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Abstract—Northwestern segment of the Precambrian Yenisei Ridge contains ophiolite and is known in liter-
ature as the Isakovka Terrane or Isakovka domain. We suggest to divide it into two belts: Kiselikha (western) and
Torzhikha (eastern), which differed in geodynamic regime during the Late Neoproterozoic (750—600 Ma). It is
believed that the Kiselikha belt is mostly composed of volcanic rocks erupted at island arc setting in the sec-
ond half of the Neoproterozoic, and that collision of this arc with the Siberian Continent formed the Yenisei
Ridge orogen. This idea has not been sufficiently supported by geological and geochronological data. Dating
of four detrital zircons samples extracted from sedimentary and volcanic-sedimentary rocks in the southern
part of the belt revealed that the sampled strata belong to three different Precambrian levels: the Mesopro-
terozoic, the mid-Neoproterozoic (800—750 Ma), and the end of the Neoproterozoic (620—600 Ma). Thus
the authorized stratigraphic layout of the belt, as well as its proposed island-arc origin requires revision. By
this paper we announce the identification of the Kiselikha Terrane , which was a part of active margin of the
Siberian Paleocontinent at the beginning of the Neoproterozoic. Approximately in the middle of the Neo-
proterozoic, this block was rifted off Siberia and further evolved as a microcontinent bounded by an active
margin from the outer side.
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INTRODUCTION

The Yenisei Ridge is the largest Precambrian inlier
in the west of the Siberian Platform, which extends for
almost 600 km at a width of up to 200 km. In the Neo-
proterozoic, this area was a margin of the Siberian
Paleocontinent. It was bounded by the Paleoasian
Ocean and was significantly reworked in suprasubduc-
tion and collision settings. Exactly the Neoproterozoic
granites compose a main volume of igneous rocks
exposed in the present-day erosion level of the ridge. In
the northwestern part of the ridge, the ancient base-
ment, which was reworked in the Neoproterozoic, con-
tacts with a Precambrian block including ophiolites
(Isakovka domain) (Kuzmichev, 1987; Vernikovsky
etal., 2003). It extends along the Yenisei River for
150 km at a width of up to 45 km (Fig. 1). From the
west, southwest, and north, the Precambrian rocks are
submerged below the Meso-Cenozoic cover of the
West Siberian Basin. It is considered that the Isakovka
domain is composed of rocks of the second half of the
Neoproterozoic, which were thrust on a margin of the

Siberian Paleocontinent at the end of the Neoprotero-
zoic (Vernikovsky et al., 2003). Whereas the Precam-
brian geological evolution of the main “cratonic” part
of the Yenisei Ridge is generally clear (Kuzmichev and
Sklyarov, 2016), too little data on the composition,
age, and geodynamic setting of the Isakovka domain
rocks are known now.

The Isakovka domain of the Yenisei Ridge is com-
posed of two longitudinal belts, which are divided by a
thick zone of blastomylonites. It is proposed to name
the eastern and western belts Torzhikha and Kiselikha,
respectively (Fig. 1). Both belts include the rocks of
dismembered ophiolite association. The interpreta-
tion of the geodynamic setting is problematic for both
belts. It was suggested that the Torzhikha belt was an
accretionary prism, formed along the margin of the
Siberian Paleocontinent in the second half of the Neo-
proterozoic and includes the nappes of the oceanic
lithosphere (Kuzmichev et al., 2017). The island arc
nature of the Kiselikha belt is suggested in
(Vernikovsky et al., 2001, 2003 and later works of these
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Fig. 1. Schematic geological map of the northern part of the Yenisei Ridge with distinguished cratonic part intruded by Neopro-
terozoic granites and the Isakovka domain with dismembered ophiolites, simplified after (Kachevskii et al., 1998; Storozhenko
and Vasil’ev, 2012). The contour of Fig. 3 is marked by the rectangle. Inset: Siberian Platform and Precambrian inliers along its
periphery. Rectangle shows the northern part of the Yenisei Ridge that corresponds to the main figure.

authors). It is considered that Ediacaran collision of
this island arc with the margin of the Siberian Paleo-
continent was a reason of the final orogeny, which
formed the structure of the Yenisei Ridge. The prelim-
inary results of our field observations of 2021—2022
are poorly consistent with the above interpretation of
the geodynamic setting for each of these two belts. The
geological situation for the Kiselikha belt with meta-
morphic rocks in the north is the least clear.

The belt was mapped on a scale of 1 : 50000 by the
Krasnoyarsk  Geological Survey  Expedition
(L.K. Kachevskii, A.A. Storozhenko, V.K. Zuev, and
others) in the 1970s—the beginning of the 1980s.
A large volume of factual mapping data especially for
the Precambrian complexes is still waiting for under-
standing and ordering. A volcanic-sedimentary sub-
strate composing the belt is divided into a series of for-
mations, whose volume and names (as well as the rela-
tive position in the section) have repeatedly been
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reconsidered (Kovrigina and Kovrigin, 1960, 1967,
Gosudarstvennaya..., 1981; Kachevskii et al., 1998; Var-
ganov et al., 2010; Storozhenko et al., 2019).

