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Abstract—The information on the Late Palaecozoic deposits of the New Siberian Islands is essential to clarify
the palaeogeography of the surrounding Arctic Region and to quest the original location of the New Siberian
continental block prior to the Amerasian ocean opening. The best Upper Palaeozoic section of the islands,
located in the western part of the Kotel’ny Island (Tas-Ary Peninsula), was examined in detail. The studied
rocks characterize a transitional facial zone between the northeastern shallow-water (central areas of the
Kotel’ny Island) and the southwestern deep-water ones (Bel’kov Island). The stratigraphy of the Carbonifer-
ous and partly Permian strata was specified by the study of four fauna groups, detrital zircon dating, and
structure interpretation. The section demonstrates a gradual change of depositional environments from shal-
low-marine in the Lower Carboniferous to deep-water in the middle Carboniferous and Permian. The Tour-
naisian and Visean rocks (Tas-Ary Formation, not less than 950 m) were formed on the open shelf or ramp
with predominant carbonate sedimentation. They were deposited above the storm-wave base during the early
Tournaisian and at greater depth later. The Serpukhovian—Middle (?) Permian rocks (Bel’kov Formation,
not less than 300 m) were accumulated on the deep-water subaqueous slope and, possibly, at its base. Black
shales and turbidite sandstones compose a significant part of the Bel’kov Formation. Sandstones have a silici-
clastic—carbonate composition in the upper Lower Carboniferous and are carbonate-free up the section. The
boundary between Tas-Ary and Bel’kov formations corresponds to a change in the shelf-to-basin profile and
depositional style. At this time (the beginning of the Serpukhovian), the subsidence rate increased, a pro-
nounced slope was formed, and a new source of clastics appeared on land. This reorganization was probably
related to the Northern Taimyr orogen rise. The lithological similarity of the Lower Carboniferous deposits
of the Tas-Ary Peninsula and Southern Taimyr, the synchronous shift in sedimentation from carbonate to ter-
rigenous rocks, and the same source of clastic material for the Upper Carboniferous—Permian sandstones in
both regions indicate their belonging to the same sedimentary basin in the Late Palacozoic. We believe that
the western part of the New Siberian Islands represented a continental margin in Late Devonian, Carbonif-
erous and Permian times, and that it was a continuation of the Verkhoyansk margin. The latter is possible,
taking into account rotation of the New Siberian Islands block according to the two-pole rotational model of
the Amerasian basin opening.

Keywords: Arctic, New Siberian Islands, stratigraphy, Carboniferous, Permian, conodonts, brachiopods,
corals, foraminifera
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INTRODUCTION

The Carboniferous—Permian deposits within the
New Siberian Islands archipelago are exposed in two
islands: Bel’kov and Kotel’ny (Fig. 1). They are char-
acterized by a rapid change of facies in the western (in
modern coordinates) direction: from thin shallow-
marine limestone in the central part of Kotel’ny Island
to deep-water shales and turbidites on Bel’kov Island
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(Kos’ko et al., 1985; Kuzmichev, 2009; Pease et al.,
2015). The only complete section of the Carboniferous
and a large part of the Permian, well exposed in the
cliff and enriched in diverse fauna, is located on the
Tas-Ary Peninsula (west of Kotel’'ny Island). Here a
stratotype of the Lower Carboniferous Tas-Ary For-
mation was described and the best exposures of the
overlying Bel’kov Formation are situated. The age of
the latter was estimated as the Middle Carboniferous
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Fig. 1. Location of the studied region. Kotel’ny Island is
shown with a rectangle.

(Kos’ko et al., 1985). The structure of this area is rela-
tively complicated, but it is still possible to understand
it and to confidently reconstruct the rock sequence.
The Tas-Ary section belongs to the transitional facies
zone and is a link between coeval deposits of shallow
and deep-water settings (Fig. 2). It should be studied
to justify correlations with the sections in the northern
Siberian Platform and Eastern Taimyr region and to
find a key to understanding the palacogeography of
the basin which occupied the recent Laptev Sea shelf
area. In the north of the Siberian Platform, the Upper
Palaeozoic strata contain oil-bearing rocks.

This paper reports new data on the Carboniferous—
Permian deposits on the Tas-Ary Peninsula obtained by
M.K. Danukalova, A.B. Kuzmichev, and V.V. Eriklin-
tsev in 2009 and 2014. The study of our big collection
of macro- and microfauna made it possible to sub-
stantially clarify the stratigraphy and to supplement
the conclusions on depositional settings and palacoge-
ography. Brachiopods were studied by V.G. Ganelin
and N.G. Astashkin, corals were studied by
O.L. Kossovaya and D. Weyer, and conodonts were
investigated by Yu.A. Gatovsky. For the highest car-
bonate horizons of the section, foraminifera were also
studied (T.N. Isakova). Dating of detrital zircons was
carried out to justify the maximum age of the upper
barren part of the sequence.

