quartz, chert, jasper, and rare carbonate rock (Fig. 3.29a—c).
Previous work by Kortelainen (1983), Rasanen and Makela
(1988) and Nikula (1988) suggested a depositional setting of
alluvial fans and braided rivers.

3.3.8 Summary

The early Palacoproterozoic evolution of the Fennoscandian
Shield can be divided into several major stages of rifting,
spreading and orogenesis. The initial stages are marked by
multiphase,  southwest-prograding, intraplate  rifting
associated with 2505-2430 Ma voluminous continental
flood basalts emplaced in low latitudes. These were subject
to uplift, deep dissection, weathering and erosion apparently
resulting in intense consumption of atmospheric CO, by
silicate weathering of fresh basalts. This should be consid-
ered as one of the crucial causes leading to the onset of the
Huronian-age global cooling. In the aftermath of the
Huronian icehouse, the great perturbation of the global car-
bon cycle (Lomagundi-Jatuli isotopic excursion) is recorded
in '3C-rich sedimentary carbonates. This is coincident with a
significant rise in atmospheric oxygen as evident by wide-
spread accumulation of terrestrial “red beds” and formation
of abundant Ca-sulphates.

The earliest phase of continental separation occurred
around 2100-2050 Ma leading to the formation of the Kola
Ocean and formation of several carbonate platforms along
the Karelian craton. Enhanced production and preservation
of the organic matter in lacustrine continental margin rift
basins resulted in formation of a supergiant oil-field.
Between 2015 and 1953 Ma the shield underwent further
drifting and separation as indicated by the newly formed
Kittila and Jormua Oceans; these were aborted and closed
between 1920 and 1900 Ma. Orogenic processes affected the
northeastern part of the shield in response to opening of the
large pre-Svecofennian Ocean to the southwest. Subsequent
multiple orogenic events continued mainly in the southwest,
although they affected the older Palaeoproterozoic rocks
across the entire shield area.
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Fig. 3.22 Major stages of palaeotectonic and palacogeographic evo-
lution of the Fennoscandian Shield in the Early Palaeoproterozoic
(a=h). Due to the lack of robust palacomagnetic data, the
2060-1900 Ma time-slice reconstractions (g and h) were made based
on the present-day locations. Position of accreted/obducted,

of 2442 - 2430 Ma gabbro-norite plutons and associated
Sumian flood-basalt province (white-green patern)

2100-1950 Ma oceanic crust, volcanic arc complexes and reworked
Archaean crust in Filand (h) were adapted from Lahtinen et al. (2005).
Position of 2000-1900 Ma volcanic arc complexes and reworked
Archaean crust in Kola and Karelia (h) were adapted from Daly et al.

(2006)
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Fig. 3.23 Selected images of sedimentary and volcanic rocks
representing major evolutionary features of the 2505-2430 Ma period
Kuksha Sedimentary Formation, western Imandra/Varzuga Belt: (a)
Polymict conglomerate at base of the formation overlaying 2505 Ma
gabbro-norite intrusion in the Monchegorsk area; the conglomerate
contains clasts of anorthosite (/) and gabbro-diorite (2) in dark grey

gabbroic matrix; drillhole 2174, core diameter is 6 cm. Belomorian
Belt: (b) Rhythmic layering in c. 2450 Ma minor gabbro-norite intru-
sion from the (Anisimov island). Rookkiaapa Formation, Central
Lapland Belt: (c) Polymict conglomerate with basement granitoid
clasts floating in a greywacke matrix
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Fig. 3.23 (continued) Seidorechka Sedimentary Formation, western ~ wavy and lenticular bedding at the base of the formation. (f) Cross-
ImandralVarzuga Belt: (d) Sandstone-mudstone with flaser and wavy  bedded quartz sandstone from the middle part of the formation, coin
bedding at the base of the formation. (e) Sandstone-mudstone with  diameter is 2 cm
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Fig. 3.23 (continued) Seidorechka Sedimentary Formation, western  Imandra/Varzuga Belt: (h) Contacts between three thin, amygdaloidal,
ImandralVarzuga Belt: (g) Siltstone-shale (dark grey) overlain by massive  basaltic lava flows; lens cap diameter is 6 cm. Central Karelia: (i)
dolostone (tan) and dolomite-cemented sandstone (dark brown) followed  Variolitic komatiitic basalt

by pale grey quartz sandstone. Kuksha Volcanic Formation, western
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Fig. 3.23 (continued) Central Karelia: (j) Pillowed komatiitic basalt
forming one of the numerous lava flows in a c. 1,500 m thick volcanic
formation. Tunguda Formation, Lekhta Belt: (k) Pillowed basaltic
andesite from middle part of c. 2,000 m thick volcanic unit. Salla
Formation, Salla Belt: (1) Lithophysae in dacitic ash-flow tuff; coin
diameter is 2 cm. Seidorechka Volcanic Formation, western Imandra/

Varzuga Belt: (m) Amygdaloidal andesitic-dacite from the middle part
of the formation (Photographs by Victor Melezhik (a, d—h, m) and Eero
Hanski (I). Photographs courtesy of Petri Peltonen (c), Evgeny Sharkov
(b), Sergey Svetov (i, j) and Valery Zlobin (k). Sample () courtesy of
Tuomo Maninen)
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Fig.3.24 Selected images of sedimentary and volcanic rocks representing major evolutionary features o£ 2430-2300 Ma period. Pechengal/Pasvik Belt,
Neverskrukk Formation: (a) Boulder-conglomerate (to the right of 10 cm long scale-bar) overlying uneven palaeorelief on top of paragneisses (to left)
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Fig. 3.24 (continued) Pechengal/Pasvik Belt, Neverskrukk Formation: ~ (¢) Clast-supported polymict conglomerate containing rounded
(b) Jointed Archaean pegmatite at the base of the formation; fragments of Archaean granites and diorites
joints are filled by fine-grained massive to laminated greywacke.
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Fig. 3.24 (continued) Sompujirvi Formation, Perdpohja Belt: (g)
Basal conglomerate deposited on Archaean granitoid basement; large
granitoid clasts derived from a very local source; hammer-head is
14 cm long. Unikumpu Formation, Kuusamo Belt: (h) Conglomerate
containing clasts of Archaean basement granitoids and Sumian felsic to

intermediate volcanic rocks; hammer-head is 14 cm long. Ahven-
Kivilampi Formation, Kainuu Belt: (i) Matrix-supported, polymict
conglomerate containing clasts from underlying mafic volcanic rocks
and granitoids from Archaean basement. Hammer-head in (g) and (h) is
14 cm long
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Fig. 3.24 (continued) Sompujirvi Formation, Perdpohja Belt: (j)  Varzuga Belt: (1) Polished drillcore slab of parallel-laminated shale;
Basal polymict conglomerate with magnetite-rich matrix; Segozero =~ FAR-DEEP Hole 3A; core diameter is 5 cm. Hammer-head in (j) and
Belt: (k) Basal polymict conglomerate with well-rounded boulders of (k) is 14 cm long

Archaean granites. Polisarka Sedimentary Formation, Imandral
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Fig. 3.24 (continued) Perdpohja Belt: (m) C. 2440 Ma layered (3). Polisarka Sedimentary Formation, Imandral/Varzuga Belt: (n)
gabbro-norite intrusion (/) erosively overlain by polymict conglomer-  Polished slab of “varved” siltstone and graded sandstone-siltstone
ate of the Sompujarvi Formation (2), with large, light-coloured clasts of ~ beds with numerous different scale dropstones

Archaean granitoids, followed by mafic lava of the Runkaus Formation




5 3.3 Palaeotectonic and Palaeogeographic Evolution of Fennoscandia in the Early Palaeoproterozoic

Fig. 3.24 (continued) Urkkavaara Formation, Northern Karelia Belt:  shale. (q) Diamictite composed of unsorted polymict clasts in massive
(0) Granitic dropstone in clayey siltstone. Pajozero Formation, clayey sandstone matrix
Shambozero Belt: (p) Rhythmically bedded calcareous sandstone-
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Fig. 3.24 (continued) Kaukonen Formation, Central Lapland Belt: (r)
Amygdaloidal andesitic lava; lens cap diameter is 6 cm. Moykkelmd
Formation, Central Lapland Belt: (s) Highly amygdaloidal, basaltic
andesite lava flow. (t) Gneiss fragments from Archaean basement in
komatiitic tuff; pen length is 12 cm. Polisarka Volcanic Formation,

ImandralVarzuga Belt: (u) Pyroxene spinifex texture in komatiitic
basalt; FAR-DEEP Hole 3A, core diameter is 5 cm (Photographs by
Victor Melezhik (a—f, k-n, p, q, u) and Eero Hanski (h, i, o, s).
Photographs courtesy of Vesa Perttunen (g, j), Pentti Rastas (r) and
Jorma Résanen (t))
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2.45 Ga

Fig. 3.25 Continental reconstruction at 2500 and 2450 Ma. B stands for Baltica (the Fennoscandian Shield) and L for Laurentia. The Karelian and
Superior cratons are shown in green (Figure courtesy of Satu Mertanen (Based on data from Mertanen et al. 2006))

Fig. 3.26 Selected images of sedimentary and volcanic rocks tourmaline and vein quartz clasts in the Hokkalampi palaeosol; coin
representing major evolutionary features of the 2300-2060 Ma period.  diameter 2 cm. (b) The Hokkalampi palaeosol comprised of quartz,
Hokkalampi Formation, North Karelia Belt: (a) Chemically-resistant  sericite and kyanite
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Fig. 3.26 (continued) Kuetsjirvi Sedimentary Formation, Pechenga
Belt: (c) Stacked cross-bed co-sets in quartzitic sandstone. (d) “Ball-
and-pillow” structure in arkosic sandstone. (e) Sedimentary breccia
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consisting of dolostone clasts (pale yellow) in muddy sandstone matrix.
Pen length in (d) and (e) is 13 cm
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Fig. 3.26 (continued) Kuetsjirvi Sedimentary Formation, Pechenga
Belt: (f) Beds of massive dolostone (bottom) overlain by pale grey
cross-laminated, allochemical dolostone and dark grey massive quartz-
itic sandstone which are followed by dolomite-cemented sandstone and
dolarenite caped by light-coloured, faintly laminated dolomicrite. (g)

Angular, platy clasts of white dolostone encased in a dolomite-
cemented sandstone; photograph width is 0.5 m. (h) Lacustrine,
variegated, haematite-rich siltstone with fine, varve-like lamination.
(i) Lacustrine, crudely cross-stratified dolomite-cemented sandstone
with angular dolostone fragments
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Fig. 3.26 (continued) Kuetsjirvi Sedimentary Formation, Pechenga
Belt: (j) Lacustrine, allochemical sandy dolostone overlain by quartz-
itic sandstone with dolomite matrix. (k) Vertical section through
haematite-stained dolocrete with tepee-related deformation and thin
laminated travertine crust (light-coloured). (I) Bedding surface covered

with travertine crust. (m) Vertical section through mottled, microbially
laminated (stromatolitic) dolostone comprised of flat, curly and blister
microbial dolomicrite laminae separated by thin, irregular partings of
pale grey silica sinters
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Fig. 3.26 (continued) Umba Sedimentary Formation, Imandra/  carbonates cemented by white dolomite drusite. (q) Massive, micro-
Varzuga Belt,: (n) Low-angle cross-laminated siltstone with thin mud-  crystalline dolostone beds with thin mud-drapes overlain by in situ
stone drapes and disintegrated bed caused by slumping (o) Clasts of  brecciated dolostone beds. (n) and (q) FAR-DEEP Hole 4A, core
ultramafic lava cemented by dolomite. (p) Matrix-supported diameter is 5 cm

(dolorudite) dolostone conglomerate with pebbles of brown Fe-rich
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andesites and dacites floating in black haematite-rich mudstone matrix;
pen length is 13 cm. (t) Pillows of alkaline basalts separated by black,
haematite-rich, softly-deformed mudstone on which the lava-flow was

Fig. 3.26 (continued) Kuetsjirvi Sedimentary Formation, Pechenga
Belt: (r) Subaerially-erupted amygdaloidal alkaline basalt — a represen-
tative rock type comprising c. 500 m of upper part of the formation. (s)
Mud-flow consisting of large, unsorted fragments of alkaline basalts, emplaced
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Fig.3.26 (continued) Kuetsjérvi Volcanic Formation, Pechenga Belt:  rhyolite separated by fluidal lava; joints in rhyolite blocks and
(u) Alkaline basaltic lava-flow with scattered pillows; blue scale-bar in  interfragmental space is filled with black haematite and magnetite;
the right-lower corner is 10 cm. (v) Alkaline rhyolite flow-breccia with  many bands in fluidal lava are enriched in haematite and magnetite
large, syndepositionally-fragmented, rounded blocks of pink, massive  and occur as black layers; hammer head is 16 cm long
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Fig. 3.26 (continued) Tulomozero Formation, Onega Basin: (w)
Quartzitic sandstone with stacked, small-scale, trough cross-bed co-
sets overlain by a bed with tabular cross-bedding having tangential
base; scale-bar in the bottom is 10 cm. (x) Matrix-supported

conglomerate with sorted and rounded clasts of vein quartz. (y) Sym-
metrical, bifurcating, wave-ripples on sandstone bed surface; hammer
head is 16 cm
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Fig. 3.26 (continued) Segozero Formation, Segozero Belt: (z) Cross-  coarse-grained arkosic sandstone. (ab, ac) Bedding surface with
section view of a series of dark brown, desiccated mudstone beds in  numerous dark-coloured and brown mud-chips in a sandstone-bed
parallel-bedded arkosic sandstone. (aa) Cross-section through surface. (ad) Red, haematite-stained, intensely desiccated mudstone
multiple-desiccated and dismembered brown mudstone bed in a  bed; hammer-head is 20 cm long
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Fig. 3.26 (continued) Koli Formation, North Karelia Belt: (af)  trough cross-bedding in arkosic sandstone. Paljakkavaara Formation,
Fragment-supported, quartz-pebble conglomerate showing normal  Kainuu Belt: (ai) Quartz-pebble conglomerate supported by clayey
grading. Jero Formation, North Karelia Belt: (ag) Cross-bedded, arko-  gritstone matrix

sic gritstone. Koli Formation, North Karelia Belt: (ah) Large-scale,
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Fig. 3.26 (continued) Virttiovaara Formation, Central Lapland Belt:  fuchsite-rich quartz sandstone; width of view is 25 cm. Virttiovaara
(aj) Erosional surface on top of a small-scale, trough cross-bedded,  Formation, Central Lapland Belt: (ak) Small-scale, trough cross-beds
“spotty”, fuchsite-rich quartzite; small-scale erosional troughs are filled  in arkosic sandstone; several laminae are enriched in clastic haematite
with light brown claystone followed by laminated and massive (black); pencil tip is 1 cm long
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Fig. 3.26 (continued) Virttiovaara Formation, Central Lapland Belt: (al, am) Small-scale, trough cross-beds in pale pink and light grey arkosic
sandstone; several laminae enriched in clay-material and clastic haematite (black); coin diameter is 2 cm, pencil length is 14 cm




5 3.3 Palaeotectonic and Palaeogeographic Evolution of Fennoscandia in the Early Palaeoproterozoic

£

Y owonh

Fig. 3.26 (continued) Palokivalo Formation, Perdpohja Belt: (an)
Symmetrical, bifurcating wave-ripples in quartz sandstone. (ao)
Sandstone-filled, polygonal desiccation cracks in a dark brown,
haematite-stained, mudstone bed; tag width is 5 cm. Rukatunturi
Quartzite Formation, Kuusamo Belt: (ap) Rhomboidal ripples affected
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by desiccation cracks in a siltstone bed; pen length is 12 cm. (aq)
Interbedded wavy sandstone-mudstone succession with numerous
brown mudstone rip-ups above erosional surface that progressively
cuts down from left to right in to underlying beds; lens cap diameter
is 6 cm




Fig. 3.26 (continued) Tulomozero Formation, Onega Basin: (ar) Red
columnar stromatolites showing bifurcate style of beta-branching;
intercolumnar space is filled with pale pink dolarenite; core diameter
is 4 cm. (as) Bedding surface showing a subvertical contact between
stromatolitic biostrome and crudely bedded dolarenite. (at) Red, low-
angle cross-bedded, fine-grained dolarenite with a few ripples (bottom)

V.A. Melezhik and E.J. Hanski

separated by brown mudstone (wavy bedding); (au) Desiccated bed-
ding surface (extending from upper left to lower right corner) between
two pale pink dolostone layers. (av) Cross-section view of flat, discoi-
dal, dolomite-pseudomorphed, gypsum crystals flattened normal to c-
axis in black, haematite-rich, mudstone. Drillcore diameter in (ar) and
(at-av) is 4 cm
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Fig. 3.26 (continued) Tulomozero Formation, Onega Basin: (aw)
Silica-pseudomorphed Ca-sulphate nodule in red mudstone with prom-
inent differential compaction suggesting an early diagenetic origin of
the nodule. (ax) Dolomarl with white dolomite-pseudomorphed,
displacively grown, gypsum nodules and crystals having discoidal or
lenticular morphology flattened normal to c-axis; sulphate growth
caused plastic distortion of primary lamination. (ay) Silica- and

dolomite-pseudomorphed halite crystals grown displacively in red
mudstone. (az) Collapse-breccia consisting of brown, haematite-
stained mudstone fragments cemented with white sparry calcite. (ba)
Dissolution breccia consisting of red, haematite-stained mudstone
fragments cemented with initial isopachous bladed meteoric phreatic
calcite
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Fig. 3.26 (continued) Middle formation, Kalix Belt: (bb) Plan view of
mafic, amygdaloidal lava flow with incipient pillow; pen length is
13 cm. Lower formation, Kalix Belt: (bc) Photomicrograph in transmit-
ted non-polarised light showing cross-section view of small-scale sedi-
mentary dyke developed in volcaniclastic greywacke. (bd) Mafic tuff
(dark brown) interfingering but not mixed with laminated dolomicrite.

(be) Photomicrograph in transmitted non-polarised light of dolomite-
cemented sandstone sharply overlain by arenite with mafic tuff matrix.
(bf) Photomicrograph in transmitted non-polarised light of dolomite-
and tuff-cemented arenite containing layers of pure, fine-grained
material
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Fig. 3.26 (continued) Lower formation, Kalix Belt: (bg) Cross-section  Rantamaa Formation, Perdpohja Belt: (bi) Cross-bedded quartz sand-
view through light brown, stuctureless sandstone containing dolostone  stone with platy, rounded fragments of tan dolostone clasts; coin
clasts and a light coloured bed of dolorudite. (bh) Cross-section view  diameter is 2 cm. Pen length in (bg), (bh) and (bi) is 15 cm. (bj)
through light brown, stuctureless sandstone overlain by cross-bedded  Cross-bedded quartz sandstone with pale brown dolostone intraclasts
dolarenite and stuctureless dolarenite with scattered dolostone pebbles.
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Fig. 3.26 (continued) Lower formation, Kalix Belt: (bk) Cross-
section view of outcrop showing part of a intertidal biostrome
comprised of cryptalgal laminated dolostones and beta-branching,
columnar stromatolite. Rantamaa Formation, Perdpohja Belt: (bl)
Plan-view of exhumed surface of stromatolite biostrome. (bm) Cross-

section view of tightly-packed, subspherical stromatolites. (bn)
Bioherm comprised of loosely-packed stromatolite columns separated
by black clayey greywacke and overlain by tightly packed sub-
spheroidal stromatolites with dolarenite filling interspherical space
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Fig. 3.26 (continued) Lower formation, Kalix Belt: (bo) Bedding-  desiccation cracks in dolomarl; coin diameter is 2 cm. Upper forma-
parallel surface with incipient desiccation cracks in dolomarl. (bp) tion, Kalix Belt: (br) Interbedded sandstone-dolarenite overlain by a
Mafic tuff-filled desiccation cracks in mudstone. (bq) Sand-filled bed of stone-rosettes




V.A. Melezhik and E.J. Hanski

Fig. 3.26 (continued) Rantamaa Formation, Perdpohja Belt: (bs) In  surface of dolostone covered by stone-rosettes. (bu) Wrinkled surface
situ-brecciated dolostone with lenses of grey arenite and stone-rosettes;  on dolostone bed
coin diameter is 2 cm. Upper formation, Kalix Belt: (bt) Bedding
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Fig. 3.26 (continued) Lower formation, Kalix Belt: (bv) Quartz- imbricated pebbles and herring-bone cross-stratification; pen length is
sandstone with reversals of dip in succeeding cross-stratified units 15 cm. Rantamaa Formation, Perdpohja Belt: (bx) Dolarenite with
(herring-bone  cross-stratification.  (bw) Quartz-sandstone  with  quartz sandstone exhibiting herring-bone cross-stratification
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Fig. 3.26 (continued) Rantamaa Formation, Perdpohja Belt: (by)
Rhythmically bedded (ribbon) light- and dark-coloured dolostone
deposited on a continetal slope; width of the view is c. 5 m. Tikanmaa
Formation, Perdpohja Belt: (bz) Rhythmically bedded mafic tuff
(Photographs by Eero Hanski (a, b, af, ag, ai-am, ap, bj, bs) and
Victor Melezhik (g, h, 1-ad, ar, at, au,y, az, ba, bh, bk, bl, br, bt, bw).

Photographs courtesy of Rein Kesola (ah), Vesa Perttunen (an, ao, bm,
bn, by, bz) and Kari Strand (aq). Photographs (c—f, i-k) reproduced
with permission of Royal Society of Edinburgh from Melezhik and
Fallick (2005). Photographs (au, as) reproduced from Melezhik et al.
(2000), (av-ax) from Melezhik et al. (2005a), (bb-bg, bo-bq) from
Wanke and Melezhik (2005))




5 3.3 Palaeotectonic and Palaeogeographic Evolution of Fennoscandia in the Early Palaeoproterozoic

Fig. 3.27 Selected images of sedimentary and volcanic rocks  Formation, Pechenga Belt: (b) Tholeiitic pillow lava extruded on a
representing major evolutionary features of the 2060-1950 Ma period.  seafloor and forming the main component of the c. 5 km thick
Kolosjoki Volcanic Formation, Pechenga Belt: (a) Tholeiitic pillow  formation

lava extruded on a seafloor and forming together with flow breccia the

main part of the c. 2 km thick formation. Pilgujarvi Volcanic
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Fig. 3.27 (continued) Kolosjoki Sedimentary Formation, Pechenga  comprised of volcaniclastic greywacke. (e) Interbedded gritstone, sand-
Belt: (c) Tabular cross-bedded greywacke overlying rippled and stone and siltstone showing wavy, parallel bedding and a lens of pale
parallel-bedded sandstone-mudstone. (d) Co-sets of trough cross-beds  green mudstone on fop; mobile phone length is 10
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Fig. 3.27 (continued) Kolosjoki Sedimentary Formation, Pechenga  unsorted clasts of jasper (red), weathered-out quartz amygdales (light
Belt: (f) Scanned image of interbedded, variegated, parallel-bedded, coloured) and haematite (grey). (h) Pocket of dolostone conglomerate
volcaniclastic sandstone-siltstone with scattered grit-size clasts of  supported by black mudstone matrix in pink, massive dolostone. (i)
quartz. (g) Scanned image of fine-pebble conglomerate comprised of  Haematite-rich siltstone, mylonitised and cut by extensional cracks
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Fig. 3.27 (continued) Pilgujirvi Sedimentary Formation, Pechenga  black mudstone bed. (k) Cross-section view of rhythmically bedded
Belt: (j) Scanned, polished slab exhibiting C,,- and sulphide-rich  greywacke-siltstone with dismembered sandstone bed occurring as
greywacke-siltstone-mudstone with small-scale slump structure within  angular imbricated clasts. (I) Calcite concretion in greywacke
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Fig. 3.27 (continued) Pilgujirvi Sedimentary Formation, Pechenga
Belt: (m) Cross-section view through rhythmically bedded, Coe-rich
greywacke (grey)-shale (black) with layers of massive pyrite (white
arrow) and pyrrhotite (red arrow). (n) Cross-section through thick
sandstone units interbedded with thin shale (lower part) overlain by

black, thinly-bedded shale with phosphorite-clast gritstone bed at its
base. Pilgujarvi Volcanic Formation, Pechenga Belt: (0) Exhumed
upper surface of pillowed lava flow. (p) Pyroclastic material forming
thin bed between mafic lava flows
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Partially jointed together to form a layer, and cooling cracks. (s) Felsic
volcanic rocks showing a contact between massive (glassy) and frag-
ring within the deep-water succession. Pilgujirvi Volcanic Formation, — mental upper beds; black spots are lichen

Pechenga Belt: (r) Ferropicritic lava with felsic globules (ocelli).

Fig. 3.27 (continued) Pilgujirvi Sedimentary Formation, Pechenga
Belt: (q) Ferropicritic breccia from one of the eruptive centres occur-
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Fig. 3.27 (continued) Peuramaa Formation, Central Lapland Belt: (t) ~ Formation, Central Lapland Belt: (v, w) Fragmental komatiitic lava.
Picritic pillow lava; width of the view is 1.5 m. Linkupalo Formation,  Lens cap diameter in (u) and (v) is 6 cm
Central Lapland Belt: (u) Variolitic mafic lava. Sattasvaara
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Fig. 3.27 (continued) Linkupalo Formation, Central Lapland Belt: (x) 6 cm. Kongds Formation, Central Lapland Belt: (y) Pillowed
Tholeiitic pillow lava forming part of c. 6 km thick sedimentary- subalkaline lava extruded on the sea-floor of the Kittila Ocean
volcanic succession deposited on oceanic floor; lens cap diameter is
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Fig. 3.27 (continued) Veikasenmaa Formation, Central Lapland Belt:
(z) Subvolcanic dyke complex with a set of parallel mafic dykes cutting
coarsely crystalline gabbro indicating seafloor spreading. (z) Porkonen  of Oulu
Formation, Central Lapland Belt: (aa) Jasper breccia representing

seafloor hydrothermal chemical sediments. Sample (aa) courtesy of
the Geological Museum of the Department of Geosciences, University
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Fig. 3.27 (continued) Jormua ophiolite, Kainuu Belt: (ab) Sheeted
dyke complex; hammer head is 15 cm. (ac) A close-up view of dyke-to-
dyke contacts in sheeted dyke complex; lens cap diameter is 6 cm. (ad)
Tholeiitic pillow lava associated with the sheeted dyke complex; lens

cap diameter is 6 cm. (ae) Harzburgite mantle tectonite; chrome spinel
and former orthopyroxene stand out on weathered surface as black and
light-coloured grains, respectively; coin diameter is 2 cm
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Fig. 3.27 (continued) Zaonega Formation, Onega Basin: (af) Rhyth-
mically bedded greywacke-shale units. (ag) Massive, organosiliceous
rock of enigmatic origin containing c. 40 wt.% total organic carbon.
(ah) Massive and bedded limestone with pyrobitumen-rich veins
(black) indicating migration of petroleum. (ai) Massive limestone
interbedded with black, C,-rich mudstone beds (left core), and with
thin shale partings (right core). (aj) Lustrous pyrobitumen (former

petroleum) from a c. 5 cm wide interlayer opening (small-scale oil
trap); sample was collected from underground mine near the village of
Shunga. Core diameter in (af-ai) is 5 cm (Photographs by Victor
Melezhik (a, c—s, af-aj) and Eero Hanski (b, w, z—ae). Photographs
courtesy of Penti Rastas (t, u, x) and Jorma Résanen (v). Photograph
(y)- Reproduced from Hanski and Huhma (2005) with permission from
Elsevier)
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relief). Utajdrvi Conglomerate Formation, Kiiminki Belt: (b) Massive,
poorly-sorted, pebbly greywacke with shale lenses. Kiiminki Volcanic

Fig. 3.28 Selected images of sedimentary and volcanic rocks
representing major evolutionary features of the 1950-1900 Ma period.
Vuotto Greywacke Formation, Kiiminki Belt: (a) Thinly-bedded Formation, Kiiminki Belt: (c) Tholeiitic pillow lava
greywacke-shale (mica schist) with carbonate-bearing layers (recessive
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Fig. 3.28 (continued) Siledkallio, Tampere area: (d) Ignimbrite with  area: (f) Lapilli tuff bed (below) overlain by pyroxene crystal-rich tuff

dark coloured fiamme; subaerial, volcanic-arc volcanism. Takamaa, bed; both units show reverse grading. (g) Parallel-bedded greywacke-
Ylojarvi area: (e) Mafic agglomerate/lapilli tuff with non-rounded  siltstone overlain by co-sets of trough cross-beds
bombs; subaerial, volcanic-arc volcanism. Papinvuori north, Tampere
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coin diameter 2.3 cm. (j) Graded beds and Bouma units in greywacke-
siltstone-shale; coin diameter is 2 cm. Martimo Formation, Perdpohja
Belt: (k) Metamorphosed carbonate concretions in massive greywacke

Fig. 3.28 (continued) Utajirvi Conglomerate Formation, Kiiminki
Belt: (h) Gritstone-matrix-supported basal Kalevian conglomerate
with unsorted, polymict clasts. Vuotto Greywacke Formation, Kiiminki
Belt: (i) Polymict gritsone with the lower bed grading into greywacke;
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Fig. 3.28 (continued) Ladoga Series, northern Ladoga area: (I) Metamorphosed (calcite-diopside-forsterite) zoned calcite concretions in
paragneiss that underwent high-temperature amphibolite facies metamorphism and partial melting
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Fig. 3.28 (continued) Kondopoga Formation, Onega Basin: (m) concretionary bed (brown). (0) Mass-flow breccia with unsorted and
Rhythmically-bedded greywacke-siltstone units with ankerite concre-  syndepositionally-deformed clasts of greywacke-siltstone floating in
tionary beds (brown). (n) Greywacke with ankerite nodule and non-bedded greywacke matrix
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Fig. 3.28 (continued) Kondopoga Formation, Onega Basin: (p) massive greywacke. (s) Pyrobitumen “pancake” on the bedding surface
Syndepositional faulting and slumping in rhythmically-bedded of greywacke (Photographs by Eero Hanski (a—c, h—j) and Victor
greywacke-siltstone-shale. (q) A fragment of pyrobitumen clast coated ~ Melezhik (I-s). Photographs courtesy of Yrjo Kahkonen (d-g) and
by angular particles of fine-grained sandstone. (r) Pyrobitumen clastsin ~ Vesa Perttunen (k))
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Formation, Central Lapland Belt: (b, c) Subaerially deposited,

Fig. 3.29 Selected images of sedimentary and volcanic rocks
representing the 1900—1850 Ma, post-orogenic period. Levi Formation,  fragment-supported, polymict conglomerate containing unsorted, vari-
Central Lapland Belt: (a) Subaerially deposited, haematite-stained, ably rounded clasts of mafic and felsic lavas and granite

fragment-supported conglomerate with polymict clasts. Kumputunturi
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Fig. 3.29 (continued) Virttiovaara Formation, Central Lapland Belt:
(d) Cosets of small-scale trough cross-beds in arkosic sandstone with
some layers rich in haematite and other heavy minerals. Pyhdtunturi
Formation, Central Lapland Belt: (e) Cosets of small-scale trough
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3.4 Evolution of the Palaeoproterozoic
(2.50-1.95 Ga) Non-orogenic Magmatism
in the Eastern Part of the Fennoscandian Shield

E.J. Hanski

3.4.1 Introduction

In this chapter, a synthesis is presented on the magmatic
evolution that occurred in the eastern part of the
Fennoscandian Shield between the initial rifting of the
Archaean cratons of the shield and the commencement of
the Svecofennian orogenic events, covering a prolonged
inter-orogenic period from c. 2.5 to 1.95 Ga. The focus is
on igneous events that took place on and in the Karelian and
Kola cratons. These cratons were stabilised by c. 2.6 Ga,
were in close connection or part of the Superia supercraton,
started to drift apart after c. 2.45 Ga and were recombined
during the Lapland-Kola orogeny at c. 1.93-1.91 Ga
(Mertanen and Pesonen 2005; Bleeker and Ernst 2006;
Daly et al. 2006; Mertanen and Korhonen 2011). Since the
initial rifting of the cratons starting near the Archaean-
Proterozoic boundary, the magmatic events over the follow-
ing time period of c. 500 Ma took place in a continental,
within-plate environment. There is no evidence for oceanic
crust formation before c. 1.95-2.0 Ga. The 1.95-1.96 Ga age
of the Jormua and Outokumpu Ophiolites (Peltonen et al.
1996, 2008) records the definite time limit of the final break-
up of the Karelian craton. Before this break-up, both the
Karelian and Kola cratons were subjected to extensional
stresses and multiphase intraplate rifting, as attested by the
presence of many generations of mafic dyke swarms in the
Archaean basement (Vuollo and Huhma 2005), but whether
any fragmentation and dispersion of the cratons happened
between c. 2.45 and 2.0 Ga, is presently unkown.

Kump and Barley (2007) drew attention to the transition
of the style of volcanism at the Archaean-Proterozoic bound-
ary, from dominantly submarine eruptions to a mixture of
submarine and subaerial eruptions, and proposed that the rise
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of atmospheric oxygen at c. 2.5 Ga was related to this abrupt
change in volcanism. They maintained that the widespread
Palaeoproterozoic subaerial volcanism was connected to the
formation of tectonically stable, high-standing continental
cratons in late Archaean. The evolution of volcanism in the
Fennoscandian Shield seems to fit with this conception, as
the earliest Palaeoproterozoic volcanic eruptions on the
shield were predominantly subaerial in nature with mafic
to ultramafic magmas ascending from the mantle through a
thick continental crust.

Other globally observed phenomena that coincide within
the time interval of 2.5-1.95 Ga include the general paucity
of subduction-related igneous rocks and juvenile crustal
additions between 2.45 and 2.2 Ga, suggesting a temporal
shutdown of the subduction system (Condie et al. 2009).
Also large igneous provinces, which are thought to be
related to mantle plumes, show a global minimum in their
abundance in the same time interval. Condie et al. (2009)
discussed potential causes and consequences, including
effects on sea level, of the cessation of subduction processes.
In this connection, it is only pointed out that despite the
global Palaeoproterozoic magmatic age gap between 2.45
and 2.2 Ga, one of the igneous events in the Fennoscandian
Shield discussed in this account, i.e. the Sariolian
magmatism, took place within this time span.

This review concentrates on Karelian volcanic and intru-
sive rocks in the eastern and northern parts of the
Fennoscandian Shield, that is, in the Kola Peninsula, Rus-
sian Karelia and Finland, excluding those occurring in
northern Sweden and Norway. For the latter two regions,
the reader is referred to Henriksen (1983), Pharaoh and
Pearce (1984), Pharaoh (1985), Krill et al. (1985), Pharaoh
et al. (1987), Bergh and Torske (1988), Barnes and Often
(1990), Lager and Loberg (1990), Kullerud et al. (2006) and
Myhre et al. (2011). Volcanic and intrusive events are
considered by grouping them into time intervals following
the main Karelian chronostratigraphical units (systems):
Sumi (2505-2430 Ma), Sariola (2430-2300 Ma), Jatuli
(2300-2060 Ma), Ludicovi (2060-1960 Ma) and Kaleva
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(1960-1900 Ma) (see Chap. 3.2). In addition, igneous rocks
belonging to allochthonous (ophiolitic) complexes are
treated separately, and although being regarded as “oro-
genic”, some late volcanic sequences from the Kola Penin-
sula (South Pechenga, Panarechka), lying presently on
Archaean crust, are discussed briefly.