The current version of the stratigraphic division of
the belt includes (bottom to top) the Khariusikha,
Kiselikha, Otravikha, and Ust Kutukas formations,
the last three are combined into the Kutukas Group
(Storozhenko et al., 2019). This group was ascribed to
the Upper Riphean (1030—600 Ma in the Russian
Stratigraphic Chart) and is composed of sedimentary
and volcanic-sedimentary rocks with a total thickness
of >3.5 km, which are metamorphosed under a low
degree of the greenschist facies. The previous version
of the stratigraphic division (Kachevskii et al., 1998)
suggested an opposite sequence of the formations. It
was later established that the Ust Kutukas Formation
lies upon the Otravikha Formation with angular uncon-
formity and basal conglomerates in the basement. The
lower contacts of other formations were interpreted as
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thrusts. The rocks are intensely deformed up to the for-
mation of isoclinal folds and are densely faulted. The
schematic succession of the strata is shown in Fig. 2.

The Khariusikha Formation is exposed in a tec-
tonic wedge at the boundary with the Torzhikha belt.
It is composed of green schists with limestone inter-
layers. The gray-coloured Kiselikha Formation con-
sists of alternating poorly sorted sandstones, siltstones,
and shales; the rocks are interpreted mostly as tuffites
and tuffs (as well as a significant portion of sandstones
and shales of the overlying Otravikha Formation). The
sandstones are composed of dominant quartz grains
(mostly angular) and subordinate feldspars and felsic
and mafic volcanic rocks. There are lenses (up to a few
meters) of metadacites and their tuffs. The Otravikha
Formation hosts the interlayers of carbonate rocks
almost over the entire section and is crowned by a
homogeneous member of marblized limestone 100—
150 m thick. The formation also includes green schists
and interlayers of volcaniclastic sandstones, with a sig-
nificant amount of clasts of differentiated volcanic
rocks. Some sections of the formation contain meta-
basaltic bodies up to 250—300 m thick. The section is
crowned by the Ust Kutukas Formation (250—300 m),
the lower half of which is mostly composed of amygda-
loidal basalts, basaltic andesites, and trachibasaltic
andesites, locally, with pillow structures, and lava brec-
cias, whereas the upper half consists of dark gray shales
with tuff interlayers of dacitic andesites.

This scheme of stratigraphic division is based on
the observations in the coastal outcrops of the lower
reaches of the Kutukas River (Storozhenko et al.,
2019). These formations are weakly traced over the
territory of the Kiselikha belt and, as a result, the most
part of the belt is mapped as the Kiselikha Formation
(Storozhenko and Vasil’ev, 2012). The scheme does
not include the entire diversity of stratified rocks of the
Kiselikha belt, and the combination of all rocks into
one group is poorly substantiated. To the north of the
reference section, the degree of metamorphism of the
Kiselikha Formation increases and there is an evident
difference in metamorphism with the rocks of the Ust
Kutukas Formation, which correspondingly belongs
to another stage of regional evolution. The green
schists of the Khariusikha Formation should probably
be included in the Torzhikha belt.

The dramatic history of changes in ideas on the
Precambrian stratigraphy of the belt illustrates the
objective reasons that hamper the elaboration of an
adequate stratigraphic scheme and include poor expo-
sure, complex structure, rapid facies changes, uneven
distribution of volcanic rocks, and uneven metamor-
phism. If we add the almost complete absence of mod-
ern isotope data on the age of rocks critical for the Pre-
cambrian, it is found that our ideas on the geological
structure of the belt rely on a shaky foundation. Only
two ages are published, both for granites from the
northern part of the belt: 700 Ma for the preorogenic
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Fig. 2. Schematic stratigraphic sequence of pre-Vendian
rocks of the Kiselikha belt, after (Storozhenko et al., 2019).
(1) Quartz—albite—sericite—chlorite schist of variable
composition, including carbonaceous and carbonate ones;
(2) similar schist enriched in silt; (3) marbleized lime-
stone; (4) sandstone, tuffaceous sandstone; (5) gritstone,
tuffaceous gritstone; (6) conglomerate; (7) basalt; (8) tra-
chibasaltic andesite; (9) dacite; (10) felsic—intermediate
(?) tuff; (11) angular unconformity; (12) tectonic contacts.
UK, Ust Kutukas Formation. Three upper formations are
combined into the Kutukas Group. All rocks are metamor-
phosed in greenschist facies.

Porozhnaya pluton (Vernikovsky et al., 2001) and
540—550 Ma for postorogenic Osinovka pluton
(Nozhkin et al., 2017). Both ages, according to our
data, require significant refinement (Kuzmichev et al.,
2022; unpublished authors’ data).

The age of volcanic rocks of the belt can be judged
only indirectly, namely from the age of detrital zircons
in synorogenic Ediacaran rocks. At three stratigraphic
levels of the Vorogovka Group, which partly overlies
the Kiselikha belt, a significant portion of detrital zir-
cons showed age of 700—600 Ma (Letnikova et al.,
2017). These zircons could have been sourced either
from the rocks of the Kiselikha belt or the rocks in
Vol. 31
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westward regions. The igneous rocks of this age at the
remaining part of the Yenisei Ridge are rare. The
greatness of the Ediacaran Orogen, whose most part
was probably located to the west of the present day
Yenisei Ridge, is evident from similar patterns of detri-
tal zircons from sandstones of the Taseeva Group
sampled along the Angara River and its tributaries
(Letnikova et al., 2017; Kochnev et al., 2020). This
paper describes our attempt to obtain direct age data
for presumably volcanic or volcanic-sedimentary
rocks of the Kiselikha belt.