GENERAL GEOLOGY
OF THE TAS-ARY PENINSULA

Tas-Ary is designated on the maps as an island;
however, taking into account the fact that its north-
western end is connected by a wide pebble spit to the
Kotel’ny Island shore (Fig. 3), it is more correct to call
it a peninsula. The main part of this peninsula has a
length of 7 km at a width of 1.5—2 km; from the south-
western and northwestern “sea” sides, it is surrounded
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Fig. 2. Facies zoning of the Visean deposits within
Kotel’ny and Bel’kov islands according to the authors’
data, with additions from (Kos’ko et al., 1985; Kos’ko and
Korago, 2009). The position of boundaries of the facies
zones can be somewhat different for other intervals of the
Carboniferous—Permian history, but the general trend of
basin deepening to the southwest remains unchanged.
(I) Land (?), in the southern part, shallow shelf: thin fine-
grained and clayey limestone, bioclastic interlayers
(Kos’ko et al., 1985). At later stages of the geological his-
tory (Middle Carboniferous—Permian), this zone mostly
corresponds to shallow-marine settings. (II) Transitional
zone, open deep shelf: fine-grained spiculite limestone,
including clayey varieties, with chert (this work). (I11) Deep-
water zone, the underwater slope facies: mudstone, silt-
stone, turbidite sandstone, slump structures, carbonate
concretions (it is general description of the Lower Carbon-
iferous—Permian deposits on Bel’kov Island (according to
the authors' observations); it is impossible to identify the
Visean deposits there on the basis of the available data).

by a cliff interrupted by river valleys. Almost all cliffs
are accessible from the beach. The Carboniferous—
Permian section is exposed in this very area; its upper-
most horizons crop out on the southeastern coast. The
Upper Devonian and Palaeogene rocks are occasion-
ally exposed along the lowland northeastern coast fac-
ing the Durnaya Lagoon (Fig. 3). Exposed rocks are
almost absent in the central part of the peninsula,
except for rare outcrops in the river valleys.

The Palaeozoic rocks making up the Tas-Ary Pen-
insula are mapped within four subdivisions (Kos’ko
etal.,, 1985): Nerpalakh Formation (Frasnian),
Chekur Formation (Famennian—lower Tournaisian),
Tas-Ary Formation (Tournaisian—Serpukhovian),
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Fig. 3. Generalized geological map of the southern and western parts of the Tas-Ary Peninsula with a removed cover of the Qua-
ternary deposits (by A.B. Kuzmichev and M.K. Danukalova). The Upper Devonian and Neogene rock outcrops on the eastern
coast are not shown. Bold black lines indicate the faults, while pale dotted lines indicate the boundaries of some subdivisions and
faults traced over the sea. Inset: the Carboniferous and Permian rock outcrops (black filling) on Kotel’ny Island and location of
the Tas-Ary Peninsula. Bunge Land is shown with dotted pattern.
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and Bel’kov Formation (Bashkirian). The Nerpalakh
Formation is composed of a complex of shallow marine
deposits with a visible thickness of at least 150 m: cal-
careous shale and limestone, often with abundant
benthic fauna, siltstone, mudstone, and sandstone of
siliciclastic—carbonate composition. The latter are
minor and occur as interlayers deposited by bottom
currents (only at the top of the formation). The Chekur
Formation is made mainly of medium- to coarse-
grained siliciclastic sandstone with a large-scale cross-
stratification, likely of delta or bar nature. The forma-
tion, according to our observations, is at least 120 m in
thickness. There is no macrofauna in the Tas-Ary sec-
tion, except for rare crinoid fragments. The Tas-Ary
Formation, as reported by the previous researchers, is
composed largely of limestone and mudstone with a
rich complex of benthic fauna; this formation is about
1.1 km in thickness. Its description including 28 units
isgiven in (Kos’ko et al., 1985). Calcareous sandstones
40 m thick with slump structures and mudstone inter-
beds containing phosphatic concretions were men-
tioned at the top of the formation. The age of the for-
mation was based on foraminifera and brachiopods.
The Bel’kov Formation, according to (Kos’ko et al.,
1985) is dominated by mudstone, siltstone, and sand-
stone. The latter contain volcanic rock fragments.
Bioclastic limestone and limestone conglomerate-
breccia are minor. The visible thickness of this forma-
tion on the Tas-Ary Peninsula is estimated at 145 m.
Fauna was found only in this section and only in its
lower part; basing on it, the age of the whole formation
is estimated as the Bashkirian. By analogy with the
Bel’kov Formation on the Bel’kov Island (Pease et al.,
2015), before the start of fieldwork, we assumed that
its stratigraphic interval on the Tas-Ary Peninsula
could be wider than indicated in the published litera-
ture. It should be noted that the Bashkirian age of the
stratigraphic subdivisions, with which the Bel’kov
Formation was correlated in terms of fauna, was later
revised (Chapter 5.1).

We managed to photograph the cliffs of the north-
western and southwestern coasts of the studied penin-
sula with a continuous panorama from the fast ice in
June, which greatly facilitated the correlation of litho-
logical units. It turned out that the same units of the
Tas-Ary Formation were repeated many times in the
cliff, which explained the inconsistencies between the
previously published description of the section
(Kos’ko et al., 1985) and our observations. The struc-
ture of the key section in the peninsula’s southwestern
coast is not quite convenient for a stratigraphic
description, because rocks crop out for a considerable
distance along the core of the anticline whose axis
submerged southeastward at an angle of 14°—23°. The
strike of the axis approximately coincides with the ori-
entation of the coast, and in the coastal cliff both the
anticline core and adjacent limbs can be exposed,
which causes frequent changes in the beds orientation
(Fig. 3). The folded structure is complicated by faults
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of several generations. Two fault systems are charac-
terized by mappable displacements which significantly
disrupt the sequence observed in the cliff. EW-trend-
ing and ENE faults with an amplitude of a few meters
or a few tens of meters are the most numerous (Fig. 3).
Fault planes are inclined in different directions and at
different angles, from subvertical to 40°; in some cases,
they flatten out significantly from the upper edge of
the cliff to its base. In most cases, the rock correlation
in the limbs was not complicated. Some of these faults
have a negligible strike-slip component. The second
system is represented by rare NS-trending faults with
unclear kinematics. The map (Fig. 3) shows only one
of such faults which intersects with the coast south of
the Sinai Cape. The rock correlation around this fault
is detailed in the description of the unit 11 of the Tas-
Ary Formation.