In Fig. 3.30 are shown geographical locations referred to
in the following text, particularly those that are not dealt
with in other chapters of this and accompanying volumes.
Figure 3.31 displays a geochemical summary of volcanic
rocks in terms of MgO and TiO; contents using the grouping
noted above and different symbols for rocks from Russian
Karelia, the Kola Peninsula and Finland. In the following
treatment of volcanic rocks, these regions are usually han-
dled in the listed order, followed by discussion on intrusive
rocks. To eliminate some of the alteration effects and to be
able to compare differently documented analytical data from
various literature sources, before plotting on diagrams, all
major element analyses were recalculated to 100 wt.% on a
volatile-free basis with total Fe as FeOr.

3.4.2 Sumian Magmatism

The Sumian igneous rocks include both volcanic and intru-
sive rocks with the most significant of the latter being
2.44-2.50 Ga gabbro-noritic layered intrusions. The volca-
nic rocks are roughly contemporaneous with these intrusions
or slightly older, as in places where they are cut by gabbro-
noritic intrusive bodies.

Several studies have recently been published on Sumian
igneous rocks in the Vetreny Belt, Russian Karelia, occur-
ring in the southeastern corner of the exposed Fenno-
scandian Shield (Kulikov 1988; Puchtel et al. 1996, 1997,
2001; Sharkov et al. 2005; Kulikov et al. 2010). In that area,
volcanic and associated terrigenous sedimentary rocks con-
stitute a 4- to 8-km-thick supracrustal sequence distributed
over an area 250 km in length and 15-85 km in width. The
sequence is divided into six suites, of which the second one,
the Kirich suite, and the sixth one, the Vetreny Poyas suite,
are composed solely of volcanic rocks. The Kirich suite
contains amygdaloidal and pillowed lava flows, which are
predominantly andesitic in chemical composition though
compositions vary from komatiitic basalts to dacites. The
Vetreny suite with a thickness of more than 3 km is the most
voluminous of the six units. It has been estimated that the
total volume of the erupted material was c. 30,000 km?>
(Kulikov et al. 2005). The volcanic rocks are composed
entirely of komatiitic rocks. They occur as massive or
pillowed lava flows, or differentiated, spinifex-textured
lava flows (Puchtel et al. 1996), varying in thickness from
less than 1 m to as much as 150 m and totaling more than
60 in number (Kulikov et al. 2005). Locally, the rocks

are extremely well-preserved by Precambrian standards,
containing primary silicate minerals and displaying beautiful
quench textures (Fig. 3.32).

The MgO content of the volcanic rocks from the Vetreny
Poyas suite has a wide and continuous spread from c. 30 wt.
% to as low as 6 wt.%, and in terms of major elements, the
rocks appear to form a single petrogenetic trend. The pres-
ence of igneous olivine and the low degree of alteration have
allowed to confidently estimate the parental magma compo-
sition of the rocks. Puchtel et al. (1997) concluded that the
komatiitic rocks in different parts of the belt were generated
from parental magmas having MgO between 12.8 and
15.5 wt.%, meaning that the most magnesian rocks are
enriched in cumulate olivine while the least magnesian
basalts are fractionation products of high-MgO komatiitic
basalt. The melt compositions determined by Puchtel et al.
(1997) are consistent with the weighted average composition
of the whole Vetreny Poyas suite having 14.2 wt.% MgO
(Kulikov et al. 2010). Analyses of volcanic glass testify that
post-eruptional differentiation of interstitial melt proceeded
even to dacitic liquid compositions (Sharkov et al. 2005).
The most magnesian olivine (Fogg 5), resulting in the highest
MgO (17.3 wt.%) of the calculated parental magma, was
measured from the Vinela dyke, which is a N-S-trending,
25-km-long and 0.5- to 1-km-wide, ultramafic intrusion cut-
ting the Archaean basement on the SW side of the Vetreny
Belt and likely represents a feeder chamber for Vetreny
Poyas suite volcanic rocks (Puchtel et al. 1997).

The MgO-rich nature of the parental magma and the
relatively low TiO, and high SiO, contents has prompted
some researchers to characterise the magma type as
boninite-like or belonging to a siliceous high-magnesian
series (Sharkov et al. 1997, 2005). In Fig. 3.33, rocks of
the Vetreny Belt komatiite-basalt suite are compared with
typical Archaean Munro-type komatiitic and Phanerozoic
boninitic rock suites. It is evident that, in terms of major
elements, the Vetreny Belt rocks are very similar to the
Munro komatiites and related fractionation products and,
although overlapping with some boninites with respect to
silica, are lower in SiO, than most boninites and do not show
such a high degree of TiO, depletion that characterises the
boninitic magma series; this difference was also pointed out
by Kulikov et al. (2005, 2010). Puchtel and Humayun (2001)
provided an in-depth analysis of the komatiite vs. boninite
identification problem and argued against the boninitic
nature of the Vetreny lavas on the basis of the PGE and
chalcophile element behaviour.

In the [Al,O5] vs. [TiO,] diagram of Fig. 3.34, represen-
tative compositions of primitive Palaeoproterozoic volcanic
rocks from the Fennoscandian Shield are compared to each
other and some Archaean and Phanerozoic primitive magma
compositions. This diagram was designed by Hanski et al.
(2001a) to classify olivine-saturated primitive magmas and
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modified by Aivo Lepland after Koistinen et al. 2001).
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Fig. 3.32 Photomicrographs of Sumian komatiitic lavas from the
Vetreny Belt. (a) Pyroxene spinifex texture (“string beef” spinifex).
Cross-polarised light, scale bar 1.0 mm. (b) Skeletal, fresh olivine
crystal surrounded by smaller ones. Cross-polarised light, scale
bar 0.5 mm. (c¢) Olivine plates replaced by serpentine and fresh

clinopyroxene needles in devitrified glass. Parallel-polarised light,
scale bar 1.0 mm. (d) Olivine crystals in devitrified glass. Note rounded
melt inclusions in the largest, euhedral crystal. Parallel-polarised light,
scale bar 0.5 mm (Photographs courtesy of Igor Puchtel)
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Fig. 3.33 Sumian Vetreny Belt komatiitic to basaltic rocks compared with literature data on Archaean Munro Township-type komatiitic series
(from Canada) and Phanerozoic boninitic series (all analyses calculated 100 wt.% volatile-free)

contains molar abundances of TiO, and Al,Oj3 projected
from olivine composition to eliminate the effects of olivine
fractionation or accumulation (for more information, see
the caption to Fig. 3.34). On this diagram, the average
compositions of the Vetreny Belt komatiitic volcanic rocks
and related intrusions plot in the middle of the field of Munro
Township komatiites.

Despite the komatiitic major element composition, there
are some chemical features that the Vetreny Belt rocks share
with boninites, i.e., high contents of large-ion lithophile trace
elements (Fig. 3.35a) albeit due to different reasons; in the
case of boninites, the high LIL abundances are a result of
mantle source enrichment via the activity of subduction-
related fluids (e.g. Beccaluva and Serri 1988), whereas the
chemical features of the Vetreny Belt volcanic rocks can be
best explained by contamination of the magma with crustal
material. Puchtel et al. (1997, 2001) have shown convinc-
ingly that in the Vetreny Poays suite, there is a good correla-
tion between the variation of the initial Nd, Os and Pb
isotopic ratios and incompatible trace element ratios (such
as Nb/Th, La/Sm, Zr/Y), which is consistent with the interac-
tion of the komatiitic parental magma with Archaean conti-
nental crust. Mineral-whole rock isochron-based initial exg
values obtained by Puchtel et al. (1997) are —0.9 and —1.2
for lava flows and —1.4 for the Vinela dyke, while whole-
rock analyses have given gng between 4-0.4 and —3.1 for lava
flows and between —1.0 and —3.2 for a subvolcanic intrusion
(Girnis et al. 1990; Puchtel et al. 1997; Kulikov et al. 2008).

Puchtel et al. (1997) estimated that the uncontaminated
primary magma had an initial eng of 4+2.6. Using a high-
MgO komatiitic basalt (MgO 17.6 wt.%; similar to an
incompatible element-depleted komatiitic basalt from the

Belingwe greenstone belt) as a mixing end-member, they
calculated that the compositional variation of the Vetreny
Belt rock suite is controlled by fractional crystallisation and
4-15% contamination with older felsic crustal rocks and
concluded that the contamination of the magma took place
mainly en route to the surface. Kulikov et al. (2005) pro-
posed that the mantle plume-generated primary magma had
originally MgO as high as 30 wt.% and was differentiated by
olivine fractionation at the base of the crust and later in
subvolcanic magma chambers.

Svetov et al. (2004) have studied four key sections
(Krasnaya Rechka, Koikary, Semch River and Kumsa) of
Sumian volcanic rocks at the northern and northwest rim of
the Onega Basin (Fig. 3.30; for the geology of the Onega
Basin, see Chap. 4.3). The volcanic rocks occur as massive
and amygdaloidal lava flows, pillow lavas and minor
agglomerates and tuffs (see Fig. 4.40c—m) with the flow
thicknesses varying between 9 and 45 m and the total
thickness reaching 1.5 km. In terms of SiO,, most of the
rocks are basaltic andesites and andesites. They include
high-Mg varieties with MgO of c. 10 wt.%, which can be
classified as komatiitic basalts (or boninites, as done by
Svetov et al. 2004). The available chemical data suggest
that the rocks contain two subtle types, one having low
TiO, averaging 0.7 wt.% and the other one being slightly
higher in TiO, averaging 1.3 wt.%. Only the latter one is
found in the Krasnaya Rechka area, while both types occur
in the Semch and Kumsy areas. Mafic to intermediate
Sumian volcanic rocks display very similar trace element
characteristics to those of the Vetreny Belt komatiitic
rocks, though having higher abundances. This is illustrated
in Fig. 3.35b, which shows chemical data for basaltic
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Fig. 3.34 [Al,O3] vs [TiO;] diagram for representative compositions
of high-MgO magmas from the eastern part of the Fennoscandian Shield
and some comparative Archaean and Phanerozoic primitive magma
compositions. [Al,O03] and [TiO;] are Al,O5 and TiO, projected from

andesites and andesites from the Semch River area (Svetov
et al. 2009).

In the Imandra/Varzuga Belt, Kola Peninsula, Sumian
volcanic rocks are found in three lithostratigraphic units,
the Purnach Formation, Kuksha Volcanic Formation and
Seidorechka Volcanic Formation, all belonging to the
Strel’'na Group. These formations are described in Chap.
4.1 focusing on the geology of the Imandra/Varzuga Belt
and dealt with in the reports of FAR-DEEP Holes 1A and 3A
(Chaps. 6.1.1 and 6.1.2), and it suffices here to recapitulate
the essential features of the volcanic parts of the formations.
The Purnach Formation contains a thick sequence of subaer-
ially erupted mafic lavas recrystallised to fine- to medium-
grained amphibolites, which locally have amygdaloidal
structures as evidence for their supracrustal origin. The
Kuksha Volcanic Formation volcanic rocks occur as well-
defined, amygdaloidal mafic lava flows (Figs. 3.23h, 4.4c,
and 4.5a) and rare pillow lavas (Fig. 4.4d) and, in some
areas, there also exist mafic subvolcanic intrusive bodies.
The thickest of the units, the Seidorechka Volcanic Forma-
tion, has been dated at 2442.2 + 1.7 Ma (Amelin et al. 1995)
and 2448 + 8 Ma (Chashchin et al. 2008), being coeval with
the intruding Imandra layered gabbro-norite lopolith with an
age of 2441.0 £ 1.6 Ma (Amelin et al. 1995). The formation

olivine composition, calculated in mole proportions (normalised to
unity) using the following equations: [Al,O3] = Al,05/(2/3 — MgO —
FeO) and [TiO,] = TiO,/(2/3 — MgO — FeO) (see Hanski 1992; Hanski
et al. 2001a) (Literature sources available from the author upon request)

is lithologically diverse, containing subaerial, amygdaloidal
mafic to intermediate lava flows (Figs. 3.23m and 4.70),
komatiitic basalts and breccias (Fig. 4.71-m) and numerous
gabbroic and pyroxenitic sills and dykes with komatiitic
affinities, and rhyolitic and dacitic lava flows (Fig. 4.7p—t)
associated with co-magmatic subvolcanic bodies of
granophyre.

Figure 3.36a—d compare major element compositions of
the three volcanic formations of the Strel’na Group. Mafic
and intermediate rocks of the Seidorechka Formation are in
general higher in SiO, and K,O and lower in FeOt than
those from the Purnach and Kuksha formations. Some of the
Purnach and Kuksha Formation basalts and andesites are
exceptional among the Sumian volcanic rocks in being
moderately enriched in TiO, (>1.5 wt.%) (Fig. 3.36d) as
the Sumian mafic to intermediate volcanic rocks have com-
monly TiO, less than 1.4 wt.% and most often less than
1.0 wt.% (Fig. 3.31g). Felsic volcanic rocks from the
Seidorechka Formation plot in the tholeiitic field on a
Jensen’s cation plot (Fig. 3.37a) due to their low Al,O3
contents. The Seidorechka komatiitic basalts have com-
monly MgO between 10 and 15 wt.%, sometimes up to
20 wt.%, and show subchondritic Al,O3/TiO, as a conse-
quence of a relatively low Al,O; content. The latter feature
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Fig. 3.35 (a) Primitive mantle-normalised trace element char-
acteristics of Sumian komatiitic rocks from the Vetreny Poyas and
Kirich suites, Vetreny Belt, SE Russian Karelia, showing a strong
crustal signature. Analytical data from Puchtel et al. (1997).

makes them straddle the boundary between Al-depleted and
Al-undepleted komatiites in the [TiO,] vs. [Al,O5] diagram
(Fig. 3.34).

Trace element characteristics of the Seidorechka Forma-
tion basalts differ from those of basalts from the Purnach and
Kuksha formations as exemplified by chondrite-normalised
Ce/YD ratios in Fig. 3.37b. From this diagram, it can be
inferred that the Kuksha and Purnach Formation rocks have
only slightly LREE-enriched chondrite-normalised REE
patterns, while in the Seidorechka Formation, the patterns
are strongly negatively sloping (see Fig. 6.11 in Chap.
6.1.1). In the Seidorechka Formation, one can further distin-
guish two broad groups, one with (Ce/Yb)cy of c. 47 and the
other with the ratio close to 10. Interestingly enough, the latter
group is formed by samples from FAR-DEEP Hole 1A.
According to the Nd isotopic data published by Chashchin
et al. (2008), calculated &xng(2450 Ma) values for three
samples, representing basalts, andesites and rhyolites from
the Seidorechka Formation, are clearly negative (—2.3 to
—2.8) indicating magma interaction with old continental
crust. Additional Nd isotopic data are documented by
Vrevskii et al. (2010) who studied the Arvarench Unit, a
supracrustal sequence that is correlated with the Seidorechka
Formation and consists of a variety of volcanic rocks ranging
from komatiites to dacites. They obtained a U-Pb zircon age
of 2427 + 16 Ma for a dacite and used it to calculate the
following initial enq values: komatiites —1.6 to —4.1; basalts
+0.4 to 1.4 and —1.9; andesites —0.8 to —2.2; dacites —3.3
to —8.4.

Cs Ba U Ta La Pb Sr Nd Hf Eu Ti Y Lu
Rb Th Nb K Ce Pr P Zr Sm Gd Dy Yb

(b) Trace element characteristics of Sumian basaltic andesites and
andesites from the Semch area, Central Russian Karelia. Data
from Svetov et al. (2009). Normalising values after Sun and
McDonough (1989)

In Finnish Lapland, volcanic rocks that can be
correlated with Sumian rocks of Russian Karelia were
assigned to the Salla Group by Hanski and Huhma
(2005). They are found in the Salla Belt close to and across
the border with Russia (Manninen 1991) and, as more
restricted occurrences, adjacent to the Akanvaara and
Koitelainen layered intrusions (Manninen et al. 2001) and
on a small Archaean gneissic dome at Tojottamanselka
(Peltonen et al. 1988). Salla Group volcanic rocks served
as country rocks for the Akanvaara and Koitelainen
intrusions and were erupted at c. 2.44 Ga, being thus
indistinguishable in age from the intrusions (Manninen
et al. 2001). The thickness of the Sumian sequence in the
Salla area is considerable (<2 km) but difficult to estimate
accurately. The volcanic rocks vary from intermediate to
felsic. Least evolved magmas formed subaerially erupted,
10- to 30-m-thick, amygdaloidal lava flows (Fig. 3.38a),
whereas more felsic magmas produced lapilli tuffs and
variously welded ash-flow tuffs (Fig. 3.231) (Manninen
1991). Figure 3.31g shows a plot of MgO vs. TiO, for
mostly Finnish Sumian rock analyses from the Salla Belt.
The diagram reveals a relatively evolved general nature of
the Salla Group rocks and the lack of highly magnesian
volcanic rocks, which, in contrast, are typical among
Sumian rocks in the Vetreny Belt, Russian SE Karelia.
The geochemical and isotopic features [enq(2440 Ma)
—3.1, —4.4] of the Salla Group rocks attest that they
belong to a cogenetic fractionation series with a parental
magma that had experienced considerable crustal
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Fig. 3.36 Sumian volcanic rocks from three formations of the Strel’na
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contamination before its main fractionation (Hanski and
Huhma 2005).

In addition to the areas mentioned above, Sumian rocks
in Finland occur farther south at the southern margin of the
Kuusamo Belt and in the Koillismaa area. In the former
area, quartz porphyry fragments are common in the
(Sariolian) basal conglomerate of the belt (Silvennoinen
1972), indicating the former presence of wider occurrences
of Sumian felsic volcanic rocks. On the Russian side of the
border, in the Paanajarvi Belt forming the eastern continua-
tion of the Kuusamo Belt, felsic volcanic rocks outcrop
several hundred metres in thickness as the oldest Palacopro-
terozoic formations (Kulikov et al. 1980; Heiskanen 1980).
In the Koillismaa area, Sumian volcanic rocks are thought
to have acted as hanging wall rocks during the emplacement
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Fedotov et al. (1982), Predovsky et al. (1987), Mints (1996), Chashchin
et al. (2008), Zh. Fedotov (pers. comm., 2010) and FAR-DEEP Project

of the Koillismaa Igneous Complex into the unconformity
between the Archaean basement and the overlying
Palaeoproterozoic cover (Lauri et al. 2003; Karinen 2010).
They are assigned to the Sirvio Group, which is divided into
two lithostratigraphic formations (Sirniovaara, Unijoki).
The lower one is composed of rhyodacitic lavas and breccia
interlayeres. The unit has a granophyric texture generated
by recrystallisation due to the thermal effects of the under-
lying large basaltic magma chamber. The upper formation
comprises lavas and crystal tuffs of andesitic to rhyolitic
composition and is overlain by a thick conglomerate mark-
ing the start of Sariolian-age sedimentation. Figure 3.39
compares the trace element characteristics of Sumian
andesitic to rhyolitic rocks from the Salla and Sirnio
Groups.
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Fig. 3.37 Jensen’s cation plot (a) and chondrite-normalised Ce/Yb vs. MgO diagram (b) for Sumian Strel’na Group volcanic rocks (Data sources

as in Fig. 3.36)

Mafic to ultramafic intrusive rocks constitute an essential
part of the Sumian magmatism over the whole shield, and
together with associated volcanic rocks, have been assigned
to the c. 2.5-2.4 Ga Sumian large igneous province by
Kulikov et al. (2010). Although there are some problems
with the dating of the layered intrusions (see Chap. 3.2), at
least a major part of them seem to have been generated
coevally (within analytical errors) with Sumian volcanic
rocks. The intrusive bodies occur as layered gabbro-noritic
intrusions in several parts of the shield, including the Tornio-
Narankavaara belt (Fig. 3.30) and its eastern continuation in
northern Russian Karelia (for example, Kemi, Suhanko,
Koillismaa, Kivakka, Lukkulaisvaara; Lavrov 1979; Alapieti
et al. 1990; Glebovitsky et al. 2001; Iljina and Hanski 2005),
central Finnish Lapland (Koitelainen, Akanvaara; Mutanen
1997; Hanski et al. 2001b, c), the Pechenga-Imandra/
Varzuga Belt, Kola Peninsula (Mt. General’skaya,
Monchegorsk, Imandra, Fedorovo-Pansky; Tel’'nov et al.
1996; Smol’kin et al. 2004; Schissel et al. 2002), and south-
ern Russian Karelia (Burakovka; Higgins et al. 1997;
Chistyakov and Sharkov 2008). These intrusions were com-
monly emplaced at or close to the unconformity between the
Archaean basement and overlying Palaeoproterozoic cover.
Mafic-ultramafic dykes cutting the basement have also been
shown to belong to the same magmatic episode (Puchtel et al.
1997; Vuollo and Huhma 2005). Furthermore, Kulikov et al.
(2008, 2010) regarded the subvolcanic layered sills and
lopoliths that are found in the lowermost Palaeoproterzoic
sedimentary rocks in the Vetreny Belt as comagmatic with
the volcanic rocks of the Vetreny Poays suite, and hence the
Sumian igneous rocks have four different modes of occur-
rence in southern Russian Karelia. The Belomorian mobile
Belt between the Karelian and Kola cratons is known to
contain small, c. 2.5-2.4 Ga mafic to ultramafic intrusions

that are assigned to the so-called Drusite Complex (Sharkov
et al. 2004; Krivolutskaya et al. 2010a, b). High-Mg gabbro-
noritic dykes are an essential component of this magmatic
phase in the Belomorian Belt (Stepanova and Stepanov
2010). These were preceded by another, undated Mg-
tholeiitic dyke generation.

Sumian mafic to ultramafic dykes that can be roughly
correlated with the mafic layered intrusions in terms of
their time of emplacement are widely distributed in the
Archaean basement. They were classified by Vuollo and
Huhma (2005) into five lithological types having the follow-
ing orientations and chemical attributes: (1) NE-trending
boninite-norite dykes (high MgO, SiO,, Cr, Ni, and LREE,
low TiO, and Zr); (2) NW-trending gabbro-norite dykes
(low TiO,, Cr, and Zr); (3) NW-trending low-Ti tholeiitic
dykes; (4) E-trending Fe-tholeiitic dykes; and (5) E-trending
orthopyroxene-plagioclase-phyric dykes (high SiO, and
LREE; calc-alkaline affinity). Precise age data for these
dyke generations are still very scarce with one exception
being a U-Pb baddeleyite age of 2446 + 6 Ma measured for
a gabbro-noritic dyke from Russian Karelia (Vuollo and
Huhma 2005). As revealed by the list above, the chemical
composition of the dykes is variable with the type of magma
ranging from high-Mg, low-Ti boninite-like compositions to
high-Ti, high-Fe tholeiitic basalts. They differ also isotopi-
cally; Vuollo and Huhma (2005) reported negative initial exg
values (—2.4 and —1.8) for types 1 and 2 and positive values
(+0.3 and +1.7) for types 3 and 4.

The Sumian layered mafic-ultramafic intrusions have a
great economical importance as they host magmatic ore
deposits and potential future resources of various metals.
They contain stratiform chromium (e.g. Kemi, Burakovka;
Alapieti et al. 1989; Sharkov et al. 1995; Lavrov et al. 2006)
and Fe-Ti-V deposits (Mustavaara; Juopperi 1977), and
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Fig. 3.38 Field characteristics of Sumian and Sariolian mafic volcanic
rocks. (a) Sumian amygdaloidal basaltic andesite lava from the Salla
Group, Salla Belt. Amygdales filled mainly with plagioclase. Scale bar
10 cm in length. (b) Quartz-filled amygdales in andesitic lava from the
Sariolian Matinvaara Formation, Kainuu Belt. (¢) Sariolian basaltic
lava from the Runkaus Formation, Perapohja Belt, with amygdales

PGE-reefs (Pana Tundra; Penikat; Latypov et al. 1999; Alapieti
and Lahtinen 2002). Nickel and copper mineralisations with
elevated PGE occur as disseminated sulphides and epigenetic
veins in ultramafic cumulates (Monchegorsk; Gorbunov et al.
1985). Sulphide disseminations have also been discovered in
lower marginal series rocks (Koillismaa; Lahtinen 1985; Iljina
et al. 1992). These may be accompanied by massive offset
sulphides in footwall rocks (Iljina et al. 1992). In addition,
sulphide disseminations have been found in fine-grained,
noncumulate gabbro-norites within the layered series
(Lukkulaisvaara, Koillismaa; Glebovitsky et al. 2001;
Karinen 2010).

Many attempts have been made to estimate the parental
magma composition for the c. 2.5-2.4 Ga layered intrusions

filled with chlorite. Coin diameter 2.3 cm. (d) Andesitic volcanic
breccia from the Sariolian Ahmalahti Formation, Pechenga Belt,
containing abundant xenolithic fragments from the Archaean basement
(Photograph (a) reproduced from Hanski and Huhma (2005) with
permission from Elsevier (Photograph (c) courtesy of Vesa Perttunen;
(b) and (d) taken by Eero Hanski)

using different methods (chilled margins; weighted average
compositions of intrusions or megacyclic units; fine-grained,
noncumulate-textured rocks; associated dykes in the base-
ment). In common with the Sumian volcanic rocks, all
estimates have given a low TiO, content for the magma,
which together with high MgO has allowed to characterise
the magma as boninite (Alapieti et al. 1990), siliceous high-
magnesian basalt (Saini-Eidukat et al. 1997), or crustally
contaminated komatiitic basalt (Puchtel et al. 1997; Hanski
et al. 2001; Kulikov et al. 2008). In detail, the analysed or
calculated compositions differ considerably as indicated by
Fig. 3.40a, b. As reference points, the black symbols in
Fig. 3.40a, b represent average bulk compositions of a
komatiitic unit and the whole Vetreny Poyas suite from the
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Fig. 3.39 Primitive mantle-normalised trace element patterns for Sumian andesitic to rhyolitic volcanic rocks from the Salla Group, Salla Belt
(a) and Sirnio Group, Koillismaa (b) (Data from T. Manninen (pers. comm. 2011) and Lauri et al. (2003))

Vetreny Belt (Kulikov et al. 2010), and the arrows indicate as the general trace element characteristics of these
olivine fractionation and accumulation trends of this kind of intrusions are similar to those of the Vetreny Belt
komatiitic basalt parental magma. Closest to the komatiitic komatiitic basalts (Hanski et al. 2001a, c). Nevertheless,
basalt trend plot: (1) the six dyke samples having TiO, the ultradepleted character and reverse fractionation of
between 0.54 and 0.69 wt.% and MgO between 8.3 and marginal zone microgabbros are perplexing petrological
17.3 wt.% (Saini-Eidukat et al. 1997; Vogel et al. 1998); problems and probably require multiple igneous processes
(2) the calculated parental magma compositions of the for their genesis (Latypov et al. 2011). Furthermore,
Burakovsky intrusion (orange symbols, Nikolaev and noncumulate-textured bodies within layered series are
Ariskin 2005); (3) the weighted average composition of interesting as they are associated with base metal and
the Ruiga intrusion in the Vetreny Belt (Kulikov et al. PGE mineralisations (Glebovitsky et al. 2001; Karinen
2008); and (4) an upper chilled margin sample from 2010).
Koillismaa (Karinen 2010). As a whole, the chilled margin Besides the presence exotic marginal series rocks, other
analyses or calculated weighted average compositions of factors hamper the evaluation of the primary parental
intrusions do not represent a single, well-constrained magma of the intrusions, including strong crustal contami-
magma type but scatter widely and are mostly more depleted nation during ascent and multiple magma injections and
in TiO, and other incompatible elements than the Sumian ensuing magma mixing. Also the fractionation stage of the
komatiitic basalts. intruding magma, as reflected in their Cr content, for exam-
The green symbols in Fig. 3.40a represent fine-grained, ple, seems to have been different in different intrusions or
noncumulate-textured gabbro-norites, which occur either as  their parts (Fig. 3.40b). It has been demonstrated by studying
lens-like bodies within layered series (Latypov et al. 2008; the mineralogy and chemical composition of cumulates in
Karinen 2010) or as strongly reversely zoned basal mar- the Tornio-Narankavaara intrusion belt that the magma
ginal zones (Hanski et al. 2001b, c; Latypov et al. 2011; chambers were fed with at least two kinds of parental
Egorova and Latypov 2012). They can show ultradepletion magmas in terms of their Cr content. Some of the intrusions
in incompatible elements: for a rock having c. 10 wt.% were generated either from a relatively primitive, higher-Cr
MgO, the lowest measured TiO, is 0.06 wt.%, Zr beneath magma or a more fractionated, lower-Cr magma, while
the detection limit of XRF (<10 ppm), and LREE below others experienced influx of both magma types, first the
the chondritic levels (Latypov et al. 2011). With decreasing higher-Cr and then the lower-Cr one, resulting in an abrupt
TiO,, chondrite-normalised REE patterns change from drop of the chromium concentration at the boundary of two
LREE-enriched to flat or even LREE-depleted with the megacyclic units (Iljina and Hanski 2005).
REE concentrations being decoupled from &nq(2440 Ma), The parental magmas of the c. 2.5-2.4 Ga layered
which is negative (c. —2.0). The microgabbros are too low intrusions were strongly enriched in LREE compared to
in incompatible elements to represent magmas that HREE (e.g., Hanski et al. 2001b; Nikolaev and Ariskin 2005;
generated the layered series of the Sumian intrusions, Karinen 2010), and numerous isotopic analyses of samples
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Fig.3.40 MgO vs. TiO, (a) and MgO vs. Cr (b) plots for Sumian low-
Ti lavas and various rocks and average compositions from 2.5 to 2.4 Ga
layered intrusions (Data from Alapieti and Piirainen (1984), Sharkov
(1984), Laz’ko and Sharkov (1988), Alapieti et al. (1990), Saini-

from layered series have produced rather consistently an
unradiogenic Nd isotopic composition with initial €xg com-
monly falling in a range of —0.5 to —2.5 (Fig. 3.41; e.g.
Huhma et al. 1990; Balashov et al. 1993; Amelin and Semenov
1996; Glebovitsky et al. 2001; Hanski et al. 2001b; Chistyakov
and Sharkov 2008; Epifanova et al. 2008; Karinen 2010).
These features have been interpreted either as evidence for
interaction between an originally primitive, mantle-derived,
low-Nd magma and continental crust (Amelin and Semenov
1996; Hanski et al. 2001b; Kulikov et al. 2010) or as an
enriched lithospheric mantle signature (Vogel et al. 1998;
Andersen et al. 1998). Relatively unradiogenic Os coupled
with unradiogenic Nd in the magma that formed the
Koitelainen and Akanvaara intrusions is consistent with a
high-Os, low-Nd primitive parental magma that was
contaminated with low-Os, high-Nd lithospheric material
(Hanski et al. 2001b). In the most detailed study on the
within-intrusion variation of the Nd isotope composition,
Amelin and Semenov (1996) noted that in the intrusions of
the Oulanka group, the isotope systematics are consistent with
a closed-system crystallisation without significant interaction
of the magma with country rocks. On the other hand, the
Burakovka intrusion shows a more complex behavior of
isotopes, which requires multiple magma injections and com-
plex mixing and contamination processes.

The highest eng values (43 to +4) in Fig. 3.41 are those
obtained by Glebovitsky et al. (2001) for a sill-like body of

Eidukat et al. (1997), Vogel et al. (1998), Koptev-Dvornikov et al.
(2001), Glebovitsky et al. (2001), Alapieti and Lahtinen (2002),
Nikolaev and Ariskin (2005), Kulikov et al. (2008, 2010), Karinen
(2010), and Latypov et al. (2008, 2011))

fine-grained, noncumulate microgabbro-norite within the
Lukkulaisvaara intrusion. The positive eng values, which
were corroborated by isochrons of appropriate ages, differ
markedly from the negative values documented for
noncumulate rock bodies from Finnish intrusions that are
similar or even lower than those measured for associated
cumulates (Hanski et al. 2001b; Karinen 2010; Latypov et al.
2011). Epifanova et al. (2005) have also studied the
Lukkulaisvaara microgabbro-norites. They performed five
Sm-Nd isotope analyses of which four produced initial eng
values of —1.7 to —2.6, thus differing from the results of
Glebovitsky et al. (2001).

The Sumian magmatism was not only restricted to mantle-
derived mafic magmatism but also included some felsic
plutonism, as exemplified by several A-type potassic granitic
stocks up to 5 km in size and associated felsic dykes in
eastern Finland and adjacent parts of Russian Karelia
(Levchenkov et al. 1994; Buiko et al. 1995; Lauri et al.
2006; Mikkola et al. 2010). Palaeoproterozoic potassic alkali
granites and monzonite-granites also occur in the central
Kola Peninsula and small bodies of “red” granites and
granodiorites are found in the Belomorian Belt (Sharkov
and Bogatikov 2000). The ages cluster at c. 2.44-2.43 Ga,
but some are younger as shown by the age of 2389 + 5 Ma
reported by Mikkola et al. (2010), indicating a prolonged
magmatic activity. Figure 3.42a shows a trace element com-
position of the Kynsivaara quartz-alkali feldspar syenite
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Fig. 3.41 Initial eng values for whole-rock samples and mineral
separates from 2.45-2.50 Ga gabbro-noritic layered intrusions. Data
from Huhma et al. (1990), Tolstikhin et al. (1992), Balashov et al.
(1993), Amelin and Semenov (1996), Saini-Eidukat et al. (1997),

from Koillismaa. Lauri et al. (2006) invoked advanced dif-
ferentiation of a siliceous high-Mg basalt parental magma via
a combined assimilation-fractional crystallisation process to
explain the genesis of this syenite body.

3.4.3 Sariolian Magmatism

Sariolian igneous rocks are predominantly subaerial volca-
nic rocks (e.g. Figs. 3.24r and 3.40p) and are younger than
2.44 Ga as their eruption took place after the gabbro-noritic
layered intrusions had uplifted and partly eroded, though
field evidence for this kind of relationship is not available
in all regions. In general, direct precise dating of Sariolian
volcanic rocks has so far been unsuccessful.

In the Imandra/Varzuga Belt, Sariolian volcanic rocks are
represented by the 300- to 600-m-thick Polisarka Volcanic
Formation (see Chap. 4.1). The rocks vary from basaltic
komatiites to basaltic andesites with the primitive volcanic
rocks dominating and the evolved ones being located in the
upper part of the formation. A submarine eruptional envi-
ronment is evident by abundant pillow lavas. Komatiitic
basalt lavas also display spinifex textures (Fig. 4.9h, j) and
variolitic pillow lava (Fig. 4.91) and pillow breccia structures
(Fig. 3.11r). As shown by Fig. 3.43a, the volcanic rocks from
the Polisarka Volcanic Formation form a coherent low-Ti
magmatic series evolving to andesitic differentiates. Volca-
nic rocks in the Polisarka Volcanic Formation that have

Glebovitsky et al. (2001), Hanski et al. (2001b), Smol’kin et al.
(2004), Serov (2005), Epifanova et al. (2005, 2008), Karinen (2010)
and Latypov et al. (2011). The exceptionally high values for
microgabbro-norites are from Glebovistky et al. (2001)

TiO, higher than 1.0 wt.% only include intermediate tuffs
(Fig. 3.43a) and some minor mafic lavas within the underly-
ing Polisarka Sedimentary Formation, both recovered in
FAR-DEEP Hole 3A. This drillhole also intersected
highly magnesian, strongly carbonatised rocks, shown as
green symbols in Fig. 3.43a, that likely represent a
subvolcanic komatiitic intrusion (see Chap. 6.1.2). Immo-
bile trace element characteristics of the komatiite-andesite
series show a strong crustal signature, including high
LREE/HREE and LREE/HFSE ratios, as the spidergrams
in Fig. 3.43b demonstrate. Isotopic data are presently
lacking.