FACTUAL MATERIAL

Direct dating of volcanic rocks of the northwestern
part of the Yenisei Ridge became technically possible
several years ago. The first author, who initiated this
study, conducted the field works at other objects and
asked geologists of the Krasnoyarsk Geological Survey
Expedition to provide samples of volcanic rocks of the
Kiselikha belt. A.A. Storozhenko collected samples in
the basins of the Solokha and Baranikha rivers from

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 31

rocks that were mapped as the Kiselikha and Otra-
vikha formations and extracted zircons from five sam-
ples (nos. 439402, 439403, 439604, 439703, 441202)
amounting to 40—500 grains per sample. The sampling
points are shown in Fig. 3. All samples were interpreted
in the field as tuffs or tuffites. Sample 439703 (no thin
section) was excluded from further discussion because
of only 29 correct datings, some of which presumably
were interpreted as a result of contamination.

The samples were taken in parallel with other
works, which did not suppose detailed field observa-
tions; thus, our factual material includes only thin sec-
tions and zircon grains. The zircon dating had a recon-
naissance aim for the preparation of a full field study
of the western part of the ridge. The results, however,
were unexpected and, in our opinion, deserve to be
published. It was important to conduct a full geologi-
cal study of sampled objects at the Solokha and Bara-
nikha rivers and verify the data on detrital zircons. The
study of these objects, however, suggests the walking of
field routes for days through thick bushes and fallen
trees and is unlikely in the foreseeable future.

No. 6 2023
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ANALYTICAL METHOD OF ZIRCON DATING

Zircons were analyzed on Element XR singlecol-
lector inductively coupled plasma (ICP) mass spec-
trometer at the Geological Institute, Siberian Branch,
Russian Academy of Sciences (Ulan-Ude) (polished
section no. 5 with large zircons), and on Element 2
ICP mass spectrometer at the Geological Institute,
Russian Academy of Sciences (Moscow) (polished
section no. 4 with small zircons). In both cases, the
mass spectrometers were equipped with a NWR 213
solid state laser focused on a spot 20—25 um in diam-
eter. The parameters of laser and mass spectrometer
adjustment and XLS tables of analytical data are pro-
vided in Supplementary Materials (ESM). All avail-
able zircons were emplaced in polished sections for
four of five samples. The large and small zircons (>100
and <100 um, respectively) were emplaced in different
polished sections to make even polishing of grains
approximately to the middle. Pure inclusion-free areas
of the crystals were chosen under a microscope and
were outlined on cathodoluminescent (CL) images. In
both laboratories, the isotopic measurements followed
similar methods. Two zircon standards 91500 (Wie-
denbeck et al., 1995) and Plesovice (Slama et al., 2008)
were analyzed after every five analyses of the sample;
each standard could be used as a reference for data
reduction. The standard session included 60 or 65 anal-
yses of samples and 17—19 analyses of each standard.
The data were processed in the Iolite 2.5 program
(Paton et al., 2010, 2011) with a VizualAge plug-in
(Petrus and Kamber, 2012). The concordant segments
of the analyses were integrated; thus, the completely
discordant analyses were omitted from final data tables.
No further mathematic attempts were undertaken to
estimate the degree of the discordance. The analyses
with a high error were deleted. The isotope diagrams
were plotted using Isoplot macros (Ludwig, 2008). The
histograms and curves of age density of zircons were
plotted in the Kernel Density Estimation (KDE) pro-
gram (Vermeesch, 2012).

RESULTS OF STUDY OF THIN SECTIONS
AND ISOTOPIC ANALYSIS OF ZIRCONS

Sample 441202 (Feldspar—Quartz Sandstone)

Approximately half of the thin section is composed
of quartzite, which probably represents a granulated
quartz vein. The second half of the thin section represents
poorly sorted feldspar—quartz sandstone (Fig. 4a). The
rounded and semirounded quartz grains are regener-
ated. If quartz grains have contacts, they are charac-
terized by stylolite intergrowths. Plagioclase occurs as
rare large grains. It is weakly altered and has twins.
K-feldspar is also found (both fresh and sericitized).
There are many zircon grains. The low amount of
matrix is composed of a sandy—silty mixture, locally,
ferruginized. The clay component of the matrix is
replaced by small-scaly chlorite and sericite. Mostly
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granitic clastic material underwent erosion, but there
are also clasts of granoblastic quartzite.

Zircon includes unbroken poorly rounded crystals
(Fig. 5a). The rounded zircon grains with inner struc-
ture discordant to the contour that indicate remote
transfer and redeposition, are atypical of sample and
rarely occur in large-sized fractions. The inner struc-
ture is diverse, but the crystals with “granitic” oscilla-
tory zoning are dominant. No evidently granulitic zir-
cons were found. Some crystals contain more or less
evident metamorphic rims, which are locally discor-
dant to the core. The rims in several crystals were
dated and their ages are similar to those in the core
(Fig. 5a).