TAS-ARY FORMATION

The transition from siliciclastic siltstone and sand-
stone of the Chekur Formation to clayey—carbonate
rocks of the Tas-Ary Formation is gradual. During the
medium-scale geological survey, a forty-meter lime-
stone unit with benthic fauna was assigned to the Tas-
Ary section base (Kos’ko et al., 1985). Meanwhile, the
cited publication does not contain a description of
underlying deposits on the Tas-Ary Peninsula; the
descripion of the Chekur Formation is given for the
section located to the south (Khos-Terryutyakh
River), where it is more carbonate. During the field
works, we were guided by noticeable (“mappable”)
changes in the rock composition (and, accordingly,
depositional environments), so the base of Tas-Ary
Formation was placed at a different level, at which
noticeable reddish lenticular beds of cross-stratified
lime-free sandstone disappear. The position of this
boundary is relatively tentative. Sandstone also occurs
higher in the section, but there it contains carbonate
(mainly calcitic) cement and many carbonate clasts,
owing to which the rock is more similar in its appear-
ance to limestone than to sandstone. An evidently car-
bonate section starts from the level which was taken as
a boundary between the considered formations. Its
lowermost part with a thickness of 220 m, which is
devoid of macrofauna, was likely attributed by the sur-
vey geologists to the top of the Chekur Formation.

The contact of the formations was observed at three
points in the northwest of the studied peninsula (Fig. 3).
This is due to a folded structure of this area. The
southern point is the most convenient for exploration:
the anticline core showing the uppermost part of the
Chekur Formation crops out 143 m southwest of site
757, and a monoclinal section of the Tas-Ary Forma-
tion, which is interrupted by rare low-amplitude
faults, begins in the southern limb. The monocline of
0.7 km in length demonstrates a continuous sequence
of the lower third of this formation (330 m). We subdi-
vided the Tas-Ary Formation with a total thickness of
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950—980 m into 21 lithological units (Fig. 4) and
named some of them. A bottom to top description of
the section is given below. Some rock varieties are
illustrated with photographic images of thin sections,
which are placed in the ESM 1 file in Supp. Data.
Microphotographs of the Bel’kov Formation rocks are
also given there. Fossil characteristics of the section is
reported in the ESM_ 6 file (Chapter 5).

The Lower Part of the Tas-Ary Formation

Unit 1 (transitional; 50 m in thickness). It is com-
posed of alternation of three rock types. (1) Gray clas-
tic limestones (in fact, medium- to fine-grained sand-
stones and silty sandstones; ESM_ 1, fig. S1a). They
contain up to 50% silicate grains as quartz and chert.
Carbonate occurs as both clasts and cement. Grains
are characterized by a variable degree of roundness.
The unit bottom occasionally contains gravel and
coarse chert (less commonly, quartz) sand particles.
(2) Dark gray limy mudstone. (3) Poorly sorted clay—
carbonate rocks with a “speckled” texture. The latter
are predominant in the section and represent an
intensely bioturbated mixture of clay, carbonate mud,
silt- and sand-sized particles; they occasionally con-
tain fragments of ostracod (?) shells.

The thickness of the layers is stable along the strike
and varies from a few centimeters to about half a meter
(Fig. 5a). Bedding from a distance looks clear, but on
closer examination, boundaries between the beds often
turn out to be vague owing to bioturbation (Fig. 5b).
Some clayey intervals are characterized by filamentary
interlayers of clastic limestone. Many rock varieties in
unit 1 react with hydrochloric acid; in the rest, car-
bonate is represented by dolostone. The clay content is
higher at the top of the unit. Some silty sandstone beds
demonstrate molds of wave ripples on their soles. The
abundant siliciclastic material in the rocks of this unit
is indicative of gradual change of the depositional set-
tings at the boundary between the Chekur and Tas-
Ary formations. Bioturbated clay—sand layers also
appear for the first time at the top of the Chekur For-
mation, but they are calc-free there.

Unit 2 (laminated limestone; 18 m in thickness). It

resembles an underlying unit, but unit 2 is character-
ized by a more regular and pronounced stratification,
and the rocks are higher calcareous and light-colored.
In the lower and middle parts of this unit, carbonate
beds are thicker (0.3—0.5 m on average) than down the
section; noticeable mudstone interlayers appear closer
to the top. The bioturbation is somewhat less intense
than in unit 1. Unit 2 is composed of relatively hard,
very fine-grained limestone and clayey limestone; there
are also clastic limestones with silicate grains which are
similar to those observed in the underlying unit. Fine-
grained limestones (wackestone) are depleted in silici-
clastic material, rare bioclasts (up to a few millimeters in
size) are present. Their lamination is expressed as fine
parallel horizons enriched in a silicate material. It is
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represented mostly by quartz silt. Lamination is often
confined to lower parts of the layers.

Unit 3 (24 m in thickness). The lower half of the
unit is composed of dolomitized gray medium-grained
limestones and dark gray fine-grained ones, both rust-
colored on surface. Rocks are likely bioturbated. They
form mainly thick layers with indistinct boundaries; a
parallel stratification is clearly visible from afar, but it
is hardly noticeable at closer examination (an implicit
hint of thin lamination is observed only at the bottom
of the beds). It can be seen under a microscope that
the rocks are siliciclastic—carbonate siltstones and
silty sandstones which are occasionally enriched in a
clay-sized material. Up the section, rocks become
similar to those in unit 2. The upper part of the unit
contains a silty sandstone bed of 1 m thick with a vague
cross-stratification. The assumed top of unit 3 is visi-
ble only at the upper part of the cliff and then is cut off
by a normal fault. Some part of the overlying unit
appears to be lost in the fault zone.

