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ABSTRACT. The first results of U-Pb isotope dating of detrital zircons (dZr) from red-colored quartzite-sandstones
of the Shoksha Formation (Shoksha horizon) are presented. The Shoksha Formation completes the Vepsian sub-horizon
(Vepsian) of the Lower Proterozoic of Karelia and is distributed within the South Onega trough. A sample (KL-555) of red-
colored quartzite-sandstones was taken from the lower part of the section of the Shoksha Formation in the same name
deposit within the southwestern Onega Lake region. The 79 dZr grains isolated from this sample were analyzed by the
staff of the Chemistry-Isotopic Analytic Laboratory of the GIN RAS using the equipment of the Shared Research Facilities
of the GIN RAS. The weighted average of the three youngest U-Pb isotope dates for dZr grains is 1906+13 Ma. Taking into
account the known isotopic dates of gabbro-dolerites from the Ropruchei sill, that cuts through the Shoksha Formation, it
makes possible to constrain the time of the Shoksha Formation accumulation by ~1.90-1.75 Ga. A significant part of the
carried out analyzes has yielded a high degree of discordance of the dates. The features of the distribution of the figurative
points of these analyzes in the diagram with concordia suggest that the rocks of the studied section of the Shoksha Formation
were subjected to the alteration that disturbed the U-Pb isotope system of these zircon grains in the Phanerozoic.

The set of obtained dates for dZr grains has been compared with the known ages of the crystalline complexes of
the basement of the East European Platform. The age sets of dZr grains from sample KL-555 and rocks of the Ladoga
Group, developed along the margin of the Svecofennian accretionary orogen, are very similar (p similarity coefficient in
Kolmogorov — Smirnov test is 0.27) and characterize mainly tectonic-magmatic events that had immediately preceded
the manifestation of the Svecofennian orogeny (1.9-1.87 Ga). Therefore, the rocks of the Ladoga Group could highly
probably be a secondary source for the Shoksha quartzites. Based on a comparative analysis of ages and thorium-uranium
ratios (Th/U) in dZr grains from sample KL-555, it was concluded that some of the studied dZr grains with high Th/U>1.5
originate from Ludicovian mafic rocks, but those with low Th/U<0.1 originate from ultra-high-pressure formations, such
as eclogites known in the Salma, Kuru-Vaara and Gridino.

A paleo-geographic scheme for the Late Vepsian is proposed, showing that the highly mature Shoksha sandstones
were generated under continental conditions in a local basin due to the accumulation of clastic material carried by an
extensive and branched sedimentary flow in the direction from north and northwest to south and south-east.
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1. INTRODUCTION

Present-day understandings of the Lower Proterozoic
stratigraphy of the eastern Baltic Shield (BSh) as a whole
and its Karelian province in particular have evolved from
the works of K.O. Krats [Krats, 1963]. This stratification
was originally based the lithostratigraphic principle and
analysis of geological relationships of some lithostratig-
raphic units with each other and with the Early Protero-
zoic magmatites. Currently, this stratification is in many
cases supported by isotopic-chemostratigrapic correla-
tions with typical Lower Proterozoic cross-section levels
[Kuznetsov A.B. et al., 2010, 2011, 2012, 2021; Gorokhov
et al,, 1998]. Besides, the stratigraphic correlations are
confirmed by isotopic ages spatially associated with the
Early Proterozoic magmatite supracomplexes [Bibikova et
al,, 1990; Lubnina et al., 2012]. The present-day understand-
ing of the Lower Proterozoic stratigraphy of the eastern
BSh is best reflected in [Negrutsa, 2011] and presented in
App. 1, Table 1.1.

Despite significant advances in the study of the Precam-
brian Karelian province and its adjacent structures, there
are not too many reliable chemostratigraphic correlations
and isotope ages. For this reason, some problems of de-
tailing the stratigraphic scheme and correlation of the
Lower Proterozoic of this region still remain unsolved.
These schemes have continued to be improved [Kulikov et
al,, 2017a, 2017b; Kuznetsov A.B. et al., 2021].

The upper part of the cross-section of the Lower Pre-
cambrian Karelia-Kola region [Negrutsa, 2011] consists
of the red quartzitic sandstone unit - the Shoksha For-
mation. Its spreading area is located in the southern
Karelia, south-western Cis-Onega. The Shoksha Formation
comprises the upper part of the layered complex section
whose lower part consists of gray terrigenous rocks of the
Petrozavodsk (Kamennoborsk) Formation unconformably
overlying typical Lower Proterozoic formations (Karel-
ides). Unlike the Karelides, the rocks of the Petrozavodsk
and Shoksha Formations underwent epigenetic tectono-
metamorphic transformations to a much lesser degree.
The Shoksha Formation, in turn, is unconformably over-
lain by the Upper Vendian sediment cover of the Russian
plate.

Such details of relationships with the underlying and
overlying formations has long allowed assigning the layered
complex of the Petrozavodsk and Shoksha Formations to
the Jotnian (the Middle Riphean within the Karelia) [Gal-
dobina, 1958; Galdobina, Mikhailyuk, 1966, 1971; Garbar,
1971; Perevozchikova, 1957; and others]. These forma-
tions were then ranked as the same name horizons com-
bined into the Vepsian sub-horizon [Negrutsa, 1984]. The
age limits for the Vepsian sub-horizon formation have
been in question for quite a long time and are not reli-
ably determined so far. The upper age limit for the Vepsian
is based on the fact that the Shoksha Formation is cut
through by gabbrodolerite sills which yielded the U-Pb
isotopic ages of 1.77-1.75 Ga (1770412 Ma by zircon, 1751
+3 Ma by baddeleyite) [Bibikova et al., 1990; Lubnina et
al.,, 2012].

The Shoksha Formation is composed of red quartzite-
sandstones with unique decorative characteristics. This bed-
rock only occurs in Cis-Onega. The boulder-shaped rocks
occur in the Quaternary moraines of the Middle Russia. In
Saint-Petersburg, the Shoksha quartzites were used for coat-
ing of the Saint Isaac’s and Kazan cathedrals, in Moscow -
for coating of the Cathedral of Christ the Saviour, steles of
Hero-Cities and Cities of Military Glory, and the Tomb of the
Unknown Soldier in the Alexander Garden. The Shoksha
quartz sandstones were also used to make a significant por-
tion of the elements of Lenin’s Mausoleum and Napoleon'’s
tomb in the Paris Invalides.

In the last decades, the geological studies are actively
conducted using U-Pb isotopic dating of detrital zircon
grains (dZr) from the clastic rocks. This made it possible
to obtain reliable data on the age of the crystalline (mag-
matic, metamorphic, hydrothermal and other) complexes
which were the primary sources of dZr grains for the units
studied.

Direct geochronological data on the ages of the crys-
talline complexes within some of the regions and the age
datasets on dZr grains from the heterochronous clastic
sedimentary rocks, occurring in the areas adjacent to the
areas where these crystalline compleses are located, com-
plement each other. The dZr grains from the ancient clastic
rocks can contain information on the complexes which
vanished in the process of geological evolution (complete-
ly eroded, completely metamorphically/metasomatical-
ly reworked, disappeared in the subduction zones etc.).
The onetime existence of these complexes cannot now be
proved by other methods.

The comparison between the age datasets on dZr grains
from the heterochronous clastic sedimentary rocks in the
same area allows tracing the evolution of supplying pro-
vinces in time. This provides the possibility of testing the
existing paleogeographic and paleotectonic models. The
age of a group of the youngest dZr grains with an allow-
able analytical error and an acceptable discordance level
can sometimes be used to determine the lower limit on
the age of sediment from which the studied sample has
been taken.

By now, some Proterozoic clastic sedimentary rocks of
the East European Platform (EEP) and its northeast-bor-
dering structures have already been characterized by the
data on the distribution of dZr grain ages, thereby indicat-
ing a possibility of further refinement of the stratigraphic
position and age of the sediments studied, making strat-
igraphic correlations, and testing the paleotectonic and
paleogeographic evolution models for these regions. The
paper presents the first results on U-Pb dating of dZr grains
from the red quartz sandstones of the Shoksha Formation
of the South Onega trough. The age dataset obtained for
dZr grains has been compared with the ages obtained for
different Archean-Early Proterozoic crystalline complexes
of the BSh and Fennoscandian part of the EEP basement,
and with the U-Pb age datasets on dZr grains from the
clastic rocks of the Riphean sediments of the EEP and its
bordering folds (Fig. 1).
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Fig. 1. Tectonic scheme of the basement of the East European Platform (EEP) and its framing structures indicating the sites of sampling
from the clastic sediment rocks for which U-Pb dating of detrital zircons has been performed.

The boundary of the ancient basement of the EEP - red line; age of magmatites (Ga) - numbers in black. TTZ is the Teisseyre-Tornquist
zone (Trans-European Suture Zone). KM - Karelian massif. Aulacogenes and grabens (inscriptions in circles): MR - Middle-Russian,

Ophiolites, basaltoids, gabbroids, mafic dykes complexes
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VO - Volyn-Orsha, Pa - Pachelma, KB - Kama-Belaya, SA - Sernovodsk-Abdulino, M - Moscow, B - Valdai, La - Pasha-Ladoga, Ba - Baltic-
Bothnian (under water), WSRS - Rift System of the White Sea. Plutons: Ko - Korosten, KN - Korsun-Novomirgorod (after [Shumlyansky
etal, 2017]), NU - Novo-Ukrainian (after [Stepanyuk et al., 2017]), Ma - Mazura, R - Riga, V - Vyborg, S - Salmi [Larin, 2009, 2011;
Sharov, 2020]. Vs - Valaam sill (after [Ramo et al., 2001]), VK - basites composing dykes near Lake Verhnee Kuito (after [Stepanova et
al.,, 2014b]). Inset: Scheme of the domains of the East European Craton (EEC) and the orogens that sutured them (LK - Lapland-Kola,

VS - Volgo-Sarmatian, VMR - Volyn-Middle Russian).

2. GENERAL INFORMATION ABOUT
THE STRUCTURE OF THE KARELIAN PROVINCE
OF THE BALTIC SHIELD

The Karelian massif (KM), often referred to as the Karelian
craton in recent publications [Mints et al., 2004; Lubnina,
Slabunov, 2017], is situated in the southeastern part of the
Baltic Shield. Southwest of the KM, there occur the relics
of the Early Proterozoic Svecofennian accretionary orogen
(Fig. 2) and northeast of it - the Archean-Proterozoic for-
mations of the Belomorian-Lapland (Kola-Lapland) mobile
belt [Morozov, 2010; Kulikov et al., 2017b; Daly et al., 2006;
Lahtinen, Huhma, 2019].

The Karelian massif has a clearly defined two-mem-
bered upper crustal structure. The lower structural level in-
volves the Archean complexes of granite and gneiss domes
and greenstone belts which form extended relatively nar-
row zones elongated primarily in the submeridional direc-
tion [Kozhevnikov, 2000; Kulikov et al., 2017b; Miller, 1988].
The Archean granite-greenstone basement of the KM is un-
conformably overlain by the formations of the upper struc-
tural level which is generally characterized as a proto-
platform cover consisting of the Lower Proterozoic vol-
canogenic and sedimentary materials. These materials and
their paragenetically related intrusions of contrastingly
differentiated magmatic series were formed in the intra-
plate environments of scattered (diffuse) rifting which oc-
curred in relation to the development of plumes whose
maximum activity is confined to the time intervals from
2.53-2.42 to 2.1-1.95 Ga [Sokolov, 1987; Kulikov et al.,
2017a, 2017b; Stepanova et al., 2014b, 2017, 2020; Mints,
Eriksson, 2016].

The Early Proterozoic sedimentary and volcanogenic
materials of the proto-platform cover, overlying the Archean
granite-greenstone basement of the southern KM, compose
the Onega synclinorium. The proto-platform cover cross-
section displays a number of geological subdivisions - for-
mations, series or horizons (Fig. 3) combined into 6 sub-
horizons (from bottom to top): Sumian, Sariolian, Jatulian,
Lyudikovian, Kalevian and Vepsian [Krats, 1963; Negrutsa,
2011; Kulikov et al., 2017a, 2017b; Lower Precambrian
Stratigraphic Scale, 2002; and others].