Sumian sedimentary and volcanic rocks are lacking in the
Pechenga Belt, and the Proterozoic supracrustal sequence
starts with Sariolian basal conglomerates and other coarse-
clastic sedimentary rocks of the Neverskrukk Formation
and subaerial volcanic rocks of the Ahmalahti Formation,
deposited unconformably on the Archaean basement and
the Sumian Mt. General’skaya gabbro-noritic intrusion
(see Chap. 4.2). The uppermost part of the formation was
penetrated by FAR-DEEP Hole 5A (see Chap. 6.2.2), and
in the Kola Superdeep Drillhole the Ahmalahti Formation
was encountered at a depth of interval of 5717-6823 m
(Kozlovsky 1987), indicating a total thickness of more than
1 km. The age of the formation is presently not known
precisely, but is bracketed between the ages of the Mt.
General’skaya intrusion (c. 2.5 Ga) and the Kuetsjarvi
Volcanic Formation (c. 2.06 Ga).



6 3.4 Evolution of the Palaeoproterozoic (2.50-1.95 Ga) Non-orogenic Magmatism in the Eastern Part of the Fennoscandian Shield 193

600 T T T T T T T T T T T T T T T T 113 600 | ) e T ) i ) e
[ e * Rhyolitic tuff, Koivusaari Fm| | [ * Rhyolitic tuff, Pilgujarvi Fm | |
@ = = + Kynsivaara syenite + Felsic lava, Kuetsjérvi Fm

E.‘oo 3 = 100 - ® Felsic tuff, Korkiavaara Fm r

E E 2 o ]

m = — = -

2 f 1 !

= o L .
E
| ™

a 10 3 10F 3

2 - . o ]

[} N ] o =

E = - L. .

m - — = —

2] i . I A

1e * 3 1F 3

- a \l ] = 3

0.4 T T A e T 1, T o ko (ot o o L [ L S (0 O (0 M N Ll  ENN (LT (N AN et AN (NN A 0T I

" Th Nb La Pr Nd Hf Eu Tb Dy Yb Th Nb La Pr Nd Hf Eu Tb Dy Yb
U Ta Ce P Zr Sm Gd Ti Y Lu U Ta Ce P Zr Sm Gd Ti Y Lu

Fig. 3.42 Primitive mantle-normalised trace element characteristics
of A-type felsic volcanic and plutonic rocks generated during Sumian,
Jatulian and Ludicovian time: (a) 2.44 Ga quartz-alkali feldspar sye-
nite, Koillismaa area (Lauri and Manttari 2002) and 2.06 Ga felsic tuffs
from the Koivusaari Formation, Siilinjarvi Belt (Lukkarinen 2008); (b)

The most typical rock type of the Ahmalahti Formation is
amygdaloidal basaltic andesite (Fig. 4.19a, b) though
differentiates to dacitic composition are found. Also more
magnesian basalts or even picrites occur locally (Predovsky
et al. 1974; Mints 1996; Skuf’in and Theart 2005). The rocks
generally form a low-Ti suite with the exception of a few
samples from the Kola Superdeep Hole, for example, that
have TiO, higher than 1.5 wt.% (Skuf’in and Yakovlev
2007). Outcrops within Zapolyarny town bear witness of
strong interaction of the magma with sialic basement during
its ascent to the surface (Fig. 3.38d). This is also evident in
the trace element and isotope geochemistry of the whole
volcanic unit. The magma was LREE-enriched and rela-
tively poor in HFSE, as is typical of Sariolian magmas
(Fig. 3.43a, b; see also Fig. 6.50). The three Sm-Nd analyses
published by Skuf’in and Theart (2005) and Skuf’in and
Bayanova (2006) yield low initial eyq values of —3.2 to
—5.0 calculated for an age of 2350 Ma.

In northern Finland, Sariolian-system volcanic rocks,
which are distributed widely from the western to eastern
border (Vaananen 1989; Manninen 1991; Lehtonen et al.
1998), were assigned to the Onkamo Group by Hanski and
Huhma (2005). This group has recently been renamed the
Kuusamo Group (Geological Survey of Finland, 2011, Bed-
rock of Finland — DigiKP, Digital map database, version 1.0;
http://www.geo.fi/en/bedrock.html). An example of well-
studied Sariolian volcanic rocks is located at Moykkelma,
where a small Archaean basement dome is surrounded by a
250-m-thick, subaerially erupted succession of komatiites

2.06 Ga felsic lavas from the Kuetsjarvi Volcanic Formation (FAR-
DEEP data), Pechenga Belt, 1.98 Ga felsic tuffs from the Pilgujarvi
Volcanic Formation, Pechenga Belt (this study), and 1.98 Ga felsic
tuffs from the Korkiavaara Formation, Perdpohja Belt (Hanski et al.
2005)

and low-Ti basalts and andesites (Rasanen et al. 1989). The
volcanic series, which lies directly on the Archaean base-
ment, is divided into five subunits: the lower and upper
ultramafic members and the lower, middle and upper mafic
members whose stratigraphical positions are shown in the
drillcore section of Fig. 3.44. The ultramafic rocks are
volcaniclastic varying from agglomerates to tuffs and com-
monly carry granitoids xenoliths (Fig. 3.24t) torn from the
underlying Archaean basement. The mafic units are com-
posed of variously amygdaloidal lavas (Fig. 3.24s) with
intervening tuff layers. They become more primitive
upwards in the sequence with the lowermost member being
andesitic and the uppermost one basaltic.

The chemical composition of the ultramafic volcanic
rocks mostly corresponds to that of komatiitic basalt and,
in some cases (MgO > 18 wt.%), that of komatiite
(Fig. 3.44). A strong crustal signature is evident by supra-
chondritic Al,05/TiO,, high (La/Yb)cn of 4.7-6.1 and low
(Th/Ta)py; of 2-6 (cf. Fig. 3.45a). A common feature of all
five volcanic members is their low TiO, content (<0.7 wt.
%). A special feature of the uppermost mafic unit, which is
basaltic in composition, is its relatively high Cr abundance
ranging between 790 and 1,110 ppm (Fig. 3.44). Although
all volcanic rocks in the drilled section share trace element
compositions indicative of crustal contamination (Fig.
3.45a), the mutual relationships of the members are not
explicable by a different degree of contamination or any
other simple petrogenetic process. Besides displaying a
reversed fractionation through time (height in Fig. 3.44),
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Fig. 3.43 (a) TiO, vs. MgO plot for volcanic and subvolcanic rocks
from the Sariolian Polisarka Sedimentary and Volcanic formations,
Imandra/Varzuga Belt. Data sources: Fedotov (1983a, 1985),
Zagorodny et al. (1980), Zhangurov and Smol’kin (1982), Melezhik
et al. (1982), Mints (1996), Hanski and Smol’kin (unpublished), Zh.

the mafic members differ considerably in their REE
characteristics (Fig. 3.45a) and do not always show the
expected anticorrelation between compatible and incompat-
ible trace elements (for example, Cr and TiO, in Fig. 3.44).
Furthermore, mixing of komatiitic and andesitic magmas, as
represented by the two lowermost members, cannot explain
the geochemical features of the basaltic member, because
the latter has lower (La/Yb)cy than the potential mixing end-
members (Fig. 3.45a).

Another well-documented volcanic sequence of the
Sariolian Kuusamo Group is found in the Salla Belt, at the
Finnish-Russian border, where komatiitic basalts (MgO
12-18 wt.%) and related high-Mg basalts (MgO 8-12 wt.%)
of the Mantyvaara Formation were deposited on a weathering
crust developed on Sumian (Salla Group) volcanic rocks
(Manninen 1991). The volcanic rocks occur as amygdaloidal
lavas and variolitic pillow lavas, and as pyroclastic deposits
such as tuffs, lapilli tuffs and tuff breccias. Chemically, they
are similar to the magnesian volcanic rocks of the Sariolian
Polisarka Formation in the Imandra/Varzuga Belt in having
high LREE/HREE (Fig. 3.45b) and LREE/HFSE ratios.
Hanski and Huhma (2005) published Nd isotope data for a
suite of magnesian basalts giving an average exg(2350 Ma) of
—3.0, which is indicative of a significant contribution from
Archaean LREE-enriched lithosphere.

Sariolian mafic volcanic rocks start the magmatic evolu-
tion of the Perapohja and Kuusamo Belts and the northern
part of the Kainuu Belt (Puolanka), lying either directly on
the Archaean basement or separated from it by a thin basal

Fedotov (pers. comm., 2010) and FAR-DEEP Project. (b) Primitive
mantle-normalised trace element diagram for komatiitic basalts (MgO
10.2-12.2 wt.%) from the Polisarka Volcanic Formation (E. Hanski and
V. Smol’kin, unpubl. data)

conglomerate (Silvennoinen 1972; Perttunen 1985, 1989;
Laajoki 1991). In the Perapohja area, partly eroded,
c. 2.44 Ga layered intrusions also served locally as the
depositional substrate (see Fig. 3.24m). The exact age of
these Sariolian volcanic units is still unknown. It is only
definite that they are younger than 2.44 Ga but older than
2.22 Ga, the latter figure being the age of cutting mafic sills.
Huhma et al. (1990) obtained an imprecise Sm-Nd isochron
age of 2330 + 180 Ma with an initial gygq of —0.6 + 1.1 for
the Runkaus Formation in the Perapohja Belt. Additional
constraints for the minimum age come from the U-Pb date of
c. 2250 Ma measured for secondary titanite from the same
formation (Huhma et al. 1990).

The 300- to 500-m-thick Matinvaara Formation in the
Kainuu Belt is composed of amygdaloidal basaltic and
andesitic lavas that range in thickness from 5 to 30 m
(Fig. 3.38b) (Strand 1985). They are overlain by
volcaniclastic conglomerates of the Ahven-Kivilampi For-
mation (see Fig. 3.40h). The Greenstone Formation I of
Silvennoinen (1972) in the Kuusamo Belt, which has
recently been renamed the Kuntijarvi Formation (Geologi-
cal Survey of Finland, 2011, Bedrock of Finland — DigiKP,
Digital map database, version 1.0; http://www.geo.fi/en/
bedrock.html), has a thickness of several hundred metres
and is composed of amygdaloidal and massive lavas, and
volcanic breccias with granitoid fragments from the base-
ment and tuffite schists. The Runkaus Formation in the
Perapohja Belt is 40-100 m thick and constitutes 2—5 sub-
aerial, amygdaloidal lava flows and local agglomeratic


http://www.geo.fi/en/bedrock.html
http://www.geo.fi/en/bedrock.html

6 3.4 Evolution of the Palaeoproterozoic (2.50-1.95 Ga) Non-orogenic Magmatism in the Eastern Part of the Fennoscandian Shield 195
LU I rrrrrrrora UL l L I | B L | | I I I I I i 1 1 1
¢ ¢ ¢
X 8 = Tuff o°

- %
. o Upper § o |5 Lapilli tuff %,
Zo Mafic 2 ¢ | [+ <] Agglomerate o(?
e ¢ |[==JAmygdaloidal lava] ¢
" a® g
u] =] u]
0] 5] a
n " g n®
g Middle g
- Mafic “ f
5] 5] o
n] 5] 5]
5] o O
] a (1]
1] 1]
: - v g "I-
Upper Yy v
Ultramafic ¥ |/ L Vo
t Lower *
e B Mafic " a
.l “ ]
nF > s
Lower > ) : pb
Ultramafic > P 'Y o5 L
> g B 2 > P
> > > ’t b-ft
Basement
111 1 0 11 I | T S O O | T I 11 1 | I | L [ L | | 0 1 | I | | | |
0 10 20 1000 2000 3000 0.5 1.0

MgO (wt%)

Cr (ppm) TiO2 (wt%)

Fig. 3.44 Dirillcore section of a Sariolian volcanic sequence (Kuusamo Group) erupted on Archaean basement at Moykkelma, Central Finnish

Lapland (Data from Rasénen et al. 1989)

deposits. The geochemistry of these three volcanic
formations is discussed together with that of the lavas of
the Saari-Kiekki Belt (see below).

The Kaita-Kiekki Formation in the small Saari-Kiekki
Belt crossing the Finnish-Russian border in eastern Finland
is the southernmost major Sariolian volcanic unit in Finland
(Luukkonen 1989). It contains up to 1,000-m-thick volcanic
succession overlying a 500-m-thick sequence of basal
conglomerates on rifted Archaean basement. The volcanic
pile is composed of magnesian basalts, basaltic andesites
and andesites that occur as tuffs, agglomerates and tuffites,
and lavas displaying massive, amygdaloidal, variolitic and
breccia structures and columnar jointing, indicative of sub-
aerial eruptions.

In Fig. 3.46a, the four Sariolian volcanic units from the
four mentioned supracrustal belts are compared in a TiO, vs.

MgO diagram. The most primitive volcanic rocks are found
in the Saari-Kiekki Belt where the MgO content of the lavas
reaches 11.8 wt.%, and all volcanic rocks are low in TiO,
(0.4-0.7 wt.%). Analogously with the Sariolian basalts at
Moykkelma discussed above, the Saari-Kiekki basalts and
basaltic andesites are rich in Cr (500-1,140 ppm), whereas
andesites have a very low Cr level (30-80 ppm). Thus a
distinct gap exists in Cr concentrations between the rocks
having an MgO content of higher or lower than c. 5.0 wt.%
(Fig. 3.46b), suggesting an occurrence of two major pulses
of magmas with a different evolutionary history.

The Runkaus Formation volcanic rocks form two distinct
groups in terms of the TiO, level; drilling has shown that the
upper part of the formation is more enriched in TiO, and
other incompatible elements compared to the lower part
(Perttunen and Hanski 2003). In general, the Runkaus
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Fig. 3.45 (a) Primitive mantle-normalised trace element plots for
the three mafic and two ultramafic members in the section through
Sariolian volcanic rocks at Moykkelma, Central Finnish Lapland.
Also shown is an analysis of a granitoid basement sample (Data
from Rasanen et al. 1989). Normalising values after Sun and

Formation is more titaniferous than the other formations
(Fig. 3.46a), with the exception of three andesitic samples
from the Matinvaara Formation. The other Matinvaara
samples, which come from a lower level and are more
representative of the bulk composition of the formation,
are low in TiO, and, in this respect, are “normal” Sariolian
volcanic rocks. In common with the rocks from Saari-
Kiekki, the Kuntijarvi Formation from Kuusamo forms a
low-Ti differentiation series, reaching a dacitic composition.
Incompatible trace element data are available from the
Runkaus and Kuntijarvi formations. As an indication of a
strong crustal signature are the sloping REE patterns of both
formations (Fig. 3.47b) and their location in the field of calc-
alkaline volcanic arc basalts in the Th-Zr/3-Ta diagram of
Wood (1980) (Fig. 3.47a).

One of the mafic dyke generations that Vuollo and
Huhma (2005) have recognised in the Archaean basement
has an age of c. 2.32 Ga, fitting within the timeframe of the
Sariolian system. A few EW-trending dykes have been
dated from the lisalmi and Taivalkoski blocks of the base-
ment, but the real abundance of these dykes is difficult to
assess because they are chemically indinguishable from
younger Fe-tholeiitic dykes. Few available chemical
analyses suggest that they differ from most Sariolian
mafic rocks in being relatively high in TiO, (c. 2.0 wt.%)
and, in this respect, match with the anomalous samples
from the Matinvaara Formation (see Fig. 3.46a). It is also
noteworthy that the 2319 + 27 Ma isochron produced for a
dyke in the Taivalkoski block gave a positive initial eng of
+1.8 (Vuollo and Huhma 2005), which is higher than what

LaCe PrNd SmEuGdTbDyHo ErTmYb Lu

McDonough (1989). (b) Chondrite-normalised REE patterns of
komatiitic basalts and basalts (MgO 4.9-12.9 wt.%) from the
Sariolian Mantyvaara Formation, Salla Belt. Unpublished data of
the Lapland Volcanite Project, the Geological Survey of Finland

has been reported for Sariolian volcanic rocks in general
(see above).

3.4.4 Jatulian Magmatism

Jatulian extrusive and intrusive rocks are the most widely
distributed of the Karelian igneous rock suites, and Jatulian-
age mafic dykes form several generations of swarms in the
Archaean basement. These igneous rocks are overwhelm-
ingly mafic in composition with ultramafic and felsic
varieties being almost absent (Fig. 3.31e). Most of the
evolved compositions in Fig. 3.31e are from a single volca-
nic formation (Kuetsjarvi) from the Pechenga Belt.
Although Jatulian effusive sequences have often been
regarded as Precambrian equivalents of Phanerozoic conti-
nental flood basalts (CFB) (e.g. Svetov 1979; Malashin et al.
2003), their mode of occurrence does not only imply monot-
onous subaerial fissure eruptions, but a considerable portion
of magma was erupted subaqueously (see Fig. 4.451), though
never in deep water.

In Russian Karelia, the Jatulian volcano-sedimentary
successions have traditionally been divided into three main
units, Lower, Middle and Upper Jatulian, with volcanic
rocks tending to be concentrated in the upper part of these
units or forming the ending phase of a unit (e.g. Sokolov
et al. 1970; Merilainen 1980). The stratigraphy is somewhat
different in different areas, and five type sections have been
defined, for which more detailed information can be found in
Sokolov (1980), for example. Palacovolcanological studies
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Fig. 3.46 TiO, vs. MgO (a) and Cr vs. MgO (b) diagrams for
Sariolian mafic volcanic rocks from the Runkaus, Matinvaara,
Kuntijarvi and Kaita-Kiekki formations, representing the lowermost
volcanic rocks in four supracrustal belts (Perapohja, Kainuu, Kuusamo
and Saari-Kiekki, respectively) (Data from Strand (1985), Luukkonen

carried out by A.P. Svetov and his coworkers have resulted
in maps, which show the geographical distribution of the
Lower, Middle and Upper Jatulian volcanic rocks and their
eruptive centres (Svetov 1979, 1980; Golubev and Svetov
1983). Such maps are reproduced in a simplified form in
Fig. 3.48a, b together with average present-day oxidation
states of iron in mafic lavas from different areas. So far,
reliable geochronological data of each of the three Jatulian
volcanic stages in Russian Karelia are lacking. Philippov
et al. (2007) reported mutually consistent U-Pb zircon ages
of 1983.4 £+ 6.5 Ma and 1984 £+ 8 Ma for two iron ore-
bearing gabbroic sills (Koikary-Svyatnavolok and
Pudozhgora) from the Onega Basin, which have been
thought to be comagmatic with Upper Jatulian volcanic
rocks (e.g. Svetov 1979; Golubev and Svetov 1983). These
ages are younger than expected in the light of the U-Pb
zircon ages of c. 2060 Ma and c. 2106 Ma measured for
Upper Jatulian volcanic rocks in the Pechenga and Perapohja
belts, respectively (Melezhik et al. 2007; Karhu et al. 2007),
but are similar to the age of the Ludicovian magmatism in
the Pechenga Belt and Onega Basin (Hanski et al. 1990;
Puchtel et al. 1998, 1999).

Lower Jatulian volcanic rocks were deposited on a regres-
sive succession of terrigenous sedimentary rocks or more
rarely directly on Archaean basement and were erupted most
widely in the Kuolajarvi area and an area north of Lake
Onega (Fig. 3.48a). The volcanism produced a small number
(1-4) of massive and amygdaloidal lava flows having a total
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(1989), Perttunen (1989), Perttunen and Hanski (2003), and the
Lapland Volcanite Project (the Geological Survey of Finland). Also
shown in (a) are analyses of c. 2.32 Ga mafic dykes from the Archaean
basement (J. Vuollo, pers. comm. 2011))

thickness between 20 and 90 m (Svetov 1979, 1980). Svetov
(1980) pointed out that, particularly in the southern part of
their area of occurrence, the Lower Jatulian mafic lavas are
characterised by a high degree of haematisation and thus
have high Fe**/>Fe.

Of all Palaecoproterozoic igneous activity, the Middle
Jatulian volcanism was most widely distributed in Russian
Karelia (see Fig. 3.48b). The total thickness of the lava
successions varies between 250 and 400 m, and the num-
ber of individual lava flows often exceeds 15. The lavas
display massive, amygdaloidal, breccia and pillow
structures (Fig. 4.45g—j) and contain minor tuffogenic
interlayers (Sokolov 1978; Svetov 1979). The largest
number of oxidised lavas occurs in the southern part of
the area where subaerial eruptions are most common
whereas in the northern part, submarine volcanism
prevailed. Subvolcanic gabbroic bodies are also found in
underlying sedimentary rocks. Three to five short breaks
in volcanism gave space to fumarolic and solfataric activ-
ity resulting in ferriferous and ferriferous-siliceous
deposits and minor copper mineralisations (Svetov 1980;
Svetov and Sviridenko 2005).

The Upper Jatulian magmatism was most limited in
extent (Fig. 3.48b). Upper Jatulian dolomites are overlain
in some areas by mafic effusives reaching 300 m in thick-
ness. They occur in various forms including massive or
pillowed lavas, pahoehoe basalts (Fig. 3.73a), hyaloclastites,
agglomerates and tuffs (Svetov 1980). Gabbro-dolerites
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Fig. 3.47 Discrimination diagram of Wood (1980) (a) and chondrite-
normalised REE diagram (b) for the following Sariolian mafic volcanic
formations: Runkaus Formation (Perdpohja), Kuntijarvi Formation
(Kuusamo), Moykkelma Formation (central Finnish Lapland) and
Ahmalahti Formation (Pechenga). Figure (a) was constructed partly
based on INAA Th and Ta data, XRF Zr data and calculated Hf

regarded as Upper Jatulian in age, with some of them
hosting titanomagnetite ore deposits (Pudozhgorsk,
Koikary-Svyatnavolok; Svetov and Bogachev 1976), cut
Middle and Upper Jatulian sedimentary rocks.

In Russian Karelia, erupted magma was restricted in its
chemical composition to tholeiitic basalt and basaltic andes-
ite with MgO being higher than 4 wt.% (Fig. 3.50). Highly
magnesian volcanic rocks, which are typical of the Sumian,
Sariolian and Ludicovian systems, are more limited in abun-
dance and less primitive in the Jatulian successions. Popov
et al. (1983) and Makarikhin and Satsuk (1987) presented a
set of analyses of Middle to Upper Jatulian basalts having
MgO contents of 10-16 wt.%. However, due to the lack of
compatible element data (Cr, Ni) for these rocks, the obvious
presence of alteration effects, and the general paucity of
olivine-rich rocks among Jatulian lavas, it is uncertain
whether the erupted magma ever had MgO higher than
10 wt.%. Popov et al. (1983) divided the high-Mg basalts
into different classes based on the total alkali content, but as
there is no correlation between Na,O + K,O and other
incompatible components, such as TiO,, and Na,O + K,O
correlates negatively with CaO, alkalies and CaO seem to
have been mobile and their variation do not represent the
original magmatic characteristics. Svetov (1968) reported
analyses of chloritic tuffs from Lake Segozero with MgO
between 14 and 17 wt.% (15-20 wt.% as volatile-free), but
these were also likely affected by secondary processes. In
general, Jatulian volcanic rocks in Russian Karelia have
undergone various kinds of alteration processes including

abundances assuming primitive mantle-like Zr/Hf. Data sources:
Perttunen (1989), Rasanen et al. (1989), unpublished data of the
Lapland Volcanite Project (the Geological Survey of Finland), and
FAR-DEEP Project. Also shown in (a) is a grey field of recent
MORBs based on the analytical compilation of Arevalo and
McDonough (2010)

haematisation, albitisation, biotitisation, epidotisation and
propylitisation (Svetov 1980; Malashin et al. 2003).

Middle Jatulian volcanic rocks are basalts while Lower
Jatulian rocks are mostly lower in MgO and higher in SiO,,
being classified as basaltic andesites (Fig. 3.50a). Figure 3.49
shows a Jensen cation plot for average compositions of
Lower, Middle and Upper Jatulian volcanic rocks from
various areas. The Middle Jatulian basalts fall mostly in
the high-Mg tholeiitic field, while the Lower and Upper
Jatulian volcanics plot both in the high-Mg and high-Fe
tholeiitic fields, though generally in the latter. High FeOr
is accompanied by high TiO, and V (Fig. 3.50b—d). In terms
of TiO,, volcanic rocks of the Hirvas section can be regarded
as representing a typical Jatulian magmatic evolution,
starting with Lower Jatulian high-Ti, evolved basalts, chang-
ing to more primitive low-Ti basalts of Middle Jatulia
and terminating with high-Ti, high-Fe (low-Si) basalts
(Fig. 3.50c). However, this kind of evolution is not always
the rule as shown by the Kukaozero section, which starts
with low-Ti basalt instead of high-Ti basalts (Fig. 3.50c).
The most primitive lavas are Middle Jatulian in both men-
tioned sections.

Malashin et al. (2003) and Ivanikov et al. (2008)
published trace element data for Jatulian mafic volcanic
rocks from all three stratigraphic levels. Their analytical
data are shown in Fig. 3.51a. All samples display a negative
Ta-Nb anomaly and, with the exception of two Upper
Jatulian samples, all show sloping primitive mantle-
normalised REE patterns with the most magnesian Middle
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Fig. 3.48 Palaeovolcanological construction of the occurrence of
Lower Jatulian (a), Middle and Upper Jatulian (b), and Ludicovian
(Zaonegian and Suisarian) (c) volcanic rocks in Russian Karelia. Also

Jatulian basalts having the lowest level of LREE. The Upper
and Lower Jatulian rocks have similar LREE contents, but
HREE are much lower in Lower Jatulian volcanics, resulting
in clear differences in La/Yb. When La/Yb and TiO, are
combined in the same diagram (Fig. 3.51b), rocks from the
three stratigraphic levels plot in separate fields. The two
exceptional Upper Jatulian samples (from Pyalozero) have
gently rising REE patterns (Fig. 3.51a), and according to
Ivanikov et al. (2008), resemble in this respect some basalts
from the overlying Ludicovian Zaonega Formation.

In the Pechenga and Imandra/Varzuga Belts, Kola Penin-
sula, Jatulian volcanic rocks are represented by the
Kuetsjarvi and Umba Volcanic formations, respectively.
Compared to Jatulian volcanic successions in Russian
Karelia and Finland, they are more variable, including a
wide spectrum of rock types from picrites to rhyolites/
trachytes, while in Russian Karelia, the Jatulian volcanic
rocks are mainly mafic to intermediate, and a consirable
portion of the volcanites show an alkaline affinity in contrast
to the tholeiitic affinity of the Jatulian volcanics in Russian
Karelia and Finland. In addition, the volume ratio of the
volcanic and sedimentary rocks is larger in the Jatulian
supracrustal successions of the Kola Peninsula.

shown are average analyses of the oxidation state of iron expressed as
percentage of Fe,O3 of Fe,O3 + FeO (wt.%) (Data from Golubev and
Svetov (1983))

Despite mineralogical changes, the Jatulian Kuetsjarvi Vol-
canic Formation in the Pechenga Belt is one of the best-
preserved Precambrian volcanic units in the Fennoscandian
Shield. Melezhik et al. (2007) determined a U-Pb zircon age of
2058 4 6 Ma for this as much as 2-km-thick unit. The lower-
most and uppermost parts of the formation were sampled by
FAR-DEEP Holes 5A and 7A, respectively, while Hole 6A
represents a section from the middle part of the formation. The
Kola Superdeep Drillhole penetrates the entire formation at
depth interval of 4,884-5,642 m (Kozlovsky 1987). The for-
mation is described in Chap. 4.2 on the geology of the
Pechenga Belt and in the chapters dealing with the above-
mentioned FAR-DEEP drillholes (Chaps. 6.2.3, 6.2.4, and
6.2.5). Relevant references of previous studies include
Predovsky et al. (1974 and 1987), Skuf’in et al. (1986) and
Skuf’in and Yakovlev (2007).

Primary magmatic structures and microscopic textures of
the volcanic rocks, including a diversity of amygdale fillings
precipitated from hot fluids after eruption, are documented
by photographs in several chapters of this and accompanying
volumes (Figs. 3.18e-g, 3.52a—c, 4.24a-al, 6.51a, 6.54, 6.55,
6.60a—at, and 6.65j—q) and also in Skuf’in (1980b). These
indicate a subaerial environment of eruption excluding a
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Fig. 3.49 Jensen cation plot (Jensen 1976) for average compositions of Lower, Middle and Upper Jatulian mafic volcanic rocks from different
areas of Russian Karelia (Data from Golubev and Svetov (1983) and Malashin et al. (2003))

short period in the middle of the formation when pillow
lavas (Fig. 4.24r) were emplaced, probably into an ephem-
eral lake. The volcanic succession is divided into two parts
separated by a volcaniclastic conglomerate member, and the
rock types range from picritic basalts to trachytes and
rhyolites (for more details, see Chap. 4.2). Figure 3.53a, b
summarise the geochemical features of the formation.

The naming of the felsic rocks, in particular, is not
straightforward as different classification diagrams give a
different nomenclature. For example, Fig. 3.53d, which
involves SiO,, indicates that the most evolved lavas are
dacites or rhyodacites, whereas incompatible element ratios
shown in Fig. 3.53c classify them mostly as trachyandesites.
Moreover, relative low Zr/Ti suggests that almost all rock
samples are subalkaline, but if Nb/Y is taken into account,
many mafic samples plot in the alkali basalt field and some
even in the basanite field. Among the basalts with an obvious
alkaline affinity are the lowermost lavas which were recov-
ered by FAR-DEEP Hole 5A (see Chap. 6.2.2) and outcrop
in the Luostari area (Fig. 3.53c). All analysed samples have
high LREE/HREE (Fig. 3.53a). The high Zr up to c. 700 ppm
in felsic lavas is consistent with a peralkaline character of
the magma (see Fig. 3.42b).

Using the isotopic measurements of Skuf’in and Theart
(2005) and an age of 2060 Ma, initial enq values varying from
—2.8 to —4.2 can be calculated for Kuetsjarvi Formation
lavas. These results together with unpublished data by H.
Huhma and E. Hanski (initial eyq from +0.4 to —4.9) demon-
strate a significant isotopic heterogeneity and suggest major
but variable interaction of the magmas with lithospheric
material and ensuing notable changes in the composition of
the original magmas. These processes together with late- and

post-magmatic hydrothermal alteration affecting contents of
mobile elements and difficulties in avoiding amygdales in
sampling are likely causes for the hybrid nature of the chem-
istry of the volcanic rocks.

The volcanic unit in the Imandra/Varzuga Belt that is
correlative with the Kuetsjarvi Volcanic Formation is the
1- to 2-km-thick Umba Volcanic Formation. The internal
stratigraphy and volcanological features are described in
Chap. 4.1. All structures indicate eruptions under subaerial
conditions. Most volcanic rocks are amygdaloidal lava flows
but pyroclastic deposits including tuffs (Fig. 4.11r) and
agglomerates are found as well (Borisov 1990). The rock
types vary from picrites via trachybasalts and trachyandesites
to even felsic ignimbrites with the most primitive variants
occurring in the lower part and most differentiated rocks
(Fig. 4.11s) in the upper part of the volcanic succession. The
Kuetsjarvi and Umba volcanic rocks resemble chemically
each other very well (Fig. 3.53). As in the case of the
Kuetsjarvi Formation lavas, the SiO; vs. Zr/TiO, plot indicate
a subalkaline affinity for the Umba rocks (Fig. 3.53d), but the
diagram involving Nb/Y clearly argues for an alkaline charac-
ter for many of the basaltic samples (Fig. 3.53c). The lack of
intermediate members in Fig. 3.53c, d is not due to the paucity
of this kind of rocks but rather the lack of trace element data.
Picritic basalts and picrites have MgO contents between 10
and 20 wt.% and have a somewhat variable TiO, contents
(0.8-1.5 wt.%) resulting in a large scatter in the [Al,O3] vs.
[TiO,] diagram and consequently the rocks are placed partly in
the Ti-enriched komatiite but mostly in the picrite field
(Fig. 3.34). The chondrite-normalised REE profile of a picritic
sample from FAR-DEEP Hole 4A that is shown in Fig. 3.69b
is similar to that of ferropicrites but the element concentrations
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Fig.3.50 Average compositions of Lower, Middle and Upper Jatulian
volcanic rocks from various areas in Russian Karelia. In (¢) composi-
tional evolution in terms of TiO, and MgO from Lower through Middle

are clearly lower. Part of the Umba picrites and picritic basalts
are high in P,05 (0.4-0.9 wt.%) and therefore have high P,Os/
TiO, ratios and differ in this respect from the Kuetsjarvi
Formation rocks (Fig. 3.53b). Among basaltic and intermedi-
ate rocks there also exist P-rich varieties (P,Osupto 1.1 wt.%).
This feature has been observed at Pechenga, too, where high-
P, though slightly more evolved, volcanic rocks occur in the
upper part of the Kuetsjarvi Volcanic Formation (Flow B,
Hole 7A, see Chap. 6.2.4). Published analytical data on the
most evolved volcanic rocks (trachydacites) in the Umba
Formation are still scarse (Predovsky et al. 1987).

Jatulian volcanic rocks in Finland occur throughout the
Karelian formations from the SE border to Lapland. Among
them, the Jouttiaapa Formation, which has been imprecisely
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to Upper Jatulian lavas from the Hirvas and Kukasozero areas are
indicated with dashed lines (Data from Golubev and Svetov (1983)
and Malashin et al. (2003))

dated by the Sm-Nd method at 2090 £ 70 Ma by Huhma et al.
(1990), represents a thick continental flood basalt-type volca-
nic sequence in the Perapohja Belt, reaching 500 m in thick-
ness. The volcanic rocks are mostly amygdaloidal lavas
(Figs. 3.54a and 3.47a) with very few thin quartzite, silt or
mafic tuff interlayers. Figure 3.55 illustrates a stratigraphic
cross-section through the effusive sequence constructed on the
basis of two drill holes (R5, R7), one cutting the upper and the
other the lower contact of the formation. The obtained section
contains at least 26 individual lava flows from less than
1-50 m thick and negligible sedimentary or tuffic interlayers.

Geochemically, the Jouttiaapa Formation is mainly com-
posed of tholeiitic basalts with minor basaltic andesites.
Figure 3.55 shows that there is considerable internal
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Fig. 3.51 (a) Primitive mantle-normalised REE diagram, extended
with Th, U, Nb and Ta, and (b) chondrite-normalised La/Yb vs. TiO,
diagram for Lower, Middle and Upper Jatulian volcanic rocks from

heterogeneity in the volcanic section with MgO varying
between 5 and 10 wt.% and TiO, between 0.45 and
1.65 wt.%. The sedimentary interlayers seem to mark breaks
in the volcanism and more or less significant changes in the
chemistry of the erupted lavas. In Fig. 3.54, five chemically
different magmatic pulses are distinguished, but the actual
number is likely larger as the presented section is probably
not quite complete. The variability is also seen in trace
elements. Figure 3.55 depicts the most remarkable feature
of the Jouttiaapa Formation, an ultradepletion of LREE in
chondrite-normalised REE plots. The most depleted lavas
are found in the middle, low-Ti part of the volcanic section.
As is seen in Fig. 3.56, the least-depleted Jouttiaapa lavas
have REE levels similar to those of MORB, while the rest
are even more depleted. Low LREE/MREE ratios are con-
sistent with the initial eyq value of +4.2 £+ 0.5 calculated
from the isochron of Huhma et al. (1990). Figure 3.57b
displays Jouttiaapa Formation basalts plotted on the TiO,/
Yb vs. Nb/Yb diagram of Pearse (2008) where they fall
within the MORB array. The analytical results of the same
samples could not be used on the accompanying Th/YDb vs.
Nb/Yb diagram (Fig. 3.57a) because Th was under the
detection limit (evidently due to the depleted character of
the basalts).