Unit 4 (20 m in visible thickness). Fine alternation

of rocks which are similar to those composing unit 1.
Near the top, there is a thick (1.5—2 m) layer of fine-
grained nonlaminated clayey limestone which under-
went bioturbation (visible on the fresh cut and resem-
bles “speckled” rocks of unit 1). A thin section shows
clayey siltstone with silicate and carbonate fragments.
A fine fraction occurs as both clay and carbonate mud.

Unit 5 (111 m in thickness). This thick unit is char-
acterized by interlayers of “normal” granular limestone,
forming massive plates (Fig. 6), commonly with a
microfauna visible through a magnifying glass (ostra-
cods, occasionally foraminifera) and rare small frag-
ments of crinoid stems. This limestone is the first in the
section to boil actively in hydrochloric acid and to con-
tain an obvious (sometimes numerous) fossils. Mean-
while, it is still enriched in siliciclastic silt and fine sand
(up to 30—40% of rock volume in the lower part of the
unit and up to 10—15% in its upper part). This unit is
subdivided into three subunits (5a, Sb, and 5c).

Subunit 5a (interval with the first limestone plates;
19 m in thickness). Its lower part (1.5—2 m) is com-
posed of fissile dark-colored limestone with distinct
interlayers of gray granular limestone (interlayers are
1—20 cm thick; ESM_1 figs. S1b, S1c). They are over-
lain by siliciclastic—carbonate sandstone and gritstone
(Fig. 7a) with black chert and quartz grains (at least 1 m
in thickness). Sandstones are overlain by indistinctly
laminated fine-grained limestones forming layers a
few decimeters thick. The boundaries between them
are unclear, and tops of the beds contain more clay
and are obviously bioturbated. Some layers are biotur-
bated throughout their thickness. These limestones
also form massive plates. In addition to them, there are
calcareous shale and clayey limestone packages and
hard granular limestone interlayers (as at the unit bot-
tom). Wave ripple marks were observed on the top of
one of the limestone beds (Fig. 7b). Carbonate sand-
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Fig. 5. Deposits of the lower, transitional, unit of the Tas-Ary Formation. (a) General view of the layered section; (b) intense bio-
turbation at the boundary of the layers; the photograph is 20 cm wide.

Fig. 6. General view of unit 5 with fossil-bearing granular limestone plates, the first in the section.

stones appear in the upper part of subunit 5a once
more; chert grains and a fine gently undulating lami-
nation can be noted on its weathering surfaces.

Subunit 5b (clayey; 37 m in thickness). It is com-
posed of cleaved black shale and dark clayey limestone
(Fig. 6, middle part), often bioturbated; clayey lime-
stone prevails at its bottom. Unclear horizontal lami-
nation and few thin layers of granular limestone can be
noted in the rocks. The upper part consists of a range
of contiguous layers (up to 10—15 cm in thickness) of
highly weathered carbonate-free sandstone with a
low-angle cross-stratification, bright yellow from the
surface. Black mudstone with thin clayey limestone
interlayers occurs at the top.

Subunit 5¢c (55 m in thickness). Dark fissile mud-
stone and clayey limestone with interlayers (plates) of
strong granular (mostly fine-grained) gray limestone.
The number and thickness of the latter increase up the

STRATIGRAPHY AND GEOLOGICAL CORRELATION

section; they prevail near the top and form layers up to
0.5 m in thickness. Carbonate sandstone and gritstone
beds with chert and quartz gravel, ooids, intraclasts,
and bioclasts occur in the unit; the matrix is micritic.
At the upper part of the subunit, some limestones
demonstrate fine parallel wavy lamination (Fig. 7c)
repeating irregular soles of the layers; onlap of laminae
was sporadically observed. Some textures resemble
small-scale slump folds. There are also layers with an
“even” horizontal lamination.

Unit 6 (unit of Coral Cape; 18 m in thickness).
Clastic rather dark gray limestones looking macro-
scopically fine- to very fine-grained with larger fossils
fragments. They form layers with a thickness from a
few to 20—30 cm (Fig. 8a). Beds are separated by thin
(millimeters to a few centimeters) clayey interlayers. It
is seen in thin sections that such limestones consist of
rounded peloids and intraclasts, bioclasts (sometimes

Vol.27 No.7 2019
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Fig. 7. Some rock varieties in unit 5. (a) Thin interlayering of siliciclastic—carbonate sandstones and gritstones. Gravel is repre-
sented by fragments of chert, less often, quartz, sandstone (similar to host rocks), and limestone with a siliciclastic admixture.
The photograph is 15 cm high. (b) Wave ripples on the limestone top; (c) thin undulating lamination in limestones in the upper
part of unit 5, allegedly resulting from the vital activity of microbial communities (photograph is 25 cm high).

in large quantities), an insignificant (a few percent)
admixture of small silicate grains, and sporadic chert
gravel; cement is sparite (ESM_1 fig. S1d). These
rocks can be attributed to grainstones according to the
R. Dunham’s classification (Dunham, 1962; cited in
Stow, 2012). The macrofauna in limestone is com-
monly represented by small crinoid stem segments.
Sporadic colonial and solitary corals, and brachiopods
are also present and are relatively numerous in some
layers. The lower boundary of the unit was drawn
along a thick bed with coral colonies, clearly visible on
its top. This layer forms a plate protruding into the sea,
which we called Coral Cape (Fig. 3, site 758). Clayey
interlayers are more noticeable in the upper part of
the unit; there are a few “sets” with a thickness of up
to 0.5 m composed of fissile clayey limestone—calcar-
eous shale with thin horizons (a few centimeters) of
fine-grained limestone. At the top of the unit, lime-
stone is coarse-grained bioclastic.