The Sumian sub-horizon (2500-2400 Ma) at base-
ment level is composed of thin weathering crusts and high-
ly mature siliciclastic formations. They are overlain by
volcanic rocks, primarily andesibasalts, with the thickness
of up to 1.5 km. The volcanics compose the relics of the
rift system formed at the very beginning of the Early Pro-
terozoic. These formations can still be found in local graben-
shaped structures near the Onega synclinorium and form
a wide belt along the northeastern margin of the KM. The

intrusive complexes - comagmates of their related vol-
canics - occur both in the KM, and Belomorian province.
These are often layered mafite-ultramafite massifs; the
largest of which - Burakovka massif (~630 km?) - lies
northeast of the Onega synclinorium and comprises chro-
mite-hosted inclusions [Glushanin et al,, 2011]. The Sumian
sub-horizon, together with its overlying Sariolian sub-ho-
rizon (see below), composes the proto-plate part of the
proto-platform cover of the KM and makes up the graben-
shaped structures (Fig. 3).

The Sariolian sub-horizon (2400-2300 Ma) is usually
represented by polymictic conglomerates and conglom-
erate-breccias. Except for conglomerates, conglomerate-
breccias and sandstones, in the upper cross-section re-
vealing the Sariolian along the northeastern and northern
margins of the KM there are also exhibited andesibasalts
[Korosov, 1991]. The Sariolian formations are spatially
related to rifting structures and volcanics of the Sumian
and, jointly with them, compose the proto-plate part of the
proto-platform cover of the KM and make up the graben-
shaped structures (Fig. 3).

The Jatulian sub-horizon (2300-2100 Ma) is com-
prised of volcanogenic and sedimentary materials of alter-
nating thickness (from the first meters to 2 km) whose bot-
tom cross-section consists of areally distributed silicate
crusts of chemical weathering. The Jatulian composes the
bottom section of the plate part of the proto-platform cover
of the KM, overlies with a sharp, angular unconformity the
Sumian-Sariolian units and beyond them lays directly on
the KM Archean crystalline basement rocks (Fig. 3). Nearly
half of the Jatulian formations are lavas. The Jatulian cross-
sections have three-membered structure: Lower, Middle
and Upper Jatulian whose bottom parts comprise terri-
genous and/or terrigenous and carbonate rocks and the top
parts consist of volcanogenic formations [Sokolov, 1987].
The Lower Jatulian cross-sections are dominated by terri-
genous sedimentary rocks, the Middle Jatulian cross-sec-
tions - by terrigenous and carbonate rocks, and most of
the Upper Jatulian cross-section is composed of carbon-
ate sediments including bioherms [Makarikhin, Kononova,
1983]. The Onega parametric borehole drilled in the Jatu-
lian basement deposits, overlying the Archean basement
rocks, has penetrated evaporates - predominantly halites, as
well as anhydrites and magnesites (depth interval 2944.0-
2750.8 m) [Glushanin et al., 2011]. The Jatulian rocks were
accumulated in the shallow epi-platform basin that had oc-
cupied almost the whole area of the KM [Heiskanen, 1990,
1996]. The Jatulian volcanics are the products of fissure
eruptions occurred in the intra-plate (intra-platform) en-
vironments. They formed an extensive basaltic plateau

https://www.gt-crust.ru
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Fig. 2. Scheme of the geological structure of the south-eastern part of the Baltic Shield (used [Morozov, 2010; Kolodyazhny, 2006;

Kulikov et al., 2017b]).

1 - Archean granite-greenstone complexes: a - of the West Karelian (WK), b - of the Vodlozersk (Vd) massifs; 2 - Archean - Lower
Proterozoic granulite-gneiss complexes of the Lapland-White Sea Belt (LB); 3-7 - Lower Proterozoic complexes: 3 - metamorphic and
igneous of the South Finnish-Ladoga Belt (FL), 4 - volcanogenic-sedimentary and igneous island - arc of the Svekofennian belt (SF),
5 - volcanogenic-sedimentary rift and marginal continental complexes of the Karelian massif, 6 - terrigenous deposits of the South
Onega depression, 7 - granitoids of the Central Finnish massif (CF); 8 - Early Riphean rapakivi granites; 9 - Vend - Phanerozoic cover of
the East European Platform; 10-11 - faults: 10 - thrusts, 11 - mainly strike-slip; 13 - sampling site KL-555. Shear zones: RL - Raakhe-
Ladoga, CK - Central Karelian, EK - East Karelian; On - Onega synclinorium, Son - South Onega synclinorium.

similar to the Phanerozoic traps. Volcanism occurred thrice,
at the end of each transgressive-regressive cycle, which
meets the ideas of the occurrence of major stages of vol-
canic eruption in young trappean provinces against the
background of transgressive tectonics and marine regres-
sion [Svetov et al.,, 2015].

The Lyudikovian sub-horizon (2100-1920 Ma) is com-
posed of originally clay, carbonate, strongly carboniferous
rocks and volcanics. In the Onega synclinorium, the Lyudi-
kovian sub-horizon comprises the Zaonega and Suisar For-
mations (horizons). The Zaonega Formation (1.3 km thick)
is composed of shungites, shungite-bearing tufoaleurolites,
argillites, silicites, limestones and dolomites, containing
a large amount of mafic magmatic rock beds. The Suisar
Formation (650 m in thickness) is comprised of tuffs and
pyroxene, plagioclase and picrite basalt lavas.

The Kalevian sub-horizon (1920-1800 Ma) in the
Onega synclinorium is composed of monotonously alter-
nating aleurites, clay schists, arkose and quartz sandstones,
and locally occurring gravellites, silicites and acid tuffites.
This section of flyschoids, most widespread along the south-
western margin of the KM (Ladoga Group), is as thick as
10000 m.

The Vespian sub-horizon (1800-1750 Ma) combines
the Petrozavodsk (lower) and Shoksha (upper) Forma-
tions (horizons) [Sokolov, 1987]. The Petrozavodsk For-
mation is composed predominantly of gray laminated ar-
kose sandstones, aleurolites and argillites, rarely con-
glomerates, with a total thickness of more than 300 m
[Galdobina, Mikhailyuk, 1971]. The cross-section displays
the breccia interlayers with shungite schist and volcanic
rock fragments. The Shoksha Formation (horizon) lying
unconformably on the Petrozavodsk Formation at the sec-
tion bottom is composed of red sandstones and quartzite-
sandstones with conglomerate lenses. The formation is no
thinner than 1000 m. The sandstones and quartzite-sand-
stones of the Shoksha Formation are composed of mature,
mainly quartz fragments and characterized by crimson,
red or pink color due to dispersed iron oxides (hematite)
in cement, obliquely layered stratification within some
series, and evidence of ripples, raindrop impacts and mud
cracks on bedding surface, and a high facial variability as
a whole. These features are indicative of arid continental
depositional environment [Galdobina, 1958; Galdobina,
Mikhailyuk, 1966, 1971; Vigdorchik et al., 1968; Garbar,
1971; Sokolov, 1987]. There was found in the bottom section
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Fig. 3. Generalized lithostratigraphic section of the proto-platform cover of the Karelian massif (after [Kolodyazhny, 2006; Korosov,
1991; Kulikov, 1999; Kulikov et al., 2017a, 2017b; Makarikhin et al., 1995; Sokolov et al., 1970; Sokolov, 1984; Systra, 1991; Kharitonov,

1966; and others].

1 - Archean basement of the Karelian massif (craton); 2-15 - proto-platform cover of the Karelian massif: 2-6 - proto-plate (rifting)
part of the proto-platform cover - Sumian and Sariolian: 2 - weathering crusts and terrigenous sediments, 3 - andesite basalts, 4 -
quartz and plagioclase porphyries, 5 - polymictic conglomerates, 6 - block breccias and mixtite-like formations; 7-15 - a plate part of
the proto-platform cover: 7-9 - Jatulian: 7 - terrigenous rocks, 8 - flood basalts, 9 - carbonate-terrigenous rocks; 10-12 - Lyudikovian:
10 - shungite shales, 11 - basalt lavas, lavobreccia, tuffs, 12 - picrobasalts; 13 - Kalevian: terrigenous flyschoid and molassoid sedi-
ments; 14-15 - Vepsian: 14 - terrigenous molassoid formations, 15 - red-colored terrigenous (Shoksha) sandstones; 16 - unconformi-
ties; 17 - stratified mafic-ultramafic intrusions (2.44 Ga); 18 - microcline granites (2.44-2.45 Ga).

of the Shoksha Formation a thin (10 m) cover of hema-
titized basalts [Svetov, 1979].

The results of basin and facial analyses of the Vepsian
formations showed that during this complex sediment de-
position there was a gradual decrease and shallowing in the
paleobasin area to the South Onega trough [Akhmedov et al,,
2004; Galdobina, 1958; Galdobina, Mikhailyuk, 1971].

3. TECTONICS OF THE ONEGA SYNCLINORIUM
AND ITS FRAMING

The Onega synclinorium is located in the southeastern
part of the KM within the Vodlozero block (domain) which re-
presents the oldest Early Archean granite-gneiss core of the
KM (Fig. 4) and represents the oldest Early Archean granite-
gneiss core of the KM [Kozhevnikov, 2000; Kozhevnikov et al.,
2006, 2010; Kozhevnikov, Skublov, 2010; Kulikov et al., 1990,
2017a,2017b; Levchenkov et al., 1989; Lobach-Zhuchenko
etal, 1989, 2000, 2009; Puchtel et al,, 1991; Sergeev et al,,
2007; Chekulaevetal., 20093, 2009b]. The Vodlozero domain
has conditional borders determined from the location of

the Mesoarchean (Lopian) marginal greenstone belts.
The Onega synclinorium comprises two structurally iso-
lated negative structures — North Onega and South Onega

basins. The North Onega basin is composed of the forma-
tions of the lower and middle parts of the Lower Protero-
zoic (Sumian, Sariolian, Jatulian, Lyudikovian and Kavelian
strata), and the South Onega basin - of the formations of the
upper part of the Lower Proterozoic (Vepsian) (Fig. 4). The
North Onega and South Onega basins have delta-shaped
and oval contours, correspondently. They are located in the
area of fan-shaped branching of the northwest striking Cen-
tral Karelian shear zone; the branches are bordering the
basins and complicate their inner structure [Kolodyazhny,
2006; Glushanin et al., 2011].

The Sumian andesibasalts and Sariolian conglomerates
in the North Onega basin are localized in the rift graben-
shaped structures whose fragments are exposed on the
western and northeastern basin sides. Among the Archean
gneisses bordering the North Onega basin on the east
there is the large stratified mafic Burakovka massif (Br in
Fig. 4) and related dyke swarms which are considered as a
deep-seated structural element of the Sumian rift system
[Glushanin et al., 2011].

The main feature of the North Onega basin structure is
an alternation of wide trough-shaped synclines and nar-
row linear ridge-like anticlines localized in fault zones

https://www.gt-crust.ru


https://www.gt-crust.ru

Kuznetsov N.B. et al.: On the Time and Conditions of Formation...

Geodynamics & Tectonophysics 2023 Volume 14 Issue 1

[Glushanin et al., 2011]. The Jatulian and Lyudikovian car-
bonate-terrigenous layers deposited in the cores of the
anticlines are much thicker than those deposited in the
cores of the conjugate synclines and the fold-close flanks.
This is indicative of tectonic layer-wise low viscosity rock
flow with pressure-driven rock movement towards the
anticline hinges which sometimes leads to the fact that the
cores of the anticlines develop a diapir-like structure. The
fold axes show virgation and undulation but are oriented
northwest as a whole.

The core structure of diapir-like anticlines involves the
rocks of the lower parts of the Lower Proterozoic including
salt-bearing units similar to that penetrated by the pa-
rametric borehole in the base of the Onega synclinorium
cross-section. Besides, dispirism sometimes involves the
Archean granite-gneisses of the KM basement. The de-
gree of structural and material reworking of rock in the
anticlinal zones is very large due to folding and faulting.
Such style peculiar to the syn-Svecofennian deformations
(1.90-1.87 Ga) is only typical of the North Onega basin.
Schistosity, cataclasis and brecciation occurred therein are
sometimes associated with intensive metasomatic albite-
carbonate-mica mineralization. K-Ar ages obtained on this
mineralization display the value ranges of 1900-1700,
1100-900, 150-100 Ma [Polekhovsky et al., 1995].