The sample contains only Paleoproterozoic and
Archean zircons (123 correct determinations). One
analysis corresponds to the boundary of the Paleo-
and Mesoproterozoic. The Paleproterozoic in a range
of 1800—2400 Ma with peak values at 1860, 1920
(main peak), and 1990 Ma (Fig. 5b) was determined in
82 analyses, whereas 40 analyses correspond to the
Archean in a range of 2500—2830 Ma with a peak at
2540 Ma. An unclear peak is also visible at 2580 Ma.

Sample 439604 (Volcaniclastic Sandstone)

This sample represents completely unaltered sorted
coarse-grained volcaniclastic sandstone (Fig. 4b) with
dominant clasts of devitrified felsic volcanic rocks,
locally, with small phenocrysts of quartz or feldspar
(sanidine?) and numerous clasts of andesite (or basal-
tic andesite) crowded by plagioclase microlites. There
are grains of monocrystalline transparent “rhyolitic”
quartz, plagioclase crystals, sanidine, and their frag-
ments. Clasts are compacted with almost absent
matrix. Small sericite scales are locally observed along
the grain boundaries.

Zircons from this sample are angular or slightly
rounded with a diverse inner structure and numerous
sectorial grains (Fig. 6a). There are rare crystals with
cores and metamorphic rims. The zircons are probably
derived from volcanic, plutonic, and metamorphic rocks.

The age of almost all analyzed zircons (105 grains
of 121) occurs in a range of 750—560 Ma and most val-
ues are confined to a range of 730—620 Ma (Fig. 5b).
The main peak corresponds to the age of 650 Ma with
an unclear additional peak at 710 Ma. In addition to
the dominant late Neoproterozoic group, eight grains
have the Archean age of 2500—2600 Ma with a peak
value at 2570 Ma on the KDE plot. Three grains have
Paleoproterozoic age, one grain is dated to the end of
the Mesoproterozoic, and one more grain is dated to
the Early Neoproterozoic.

Vol. 31
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Fig. 4. Photos of thin sections of discussing samples. (a) Sample 441202, unevenly grained sandstone with dominant quartz clasts.
Large clasts are well rounded and exhibit a regeneration rim; small clasts can be angular. There are also large rare plagioclase and
K-feldspar grains. Interstices between large grains are filled with similar sandy and silty clasts. (b) Sample 439604, volcani-
clastic sandstone with angular clasts of mostly dacites and rhyolites and rare andesites and basalts and crystal clasts of quartz,
plagioclase, and sanidine (?). (¢, d) Sample 439402, carbonate gritstone with tuff matrix and clasts of carbonate rocks of var-
ious structure (these are partly carbonatized silicate grains); the matrix area is in the left (c) and enlarged matrix with com-
pacted clasts of partly crystallized volcanic rocks and feldspar, and rare quartz grains (d). (e, f) Sample 439403, basaltic tuff com-
posed of lumps of partly crystallized basaltic glass: plane polarized light (e) cross polarized light (f). Scale bar is 500 um (a, b),
250 um (c), 50 um (d), and 150 um (e, f).
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Fig. 5. Characteristics of zircons from Sample 441202. (a) Selected CL images of the analyzed zircons with obtained age (Ma)
and # of analysis (in brackets) are shown; the numbers correspond to those in the Table of Isotope Data (ESM). Hereinafter, the
206Pb/238U ages are provided for Archean and Paleoproterozoic zircons, the 206Pb/23 8u ages are given for Neoproterozoic zir-
cons. (b) Histogram of 206Pb/238U age distribution and KDE plot with the age of main peaks.

Sample 439402
(Carbonate Gritstone with Sandy Matrix)

The sample represents an unsorted gritstone with
dominant large (up to a centimeter) carbonate clasts
and an unevenly foliated sandy—silty partly carbo-
nitized matrix (Fig. 4c). Some carbonate clasts are
granoblastic, whereas other clasts contain heteroge-
neous carbonate (probably, secondary), which was
developed after a silicate matrix of scaly pale chlorite
and zeolite aggregate. One carbonate grain is sphero-
litic (radial carbonate). This was probably carbon-
atized spherolitic lava. The matrix is heterogeneous in

STRATIGRAPHY AND GEOLOGICAL CORRELATION

mineral and granulometric composition. A significant
fraction of it consists of partly carbonatized small
lumps, which are probably the fragments of devitrified
glass (Fig. 4d). Some of them retained the structure of
andesite or basalt, which are composed of variously
oriented plagioclase microlites, and some clasts prob-
ably are felsite. The matrix hosts unevenly distributed
grains of quartz, sericitized K-feldspar, plagioclase,
quartzite, and quartz—chlorite—muscovite aggregate.

The zircons from this sample differ in roundness
and inner structure. The examples of zircons of the
Vol. 31
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grains for age distribution; (b) histograms and KDE plots. In the inset, the Pb/U isotope diagram for late Neoproterozoic anal-

yses. See also caption to Fig. 4.

main populations are shown in Fig. 6a and are dis-
cussed below.