Unit 7 (brachiopod limestones; 29 m in thickness).

Limestones which form the base of the unit (2—3 m)
differ from rocks at the top of unit 6 in a finer grained
matrix and a slightly darker color, and they contain
more fauna, dominated by brachiopods. They are
more thin-bedded (10—15 cm) and are divided by
well-defined shale horizons. Up the section, lime-
stone beds (plates) are thicker, and clayey interlayers
are thinner. In this unit, limestones are gray (reddish
yellow on the weathered surface), bioclastic (macro-
scopically coarse-grained, variably grained in thin
sections, with clasts ranging in size from silt to gravel),
with numerous brachiopod shells and fragments of
crinoids and other fauna. They contain siliciclastic
grains (from a few percent to 10%) and intraclasts
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(ESM_1 fig. S1e). The surface of the layers is uneven,
the same as down the section. At the top of some lay-
ers, there are trace fossils which are similar to Chon-
drites. In the upper part of the unit, there are sandy
limestone interbeds with low-angle (hummocky?)
cross-stratification, bioclasts, and quartz and chert
gravel (Fig. 8b). Sometimes, judging from debris in
scree, such rock turns into siliciclastic—carbonate grit-
stone. It is curious that gritstones are composed of
peloids and intraclasts containing small (about 0.1 mm)
euhedral crystals of authigenic albite (?) (ESM_1
fig. S1f, S1h). Similar crystals were also found at
higher levels of the Tas-Ary Formation (in allohems
and scattered in the rock).

Unit 8 (sandy dolostones; 23 m in thickness). We
subdivided this unit into three parts (not shown in the
column).

Subunit Sa (highly weathered section; maximum of
10 m in thickness). The bottom of unit 8 is transformed
in the weathering crust into bleached, pink or reddish
porous sandstone and sand with mudstone and silt-
stone interlayers. Fine-grained rocks sometimes retain
a dark (to black) color. Sand and sandstone are fine-
grained oligomictic (quartz and rarer chert). Sand-
stone is characterized by quartz overgrowth cement.

Subunit §b (middle thick-bedded part of the unit;
9.3 m in thickness). Gray sandy dolostone and dolo-
mitic silicate sandstone with yellow and rusty weather-
ing crusts alternating with clayey shale (Fig. 8c). The
thickness of the former is from 5 to 30 cm (rarely, up to
0.5 m) and the thickness of the latter is from a few mil-
limeters to 20—40 cm. Sandstone is usually poorly
sorted, with quartz overgrowth (ESM 1 fig. Slg).
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Fig. 8. Characteristic rocks and sedimentary structures of units 6—10. (a) Limestones of the Coral Cape (unit 6; a hammer is encir-
cled); (b) low-angle (storm-generated (?)) cross-stratification in sandy limestone (upper part of unit 7; hammer is encircled);
(c) sandy dolostones unit (unit 8, middle and upper parts); in the background to the right, there are dark gray shales of the overlying
unit 9; (d) branching burrows on top of the bed, similar in shape to Chondrites, but likely resulting from surface (rather than under-
ground) feeding; (e) thin interlayering of mudstone, clayey siltstone, and sandstone (upper part of unit 10). In the right part of the
outcrop, “Sinai sandstone”: a massive plate forming the Sinai Cape (Fig. 3, site 759). Under it, at the top of unit 10, there are black
oolitic shales. (f) Unit 10 sandstones divided by mudstone with molds of tunnels made by burrowing animals (arrows). Cross-lami-
nation in sandstone is visible; the chain of bright lenses in its foot is interpreted as ripples. In many beds, cross-lamination is replaced
by horizontal one near the top (lower left part of the photo). The photograph is 15 cm wide. The rhythmicity of the section is indic-
ative of the pulsed input of sand. Apparently, the laminated sandstone horizons can be interpreted as tempestites.

Pyrite grains are observed. During weathering, some
layers turn into sand. On the bedding surfaces, there is
a coarse coalified plant debris. The upper two meters
of the subunit are composed of cross-stratified sand-

STRATIGRAPHY AND GEOLOGICAL CORRELATION

stone—sandy dolostone. Other levels of the section are
also marked by a low-angle cross-stratification resem-
bling a storm-generated one; steeply dipping cross
laminae are rare. Wave ripples were noted. At the top
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and near the top of some layers there are trace fossils
represented by a system of small thin tunnels oriented
both along the bedding plane and obliquely. Large (up
to 15—20 cm long) straight tunnels, some of which
branch out, were found at the sole of one layer. Rare
beds were bioturbated from bottom to top.

Subunit 8c (upper thin-bedded part of the unit; 3.7 m
in thickness). The lower two meters are composed of
thinly intercalated sandy and silty dolostone with
mudstone (Fig. 8c). Near the base of the subunit,
there is a very coarse-grained sandstone (10—15 cm)
with carbonate cement containing bioclasts and gravel
and small pebbles of chert, quartz, carbonate—quartz
siltstone, and sandstone. Up the section, the bedding
becomes coarser, and clay interlayers are less frequent
in occurrence; then silty dolostones prevail. Dolos-
tones from the lower half of subunit 8c demonstrate
sedimentary structures resembling small-scale hum-
mocky cross-stratification and contain small load
casts (?) on the soles. Trace fossils are occasionally
observed on bedding planes (Fig. 8d). The upper part
of the subunit is represented by a range of uneven lay-
ers of fine-grained gray limestone with signs of biotur-
bation and a significant admixture of silicate silt and
sand. Limestone at the top is slightly fissile, with
numerous brachiopods and corals.