The Archean rocks, directly bordering the North Onega
basin, form different-rank dome-shaped and lenticular

structures describing the half-closed belt. A large Archean
basement protrusion - the Unitsky dome (Un in Fig. 4) -
complicates the northern centroclinal of the basin. There
were identified features of an active growth of the marginal
dome-shaped structures in the end of the Archean, Paleo-
proterozoic, and at the present-day stage of development
[Kolodyazhny et al., 2000; Glushanin et al., 2011].

The folded structures complicating the inner struc-
ture of the North Onega basin on the southwest are with
a sharp, angular unconformity overlain by the Vepsian
units of the South Onega basin (Son in Fig. 4). This ba-
sin is less complex in structure [Garbar, 1971; Sokolov,
1987; Glushanin et al.,, 2011], oval-contoured, occupies an
area of 9000 km? and extends over 120 km southeast of
Petrozavodsk, reaching 50-70 km in width. On the eastern
flank of the South Onega basin, the rocks dip gently, at an
angle of 10-12°, rarely 20-25° on the western flank, the
dip gives a steeper angle of descent of the rocks relative
to a horizontal plane and reaches 70° in the near-fault
zones. In the central part of the basin the rocks lie almost
horizontally.

The inner structure of the South Onega basin is com-
plicated by the NW- and NE-striking faults. Using the geo-
physical data as a base, in the central part of the basin there
was identified the northeast-oriented zone considered as a
continuation of the Burakovka-Kozhozero deep-seated zone
controlling the location of large mafic intrusions [Glushanin

62°N

Fig. 4. The structural-geological scheme of the Onega synclinorium (with changes according to [Voitovich, 1971; Kolodyazhny, 2006;

Glushanin et al,, 2011; Systra, 1991]).

1 - Archean granite-greenstone complexes: a - West Karelian (WK), b - Vodlozersk (Vd) massif; 2-9 - Lower Proterozoic complexes: 2 -
Sumian, Sariolian and Jatulian, 3 - Ludikovian, 4 - Kalevian, 5 - Vepsian Petrozavodsk Formation, 6 - Vepsian Shoksha Formation, 7 -
mafic-ultramafic stratified massifs, 8 - dykes of basites, 9 - sills of gabbro-dolerites; 10 - Early Riphean rapakivi granites; 11 - Vend -
Phanerozoic cover; 12 - faults; 13 - Shoksha quartzite-sandstones deposit (sampling site KL-555). Vd - Vodlozersk block, WK - West
Karelian block, On - Onega synclinorium, Son - South-Onega synclinorium, Un - Unitsk dome, Br- Burakovka intrusion, Sh - Shoksha

deposit of quartzite-sandstones.
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et al, 2011; Ryazantsev, 2012, 2014]. The formation of
the South Onega basin is related to final episodes of the
Karelian tectonic era when there occurred a transition
from the Svecofennian (1.9-1.87 Ga) folding to a relatively
quiet proto-platform tectonic regime [Systra, 1991].

The upper sections of the Vepsian strata in the South
Onega basin (Shoksha Formation) are intruded by gab-
bro-dolerite sills of the Ropruchei complex. The largest,
Ropruchei sill has an extending 100 km along the south-
western coast of Lake Onega (Fig. 4). It consists of three
bodies connected to each other by links. The main body
80-200 m in thickness is primarily composed of middle-
grained gabbro-dolerites and gabbro, and the other two
bodies (overlying and underlying), with a thickness of up
to 25 m, are represented by dolerites, including small-
grained, sometimes with an amygdaloidal structure in near-
contact parts. Some researchers interpret them as lava
flows [Glushanin et al., 2011]. The U-Pb isotopic ages by
zircon and baddeleyite from gabbroids of the sill are 1770
+12 Maand 1751+3 Ma, respectively [Bibikova et al., 1990;
Lubnina et al., 2012].

4. THE STRUCTURE OF THE SHOKHA
FORMATION AND LITHOLOGICAL FEATURES
OF ITS CONSTITUENT ROCKS

The first scientific information on red sandstones of the
Olonets province in Cis-Onega region appeared in the late
XVIII - early XIX centuries. These were the descriptions of
some outcrops made by S. Alopaeus, N.Ya. Ozeretskovsky,
K.M. Arsentyev, A.A. Foullon and I. Engelmann. R. Murchison
assigned them to the Devonian on the basis of their sim-
ilarity with the Old Red Sandstones in England. However,
aslong as G.P. Helmersen asserted that the Cis-Onega sand-
stones could be distinguished as a separate group, assign-
ing them to the Pre-Paleozoic. Different aspects of geology
of the Western Cis-Onega as a whole and inner structure
of red quartzite-sandstones therein in particular were
studied by A.A. Inostrantsev, K.K Focht, V. Ramsey, V. Vaal,
S.A. Yakovlev, P.A. Borisov, ].J. Sererholm, and other fa-
mous scientists of that time. V. Ramsey, by analogy with
the sedimentary formations of Bjornberg, Finland, was
the first to assign the red sandstone unit of the Western
Cis-Onega to the Jotnian series. V.M. Timofeev [Timofeev,
1935] combined the Shokha and Kamenny Bor sandstone
deposits into a single Jotnian Group of the Upper Prote-
rozoic, having divided it into the Kamenny Bor (lower)
and Shoksha (upper) Formations. The reconstructions of
sedimentation environment and Jotnian rock transfor-
mation are considered in the publications of K.O. Krats
[Krats, 1955], L.P. Galdobina [Galdobina, 1958], D.I. Garbar
[Vigdorchik et al., 1968; Garbar, 1971], .M. Simanovich
[Simanovich, 1966, 1978], and M.G. Leonov [Leonov et
al., 1995].

The Shoksha Formation cross-section has a three-mem-
bered structure [Sokolov, 1987]. The basement rock of
the lower Shoksha sub-formation comprises oligomictic
conglomerate lenses whose pebble is mainly represented
by quartz and chalcedony and more rarely by sandstones

and aleurolites of the Petrozavodsk Formation. The lower
part of the sub-formation cross-section displays a coarse
rhythmic pattern. Some rhythms are 1.5 to 4.0 m in thick-
ness and composed of coarse- and middle-grained quartz-
ite-sandstones of red, pink or crimson color, often with
the alluvial or delta-type trough cross-bedding. The up-
per rhythms comprise thin interlayers with fine-grained
quartzite-sandstones, aleurolites and argillites, with their
bedding surface largely marked by wave and flow ripples,
raindrops and flowing water, underwater landslide tex-
tures, and mud cracks. The upper part of the sub-formation
is composed of fine-grained quartzite-sandstones, aleuro-
lites, and dark-cherry schists. The lower sub-formation
may reach 300 m in thickness.

The basement rock of the middle Shoksha sub-forma-
tion is represented by alternating oligomictic boulder con-
glomerate and sandstone lenses. Higher in the succession
there lie the middle- and fine-grained quartzite-sandstones
of pink and pale violet color, aleurolites and argillites. The
sub-formation cross-section displays generally a rhythmic
pattern - the rhythms are 1.5-2.0 m thick in the lower part,
decreasing in thickness with an increase in the proportion
of fine-grained varieties higher in the succession. The mid-
dle sub-formation is 300-700 m thick.

Most of the upper Shoksha sub-formation is composed
of middle- and coarse-grained feldspar-quartz sandstones,
with its thickness estimated at 200 m.

The total thickness of the Shoksha Formation is some-
what more than 1000 m.

The rocks of the Shoksha Formation in the region of the
same-name deposit erosively overlie the sandstones of
the Petrozavodsk Formation. Lying with prominent stra-
tigraphic and angular unconformities in the weathering
crust, the Shoksha basement deposits are overlain by the
Vendian sediments.

5. THE STRUCTURE OF THE SHOKHA DEPOSIT
AND KL-555 SAMPLING SITE

The Shoksha deposit of facing and building stones is
situated on the southwestern coast of Lake Onega in 45 km
to the southeast of Petrozavodsk city (Fig. 4). The deposit
area consists of sandstones and quartzite-sandstones of the
Petrozavodsk and Shoksha Formations (Fig. 5). It also com-
prises the stratotype of the lower part of the Shoksha For-
mation cross-section [Galdobina, 1958; Sokolov, 1987].

The deposit layers gently dip southward at an average
angle of 5 to 15 degrees. They are complicated by the NNE-
striking faults and gentle folds (Fig. 5), and small (0.2-
5.0 m) intralayer asymmetric folds with different orienta-
tions (Fig. 6, a, b).

The deposits of the Shoksha Formation erosively overlie
gray and brownish-gray sandstones of the Petrozavodsk
formation and consist of succession of layers of mono-
mictic quartzite-sandstones and sandstones (from bot-
tom to top).

1) Pale lilac quartzite-sandstones with a small-pebble-
conglomerate interbed in the basement and ripple marks
on the bedding surfaces (more than 5 m);
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Fig. 5. The scheme of the geological structure of the Shoksha quartzite-sandstone deposit.

1 - arkose sandstones of the Petrozavodsk Formation; 2-6 - sediments of the Shoksha Formation: 2 - lilac quartzite-sandstones, 3 -
intercalation of siltstones, shales and sandstones, 4 - red quartzite-sandstones, 5 - crimson quartzite-sandstones, 6 - gray-pink sand-
stones; 7 - basalts; 8 - dip and strike of rock layers; 9 - contours of the quarries; 10 - KL-555 sampling site.

sooroooronoronoroodfoonoogbioonoa Kvartsitnyi

Fig. 6. The southern quarry of the Shoksha deposit of quartzite sandstones.

(a) - oblique layering and asymmetric fold of underwater landslide in quartzite-sandstones; (b) - sublayer detachments in quartzite-
sandstones and associated drag folds; (c) - site of KL-555 sampling (asterisk) of quartzite-sandstones in the south-western wall of the
quarry; (d) - small folds of underwater landslide, complicating oblique stratification in quartzite-sandstones.
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2) A member of alternating red and greenish aleurolites,
clay-mica schists and fine-grained sandstones (5 m);

3) Cross-bedded red fine-grained quartzite-sandstones
with wave and flow ripple marks (14 m);

4) Large cross-bedded sets of crimson fine-grained
quartzite-sandstones which are the most industrially im-
portant (17 m);

5) Cross-bedded grayish-pink quartz sandstones with
gravelite basement layers (40 m).

Sample KL-555 was taken from the upper cross-section
of red quartzitic sandstone layer 3 (see below for details)
to obtain dZr grains (see Fig. 5; Fig. 6, c). Layer 3 - KL-
555 sampling site - is complicated by con-sedimentary
diagenetic structures and textures. There occur large and
medium-sized cross-bedded sets of fluvial or deltaic origin
with predominantly south-southeast-tilted strata (160-
170°) (Fig. 6, a, b). There are also some isolated sets of
trough cross-bedding. The upper part of layer 3 in the
studied artificial exposure is complicated by an intralayer
con-sedimentary asymmetric fold with amplitude of about
3m (Fig. 6, a). The fold is characterized by the southern
vergency consistent with cross-bed tilting and, therefore,
with tilting angle of the sedimentary basin paleoslope.
These features imply that the fold was formed due to under-
water-sliding layers and controlled by sublayer detach-
ment in the structure basement (Fig. 6, a). Smaller land-
slide folds complicating cross-bedded sets in layer 3 are
found throughout the section (Fig. 6, d).

The overlapped structural and material transforma-
tions of quartzite-sandstones in layer 3 are represented
by brittle and brittle-plastic deformations. They manifest
themselves in the form of slip joints and slickensides, meta-
genetic recrystallization and regeneration of fragmented
quartz grains, and quartzitic sandstone secondary stria-
tion. During metagenesis and early stages of metamor-
phism, the Shokha sandstones underwent uneven recrys-
tallization and compaction, with iron ochres transformed
into hematite plates which have become a source of dif-
ferent colors of the rocks. Metagenetic transformations of
the Shoksha sandstones are considered in detail in spe-
cialized publications [Leonov et al., 1995; Simanovich,
1966, 1978].

One of the reasons for secondary transformations of
the Shoksha quartzite-sandstones might be fluid-thermal
effect caused by the flows of basalts and gabbrodolerite
sills deposited at different levels of the Shoksha Formation
cross-section. For example, layers 3 and 4 in the western
part of the Shoksha deposit are separated by the basaltic
cover that might have exerted a thermal effect on the un-
derlying quartzite-sandstones (layers 1-3), which were
later erosively overlain by somewhat less epigenetically
modified sandstones of layer 4.