Sample 439402 yielded 85 concordant ages. Most
analyses (45) correspond to Early Neoproterozoic age
and 43 of them fit a range of 880—920 Ma. This entire
cluster is spanned by a narrow KDE peak at 900 Ma
(Fig. 7b). Other ages are distributed as follows: 24
grains have a Paleoproterozoic age (1808—2070 Ma)
and most of them are focused in a range of 1900—
2000 Ma with a KDE peak at 1980 Ma; one grain has
a Late Neoproterozic age; the age of other 15 grains is

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 31

490—513 Ma (Cambrian) with a KDE peak at 500 Ma,
which coincides with a concordant age of this cluster
on the U—Pb isotope diagram (Fig. 7b).

Sample 439403
(Poorly Sorted Carbonatized Sandstone)

A significant area of the thin section is occupied by
almost completely carbonatized sandstone with pre-
served large quartz clasts and partly preserved large
feldspar clasts. The rest of the thin section is com-

No. 6 2023
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grains with the same numbers (21 and 24) from different mounts (grains from mount M4 are indicated). (b) Histograms and KDE
plots. The isotope U—Pb diagrams for clusters of 900 and 500 Ma are also shown.
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posed of quartz and feldspar grains, and muddy car-
bonatized lumps of a hardly identified aggregate,
which locally exhibit microlites and unclear relics with
a regular structure (Fig. 4e). There are large (up to
0.7 mm) grains of weakly sericitized plagioclase, ortho-
clase-perthite, monocrystalline quartz, and anhedral
fragments of green chlorite.

Sample 439403 vyielded 42 concordant ages:
Archean (2538—2934 Ma) with a peak at 2560 Ma for
nine grains, Paleoproterozoic (1845—2049 Ma) with
two peaks at 1870 and 1960 Ma for 17 grains, Early
Neoproterozoic with a weak peak at 905 Ma for eight
grains, and Late Neoproterozoic with a weak peak at
720 Ma for five grains (Fig. 7b).

INTERPRETATION OF RESULTS

Early Precambrian zircons are present in all sam-
ples in various amounts, but all 122 (excluding one)
analyzed zircon crystals in Sample 441202 are Early
Precambrian. This sample probably collected from the
most ancient rocks of the sampled area and can hardly
be correlated with any of mentioned formations,
because they all contain Neoproterozoic volcanic
material. The Early Precambrian zircons are sourced
from the basement of the Siberian Craton, which is
confirmed by their comparison with age populations
of definitely Siberian detrital zircons extracted from
Mesoproterozoic rocks of the eastern part of the Yeni-
sei Ridge (Fig. 1) (Priyatkina et al., 2016, 2019;
unpublished authors’ data). Two conclusions follow
from this fact: (i) the Kiselikha belt was part of the
Siberian Continent during the formation of this sedi-
mentary rock and was not separated by an ocean from
the continent, and (ii) the Early Precambrian clastic
material was transported from the east to the west (in
the present-day coordinates) through the territory of
the future (or former) orogen of the Yenisei Ridge.
The absence of Neoproterozoic zircons in this clastic
material, which are typical of this orogen, can be inter-
preted as follows: either the orogen was fully peneple-
nized during the sedimentation period, or the territo-
ries of the present-day Yenisei Ridge had not been
transformed to the orogen yet and were not the arena
of intense magmatism. The first scenario suggests the
Ediacaran (or even younger) age of the sampled sedi-
mentary rock, whereas the second scenario indicates
the Mesoproterozoic age.

The first scenario, at first glance, is attractive: in
fact, the Ediacaran rocks of the eastern (cis-platform)
zone of the Yenisei Ridge are strongly dominated by
the Early Precambrian (“Siberian”) ages of detrital
zircons (Priyatkina et al., 2016; Kuznetsov et al.,
2018). A similar age distribution is also demonstrated
by zircons from the Ediacaran strata of the Siberian
Platform in Sayan and Baikal regions (Letnikova et al.,
2013; Priyatkina et al., 2018; Gladkochub et al., 2019).
It is evident that nothing hampered the contribution of
clastic material to the Ediacaran basins from the inner
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part of the Siberian Craton. The paleogeographic set-
ting of the Ediacaran basin within the Kiselikha belt,
however, was different. In this belt, the Ediacaran
rocks include the Vorogovka Group, which accumu-
lated in a trough separated by a rise from the Siberian
Platform (Sovetov and Le Heron, 2016). The spec-
trum of ages of detrital zircons in sandstones of the
group sampled at three stratigraphic levels has nothing
in common with the spectrum of Sample 441202: the
Neoproterozoic zircons are dominant in the Ediaca-
ran sandstones of the Vorogovka Group (Letnikova
et al., 2013; Vishnevskaya et al., 2017). Even later (in
the Cambrian), when the orogen of the Yenisei Ridge
was fully peneplenized and became an area of sedi-
mentation of carbonate rocks and evaporites, the age
spectrum of detrital zircons also contained Neopro-
terozoic datings even in the eastern cis-platform zone
of the Yenisei Ridge (Kuznetsov et al., 2020b).