Unit 9 (gray fossiliferous shale; about 11—12 m in

thickness). Gray calcareous shales containing numer-
ous randomly oriented fossils (solitary corals and bra-
chiopods, including those with two valves) and
imprints of dissolved shells. At some levels, the rock is
harder (but also fissile), granular, and more similar to
clayey limestone. The upper half of the unit contains a
dark gray bioclastic limestone interlayer (10 cm; cri-
noid fragments are predominant) with a siliciclastic
admixture and fine grains of pyrite. Similar limestones
form a range of layers (1.5 m) at the top of the unit.
There are many fragments and unbroken brachiopod
shells in the upper layer. The total thickness of the
shale unit is hard to estimate, because it is exposed
approximately along the strike.

Unit 10 (unit with sandstones deposited by bottom

currents and oolitic shales; 20—25 m in thickness).
The bottom quarter of the unit is composed of dark
gray shales. In contrast to underlying shales, they do
not react with hydrochloric acid, but still contain shell
imprints. Apparently, calcite was leached during dia-
genesis. The overlying part of this unit is is character-
ized by rhythmic intercalation (Fig. 8¢) of shale
(clayey in the lower part and silty up the section) with
hard light-colored sandstone and siltstone. The num-
ber of the latter increases from bottom to top; their
thickness is from 0.5 to 15 cm. Sandstone and siltstone
consist mainly of quartz and appear “quartzite-like”
(sutured contacts between grains are visible under a
microscope). Some sandstone layers often demon-
strate the following sequence of sedimentary struc-
tures (Fig. 8f): cross lamination in the lower part (cur-
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rent ripples) and horizontal lamination above (some-
times with chains of small current ripples). In
addition, sandstone and siltstone are marked by small-
scale intralayer slump structures and load marks on
the sole. Multidirectional tunnels filled with sand were
noted in shales (Fig. 8f).

The uppermost part of unit 10 is composed of hard
bioturbated clayey—sandy quartz siltstones (3—4 m),
which are replaced upsection by black shales (about
1.5 m). Shales contain more competent interlayers.
The latter include a variable number of black flattened
ooids (up to 2 mm); their concentric structure can be
seen in thin sections (ESM_1 fig. S2). Near the top,
some layers are entirely composed of ooids and look
like Mesozoic tasmanite shales.

Unit 11 (“Sinai sandstone”; apparent thickness is
about 6 m). The name of this unit comes from Sinai
Cape, which it makes up. It is possible to study only a
lower layer of this unit, which as a massive steeply dip-
ping plate with a thickness of about 1.2 m protrudes
into the sea (Fig. 8e). This layer is sandy dolostone
containing fine siliciclastic material (up to 50% of rock
volume, mainly quartz), as well as brachiopods and
corals. The rock is overfilled with small “plaques”
resembling flattened ooids, similar to those found in
underlying shales. Overlying layers are similar in
appearance, but form thinner and more irregularly
shaped plates. Judging from debris in scree, this part of
the unit contains limestone, including bioclastic one.
The whole unit is characterized by a reddish yellow color
on the weathered surface. Massive layers are divided by
loose black clayey sandstone with abundant fauna.

This unit with a small visible thickness completes a
continuous section of the Tas-Ary Formation in the
northwestern part of the Tas-Ary Peninsula. To the
south of Sinai Cape, the sequence is interrupted by a
high-amplitude fault, beyond which substantially
younger part of the Carboniferous section is exposed
(we assigned it to the upper part of unit 13). The rocks
of unit 11 are not repeated anywhere else, and we do
not know reliably the thickness of unexposed fragment
of the section. Supposedly, it is 15—20 m, and “Sinai
sandstones” gradually transit up the section to the
limestones of unit 12. The middle part of the Tas-Ary
Formation (Fig. 4, units 12—16) makes up a significant
segment of the western coast of the peninsula (just
over 3 km, from site 759 to site 760) (Fig. 3), where the
same fragments crop out repeatedly disrupted by nor-
mal faults. The description of these units is given
below. Their thickness was calculated on the basis of
panoramic photographs.

Middle Part of the Tas-Ary Formation

Unit 12 (20 m in visible thickness). Bioclastic lime-
stones that are often recrystallized (ESM__1 fig. S3a).
The color varies from dark to light gray; sometimes,
the color is mottled. Limestones form flat layers with
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a thickness from 10 cm to 1.3 m (usually decimeters)
divided by thin horizons of dark clayey limestone
(Fig. 9a). Clayey interlayers are thicker in the visible
lower part of this unit. The rocks are somewhat differ-
ent at the northernmost outcrop of the fragment of
unit 12: limestones are slightly lumpy, yellow from the
surface, with uneven boundaries. Unit 12 is distin-
guished by large (up to 8 cm) brachiopod shells.
Highly convex Palaeochoristites are the first to call
attention to themselves. Occasionally, they overfill the
rock. In addition, this unit contains rare corals; thin
sections show ostracods (?) and crinoids. In general,
the number of fossils increases up the section. Bra-
chiopod shells commonly lie flat on the bedding sur-
faces; some corals lie horizontally.