6. THE RESULTS OF STUDY OF DETRITAL ZIRCON
GRAINS OBTAINED FROM THE SHOKSHA FORMATION
QUARTZITE-SANDSTONES (SAMPLE KL-555)

With the aim of obtaining dZr grains and their further
U-Pb isotopic dating, there was taken the KL-555 sample

from the quartzite-sandstones in the lower part of the
Shoksha Formation (upper part of layer 3 of the Shokha de-
posit described above). The sample was taken in the south-
western wall of the southern quarry of the Shokha deposit,
300 m north of Quaternary settlement margin, at coordi-
nates 61°30'12.01 N; 35°02'57.40 E (see Fig. 5; Fig. 6, ).

6.1. Microscopic study of quartzitic sandstone
sample KL-555

Microscopic study of quartzitic sandstone sample KL-555
showed that quartzite-sandstones are mainly composed of
quartz (Fig. 7). The rock sample is muted pink, pale beige
in thin sections. The fragments consist of 95 % quartz, with
some of them dominated by microquartzites. The accesso-
ry minerals are zircon, apatite, magnetite, and hematite.
The quartz grains undergo significant regeneration and
partial recrystallization. There occur both oval and angular
grains, most of which are irregularly shaped, sometimes
elongated.

The rock structure is irregularly-grained psammitic-
blastic from fine- to medium-grained (Fig. 7, a, b). The
texture is striated due to alternating stripes with larger
(0.2-0.6 mm) and smaller (0.05-0.1 mm) grains. There
are two types of cement: quartz regeneration (3-5 %)
and porous quartz-chlorite-mica (7-15 %) (Fig. 7, ¢, d). In
some pores there are mica rosettes. There also occur thin
crustified mica rims. Noteworthy are regeneration quartz
rims with clearly defined crystallographic contours and
abundant blastic displacement structures (grain boundary
migrations).

There occur incorporated, less frequently sutured quartz
grain contacts, blastic displacement structures, and regen-
eration rims. Quartz grains show undulatory, block and
mosaic extinction, Boehm stripes, and sometimes splintery
fractures in grains (Fig. 7, e, f).

6.2. Study methods for detrital zircon grains
from sample KL-555

Sample preparation, ways to get zircon grains, analytical
preparation, preliminary preparation of zircon grains for
isotopic analysis, processing of primary analytical results,
age-date selection, ways to analyze zircon-grain dating re-
sults and other procedures were performed in accordance
with study methods described in [Romanyuk et al., 2018].
Sample KL-555 (initial weight ~1.5 kg) was grinded with-
out a grinder in a cast-iron mortar to size class -0.25 mm
and passed through a one-use kapron sieve fixed to the
steel frame. The grinded material was washed out succes-
sively by pipe-run water, air-dried, separated using heavy
liquid HPS-W (~2.95 g/cm?), and underwent magnetic
separation. The dZr grains were selected randomly from
non-magnetic heavy fraction by the manual microscopic
method. These grains were implanted into an epoxy disk
and polished manually to about half the size of typical
grains. The polished dZr-grain parts without fractures,
inclusions and other imperfections, and no less than 40 mi-
crons in diameter were selected for laser ablation U-Pb
zircon dating.
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Fig. 7. Micrographs of quartz sandstone sections of the KL-555 sample. On the left there are parallel nichols, on the right - crossed

nichols. See text for explanation.

The study of U-Pb isotopic system of dZr grains from
sample KL-555 was conducted at the Shared Research
Facilities of the GIN RAS with ESL NWR213 Laser Abla-
tion System combined with ELEMENT2 (Thermo Scien-
tific Inc.) high resolution magnetic sector mass spectrom-
eter. The analytical research method and operational char-
acteristics of the device are described in [Nikishin et al,,
2020]. The U-Pb isotope data for the selected parts of
dZr grains were primarily processed using GLITTER soft-
ware [Griffin et al., 2008]; the correction for non-radiogenic
lead were calculated based on the procedure described
in [Andersen, 2002] and realized as part of ComPbCorr
program [Andersen, 2008]. Histograms and probability
density curves (PDC) are drawn using free-access [ISOPLOT
program [Ludwig, 2012].

The analytical measurements were calibrated based on
external zircon standard GJ-1 [Jackson et al., 2004; Elhlou

et al,, 2006]. Analytical quality control was carried out by
measuring unknown samples and reference standards of
91500 [Wienedbeck etal.,, 1995, 2004] and Plesovice [Slama
et al.,, 2008] zircons in combination with the weighted
mean °°Pb /#8U (20) ages of 1063.5+0.4 and 337.2+0.1 Ma,
respectively [Horstwood et al., 2016]. For these reference
standards there were obtained the weighted mean (20)
ages of 1067.8+7.0 (n=8) and 332.6+5.2 (n=7) Ma, respec-
tively, which are consistent within the error with the above-
presented weighted mean 2°°Pb /238U (20) ages obtained by
the CA-ID-TIMS method [Horstwood et al., 2016].

6.3. Results of U-Pb isotope analysis of zircon grains
There were analyzed 79 dZr grains from sample KL-555
(App. 1, Table 1.2). GLITTER software makes it possible
to see the time scan (we call it an analytical signal) of
the recorded number of ions 2°°Pb, 2°’Pb, 2°8Pb, 232Th and
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238 with a laser beam penetration into the zircon grain
studied, i.e., the evaporation of substance from its deeper
and deeper parts. Different parts of an analytical signal
correspond to different zircon grain parts. Most of the ana-
lytical signals recorded are short highly variable records.
Some of them yielded age estimates only for their half or a
third. In case when the age estimation involved the middle
or the beginning of an analytical signal, this part of the re-
cord was interpreted as core analysis ("core"). But in case
when there was used the final (marginal) part of an ana-
lytical signal record, it was interpreted as an analysis of the
grain margin ("rim"). However, some records of good du-
ration and quality (the degree of discordance - both of the
first two percent units, D1 and D2) showed the age esti-
mates in the interval from 1.91 to 1.95 Ma. The results of
analyses are displayed in a concordia diagram (Fig. 8, a).

Alarger number of the analytical results is characterized
by high degree of discordance of the date values calculated
therefrom - inconsistency in the age dates calculated from
different isotope pairs. To characterize the degree of dis-
cordance, there were used values D1 u D2 calculated by
formulas (1) and (2):

D1=100 %-[age (207Pb/235U) /

age (***Pb/**U)-1], (1)
D2=100 %-[age (**"Pb/?°°Pb) /
age (*°°Pb/?*8U)-1]. (2)

34 analyses yielded - 1.2 %<D1 and D2<10 %, and com-
mon lead age correction by <60 Ma which were used for
drawing a histogram and a PDC. All these dZr grain ages
obtained are older than 1 Ga so that the ages were only es-
timated from 2°’Pb /2°°Pb ratios (Fig. 9).

The youngest ages are 1899+12 Ma (D1=2.9 %, D2=
6.3 %), 1904+11 Ma (D1=0.0 %, D2=0.05 %), and 1913
+11 Ma (D1=-0.6%, D2=-1.2%); the oldest ages - 2777
+7 Ma (D1=2.0 %, D2=3.4 %) and 2805+11 Ma (D1=0.4 %,
D2=0.7 %). The major peaks in the PDC visualizing the age
dates, based on more than 5 measurements, correspond to
1920 and 2006 Ma; the 3-measurement-based secondary
peak - to 2078 Ma.

The U-Pb ages obtained are subdivided into two groups:
ages within the middle and late parts of the Early Protero-
zoic and the Late Archean ages. The Early Proterozoic age
dates comprise a dense, dominant set with the age inter-
vals 1.90-1.96 Ga (18 dates) and 2.05-2.08 Ga (3 dates).
The ages of six Late Archean single zircon grains fall within
the interval 2.5-2.8 Ga. Therefore, the analysis of results
of U-Pb isotopic dating for dZr grains from the Shoksha
quartzite-sandstones (sample KL-555) suggests that the
Shoksha Formation sandstones were formed due to the ac-
cumulation of detritus from the crystalline complexes whose
age corresponds primarily to the middle and late parts of
the Early Proterozoic and to the Late Archean.

A large (more than a half) number of strongly discor-
dant age dates obtained testifies to the fact that the dZr
grains from the Shoksha quartzite-sandstones experienced
thermal-metamorphic and/or hydrothermal-metasomatic
effect which was probably multiple. This effect disrupted
to a varying degree (sometimes severely) the U-Pb sys-
tem of the grains dated. The analysis which yielded the
age dates for the "core" or "rim" are plotted in the concor-
dia diagram (see Fig. 8, a) in the form of an elongated
area which allows drawing a discordia line or discordia
line series. This discordia has a good fit to many points
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Fig. 9. A summary of the ages of some crystalline complexes of the northern part of the EEP, which could be the potential primary
sources of detrital zircons (a). Histogram and PDC (density probability plot, red line) illustrating the distribution of U-Pb isotopic ages
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corresponding to discordant analyses of the whole grain.
The accuracy of estimation of the lower intersection of
the concordia and discordia lines remains low. These are
only the overlapped formations that can be confidently
assigned to the Phanerozoic.

6.4. Interpretation of Th/U values in dated detrital
zircon grains from sample KL-555

Thorium/uranium ratios (Th/U) in zircon from mag-
matic rocks (i.e. in magmatogenic zircon) vary from 0.1
to 1.0 [Kirkland et al., 2015; Rubatto, 2017]. Low Th/U
values are considered to be statistical characteristic of
metamorphogenic zircon grains. An inferred threshold
value of Th/U providing for separation between magmato-
genic and metamorphogenic zircon, presented in published
papers, is therewith different: 0.5 in [Kirkland et al., 2015],
0.2 in [Hoskin, Schaltegger, 2003] and 0.1 in [Teipel et al,,
2004]. It is most likely that the Th/U values of 0.1 to 0.5
are also be often found in both magmatic and metamor-
phic zircon.

Along with other characteristics, high thorium-to-ura-
nium ratios (Th/U>1.5) are inherent to statistics for mela-
nocratic (mafic) magmatic zircon [Kaczmarek et al., 2008;
Linnemann et al., 2011]. It is also worthy of note that high
Th/U in zircon is sometimes typical of the rocks formed in
high-temperature and lower-to-moderate-pressure meta-
morphic environment [Wanless et al., 2011]. The zircon
crystallized in low-temperature granites is characterized
by high U and low Th contents. It is usually described in
terms of low Th/U in low-temperature zircon [Harrison et
al,, 2007].

The analysis made on 79 dZr grains from sample KL-
555 yielded Th content varied from 30.6 to 1073.1 ppm and
U content varied from 54.5 to 4765 ppm, with Th/U values
varied from 0.03 to 3.72 (see Fig. 8, b). Five grains yielded
very low thorium-to-uranium ratio (Th/U<0.1). These dZr
grains might have originated primarily from (ultra) high-
pressure complexes (eclogites) or, for example, such "ex-
otic" complexes as ultra-low temperature granitoids. How-
ever, the age estimates for these grains appeared to be
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discordant, which does not provide for the possibility of
their reliable and meaningful interpretation.

A considerable part of the analyses (14) yielded the
Th/U ratios higher than 1.0, among which five are even
higher than 1.5. Three analyses yielded uniquely high Th/U
ratios: N2 54 - 1922 Ma Th/U=3.72; Ne 68 - 1920 Ma Th/U=
=3.30; N2 74 - 2805 Ma Th/U=3.12. This implies that among
primary sources of dZr grains for which such Th/U values
were obtained there might have been the complexes with
frequent occurrence of mafic rocks (for example, basalts
and gabbroids) and/or the rocks undergone high-tempera-
ture metamorphism (for example, granulites). These are
most likely magmatic zircons from the rocks of the Suisar
complex.

Nevertheless, most of the analyses yielded Th/U ratio
range of 0.1 to 1.0. Such thorium-to-uranium ratio values
are considered to be statistical characteristics of magmato-
genic zircon from siliceous and intermediate rocks. The
dZr grains with such Th/U ratios most likely originated
from usual granitoids with normal or low levels of silica
acidity or from their volcanic equivalents.