Taking this into account, the second scenario sug-
gesting the Mesoproterozoic age of the sandstone is
more substantiated. We consider that the sequence
with Sample 441202 is an analog of one of the forma-
tions of the Mesoproterozoic Sukhoi Pit Group,
which are mapped in the eastern and central regions of
the Yenisei Ridge (Fig. 1) and which have a similar age
spectrum of detrital zircons, all of which are sourced
from the basement of the Siberian Craton (Priyatkina
et al., 2016, 2019; our unpublished data). Moreover, a
prominent peak at 2540 Ma on the KDE plot (Fig. 5)
coincides with precision of up to £1% with the age of
the most abundant Late Archean granites in the base-
ment of the western part of the Siberian Platform. The
granites are reached by numerous boreholes to the east
from the Yenisei Ridge and have the SHRIMP age
from 2563 + 10 to 2525 £ 10 Ma (Samsonov et al.,
2021, 2022). During the accumulation of the sand-
stone (Sample 441202), the future Yenisei Ridge did
not turn into granite-hosted orogen, the Isakovka oce-
anic basin was not yet opened, and the Kiselikha belt
was part of the Mesoproterozoic passive margin of the
Siberian Paleocontinent. Poorly rounded zircon
grains (Fig. 5a) and the presence of large alkali feld-
spar and plagioclase clasts (products of erosion of
granites) suggest a direct transport of clastic material
from a nearby source. It is likely that it was the crystal-
line basement, which in the Mesoproterozoic cropped
out not only in remote parts of the Siberian Paleocon-
tinent, but also within the territory occupied now by
the Yenisei Ridge (Kuzmichev and Sklyarov, 2016;
Kuznetsov et al., 2020a). The same data indicate the
presence of the basement of the Siberian Craton in the
Kiselikha belt.

The period of 1800—925 Ma with a duration of
almost 900 m.y. is totally omitted in our zircon col-
lection.

The first half of the Neoproterozoic is the next age
cluster of our datings. The range of ages for individual
zircon grains is 925—800 Ma. It occurs in three sam-
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ples, but Sample 439402 (carbonate gritstone) is typical
with dominant zircons of this stage (45 analyses of 85).
The range of individual datings in this sample is nar-
rower: 880—910 Ma. On the U—Pb isotope diagram,
the concordant age of this cluster based on 43 analyses
is 899 + 2 Ma (Fig. 7b), which coincides with the peak
on the KDE plot. The zircons are angular or poorly
rounded, with a characteristic inner structure combin-
ing sectorial and oscillatory zoning, and the cores of
some zircons are surrounded by discordant outward
zone; there are also metamorphic rims (Fig. 7a). The
younger Neoproterozoic zircons in this sample are
almost absent (two grains). The Paleoproterozoic age
is characteristic of 24 crystals, which have no signs of
long transport; there are grains with a granulitic inner
structure; no Archean grains are detected. It is likely
that the erosion affected a local rise composed of the
Paleoproterozoic crystalline rocks (or Mesoprotero-
zoic metasedimentary rocks containing only Early
Precambrian zircons), which were intruded by gran-
ites with the age of 900 Ma. This age cluster requires
discussion.

In the first half of the Neoproterozoic, the Yenisei
Ridge was a segment of an active margin of the Sibe-
rian Paleocontinent (Kuzmichev and Sklyarov, 2016).
Among the currently dated Neoproterozoic granitoids
in the main (“cratonic”) part of the Yenisei Ridge
(Fig. 1), the most ancient age was determined for por-
phyroblastic plagiogneisses of the middle reaches of
the Garevka River: 882 =+ 8 Ma (Kozlov et al., 2012).
Similar (slightly younger) age is characteristic of bio-
tite granites of the Yeruda and Kalami plutons from
the central part of the Yenisei Ridge: 878.5 £ 1.5 and
875 £ 7 Ma, respectively (Vernikovsky et al., 2007).
An assemblage of ages of the analyzed zircons of any
mentioned plutons does not correspond to a peak of
900 Ma. We suggest that the Kiselikha belt, which was
an outer zone of the Siberian active margin in the
beginning of the Neoproterozoic, records the evidence
of magmatic events, which were absent in the inner
part of this margin. This conclusion is supported by
independent data on detrital zircons from the north-
ern part of the belt, which indicate similar (as well as
earlier) magmatic events at the beginning of the Neo-
proterozoic (Danukalova et al., 2022). If we omit the
Cambrian zircons (which are discussed below) from
gritstone (Sample 439402), it is likely that it accumu-
lated prior to a strong volcanic eruption in the Kise-
likha belt (750—620 Ma), because this stage includes
only one grain. The beginning of the second half of the
Neoproterozoic (800—750 Ma) is the most probable
age of the accumulation. In this period, the region
evolved in rifting conditions and the erosion area
could have included a local source mentioned above.

The zircons of the second half of the Neoproterozoic
are abundant only in Sample 439604 (104 analyses
of 117). The rock is a volcaniclastic sandstone, and,
actually, with it we have sampled an igneous province,
the analogs of which are absent in the main part of the
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Yenisei Ridge. Most (98) ages are in the range of 726—
606 Ma with an evident concentration at 672—622 Ma
(70 analyses). The diversity of volcanic clasts in a thin
section indicates a differentiated (suprasubduction)
volcanic complex. The inner structure of the zircon
crystals reflects the episodes of dissolution and over-
growing; there are grains with both oscillatory and sec-
torial zoning; both volcanic and plutonic rocks were
probably eroded. Taking into account the data on zir-
cons from sandstone (Sample 441202), this magmatism
occurred in an active continental margin rather than in
an island arc and lasted for 120 m.y., including a range
of continuous mass volcanism with a duration of
50 m.y. The concordant age of the cluster of the five
youngest analyses is 620 £ 6 Ma (26, MSWD = 3.9)
corresponds to the beginning of the Ediacaran. This
value is accepted as the maximum age of sedimenta-
tion. This estimate does not take into account two Late
Ediacaran ages (560 and 566 Ma), which are insuffi-
cient for undoubted conclusions.