The Jouttiaapa Formation lavas were generated from a
mantle source having a long-lived depletion in incompatible
elements. Exhibiting trace element and isotopic characteristics
similar to those of convecting asthenospheric mantle, they
passed virtually uncontaminated through the continental
crust. Since the beginning of the Palacoproterozoic era, the
Jouttiaapa Formation was the first magmatic unit on the shield
whose magma experienced little to no interaction with

southern and central Russian Karelia (Data from Malashin et al. (2003)
and Ivanikov et al. (2008). Normalising values after Sun and
McDonough (1989))

lithosphere during its ascent to the surface. In the
Fennoscandian Shield and worldwide, the formation is excep-
tional in its combination of MORB-like geochemistry and
CFB-type tectonic environment and physical volcanology.
The apparent uniqueness is highlighted by the following cita-
tion from Thompson et al. (1983): “We know of no cases of
magmas erupted in a continental setting with the precise
elemental and isotopic composition of MORB.” However,
referring to Baffin Island basalts in Greenland, for example,
they continue: “Nevertheless, there are several suites of CFB
which closely resemble MORB . .. at first sight.” Is the situa-
tion the same with the Jouttiaapa basalts? To answer this
question, it is necessary to scrutinise more closely how well
the chemistry of the Jouttiaapa Formation matches with that of
recent MORBs. This is done in Fig. 3.58e using FeOr and
TiO, abundances. It is evident that the Jouttiaapa basalts differ
from reference MORBS, as represented by the large analytical
data base of Arevalo and McDonough (2010), in having
distinctly higher FeOr at given TiO,. The same phenomenon
was observed earlier by Hanski (1992) for the Ludicovian
“MORB-like” basalts of the Kolosjoki and Pilgujarvi volcanic
formations in the Pechenga Belt. Figure 3.59a, b demonstrate
that the reason for the observed difference in Fig. 3.58e is not
only in the relatively low TiO, or high FeOr abundances of the
Jouttiaapa basalts but in both of these factors. Although
deviating from MORB in terms of TiO,-FeOr relations, the
Jouttiaapa basalts were generated from mantle having a long-
term REE characteristics similar to those of contemporaneous
depleted MORB mantle, as the initial positive exg(2100 Ma)
values follow the evolution line of the model depleted mantle
of DePaolo (1981) (Huhma et al. 1990). It seems that the
residual mantle from which the Jouttiaapa basaltic magma
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Fig. 3.52 Chemical properties of the Jatulian Kuetsjarvi and Umba Volcanic formations from the Pechenga and Imandra/Varzuga
Belts, respectively (Literature sources available from the author upon request)

was generated was itself formed by partial melting of perido-
titic material that was more iron-rich than model primitive
upper mantle.

Due to its distinctive geochemical characteristics, the
Jouttiaapa Formation could be easily followed to the
neighbouring supracrustal belts or correlated with other vol-
canic formations elsewhere in the Jatulian successions or
even in other shields. However, it seems that the effusion
of this kind of magma was restricted to the Perapohja Belt
and chemically similar rocks are also absent among the dyke
rocks in the basement (Vuollo and Huhma 2005). On the
Swedish side of the border, the small Kalix Belt (Fig. 3.30)
contains basaltic lavas in association with thick deposits of
dolomites in a similar fashion as in the Perapohja Belt. The
chemical compositions of the Kalix lavas documented by
Lager and Loberg (1990) are higher in TiO, than the
Jouttiaapa Formation basalts (see Fig. 3.59b). On the other

hand, Martinsson and Billstrom (2006) state that most of the
Kalix basaltic lavas have a low to moderate TiO, content and
resemble MORB in their composition, thus potentially
representing analogues of the Jouttiaapa Formation basalts.
However, the actual analytical data are so far unpublished,
and the correlation hence remains tentative. In the upper part
of the Kalix volcanic pile, there also exist extremely TiO,-
rich (TiO, up to 6.0 wt.%), likely mantle plume-related
basaltic lavas and tuffs, which are overlain by transitional
basalt types intervening with stromatolitic dolomites.

The Jouttiaapa Formation is overlain by an orthoquartzite
unit, which is in turn followed by the Tikanmaa Formation
consisting of mafic tuff and tuffites. This is a widespread
formation showing distinct laminar bedding (Figs. 3.26bz,
3.47b, and 3.54b) and, in thickest layers, also graded and
current bedding (Perttunen and Hanski 2003). Geochemi-
cally, the Tikanmaa tuffs are similar to the least-depleted
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Fig. 3.53 Rock types from the Pechenga Belt. (a) Synvolcanic flow-
banding in a felsic lava from the Jatulian Kuetsjarvi Volcanic Forma-
tion. (b) Scanned thin section of plagioclase-phyric trachyandesite
from the Kuetsjarvi Volcanic Formation. Photo width 2 cm. (¢) Contact
of two alkali basaltic lava flows, Kuetsjarvi Volcanic Formation.

(d) Amygdaloidal pillow lava from the Ludicovian Kolosjoki Volcanic
Formation. (e) Large quartz-filled amygdale in a massive basaltic lava
flow the Ludicovian Pilgujarvi Volcanic Formation. (f) Pillow lava of
tholeiitic basalt, Pilgujarvi Volcanic Formation (Photographs taken by
Eero Hanski)
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Fig. 3.54 (a) Thin basaltic lava flows with subvertical pipe amygdales
in the basal part of lavaflows from the Jatulian Jouttiaapa Formation,
Perapohja Belt. Coin diameter 1.8 cm. Photograph courtesy of Vesa

Jouttiaapa Formation basalts (Fig. 3.60a). Higher up in the
stratigraphy, two other Jatulian formations have been
defined, which are composed of mafic tuffs and tuffites
(Perttunen and Hanski 2003). The 100- to 400-m-thick
Hirsimaa Formation is located beneath the dolomitic
Rantamaa Formation exhibiting a positive Lomagundi-Jatuli
carbon isotope anomaly (Karhu 1993). Dating of zircon
(2106 = 8 Ma) from this tuff unit has produced valuable
information on the timing of the above-mentioned isotope
anomaly (Karhu et al. 2007). The other tuff formation, the
Lamulehto Formation, in turn occurs on top of the Rantamaa
Formation dolomites as a 100-m-thick unit. Geochemically,
the two tuff units differ from the older (but roughly coeval)
Tikanmaa Formation tuffs in being trachyandesitic and hav-
ing sloping chondrite-normatised REE profiles Fig. 3.60a.
Another volcanic rock unit in the Perapohja Belt deserves to
be mentioned in this context. Despite the fact that Jatulian
basaltic lava eruptions took place subaerially, producing the
Jouttiaapa Formation flood basalts, mafic pillow lavas are
found (see Fig. 3.47d) in the belt, which Perttunen and
Hanski (2003) assigned to the Santalampi Formation. How-
ever, they are not exposed but have been observed as numer-
ous boulders in close association with carbonate-matrix
quartz conglomerates and therefore their place in the stratig-
raphy is uncertain.

In the Kuusamo Belt, Jatulian volcanic rocks occur at two
stratigraphic levels and are known in the geological

Perttunen. (b) Parallel-laminated mafic tuff in the Jatulian Tikanmaa
Formation, Perapohja Belt. Coin diameter 2.1 cm (Photograph by Eero
Hanski)

literature as the Greenstone Formation II and the Greenstone
Formation III of Silvennoinen (1972). They have recently
been renamed the Petajavaara and Ruukinvaara formations,
respectively (Geological Survey of Finland, 2011, Bedrock
of Finland — DigiKP, Digital map database, version 1.0;
http://www.geo.fi/fen/bedrock.html). These two formations
can be distinguished easily from each other as the former
comprises pillow lavas 30-50 m in total thickness and the
latter is composed of amygdaloidal basaltic lava flows and
tuffs forming a pile up to c. 400 m thick. The lavas of the
Ruukinvaara Formation were erupted subaerially, and both
the underlying and overlying sediments were deposited in
shallow water as they exhibit desiccation crack structures
(Figs. 3.42d and 3.43d). The Ruukinvaara Formation has
been regarded as an ancient continental flood basalt succes-
sion due to its uniform thickness and wide distribution from
the southern part of the Kuusamo Belt to central Finnish
Lapland, indicating eruption on a flat, peniplaned land sur-
face (Silvennoinen 1991).

The Petajavaara Formation pillow lavas are high-Mg
basaltic andesites and andesites and the Ruukinvaara Forma-
tion rocks Fe-rich tholeiitic basalts (Fig. 3.61a). The latter
are higher in FeOr and TiO,, while the former are higher in
Si0,, in spite of being also higher in MgO (Fig. 3.62b). With
respect to alkalies, the volcanic rocks in the two formations
have undergone different alteration processes: the subaeri-
ally erupted lavas have the highest K,O contents and the
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Fig. 3.55 A composite lithological section and chemical variation
through the Jatulian Jouttiaapa Formation, constructed on the basis of
two drillcores (R5, R7). Q = quartzite, T = mafic tuff, S = siltstone

subaqueously erupted lavas the highest Na,O contents
(Fig. 3.61c). Immobile trace element analyses reveal higher
concentrations of incompatible elements, such as LREE and
HSFE, in the high-Fe tholeiites of the Ruukinvaara Forma-
tion (Fig. 3.61d). The chondrite-normalised REE patterns of
the Petajavaara Formation basaltic andesites are roughly
flat with some erratic variation due to secondary alteration
and/or imprecision of the employed INAA techniques.

A place where a connection has been established between
Jatulian diabase dykes intruding the Archaean basement and
mafic volcanic rocks within the Proterozoic cover sequence
is located at Kiihtelysvaara, Finnish North Karelia. Figure
3.62 shows a geological map of this area after Pekkarinen
and Lukkarinen (1991). A volcanic unit, the Koljola Forma-
tion, is bounded by two Jatulian quartzitic sedimentary
formations and varies from 30 to 80 m in thickness. It
contains several mafic lava flows and pyroclastic deposits.
Many diabase dykes terminate when they reach the level of

(Modified after Perttunen and Hanski (2003). I-V denote chemically
different magma pulses)

the Koljola Formation and are interpreted as feeder dykes to
the lavas (Fig. 3.62). Diabases can also act as feeders to
gabbroic sills further upwards in the stratigraphy. Zircon
from two diabase samples was dated giving coherent results
(Fig. 3.62) and jointly an age of 2113 £+ 4 Ma (Pekkarinen
and Lukkarinen 1991). Chemically, the mafic lavas are
evolved Fe-rich tholeiitic basalts and andesites with low Cr
and Ni. Alteration is usually extensive as shown by low CaO
(often 2 wt.% or less) and high total alkalies (>5 wt.%). The
Koljola Formation seems to have been formed by two types
of magmas in terms of REE contents, the uppermost part by
one which was less enriched in LREE than the magma that
produced the rest of the formation (Fig. 3.60b). Two samples
from a sill (Hyypia sill) have also low LREE and are more
akin to the samples from the upper rather than the lower part
of the Koljola Formation. One sample from this sill analysed
for Sm-Nd isotopes yielded an enq(2100 Ma) value of —1.7
(Huhma 1987), which is similar to the value reported by
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Philippov et al. (2007) for a Jatulian sill in the Onega Lake
region (see above).

Nykanen et al. (1994) have studied igneous rocks of the
Tohmajarvi mafic complex (4 km x 12 km in size), which is
situated close to the Finnish-Russian border in SE Finland
(see index map of Fig. 3.62). It is exposed in a window in the
surrounding Kalevian metaturbidites and comprises mostly
subvolcanic gabbroic sills but also pillow lavas and mafic

tuffs associated with dolomites, black shales and mica
schists. This lithological association is typical of the “marine
Jatuli”’, which is currently correlated with Ludicovian
supracrustal rocks (see Chap. 3.2). Despite this setting, the
Tohmajarvi complex is treated in this context because
Huhma (1986) obtained a Jatulian U-Pb zircon age of
2105 £15 Ma for the complex. They are thus similar in
age to the Koljola Formation discussed above but differ in
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chemistry. The rocks of the Tohmajarvi complex form a
tholeiitic differentiation series from magnesian basalts to
Fe-rich andesites and show non-fractionated or slightly
LREE-enriched chondrite-normalised REE patterns with
Cecn/Yben = 0.94-1.8 (Fig. 3.60b) and Nb/Ce similar to
or slightly higher than the ratio in primitive mantle
(Nykanen et al. 1994). These features together with an initial
€ng of +2.6 (Huhma 1986) are compatible with negligible or
no interaction with continental crust. The volcanic rocks
thus resemble MORB but, as in the case of the coeval
Jouttiaapa Formation basalts, are too rich in FeOr at a
given TiO, to be identical to recent MORBs (Fig. 3.58f).
Rare Jatulian felsic volcanic rocks are found, in addition
to the Kuetsjarvi Volcanic Formation in the Pechenga Belt
(see below), in the Koivusaari Formation of the small
Siilinjarvi Belt, near Kuopio, central Finland, with both
formations having similar ages of c. 2.06 Ga (Melezhik
et al. 2007; Lukkarinen 2008). A pyroclastic ash-flow tuff
member occurs between massive and pillowed mafic volca-
nic rocks in the bimodal Koivusaari Formation. Geochemi-
cally, the felsic rocks are high-siliceous A-type rhyolites
with high contents of incompatible trace elements such
as Zr (500-630 ppm) and La (50-100 ppm) and low
concentrations of Eu, P and Ti. They resemble the felsic
tuffs of the Pilgujarvi Volcanic Formation at Pechenga,
except having a higher level of HREE (see Fig. 3.42a).
Two samples of the Koivusaari Formation felsic tuffs

(N-MORB, T-MORB, E-MORB) from the Atlantic, Indian and Pacific
Oceans, taken from Arevalo and McDonough (2010) (Jouttiaapa For-
mation data mainly from Perttunen and Hanski (2003) and Perttunen
(1989) and Kalix analyses from Lager and Loberg (1990))

analysed for Sm-Nd isotopes yielded negative but variable
initial enq values (—0.7, —4.5) (Lukkarinen 2008).

The mafic volcanic rocks of the Koivusaari Formation
reach several hundred metres in thickness and comprise
pillowed and massive lavas with minor pyroclastic interbeds
(Lukkarinen 2008). Other very similar and likely correlative
Jatulian volcanic rocks, assigned to the Vaivainen Forma-
tion, occur in the Kuopio area c. 20 km south of the
Siilinjarvi Belt. They comprise a sequence up to 600 in
thickness and consist of massive, porphyritic and pillowed
lavas that form a tholeiitic differentiation series with MgO
varying from 8.0 to 4.3 wt.% and TiO, from 1.0 to 2.0 wt.%
(Fig. 3.63a). The Vaivainen Formation and the bulk of the
Koivusaari Formation were generated from a similar paren-
tal magma, but the mafic rock compositions of the latter
formation show a shift to less magnesian compositions and
reach a higher degree of differentiation. The MgO content
ranges from 6.9 to 3.0 wt.%, having a gap in the middle part
of the range, and TiO, rises up to 3.3 wt.% (Fig. 3.63a). This
bimodality is seen also in the abundances of incompatible
trace elements such as REE (see below). The most evolved
and incompatible element-rich lavas occur in the lower part
of the formation (Parkkila Member). Furthermore, there is
other heterogeneity in the Koivusaari Formation caused by a
few pillow lava samples that have high P,Os up to 1.6 wt.%.
In fact, based on TiO,/P,0s, three different magma types
can be distinguished with most samples plotting around a

Fig. 3.58 (continued) Perttunen and Hanski (2003) and Perttunen
(1989); Kiiminki Belt, Kdhkonen et al. (1986) and Honkamo (1989),
Jormua, Kontinen (1987) and Peltonen et al. (1996); Tohmajarvi,
Nykénen (1992); Koivusaari and Vaivainen formations, Lukkarinen

(2008); Sortavala, Svetov and Sviridenko (1992); Kolosjoki and
Pilgujarvi formations, FAR-DEEP and various literature sources;
Kittila Group, the Lapland Volcanite Project (Geological Survey of
Finland, see Lehtonen et al. 1998)
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Fig. 3.60 (a) Rare earth element characteristics of three volcanic units
containing mafic tuffs compared to those of the Jouttiaapa Formation,
Perapohja Belt, all assigned to the Jatuli (modified after Perttunen
and Hanski 2003). (b) Chondrite-normalised REE characteristics of
the Jatulian Koljola Formation and associated mafic sill from the

line with TiO,/P,05 of 8 (Fig. 3.63a). These three groups can
be also recognised in the chondrite-normalised REE diagram
of Fig. 3.63b. The two types having the highest P,O5/TiO,
ratios also show the highest La/YDb ratios, implying an alka-
line affinity. Neodymium isotope data are available only for
mafic rocks from the Koivusaari Formation (Lukkarinen
2008). The lower part of the formation containing LREE-
enriched lavas has negative low &yng suggesting that the
differentiation processes leading to their evolution were
accompanied by crustal contamination. The other samples
analysed from the formation, including least fractionated
lavas with the flattest REE patterns (see Fig. 3.63b),
one alkaline basalt and three mafic dyke samples, gave
positive values, which when regressed together, yielded an
ena(2060 Ma) value of +2.0 £ 0.5 (Lukkarinen 2008)
indicating less or no contamination. Despite possessing
radiogenic Nd, the lavas of the Koivusaari Formation plot
above the MORB field in Fig. 3.58f.

At c. 2220 Ma, the Jatulian magmatism produced a set of
ultramafic-mafic intrusions that have been assigned to the
gabbro-wehrlite association or called karjalitic intrusions
(Vuollo and Piirainen 1992; Vuollo and Huhma 2005; Hanski
et al. 2010). In Finland, they are encountered in all belts
containing Jatulian sedimentary rocks, occurring as
differentiated sills that were injected into Jatulian quartzites
or the underlying Archaean basement. When found in the
granitoid basement, they always occur close to the contact
between the basement rocks and the overlying Palaeopro-
terozoic cover as described, e.g., from the Koli area (Vuollo
and Piirainen 1992). Strangely enough, the igneous bodies of

LaCePrNd SmEuGdTb DyHo ErTmYb Lu

Kiihtelysvaara area and the Tohmajarvi mafic complex. The single
sample from the Koljola Formation with a flat REE distribution is
from the uppermost part of the formation, while the others are from
lower parts (Data from Pekkarinen and Lukkarinen (1991) and
Nykanen et al. (1994))

this magmatic event also occur within the Archacan Kuhmo
greenstone belt, but not in the surrounding gneissic basement
area (Hanski et al. 2010). Volcanic counterparts in the
Palaeproterozoic supracrustal sequences have not been
identified. In the absence of known feeder dykes in the base-
ment, it seems that the magma travelled a long distance in
horizontal magma chambers along the unconformity between
Archaean and Proterozoic rocks, leaving open the question of
the location of the magma upwelling from the mantle.

The sills are more than 100 km long and a few hundred
metres thick and are differentiated into lower olivine
cumulates, middle clinopyroxene plus clinopyroxene-
magnetite cumulates and upper gabbroic rocks. The ultramafic
rocks are characterised by the presence of primary hydrous
igneous minerals, edenitic amphibole and titanian phlogopite,
as intercumulus phases. The strong modal and chemical dif-
ferentiation of the layered bodies was a consequence of the
parental magma composition, which was hydrous, magnesian
low-Al tholeiite with MgO of c. 10 wt.%, resulting in a late
appearance of plagioclase as a liquidus phase. In the [Al,O3]
vs. [TiO,] diagram of Fig. 3.34, the parental magma composi-
tion falls in the field of Al-depleted picrites (and picritic
basalts), indicating a rather unusual magma type.

The easily recognisable 2.22 Ga layered sills were
generated by a distinct, short-lived magmatic event that
spread its products widely in eastern and northern Finland,
providing possibilities for intra-shield and even inter-shield
correlation of Palacoproterozoic formations (Hanski et al.
2001c¢). Yet, in the geological literature, no well-documented
examples of analogous differentiated sills have been reported



6 3.4 Evolution of the Palaeoproterozoic (2.50-1.95 Ga) Non-orogenic Magmatism in the Eastern Part of the Fennoscandian Shield 211

2Fe+Ti . SiO2 1
3 - (Wt%) E
High-Fe [ o . 1
\ tholeiitic : LA I
2 basalt 54_' . 7
i " oa, - .. B 1
- .**. = o
m ol 0 I ﬁ.“ . ® ]
"R?ng‘])’;?b 481 “ [ .- n
" High-Mg A . ]
o S tholeiitic / A J
o 1 Y basalt I b |
\/ \/ v/ V4 N v/ ol L
Al Mg—> 0 5 10 15
MgO (Wt%)
4 —— 17111+ Ruukinvaara Fm 200 1 1 1 T 1T 1T 1T 1T 1 1T 1T 1T 7T 1
| K20 + Petajavaara Fm
- (Wt%) ." ] 100F ]
3+ - " — 9 i ]
: " ] 8 [ ]
L} " . [ - B =
i . . - g 4
L ] ™ .
2 " " . =1 2
+ . il Q 10 =
I . | 2 C ]
| : S - .
2 L g = I, 1 E | ]
i e ] : L] [ ] i 0N n
i - . i ]
: c l._! .: .-..'l L l:. e : d
0....|..".'1!.-'.-'. sl il s S B Y IS NN SN SR O N LN N (SN NN G cH LAY |
2 3 4 5 6 7 LaCePrNd SmEuGdTb Dy Ho ErTmYb Lu
Na20 (wt%)

Fig. 3.61 Chemical characteristics of Jatulian volcanic rocks from the
Kuusamo Belt. The Petajavaara and Ruukinvaara formations corre-
spond to the former Greenstone Formation I and II of Silvennoinen

from the northern or eastern parts of the shield outside
Finland (Hanski et al. 2001c), though an identical age
(2221 £ 3 Ma) was obtained by Bergh et al. (2007) for a
thick diorite sill cutting Palaeoproterozoic Vanna Group
sedimentary rocks of the West Troms Basement Complex
in northern Norway. Moreover, a potential counterpart, in
terms of age, is the c. 2017 Ma Nipissing sills intruding
Huronian rocks in the Superior Province of the Canadian
Shield (Bleeker and Ernst 2006), but their parental magma
was chemically quite different (Lightfoot et al. 1993).

As already noted above, Jatulian dyke swarms cut
through the Archaean basement and Jatulian supracrustal
rocks. The most important event seems to be that dated
at c. 2.1 Ga, which gave rise to a regular set of E-W- or

(1972), respectively (Data sources: Veki (1991) and unpublished data
of the Lapland Research Project (the Geological Survey of Finland)

NW-SE-trending mafic dykes with a typical width ranging
between 10 and 100 m (Vuollo and Huhma 2005), indicating
a significant period of continental extension. Chemically the
dykes are rather homogeneous quartz-normative, sub-
alkaline, Fe-rich tholeiitic basalts enriched in lithophile
trace elements (Lacn/Yben = 2-5) and, based on a single
analysis, have initial eyg of +0.6 (Vuollo and Huhma 2005).
Another group of Fe-tholeiitic dykes was intruded close to
the Jatuli-Lucovi boundary at c. 2.05 Ga, especially in Finn-
ish Lapland (Rastas et al. 2001; Rasanen and Huhma 2001).

Palaeoproterozoic felsic plutonic rocks that were gene-
rated during the prolonged non-orogenic, 2.5-1.9 Ga period
are very rare in the Fennoscandian Shield. In addition to the
Sumian A-type granitic intrusions mentioned earlier, they



212

E.J. Hanski

L)

Jatulian Vi Bussia
formations '
1
Koli  Archaean .
basement

Heinavaara & Kortevaara Fm [© o ©

© i —
:i/_OttoIa Formation

Viistola & Petaikko Fm

eva

Kalkunméaki Formation

Jatuli

Koljola Formation

Haukilampi Formation

?

Pdélkkylampi & Sarkilampi Fm g0 oo

ario

C

Turbiditic conglomerates,
mica schists

Mafic lava interbeds

Dolomite, quartzite,
haematite-rock

Mafic lavas and pyroclastics

Quartzite

o 5| Conglomerate and
° o/ arkosic sandstone

A A Archaean granitoids/greenstone belt

22113 + 5 Ma
\ S
\ 2115 + 6 Ma

o
o

0
1 km

Fig. 3.62 Palaeoproterozoic sedimentary and volcanic rocks in the Kiihtelysvaara area, Finnish North Karelia, after Pekkarinen and Lukkarinen

(1991)

include granite and granodiorite intrusions occurring at the
northern margin of the Central Lapland Granitoid Complex
in Finland (Ahtonen et al. 2007). These bodies were dated by
the conventional TIMS method (Rastas et al. 2001), and the
ages were reproduced by ion microprobe (Ahtonen et al.
2007). The latter technique yielded ages of 2126 = 5 Ma
and 2105 £4 Ma, respectively, indicating that the
intrusions were emplaced within the time period of the
Jatulian sedimentation and mafic volcanism. The felsic
magmatic events have been interpreted to be related to
underplating of mafic magmas in the lower crust and ensuing
partial melting of Archaean crust, as evidenced by the nega-
tive eng values of the intrusions (Ahtonen et al. 2007). This
implies that there must have been a considerable amount of
coeval mafic magmatism in the shield at c. 2.11-2.13 Ga to

be able to generate extensive crustal melting locally.
As illustrated by the U-Pb age compilation in Fig. 3.8
(Chap. 3.2), this time interval matches with one of the
episodes of the Jatulian mafic magmatism, including, for
example, the mafic dykes in the Kiihtelysvaara area in
southeastern Finland (see Fig. 3.62).

Prolific magmatic ore deposits of the Jatulian intrusive
rocks are limited. As mentioned earlier, titanomagnetite
ores (Pudozhgorsk, Koikary-Svyatnavolok) are found in
gabbro-dolerite sills in the Lake Onega region (Svetov
and Bogachev 1976; Golubev and Trofimov 2011). In addi-
tion, Fe-Ti-V oxide deposits are associated with the
c. 2.06 Ga gabbro-anorthosite complex of Otanmaki in
Central Finland close to the craton margin (Talvitie and
Paarma 1980).
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Fig. 3.63 Chemical characteristics of mafic volcanic rocks from the Jatulian Koivusaari and Vaivainen formations, Siilinjarvi Belt and Kuopio

area, respectively, central Finland (Data from Lukkarinen (2008))

3.4.5 Ludicovian Magmatism

Figure 3.47c illustrates the geographic distribution of
eruptions of Ludicovian volcanic rocks in Russian Karelia.
Volcanic rocks of the Zaonega Formation and correlative
units occur in the northern and southern parts of the region
whereas the Suisarian Formation volcanic rocks are only
found in the south. In the Onega area, from where the
formation name is derived, mafic volcanic rocks of the
Zaonega Formation occur in the upper part of the shungite-
bearing black shale and dolomite sequence and reach 300 m
in thickness. They display massive, amygdaloidal, pillow
and various breccia structures (e.g. Golubev and Kulikov
2011) (Fig. 4.52x, ak—al). The volcanism was accompanied
by hypabyssal magmatism in the form of sill-like gabbroic
bodies, which were originally injected into soft, carbon-rich
sediments as evidenced by the presence of peperite
structures (Poleshchuk 2011).

The Zaonega Formation rocks are tholeiitic basalts and
rarely andesites with MgO mostly confined in the range of
4-10 wt.%. The lavas form a coherent differentiation series, in
which TiO, increases with decreasing MgO from slightly less
than 1.0 wt.% up to 2.5 wt.%. Published trace element data are
so far scarse, being mainly restricted to those reported by
Puchtel et al. (1998) from the Solomennoe area and Suisari
Island (Fig. 3.64a). The analysed samples are strongly
LREE-enriched and, interestingly, display a strong negative
phosphorus anomaly. They are also depleted in Ta and Nb
compared to La and U. Relatively low HFSE contents are
compatible with mostly negative initial enq values, both
indicating an influence of crustal contamination (Puchtel
et al. 1998). Additional chemical information on the Zaonega

Formation basalts is available from some conference abs-
tracts. According to Philippov and Ivanikov (2001), early
Ludicovian (Zaonegian) basalts are mainly characterised by
almost non-fractionated chondrite-normalised REE patterns
with average (Ce/Yb)eny = 1.57 and (La/Sm)cy = 1.35.
Based on the Onega parametric drillcore, Narkisova et al.
(2010) also characterized Zaonegian basalts as having slightly
fractionated chondrite-normalized REE patterns with
(La/Sm)cy = 1.6-1.7 and (La/Yb)cy of 2.5-3.0. Ivanikov
et al. (2008) showed graphically a chondrite-normalised
REE pattern of an average Zaonegian basalt with low
(La/Sm)cn (<1), which is reproduced in Fig. 3.64a as
normalised to primitive mantle. This average composition
and the chemical features reported by Philippov and Ivanikov
(2001) and Narkisova et al. (2010) differ markedly from the
chemical data of more LREE-enriched basalts from Puchtel
et al. (1998) (see Fig. 3.64a). Ivanikov et al. (2008) noted that
the Zaonegian basalts they studied are similar to some Upper
Jatulian low-Ti basalts with flat chondrite-normalised REE
patterns (see Fig. 3.51a). So it seems that the chemistry of the
basaltic rocks changes at the Jatulian-Ludicovian transition
from LREE-enriched and crustally contaminated to those
with little or no LREE enrichment, returning to LREE-
enriched varieties higher in the stratigraphy of the Zaonega
Formation, as represented by the samples studied by Puchtel
et al. (1998).

Palaeoproterozoic volcanic rocks of the Sortavala Group,
which occur at the northern shore of Lake Ladoga (see
Fig. 3.30), have been regarded as correlative to the Zaonega
Formation (Svetov and Sviridenko 1992). Matrenichev et al.
(2004) published a study on a section through the stratigra-
phy of the Sortavala Group in an area between Ladoga and
Janisjarvi Lakes. The section exceeds 1 km in thickness and
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Fig. 3.64 Immobile trace element compositions of Ludicovian volca-
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(1998); green symbols: average Zaonegian basalt after Ivanikov et al.
(2008). (b) Suisarian olivine-clinopyroxene-phyric magnesian basalts
and gabbro from the Konchozero sill, all from the Angozero area, after
Puchtel et al. (1998, 1999)
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Fig. 3.65 Chemical characteristics of the Ludicovian Sortavala Group volcanic rocks from the northern Ladoga Lake region, which are correlated
with volcanic rocks of the Zaonega Formation (Data from Matrenichev et al. (2004) and Ivanikov et al. (1998))

is divided into three volcano-sedimentary parts, the lower,
middle and upper units. The lower unit contains mafic,
massive and pillowed lavas, and tuffs and tuffites associated
with carbonaceous shales and sandstones. The mafic lavas
are tholeiitic basalts with low (0.6—1.0 wt.%) or moderate
(1.6-1.7 wt.%) TiO, contents and nonfractionated or slightly
LREE-depleted REE patterns (Fig. 3.65a). Ivanikov et al.
(1998) analysed the Sm-Nd isotopic composition for
five samples from the lower unit, of which 4 yielded
€na(2000 Ma) values between 4-5.6 and +6.0 and one sam-
ple a value of +2.1, indicating a very depleted mantle
source.

The middle unit is made up of plagioclase-phyric inter-
mediate and felsic lavas and lava breccias, tuffs, tuffites and

polymictic conglomerates. Based on their present alkali-
silica relations, the volcanic rocks are mostly classified as
trachyandesites and mugearites, rarely rhyolites. They have
negatively sloping chondrite-normalised REE patterns
(Fig. 3.65a) and plot in the Jensen’s cation plot in the
tholeiitic field (Fig. 3.65b). In the absence of trace element
data other than REE, the mildly alkaline character suggested
by high alkalies remains speculative.

The upper unit comprises lavas, lava breccias and
agglomerates of komatiites, komatiitic basalts and tholeiitic
basalts, mafic to ultramafic tuffs and tuffites, and volca-
niclastic conglomerates. Komatiites occur as thin lava flows
up to 1.2 m thick with relics of amygdaloidal structures, while
the thickness of less magnesian lavas reach 30 m. Komatiitic
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rocks have high MgO up to 23 wt.%. The character of the
komatiitic magma remains somewhat unclear as the Al,O3/
TiO, ratio in the published 8 analyses with MgO >14 wt.%
varies between 9.6 and 23.2. The chondrite-normalised REE
distributions are flat or slightly LREE-depleted for komatiites,
flat or slightly LREE-enriched for komatiitic basalts and more
sloping for basalts (Lacn/Ybeny = 1.7-3.1).

Due to their MORB-like geochemical and isotopic
properties, Ivanikov et al. (1998) considered the low-K-Ti
tholeiitic basalts of the lower unit analogous to the Jormua
Ophiolite basalts. In Fig. 3.78a, REE contents of an average
basalt composition from Ivanikov et al. (1998) are compared
with those of the Jormua lavas and dykes. Despite the simi-
larity, Matrenichev et al. (2004) still regard the studied rocks
as Ludicovian in agreement with Svetov and Sviridenko
(1992). Shul’diner et al. (2000) have determined a U-Pb
zircon age of 1963 £+ 19 Ma for a gabbroic intrusion,
which is comparable with the ages obtained for the Finnish
ophiolites, but this gabbroic body occurs within Archaean
basement gneisses and its connection to the volcanic rocks
of the Lake Ladoga region is presently unproven.

In Russian Karelia, volcanic rocks of the Suisari Formation
(also known as the Suisaari Formation) are restricted to the
Onega Lake area (Fig. 3.48c; Kulikov et al. 2011). The areal
extent of the Suisarian rocks delineated in Fig. 3.48c is more
limited than what is shown in the maps by Svetov (1979, 1980)
and Golubev and Svetov (1983) for the following reasons.
Previously the bulk of mafic volcanic rocks occurring on both
sides of the border in the Kuolajarvi-Salla area were assigned
to Suisarian rocks (Kulikov et al. 1980), but presently they are
regarded as pre-Jatulian (Manninen 1991). In a similar way,
the highly magnesian volcanic rocks in the Vetreny Belt are
now considered Sumian (Puchtel et al. 1997; Kulikov et al.
2010), rather than Suisarian (Kulikov 1988).

An easy access, low degree of deformation and low grade
of metamorphism (mostly prehnite-pumpellyite facies) have
made the Suisarian volcanic rocks a popular volcanonological
research target since the nineteenth century (e.g. Marmo
1949; Svetov 1979). The type locality of Suisarian volcanic
rocks is located north of Petrozavodsk in the area of
Konchozero and Ukshozero Lakes and Kondopozhskaya
Bay of Lake Onega (Fig. 3.66a; Kulikov et al. 1999).
Figure 3.66b displays four stratigraphical sections from this
area, transecting the contact between the Zaonega and Suisari
formations. The contact is marked by the appearance of
picritic basalts and olivine-phyric basalts belonging to the
Suisari Formation. In addition to these magnesian volcanic
rocks, the Suisari Formation contains more evolved
pyroxene-phyric and pyroxene-plagioclase-phyric basalts.
The total thickness of the volcanic sequence reaches 700 m.
The effusives occur as massive and pillow lavas intervening
with fragmental rocks including agglomerates, tuffs, tuff
conglomerates, and hyaloclastites (see Fig. 4.55a—e). Despite

the relatively nonaltered nature of the picritic basalts, olivine
is not preserved but is replaced by secondary minerals, includ-
ing haematite, producing a spotty appearance for the rocks
(Svetov 1979). One of the areas containing abundant picritic
basalts and studied in detail by Svetov and Sokolov (1978),
Svetov (1979) and Golubev and Svetov (1984) is Shidguba on
the southwestern shore of the Kondopozhskaya Bay. Fig-
ure 3.67 shows a geological map of the area after Svetov
(1979), including two volcanic necks close to the Shidguba
Bay with oval shapes and diameters of 120 and 290 m on the
surface. The southern one acted as the eruption conduit for the
lavas of the surrounding area.