7. ON THE AGE OF QUARTZITE SANDSTONES
OF THE SHOKSHA FORMATION
AND THEIR REAL TRANSFORMATION TIME

The Shoksha Formation (Shoksha horizon) comprising
the upper section of the Vepsian sub-horizon in the upper
Lower Proterozoic rocks of the Baltic Shield. The lower age
limit of the Vepsian is confined to the Lyudikovian magma-
tic and volcanogenic-sedimentary rocks (2100-1920 Ma),
on which it lies unconformably, and the upper age limit is
confined to the gabbrodolerites of the Ropruchei complex,
isotopically dated at 1770-1750 Ma [Bibikova et al., 1990;
Lubnina et al., 2012], which form sills cutting through the
Shokha Formation. The Lake Onega’s sediments of Kalevian
(1920-1800 Ma), lying stratigraphically between the Lyu-
dikovian and Vepsian, remain undated.

The weighted average of the three youngest dates re-
corded is 1906+13 Ma (Fig. 9, c) and can be considered
the lower age limit of the Shoksha Formation rock. This
result is generally consistent with the modern ideas of
assigning the Shoksha Formation to the uppermost Lower
Proterozoic [Negrutsa, 2011; Kulikov et al., 2017a, 2017b;
and others].

The sedimentary breccia and conglomerate interlayers
in the basement of the Shoksha Formation (upper Vepsian
sub-horizon) comprise different-sized fragments of the
Jatulian quartzites, Lyudikovian shungite-containing rocks
and volcanics, and granitoids, granite-gneisses and other
rocks typical of the inner structure of the Archean com-
plexes in the KM basement. Similar fragments are also found
in the conglomerate and sedimentary breccia horizons in
the Petrozavodsk Formation cross-section (lower part of
the Vepsian sub-horizon). This implies that the Shoksha For-
mation and its underlying Petrozavodsk Formation were
formed after the Svecofennian deformations or against the
background of the final episodes of folding of this age. Con-
sidering that the culmination in the Svecofennian folded

strata occurred in the interval 1.9-1.87 Ga [Morozov, 2010;
Systra, 1991; Korsman et al., 1999], the Shoksha Forma-
tion occurrence time cannot be too distant from the age
boundary of 1.87 Ga.

A significant part of the results of isotopic analyses
made on dZr grains from red quartzite-sandstones of the
Shoksha Formation yielded highly discordant dates. This
can imply that the studied dZr grains from the Shoksha
Formation were under thermal and/or hydrothermal meta-
somatic effect, presumably repeated, which disturbed their
isotopic systems. The features of distribution of discordant
analytical points on the concordia diagram (see Fig. 8,
a) suggest that the rocks in cross-sectional area of the
Shoksha Formation from which sample KL-555 had been
taken experienced this effect in the Phanerozoic. The sam-
pled quartzite-sandstones only bear evidence of initial low-
temperature stages of metamorphic changes. This elimi-
nates the possibility for in situ formation of metamorphic
zircon grains.

The assumption that discordant dZr grains (in accord-
ance with some isotope ratios assigned to the Riphean
and/or Phanerozoic) fell within these Shoksha quartzite-
sandstones already altered, i.e. recycled from older rocks,
is inconsistent with the geological situation and age boun-
daries of the Shoksha quartzitic sandstone formation. How-
ever, we cannot exclude the possibility of overlapping trans-
formations for dZr grains and, therefore, the occurrence
of zircon grains (or their separate parts - marginal zones)
therein, with their U-Th-Pb system disturbed due to the
radiogenic lead loss or emergence of newly formed hydro-
thermal-metasomatic zones with an unbalanced U-Th-Pb
isotopic system.

Ithas been earlier shown that the Lower Proterozoic rocks
of Zaonega and Suisar Formations in Cis-Onega [Glushanin
et al.,, 2011] contain the discordant zircon grains whose
age dates, from some isotopic ratios, correspond to the
Riphean and/or Phanerozoic, similar to how it has been
determined for dZr grains obtained from the quartzite-
sandstones of the Shoksha Formation (sample KL-555).
This shows at large-scale hydrothermal transformations
of the rocks in the Onega synclinorium. Similarly over-
lapping transformations of dZr grains, obviously related to
a deep-seated fluid rush to the surface, are found in the
Riphean rocks composing the rift system of the White Sea
[Kuznetsov et al., 2021].

Therefore, the formation time of the Shoksha quartz-
ite-sandstones is constrained to an interval of 1906+13
(weighted average ages of the three youngest dZr grains
from these quartzite-sandstones) to 1770-1750 Ma (iso-
topic age of basites which compose the Ropruchei sill cutting
through the Shoksha quartzites). This is generally in good
agreement with today’s concept of the age of the Shoksha
Formation as the upper stratigraphic element of the Vep-
sian sub-horizon of the cumulative stratigraphic scale of
the Lower Precambrian eastern Baltic Shield [Negrutsa,
2011; Kulikov et al., 2017a, 2017b; and others]. A rather
long (almost 150 Ma) time interval, in which there falls the
occurrence time of the Shoksha Formation, will evidently
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be reduced in the future. The lower age limit can be re-
fined and rejuvenated, for example, due to obtaining dZr
grains younger than 1899 Ma (the age estimate of the
youngest dZr grain with an acceptable concordance in sam-
ple KL-555). However, the isotopic system is highly dis-
turbed in younger isotopic dZr grains obtained based on
some isotopic ratios from sample KL-555. This does not
allow using these dates to constrain the lower age limit of
the Shoksha Formation but shows that the Shoksha quartz-
ite-sandstones underwent a significant transformation in
the Phanerozoic.

8. POSSIBLE ORIGINS OF DETRITAL
ZIRCON GRAINS FROM THE SHOKSHA
QUARTZITE-SANDSTONES

The analysis of dates for dZr grains from the Shoksha
quartzite-sandstones (sample KL-555) shows that these
rocks were formed due to accumulation of clastic material
brought by sediment flows which transported detritus orig-
inated from mostly Early Proterozoic, rarely Late Archean
crystalline complexes (Fig. 9, b). The predominant groups
of dZr grains with age intervals 2.1-1.98 Ga (6 dates),
2.05-2.08 Ga (3 dates) and 1.96-1.90 Ga (18 dates) most
likely originated from the crystalline complexes - mag-
matic rocks which contributed to the Lyudikovian sedi-
ments - Zaonega and Suisar Formations (2100-1920 Ma)
of the northern Onega synclinorium (see Fig. 4). The ma-
jor peak in the frequency (~1.92 Ga) of the dates for dZr
grains from the Shoksha quartzite-sandstones implies the
existence of local (close to the sedimentation area) detrital
source whose contribution was larger than that of the
other sources (Fig. 9, b). This isotopic age corresponds to
the upper age limit of the Lyudikovian sub-horizon and is
close to the age of dolerites intersecting the rocks of the
Zaonega horizon - 1919+18 Ma (SIMS, n=12, MSWD=0.18,
Th/U from 0.2 to 0.56) [Priyatkina et al., 2014]. The doler-
ites dated at 1956+5 Ma (SIMS; n=9; MSWD=0.18, Th/U
from 1.81 to 3.72) [Stepanova et al., 2014a] and the Zaonega
complex volcanites dated at 1982+4.5 and 1961+5.1 Ma
(ID-TIMS) [Martin et al., 2015] might be a significant con-
tribution to the accumulation of dZr grains. Among six dZr
grains (2.1-1.98 Ma) from sample KL-555, there can be
some that were derived by erosion of the Konchezero sill
dated at 1975-1980 Ma, Th/U from 1.75 to 4.63 [Puchtel
etal, 1992, 1998].

The conclusion that the Lyudikovian magmatites could
be a source of most of the dZr grains from sample KL-555
is confirmed by high thorium-to-uranium ratios exceeding
1.0 and even 1.5 for considerable part of the dates (14). Such
values are typical of zircon from mafic rocks - basaltoids
and gabbroids and/or high-temperature granulites. The
last (granulites) are less probable because there were no
such rocks found in the KM to the north and northwest of
the sampling site. However, we cannot exclude a distant dZr
grain provenance in granulites. This can be complexes of
the Belomorian-Lapland, Svecofennian or South Finland-
Ladoga belts (more than 300 km transportation distance)
(see Fig. 2).

The six single Late Archean dZr grains from sample
KL-555 have an age interval spanning from 2.8 to 2.5 Ga.
These dates are in good agreement with those obtained
for granitoid rocks of the tonalitic series penetrated by the
Onega parametric borehole in the basement of the same-
name synclinorium [Glushanin et al., 2011]. The magmatic
stage of granite formation is estimated at ~ 2820+13 Ma.
The younger age estimates of these granites (2711+17 and
2739419 Ma) can determine the stages of their secondary
(metamorphic) transformation. A number of even more
younger ages - 2547426, 2525+52, 2453+13 and 2406
+16 Ma - reflect at least two-stage transformation of rocks
at the boundaries 2520-2560 and 2400-2450 Ma. How-
ever, the Archean basement rocks penetrated by the Onega
parametric borehole are not exposed so that their occurr-
ences as provenance areas raise questions. This can be in-
terpreted in three ways.

1. The Late Archean dZr grains from sample KL-555
originated from granitoids of the basement of the Onega
synclinoriunm, which were squeezed to the surface during
deformation evolution of this structure and involved in the
formation of the cores of narrow diapiric anticlines.

The granitoid protrusions of this type can still be found
at the north of the Onega synclinorium. Apogranite blasto-
mylonites participating in the structure of these protru-
sions were dated by the Rb-Sr method on rock in a wide
agerange (1830+10 Ma, 1670+60 Ma, 1270+50 Ma), which
testifies to a long period of secondary transformation in
the Archean rocks [Kolodyazhny et al., 2000].

2. The Late Archean dZr grains from sample KL-555
originated from granitoids widespread along the western
margin of the KM Vodlozero domain are related to the stage
of rheomorphism of granite-gneiss domes [Miller, 1988].
Thus, within the Vodlozero-Segozero greenstone belt, there
were found granodiorite massifs of the sanukitoid series
with ages of 2743+8 Ma [Bibikova et al., 2005a] and 2745
+5 Ma [Ovchinnikova et al., 1994].

3. The Late Archean dZr from sample KL-555 came from
sediment-distant landsources in the central and western
provinces of the KM whose structure is characterized by
widespread Middle- and Late Archean granite-greenstone
associations [Lobach-Zhuchenko et al.,, 2000; Holtta et al,,
2014]. The occurrence time of reginal metamorphism of the
Late Archean rocks developed therein is estimated at 2720
and 2700 Ma [Kulikov et al., 2017a, 2017b; Shcherbak et
al., 1986]. Approximately the same age was obtained for
sanukitoids comprising vast fields in the western and cen-
tral sub-provinces of Karelia [Samsonov et al., 2001; Bibikova
et al.,, 2005b]. Late Archean (Lopian) metamorphism was
related to the formation of thermal granite-gneiss domes
whose borders are isolated zonal metamorphic complexes
of greenstone belts [Miller, 1988].

It is necessary to take into account the fact that among
dZr grains from sample KL-555 there are no Early Archean
tonalitic rock materials dated at 3210+12 Ma [Levchenkov
etal.,, 1989], 3500 Ma [Sergeev, Berezhnaya, 1985; Sergeev
etal, 1990, 2007], 3822+48 Ma [Smolkin, Sharkov, 2009],
and 3871439 - 3837+42 Ma [Kozhevnikov, Skublov, 2010;
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Kozhevnikov et al., 2006, 2010]. These rocks occur widely
on the northeastern side of the Onega synclinorium.