No similar mass products of the Late Neoprotero-
zoic differentiated volcanism occur in the Yenisei
Ridge. There are only small outcrops of riftogenic
basalts or bimodal volcanic rocks with the age of 715—
700 Ma (Nozhkin et al., 2007, 2013; Kuznetsov et al.,
2019; Rud’ko et al., 2020). Presumably, the volcanic
belt sampled by Sample 439604 was located westward
of the present-day Yenisei Ridge and is now buried
under the cover of the West Siberian basin.

Fifteen Cambrian zircons are present in
Sample 439402 and form a cluster with the age of
500 Ma (Late Cambrian) (Fig. 7b). Another three
grains with similar age are present in Sample 439403.
In CL images, these zircons exhibit igneous sectorial
and oscillatory zoning, which is locally disturbed by
metamorphic impact; there are crystals with meta-
morphic rims (Fig. 7a). These grains could belong to
some migmatite complex, meaning thus the erosion of
a full-blown Late Cambrian orogen. Two scenarios of
interpretation of this fact are possible: either a sampled
unit is Upper Cambrian—Ordovician, or it is Neopro-
terozoic and the presence of Cambrian zircons is a
result of contamination.

A platform cover including Late Cambrian and
Ordovician rocks, which are expected to contain the
zircons with the age of 500 Ma, overlapped the entire
Yenisei Ridge during some period. The relics of the
Lower Paleozoic cover are present in the northern part
of the ridge shown in Fig. 1. This is a an area with
inscription “Vorogovka” (50 km NE of the studied
area) and a northern part of a vast field of the Middle—
Upper Cambrian (Evenk Formation) and Ordovician
rocks with “Tis” inscription (100 km to the SSE). No
age of detrital zircons directly from these outcrops is
available, but it is known for zircons from rocks of the
Evenk Formation of the eastern subplatform part of
the ridge. The analyzed sandstone from this formation
hosts zircons with a broad spectrum of ages, including
Vol. 31
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almost the entire Neoproterozoic, Paleoproterozoic
(most grains), and Archean (Priyatkina et al., 2016).
There are also ages of 500 Ma, and their peak on the
density distribution curve is slightly older than 500 Ma
(it cannot be determined more precisely from the figure
in this paper). A similar peak (480 Ma) is also present
in the Middle Ordovician sandstones from the lower
reaches of the Podkamennaya Tunguska River
(Kuznetsov et al., 2022). The discussed zircon popu-
lation is most similar to that of the Siberian Platform
cover on the territory located ~1000 km SSE from the
studied region. Two samples from the uppermost part
of the Cambrian section taken from two points at a
distance of 500 km from each other revealed similar
age spectra. The combined analyses (137 concordant
values) demonstrate the following age distribution:
Archean and Paleoproterozoic (23 grains), Mesopro-
terozoic (4 grains), Neoproterozoic (59 grains with
KDE peaks at 800 and 620 Ma), and Paleozoic
(50 grains). The Paleozoic includes the Cambrian
grains (except for one Lower Ordovician), which form
one solid population with a peak at 506 Ma (Gladko-
chub et al., 2022).

The Cambrian zircons from all discussed samples
have been derived from the Lower Paleozoic orogens,
which rimmed the Siberian Paleocontinent from the
south. It should be emphasized that, to the beginning
of the Paleozoic, its area increased owing to amalga-
mation of the Neoproterozoic terranes. At the latitude
of the Yenisei Ridge, the boundary of the Cambrian
Siberian Paleocontinent probably occurs 200—300 km
west of the Yenisei River. The Cambrian volcanic
sequence was drilled by Vezdekhodnaya-4 borehole
270 km WSW of the Solokha River. The Lower Cam-
brian basalts and deep-water sediments with a total
thickness of 1300 m were penetrated by the well and
interpreted as a complex of a back-arc basin (Kontor-
ovich et al., 1999). Such rocks are unlikely to contain
many zircons, but the felsic and intermediate tuffs epi-
sodically occur in the Middle—Upper Cambrian and
Lower Ordovician sediments (platform facies) in many
boreholes drilled in the left bank of Yenisei River much
closer to the studied region (Saraev and Filippov, 2015).
It is suggested that the volcanic material was contributed
from the southwest. Similar material could have been
present in rocks of the Middle—Upper Cambrian Evenk
Formation, which overlapped the entire western part of
the Yenisei Ridge for some period, and the presence of
the zircon population with an average age of 500 Ma in
it is quite relevant. The problematic Samples 439402
and 439403 could therefore be assigned to nondocu-
mented outcrops of the Evenk Formation. The
absence of metamorphic alteration in these rocks
(judging from thin sections) is in agreement with this
supposition.