In the Suisarian Formation, lava flows and pillow lavas of
picritic basalt composition are characterised by the presence
of variolitic structures (see Figs. 3.19g and 4.55e), well-
described at Yalguba, for example (Svetov 2008; Gudin
and Chistyakov 2010). These rocks were the focus of the
classical studies by Levinson-Lessing (1935, 1949), in
which he proposed silicate liquid immiscibility as the mech-
anism producing the variolitic structures. Recently, Svetov
(2008) and Svetov et al. (2011) performed detailed mineral-
ogical and geochemical studies of these rocks and advocated
for the model of liquid immiscibility. It is, however, perti-
nent to comment here that similar structures in Archaean or
Palaeoproterozoic mafic variolitic and ocellar rocks have
typically been attributed to spherulitic crystallisation of
highly supercooled liquids (e.g. Fowler et al. 2002; Sandsta
et al. 2011), while post-eruptional blotchy alteration of
glassy mesostasis was suggested by Hanski (1993) to be
the cause for the generation of the globular structures
observed in Ludicovian ferropicritic rocks at Pechenga.

The Suisarian magmatism also produced subvolcanic,
layered ultramafic-mafic sills, which were emplaced into
Zaonega Formation pyroclastic volcanic rocks. Among
them the most well-known are the Konchozero and
Ternavolok sills, which have thicknesses of up to 200 and
60 m, respectively (Kulikov et al. 1976; Puchtel et al. 1995;
Trofimov 2010). Using several methods (Sm-Nd, Pb-Pb, Re-
Os), the Konchozero sill has been dated at c. 1.98 Ga
(Puchtel et al. 1998, 1999) and gives an age for the Suisarian
volcanic rocks as well, a genetic link that is unequivocally
based on the geochemical and isotopic evidence (Puchtel
et al. 1995, 1998, 1999) (see below).

The volcanic rocks of the Suisari Formation constitute an
extensive differentiation series with MgO varying from c. 24
to 3 wt.% along with the change of the liquidus silicate
minerals from olivine through olivine + clinopyroxene to
clinopyroxene + plagioclase. In average compositions from
different areas, Golubev and Svetov (1983) and Golubev
et al. (1984) report MgO contents (volatile-free) of
15.7-21.4 wt.% for picrites and picritic basalts, 20.8 wt.%
for picritic dykes, 8.3-11.3 wt.% for pyroxene-phyric
basalts, and 4.1-8.5 wt.% for plagioclase-phyric basalts.
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(1988))
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Fig. 3.67 Map showing the occurrence of Ludicovian Suisari Formation volcanic rocks and related volcanic necks in the Shidguba area,
Kondopozhskaya Bay, northwestern part of Lake Onega (after Svetov 1979)

The whole-rock compositions are variably affected by the
presence of phenocryst phases, and in the absence of pre-
served primary olivine, the parental melt composition cannot
be precisely determined. Chilled margin compositions of the
Konchozero sill have MgO contents no higher than
8.1-11.8 wt.% (Golubev et al. 1987a, b), 9.3-11.4 wt.%
(Kulikov 1988) and 8.5-9.1 wt.% (Puchtel et al. 1998,
1999). The Suisarian picrites, picritic basalts and ultramafic
dykes and the parental magma of the volcanic series as well
have low Al,O3/TiO, of 5-6 and, on the [Al,O3] vs. [TiO5]
diagram, plot in the lower part of the picrite division,
overlapping the field of the Umba picrites (Fig. 3.34). Fig-
ure 3.64b demonstrates the similarity of the trace element
characteristics of the olivine-clinopyroxene-phyric basalts
and magma that produced the Konchozero sill. The magmas
were enriched in LREE and HFSE resembling OIB and had a
similar negative phosphorous anomaly as is observed in
Zaonegian basalts (see Fig. 3.64a, b). The Zaonegian and
Suisarian samples analysed by Puchtel et al. (1998) differ
markedly from each other with respect to the mutual
behaviour of LIL and HFSE. The lack of negative Nb-Ta
anomalies in Suisarian samples is coupled with positive
initial &yq values for lavas and the Konchozero sill
(ena[1975 Ma] = +3.2 & 0.1 for the sill), suggesting

minimal crustal contamination, although interaction with
sialic crust is evidenced by the presence of Archaean zircon
grains in one of the picritic basalt samples studied by
Puchtel et al. (1998). The sample set studied by Philippov
and Ivanikov (2001) yielded a Sm-Nd isochron age of
2013 4+ 52 Ma and a lower initial exg of —0.5 £ 0.18.

In the Pechenga Belt, Ludicovian volcanic rocks consti-
tute the major portion of the upper part of the North Pechenga
Group. They occur as two thick lithostratigraphic units, the
Kolosjoki and Pilgujarvi volcanic formations, which are
separated from each other by the Pilgujarvi Sedimentary
Formation, the “Productive Formation”, enclosing Ni-Cu
sulphide ore-bearing, mafic-ultramafic sills (Gorbunov et al.
1985; Hanski 1992; Smol’kin and Borisov 1995) (see Chap.
4.2). The age of the Pilgujarvi Volcanic Formation is well-
known (c. 1980 Ma; Hanski et al. 1990; Skuf’in and
Bayanova 2006) but that of the Kolosjoki Volcanic Forma-
tion can only be bracketed between c. 2060 and 1980 Ma
(2000 Ma used below in calculating initial €ng). Both volca-
nic formations are mainly composed of alternating pillowed
(Figs. 3.19b, 1, y, 3.27a, b, 0, 3.52d, f, 4.27a, 4.30a, b, and
6.82) and massive mafic lava flows with variable vesicularity
(Figs. 3.52c—e and 6.85i-1, n), supplemented by lava breccias
and hyaloclastites (Figs. 4.27b and 4.30c), mafic tuffs
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(Fig. 3.27p), gabbroic sills and, in the Pilgujarvi Formation, a
horizon of rhyolitic tuffs (Figs. 3.19ab and 4.30i-t) (e.g.
Predovsky et al. 1974; Rusanov 1981; Hanski 1992; Skuf’in
and Theart 2005). In addition, there are ferropicritic rocks,
mostly in the Pilgujarvi Sedimentary and volcanic
formations, which have a variety of modes of occurrence
including layered lava flows, massive (Fig. 4.30d) and
pillowed lavas, tuffs and eruptive breccias (Figs. 4.29be—bf
and 5.6q), dykes and sills (Skuf’in and Fedotov 1989;
Smol’kin 1992; Hanski 1992; Hanski and Smolkin 1995;
Spisiak et al. 2007). The cogenetic relationship between
ultamafic volcanic rocks and Ni-bearing intrusions was
already suggested by Zagorodny and Mirskaya (1967) and
has been discussed later by many investigators (Predovsky
et al. 1974 and 1987; Hanski 1992; Smol’kin 1992).
Ferropicritic pyroclastic rocks occur in two eruption centres
in the upper part of the Pilgujarvi Sedimentary Formation
(Melezhik et al. 1994) and have also been observed in the
lower part of the Kolosjoki Volcanic Formation; a 72-m-
thick section was penetrated by FAR-DEEP Hole 8A,
containing ultramafic tuffs and tuffites with much ferro-
picritic material (see Chap. 6.1.5). A set of ultramafic dykes
having a thickness of a few tens of metres transects obliquely
the Kolosjoki Volcanic Formation. They apparently acted as
feeders to magmas that spread in the overlying sedimentary
Productive Formation as horizontal sills carrying immiscible
sulphide droplets contributing to the formation of the
Pechenga Ni-Cu deposits. The extent of the reaction of the
ferropicritic magma with the sulphide-bearing host-rock
black shales and its role in ore formation is still unclear
(Hanski et al. 2011). The sills are commonly 5-250 m
thick, but in the case of the Pilgujarvi intrusion, the thickness
of the magmatic body reaches 500 m.

Figure 3.68 shows a structural, textural and chemical vari-
ation through a 24-m-thick, differentiated ferropicritic lava
flow with an upper spinifex-textured zone and a lower olivine
cumulate zone, i.e. a vertical structure mimicking that of
layered komatiitic lava flows. The spinifex texture was formed
by platy olivine crystals in nonfractionated ferropicritic
magma (Fig. 3.69c) and needle-like clinopyroxene crystals
in evolved ferropicritic (or ferrobasaltic) magma (Figs. 3.69b,
3.70b, and 4.30f, h). A special feature of the flows and narrow
dykes is the presence of a zone containing light-coloured
globules (ocelli) (Figs. 3.19aa, 3.69a-b, 4.30e—f, and 5.6r),
whose genesis was regarded as magmatic by Smol’kin et al.
(1987) but as postmagmatic by Hanski (1993). Figure 3.70a
displays a microscopic texture of an unfractionated, massive
ferropicritic lava.

The geochemical character of ferropicritic magma has
been discussed in detail and compared with other primitive
magma types by Hanski (1992) and Hanski and Smol’kin
(1995). In brief, the ferropicritic magma is Mg- and Fe-rich
with low Al,O3/TiO, due to both high Ti and low Al

(Fig. 3.34) and has an OIB-like trace element (Fig. 3.59a)
and isotopic signature. Initial engq (+1.4 £+ 0.4 Ma) obtained
by Hanski (1992) indicates a long-term depletion of LREE
in the source in spite of the high LREE/HREE measured for
the magma, analogously with Hawaiin picrites (e.g. Sims
et al. 1994). Osmium in uncontaminated ferropicritic magma
is moderately radiogenic (initial yos c. +6) providing evi-
dence for an ancient '®’Os-enriched mantle plume source
(Walker et al. 1997).

The bulk of mafic lavas from both the Kolosjoki and
Pilgujarvi formations have a rather coherent major element
geochemistry. They are tholeiitic basalts with MgO varying
between c. 9 and 4 wt% (e.g. Predovsky et al. 1987; Skuf’in
1980a). There is some internal variation among the basaltic
rocks in the vertical section through the Kolosjoki Formation
as revealed by the Kola Superdeep and FAR-DEEP drilling
(see Chap. 4.2). Also high-Fe-Ti basaltic differentiates occur
but, without trace element analyses, it is not always easy to
separate them from ferrobasaltic derivatives of ferropicritic
magma. Testing the major element similarity of the
Kolosjoki and Pilgujarvi tholeiitic lavas with recents
MORBs give clearly negative results when the TiO,-FeOr
relation is concerned (Fig. 3.58c, d), as already noted by
Hanski (1992). Yet, as illustrated in Fig. 3.57a, b, tholeiitic
basalts from the Pilgujarvi Volcanic Formation plot at the
boundary of the MORB-OIB array or within the MORB
array on the discrimination diagrams of Pearse (2008).

A subtle distinction can be made between the Kolosjoki
and Pilgujarvi formations using REE abundances, which
form flat chondrite-normalised patterns in the case of the
Pilgujarvi Formation, while the patterns of the Kolosjoki
Formation are slightly LREE-enriched (Fig. 3.71a). Only
the uppermost (southernmost) basalts of the Pilgujarvi Vol-
canic Formation, which Skuf’in and Theart (2005) assigned
to a separate unit, the Suppvara Formation, are LREE-
enriched and also are isotopically distinct. Tholeiitic basalts
of the Pilgujarvi Formation have initial eyq values of +3.0
to +3.8, indicative of a long-term depletion in LREE com-
pared to MREE in the mantle source (Hanski et al. 1990;
Hanski 1992). Likewise, the Kolosjoki Formation basalts
have a depleted Nd isotopic composition with g£y4q(2000 Ma)
of +1.5 to +3.0 (Huhma and Hanski unpubl. data). Skuf’in
and Theart (2005) have obtained a slightly lower range of
€nd(2000 Ma) for this formation, falling between +1.3
and +2.3. In any case, the Nd isotopic signature of both
Kolosjoki and Pilgujarvi Formation tholeiitic basalts
suggests negligible interaction of the magmas with continen-
tal crust and isotopically a MORB-like mantle source. The
uppermost LREE-enriched basalts mentioned above record a
near-chondritic isotopic evolution with gnq(1980 Ma) of +0.2
to +0.3 (Skuf’in and Theart 2005).

Among the otherwise mafic rocks of the Pilgujarvi Vol-
canic Formation, a distinct key horizon of felsic tuff can be
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Fig. 3.68 Cross section of a layered ferropicritic lava flow in the Pilgujarvi Volcanic Formation, Pechenga Belt, recovered by a drillhole S-2986

followed for more than 20 km in the middle part of the
formation (Borisov and Smol’kin 1992). As described in
Chap. 4.2, the felsic rocks occur as several separate layers
and show fragmental or very fine-grained, obsidian-like
textures (see Fig. 4.30i—r). Chemically, they form a series
from A-type, peralkaline dacites to high-silica rhyolites (see
Fig. 3.42b). Neodymium isotope compositions with initial
eng varying from —1.8 to —1.3 (Skuf’in and Theart 2005)
and from —0.7 to 0.6 (Hanski and Huhma unpubl. data)
indicate that the silica-rich magma was not generated solely

by melting of old Archaean crust, but rather was derived by
extensive fractional crystallisation of a hybrid magma.
Several generations of mafic to ultramafic dykes have
been recognised in the Archaean basement northeast of
the Pechenga Belt (Fedotov 1995). Among them is the
NW-trending Nyasyukka dyke complex composed of
kaersutite-bearing peridotites with a chemistry similar to
that of ferropicrites (Fedotov 1995; Fiorentini et al. 2008).
The presence of orthopyroxene, however, indicates that the
silica activity was higher than in the magma that produced
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Fig. 3.69 Textures in the upper part of layered ferropicritic lava flows,
the Pilgujarvi Volcanic Formation, Pechenga Belt. (a) Globular struc-
ture. (b) Scanned thin section of a globule-bearing rock with needle-
like clinopyroxene crystals. (¢) Scanned thin section showing randomly
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oriented olivine spinifex texture with olivine replaced by serpentite. (d)
Scanned thin section exhibiting parallel olivine spinifex texture. Verti-
cal olivine plates are replaced by secondary minerals, but brownish
titanaugite is unaltered (Photographs taken by Eero Hanski)
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Fig. 3.70 Scanned thin sections of ferropicritic rocks from the
Pilgujarvi Volcanic Formation. (a) Massive ferropicritic lava
containing serpentinised olivine microphenocrysts and microlites in a
matrix of dark brown, devitrified glass and plumose clinopyroxene. (b)

the ferropicritic rocks in the Pechenga Belt. In addition, the
baddeleyite U-Pb age of 1941 + 3 Ma determined by
Smol’kin et al. (2003) is c. 40 Ma younger than the age of
the ferropicritic magmatism at Pechenga.

Ludicovian volcanic rocks in the Imandra/Varzuga Belt
are found in the II’'mozero and Mittrijarvi formations (see
Chap. 4.1). Most volcanic rocks (90 vol%) in the II’mozero
Formation are subaerially erupted low-Ti basaltic andesites
with subordinate andesites (Fedotov 1985). Remizova and
Barzhitsaya (1984) have published analyses of more Ti-rich
basalts (TiO, 1.5-3.6 wt%), while Mints (1996) reported an
analysis of komatiite (MgO 26.3 wt%) from the II’mozero
Formation, but in general, the few primitive volcanic rocks
in the lower part of the formation are komatiitic basalts
rather than komatiites. Only scarse immobile trace element
data are available from the II’'mozero Formation. Those
reported by Mints (1996) are plotted in Fig. 3.72b. Skuf’in
and Yelizarov (2011) published five Nd isotope analyses on
mafic volcanic rocks, of which one yielded an gnq(2100 Ma)

Evolved ferropicritic basalt with coarse, acicular or prismatic, zoned
and commonly skeletal titanaugite crystals in a matrix of pyroxene-
plagioclase intergrowths and scattered amygdales. Note the same scale
in both figures (Photographs taken by Eero Hanski)

value of —0.6 and the rest gave values in the range of —2.3
to —4.5. Calculating the initial '**Nd/"**Nd ratios with a
younger age would result in even lower initial gyq values.
These results are consistent with the high LREE/HREE
ratios and relatively low HFSE contents of the low-Ti basalts
and andesites (Fig. 3.72a, b).

Ferropicritic volcanic rocks and associated tholeiitic pillow
lavas that occur in the Mittrijarvi-Solenoe area of the Imandra/
Varzuga Belt has been assigned to the Mittrijarvi Formation
(Smol’kin 1992), but so far this formation has been poorly
characterised in the geological literature. Geochemically
(Figs. 3.34 and 3.71b) and texturally (Fig. 4.14d), the
ferropicrites with MgO up to 18 wt% correspond well to
those found in the Pilgujarvi Volcanic Formation, providing
a good basis for the mutual correlation of these two
formations.

Ludicovian ultramafic effusive sequences occur in the
Salla area in eastern Finnish Lapland (Manninen 1991) and
more abundantly in central Finnish Lapland (Hanski et al.
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Fig. 3.71 Chondrite-normalised REE patterns for rocks from the
Pechenga and Imandra/Varzuga Belts. (a) Ludicovian Pilgujarvi and
Kolosjoki Volcanic formations, Pechenga. The field of the Kolosjoki
basalts is based on data from Hanski (1992) and Mints (1996), and the
Pilgujarvi Formation data are from this study, except of an average
analysis (yellow symbol) for the uppermost part of the formation, which
is calculated using the analyses published by Sku’fin and Theart (2005).
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Fig. 3.72 Trace element data from the Ludicovian II’mozero Formation and “orogenic” Panarechka and Saminga formations, Imandra/Varzuga
Belt (Analytical data from Mints (1996) supplemented by Sm-Nd analyses of Skuf’in et al. (2011))

2001a; Gangopadhyay et al. 2006), from where they can be
followed further north to the Karasjok belt in northern
Norway (Barnes and Often 1990). They were erupted after
deposition of a sequence of phyllites and black shales. Chem-
ically, the primitive volcanic rocks are dominated by Ti-
enriched komatiites and still more Ti-rich picrites, with no
differences in their field characteristics. Also hybrid types
between the mentioned end-members are encountered. They
are associated with more fractionated, MgO-rich basalts of

both main series. The Sm-Nd method has yielded an age of
2056 £ 25 Ma for komatiitic rocks in the Jeesiorova area
(Hanski et al. 2001a). Structural and textural preservation is
locally very good and clinopyroxene and chromite may be
fresh (Fig. 3.73d), but olivine is always replaced by second-
ary minerals (Fig. 3.73b, c, e). Differing from typical
Archaean komatiites, primitive lavas in Lapland rarely dis-
play spinifex-textures. Instead, a large part of komatiitic and
picritic rocks are volcaniclastic, forming unsorted,
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Fig. 3.73 Structures and textures of Ludicovian komatiites from the
Sattasvaara (a) and Jeesiorova areas (b—e), central Finnish Lapland. (a)
Pyroclastic komatiite. Coin diameter is 2.1 cm. (b) Rounded chlorite-
filled amygdale rimmed with fine-grained chromite in olivine-phyric
komatiite lava, (c¢) Olivine crystals (replaced by serpentine) in dark
devitrified glass matrix in komatiite lava. (d) Melt inclusions in a

agglomerate-like deposits with rounded or angular fragments
ranging from one to tens of centimetres (Figs. 3.19k, 1, 3.27v,
w, and 3.73a). These deposits can be tens of metres thick, and
they are interlayered with fine-grained laminar tuffs. Pyro-
clastic structures are well observable in the Sattasvaara area
where Saverikko (1985) interpreted them as products of
explosive, phreatomagmatic volcanism, which is not a com-
mon mode of eruption of non-viscous komatiitic magmas.
A submarine environment is manifested by the presence of
pillow lavas (Fig. 3.27t) and associated pillow breccias,
though, according to Saverikko (1985), interlayers of
epiclastic volcanic conglomerates also exist indicative of
occasional erosional periods.

chrome spinel grain. (e) Pseudomorphs of euhedral olivine set in a
matrix of pyroxene needles and brownish devitrified glass, komatiitic
lava flow. Photomicrographs (b), (c) and (e): parallel-polarised light,
scale bar 1 mm in length; (d): reflected light, scale bar 0.1 mm in length
(Photograph (d) courtesy of Vadim Kamenetsky, other photographs
taken by Eero Hanski)

The komatiitic rocks display a wide range of MgO
contents from less than 10 wt% to as much as 31 wt%. In
the absence of primary olivine, the MgO content of the
parental magma of the komatiitic rocks is not easy to esti-
mate precisely. Pillow lavas and volcaniclastic rocks, which
are most representative of the magma composition, have
variable MgO between 14 and 27 wt.%, but due to the
presence of olivine phenocrysts, the maximum MgO of
the liquid was less than the bulk rock MgO content. Also
the coexistence of olivine and chrome spinel as liquidus
phases constrain the MgO of the liquid to around 20 wt.%
with the exact value depending on the Cr content and fO, of
the liquid. As the name implies, the Ti-enriched komatiitic
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Fig. 3.74 Chondrite-normalised REE profiles of Ludicovian ultramafic lavas and mafic lavas and intrusive rocks (Savukoski Group) from the
Jeesiorova and Peuramaa area, central Finnish Lapland (Modified after Hanski et al. 2001a)

rocks are more enriched in moderately incompatible Ti than
Munro-type komatiites, resulting in subchondritic Al,O3z/
TiO, (<15) and a shift of the compositions upwards in the
[AL,O5] vs. [TiO,] diagram (Fig. 3.34). In contrast, they are
depleted in highly incompatible trace elements such as
LREE (Hanski et al. 2001a; Gangopadhyay et al. 2006). In
the most depleted types, (La/Sm)cy is as low as 0.2. The
rocks also have high MREE/HREE ratios and hump-shaped
chondrite-normalised REE patterns (Fig. 3.74a). Picritic
rocks generally show slightly lower MgO, falling in the
range of 11-19 wt.%, are even more enriched in TiO, than
the komatiitic varieties (Fig. 3.34), have high LREE and
display sloping chondrite-normalised REE patterns with
(La/Yb)cn up to 4.1 (Fig. 3.74c). Also transitional types
can be found having chemical characteristics intermediate
between those of Ti-enriched komatiites and picrites
(Fig. 3.73c). Basaltic rocks forming lavas and subvolcanic
intrusions display REE patterns that are compatible with
parental magmas varying from komatiitic to picritic
(Fig. 3.74b, d).

Chemical compositions of chromite grains and their melt
inclusions (see Fig. 3.73d) demonstrate the coexistence and
mixing of komatiitic and picritic magmas at the time of the
generation of the komatiite-bearing belts (Hanski and
Kamenetsky 2006). Both Ti-enriched komatiites and picrites
show a similar depleted Nd isotopic signature (initial eng
c. +4.0) apart from a minor variation (up to +2.0) likely due
to contamination with pelitic sedimentary material (Hanski
et al. 2001a; see also Krill et al. 1985). This indicates a long-
term depletion of the mantle source in LREE relative to
HREE even though the magmas record a very large range
in LREE/HREE. Hanski et al. (2001a) interpreted these
features as a consequence of chemical heterogeneities in
the mantle source region that were created by complex
depletion and enrichment processes shortly prior or related
to a dynamic melting process.

Differing from ferropicrites, Ludicovian-age komatiites
in the Fennoscandian Shield are not known to host signifi-
cant Ni-Cu sulphide deposits in spite of their favorable
spatial association with sulphide-bearing black shales.
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Fig. 3.75 (a) Pahoehoe lava from the Hirvas area, Russian Karelia.
For the age of these lavas, see Discussion. (b) Interbedded 1.98 Ga
felsic and mafic tuffs from the Korkiavaara Formation, northern part of

An occurrence of PGE enrichment in komatiitic rocks is
known in central Finnish Lapland (Moilanen 2011). The
situation is different when less magnesian magmas are
concerned. A large, disseminated Ni-Cu sulphide deposit is
related to the c. 2.05 Ga layered intrusion at Keivitsa, central
Finnish Lapland (Mutanen 1997; Grinenko et al. 2003). This
deposit has a very wide range of metal tenors and peculiar
isotopic compositions, including an ore type with primitive-
type metal characteristics, such as high Ni and PGE, but
unradiogenic, crustal-like Nd isotope systematics (initial eng
down to —6.6) (Hanski et al. 1997).

Besides komatiite- and picrite-bearing  volcanic
successions, Ludicovian rocks in Lapland also consist of
independent basaltic units intercalated with phyllites and
black shales. They constitute massive and pillowed lavas
with frequent variolitic structures, such as those in the
Linkupalo Formation (see Figs. 3.19j, m, and 3.27u, x), or
are composed of mafic tuffs (the Matarakoski Fm). Chemi-
cally, the lavas are Fe-rich tholeiitic basalts or basaltic
andesites with LREE-enriched chondrite-normalised REE
profiles (Lehtonen et al. 1998).

In the northern and northeastern part of the Perapohja Belt,
a zone of supracrustal rocks (Korkiavaara Formation) exists
that is composed of alternating arkosic and amphibolitic
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the Perapohja Belt. Coin diameter 2.5 cm (Photograph (a) courtesy of
Igor Puchtel and photograph (b) taken by Eero Hanski)

components (Fig. 3.75b) and can be followed for more than
100 km. Ion microprobe (SIMS) dating of zircon from several
samples revealed only a single zircon population with a
Ludicovian age of c. 1975 Ma (Hanski et al. 2005). This
together with an A-type granitic composition of the
feldspar-rich, felsic rocks (Fig. 3.42b) suggests that they do
not represent terrigenous sediments produced by weathering
of Archaean basement rocks. Instead, the bimodal rock
assemblage is interpreted as a succession of interbedded felsic
and mafic tuffs. The correlation of the rock unit with
other formations in the shield has not been successful as
Ludicovian-age A-type felsic magmatism has not been
encountered elsewhere. Nevertheless, it has potential for
inter-shield correlation due to its distinctive appearance,
chemical composition and probable wide original distribution
as a pyroclastic formation.

The youngest Karelian dyke generation occurring through-
out the Archaean basement was emplaced in Ludicovian time
at c. 1.98 Ga, forming up to 70-m-wide dykes with a rather
regular NW-trending strike (Vuollo et al. 1992; Vuollo and
Huhma 2005). Their orientation, which is roughly parallel to
the hidden Karelian craton margin, suggests that there was a
rotation of c. 40-50° in the extensional palacostress fields in
the craton between c. 2.1 and 2.0 Ga. Chemically, the dykes
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Fig. 3.76 Kalevian volcanic rocks from three formations of the
Kiiminki Belt, Finland, and volcanic and subvolcanic rocks from the
Ladoga Group, Lake Ladoga area, Russia, plotted on Jensen cation plot

are not easy to distinguish from older (Jatulian) Fe-tholeiitic
dykes in the basement, though Vuollo et al. (1992) reported a
weak island arc tholeiitic affinity for dykes in Finnish North
Karelia. Few Sm-Nd isotope analyses indicate a near chon-
dritic Nd isotopic signature (Vuollo and Huhma 2005).

Ludicovian time also witnessed restricted carbonatitic and
related alkaline magmatism in the northern part of the shield.
Recently, Rodionov et al. (2009) reported a SHRIMP
baddeleyite age of 1999 + 2 Ma for the Tiksheozero alkaline
complex from the Belomorian Belt, northern Russian Karelia
(see also Corfu et al. 2011). It likely belongs to the same
magmatic event as the two small carbonatite intrusions
(Kortejarvi and Laivajoki; Nykanen et al. 1997) in the SW
part of the Kuusamo Belt, c. 175 km SW of Tiksheozero. The
age of emplacement of these intrusions is not exactly known,
but is thought to have been at c. 2.0 Ga (Vartiainen and
Woolley 1974; O’Brien et al. 2005).

3.4.6 Kalevian Magmatism

Volcanic rocks are not abundant within the autochthonous-
parautochthonous turbiditic sequences of the Lower Kaleva
deposited at the SW margin of the rifted Karelian craton. An
exception is in the Kiiminki Belt at the northern coast of
the Gulf of Bothnia, where Honkamo (1987, 1989) distin-
guished several formations bearing mafic volcanic rocks in
association with marine pelitic sedimentary rocks. The low-
ermost of them, the 0.5-km-thick Vepsa Formation, contains
mafic lavas, tuffs and volcaniclastic deposits concentrated
mainly in its lower part, but they also occur higher in
the formation as interlayers with mica schists, black shales,

Mg—> 1 2 3 4 5 6 7 8 9

10 1
MgO (wt%)

(a) and TiO, vs. MgO (b) diagram (Data sources: Kéahkonen et al.
(1986) and Honkamo (1989) from Kiiminki; Svetov and Sviridenko
(1992) from Lake Ladoga)

iron formations, cherts and dolomites. The Vepsa Formation
is overlain by the volcanic Pyyraselka Formation, which
reaches a thickness of c. 1 km. There are two other volcanic
formations (Kiiminki and Martimojoki Fms) in the belt that
are correlated with the Pyyraselka Formation and, in the
following account on geochemistry, are combined together
with the latter. The Pyyraselka Formation mostly constitutes
massive and pillow lavas (Figs. 3.20f and 3.28¢) with minor
dolomite intercalations. The Haukipudas Formation, which
is located in the western part of the belt, is probably
allochthonous, but deposited in the same basin as the other
rocks of the belt (Honkamo 1987). It consists of black shales,
phyllites, greywackes, and mafic massive lavas and tuffs,
with the volcanic rocks forming two, 100- to 300-m-thick
units.

The mafic lavas of the Kiiminki Belt are tholeiitic basalts
with an MgO content of 5.5-9.0 wt.% (Fig. 3.76b). The lavas
of the Haukipudas and Vepsa formations are, on average,
slightly more evolved than the Pyyraselka Formation lavas,
and they are also more Fe-rich (Fig. 3.76a) and elevated in
TiO, (>1.3 wt.%) (Fig. 3.76b). The Pyyraselka Formation
lavas are Mg-tholeiites, and their TiO, in most cases falls
below 1.0 wt.%. So far, no precise ICP-MS trace element
analyses are available from the Kiiminki Belt, but as is
shown in Fig. 3.76a, earlier INAA determinations of La
and Sm clearly indicate that the volcanic rocks of the
belt have REE characteristics similar to those of MORB
(Kahkonen et al. 1986; Honkamo 1987). Most of the
Pyyraselka rocks have chondrite-normalised LREE/MREE
lower than unity, whereas the ratio is chondritic or slightly
higher in the Haukipudas and Vepsa formations (Fig. 3.77b).
Albeit imprecise, the INAA REE spectra of the Haukipudas



6 3.4 Evolution of the Palaeoproterozoic (2.50-1.95 Ga) Non-orogenic Magmatism in the Eastern Part of the Fennoscandian Shield 227

Kiiminki Belt:
2.0 EEEREEELE EEEEEERELE Haukipudas Fm
- (La/Sm)cN + Pyyraselka Fm
- * Vepsa Fm
15 -
10— D TR o gt FE S ~
L 5 2 1 .
’; ‘e
i P P ad g |
0.5 e . =
L a
0.0 1L ' 1L L 1L L I 1L L - L - L l L1 Ll 1 L L
0 1 2 3

TiO2 (wt%)

Fig. 3.77 (a) Kalevian mafic volcanic rocks from the Vepsi,
Pyyraselka and Haukipudas formations, Kiiminki Belt, Finland, on
chondrite-normalised La/Sm vs. TiO, diagram. (b) Chondrite-
normalised REE patterns of mafic volcanic rocks from the Pyyraselka

and Pyyraselka formations differ slightly, being flat and
LREE-depleted, respectively (Fig. 3.77b). Figure 3.78a
illustrates how the volcanic rocks from the Kiiminki Belt
plot in the MORB field on the discrimination diagram of
Wood (1980), suggesting no or negligible contamination
with continental crustal material. Given the association of
the Kiiminki Belt lavas with turbidites and black shales and
their MORB-like immobile trace element characteristics, the
rifting of the basin could have proceeded to the formation of
oceanic crust and hence the lavas could represent potential
candidates of Palaeoproterozoic analogues of modern
MORBSs. However, as in the case of the Jouttiaapa basalts,
the FeOr-TiO, relations differ considerably from those of
modern MORBs (see Fig. 3.58a).

A 30-km-long and 4-km-wide zone of submarine basaltic
lavas (see Fig. 3.19h—i) and minor tuffites are found spatially
associated with Kalevian greywackes and phyllites in the
Perapohja Belt (Perttunen 1989; Perttunen and Hanski
2003). The lavas are mainly pillowed, low-Ti Mg-tholeiites
with MgO between 6 and 12 wt.% and are accompanied by
minor dolomites, mica schists and black schists. The currently
available trace element data suggest an E-MORB-type
chemical character with unfractionated or slightly LREE-
enriched REE profiles. Also indications on the presence of
more enriched, OIB-type magmas have been observed
(Fig. 3.78b). The geological environment, lithology and geo-
chemistry of the Vaystaja Formation lavas are consistent with
them being representatives of sea-floor magmatism. How-
ever, the correlation of the Vaystaja Formation with Kalevian
formations became problematic when Perttunen and Vaasjoki
(2001) published a U-Pb zircon age of 2050 + 8 Ma for a
felsic porphyry cropping out in an area of 0.5 x 2.0 km?>
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and Haukipudas formations compared to those of N-MORB of Sun and
McDonough (1989). Kiiminki data comprise INAA analyses from
Kahkonen et al. (1986) and Honkamo (1989)

within the Vaystaja volcanic zone. If intruding the associated
mafic volcanic rocks, the porphyry would indicate a pre-
Kalevian eruption time for the volcanic rocks.

Kalevian volcanic and related plutonic rocks have also
been described as part of the Ladoga Group at the northern
shore of Lake Ladoga, southern Russian Karelia (Svetov and
Sviridenko 1992). In this area, sedimentary rocks of the
Ladoga Group have been deposited on folded Ludicovian
volcanic rocks of the Sortavala Group (Matrenichev et al.
2006). Volcanic rocks occur with pelitic schists and gneisses
as thin (tens of metres) intercalations of mafic to intermediate,
pillowed lava flows and rhyodacitic lavas and tuffs. Cross-
cutting volcanic necks of gabbroic to dioritic composition are
also found. Granulite-facies metamorphism locally hampers
recognition of volcanic structures. As shown by Fig. 3.76a,
the volcanic and related subvolcanic rocks of the Ladoga
Group are chemically rather different from the Kalevian vol-
canic rocks from the Kiiminki Belt. The former are more
fractionated, forming a series from basalts to dacites or even
rhyolites, in which TiO, decreases with decreasing MgO
(Fig. 3.32b). On the Jensen ternary diagram in Fig. 3.76a,
most of the analyses published by Svetov and Sviridenko
(1992) plot in the calc-alkaline field and in this respect differ
markedly from other analyses of Kalevian volcanic rocks.

3.4.7 Post-Ludicovian Allochthonous Units

The Kittila Group represents one of the largest accumulations
of mafic volcanic rocks in the Fennoscandian Shield, forming
an essential part of the Central Lapland Greenstone Belt (also
knwon as the Kittila Belt). Besides volcanic rocks, the group
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Fig. 3.78 (a) Rocks from three Kalevian volcanic formations of the
Kiiminki Belt plotted on the discrimination diagram of Wood (1980).
The figure was constructed based on INAA Th and Ta data, XRF Zr
data and calculated Hf assuming primitive mantle-like Zr/Hf. The grey
field represents the area where 99 % of the c. 600 recent MORB

contains marine sedimentary rocks, such as greywackes,
phyllites, graphite- and sulfide-bearing schists, banded iron
formations and minor carbonate rocks (Lehtonen et al. 1998).
The depositional basement of the unit has not been confi-
dently established. This together with the unsuccessful
lithostratigraphical correlation with Karelian successions on
the shield and the presence of ultramafic lenses close to the
eastern margin of the group, interpreted as ophiolitic mantle
fragments (Hanski 1997), has provided grounds to consider
the volcanic complex an allochthonous unit (Hanski and
Huhma 2005). U-Pb zircon ages of mafic and felsic rocks
are ¢. 2010 Ma (Rastas et al. 2001; Hanski and Huhma 2005),
and, timewise, the complex thus belongs to the Ludicovian
system.