The oldest dZr grains, older than 3.6 Ga, were found
in red metagravellites of the Luchlompol Formation of the
North Pechenga Zone (509, Fig. 10) [Smolkin et al., 2020]
compared with the Upper Jatulian of the KM. Besides, 3.6 Ga
and even older dZr grains were found in the KM Jatulian
rock units. Rather old dZr grains up to 3837+42 and 3871
+38 Ma were earlier found respectively in the Jatulian
quartzite-sandstones of the Volomskaya syncline and in
sand-matrix Jatulian conglomerates of the northwestern
centroclinal zone of the Onega synclinorium (S04, Fig. 10)
[Kozhevnikov et al., 2010]. This implies that in the eastern
Baltic Shield and adjacent areas could be the occurrence of
these old crystalline rocks yielding detritus transported into
the Shoksha sedimentary basin or at least Early Archean
or Hadean dZr grains recycled from the Jatulian rocks.
However, such old dZr grains were not found in the Shokha
quartzite-sandstones. What could have isolated the Shoksha
sedimentary basin from the eroded materials containing
the oldest zircon? Perhaps, the entire vast area including
the KM Vodlozero domain was a sediment accumulation
area in Vepsian time. However, this is not consistent with
the currently dominant views of the development of the
South Onega paleobasin in the contours close to its modern
boundaries [Glushanin et al,, 2011]. A suggestion about a
wide development of still poorly known Late Archean gran-
ite-gneiss domes within the KM Vodlozero domain seems
to yield the conclusion that it is precisely these domes
which formed the further eroded uplands. In any case, the
source areas on the South Onega basin slopes did the least
to transport the dZr grains.

5 dZr grains from sample KL-555 had very low thorium-
to-uranium ratios (Th/U<0.1). That probably means that
these dZr grains originated primarily from ultra-high-pres-
sure complexes - such as, for example, eclogites. These com-
plexes are found within the Belomorian-Lapland belt near
Salma, Kuru-Vaara and Gridino [Slabunov et al., 2019]. The
inner structure of all these complexes is complicated due
to the Archean and Paleoproterozoic magmatic and struc-
tural-metamorphic transformations [Berezin et al., 2012;
Dokukina et al., 2014; Mints, Dokukina, 2020; Skublov et
al,, 2011; Travin, 2015; Slabunov et al., 2019].

The studies of zircons from these complexes showed
that the crystals more often have inhomogeneous struc-
ture due to domains, cores and rims therein. These eclogite
zircon crystals yielded ages of 1.8 to 2.9 Ga, clustering near
the boundaries ~1.9, 2.4 and 2.7-2.8 Ga. Though "the ec-
logite Th/U ratios" are not evidence of the eclogite origin
of zircon grains, it can be supposed that it is precisely the
eclogites of the Belomorian-Lapland belt which comprised
5 dZr grains from sample KL-555.

Lastly, there should be mentioned almost best-fit PDC
of ages of zircon grains from the Shoksha quartzite-sand-
stones (sample KL-555) and metapelites from the Ladoga
Group (S03) [Sharov, 2020] (see Fig. 9, b). This makes it
more likely that the Shoksha quartzites were primarily
formed through the recycling of the rocks of the Ladoga

Group developed along the boundary between the KM and
Svecofennian accretionary orogen (transport distance 200-
300 km).

9. PALEOGEOGRAPHIC INTERPRETATION

The dates obtained for dZr grains from the Shoksha
quartzite-sandstones (sample KL-555) imply that their lower
age limit is close to 1.91 Ga (the weighted average of three
youngest dZr grains). The upper age limit of the Shoksha
Formation corresponds to the age of gabbrodolerites (1.77-
1.75 Ga) which compose the Ropruchei sill cutting through
the Shoksha quartzite-sandstones [Bibikova et al., 1990;
Lubnina et al., 2012]. The time interval between the upper
and lower limits accounts for final stages of assembling of
the Columbia (Nuna) Supercontinent. One of such stages is
the culminated formation of the Lapland-Kola (Belomorian-
Lapland) orogen dated at 1.93-1.91 Ga [Nironen, 1997;
Daly etal, 2006; Lahtinen, Huhma, 2019] and Middle Russia
orogeny - 1.85-1.7 [Samsonov et al., 2016].

If the Shoksha Formation is confined to the upper age
limit, i.e. to about 1.75 Ga, then its quartzitic sandstone
constituents would have traces of the Middle-Russian oro-
geny which at that time was the dominant geomorphic
event within the EEP. However, no dZr grains with ages
corresponding to the formation of the Middle-Russian oro-
geny were found in the Shoksha quartzite-sandstones.

On the other hand, if the Shoksha Formation takes its
origin from the beginning of the above-mentioned time in-
terval, i.e., from about 1.91 Ga or somewhat later time, then
its detrital constituent might have been derived from the
complexes of the Lapland-Kola (Belomorian-Lapland) or
Svecofennian orogens. The Shoksha Formation is largely
characterized by highly mature quartz sandstone consti-
tuents. This implies distant detrital sources or, more like-
ly, continually rewashing and recycling older sediments -
eroded materials redeposited from the complexes of the
Lapland-Kola orogeny - contribute to the second and fur-
ther sedimentation cycles. It should be emphasized that
this conclusion is consistent with the dominant age range
from 1.9 to 2.0 Ga revealed by dated dZr grains from sample
KL-555 (Fig. 10), which also corresponds to the formation
time of the island-arc complexes of the Svecofennian ac-
cretion belt (2.2-1.9 Ga).

The Vepsian sub-horizon’s formations appear to have
accumulated in the South Onega sedimentary basin whose
relicts compose the same-name trough. North of it there are
the areas of the Lower Proterozoic formations participating
in the structure of the constituent parts of the North Onega
synclinorium (see Figs. 2, 3, 4). By the beginning of the
Vepsian accumulation, these formations had already un-
dergone the main stages of the syn-Svecofennian defor-
mations. Core material of their-realated diapiric anticlinal
ridges, complicating the structure of the North Onega syn-
clinorium, is truncated by a paleoerosional surface that
exhibits highly tectonized formations in the lower and
middle parts of the Early Proterozoic KM proto-sediment
cover and its Archean basement rocks. In the Vepsian, these
narrow anticlinal faults and folds might have represented
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crimson, Ural - black. The color bands show the age intervals of some tectonic events manifested within the EEP and its framing.
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ridge-like upland areas separated by U-shaped valleys of the
northwest-to-southeast-flowing rivers which transported
the Archean and Early Proterozoic detrital sediments into
the South Onega basin. This is evidenced by the Petrozavodsk
and Shoksha sedimentary bressias and conglomerates in-
terlayered with different-sized fragments of the Jatulian
quartzites, Lyudikovian shungite-containing and volcanic
rocks, and Archean granitoids from the anticlinal-ridge
cores. From north-northwest to south-southeast transport
routes of detritus material are indicated by spatial orienta-
tion of the internal pattern of the cross-bedded strata which
occur widely in the Shoksha red quartzite-sandstones at the
KL-555 sampling site. The cross-beds in these sediments
dip generally to the south-southeast. The paleolandslides
widespread therein also indicate the south-dipping ancient
slopes (see Fig. 6). In a more general context of observations
of the cross-bed and ripple-mark orientations, there were
also reconstructed the south and south-southeast directions
of detrit flow in the South Onega depression [Galdobina,
1958]. These "vector" lithological characteristics suggest
that the main detrital-sediment source areas for the Shoksha

quartzite-sandstones were located north and northwest of
the Shoksha sedimentary basin.

It is also probable that a large amount of the Shoksha-
constituent detritus represents the products of recycling
of rocks in the Ladoga Group - Kalevian metaturbites of
the KM passive margin, - which occur within the Raakhe-
Ladoga suture zone along the boundary of the Karelides
and Svecofennides (see Fig. 2). This is confirmed by the fact
that the age pattern for dZr grains from rocks in the Ladoga
Group is visually very similar to the age pattern for dZr
grains from the Shoksha quartzite-sandstones (sample
KL-555) (Fig. 10). This similarity is supported by a high co-
efficient p=0.27 of the Kolmogorov - Smirnov test (App. 1,
Table 1.5).

The available data suggest a hypothetical reconstruc-
tion of the Vepsian branched stream (river network) trans-
porting the detrital material from the north and northwest
to the south and southeast (Fig. 11). One of the second-
ary tributaries might have started in the middle Lapland-
Kola (Belomorian-Lapland) orogenic belt (Kandalaksha
Gulf of the White Sea), with the source area consisted of

a b |q

Fig. 11. Paleogeographic scheme of the southeastern part of the Baltic Shield for the Late Vepsian time.

1 - Archean granite-greenstone complexes: a — of the West Karelian (WK), 6 - of the Vodlozersk (Vd) massifs; 2 - Archean - Lower
Proterozoic granulite-gneiss complexes of the Lapland-White Sea belt (LB); 3-5 - Lower Proterozoic complexes: 3 - metamorphic and
igneous of the South Finnish-Ladoga belt (FL), 4 - volcanogenic-sedimentary and magmatic island-arcs of the Svekofennian accretionary
orogen (SF), 5 - volcanogenic-sedimentary riftogenic and marginal-continental of the Karelian massif; 6 - South Onega basin of ac-
cumulation of terrigenous sediments; 7-8 - sedimentation flows and directions of material transportation: 7 - main, 8 - secondary;
9 - place of sampling KL-555. Tectonic zones: RL - Raakh-Ladoga, CK - Central Karelian, EK - East Karelian; On - North Onega syncli-
norium, Son - South Onega sedimentation basin.
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granulite and eclogite complexes (dZr transport distance
500-650 km). The main stream ran probably along the
Central Karelian shear zone where the paleodrainage sys-
tem that actually just might be on the site of the modern
Lake Verkhnee Kuito was exhibited by 2310 Ma dolerite
dykes (dZr transport distance 450 km) (Fig. 11). Moving
further south-southeast along the weak fracture zone of
central Karelia, the main stream might also pick up the Late
Archean and Early Proterozoic detrital sediment. How-
ever, the largest number of fluvially transported dZr grains
fell in the mouth of the stream within the North Onega
synclinorium that had undergone the syn-Svecofennian
(1.9-1.87 Ga) deformation before the Vepsian time. The
dominant dZr groups in the age intervals 2.1-1.98 Ga,
2.05-2.08 Ga and 1.96-1.90 Ga appear to have been cap-
tured from the Lyudikovian basites (dZr transport distance
40-100 km). Some sedimentary evidence (cross-bedding,
landslides) implies that detrital sediment was transported
south and south-southeast. Therefore, the inland paleo-
river delta was located in the area of the North Onega syn-
clinorium (Fig. 11). This triangular-shaped space is like
the modern Volga delta, with its numerous arms flowing
into the Caspian Sea. The submarine delta and its related
sediment wedge gradually prograded south into the South
Onega trough.

With a limited significance of the secondary rewashing
of sediments and dZr recycling it can be assumed that the
main stream draining the area of the Central Karelian frac-
ture zone was over 650 km in length. In case of more
frequent occurrence of dZr recycling, the long sediment
flow discussed above may be related to separate hetero-
chronous fragments - more local drainage basins.

Since the age data sets for dZr grains from the rocks of
the Ladoga Group are very similar to those for dZr grains
from the Shoksha quartzite-sandstones (sample KL-555),
itis believed that the Central Karelian main stream was fed
by numerous right tributaries running through the Ladoga
Group area within the Raakhe-Ladoga zone (Fig. 11). The
assumption that these streams were not directly connected
with the South Onega basin, but captured by the Central
Karelian main stream is based on the structural and tex-
tural characteristics of the Shoksha quartzite-sandstones
indicating the south-dominant direction of sediment trans-
port. Otherwise, there could be observed east- and south-
east-trending sediment transportation. The tributaries con-
sidered might have started from the areas of the Sveco-
fennian accretionary orogen and South Finland-Ladoga
metamorphic belt, with the zircon grains presumably cap-
tured from the granulite complexes (Fig. 11).

10. CONCLUSIONS

Obtained for the first time the U-Th-Pb ages for dZr
grains from the Shoksha quartzite-sandstones in the South
Onega trough, together with the previous isotope geochro-
nology data on crystalline complexes of the southeastern
Fennoscandia, allowed the following conclusions.

1. The weighted average of the three youngest U-Pb iso-
topic ages for dZr grains from red quartzite-sandstones of

the Shoksha Formation is 1906+13 Ma that allows estimat-
ing the lower age limit on the formation-constituent sand
sediment at about 1.91 Ga. In consideration of the pre-
viously obtained age of gabbrodolerites from the Ropruchei
sill, cutting through the rocks of the Shoksha Formation,
the occurrence time of the latter is confined to an interval
1.91-1.75 Ga, which covers a rather long (and uncertain)
period lasted 150 Ma.

2. The Shoksha quartzite-sandstones are highly mature
rocks consisting largely of quartzite that were formed un-
der continental conditions due to predominantly north-
northwest-to-east-southeast-directed sediment transpor-
tation.