Near the visible base and at the top of the unit,
limestone contains a considerable admixture of quartz
silt. A thin discontinuous horizontal lamination can be
noted at some levels of the section. The upper several
meters of the unit are composed of clayey limestones
(dark gray fine-grained) with concretion-like interlay-
ers (from 1 to 40 cm) and nodules of bioturbated fine-
grained limestones (Fig. 9b). The latter are more light-
colored, yellowish on the weathered surface. The
thickest layer is located in the top of this unit.

Unit 13 (upper fossiliferous shale; 13—15 m in
thickness). Gray calcareous shales (Fig. 10; ESM_2
file in Supp. Data) enriched in solitary corals and var-
ious brachiopods, including those with two valves.
Fossils are randomly oriented, occasionally pyritized.
At the bottom of the unit, shales are only slightly cal-
careous; they contain rare small (up to a few centime-
ters in diameter) clayey—carbonate concretions of
spherical and irregular shape. In the very bottom (low-
ermost 0.7 m of the unit), there are thin (up to 10 cm)
concretion-shaped interlayers of bioturbated lime-
stones (as in the top of the underlying unit) with
numerous fossil fragments. Similar sporadic interlay-
ers, but slightly finer-grained and more clayey, are also
present in the upper part of the unit (Figs. 9c, 9d). The
thickness of the interlayers is from 1 to 15 cm; they are
lenticular and hardly visible from afar.

Unit 14 (alternation of shale and limestone; 7—10 m
in thickness; Fig. 10). This unit is similar to the upper

portion of unit 12, but its rocks are more contrast and,
apparently, more clayey. It is composed of dark gray
calcareous shales with gray fine-grained limestone
interlayers (a few decimeters), including concretion-
like ones and nodules (up to 10 cm). Up the section, the
interlayers become more frequent; they can contain
clay and be bioturbated. In both shale and limestone,
fauna is frequent in occurrence, but it is rarer relative to
the underlying unit. Thin sections demonstrate quite
numerous sponge spicules. The rocks show faint thin
parallel lamination disrupted by bioturbation.

The boundary with limestones of unit 15 is drawn
to some extent arbitrarily, because the transition is
gradual. In some outcrops, the limestone predomi-
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nance level is clearly visible in the section, while in
others, the boundary is less obvious. Some shale inter-
vals in the upper part of unit 14 contain thin discontin-
uous (bioturbated) limestone horizons (a few millime-
ters to a few centimeters). Similar interlayers can also
be found in the lower part of unit 15.

Unit 15 (“bumpy” limestones; 40—50 m in thick-
ness). It is composed of gray, granular, irregular platy
limestones with very characteristic “bumpy” bedding
planes (Fig. 9e), which gives them in places a nodular
appearance. In the lower part of the unit, limestones
on the fresh cut are darker, with more noticeable
clayey interlayers (Fig. 9f); some of them form isolated
nodules. Two adjacent thick (40—70 cm) shale beds
are located 6—7 m above the bottom. The number of
fossils (both unbroken macrofossils, such as brachio-
pods and corals, and small bioclasts) increases up the
section. The bedding surfaces are marked by rare trace
fossils resembling Zoophycos. In both the lower part of
the unit and the top, limestones contain an admixture
of clay and siliciclastic silt (up to 15%), and they are
finer grained than in the middle part of the section. In
addition, silicification developed in the lower part of
the unit and at the top. In the first case, it is observed
as chert nodules, while in the second case, it is
observed as areas of siliceous cement in limestone
(visible in thin sections; ESM 1 fig. S3b, S3d) and is
caused by redistribution of matter under diagenesis.
The outcrops of the whole unit 15 are absent in the
coastal cliff, and the maximum apparent thickness is
35 m. Comparison of the studied fragments of the sec-
tion makes it possible to estimate a true thickness of
the unit at 40—50 m.

Rocks of units 13—15 can be considered as a single
regressive rhythm. Apparently, the same rhythm is
also formed by deposits of units 16—17 (see below);
however, their depositional environments differ, only
the general trend (regressive) is similar. Units 12 and 15,
at first glance, are alike: both are composed of bio-
sparites according to Folk’s classification (Folk, 1962)
with an abundant macrofauna; in addition, both are
overlaid by shale units, and they can be confused in the
disrupted section. Meanwhile, limestones of unit 15
are distinguished by “bumpy” bedding planes, silicifi-
cation, and other fossil assemblages. Shale units which
overlie both limestones are also differ significantly
from one another.

Unit 16 (black unit; about 30 m in thickness). It is
subdivided in the description into two parts.

Subunit 16a (shale part of the black unit; about 20 m
in thickness). It is represented by dark gray to black
lime-free mudstone with pyrite interlayers (millime-
ters to a few centimeters) and fine-grained dark gray,
sometimes brownish, Fe-carbonate beds (and clayey
dolostone (?); centimeters to a few decimeters). Car-
bonate beds are commonly cracked perpendicular to
the bedding; they macroscopically resemble siltstone,
contain up to 1—2% of fine siliciclastic grains, and are
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Fig. 9. The most typical rock varieties in the middle part of the Tas-Ary Formation. In photos (a), (c), (e), and (g), a hammer is
circled in a white oval. (a) Evenly bedded gray bioclastic limestone of the unit 12; (b) bioturbated concretion-shaped interlayers of
silty limestone in darker finely laminated clayey limestone (near the top of unit 12); (c, d) the upper part of unit 13: rare interlayers
of bioturbated clayey limestones in calcareous shales (both of them contain a huge amount of fauna, as can be seen in Fig. 9d);
(e) general view of the section in the middle part of unit 15, showing “bumpy” bedding surfaces; (f) lower horizons of unit 15, close
up: more pronounced clayey layers and occurrence of chert nodules (for example, left of the hammer); (g) general view of the lower
part of the black shale unit 16; the hammer stands at the top of the ferrous carbonate layer with characteristic vertical cracks;
(h) numerous black chert nodules in the limestone of unit 19 emphasized by leaching of the host rock (photograph is 25 cm high).