Lehtonen et al. (1998) described several type formations,
including the Vesmajarvi, Kongas and Kautoselka forma-
tions, which differ in their mode of occurrence and geochem-
istry. The most voluminous Vesmajarvi Formation comprises
various types of submarine mafic volcanic rocks, including
pillow lavas, pillow breccias and hyaloclastites, and cogenetic
dykes (Fig. 3.27z) and gabbroic sills. Also minor felsic dykes
and tuffs are encountered amidst the mafic volcanic rocks.
The mafic lavas are tholeiitic basalts with a moderate TiO,
content and their chondrite-normalised REE patterns are
usually slightly LREE-enriched, but flat or slightly LREE-
depleted patterns also occur. In terms of trace elements, the
closest modern analogues are E-MORBs, while N-MORB
types are subordinate. No indication of sialic contamination
is apparent in the chemistry of these lavas or in their Nd

analyses of Arevalo and McDonough (2010) are located. Kiiminki
data from Honkamo (1989). (b) Chondrite-normalised REE patterns
of volcanic rocks from the Vaystdjia Formation, Perapohja Belt
(Modified after Perttunen and Hanski 2003)

isotope compositions. Whole-rock and pyroxene analyses
from the Vesmajarvi Formation yielded a Sm-Nd isochron
with an age of 1987 + 36 Ma and an initial eng value of +3.8
+ 0.3 (Hanski and Huhma 2005). The Kongas Formation,
which is found in the western part of the volcanic complex,
is also dominated by mafic pillow lavas (Fig. 3.27y) but
is chemically more enriched, having high LREE/HREE
(Lacn/Yben 3-6) and other incompatible trace element
characteristics typical of enriched within-plate basalts. It
shows positive intial eng values (+2.3, +2.7) in spite of rela-
tively low Nd/Sm (Hanski and Huhma 2005). Excluding the
Kautoselka Formation (see below), the total range of eng
values in the Kittila Group lavas is from +2.3 to +4.4, which
is consistent with a Nd isotopic evolution similar to that of the
contemporaneous model depleted mantle of DePaolo (1981).
Felsic dykes and tuff, which can be concluded to be coeval
with associated mafic volcanic and subvolcanic rocks based
on their field relations (Lehtonen et al. 1998; Rastas et al.
2001), also show similarly positive initial exq (Hanski and
Huhma 2005). This suggests that their genesis was not related
to melting of old sialic crust but rather can be attributed to
extensive fractional crystallisation of mafic magma or
remelting of hydrated, newly-formed oceanic crust.

The Kautoselka Formation mainly occurs in the SE part of
the volcanic complex and comprises mafic amygdaloidal
lavas, tuffs, and tuffites as the main rock types (Lehtonen
et al. 1998). Chemically the lavas are evolved, Fe-rich tho-
leiitic basalts and andesites. They have high LREE/HREE
(Lacn/Yben ~10), are enriched in incompatible elements
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Fig. 3.79 Chondrite-normalised REE patterns (a) and Wood’s (1980) discrimination diagram (b) for mafic volcanic rocks from the Ludicovian-
age Kittila Group, central Finnish Lapland (Modified after Hanski and Huhma 2005)

including TiO,, and show an alkaline affinity in terms of high
Nb/Y. However, Nb is slightly depleted compared to La
(primitive mantle-normalised La/Nb = 1.3-2.2), which
might indicate some crustal influence. The Nd isotopic com-
position is less radiogenic than in the other formations
discussed above, with initial engq falling in the range
of —1.6 to —0.8 (Hanski and Huhma 2005). As a whole, the
lavas of the Kautoselka Formation are transitional between
E-MORBs and volcanic arc basalts. Also basaltic lavas,
which resemble present-day island arc tholeiites (IAT),
have been found in the Kittila Group, close to the eastern
margin of the volcanic complex in association with serpen-
tinite lenses (Hanski 1997). Furthermore, dykes cutting the
ophiolitic serpentinites show major and trace element
characteristics of magmas occurring in island arc enviro-
nments, such as IAT tholeiitic and calc-alkaline basalts,
and boninites (see Fig. 4.14 in Hanski and Huhma 2005).
Figure 3.79 summarises the trace element compositions of
the Kittila Group mafic volcanic rocks, highlighting their
geochemical heterogeneity.

The c. 1.95 Ga Jormua Ophiolite in the Kainuu Belt,
described by Kontinen (1987) and Peltonen et al. (1996,
1998), is a unique early Precambrian rock assemblage
containing mantle tectonites (Fig. 3.27ae), gabbroic bodies,
a sheeted dyke complex (Figs. 3.20k and 3.27ab, ac) and
other (deeper) mafic dykes, massive and pillowed lavas
(Figs. 3.201 and 3.27ad), hyaloclastites and plagiogranites.
Tholeiitic pillow lavas and associated sheeted dykes record a
MORB-like geochemistry with flat or slightly LREE-
enriched or LREE-depleted chondrite-normalised REE
patterns (Fig. 3.80a). This feature together with their major
element geochemistry (see Fig. 3.58g) makes the Jormua

tholeiites the closest analogues of modern MORBs so far
found on the Fennoscandian Shield. Compositions of rocks
from the Jormua sheeted dyke complex plot in the MORB
field in the TiO, vs. FeOr diagram (Fig. 3.58g), but some
pillow lava samples are exceptionally low in FeOr, falling
below the MORB field. This is hardly an original feature
of the magma. Clinopyroxenetic and hornblenditic dykes
deeper in the ophiolitic section, cutting mantle tectonites,
are older (c. 2.1. Ga) and show an OIB-like chemistry includ-
ing a depletion in HREE (Peltonen 2005) (Fig. 3.80a). An
interesting feature is that these dykes carry xenocrysts of
Archaean zircon (Peltonen et al. 2003), which is consistent
with the observed unradiogenic Os in the Jormua mantle
rocks (Tsuru et al. 2000) and suggests that the ultramafic
rocks in the Jormua Ophiolite are fragments of ancient conti-
nental lithospheric mantle.

Igneous rocks of the Cu-Zn sulphide ore-bearing,
c. 1.96 Ga Outokumpu Ophiolite, which forms part of
the Upper Kalevian allochthonous units in Finnish North
Karelia, constitute essentially serpentinised ultramafic
rocks subjected to strong sea-floor hydrothermal alteration
(Peltonen et al. 2008). In contrast to the Jormua Ophiolite,
the crustal igneous section is not well-preserved and volca-
nic rocks are absent. Neither are there volcanic rocks
within the associated Upper Kalevian turbidites, which
were likely deposited on the sea-floor (Lahtinen et al.
2009). Mafic rocks are represented by tholeiitic gabbroic
bodies and mafic dykes within serpentinites, which in some
cases show dyke-in-dyke intrusive structures indicative of
an extensional setting (Peltonen 2005). Rare earth element
characteristics of these mafic intrusive rocks are illustrated
in Fig. 3.80a, b.
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Fig. 3.80 Ranges of chondrite-normalised REE contents of lava flows, dykes and gabbros from the Jormua and Outokumpu Ophiolite and an
average composition of basaltic lava from the northern Lake Ladoga area (Data from Peltonen (2005) and Ivanikov et al. (1998))

3.4.8 Orogenic Magmatism in the Kola
Peninsula

A thick sequence of Palacoproterozoic volcanic and sedimen-
tary rocks, forming the South Pechenga Group, are found on
the southwestern part of the Pechenga Belt, being separated
from the North Pechenga Group by the Poritash fault zone.
These rocks include calc-alkaline intermediate to felsic volca-
nic rocks that are thought to be related to a continent-continent
collision event between the Kola and Karelian cratons and
ensuing development of a subduction zone (Sharkov and
Smol’kin 1997). In Chap. 4.2, a description of the South
Pechenga Group is presented emphasising the lack of
geochronological and stratigraphical constraints. Several
formations have been distinguished with characteristic
lithological and geochemical features; Skuf’in and Theart
(2005) named the following: the Kallojaur, Ansemjoki
(Bragino), Mennel, Kaplya and Kassesjoki formations, and
considered them to have been deposited in that order. Effusive
and pyroclastic volcanic rocks include a contrasting associa-
tion of rhyolites, dacites, alkaline and high-Mg andesites,
tholeiitic basalts, ferrobasalts and picrites, with mafic and
ultramafic types having been erupted mostly subaqueously
and intermediate to felsic types subaerially. The Kallojaur
Formation is intruded by up to 1.2-km-thick, subvolcanic
dacitic bodies of the Poritash Complex (Skuf’in 1995b).
Figures 3.81 and 3.82b present a collection of analyses
from different formations of the South Pechenga Group and
the Poritash Complex. Together with the Poritash subvolcanic
dacites, the Kaplya Formation volcanic rocks form the most
evident low-Ti, calc-alkaline trend of differentiation compat-
ible with an island arc environment (Figs. 3.81b and 3.82b).
However, the South Pechenga Group also contains volcanic

rocks that suggest a non-arc-related setting. This concerns
particularly the Menel Formation, which comprises moder-
ately TiO,-rich mafic lavas and picritic volcanic rocks with
MgO reaching 20 wt.% (Fig. 3.81b). They have trace element
characteristics typical of within-plate basalts (Fig. 3.81a). On
the other hand, the volcanic rocks of the Ansemjoki/Bragino
and Kassesjoki formations have a chemical nature that
is somewhere between those of the Kaplya and Menel
formations (Fig. 3.81a, b). Moreover, the Ansemjoki/Bragino
Formation lavas contain some Fe-rich mafic varieties, which
are not compatible with an island arc environment. Using the
age of 1950 Ma, the Sm-Nd isotope analyses published by
Skuf’in and Theart (2005) yield slightly positive initial gnq
values for the Menel Formation and negative values to —5.1
for the Kaplya Formation and the Poritash Complex. It seems
that the South Pechenga Group is a collage of rock units
generated in different geotectonic settings.

In the Imandra/Varzuga Belt, the Panarechka and Saminga
formations have been regarded as the stratigraphic counter-
parts of the South Pechenga Group (Smol’kin 1997; Sharkov
and Smol’kin 1997). They occur in the southwestern flank of
the belt, forming a synform 8 km x 21 km in size (Smol’kin
1995; Skuf’in et al. 2006). The Panarechka Formation is c.
1 km thick and contains a sedimentary lower part with arkosic
and greywacke sandstones and a volcanic upper part with
basalts, gabbroic sills and psammitic tuffs of picritic basalt.
The overlying Saminga Formation is confined to two caldera-
like structures and is composed mainly of dacitic to rhyolitic
lavas and rhyolitic ignimbrites. A late intrusive phase is
manifested by plagiomicrocline granites and a series of
subvolcanic trachydacitic bodies, for which Skuf’in et al.
(2006) obtained U-Pb zircon ages of 1940 £ 5 Ma and
1907 £+ 18 Ma, respectively, and interpreted them as also
representing the timing of the volcanism. The former age
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Fig. 3.81 Diagrams depicting chemical characteristics of volcanic rocks from different formations of the South Pechenga Group (Data from
Predovsky et al. (1974, 1987), Skuf’in et al. (1988), Skuf’in (1995a, b), Skuf’in and Theart (2005), and P. Skuf’in (pers. comm.))

corresponds to the ages measured for felsic plutons at the
southwestern margin of the South Pechenga Zone (Skuf’in
et al. 2000; Vetrin et al. 2008).

The available major element analyses of rocks from the
Panarechka and Saminga formations are plotted in a Jensen
cation plot in Fig. 3.82a, indicating that most of the evolved
volcanic rocks have a calc-alkaline affinity (Fig. 3.82a)
whereas basalts show a tholeiitic affinity, though the total set
of analyses forms a low-Ti, Bowen-type fractionation trend
with decreasing FeOr when MgO decreases below wt.%.
Trace element data are presented in Fig. 3.72 based on
analyses published by Mints (1996). The Panarechka lavas
form two groups with high LREE/HREE (andesitic basalt,
rhyolite) and moderately elivated LREE/HREE (andesitic
basalt, trachyandesitic basalt). The Saminga Formation rocks
also display LREE-enriched chondrite-normalised REE
patterns (Fig. 3.72b). Excluding one sample, Skuf’in and
Yelizarov (2011) obtained positive eng(1950 Ma) values
between +1.7 and +5.0 for the Panarechka Formation basalts,
which are compatible with the single analysis of rhyodacite
with eng +2.8 at 1950 Ma reported by Daly et al. (2006) from
the Panarechka Formation.

3.4.9 Nd Isotope Evolution

Although Nd isotope data are presented in the above discus-
sion together with other geochemical data of each igneous
unit, it is pertinent to summarise the available isotope data
in a graphical from. This is done in Fig. 3.83 as a gnq Vs.

time plot, excluding the data from Sumian mafic layered
intrusions that are presented separately in Fig. 3.41. Sumian
and Sariolian ultramafic to felsic volcanic rocks show
unradiogenic Nd isotopic compositions with partial overlap
with the compositional field of the Archaean basement. No
eruptions of volcanic rocks with positive initial exq occurred
before c. 2.1 Ga ago. Instead, several pre-2.1 Ga mafic dykes
(marked as Md in Fig. 3.83) in the basement have been
analysed that show initial exg >0, though never reaching
the evolutionary line of the depleted mantle. The 2.22 Ga
differentiated sills have a restricted isotopic composition
indicating a close to chondritic isotopic evolution.

The first volcanic rocks registering a Nd isotopic compo-
sition indicative of depleted mantle source are Jatulian basal-
tic rocks as represented by the c. 2.1 Ga Jouttiaapa Fomation
and the Tohmajarvi Complex (Fig. 3.83). Analogous dyke
rocks in the basement have so far not been recognized; the
roughly coeval Hyypia dyke has yielded an initial eng of —1.7
(Huhma 1987). The c. 2.1 Ga granitoids in Central Lapland
have also low initial eng but yet higher than shown by
the contemporaneous Archaean basement granitoids. As
indicated by Fig. 3.83, the 2.05-2.06 Ga magmatism was
very diverse in terms of the Nd isotope composition. The
most depleted compositions close to that of depleted mantle
are recorded by komatiites and picrites (Jeesiorova and
Peuramaa formations) in Central Lapland (Hanski et al.
2001a). The Kuetsjarvi Volcanic Formation in the Pechenga
Belt displays a large variation in initial exq reflecting the
complexity of its composition and evolution and a variable
degree of interaction of the magmas with continental crust.
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Fig. 3.82 Jensen cation plots for orogenic volcanic rocks from the
Panarechka and Saminga formations, Imandra/Varzuga Belt (a), and
different formations from the Pechenga Group (b) (Data sources for (a)

The isotopic composition of the coeval Koivusaari Forma-
tion in eastern Finland is also highly variable and the evolu-
tionary lines of the II’'mozero Formation in the Imandra/
Varzuga Belt also indicate an unradiogenic Nd isotope sig-
nature (Lukkarinen 2008; Skuf’in and Yelizarov 2011). The
most extreme case is the Ni-Cu sulphide-bearing Keivitsa
mafic-ultramafic intrusion with the initial eyy values in some
ore types decreasing to —6.6 (Hanski et al. 1997).

Of the Ludicovian volcanic rocks, the Zaonega Formation
basalts (Onega Basin) and the Kautoselka Formation basalts
(Kittila Group, Finnish Lapland) have negative initial eng
values (Fig. 3.83). Most other Ludicovian volcanic and
subvolcanic rocks have positive initial eyg values between
+2 and +4 (Fig. 3.83) reflecting a long-term light rare element
depletion in their mantle source. These include submarine
mafic and felsic volcanic rocks from the Vesmajarvi Forma-
tion (Kittila Group) and basaltic lavas from the Kolosjoki and
Pilgujarvi formations (Pechenga) and Suisari Formation
(Onega). Only the uppermost part of the Pilgujarvi Volcanic
Formation felsic tuffs in the same formation show close to
chondritic or slightly negative initial enq, While ferropicritic
rocks plot in the middle part between the chondritic and
depleted mantle evolutionary lines, which is consistent with
their OIB-like geochemical character (Hanski 1992).

Neodymium isotope data are currently lacking from
Kalevian volcanic rocks. The Jormua ophiolite basalts are
less depleted than the contemporaneous mantle, having eng
(1950 Ma) of c. +2 (Peltonen et al. 1996). Figure 3.83 also

Predovsky et al. (1987), Mints (1996), Skuf’in et al. (2006) and Skuf’in
and Yelizarov (2011), and for (b) the same as in Fig. 3.81)

shows examples of c. 2.1 Ga pyroxenite dyke rocks that
occur in the mantle section of the Jormua ophiolite.

The diversity of the rock types in the South Pechenga Group
is also reflected in their Nd isotope composition (Skuf’in
and Theart 2005). The Kaplya Formation rocks have very
low initial exg While, excluding one sample, the Menel Forma-
tion rocks have had a close to chondritic or slightly depleted Nd
isotope evolution (Fig. 3.83), which is consistent with the
inferred different geological settings corresponding to conti-
nental arc and within-plate environments, respectively. The
Poritash dacitic complex occurring between the Northern and
Southern Pechenga Groups is similar to the Kaplya Formation
in terms of Nd isotopes (Skuf’in and Theart 2005). The
Panarechka Formation of the Imandra/Varzuga Belt, which is
regarded as correlative with the South Pechenga Group, shows
a depleted Nd isotopic signature, though the initial eng values
and the evolutionary lines are variable (Fig. 3.83; Skuf’in and
Yelizarov (2011)). The youngest rocks in Fig. 3.83 are syn- and
post-orogenic granitoids from northern Finland, exhibiting a
strongly sloping trend of decreasing eng With decreasing age
(Hanski and Huhma 2005).

3.4.10 Oxidation State of Iron

As already shown in Fig. 3.48, Jatulian volcanic rocks dis-
play a high degree of oxidation of iron. This question is
addressed in the descriptions of the Pechenga FAR-DEEP
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Fig.3.83 Neodymium isotope evolution of Palacoproterozoic igneous
rocks in the eastern and northen part of the Fennoscandian Shield; note
that errors in age and eng values ignored. Data sources: Huhma (1987),
Huhma et al. (1990), Hanski (1992), Peltonen et al. (1996, 1998),
Hanski et al. (1997), Puchtel et al. (1997, 1998), Hanski et al.
(2001a), Hanski and Huhma (2005), Vuollo and Huhma (2005), Skuf’in
and Theart (2005), Skuf’in and Bayanova (2006), Chashchin et al.

holes (Chaps. 6.2.3 and 6.2.4) and discussed specifically in
Chap. 7.4. In this connection, the average current oxidation
state of iron in volcanic rocks from the main stratigraphic
units is compared. Thousands of samples of Precambrian
volcanic rocks have been analysed by wet chemical methods
from the Russian part of the Fennoscandian Shield. These
analyses include routine determinations of FeO and Fe,O3,
allowing the present-day redox state of the rocks to be
evaluated. Instead, almost all rock analyses from the western
part of the shield have been performed by instrumental ana-
lytical methods and the redox speciation of iron has mostly
remained undetermined. For this reason, the oxidation state

(2008), Hanski et al. (2010), Skuf’in and Yelizarov (2011), and
Huhma, Hanski and Smol’kin (unpubl.). Depleted mantle model evo-
lution after DePaolo et al. (1981). For Nd isotopic composition of
Sumian plutonic rocks, see Fig. 3.41. Initial values from single
measurements or isochrones are shown as equant symbols and ranges
of initial values as vertical bars. For samples with an unknown age,
evolutionary lines are drawn covering the potential age range

of iron in volcanic rocks from different stages of Palaeopro-
terozoic magmatic evolution will be discussed solely based
on analytical data from the Russian part of the shield. These
data include individual analyses and calculated average
compositions gathered from the literature and determined
within the FAR-DEEP project (Pechenga) supplemented
by unpublished data provided kindly by Zh. Fedotov,
V. Smol’kin and P. Skuf’in.

In Fig. 3.84, the average oxidation state of iron in terms of
Fe**/ZFe is presented separately for volcanic rocks from the
Kola and Karelian provinces. The Kola rocks are further
divided into two parts, those from the Pechenga Belt and
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Fig. 3.84 Average oxidation state of iron in volcanic rocks from
different stratigraphic units in the Kola and Karelian cratons. Numbers
on the right side of the bars represent average Fe>*/ZFe values and
number of analyses (in parenthesis). Most data are from the Russian

Imandra/Varzuga Belt, and data from both belts are presented
as a function of lithostratigraphy at the formation or group
level (see Chaps. 4.1 and 4.2). The analytical data from
the Karelian province are presented as grouped into general
traditional stratigraphic units Sumi, Sariola, Jatuli and
Kaleva, with the exception of the Ludicovian rocks, which
are divided further into the Zaonega and Suisari formations.
The analysed volcanic rocks of these two formations are
mainly from the Onega region and the Kalevian rocks from
the Lake Ladoga region; the other rocks are more widely
spread within the Karelian craton.

The most significant feature in Fig. 3.84 is the high
oxidation state of iron in volcanic rocks belonging to the
Jatulian system compared to the older or younger rocks. This
is true for all three areas shown in Fig. 3.84, but is most
strikingly developed in the Pechenga Belt where the 2.06 Ga
Kuetsjirvi Volcanic Formation records an average Fe>*/~Fe
ratio of 0.52 (see Chap. 8); the average ratio in other rock
units in the Pechenga Belt is less than or equal to 0.25. The
Umba Volcanic Formation in the Imandra/Varzuga Belt is
also generally highly oxidised (averaging 0.47). Based on
their stratigraphic positions, the Jatulian volcanic rocks in
the Karelian Block are traditionally divided into Lower,

geological literature. These are supplemented by FAR-DEEP analyses
(Pechenga) and unpublished data from Zh. Fedotov, V. Smol’kin and
P. Skuf’in

Middle and Upper Jatulian (Svetov 1979; Golubev and
Svetov 1983). The average oxidation state of iron is not
markedly different at these different levels, and the average
Fe3+/ZFe ratio of all available analyses from those rocks can
be calculated to be 0.42 (n = 1173), also abnormally high.
However, there are significant differences between different
areas. For example, the middle Jatulian basaltic lavas in the
Hirvas area are highly oxidised with Fe**/SFe averaging
0.78 (Golubev et al. 1984), whereas in the Lekhta or
Sapovaara areas, the proportion of ferric iron of total iron
is less than 0.30 (Golubev and Svetov 1983). Svetov (1980)
commented that pillow lavas are less oxidised than subaeri-
ally erupted lavas and hence, the regionally observed
differences in the oxidation state of iron is partly explicable
by variable types of eruptional setting.

Apart from the Jatulian volcanic units, the other units in
Fig. 3.84 mostly display average Fe**/ZFe ratios between
0.17 and 0.25. Two units, the Seidorechka Volcanic Forma-
tion and the Panarechka Formation from the Imandra/
Varzuga Belt, are more oxidised, having average Fe>*/ZFe
values of 0.27 and 0.39, respectively. One reason for this
could be the dominance of felsic rocks in these units, as
felsic rocks are generally more oxidised than mafic and
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intermediate ones. The change in the presently observed
oxidation state of iron between the Jatulian and pre-Jatulian
rocks is generally abrupt. The Sariolian volcanic rocks are
typically relatively reduced with the exception of samples
from weathering crust that has developed on Sariolian vol-
canic rocks during the early Jatulian time and may show Fe’
*/ZFe values higher than 0.70 (Heiskanen et al. 1987).

3.4.11 Discussion

The summary that is presented above reveals a great diversity

of the Karelian magmatism. It varies in chemical composi-

tion from ultramafic to silicic and is manifested in different
forms ranging from subaerial or submarine volcanism to
deep- to shallow-level plutonism. It seems that each belt
has its own lithological and geochemical characteristics and
it is not always easy to find counterparts for a stratigraphic
unit elsewhere within the same geochronological system.

There are many features that prevent a straightforward corre-

lation of the magmatic events between different belts. It was

already mentioned earlier that the Jatulian successions differ
in many ways between the Karelian and Kola cratons. Of the
inconsistences, some examples are listed below.

— When the whole geochemical data sets are considered
from different regions, as is done in Fig. 3.31, a great
similarity is observed between the Sumian and Sariolian
lavas when high-Mg lavas are concerned. They form a
differentiation series leading to low-Ti basalts. However,
the rocks in these high-MgO series belong mostly to the
Sumi in the Russian part of the Karelian craton and the
Sariola in Finland and the Kola Peninsula. Given the
geochemical similarity, it is tempting to suggest that
they are all roughly coeval, but this can hardly be proved
without reliable age determinations.

— Among the Sariolian volcanic rocks, the Polisarka Forma-
tion in the Imandra/Varzuga Belt contains abundant basal-
tic komatiites that were erupted subaqueously, whereas the
Ahmalahti Formation lavas in the Pechenga Belt are
evolved basalts and andesites that were erupted subaeri-
ally. This raises a question about the age of the Ahmalahti
Formation; the only thing we know now is that it is younger
than the c. 2.5 Ga Mt. General’skaya intrusion and younger
than the c. 2.06 Ga Kuetsjarvi Volcanic Formation.

— The same question can be asked when discussing the age
of the lowermost mafic lavas (the Sariolian Runkaus
Formation) in the Perapohja Belt. As is evident from
Fig. 3.46a, they are chemically different from the lower-
most volcanic rocks of the Kainuu and Kuusamo Belts. It
is known that the Runkaus Formation is older than
2.22 Ga, hence belonging to the lower Jatuli cannot be
ruled out. Apart from the imprecise Sm-Nd isotope data,
there is no geochronological evidence that would be in

conflict with this interpretation, which was also favoured
by Perttunen (1980, 1985).

Using in-situ SHRIMP U-Pb analysis on zircon, Puchtel
et al. (1998) made an effort to date a mafic volcanic unit
(Fig. 3.75a) at Hirvas, Russian Karelia, which has been
regarded as a typical representative of subaerially erupted
Upper Jatulian lavas (Svetov 1979). The age determination
was performed from a coarse-grained, leucocratic lens in a
sheet-like body with an amygdaloidal upper part and mas-
sive lower part. The obtained age, 1976 £ 9 Ma, was
surprisingly young, Ludicovian, and thus not in concert
with what are thought to be the age of the Upper Jatulian
volcanic rocks. Puchtel et al. (1998) discussed possible
solutions to this dilemma, including the possibility that
the dated body is a hypabyssal intrusion belonging to the
Ludicovian magmatism, even though it has a geochemical
correspondence with the Jatulian lavas of the area, and
emphasised the importance of further geochronological
studies of Jatulian igneous rocks. An opposite problem
has appeared in studies of the Tohmajarvi Mafic Complex,
which is associated with a Ludicovian-type of environ-
ment with black shales and dolomites. Dating of this com-
plex has resulted in a Jatulian U-Pb zircon age of 2105
+15 Ma (Huhma 1986).

The Ludicovian primitive magmas differ chemically and
partly also in age in their three main areas of occurrence.
Those found in the Onega region are picrites and picritic
basalts, while the Central Lapland rocks form a bimodal
series of Ti-enriched komatiites and picrites and the
Pechenga ferropicrites are unique in having higher FeOr
than in the other types. A common feature of all these
magmas is that they were generated from a depleted
mantle source. The most obvious correlation can be
made between the ferropicrites of the Pechenga and
Imandra/Varzuga Belt. It is worth mentioning that the
Ludicovian (Zaonegian) komatiitic rocks discovered in
the Sortavala area seem to have no analogues among
other Ludicovian primitive magmas.

The existing geological literature does not give a clear
picture of the development of the environment of eruptions
of mafic lavas, though submarine environments are more
prevailing during the formation of the latest, Ludicovian
successions. Highly amygdaloidal mafic lavas erupted on
dry land form thick units, particularly within Sariolian and
Jatulian sections, but pillow lava-bearing formations are
found in every geochronological system from the Sumi to
Ludocovi. They include the Sumian Kuksha Volcanic
Formation (Fig. 4.4d), Arvarench Unit (Vrevskii et al.
2010), Vetreny Suite (Puchtel et al. 1997) and Sumian
lavas in the northern part of the Onega basin (Svetov
et al. 2004). Sariolian pillow lavas are found in the
Polisarka Volcanic Formation (Predovsky et al. 1987) and
the Mantyvaara Formation (Manninen 1991). In Russian
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Karelia, pillow lavas are present among the Lower, Middle
and Upper Jatulian mafic volcanic rocks (Svetov 1979;
Sokolov 1980). In Finland, like in the Kuusamo Belt
(Silvennoinen 1972), the start of volcanism with subaerial
(Sariolian) lavas can be followed by a Jatulian pillow lava-
bearing unit before the appearance of a flood basalt-like
unit higher in the stratigraphy. The overall impression is
that there was considerable relative sea level fluctuation
before Ludicovian time when a more permanent highstand
of the sea level developed.

— Initial gyq values of magmas show a general tendency
to change from negative to positive at the Jatulian-
Ludicovian transition (Fig. 3.83), which is, at least partly,
related to the attenuation of the lithosphere due to
prolonged tensional stresses and resultant decreasing
degree of crustal contamination. However, there are
some exceptions such as the Jatulian Jouttiaapa Formation
with depleted mantle-like Nd isotopic characteristics with
no indications of interaction with continental crust. On the
other hand, the Ludicovian II’'mozero Volcanic Formation
shows very low initial enq values, which are not observed
elsewhere in volcanic rocks associated with Ludicovian
black shales, though there is some overlap with the
Zaonega Formation (Fig. 3.83).

To solve the existing correlation problems, the significance
of reliable age determinations cannot be overestimated. Dat-
ing of Sumian intermediate to felsic volcanic rocks has been
partly successful, but Sariolian volcanic rocks have so far not
been dated by the U-Pb method. Also U-Pd-dated Jatulian
volcanic rocks are very few, being limited to two c. 2.06 Ga
felsic volcanic rock units (Pechenga Belt, Siilinjarvi Belt) and
one c. 2.1 Ga mafic tuff (Perapohja Belt). The age of the
Ludicovian volcanic rocks is known reasonably well in some
areas (Pechenga) but, in other areas (e.g. Onega), is based on
less precise methods (e.g. Sm-Nd) and still needs to be con-
firmed by the U-Pb technique. Much of our current under-
standing on the timing of the volcanic events relies on
geochronological data obtained from cross-cutting intrusive
rocks (e.g. Vaasjoki 2001). Although they are usually more
amenable for dating than volcanic rocks, problems may appear
when more than one generation of zircon (or baddelyite) is
encountered within an intrusive body. This concerns at least
the Sumian layered mafic-ultramafic complexes (for more
details, see Chap. 3.2).

The relationship between the Sumian and Sariolian vol-
canic rocks has long been a controversial issue among
geologists studying them in Russian Karelia (Sokolov et al.
1987). For example, Heiskanen et al. (1977) assigned pre-
Jatulian basaltic and andesitic volcanic rocks to the Sariolian
andesite-basalt complex and felsic volcanic rocks to the
Sumian dacite-liparite complex. Apparently, the same
mafic to intermediate volcanic rocks from the Kumsy area,

for example, which Heiskanen et al. (1977) regarded as
Sariolian, Svetov et al. (2004) considered Sumian (see
above). One way to avoid this kind of discrepancy is to
group the volcanic rocks together and call them Sumi-
Sariolian (Kulikov et al. 1978; Sokolov et al. 1987). How-
ever, this is not a desirable solution because, as advocated in
Chap. 3.2, there is an extensive erosional period between the
deposition of the Sumi and Sariola system rocks that allowed
the c. 2.4-2.5 Ga layered intrusions to become uplifted and
partly eroded. In the absence of reliable age determinations
or field evidence on the relationship between the volcanic
rocks and Sumian intrusive rocks, the confusion is
understandable. This is also why potential Sariolian volcanic
rocks in Russian Karelia are not considered in detail here. It
should also be mentioned that, due to the different opinions
in the literature, there are two alternative ways to plot some
rock compositions from Russian Karelia in the summary
diagrams of Fig. 3.31 (red dots in Fig. 3.31g, h).

Due to the preponderance of andesitic compositions,
Sumian-Sariolian volcanic rocks were previously regarded
as resulting from orogenic volcanism (Heiskanen et al.
1977). Later the general view has been that the Sumian
magmatism is related to initial rifting of continental crust
after late Archaean cratonisation, potentially associated with
a mantle plume acitivity (Sharkov 1984; Amelin et al. 1995;
Puchtel et al. 1997; see also Chap. 3.1). The orogenic
hypothesis has later been re-adopted by Mints (1996) and
Svetov et al. (2004) based on the chemical similarity of the
Sumian rocks and Andean basaltic andesites. Svetov et al.
(2009) found a match between Sumian high-Mg andesites
and bajaite series rocks from Mexico and favoured a conver-
gent geotectonic setting. On the other hand, Vrevskii et al.
(2010) compared Sumian volcanic rocks from central and
eastern Russian Karelia with island arc volcanic rocks and
observed that the former are different in being lower in
Al,Oj3 at the same SiO,. As noted above, the boninite-like
characteristics of the komatiitic rocks can be explained by
crustal contamination, and similar incompatible element
characteristics of more evolved basalts and andesites testify
that they were derived via fractional crystallisation of a
contaminated komatiitic magma in a deep magma chamber
in continental crust.

A glance at Fig. 3.31 reveals that, excluding the “orogenic”
South Pechenga Group, primitive magmas were erupted
broadly in two stages, during the Sumi-Sariolian and
Ludicovian time, representing different geotectonic stages
of the evolution of the shield. In Fig. 3.34, these magmas are
compared with Phanerozoic primitive magmas ranging from
Gorgona Island komatiites to picrites from Iceland, Greenland
and Hawaii. The latter form a more or less linear trend of
increasing [TiO,] with decreasing [Al,Os]. It seems that,
in general, Palacoproterozoic primitive magmas from the
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Fennoscandian Shield plot to the left of this trend, being lower
in Al,O5 than Phanerozoic primitive magmas, though the
scatter in the composition of individual magma types can
be large, likely due to alteration and analytical artifacts.
The same phenomenon, different levels of Al,O5; between
Mesoarchaean and Neoarchaean komatiites, has been known
for decades and has been interpreted as resulting from differ-
ent pressures of melt segregation, primarily due to the
differences in the thermal state of the mantle in different
times (e.g. Herzberg and O’Hara 1998). Following this
reasoning, one could argue from the distribution of the
analyses in Fig. 3.34 that, until c. 2.0 Ga, the cooling of the
mantle temperatures had not yet proceeded to the level that
the mantle had during Phanerozoic time.