3. The Shoksha quartzite-sandstones are formed due
to accumulation of sediment deposited by streams which
transported the Early Proterozoic and to a lesser extent
Late Archean detrital material of crystalline complexes. The
source area of the dominant dZr groups with age intervals
2.1-1.98 Ga (6 dates), 2.05-2.08 Ga (3 dates) and 1.96-
1.90 Ga (18 dates) is most probably located within the
Lyudikovian magmatic rocks (2100-1920 Ma) of the North
Onega synclinorium and, perhaps, the rocks of the Ladoga
Group widespread along the margin of the Svecofennian
accretionary orogen.

4. The age data sets for dZr grains from the quartzite-
sandstones of the Shoksha Formation and the rocks of the
Ladoga Group are very similar to each other (coefficient
p=0.27 of the Kolmogorov - Smirnov test) and character-
istic mainly for tectono-magmatic events occurred imme-
diately prior to the main stage of the Svecofennian tecto-
genesis (1.9-1.87 Ga).

5. Six single-grained zircons are of Late Archean age span-
ning from 2.8 to 2.5 Ga. Their age span correlates well with
that obtained for granitoids penetrated by the Onega pa-
rametric borehole in the same-name structure basement.
However, among the dZr, there were found no Early Archean
grains which could originate from tonalites of the Vodlozero
block. The causes that prevented eroded materials from
being transported to the Vepsian South Onega basin re-
main unknown.

6. Five dZr grains have a very low Th/U ratio (Th/U
<0.1). These dZr grains most likely originated from ultra-
high-pressure complexes, such as, for example, eclogites of
the Belomorian-Lapland belt widespread in the areas of
Salma, Kuru-Vaara and Gridino.
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APPENDIX 1
Table 1.1. Lower Precambrian part of the Stratigraphic scale of Russia (after [Kulikov, Kulikova, 2014])
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Table 1.2. Results of U-Pb isotopic (LA-ICP-MS) dating of detrital zircon grains from the Shoksha Formation (sample KL-555), Cis-Onega

r?trlcrlrft:er ﬁln:‘;ﬁ;: Eﬂ; Thoppm U ppm - Th/U 2°7Pb/RZ:1l;J measurf:] - (sz’;r:;;jiljor Comm10; = RHO | 27Pb/2Pb 1o 2°7Pb2§:l'JMa 1o 2Pb/2y 1o ot bz

1 al 146 166 0.88 5.51504 0.0599 0.34331 0.0036  0.96 1904 11 1903 9 1903 17 0.0 0.1
2 a10 178 291 0.61 4.05093 0.0341 0.25055 0.0016  0.77 1915 6 1644 7 1441 8 14.1 329
3 a11-CENTER 126 137 0.92 5.11642 0.0595 0.31937 0.0033  0.89 1899 12 1839 10 1787 16 2.9 63
4 a12-CENTER 143 95 1.50 5.40708 0.0651 0.32579 0.0034 087 1962 12 1886 10 1818 17 3.7 7.9
5 a13-CENTER 163 146 112 6.28375 0.0687 0.35623 0.0036 093 2070 11 2016 10 1964 17 2.6 5.4
6 al4 205 357 0.57 5.67555 0.048 0.27631 0.0017  0.74 2334 7 1928 7 1573 9 226 48.4
7 al5s 573 1325 0.43 0.93896 0.0138 0.07122 0.0005  0.44 1540 13 672 7 443 3 51.7 247.6
8 al6 302 469 0.64 2.88707 0.0252 017144 00011 073 1988 7 1379 7 1020 6 35.2 94.9
9 a17-RIM 128 167 0.76 6.48312 0.0703 037184  0.0038  0.94 2049 11 2044 10 2038 18 03 0.5
10 a18 123 335 0.37 3.01205 0.0277 0.1912 00012  0.68 1868 8 1411 7 1128 7 25.1 65.6
11 a19 297 504 0.59 4.78732 0.0417 0.20261 00013  0.74 2571 7 1783 7 1189 7 50.0 116.2
12 a2 112 177 0.63 3.52633 0.1178 021115 0.0018  0.26 1973 29 1533 26 1235 10 24.1 59.8
13 a20 208 2403 0.09 0.44247 0.0137 0.04604  0.0003 022 919 34 372 10 290 2 283 216.9
14 a21 72 113 0.64 11.71435 0.1251 0.49375 0.005 095 2578 10 2582 10 2587 22 -0.2 -0.3
15 a22-CORE 74 182 0.41 5.14262 0.0574 030766 00032 092 1975 11 1843 9 1729 16 6.6 14.2
16 a23 69 179 0.38 5.49178 0.0601 033362 0.0034 093 1947 11 1899 9 1856 16 2.3 49
17 a24 49 1851 0.03 0.9391 0.0123 0.05163 0.0003  0.49 2124 12 672 6 325 2 1068 553.5
18 a25 233 1129 021 1.13334 0.0124 0.07394  0.0005 057 1819 10 769 6 460 3 67.2 295.4
19 a26-CORE 170 241 0.71 5.64159 0.0623 033349 0.0034 093 1996 11 1922 10 1855 16 3.6 7.6
20 a27-RIM 405 1250  0.32 6.05005 0.0404 0.25405 0.0016 091 2584 6 1983 6 1459 8 35.9 77.1
21 a28 414 2140 019 0.20457 0.012 0.02501 0.0002  0.14 579 69 189 10 159 1 189 264.2
22 a29 78 107 0.73 11.8755 0.1297 039461 0.004 093 2968 10 2595 10 2144 19 21.0 38.4
23 a3 174 979 0.18 572933 0.0616 035258 0.0037 097 1924 11 1936 9 1947 17 -0.6 1.2
24 a30 69 211 033 5.62996 0.0631 033296 0.0034 091 1995 11 1921 10 1853 16 3.7 7.7
25 a31-CORE 105 131 0.80 5.88859 0.0493 0.34585 00022  0.75 2007 6 1960 7 1915 10 2.3 48
26 a32 31 98 0.31 5.78101 0.0617 0.34948 0.0036  0.95 1956 11 1944 9 1932 17 0.6 1.2
27 a33-CORE 181 154 1.17 530679 0.0567 0.327 0.0033 095 1922 11 1870 9 1824 16 2.5 5.4
28 a34-CORE 176 169 1.05 536735 0.0574 0.33237 0.0034 095 1913 11 1880 9 1850 16 1.6 3.4




Table 1.2 (continued)

Order Analysis number Ratio measurements (corrected for common lead) Age, Ma

number  in sample KL-555 Th.ppm  U.ppm  Th/U 27pp /235 1o 206pp /2387 1o RHO | ®Pb/2Pb  1c  27Pb/?U 1o  2Pb/®U 1o Pt bz
29 a35 413 622 0.66 2.1807 0.0264 0.1493 0.001 0.53 1731 10 1175 8 897 5 31.0 93.0
30 a36-CORE 192 133 1.44 5.86768 0.0635 0.34939 0.0036 0.94 1983 11 1956 9 1932 17 1.2 2.6
31 a37 582 1321 0.44 0.91919 0.0152 0.06432 0.0004 0.40 1690 15 662 8 402 8 64.7 320.4
&2 a38 450 1922 0.23 0.56394 0.0104 0.04135 0.0003 0.37 1604 18 454 7 261 2 738 514.6
33 a39-CENTER 215 125 1.72 13.83002 0.1485 0.51673 0.0037 0.67 2777 7 2738 10 2685 16 2.0 3.4
34 a4 172 280 0.61 4.65014 0.0394 0.28822 0.0018 0.75 1911 6 1758 7 1633 9 7.7 17.0
35 a40 133 123 1.08 12.41778 0.1331 0.4826 0.0049 0.95 2713 10 2637 10 2539 21 3.9 6.9
36 a41 331 996 0.33 1.2298 0.0187 0.08696 0.0006 0.42 1671 14 814 9 538 3 51.3 210.6
37 a42 199 315 0.63 5.06514 0.0417 0.29851 0.0018 0.75 2001 6 1830 7 1684 9 8.7 18.8
38 a43-RIM 73 77 0.94 5.85887 0.0646 0.35373 0.0036 0.91 1958 12 1955 10 1952 17 0.2 0.3
39 a44 381 886 0.43 1.66639 0.0171 0.11586 0.0007 0.61 1702 9 996 7 707 4 40.9 140.7
40 a45-RIM 121 231 0.52 5.35466 0.0586 0.32985 0.0033 0.91 1922 11 1878 9 1838 16 2.2 4.6
41 a46 305 1112 0.27 1.03221 0.0153 0.07574 0.0005 0.42 1602 14 720 8 471 3 52.9 240.1
42 a47-RIM 139 139 1.00 5.64578 0.068 0.32635 0.0034 0.85 2036 12 1923 10 1821 16 5.6 11.8
43 a48-RIM 204 214 0.95 5.1593 0.0582 0.31427 0.0032 0.89 1942 12 1846 10 1762 15 4.8 10.2
44 a49 778 3654 0.21 0.17364 0.0087 0.01557 0.0001 0.15 1218 53 163 8 99.6 0.8 63.7 1122.9
45 a50 162 129 1.26 6.42803 0.0714 0.36205 0.0036 0.90 2081 11 2036 10 1992 17 2.2 4.5
46 a51 363 580 0.63 2.10786 0.0226 0.13852 0.0009 0.58 1805 9 1151 7 836 5 37.7 159
47 a52 177 246 0.72 5.54291 0.0578 0.34323 0.0034 0.94 1913 11 1907 9 1902 16 0.3 0.6
48 a53-RIM 82 111 0.74 5.66151 0.0486 0.34624 0.0021 0.71 1935 7 1926 7 1917 10 0.5 0.9
49 a54 304 82 3.72 5.59212 0.0598 0.3446 0.0034 0.93 1922 11 1915 9 1909 16 0.3 0.7
50 a55 505 906 0.56 1.07098 0.0202 0.09608 0.0006 0.34 1218 18 739 10 591 4 25.0 106.1
51 a56 576 2379 0.24 0.17625 0.0126 0.02407 0.0002 0.11 333 89 165 11 153 1 7.8 117.6
52 a57 191 287 0.67 7.27096 0.0564 0.26211 0.0016 0.80 2836 6 2145 7 1501 8 429 88.9
53 a58 131 125 1.04 11.24043 0.0951 0.38637 0.0026 0.78 2913 6 2543 8 2106 12 20.8 38.3
54 a59 314 3123 0.10 0.22153 0.0103 0.01559 0.0001 0.18 1680 45 203 9 99.7 0.8 103.6 1585.1
55 a5-RIM 68 139 0.49 5.80468 0.0449 0.34122 0.0021 0.81 2006 6 1947 7 1893 10 2.9 6.0
56 a6 488 1334 0.37 0.94309 0.0152 0.06632 0.0005 0.42 1681 15 675 8 414 3 63.0 306.0




Table 1.2 (continued)