Nonetheless, we consider that the second scenario
is more plausible: we sampled Neoproterozoic rocks,
and a population of 500 Ma is a result of contamina-
tion. This is supported by the following. (1) If we
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exclude the Cambrian values, the age spectrum of
detrital zircons of Samples 439402 and 439403 is sim-
ilar to that of rocks of the Kiselikha Formation of the
northern part of the belt. Six samples of detrital zir-
cons from this formation were demonstrated by Kuz-
michev et al. (2022), and three samples with similar
Neoproterozoic clusters were discussed by Danuka-
lova et al. (2022). (2) The Neoproterozoic and Paleo-
proterozoic zircons of Sample 439402 were derived
from a local source composed of Mesoproterozoic (or
Paleoproterozoic) rocks intruded by granites with the
age of 900 Ma (see discussion above). The exposure of
this source in the sampling area during accumulation
ofthe Evenk Formation is unlikely. The Cambrian zir-
cons in this sample could really have been sourced
from this formation. During the erosion of the plat-
form cover, stable heavy minerals, including zircon,
sink into the weathered underlying rocks along the
fractures and were further sampled together.

CONCLUSIONS

(1) Sample 441202 is an unsorted feldspar—quartz
sandstone consisting of erosion products of the crys-
talline basement of the Siberian Craton transported
for a short distance. By analogy with the Mesoprotero-
zoic rocks of the Sukhoi Pit Group of eastern and cen-
tral regions of the Yenisei Ridge with a similar assem-
blage of the detrital zircons ages, we believe that this
sandstone also accumulated in the Mesoproterozoic
on a passive margin of the Siberian Continent. The
Isakovka oceanic basin, which separated the Kiselikha
belt from the continent in the Neoproterozoic, had
not been opened yet.

(2) Two samples of carbonatized sandstone and
gritstone (439402 and 439403) taken from adjacent
outcrops contain the Early Precambrian zircons of the
basement of the Siberian Craton and zircons of the
first half of the Neoproterozoic. These data are pre-
carious because of (i) the low amount of zircons
extracted and (ii) the presence of the Paleozoic zir-
cons, which are considered a result of contamination.
If the Cambrian zircons are omitted, however, the age
spectra of these samples are similar to those of rocks
mapped as the Kiselikha Formation in the northern
part of the belt (Kuzmichev et al., 2022; Danukalova
et al., 2022). These samples are important, because
they confirm the possible tracing of some stratified
unit (it is not critical how to name it) along the entire
belt from its northernmost part, where rocks are
turned to crystalline schists, to the southern part,
where they are slightly metamorphosed. The mid-
Neoproterozoic (800—750 Ma) is a possible time of its
formation, when relevant sources were exposed in the
course of rifting.

(3) The volcaniclastic sandstone (Sample 439604)
composed of clasts of various volcanic and, to a lesser
extent, plutonic rocks has sampled the Late Neopro-
terozoic igneous province. The diversity of volcanic
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rocks with different SiO, content indicates a supra-
subduction setting. The volcanic belt is probably bur-
ied below the Phanerozoic cover of the West Siberian
basin and only its margin extends to the Kiselikha belt.
Magmatism lasted more than 100 m.y. and included
an episode of mass continuous volcanism in the range
of 672—622 Ma. The sandstone has Ediacaran age,
and the maximum age of sedimentation is 620 + 6 Ma
(20, a concordant cluster of five analyses).

(4) The studied samples were taken from three dif-
ferent levels of the Precambrian section: Mesopro-
terozoic, the lowermost part of the upper half of the
Neoproterozoic, and the upper part of the Neopro-
terozoic, which could be assined to different strati-
graphic groups. The accumulation of these groups was
interupted by deformation stages, responsible for
exposure and erosion of new complexes of igneous and
metamorphic rocks, which is evident from the age
spectra of detrital zircons. The accepted stratigraphic
sequence of the Kiselikha belt requires reconsider-
ation.

(5) In the light of above results and the data on the
northern part of the belt (Danukalova et al., 2022;
Kuzmicheyv et al., 2022), our former scenario of tec-
tonic evolution of the Yenisei Ridge (Kuzmichev and
Sklyarov, 2016) must be corrected. In the first half of
the Neoproterozoic (1000—800 Ma), the Kiselikha
belt belonged to the external part of the active margin
ofthe Siberian Paleocontinent. This part registers sub-
prasubduction magmatism that began earlier than it
was considered previously. This external zone was
detached from the continent due to rifting that
occurred in the range of 800—750 Ma. The main pres-
ent-day part of the Yenisei Ridge therefore preserves
only a rear part of the Early Neoproterozoic active
margin with incomplete tectonic zoning. In the sec-
ond half of the Neoproterozoic (750—600 Ma), the
Kiselikha belt evolved as a microcontinent with the
basement of the Siberian Craton reworked in the Neo-
proterozoic and was not an oceanic island arc, as was
suggested in (Vernikovsky et al., 2003). The microcon-
tinent had active margin from the external (western)
side. In the current structure, the belt should be
termed the Kiselikha Terrane, with its most part being
hidden below the cover of the West Siberian basin.
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