Puchtel et al. (1998) proposed that the generation of
the Ludicovian primitive magmas, including picrites in
the Onega Plateau, ferropicrites in the Pechenga Belt and
komatiites in central Finnish Lapland, was related to a single,
1.98 Ga mantle plume having a head diameter of c. 2,000 km.
However, as noted previously, the Central Lapland koma-
tiites seem to be older than the c. 1.98 Ga Onega picrites,
having an age of c. 2.05 Ga, and the Pechenga ferropicrites
are located on a separate craton (Kola), which collided with
the Karelian craton after the formation of the Ludicovian
rocks (e.g., Lahtinen et al. 2005; Daly et al. 2006). Hence,
without reliable palacomagnetic information, the palacogeo-
graphical relationships between the Onega Plateau and
Pechenga Belt at 1.98 Ga are presently unknown. Thus the
connection of the three primitive magmatic events to the
same plume event may not be valid. Another problem with
the plume hypothesis, which is shared by all Ludicovian-age
primitive magmas and was discussed by Hanski (1992),
Puchtel et al. (1998) and Hanski et al. (2001a), is that these
magmas were erupted subaqueously and were temporally and
spatially associated with deposition of black shales and other
pelitic sediments indicative of deepening of the respective
depositional basins. In all these cases, there is no definitive
evidence for oceanic crust formation; instead, the geological
record indicates that the magmas ascended through conti-
nental lithosphere, though likely an attenuated one. This
phenomenon, eruption of mafic-ultramafic magmas onto
submerged continental crust, is in conflict with the common
assumption of a large-scale crustal uplift less than 1-20 Ma
prior to the onset of mantle plume head-generated mag-
matism (e.g. Campbell 2005). Field evidence for such
uplifting has been presented from Phanerozoic flood basalt
provinces (e.g. Saunders et al. 2007). The same problem also
applies to the pillow lava-bearing Vetreny Suite as well as
older Archaean greenstone belts worldwide where the gener-
ation of submarine komatiitic lavas has been related to a
mantle plume. Arndt (1999) addressed this problem and
discussed potential reasons why sea levels were high during
periods of Precambrian flood basalt volcanism. One of these

could be that large parts of ocean basins were occupied by
oceanic plateaux or reactivated ocean ridges flooding
displaced ocean water to low-lying continents. Recently,
Leng and Zhong (2010) proposed another explanation.
They carried out numerical modelling showing that if a
mantle plume head is temporarily ponding below the
660-km phase change boundary and undergoes a phase trans-
formation from ringwoodite to perovskite, this will cause
significant subsidence at the Earth’s surface tens of millions
of years before the volcanism and further subsidence later
due to volcanic loading.
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4.1 The Imandra/Varzuga Greenstone Belt

V.A. Melezhik

4.1.1 Introduction

The FAR-DEEP drilling operations were performed in three
spatially separated areas in the eastern part of the Fenno-
scandian Shield, stretching over a distance of c¢. 800 km from
the Barents Sea in the north to Lake Onega in the south
(Fig. 4.1). In geological terms, these three areas are the
Pechenga Greenstone Belt in the north, the Imandra/Varzuga
Greenstone Belt in the northeast, and the Onega Basin in
the south. These well-explored and well-mapped areas of the
Fennoscandian Shield have rather similar geology, but the
preservation of the different formations in terms of how they
can be used to assess global geological events. Thus each
region provides complementary geological information that,
when combined, produces a composite but comprehensive
record of the global palaeoenvironmental perturbations
across the Archaean-Palacoproterozoic transition known
from Fennoscandia. The Imandra/Varzuga Greenstone Belt
(Figs. 4.1 and 4.2) has been the target for continuous explo-
ration for Pt, Ni, Cu, and Au, which has allowed to establish
aregional geological framework including information on the
stratigraphy, regional geochemistry, metamorphic zoning,
and igneous petrology. Main regional geological features
were established during the 1:200,000 scale mapping in the
1960s (Potrubovich and Simon 1966) and subsequently
complemented by academic research (Kharitonov 1966;
Kozlov 1971; Gilyarova 1972; Radchenko 1972a; Bekasova
and Pushkin 1972). Later results of the 1:50,000 scale
mapping were combined with considerable contributions
from various research programmes, as summarised in four
monographs devoted to the general geology and stratigraphy
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(Zagorodny et al. 1982), sedimentology (Melezhik and
Predovsky 1982), and geochemistry of sedimentary and
volcanic rocks of the Imandra-Varzuga Belt (Fedotov 1985;
Predovsky et al. 1987; Borisov 1990). Geotectonic and
geodynamical aspects have been addressed in several papers
by Zagorodny and Radchenko (1988), Mints (1993, 1966) and
Mints et al. 1996, Melezhik and Sturt (1994), and Mintz et al.
(1996). There is only a limited number of geochronological
measurements constraining the depositional time of sedimen-
tary and volcanic rocks (Amelin et al. 1995; Skuf’in et al.
2006; Vrevsky et al. 2010), though a considerable effort
has been focussed on dating the emplacement of economi-
cally important layered gabbronorite complexes (Bayanova
et al. 2009).

4.1.2 General Geological Features

The Imandra/Varzuga Greenstone Belt is a southeastern part
of the c. 800-km-long, discontinuously developed system of
supracrustal belts extending from northern Norway through
northern Finland to NW Russia where it runs across the
Kola Peninsula. The composite belt was termed the North
Transfennoscandian Greenstone Belt by Melezhik (1996). It
has been interpreted as representing a long, several times
aborted and reactivated rifting, which was initiated around
2500 Ma in the easternmost part of the Kola Peninsula. The
earliest, though undated, rifting episode is recorded in the
lowermost unit of the Imandra/Varzuga Greenstone Belt,
which is known as the Purnach Formation (Fig. 4.3).
Structurally, the Imandra/Varzuga Greenstone Belt has
been termed “a synclinorium” (Polkanov 1936), “an asym-
metrical syclinorium” (Kharitonov 1966), “a compound
trough” (Simon 1967), “an asymmetrical fault-bound
trough” (Gilyarova 1972), or “an asymmetrical synclinorium
fold-belt with a reduced southern limb” (Zagorodny and
Radchenko 1982, 1988). These different designations reflect
a complex structural organisation of the belt and the lack
of consensus on its geotectonic constrains. The Imandra/
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Varzuga Greenstone Belt belt has been divided into the
Northern and Southern Zones separated by a WE-trending
and south-dipping fault. The Northern Zone is further
divided by NS-trending transversal faults into a few blocks
(Zagorodny et al. 1982) with some of them showing a
syndepositional nature (e.g. the Tsaga and Strel’na faults,
Fig. 4.2b) (Zagorodny and Radchenko 1982; Melezhik and
Predovsky 1982; Melezhik 1992). Each fault-bound, trans-
versal block has its characteristic structural organisation.
However, the structural features of the belt have so far
been poorly studied. In the Central transversal block, the
Northern and Southern zones are separated by a longitudinal
fault dipping steeply southwards (Fig. 4.2c). Here, the
Northern Zone represents a NW-SE-trending, simple half-
graben filled predominantly with volcanic rocks dipping
20-60° to SW. In contrast, the Southern Zone appears to
be a strongly folded and apparently tectonically imbricated
nappe complex overthrust by Archaean rocks from the
southwest (Daly et al. 2006); rocks dip 40-90° both south-
and northwards (Fig. 4.2¢).

In the Eastern block, only rocks belonging to the Northern
Zones occur, forming a west-plunging synform closed in the
east (Fig. 4.2b). The rocks of the northern limb of this block
have a tectonic contact with the Archaean basement rocks,
whereas a depositional contact has been reported in places in
the southern limb (Zagorodny and Radchenko 1982).
However, Daly et al. (2006) maintained that the contact is
tectonic throughout of the southern margin and that the
Imandra/Varzuga rocks are overthrust by Archaean and
younger Palaeoproterozoic rocks from the southwest; just
in a similar way as in the central block. Rocks of the Eastern
block dip steeply both to the south and north (50-80°).

In the Western block, the belt has a tectonically reduced
width (Fig. 4.2¢), and the rocks of the Northern and Southern
Zones form an east-plunging synform, which closes in the
west. The rocks of the northern limb have a depositional
contact with Archaean basement rocks, whereas the nature
of the contact of the southern limb with the basement rocks
remains unclear (Zagorodny and Radchenko 1982).

4.1.3 Stratigraphic Subdivision and Age

The stratigraphic subdivision of the Imandra/Varzuga
Greenstone Belt has been established in the 1960s during
the 1:200,000 mapping and prospecting programmes
(Potrubovich and Simon 1966). It was refined in the 1970s
(Bekasova and Pushkin 1972) and has remained essentially
unchanged since Zagorodny et al. (1982) published a sum-
mary monograph with detailed descriptions of the regional
geology, tectonics, stratigraphy, geochemistry, and history
of development.

The original stratigraphic names presented by Zagorodny
et al. (1982) has been utilised in this account, but the Russian
unit terms have been replaced with those commonly used in
the western literature; i.e., “series” is substituted by “group”,
“suite” by “formation”, etc. Lithostratigraphically, the
Imandra/Varzuga Greenstone Belt comprises the Imandra/
Varzuga Supergroup (Melezhik and Sturt 1994), which was
originally subdivided into the Strel’'na, Varzuga and
Tominga series (Zagorodny et al. 1982). The series have
later been renamed as the corresponding groups (Melezhik
and Sturt 1994). The Strel’'na and Varzuga groups are
located within the Northern (structural) Zone, whereas the
Tominga Group occurs only within the Southern Zone.
Although the Tominga Group is presently separated from
two older groups by the thrust fault, their chronostratigraphic
relationship may have been more complex. This cannot be
resolved unless precise radiometric ages, constraining their
depositional time, are available.

The lower age limit of the Strel’na Group is constrained
by the presence of gabbronorite pebbles in the basal
conglomerates of the Kuksha Sedimentary Formation
(Fig. 4.3). The pebbles are derived from the gabbro-notite
intrusions, which have been dated at 2504.4 + 1.5 Ma
(U-Pb-zircon, Amelin et al. 1995). The upper age limit of
the Tominga Group, the youngest in the belt, is older than
1907 £ 18 Ma (U-Pb-zircon, Skuf’in et al. 2006), the age
obtained for subvolcanic trachydacite emplaced into
rhyolites and dacites of the group.

The Strel'na Group

The cumulative stratigraphic thicknesses of the sedimentary
and volcanic rocks of the Strel’na Group (Fig. 4.3) reach
1,400 m and 5,300 m, respectively. The group was originally
subdivided into three “suites” (Fedotov et al. 1982), which
are from base to top: Purnach, Kuksha and Seidorechka. The
Purnach suite comprises alternating sedimentary and volca-
nic units, whereas the Kuksha and Seidorechka suites com-
prise a sedimentary-volcanic pair. Each pair begins with
sedimentary and ends with volcanic rocks. Further, each
sedimentary-volcanic cycle is separated from the overlying
one by a nondepositional disconformity, generally marked
by palacoweathering surfaces (Melezhik and Sturt 1994).
Boundaries between the cycles are sharp. The sedimentary
units of the cycles form formally defined sedimentary
“subsuites”, whereas the volcanic units comprise formally
defined volcanic “subsuites” (Fedotov et al. 1982). The
subsuites have been redefined later as formations (Melezhik
and Sturt 1994). Thus, the Strel’na Group embraces five
formal lithostratigraphic units in the rank of formation
(Fig. 4.3).
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The Purnach Formation

The Purnach Formation (Fig. 4.3) was originally defined as a
suite of polymict sandstones intruded by amphibolite sills
(Potrubovich and Simon 1966). The amphibolites were later
reinterpreted as volcanic rocks and combined together with
the polymict sandstones to form the Purnach suite
(Zagorodny et al. 1972) that corresponds to the Purnach
Formation of of Melezhik and Sturt (1994).

The western extension of the Purnach Formation is con-
fined by the Strel’na syndepositional fault (Fig. 4.2b), from
which it extends eastwards over a distance of 135 km,
though the formation thins completely out before reaching
the eastern margin of the belt. The formational contact with
the various underlying Archaean rocks is tectonic. The for-
mation is more than 2,000 m thick and comprises mainly
amphibolites accompanied by four sedimentary units, each
100200 m in thickness; three of them are situated in the
lower part of the formation and one in the uppermost part.
The sedimentary rocks have been documented only in the
easternmost part of the belt, and their occurrence is limited
by a distance of c. 25 km along strike. The rocks have
undergone amphibolite facies metamorphism (Petrov and
Voloshina 1982). The sedimentary rocks are biotite-quartz-
feldspar sandstones with horizontal bedding in two lower
units, whereas tabular multidirectional and trough cross-
bedding have been documented in two upper units. The
amphibolites occur as several interbedded varieties: fine-
grained and medium-grained, massive, and amygdaloidal.
Geochemically they represent a weakly differentiated series
of tholeiitic basalts (Fedotov et al. 1982).

There are no radiometric age data available that could be
used to constrain the depositional age of the Purnach Forma-
tion. The formation is wedging out along strike from the
eastern part of the belt in both directions and is conformably
overstepped by the overlying Kuksha Sedimentary Forma-
tion, which also rests on various Archaean rocks. This rela-
tionship may suggest that either the Purnach Formation was
originally deposited in a localised site and succeeded by the
Kuksha Sedimentary Formation, or it was considerably
eroded prior to the deposition of the Kuksha Sedimentary
Formation. Field observations do not allow to discriminate
between these two alternatives.

The Kuksha Sedimentary Formation

The Kuksha suite, divided into the Lower (sedimentary) and
Upper (volcanic) subsuites, was defined to substitute the
Rizhguba (sedimentary) and Strel’na (volcanic) suites in
the eastern part of the belt, whereas in its western part, it
equates to the so-called “first” sedimentary and “first” vol-
canic units (Melezhik 1976; Fedotov et al. 1982; Fedotov
1985). Later, the Lower and Upper subsuites were renamed

as formations, namely the Kuksha Sedimentary and Volca-
nic formations (Melezhik and Sturt 1994) (Fig. 4.3).

At the western end of the Western block, the Kuksha
Sedimentary Formation occurs as a thin (less then 40 m),
discontinuous unit along the northern margin of the belt in an
area west of Lake Imandra (Fig. 4.2c; the formation is not
shown in the map due to its small thickness). The formation
reappears in the Eastern block as a thick, continuous unit
stretching from the Strel’na syndepositional fault eastwards,
until it is cut by a fault (Fig. 4.2b). Thus, the lateral extent of
the formation within the Eastern block is similar to that of
the Purnach Formation and was apparently controlled by the
Strel’na syndepositional fault (Zagorodny and Radchenko
1982). The thickness of the formation is variable and reaches
400 m. The rocks rest either with a depositional contact on
the underlying Purnach amphibolites in the east or erosively
on diverse Archaean rocks in the west. The formation has
been metamorphosed under epidote-actinolite and epidote-
amphibolite facies conditions (Petrov and Voloshina 1982).

In the Eastern block, the lower part of the formation
comprises greywackes, whereas the upper part is composed
of arkosic sandstones. Both the greywackes and arkosic
sandstones exhibit either tabular, unidirectional cross-
bedding or horizontal, parallel bedding (Fedotov et al.
1982). In the Western block the formation comprises
volcaniclastic sandstones with tabular cross-bedding and
horizontal, parallel bedding, and polymict conglomerates,
whose clasts commonly reflect the composition of underly-
ing rocks (Melezhik 1976; Fedotov et al. 1982) (Fig. 4.4a, b).
In the vicinity of the drilling site of FAR-DEEP Hole 1A
(Fig. 4.2c), the formation has a considerably reduced
thickness and rests either on an Archaean diorite or on the
2504.4 £ 1.5 Ma (Amelin et al. 1995) layered gabbronorite
intrusion. In the former case, the formation is composed of
diorite-clast breccia supported by a mafic tuff matrix,
whereas in the latter case, it is represented by polymict
(mainly gabbro boulders) conglomerate overlain by shales
and amygdaloidal basalt (Fig. 4.5). The nature of this gab-
broic conglomerate, known as the “Vurechuajvench” con-
glomerate, has been a matter of continued debate with
opinions favouring a tectonic or sedimentary origin (Kozlov
and Latyshev 1974; Sidorenko and Luneva 1961; Fedotov
et al. 1975; Melezhik 1976). However, recent intensive
drilling has shown that the gabbroic boulder-conglomerate
overlies depositionally different layers of the layered
gabbronorite intrusion (Fig. 4.6), and the base of the con-
glomerate cuts down the section, from east to west, by more
than 300 m over a distance of approximately 2 km. Here,
the conglomerate consisting of angular and rounded clasts
of gabbro, norite, anorthosite, granophyre and diorite
(Fig. 4.5¢—f) also appears to seal faulted surface of the
gabbronorite body. This provides an important time
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constraint implying that the Kuksha Sedimentary Formation
was deposited later than 2504 Ma ago.

The Kuksha Volcanic Formation

The Kuksha Volcanic Formation (Fig. 4.3) occurs as a 200-
to 1,000-m-thick unit continuously developed along the
northern margin of the belt from the western side of Lake
Imandra to the Eastern block, where it forms the centrocline
closure of a larger synform and then re-appears in its south-
ern limb. The formation rests conformably on the Kuksha
Sedimentary Formation. In the Western block, where the
underlying sedimentary unit is absent, the formation lies
directly on Archaean diorite or gabbronorite.

The formation comprises mafic volcanic rocks meta-
morphosed under amphibolite facies conditions. The volca-
nic rocks occur as numerous 10- to 40-m-thick, well-defined
lava flows with brecciated and amygdaloidal upper parts
(Fig. 4.4c). Pillows are rare (Fig. 4.4d) implying essentially
subaerial eruptions. In the Western block, on top of Mt.
Arvarench (Fig. 4.2b), the volcanic suite is intruded by
coarse-grained, mafic, subvolcanic bodies. Some lava flows
contain thin screens of bedded carbonate rocks, and
xenoliths and dismembered beds of cross-bedded arkosic
sandstones (Fig. 4.4e). Based on a significant database,
Fedotov (1985) demonstrated that the chemical composition
of the mafic lavas is monotonous and similar throughout the
belt. He assigned the Kuksha Volcanic Formation to an
undifferentiated series of rocks resembling plateau basalts
(Fedotov et al. 1982).

The Seidorechka Sedimentary Formation

The Seidorechka Sedimentary Formation (Fig. 4.3), origi-
nally known as the Lower Seidorechka subsuite (e.g.
Zagorodny et al. 1972), occurs through the Eastern and
Central blocks and is cut by a fault in the Western block,
though reappears in the northwestern part of the belt
(Fig. 4.2b). Along a strike length of 350 km, the formational
thickness remains constantly around 300-350 m in the Cen-
tral block, but is reduced to 150 m towards both the Western
and the Eastern blocks. At both ends of the belt, the forma-
tion forms the periclinal closure of a large synform, which
shows reduced extensions of the southern limbs; the latter
in most cases is overthrust by Archaean and younger
Palaeoproterozoic rocks. The formation underwent regional
metamorphism grading from biotite-chlorite-actinolite
facies in the Western block, through biotite-epidote-actino-
lite facies in the Central block to epidote-amphibolite facies
in the Eastern block (Petrov and Voloshina 1982). The actual
contact with the underlying Kuksha volcanic rocks has been
described only from the Western block, in an area west of
Lake Imandra (Fig. 4.2b), where the Seidorechka Formation
shales rest with a weathering crust on Kuksha basalts
(Fedotov et al. 1975).

Originally the formation was subdivided into four
lithostratigraphic members (Melezhik 1976), being from
base to top: A (sericite and quartz-sericite shist), B (quartz-
ite), C (sericite-quartz chlorite schist, subordinate dolostone)
and D (metaporphyrite, chlorite-albite-quartze schist and
picritic tuff). However, a different subdivision is used in
this contribution based on the FAR-DEEP drilling results
(see Chap. 6.1.1). Member D is considered to represent
the lowermost part of the overlying Seidorechka Volcanic
Formations. The remaining part of the succession has
been subdivided into the Sandstone-Siltstone member
(equivalent to Member A of Melezhik (1976)), Dolostone
member (new), Quartzite member (equivalent to B), and
Limestone-Shale and Shale members (collectively equating
to Member C).

The first detailed sedimentological description of the
Seidorechka sedimentary rocks was published by Sidorenko
and Luneva (1961), which has later been supplemented by
results of litho-geochemical research (Melezhik 1976;
Fedotov et al. 1982). In the most-detailed studied western
part of the belt, the lower part of the formation is dominated
by sandstone-siltstone with lenticular, flaser and wavy bed-
ding (Sandstone-Siltstone member, 10-50 m; Fig. 4.7a—c),
followed by a thin dolostone unit (Dolostone member,
0-2 m; Fig. 4.7d) and cross-bedded quartzite (Quartzite
member, 15 m; Fig. 4.7e—1), whereas calcareous schists and
shales of the upper part (Limestone-Shale, 30 m; and Shale,
50 members) exhibit flaser and thin parallel bedding
(Fig. 4.7j-k), respectively.

The formation retains all major lithological subdivisions
throughout the belt, and sedimentological features of the
rocks reflect a depositional setting within a shallow-water
clastic shelf through an incipient carbonate platform to a
progressively deepening continental shelf. Clasts prove-
nance and sedimentological studies suggest a NS-transport
direction for clastic material (Bekasova and Pushkin 1977).
Carbonate rocks exhibit 3'°C ranging from —5.4 %o to
—1.8 %o (Melezhik and Fallick 1996). Other details on the
depositional framework based on preliminary investigation
of FAR-DEEP core and associated new material are
presented in Chap. 6.1.1.

The formation is intruded by numerous dykes and sills of
pyroxenite and melanocratic gabbro (termed the Kuksha
pyroxenite-gabbro complex), which are also known to cross-
cut the older Purnach and Kuksha formations as well as the
Archaean basement (Dokuchaeva et al. 1982). Based on
their stratigraphic distribution and geochemical composi-
tion, Fedotov (1978) regarded the igneous bodies as feeders
for the overlying Seidorechka Volcanic Formation. Further,
Dokuchaeva et al. (1982) reported geochemical similarity of
the gabbro with the Imandra lopolith and suggested their
comagmatic nature, thus linking together the Kuksha
pyroxenite-gabbro complex, the Imandra lopolith and the
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Seidorechka Volcanic Formation. This inference has later
been corroborated on the basis of REE geochemistry
(Melezhik and Sturt 1994) and a precise age determination
(2441 Ma; Amelin et al. 1995), which is discussed in some
detail below.

The Seidorechka Volcanic Formation

The Seidorechka Volcanic Formation (Fig. 4.3), originally
known as the Upper Seidorechka subsuite (e.g. Zagorodny
et al. 1972), rests conformably on the Seidorechka Sedimen-
tary Formation. It is the thickest formation in the Imandra/
Varzuga Greenstone Belt and, together with its sedimentary
counterpart, is the only formation occurring throughout the
entire belt length of 350 km. The formational thickness is
close to 3,000 m in the Central block, though being signifi-
cantly reduced in the western and eastern parts of the belt.
Similar to the sedimentary formation, the volcanic unit
forms the periclinal closure of the large synform at both
ends of the belt. In the southern limb of the Western block,
the thickness of the formation is tectonically reduced. In the
Central block, it is overthrust by Archaean and younger
Palaeoproterozoic rocks (e.g. Daly et al. (2006). Also simi-
larly to its sedimentary counterpart, the formation underwent
regional metamorphism grading from biotite-chlorite-actin-
olite zone in the west to epidote-amphibolite facies in the
east (Petrov and Voloshina 1982).

The Seidorechka Sedimentary Formation starts with a
100-m-thick volcano-sedimentary unit (Member D of
Melezhik 1976), which is composed in the Central and
Eastern blocks of several mafic lava flows overlain by tuff-
matrix sandstone, conglomerate, and komatiitic tuff. The
upper part of this unit is also known as “volcanic breccia”
(Kharitonov 1966), “xenoclastolava” (Radchenko 1972b) or
a “Liht-Luht conglomerate” (Figs. 4.4b and 4.71-n). This
horizon is traceable over a distance of 300 km and serves
as a marker unit within the Seidorechka Volcanic Formation
(Fedotov 1985).

The remaining part of the formation has been subdivided
into three members. The lower member has a thickness of
800 m and comprises a series of lava flows of melanocratic
komatiitic basalts and amygdaloidal basaltic andesites
(Fedotov et al. 1982; Fedotov 1985). The member contains
numerous sills and dykes of melanocratic gabbro and pyrox-
enite with komatiitic affinities (the Kuksha pyroxenite-
gabbro complex; Dokuchaeva et al. 1982), which also
intrude the 2505 Ma gabbronorite and the Purnach, Kuksha
and Seidorechka Sedimentary formations, but are unknown
in the overlying units. They are similar in major, trace and
rare-earth element geochemistry with the Seidorechka
melanocratic komatiitic basalts, and thus were interpreted
as feeder dikes/channels for the lower member of the
Seidorechka Volcanic Formation (Fedotov 1985; Melezhik
and Sturt 1994).

The middle member has a maximum thickness of 1,500 m
and is made up of homogeneous basaltic andesites
(Fig. 4.70), which can be traced throughout the belt. In
contrast, the upper member has a variable thickness ranging
from zero to 300 m and mostly occurs in the Western block,
where it forms the periclinal closure, and in both limbs of the
synform (Fedotov. 1985). The upper member is composed of
amygdaloidal, rhyolitic and dacitic lava flows (Fig. 4.7p, q).
In the Western block, they contain large synvolcanic and
apparently co-magmatic bodies of granophyre, locally
termed “imandrites” (Ramsay and Hackman 1894). These
have been dated at 2442.2 + 1.7 Ma (Amelin et al. 1995)
and provide an age constraint for the upper part of the
Seidorechka Volcanic Formation (for more information see
Chap. 3.2).

In the Western block, in the area of the Mountain
Arvarench (Fig. 4.2b), a probable stratigraphic equivalent
of the Seidorechka Volcanic Formation is represented by a
komatiitic ~ basalt-andesite-dacite-rhyolite ~ association
(known as the Arvarench Formation, e.g. Radchenko et al.
1994). Previously these rocks have been regarded as late
Archaean (Pozhilenko et al. (1999), but the recently obtained
U-P age of 2429 £ 6.6 Ma (Vrevsky et al. 2010) is consis-
tent with the age of 2442.2 + 1.7 Ma reported previously by
Amelin et al. (1995) for the Seidorechka Volcanic Forma-
tion from a different locality. In the Mountain Arvarench
area, the exposed part of the formation starts with massive,
pillowed and amygdaloidal basalt, mafic agglomerate and
flow breccia with several 5- to 12-m-thick bodies of ultra-
mafic and mafic komatiite and bedded tuff. These are
succeeded by a c. 1,000-m-thick package of amygdaloidal
andesitic, dacitic and rhyolitic lavas (Fig. 4.7r—s) with thin
interbeds of agglomerate and accretional lapilli tuffs
(Fig. 4.7¢).

In the Western block, on the either side of Lake Imandra,
the Seidorechka Volcanic Formation has been intruded
by the chromite-bearing Imandra layered gabbronorite
lopolith tectonically dismembered into a series of fragments
(Dokuchaeva et al. 1980). The lower contact of the lopolith
with the Seidorechka Volcanic Formation is exposed on
either side of Lake Imandra and has been intersected by
drillholes in an area south of the FAR-DEEP Hole 1A site
(Fig. 4.2c). The contact has an intrusive nature and
dips 30-80° to the south and southeast, while the upper
contact is not exposed. The lopolith is intersected by
peridotite-pyroxenite dykes, which have been reported to
be comagmatic with the Polisarka Volcanic Formation
komatiites (Dokuchaeva et al. 1982); the latter are stratigra-
phically above the Seidorechka formations (Fig. 4.3). The
emplacement time of the Imandra lopolith has been
constrained to 2441.0 £ 1.6 Ma (Amelin et al. 1995).
Major, trace and REE geochemistry of the layered
gabbronorite complex closely corresponds to that of the
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volcanic rocks of the Seidorechka Volcanic Formation. This
together with the similarity in the ages of emplacement and
deposition has been taken as evidence that the intrusive and
effusive rocks form a genetically related volcano-plutonic
association (Melezhik and Sturt 1994; Chashchin et al.
2008).

Very little has been published on the palacovolcanology
of the Seidorechka Volcanic Formation. Widespread,
laterally continuous lava flows with a limited development
of pyroclastic facies over the entire beltlength indicate pre-
dominantly fissure-type eruptions and have been assigned to
a flood-basalt setting (Fedotov 1985). An exception is rhyo-
litic and dacitic lavas occurring only in the western part of
the belt where they show highly variable thicknesses. They
might have been erupted from a central type of volcano
(Fedotov 1985). The mafic komatiitic “volcanic breccia” or
“xenoclastolava” may indicate a phase of uplift followed by
erosion and revoking of pyroclastic material. Based on geo-
chemical data, Mints (1996) assigned the Seidorechka vol-
canism to an active continental margin and interpreted it as a
volcanic-arc association.

The Varzuga Group

The Varzuga Series (Zagorodny et al. 1972; Melezhik et al.
1982), later redefined as the Varzuga Group (Melezhik and
Sturt 1994) (Fig. 4.3), has cumulative stratigraphic
thicknesses of 1,200 m and 3,800 m for its sedimentary
and volcanic rocks, respectively. The group was originally
subdivided into three ‘“suites” (Zagorodny et al. 1972;
Melezhik et al. 1982), named from base to top as Polisarka,
Umba and II'mozero. All of them comprise sedimentary-
volcanic pairs with each pair beginning with sedimentary
and ending with a volcanic unit. The sedimentary units of the
cycles form formally-defined sedimentary ‘“subsuites”,
whereas the volcanic units of the cycles comprise formally
defined volcanic “subsuites” (Zagorodny et al. 1972;
Melezhik et al. 1982), both later redefined as formations
(Melezhik and Sturt 1994). Thus, the Varzuga Group
consists of six formal lithostratigrphic units being, from
oldest to youngest, the Polisarka Sedimentary and Volcanic,
Umba Sedimentary and Volcanic, and II’'mozero Sedimen-
tary and Volcanic formations (Fig. 4.3).

The Polisarka Sedimentary Formation

Originally in the 1960s, the Polisarka Sedimentary Formation
(Fig. 4.3) was defined as the Lower Polisarka subsuite by
Sokolova (unpublished report cited in Zagorodny et al.
1972) as the result of 1:200,000 mapping of the central part
of the Imandra/Varzuga Belt. Later, the subsuite was
redefined as the Polisarka Sedimentary Formation (Melezhik
and Sturt 1994). The formation is known to occur in the

Central block and immediately east of the Strel’na fault in
the Eastern block (Figs. 4.2b and 4.8a). Its thickness varies
from 20 to 115 m. The thickness variation has been
interpreted to have been controlled by several syndepositional
blocks and faults (Melezhik and Predovsky 1982), which is
schematically illustrated by a longitudinal lithological profile
in Fig. 4.8b. The formation comprises diverse sedimentary
rocks including polymict conglomerates, varved siltstones
with dropstones, shales, marls and limestones (Fig. 4.9a—g).

Zagorodny et al. (1972) reported that the Polisarka basal
conglomerate rests erosionally and with an angular unconfor-
mity on palacoweathered rocks of the Seidorechka Volcanic
Formation. Up to 20-m-thick sericite-chlorite-carbonate shale
with relics of a porphyritic structure has been reported from
the Lower Pana Lake section (Sect. 2 in Fig. 4.8b) and
interpreted as representing intensively weathered andesites
of the wunderlying Seidorechka Volcanic Formation
(Potrubovich and Simon 1966). Further research (Melezhik
and Predovky 1982; Melezhik et al. 1982) has shown that the
overlying Polisarka basal conglomerate contains variably
weathered clasts derived from the underlying dacites,
andesites, and basaltic andesites with the most weathered
clasts located in Sect. 3 (Fig. 4.8b), thus confirming the
existence of weathered rocks prior to the erosion and deposi-
tion of the conglomerate.

The fluctuation of formational thicknesses is accompanied
by a considerable lithofacies variation (Fig. 4.8b). To the east
of the Strel’na fault (Sect. 6; Fig. 4.8b), the formation is only
15 m thick and consists of komatiitic and basaltic tuffs
(Melezhik and Predovsky 1982). On the other hand, to the
west of the Strel’na fault (Sects. 4 and 5; Fig. 4.8b), the tuffs
are rapidly overstepped by an up to 29-m-thick unit of
polymict, poorly-sorted, boulder- to pebble-conglomerate
overlain by massive, bedded and varved greywacke and
volcaniclastic siltstone with slump structures, abundant
lonestones and dropstones, and small pockets of polymict,
fine-pebble conglomerate (Fig. 4.9b—g). Although, in Sects.
4 and 5 (Fig. 4.8b), clasts in the basal conglomerate differ in
composition, the majority is represented by dacitic rhyolite
and quartz-plagioclase rocks with granophyric and bostonitic
textures (Melezhik and Predovsky 1982). The lower part of
the greywacke-varved siltstone unit contains a c. 10-m-thick
body of spinifex-textured ultramafic komatiite (Fig. 4.9h). It
remains unclear whether this is a sill or a lava flow, though the
overlying massive greywacke is injected by 1- to 5-cm-thick
“veinlets” of fine-grained ultramafic komatiite. However,
their connection to the main komatiitic body has not been
observed.

Further to the west, in Sect. 3, the lithofacies are somewhat
similar to those in Sects. 4 and 5. The formational base is
composed of polymict, poorly-sorted boulder- to pebble-
conglomerate containing rounded clasts of variably weathered
andesites and basaltic andesites reflecting the lithology of the
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immediate local source (Fig. 4.9a). However, the lower part
of the greywacke-varved siltstone unit is overstepped here
by finely-laminated, varved, clayey siltstones. Similarly to
the varved volcaniclastic siltstones, they contain abundant
dropstones. The clayey siltstones were previously called
“pudding conglomerate” (Melezhik and Predovsky 1982)
but were later reinterpreted as glaciogenic mudstones with
“dropstones” (Melezhik et al. 2005). These rocks are overlain
by massive, bedded and laminated (varved) greywacke and
volcaniclastic siltstone with dropstones.

In Sect. 2, the basal conglomerate, with the thickness
reduced to 10 m, lies on the weathered andesites as discussed
above. The mudstone unit has a considerably reduced thick-
ness though it is overlain by the greywacke-varved siltstone
having a thickness similar to that in Sect. 3.

The westernmost part of the Polisarka Sedimentary For-
mation, located west of the Tsaga syndepositional fault, has
been intersected by FAR-DEEP Hole 3A (Sect. 1; for details,
see Chap. 6.1.2). The section exhibits an outstanding differ-
ence in its lithological composition and thickness compared
to those known from all other sections (Fig. 4.8b). The true
thickness is twice as large as elsewhere and approaches
120 m, and the main lithofacies are limestones, varved
marls with rare dropstones, carbonate breccias and
gritstones, diamictite, and several mafic lava flows. These
lithofacies rest directly on rhyodacites, thus the basal con-
glomerate, as observed in others section, is missing here.
The c. 100-m-thick, limestone-dominated unit contains a c.
40-m-thick sill or flow of ultamafic komatiite and is
overlain by a c. 25-m-thick succession of massive dia-
mictites, parallel- and cross-laminated sandstones, and
siltstones with abundant lonestones and dropstones (for
details, see Chap. 6.1.2).

The overall thicknesses and lithofacies variations
observed in Sects. 2, 3, 4, 5, and 6 were previously attributed
to a differential subsidence/uplift of transversal blocks
bound by syndepositional Tsaga and Strel’'na faults
(Melezhik and Predovsky 1982; Melezhik et al. 1982).
New data provided by FAR-DEEP Hole 3A shows even
more drastic thickness and lithofacies variations, which we
tentatively interpret as the result of out-of-phase, rapid sub-
sidence of the transversal block located east of the Tsaga
fault (Fig. 4.8). If the boundary between the Polisarka Vol-
canic and Sedimentary Formations is taken as a reference
line, then it appears that a considerable sea-floor palaeoto-
pography has been evened by the deposition of the upper-
most sandstone-siltstone, which have similar lithological
composition and thickness in all sections except in Sect. 6.
The lithofacies documented in Sects. 2, 3, 4, 5, and 6 were
previously assigned to a lacustrine, rift-bound basin and no
glacial rocks were recognised, though the presence of the
unusual “pudding conglomerates” has been acknowledged
(Melezhik and Predovsky 1982). The Polisarka glacial rocks

were later identified based on re-interpretation of old mate-
rial (Melezhik et al. 2005). The new FAR-DEEP Core 3A
data have not only confirmed the presence of glacial
depositis (diamictite, varves, shales with dropstones) but
also have broader palacoenvironmental implications. The
thick succession of various limestone lithologies, including
those with a high Sr abundance (Appendices 5 and 6),
suggest that at least the western part of the Polisarka basin
was very likely marine. Other details on the depositional
framework based on preliminary investigation of the FAR-
DEEP drillcore are presented in Chap. 6.1.2.

The Polisarka Volcanic Formation

The Polisarka Volcanic Formation (Fig. 4.3) was originally
in the 1960s defined as the Upper Polisarka subsuite
(Zagorodny et al. 1972). The formation rests with a sharp
contact on the Polisarka Sedimentary Formation and occurs
as a 300- to 600-m-thick unit continuously developed from
the eastern side of Lake Imandra towards the east where it is
terminated by the Strel’na fault (Fig. 4.2b, c). In the west, the
Polisarka volcanic rocks also occur in the southern limb of
the synform, south of the Khibiny alkaline massif (Fig. 4.2c¢).