Order Analysis number Ratio measurements (corrected for common lead) Age, Ma

number  in sample KL-555 Thppm - U,ppm - Th/U 207py /2351 1o 206p} /238() 1o RHO | 27Pb/26Phb 10  27Pb/25U 1o 26Pb/8y 1o o1 bz
57 a60 169 4766 0.04 0.02883 0.0074 0.00393 0.000006  0.06 338 321 29 7 25.3 0.4 14.6 1236.0
58 a62 225 561 0.40 2.26933 0.0182 0.14754 0.0008 0.68 1825 8 1203 6 887 5 35.6 105.7
59 a63 31 155 0.20 5.98262 0.0571 0.35787 0.0031 0.92 1975 11 1973 8 1972 15 0.1 0.2
60 a64 1043 3175 0.33 0.47397 0.0081 0.02323 0.0001 0.35 2323 15 394 6 148 0.9 166.2 1469.6
61 a65 1073 1042 1.03 1.11455 0.0258 0.10257 0.0006 0.26 1167 23 760 12 629 4 20.8 85.5
62 a66 575 1270 0.45 1.05901 0.0136 0.07587 0.0004 0.45 1647 12 733 7 471 3 55.6 249.7
63 a67 236 141 1.67 6.91158 0.0795 0.34814 0.0021 0.53 2276 8 2100 10 1926 10 9.0 18.2
64 a68 181 55 3.30 5.11366 0.0543 0.31537 0.0028 0.84 1920 12 1838 9 1767 14 4.0 8.7
65 a69-CORE 735 886 0.83 5.65732 0.0545 0.35026 0.003 0.90 1913 11 1925 8 1936 14 -0.6 -1.2
66 a7 84 175 0.48 5.66573 0.062 0.34794 0.0036 0.95 1928 11 1926 9 1925 17 0.1 0.2
67 a70-CORE 64 172 0.37 4.66508 0.0304 0.28804 0.0015 0.80 1918 7 1761 5 1632 8 7.9 17.5
68 a71 141 218 0.65 5.50773 0.0521 0.34027 0.003 0.93 1917 11 1902 8 1888 14 0.7 1.5
69 a72 923 1431 0.64 0.49395 0.0167 0.05862 0.0004 0.18 643 39 408 11 367 2 11.2 75.2
70 a73 188 404 0.46 3.11499 0.0251 0.19703 0.0011 0.67 1875 8 1436 6 1159 6 23.9 61.8
71 a74 170 55 3.12 14.71022 0.147 0.54034 0.0049 0.91 2805 11 2797 9 2785 20 0.4 0.7
72 a75 47 62 0.75 12.13632 0.1201 0.47811 0.0043 0.91 2690 10 2615 9 2519 19 3.8 6.8
73 a76 89 63 1.42 9.36275 0.0959 0.40877 0.0037 0.89 2519 11 2374 9 2209 17 7.5 14.0
74 a77 176 4370 0.04 0.04098 0.0044 0.00155 0.00003  0.18 2756 87 41 4 10 0.2 310.0 27460.0
75 a78-RIM 43 1099 0.04 8.40885 0.0464 0.41373 0.0021 0.92 2316 6 2276 5 2232 10 2.0 3.8
76 a79 107 153 0.70 5.46242 0.0392 0.33291 0.0018 0.75 1941 6 1895 6 1852 9 2.3 4.8
77 a8 194 303 0.64 9.60113 0.0745 0.35857 0.0023 0.84 2778 6 2397 7 1975 11 21.4 40.7
78 a80 129 100 1.29 10.7693 0.1083 0.4733 0.0042 0.89 2508 11 2503 9 2498 19 0.2 0.4
79 a9 682 2079 0.33 0.32227 0.0109 0.02459 0.0002 0.23 1529 33 284 8 157 1 80.9 873.9




Table 1.3. Summary data on the sedimentary strata of the Upper and Middle Riphean of the NE part of the EEP and its framing, for which detrital zircon U-Pb dating was performed

Marking  Original number

Region, area

Formation

Rock

Age, Ma

References

on Fig. 1 of sample
. . Younger than 1145 Ma
701 K18-501 Tersky Coast of the White Sea Tersky Formation Red sandstones Jate Middle Riphean [Kuznetsov N.B. et al., 2021]
704 202 North Timan region Rumy.amchnaya Formation, Quartzite-sandstones Late Riphean . [Andreichev et al., 2018]
Barmin Group Early Proterozoic
705 234 North Timan region Yamb.ozero Formation, Quartzite-sandstones Late Riphean . [Andreichev et al., 2017]
Barmin Group Early Neoproterozoic
706 380 North Timan region Maloc.hernoretsk Formation, Quartzite-sandstones Late Riphean . [Andreichev et al., 2014]
Barmin Group Early Neoproterozoic
. Priozersk Formation Middle Riphean
707 Sh-44 Near Ladoga Lake region in the Shotkusa-1 well Red sandstones Mesoproterozoic [Ershova etal,, 2019]
708 G1-15 Middle Timan Svetlinskaya Formation, Quartz-feldspar metasand- Late Middle Rlphean. [Udoratina et al, 2017]
Chetlass Group stones Late Mesoproterozoic
709 K1-15 Middle Timan Vizingskaya Formation, Quartz-feldspar metasand- Late Middle Rlphean. [Udoratina et al, 2017]
Chetlass Group stones Late Mesoproterozoic
710 MT-16-6 Middle Timan Lunvozh Formation, Quartzite-sandstones Late Middle Riphean [Soboleva et al., 2019]
Vym Group Late Mesoproterozoic
711 K05-301 South Timan Dzhezhim Formation Red sandstones Late Riphean . [Kuznetsov N.B. et al., 2010a, 2010b]
Early Neoproterozoic
Lemeza sub-formation, . Late Riphean
715 K12-057 South Ural Zilmerdak Group, Karatavian Quartzite-sandstones Early Neoproterozoic [Romanyuk et al., 2013]
Wedel Jarlsberg Land, Southwest . . . Late Riphean . .
716 C-163-1 Spitsbergen Is., Svalbard Arhipellago Sophiebogen Group Muscovite quartzites Early Neoproterozoic [Sirotkin et al., 2017]
Wedel Jarlsberg Land, Southwest . ) . late Middle Riphean )
717 K07-091 Spitsbergen Is,, Svalbard Arhipellago Gulliksenfjellet Quartzites Late Mesoproterozoic [Kuznetsov N.B. et al., 2018]
. Kuyakan Formation, Late Riphean S L
718 KK2 Sredny Peninsula Volokovo Group Quartz-feldspar sandstones Cryogenian (800-630) [Mikhailenko, 2016; Mikhailenko et al., 2016]
719 KJ4 Sredny Peninsula Karujarve Formation, Quartz-feldspar sandstones Late Riphean [Mikhailenko, 2016; Mikhailenko et al., 2016]
Y Kildin Group p Cryogenian (800-630) ’ ’ v
. Zemlepakhta Formation, Late Riphean s s
720 ZP1 Sredny Peninsula Kildin Group Quartz-feldspar sandstones Cryogenian (800-630) [Mikhailenko, 2016; Mikhailenko et al., 2016]
721 LN3 Rybachy Peninsula Lonskaya Formation, Quartz-feldspar sandstones Late Riphean [Mikhailenko, 2016]

Eina Group

Tonian (800-1130)



https://www.multitran.com/m.exe?s=Cryogenian&l1=1&l2=2
https://www.multitran.com/m.exe?s=Cryogenian&l1=1&l2=2
https://www.multitran.com/m.exe?s=Cryogenian&l1=1&l2=2

Table 1.3 (continued)

Markin Original Ne . .
g 5 Region, area Formation Rock Age, Ma References
on Fig. 1 of sample
CK285 Late Riphean
722 CK291 Finnmarken Peninsula Hjelmsoy Formation Sandstones P [Kirkland et al., 2008]
980-1030
CK293
723 CK040 Finnmarken Peninsula Porsanger sandstone formation Sandstones Late Riphean [Kirkland et al., 2008]
(Porsanger orogeny) 840-910
. Landersfjord Formation,
724 LAN1 Varanger Peninsula Laksefjord Group Sandstones [Zhang et al., 2016]
725 Vilch-5B Belorussia Belorussia Formation, Quartz arenites Older tl.lan the Glusk [Paszkowski et al., 2019]
Orsha Group Formation
Glusk Formation >977+6
726 Vilch-6A, Vilch-7A, Belorussia ’ Sand-matrix tillites >1056+4 [Paszkowski et al., 2019]

Viltchitsy Group

overlying the Orsha Group




Table 1.4. Summary data on the early Middle Riphean and older sedimentary strata in the NE part of the EEP and its framing, for which detrital zircon U-Pb dating was performed

Markin Original Ne . .
ans 5 Region, area Formation Rock Age, Ma References
on Fig. 1 of sample
S00 KL-555 Western coast of Onega Lake Shoksha Formation Quartzites The present paper
S01 TK-12-01 Vetrenyy Poyas Toksha Formation Quartzites >2437 géolrg]akov etal, 2015; Mezhelovskaya etal,
X-12, X-26, X-36, . . . . Lower Riphean
S02 X-78, X-92 Southeast Ladoga region Priozersk and Salmi Formations Quartz-feldspar sandstones from 1530-1547 to1458 [Kuptsova et al., 2011]
10403/1 . — .
S03 091/1 North Ladoga region Ladoga Group Biotite schist 1880-1922 [Sharov, 2020]
. Jatulian quartzite
S04 3976, Karelia Volomskaya.synFlme, and sand-matrix 2300-2100 [Kozhevnikov, 2011]
5883 Onega synclinorium .
of Jatulian conglomerates
S05 5081 Middle Ural Isherim Formation Quartzite-sandstones Middle Riphean [Petrov, 2017]
1150-1079
) . . Pinsk Formation >1228 constraints X .
S06 Vilch-2, Vilch-4 Belorussia of the Belorussia Group Sandstones for the Polissya Group [Paszkowski et al., 2019]
3?1{?}?(;]965#56 Polissya Group of the Middle
. and Upper Riphean, Romeyki Quartz-feldspar (arkose) 1200-1000
S07 (depth 68'.8 m) Ukraine Formation, Polytsy and Zhobryn sandstone 1228+15 [Shumlyanskyy et al, 2015]
near the village of Formations of the Upper Riphean
Tykhodvizh pp p
CK276 . - . .
S08 CK279 Finnmarken Peninsula Fagervik complex 1948-1796 [Kirkland et al., 2008]
yr-72
I-21 . Uraguba-Titovka belt, .
S09 1-26 North Kola Peninsula Pechenga structure [Smolkin et al., 2020]
1-73
S10 IFJ1 Varanger Peninsula Conglomerates of the Gozavarri [Zhang et al., 2016]

basal unit, Ifjord Formation



https://www.tripadvisor.ru/Attraction_Review-g798741-d12223165-Reviews-Fagervik_Museum-Inkoo_Uusimaa.html

Table 1.5. Results of the Kolmogorov - Smirnov test

. . 704(202)
. . . SOO(KL: 555). $03(10403/1,091/1) S06(Vilch-2, Vilch-4) North Timan, 711(K05-301) Z15(K12-057) Zl7(K07 091) ZZ4(LAN.1)
Lithostratigraphic complexes Shoksha quartzite- . Central EEP areas, . . South Ural, Lemeza  Spitsbergen Island, Varanger Peninsula,
. Karelia, - ; Rumyanichnaya South Timan, . . ) )
(groups, formations) sandstones Pinsk Formation, . . . . sub-formation, Gulliksenfjellet Landersfjord
Ladoga Group . Formation, Barmin Dzhezhim Formation . . . ;
(the present paper) Belorussia Group Group Zilmerdak Formation Formation Formation
SO0(KL-555) Shoksha quartzite- 0.265 0.097 0.000 0.039 0.000 0.413 0.000
sandstones (the present paper)
S03 (10403/1, 091/1), 0.265 0.000 0.000 0.003 0.000 0.192 0.000

Ladoga Group [Sharov, 2020]

S06 (Vilch-2, Vilch-4)
Pinsk Formation, Belorussia Group, 0.097 0.000 0.000 0.001 0.000 0.002 0.000
[Paszkowski et al., 2019]

704 (202) North Timan,
Rumyanichnaya Formation, Barmin 0.000 0.000 0.000 0.001 0.000 0.000 0.034
Group [Andreichev etal., 2018]

711 (K05-301) South Timan,
Dzhezhim Formation 0.039 0.003 0.001 0.001 0.001 0.415 0.000
[Kuznetsov N.B. et al., 2010a, 2010b]

715 (K12-057) South Ural, Lemeza
sub-formation, Zilmerdak Formation 0.000 0.000 0.000 0.000 0.001 0.000 0.000
[Romanyuk et al., 2013]

717 (K07-091) Spitsbergen Island,
Gulliksenfjellet Formation 0.413 0.192 0.002 0.000 0.415 0.000 0.000
[Kuznetsov N.B.et al., 2018]

724 (LAN1) Varanger Peninsula,
Landersfjord Formation 0.000 0.000 0.000 0.034 0.000 0.000 0.000
[Zhang et al., 2016]

Note. The calculations have been executed using a program [Guynn, Gehrels, 2010] available in the public domain. The Kolmogorov - Smirnov test is used to determine whether two empirical distributions obey the same law
or the resulting distribution obeys the proposed model. The standard significance level of the test is usually taken to be 95 %. If the value of the obtained mutual coefficient p exceeds the threshold value of 0.05, then the tested
empirical distributions obey the same distribution law with a probability of 95 %. The p values greater than the accepted threshold value of 0.05 are highlighted in bold. See Fig. 1 for sampling sites, the names of formations/
strata are given in App. 1, Tables 1.3 and 1.4.