The formation consists of komatiitic series rocks ranging
in composition from melanocratic basalts (80 vol.%) to
basalts and basaltic andesites (Fedotov 1985). The former
occupy the lower part of the formation and occur either as
thin massive lava flows with flow-top breccias or thick piles
of pillowed lavas. The upper part of the formation is
represented by melanocratic basalts, basalts, and basaltic
andesites in the form of thick flow breccias (Fig. 4.91),
pillowed lavas, massive lava flows, and tuffs. The basaltic
units show considerable thickness variations. In the Central
block (Fig. 4.2b) they form a thin pile of flows or are even
totally absent, whereas in the Eastern and Western blocks
they occur predominantly as thick piles of flow breccia and
show the most diverse facies variations (Melezhik et al.
1982; Fedotov 1985).

The melanocratic basalts are often spinifex-textured,
variolitic or globular (Fig. 4.9i—j). They are composed of
actinolite and preserve relics of magmatic textures such as
chlorite pseudomorphs after olivine phenocrysts and spini-
fex pyroxene (for details, see Chap. 6.1.2). Basaltic andesites
are commonly ophitic or micro-porphyritic rocks with pla-
gioclase phenocrysts reaching up to 5 vol.% in flow-breccia
clasts (Fedotov 1985). The Polisarka Volcanic Formation
rocks form a differentiated series with MgO contents rang-
ing between 4 and 19 wt.%. Although the MgO content
shows a continuous range, the overall data show a bimodal
distribution with maxima at 12-15 wt.% and 4-6 wt.%.
Similarly to many Palaeoproterozoic komatiitic series, the
Polisarka volcanic series is relatively rich in SiO, and
depleted in TiO, (Fedotov 1985).
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The Polisarka volcanism was assigned to submarine
settings (abundant pillowed lavas) with a dominance of
fissure eruptions during early stages (thick continuous
mafic and ultramafic lava flows). A central type of eruption
was a feature of the late stage when basaltic andesites were
dominant volcanic products (Fedotov 1985).

The Umba Sedimentary Formation

The Umba Sedimentary Formation is part of the former
Umba suite, which was first defined in 1962 by V.N.
Sokolova (cited in Zagorodny et al. 1972). The follow-up
work by Bekasova and Pushkin (1972) led to an adjustment
of its upper boundary and subdivision of the suite into the
Lower Umba subsuite (sedimentary rocks) and Upper Umba
subsuite (volcanic rocks); later they were renamed as
formations (Melezhik and Sturt 1994).

The Umba Sedimentary Formation extends from the east-
ern margin of and throughout the Central block, and then
further to the Western block, where it is eventually cut by the
Khibiny alkaline massif (Fig. 4.2b, c). The formational
thickness is only 50-60 m in the Western block (Sects. 1
and 2, Fig. 4.10a, b) though exceeds 120 m throughout the
Central block (Sects. 3, 4, 5, 6, and 7). The formation rests
with a depositional contact on various volcanic rocks of the
Polisarka Volcanic Formation. In Sect. 1 (Fig. 4.10b), a c.
10-m-thick basal bed of marl with clayey siltstone and
dolostone lenses rests with a sharp contact on massive,
melanocratic komatiitic basalts. In Sect. 2, komatiitic basalts
are overlain by crudely bedded dolostone (Fig. 4.10b). In
Sect. 5, variegated dolostones lie on a komatiitic flow brec-
cia, whereas in Sect. 6, they lie on a komatiitic pillow lava
(Melezhik and Predovsky 1982).

Siliciclastic lithofacies dominate west of the Tsaga faults
(Sects. 1, 2, 3, 4, and 5), whereas carbonate rocks are the
main lithofacies of the formation in the eastern Central block
(Sects. 6 and 7). In all measured sections, the carbonate
lithofacies comprise the lower part of the formation except
in Sect. 3 (Fig. 4.11a), where they mainly occur in the
middle part interbedding with siltstones, shales and mafic
lavas (for details see Chap. 6.1.3). It has been proposed that
both the thickness and lithofacies variations are controlled
by transversal and probably axial syndepositional faults
(Melezhik and Predovsky 1982).

The carbonate lithofacies vary greatly in thickness
(20-100 m) and their physical appearance. In Sects. 1,
2 and 4, 5, 6, and 7, the carbonate rocks are commonly
variegated, fine-grained (micritic) dolostones (Fig. 4.11b—d).
They contain lenses of dolorudite (Fig. 4.11e), jasper and
variegated cherts (Fig. 4.11f-h), and dolomite-cemented
ultramafic breccia (Fig. 4.11i—j). In Sects. 3, 4, 5, and 7,
the dolostones are characterised by indistinct, horizontal,
thick bedding (Fig. 4.11c). In contrast, the dolostones in
Sects. 2 and six exhibit distinct rhythmic bedding

(Fig. 4.11b) disrupted by numerous erosional features.
Variable-scale erosional channels are filled with polymict
conglomerate (Fig. 4.11k-1), dolorudite (Fig. 4.11m-n), and
matrix-supported dolostone conglomerate (Fig. 4.110). The
upper part of Sect. 6 shows a crude rhythmic interbedding of
0.2-to 1-m-thick beds of dolomite-cemented, polymict con-
glomerate, and breccia with thicker units of dolarenite and
micritic dolostones containing lenses of ultramafic breccia
(Fig. 4.11i—0). Dolorudites contain abundant clasts of jasper
and weathered ultramafic material (for details, see Chap.
6.1.4). Marls form 5- to 20-m-thick lenses occurring in
different stratigraphic positions but are always bound to
and interbedded with other dolostone lithologies with
which they have transitional contacts. Marls have a
variegated colour and thin parallel bedding (Fig. 4.11p),
and they contain lenses of red dolostones.

The Umba Formation dolostones are enriched in '*C and
thus record the Lomagundi-Jatuli positive excursion of 8'°C
in sedimentary carbonates. Interestingly, the dolostones
exhibit a great variation of 8'°C ranging from —2%o to
+7%0 within individual sections as well as between the
sections (e.g. Melezhik and Fallick 1996). The reason for
such fluctuations remains unclear. The jasper and dolostone
contain barite and pyrite (Melezhik and Fetisova 1989) with
8**S ranging between +27.8%o and +34.2%o and between
+16.6%o0 and +17.3%o, respectively (Grinenko et al. 1989).

Siliciclastic lithofacies include greywacke, interbedded
sandstone-siltstone-shale, and quartz sandstone. The
greywacke comprises 15- to 20-m-thick units in a lower
stratigraphic position in Sects. 1 and 3, and thin lenses in
the middle of Sect. 3 where they intercalate with quartz
sandstone and shale. In both sections, the greywacke is
characterised by thin rhythmic and fine lenticular bedding.
Normal grading, reworked beds and soft-sediment deforma-
tion features are common. The sandstone-siltstone-shale
assemblage in most cases overlies the carbonate lithofacies
except in Sect. 3, where it is interbedded with dolostone
lithofacies rocks (Fig. 4.10b) and contains thin beds of
massive quartz sandstone and greywacke. Thin siltstone-
shale couplets mostly display a fine parallel or low angle
cross-lamination (Fig. 4.11q).

Quartz sandstones occur mainly in the western part of the
belt (Sects. 1, 2, and 3), where they comprise up to 25-m-
thick unit in the upper part of the formation; several small
lenses interbedded with other carbonate and siliciclastic
lithologies have also been documented throughout Sect. 3
(Fig. 4.10b). The quartz sandstones are massive, parallel-
bedded and low-angle cross-bedded rocks having sharp
contacts with underlying and overlying shales. Some beds
are enriched in magnetite. In Sect. 4, the uppermost portion
of quartz sandstones contains a lens of jasper and a thin
dolostone bed in it, whereas a thin bed of polymict conglom-
erate occurs in a similar stratigraphic position in Sect. 1.
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The overall depositional framework of the Umba Sedi-
mentary Formation includes a rift-bound basin, whose
geometry and depth have been controlled by several trans-
versal and axial syndepositional faults (Melezhik and
Predovsky 1982; Melezhik 1992). The observed lithofacies
variations and sedimentological features of the rocks were
assigned to a marine setting with the basin deepening from
west to east. Bekasova and Pushkin (1977) suggested a N-S
transport direction of clastic material and the Seidorechka
volcanic rocks as the main provenance. Syndepositional
subaerial and submarine hydrothermal processes have been
suggested to be responsible for the formation of jaspers
associated with carbonate and siliciclastic lithofacies
(Melezhik and Predovsky 1982). Other details on the depo-
sitional framework based on preliminary investigation of the
FAR-DEEP drillcore and associated new material are
presented in Chaps. 6.1.3 and 6.1.4.

The Umba Volcanic Formation

The Umba Volcanic Formation rests depositionally on the
siliciclastic rocks of the Umba Sedimentary Formation. The
formation is a 1,000- to 2,000-m-thick unit continuously
developed from the central Eastern block to the Western
block where it is cut by the Khibiny alkaline intrusion
(Fig. 4.2c). The formation has been subdivided into four
groups of “volcanic flows” (Borisov 1990).

The lowermost group is 150—500 m thick and comprises a
series of 15- to 35-m-thick lava flows. The main rock types
are trachybasalts, picrites, and picrobasalts. The presence of
picrites and picrobasalts is a specific feature of the first
group. Their volume may reach 30-50 % and they occur as
massive and amygdaloidal porphyritic rocks with olivine
and diopside-augite phenocrysts, forming subvolcanic bod-
ies and 15- to 20- m-thick lava flows that are traceable over
long distances. The trachybasalts have a porphyritic (with
albite phenocrysts) and less commonly an aphyric texture
and occur as a series of 10- to 35-m-thick lava flows with up
to 1.5-m-thick, brown, oxidised and brecciated flow tops.
Trachyandesites are rare and only known in the Eastern
block. Tuffs are also rare and occur as thin (<0.5 m) lenses
between lava flows (Fig. 4.11r).

The second group of “volcanic flows” forms a 400- to
600-m-thick sequence. Its base is composed of psephitic
tuffs, mafic agglomerate, tuffites, volcaniclastic conglo-
merates, and shales. Massive, homogeneous trachybasaltic
porphyrites are dominant rocks, though trachyandesitic
porphyrites, tuffs, and flow breccias are present in the Eastern
block (Borisov 1990).

The third group has a thickness of 400-500 m and a
gradational contact with the underlying volcanic suite,
though, in places, a thin bed of psephitic-psammitic tuffs
defines the base. Intensely epidotised diabase-porphyrites,
diabases, trachyandesitic lavas, and tuffs are characteristic
rock types of the group (Borisov 1990). In the Eastern block,

volcaniclastic conglomerates, trachyandesitic flow breccias,
and tuffs comprise a considerable part of the group.

The fourth group of “volcanic flows”, forming the top
of the Umba Volcanic Formation, only occurs in the Central
block, where it has a thickness of 400-500 m. A thick,
continuously-developed tuff unit defines the base of the
group. The tuff unit contains rhythmically interbedded
agglomerates, psephitic and psammitic tuffs, and ash-beds.
The rest of the group is composed of trachybasaltic
porphyrites, fluidal trachyandesitic lavas, brown and
variegated flow breccias (Fig. 4.11s—t), and black ignim-
brites; all are interbedded with lenses and thick beds of
tuffs. The overall thickness of the pyroclastic beds and the
size of pyroclastic particles decrease westwards (Borisov
1990).

The rocks of the Umba Volcanic Formation form a con-
tinuous differentiation series, which has a geochemical
nature that distinguishes them from all other volcanic
formations of the Imandra/Varzuga Supergroup. The char-
acteristic features include high soda content (Na,O> >
K>0) and high contents of Ti, Fe and P. Similarly to the
Kuetsjarvi Volcanic Formation at Pechenga, the volcanic
rocks are highly oxidised (Melezhik et al. 1982; Fedotov
1985). For example, Borisov (1990) reported an average
Fe**/XFe ratio of 0.45 for 62 analyses of basalts and
trachybasalts. Also typical are widespread occurrences of
native copper (Zilber 1972; Bekasova and Pushkin 1975;
Borisov 1990). Nuggets of native copper,upto 20 x 15 x 5
cm in size (Fig. 4.11u), are bound to the first group of lava
flows (Borisov 1990). The accumulation of the Umba volca-
nic rocks took place in an intracratonic rift setting as subaer-
ial (lack of pillow lavas), fissure- and central-type eruptions
(Borisov 1990; Predovsky et al. 1987).

The II'mozero Sedimentary Formation
The II’mosero suite, divided into the Lower (sedimentary)
and Upper (volcanic) subsuites, was defined by Bekasova
and Pushkin (1972). Later, the Lower subsuite was renamed
as the II’'mozero Sedimentary Formation and the Upper
subsuite as the II’'mozero Volcanic Formation (Melezhik
and Sturt (1994). The sedimentary formation rests with an
erosional contact on the Umba volcanic rocks and occurs
only in the Central block (Fig. 4.12a). The western extension
is cut by NW-SE trending thrust, whereas in the east, the
formation forms the tectonically-fragmented, periclinal
closure of a large synform whose southern limb is truncated
by another WE-trending thrust (Fig. 4.12a). Thus, the for-
mation extends over a distance of 60 km, while its thickness
varies from 400 to 1,200 m. The actual depositional age of
the formation remains unknown, though its maximum age
has been constrained to 2052 Ma by dating clastic zircons
from greywacke beds (Martin et al. 2010).

The formation has been subdivided into four lithostra-
tigraphic units (members), which are informally termed,
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from bottom to top, as the Tuffite, Greywacke, Dolostone-
Chert, and Black Shale members (Melezhik and Predovsky
1982). Melezhik and Predovsky (1982) recognised three
types of lithological successions. The first occurs in the
west (Sect. 1, Fig. 4.12b), has a thickness of c. 1,000 m
and is mainly composed of turbiditic greywackes and
“black shales” with subordinate carbonate rocks and mafic
tuffs. The second type of succession is a characteristic fea-
ture of the central part of the block (Sects. 2 and 3,
Fig. 4.12b). The succession has a reduced thickness of
400-600 m and consists of volcaniclastic greywackes,
tuffites, and “black shales” with subordinate carbonate
rocks. The third type occurs in the eastern part of the Central
block (Sects. 4, 5, and 6, Fig. 4.12b). It has a thickness of c.
1,200 m and is characterised by a thick development of
reefal stromatolitic dolostones, ‘“black shales”, and
subordonate turbiditic greywackes.

The Tuffite member is only 9-30 m thick, occurs locally
(Sects. 2 and 4) and rests erosionally on an alkali basaltic
flow breccia with a small-scale, uneven palaetopography
(Bekasova and Pushkin 1972; Melezhik 1981; Melezhik
and Predovsky 1982). The base of the member is defined
by a 0.1-to 1.5-m-thick, discontinuously developed bed
(Sect. 2) or a series of thin beds (Sect. 4) of matrix-
supported, volcaniclastic conglomerate (Fig. 4.13a). Platy
clasts of volcanic rocks are commonly uniformly imbricated,
though a few beds show a reverse imbrication of small clasts.
This together with alternating cross-beds indicates a NS
transport direction of clastic material with subsequent lim-
ited reworking by low-energy tides (Melezhik and
Predovsky 1982). The overlying tuffites form trough cross-
beds passing upward into to horizontally-bedded,
volcaniclastic greywackes enriched in haematite and mag-
netite. Some sandstone beds are rich in authigenic tourma-
line (Fig. 4.13b). Both the tuffites and the greywackes
contain scattered clasts of volcanic rocks. The upward struc-
tural change is accompanied by overall fining as well as by
an increase in roundness of pebble-size clasts.

The Greywacke member is characterised by highly vari-
able thicknesses ranging from 20 to 300 m (Fig. 4.12b). It
rests either on the Tuffite member rocks or directly on the
underlying volcanic rocks of the Umba Volcanic Formation.
In Sects. 2 and 3, the base of the member is defined by a 1- to
2-m-thick bed of horizontally-bedded greywacke with cal-
cite concretions (Fig. 4.13c); the bed has been traced over a
distance of 20 km (Melezhik and Predovsky 1978).
Concretions show a considerable depletion in 'C with
8'3Carp ranging between —3.9%o and —20.5%o (Melezhik
and Fallick 1996). In Sect. 6, the concretionary bed
reappears as a c. 30-m-thick unit, which also contains abun-
dant (10-15 vol.%) phosphate-bearing concretions
(Fig. 4.13d-e). The greywackes comprise the bulk of the

member. The lower part of the member consists of
haematite-rich (up to 20 vol.%), rhythmically bedded
turbiditic greywacke-siltstone couplets with graded sand-
stone units. These rocks pass gradually upward into indis-
tinctly laminated or massive, fine-grained sandstone with
numerous small-scale erosional and slump features, flame
structures, and small-scale troughs filled with medium-
grained sandstone rapidly grading into fine-grained, massive
sandstone (Fig. 4.13f, g). Thin beds of shales are present
only in the upper part of the member.

The Dolostone-Chert member has a greatly variable
thickness (Fig. 4.12b). Its base is defined by a c. 20-m-
thick bed of horizontally-bedded limestone and sandy
limestone, which has been observed in all exposed
sections. The limestone bed is followed by crystalline,
indistinctly-bedded, grey dolostones. In Sects. 4 and 5,
they are laterally overstepped by pale grey and white
dolostones (Fig. 4.13h) and intensely silicified stromatolitic
dolostones (Fig. 4.131, j), comprising a series of 0.5—-1-m-
thick bioherms and biostromes, which are interbedded with
oncolitic dolostones, syndepositional stromatolitic breccias
(Fig. 4.13k) and chert beds (Melezhik and Predovsky 1982).
Biogenic dolostones form a c. 250-m-thick and 6 x 8-km-
wide, isometric build-up resembling a reef. In the central
part, it rests directly on the Umba Volcanic Formation.
Marginal part of this reefal body is composed of
syndepositional stromatolite breccias(Fig. 4.13k). Both the
limestones and dolostones exhibit near normal 8C.,y
values ranging between -0.8%o and +2.4%o (Melezhik and
Fallick 1996).

Black Shale member is a c. 1,000-m-thick, poorly
exposed unit. In the east (Sect. 6), its base is defined by a
thin bed of dolostone-pebble conglomerate and in the west
(Sect. 1), by a bed of mafic tuff. The member is mostly
composed of C,,-bearing siltstone-shale with rare lenses
of black chert. The rocks are very homogeneous and mainly
exhibit small-scale flaser and wavy bedding. The upper
contact with the overlying II’'mozero Volcanic Formation
is tectonic.

The overall depositional environment of the II’'mozero
Sedimentary Formation can be defined as a change from
an alluvial (trough cross-beds) through a tide-influenced
delta (reverse clasts imbrication in wavy and cross-
stratified greywackes) to a deep-water shelf (fine-grained
rhythmically-bedded turbidites) followed by the establish-
ment of a carbonate shelf (limestones and marls) with
reefal build-up (stromatolitic bioherms and biostromes)
in the eastern part of the basin. The dolostone-pebble
conglomerate at the base of the overlying, thick unit of
homogeneous, C,-bearing, flaser- and wavy-bedded
siltstone-shale suggests a flooding event followed by the
development of a shallow-water clastic shelf.
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The I'mozero Volcanic Formation
The II’mozero Volcanic Formation has a limited develop-
ment and is restricted to the Central block. Both the lower
and upper contacts of the formation are defined by faults.
Similarly to its sedimentary counterpart, the western exten-
sion of the formation is cut by a NW-SE-trending thrust,
whereas in the east, the formation forms the periclinal clo-
sure of a large synform, whose southern limb is truncated by
another WE-trending thrust. The formation extends over a
distance of 50 km, while its thickness is less than 600 m.
The lower part of the formation is intensely sheared and
calcitised. Otherwise, the formation has a homogeneous
composition with fine-grained, porphyritic basaltic andesites
being the main rock type (Melezhik et al. 1982; Fedotov
1985). They comprise 90 vol.% of the formation and occur
as a series of 20- to 40-m-thick lava flows with indistinct
interflow boundaries unless amygdaloidal tops are devel-
oped. A few thin (<10 m) lava flows of dacitic andesites
and basaltic komatiites have been observed in the middle
part of the formation (Fedotov 1985). A single horizon of
volcanic breccia, 40 m thick and 300 m long, occurs in the
upper part of the formation. It contains fragments of andes-
itic basalt and gabbro-diabase in schistose, psammitic, lithic
tuff matrix. The size of the fragments ranges between 3 cm
and 1.5 m. Geochemically, the II’'mozero volcanic rocks
belong to a komatiitic series and resemble similar rocks
in the Seidorechka and Polisarka Volcanic formations
(Fedotov 1985).

The Tominga Group

The Tominga Group was originally defined as a “Series” by
Zagorodny et al. (1978). The group only occurs within the
Western and Central blocks of the Southern Zone (Fig. 4.2¢),
and has thrust contacts along both its northern (with the
‘Northern Zone’) and southern (supposedly Archaean
rocks) boundaries. It has a maximum thickness exceeding
5 km and a poorly-understood internal stratigraphic subdivi-
sion (Radchenko et al. 1982) and may represent a series of
tectonically imbricated units rather than a coherent
succession.

The Tominga Group contains a large array of lithologies
metamorphosed under biotite-actinolite-chlorite zone condi-
tions. Sedimentary rocks include thick units of volcaniclastic
greywacke, arkosic sandstones, various schists (Fig. 4.14a—),
“black shales”, cherts, marls and carbonate rocks. Volcanic
rocks are represented by tholeiitic pillow basalts, picritic
lavas, andesites, and thick units of dacites and rhyolites. A

few attempts have been made to subdivide the group into
formations and even to correlate them with stratigraphic
units of the Northern Zone (e.g. Melezhik 1978; Radchenko
et al. 1982; Melezhik and Predovsky 1982). This resulted in
establishment of several formations, such as the Solenozero,
Mittrijarvi (e.g. Smolkin and Dain 1985), Rouksa,
Panarechka, Saminga and others (Radchenko et al. 1982),
but boundaries and chronostratigraphic positions remain
poorly understood. However, picritic lavas (Fig. 4.14d) and
associated tholeiitic pillowed basalts of the Mittrijarvi forma-
tion have been correlated with the Pilgujarvi Volcanic For-
mation in the Pechenga Greenstone Belt (Smolkin 1995)
because of the geochemical similarities of the ferropicrites
in these two areas (Fedotov 1983; Predovsky et al. 1987,
Skuf’in and Theart 2005). The Soleonozero Formation,
which occurs beneath rocks of the Mittrijarvi formation, and
consists of sulphide-carbonaceous schists, phosphorite pebble
conglomerates, tuffs and ferropicritic lava breccias, has also
been correlated with the Pilgujarvi Sedimentary Formation
(Smolkin 1995; Sharkov and Smolkin 1997) based on geo-
chemical and lithological similarities. The occurrence of
ferropicrites in the Imandra/Varzuga Belt is important not
only for correlative purposes but also for ore exploration as
those in the Pechenga Greenstone Belt are coeval and
comagmatic with gabbro-wehrlite intrusions hosting commer-
cial Ni-Cu ores (e.g. Hanski 1992).

Although the Tominga Group rocks have been considered
to represent the youngest rocks in the Imandra/Varzuga Belt
(Zagorodny et al. 1978), their age remains unknown. This has
tentatively confirmed by geochronological data on the so-
called Panarechka volcano-tectonic structure (Skuf’in et al.
2006), a small (21 x 8 km), NW-SE-trending, tectonically
isolated fault-bound synform within the southern limb of the
outcrop belt (Fig. 4.2b). The synform comprises a >1,000-m-
thick unit of greywacke, arkosic sandstones schists
(Fig. 4.14a—) and basalts (Panarechka Formation) overlain
by a 500-m-thick pile of dacites, rhyolites and minor andesites
(Saminga formation). The arkosic sandstones are intruded by
a plagiomicrocline granite dated at 1940 &= 5 Ma and the
rhyodacites are cut by subvolcanic bodies of trachydacite
with an age of 1907 £ 18 Ma (Skuf’in et al. 2006). The latter
date provides a maximum depositional age for the rhyodacitic
succession. Interestingly, Melezhik and Predovsky (1982)
reported an occurrence of high-Al (22 wt.% Al,O3) andesites
(Fig. 4.14e) in the upper part of the Panarechka Formation.
This provides a link to similar andesites known in the South
Pechenga Group; these andesites have been interpreted to
represent an orogenic stage in the development of the belt
(Melezhik and Sturt 1994).
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basement j -9 tion of the conglomerate. The base of the Kuksha Sed. Fm.

Fig. 4.3 Simplified lithological column through the Stre’lna and palaeoenvironmental events. Asterisks denote radiometric ages from
Varzuga groups of the Imandra/Varzuga Belt. Also shown is how the  (*) Amelin et al. (1995), (¥*) Vrevsky et al. (2010) and (***) Martin
evolution of the Pechenga Greenstone Belt is related to global et al. (2010)
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Fig. 4.4 Selected images of sedimentary and volcanic rocks of the conglomerate. (¢) A series of thin, amygdaloidal, mafic lava flows.
Kuksha Sedimentary and Volcanic formations. (a) Parallel-bedded, (d) Mafic pillow lava. (e) A thin bed of bedded arkosic sandstone
arkosic sandstone overlain by fragment-supported polymict conglom-  sandwiched between two amygdaloidal, mafic lava flows. Lens cap
erate; scale-bar length is 10 cm. (b) Unsorted, gritty, polymict diameter in (c) to (e) is 6 cm
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Fig. 4.5 A section of the Kuksha Volcanic and Sedimentary formations
and the underlying 2504 Ma gabbronorite intrusion, as revealed by
drillcore 2174, and selected images of sedimentary and volcanic rocks
deposited on the eroded surface of the intrusion. Drillhole location is
shown in Fig. 4.6. Kuksha Volcanic Formation: (a) Amygdaloidal mafic
lava. Kuksha Sedimentary Formation: (b) Interbedded siltstone-shale
couplets. (¢) Unsorted, rounded clasts of granite (pale pink) and biotite

schist (pale grey) in a gabbroic sand matrix (dark grey). (d) Gritty,
unsorted, polymict conglomerate. (e) Anorthosite fragment (bright) in a
gabbroic sand matrix (pale grey). (f) Clast-supported polymict conglom-
erate. The log is based on unpublished data of Melezhik and Prave.
Computer-generated lithological column made by Aivo Lepland.
Drillcore diameter 6 cm
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Fig. 4.6 Simplified geological map of the Monchegorsk Peninsula,
east of Lake Imandra, showing the contact between the 2504 Ma
layered gabbronorite intrusion and the Imandra/Varzuga Belt
supracrustal rocks. Note that within the white rectangle, the Kuksha

Palaeoproterozoic igneous rocks
Sepentinised [ cre
Seidorechka formations
Basalt Quartzite, schist
Kuksha formations

Polymict
Basalt - conglomerate

Archaean gabbro-norite complex
- %.%2"* Anortosite

Symbols

Exploration
® Gilhoe

<80 Dip and strike

Sedimentary Formation conglomerate seals the faulted surface of the
gabbronorite intrusion. A lithological log of Drillhole 2147 is presented
in Fig. 4.5. Map courtesy of the Kola Geological Laboratory-
Informational Centre
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SO

Fig. 4.7 Selected rock images illustrating lithology and structural  sandstone-shale from the lower part of Sandstone-Siltstone member.
features of the Seidorechka Sedimentary and Volcanic formations. (c¢) Sandstone dyke cutting through dark grey shale and gradually
Seidorechka Sedimentary Formation, the westernmost part of the vanishing in a wavy-bedded sandstone-shale unit of the Sandstone-
belt: (a) Sandstone-siltstone with lenticular and wavy bedding from  Siltstone member

the base of the Sandstone-Siltstone member. (b) Flaser-bedded
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Fig. 4.7 (continued) (d) Laminated dolarenite (base) overlain by
semi-massive to thickly bedded dolostone from the Dolostone member.
(e) Platy, angular, dolostone clasts in a quartz sandstone matrix from
the base of the Quartzite member. (f) Large clasts of dolostone (bright
brown) in a cross-bedded, dolomite-cemented sandstone bed with a

rippled surface overlain by parallel-bedded quartz sandstone from the
base of the Quartzite member. (g) Wavy-bedded, dolostone-cemented
quartz sandstone overlain by tabular cross-bedded quartz sandstone
from the lower part of the Quartzite member
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Fig. 4.7 (continued) (g) Wavy-bedded, dolostone-cemented quartz
sandstone overlain by tabular cross-bedded quartz sandstone from the
lower part of the Quartzite member. (h) Trough cross-bedded quartz
sandstone from the lower part of the Quartzite member. (i) Parallel-

bedded quartz sandstone from the middle part of the Quartzite member.
(j) Bedded marl overlain by shale from the Limestone-Shale member.
(k) Marl-shale interbeds from the Limestone-Shale member
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polarised light of komatiitic tuffite matrix from the “volcanic breccia”
shown in (I and m); the matrix consists of amphibole framework
supported by a komatiitic tuffite matrix; this breccia serves as a marker  containing rounded particles of plagioclase

horizon in the lower part of the formation. (n) Photomicrograph in non-

Fig. 4.7 (continued) Seidorechka Volcanic Formation, westernmost
part of the belt: (1, m) “Volcanic breccia” containing andesitic clasts
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Fig. 4.7 (continued) Seidorechka Volcanic Formation, central part of
the belt: (0) Photomicrograph in polarised light of ophitic basaltic
andesite from the middle part of the formation. (p) Photomicrograph
in polarised light of fine-grained dacite with a zoned calcite (bright
rim)-quartz (grey-white mantle) amygdale; upper part of the formation.
(q) Photomicrograph in polarised light of a calcite amygdale in fine-

grained dacite from the upper part of the formation. Seidorechka
Volcanic Formation, westernmost part of the belt: (r) Dacitic lava
with numerous xenoliths of felsic rock (bright); lens cap diameter is
6 cm. (s) Amygdaloidal, dacitic lava. (t) Accretionary lapilli in rhyo-
litic tuff forming a thin bed in a dacitic lava pile; sample courtesy of
Vladimir Pozhilenko
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Fig. 4.8 A simplified longitudinal lithological profile through the are based onoutcrop observations, while Sect. 1 represents a simplified
Polisarka Sedimentary Formation based on data from Melezhik and log of FAR-DEEP Hole 3A (for details, see Chap. 6.1.2 Polisarka
Predovsky (1982) and FAR-DEEP Hole 3A. Sections 2, 3,4, 5, and 6  Sedimentary Formation: FAR-DEEP Hole 3A)
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Fig. 4.9 Selected rock images illustrating lithology and structural
features of the Polisarka Sedimentary and Volcanic formations.
Polisarka Sedimentary Formation: (a) Polymict, volcaniclastic con-
glomerate composed of rounded and unsorted clasts of dacites,
andesites and basalts from the base of Sect. 3 shown in Fig. 4.8. (b)
A dark grey bed with bright siltstone fragments supported by a matrix

overlain by fine-pebble conglomerate containing dark grey andesite
clasts in a bright clayey greywacke matrix; note soft deformation in a
laminated greywacke lens against large, rounded, andesite clasts (upper
right corner). (¢) Scanned image of bedded siltstone (grey)-mudstone
(black to dark grey) with several syndepositionally faulted layers in the
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hetr RELANe

Fig. 4.9 (continued) (d) Laminated, fine-grained siltstone, resembling
a varved sediment, from the middle part of Sect. 4. (e) Dropstone in
finely laminated varved, glaciomarine clayey siltstone from the middle
part of Sect. 4. (f) Massive, fine-grained siltstone with scattered, small
dropstones apparently representing a rain-out sediment; middle part of

Sect. 4. (g) A dark grey, massive siltstone bed containing rip-ups of
bright, varved shale with small dropstones in them, followed by a layer
of matrix-supported fine-pebble conglomerate grading into a bed
of massive greywacke with scattered polymict clasts; upper part of
Sect. 4
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Fig. 4.9 (continued) (h) Ultramafic komattite with an olivine spinifex
texture; a sill or a lava flow from middle part of Sect. 4. Polisarka
Volcanic Formation: (i) Pale green, globular komatiitic basalt overlain
by a flow breccia from the lower part of the formation; Sect. 1 in

Fig. 4.8. (j) Komatiitic basalt a with pyroxene spinifex texture from
the lower part of the formation; Sect. 1 in Fig. 4.8 (Photographs (i) and
(j) are from FAR-DEEP Core 3A)
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Fig. 4.10 A simplified longitudinal lithological profile through the
Umba Sedimentary Formation based on data from Melezhik and
Predovsky (1982) and FAR-DEEP Hole 4A. Sections 2 and 4, 5, 6,
and 7 are based on outcrop observations, Sect. 3 represents a simplified

log of FAR-DEEP Hole 4A (for details, see Chap. 6.1.3 Umba Sedi-
mentary Formation: FAR-DEEP Hole 4A) and Sect. 1 is based on
logging of exploration drillholes (Zilber 1972)
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Fig. 4.11 Selected rock images illustrating lithology and structural
features of the Umba Sedimentary and Volcanic formations. Umba
Sedimentary Formation: (a) Syndepositional slumping in a sandstone-
siltstone-shale unit from the lower part of Sect. 3. (b) Selectively
bleached, red dolarenite with relics of rhythmic bedding in the upper

e

part of the slab; upper part of Sect. 6. (¢c) Vaguely bedded white, fine-
grained dolostone from the lower part of Sect. 3. (d) White, massive
dolostone with extensional cracks filled with dark grey quartz; middle
part of Sect. 4
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Fig. 4.11 (continued) (e) Bedded, siliceous dolorudite from the middle part of Sect. 4. (f) Jasper and (g, h) variegated chert forming lenses in the
upper part of Sect. 4. (i) Variegated dolostone with disintegrated clasts of ultramafic lava (black); middle part of Sect. 6
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Fig. 4.12 A simplified longitudinal lithological profile through the II’'mozero Sedimentary Formation based on data from Melezhik and
Predovsky (1982)
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Fig. 4.13 Selected rock images illustrating lithology and structural
features of the II’'mozero Sedimentary Formation. (a) Basal, polymict,
volcaniclastic conglomerate consisting of rounded clasts of trach-
yandesites and trachybasalts supported by a tuffite matrix; base of Sect.
2. (b) Parallel-bedded shale and rippled greywacke rich in authigenic
tourmaline (green) from the lower part of Sect. 3. (¢) Early diagenetic
calcite concretion preserving original through cross-bedding of a sand
bed in which it was formed; lower part of Sect. 3. (d) Two phosphate-

bearing, diagenetic concretions in a graded sandstone-siltstone bed. (e)
Phosphate-bearing, diagenetic concretions at the base of sandstone grad-
ing in to siltstone deposited on an erosional surface; note that the layering
preserved in the concretion is foreign to the hosting graded sandstone
bed, thus suggesting redeposition by a turbidity current; lower part of
Sect. 6. (f) Small-scale erosional surfaces and a flame structure in graded
sandstone-siltstone; lower part of Sect. 6
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Fig. 4.14 Photomicrographs in cross-polarised light (a-c, e) and
scanned image (d) of key-rocks of the Tominga Group. (a) Andesitic
volcaniclastic sandstone from the Rouksa unit. (b) Sericitic, arkosic
sandstone with bimodal grain-size distribution; the Panarechka forma-
tion (¢) Rhythmically bedded sericite schist-arkosic siltstone from the

Panarechka formation. (d) Sparsely amygdaloidal ferropicritic lava
from the Mittrijarvi formation. (e) High-Al, porphyritic andesite from
the Saminga formation. Scale-bar in (a—c, e) is 5 mm; in (d) — 5 mm.
Photograph (d) courtesy of Eero Hanski
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