confined mainly to the upper third of the interval. The
two most notable such layers were found near the top
and the base of subunit 16a (Fig. 9g). There are rare
interlayers of clayey limestone as well, some with
sponge spicules, visible in thin sections. Shales con-
tain rare large flattened sideritic (up to 15 cm) and
clayey—carbonate concretions (up to 50 cm in length)
and jarosite horizons. Siderite concretions are espe-
cially abundant at the top of the interval. This very part
of the black unit crops out several times to the north
(Fig. 3, almost up to site 593), in a faulted section. The
overlying rocks are not exposed north of site 761.

Subunit 16b (transitional part of the black unit; about
10m in thickness). Dark gray fine-grained clayey lime-
stones containing numerous sponge spicules and fine
siliciclastic admixture (not less than 5%), with inter-
layers of black mudstone, including calcareous variet-
ies (up to 0.5 m). There are also more light-colored
fine-grained limestones, rare pyritized fossils, and
thin pyrite interlayers (tabular concretions (?)). Rocks
are cleaved, and lamination in the unit is hard to iden-
tify. The top (Fig. 3, site 760) consists of black lime-
free mudstone (about 0.5 m) overlaid by dark gray
fine-grained dolostone (?) (0.2 m).

Upper Part of the Tas-Ary Formation

From site 760 (Fig. 3) to the south, the section is
generally homoclinal. Here the upper part of the Tas-
Ary Formation (Fig. 4, units 17—21) was studied. The
thickness of these units was estimated graphically.
However, in contrast to the lower seven units which
thicknesses were calculated on the basis of interpo-
lated bedding attitudes, the thickness of the upper part
of the Tas-Ary Formation was estimated on the basis
of the general structure. In this (southern) area, the

coastline strike approximately coincides with the axis
of the syncline (Fig. 3); in other words, the coastal
outcrops reveal its near-core part, where the thickness
is likely higher. Therefore, when calculating the thick-
ness, the length of the outcrop for a particular unit
(across the strike) was taken not along the coast (actu-
ally observed), but away from the fold core (according
to the compiled geological map). Dip angles measured
in the cliff were used in the calculation. This approach
led to inevitable inaccuracies; however, we assume
them to be smaller than those resulting from measure-
ments in a near-core part of the syncline.

Unit 17 (cleaved dark limestone; apparent thick-
ness is 110 m). Indistinctly laminated limestones with

spicules, fine- and very fine-grained, mostly clayey
(ESM_1 fig. S3c), similar to those of the underlying
unit. The clay content decreases up the section; in
some layers, the amount of siliciclastic admixture
reaches 15% (grains are very small). In limestones,
rare fragments of crinoids are macroscopically notice-
able; in the lower part, partially pyritized brachiopod
shells and sporadic thin pyrite interbeds can be found at
several levels. Rocks are highly cleaved and bioturbated
(the latter, however, is not very noticeable) (Fig. 11): the
cross sections of tunnels made by burrowing animals
and fine dashed lamination can be seen. Bedding in
the section is visible from afar, but it is hardly distin-
guishable in a close view due to a well-defined cleav-
age. Bioclastic interlayers appear in the upper half of
the unit: firstly, dark fine-grained limestones with
large relatively rare fossil fragments, and gray coarse-
grained clastic ones above. In the upper part of the
section both fine-grained cleaved rocks and coarse-
grained limestone contain abundant fauna of crinoids,
brachiopods, and corals. Rock enriched in siliciclastic
material (well seen in a thin section) was found there:

Fig. 10. Fragment of panoramic photograph of the southwestern coast of the Tas-Ary Peninsula showing a monoclinal section of
the Tas-Ary Formation in the interval from the upper part of unit 12 to the bottom of unit 15. A man with a range pole (2.5 m in
height) is outlined in an oval.
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Fig. 11. (a) Bioturbated fine-grained clayey limestone of unit 17; poorly defined bioturbation is characteristic of the whole unit;
(b) analogous clearer structures in the limestone fragment on the beach near the Lagerny Creek mouth (probably from higher
horizons of the section): cross-section of winding tunnels (sample cut at right angles to layering) dug by some benthic organisms
(such tunnels are visible in the plates split along layering); photograph is 8 cm wide. These structures resemble Phycosiphon sur-
face feeding traces which are typical of extremely low-energy settings (Frey, 1975).

it is represented by recrystallized limestone with large
bioclasts, quartz and chert silt and fine sand (about
30% of the rock). The top of the unit is composed of
gray crinoid limestones (a few meters thick; sporadic
unbroken stems) forming plates (up to a few decime-
ters) with clayey surfaces.

Further on, the section is interrupted by a long
wide beach and the mouth of the Lagerny Creek. No
outcrops were found between sites 755 and 767 over a
distance of 140 m (Fig. 3). The thickness of the unex-
posed interval, according to our estimates, reaches
70—90 m (at a dip angle of 24° and 30°, respectively).

Unit 18 (the second unit of cleaved dark limestone;
apparent thickness is 30 m). In the visible base of the
section, there are about two meters of interbedded
limestone and black calcareous shale. They are over-
lain by relatively dark gray fine to very fine-grained
limestones with rare fossil fragments (mainly cri-
noids). There are beds of thin-platy to fissile clayey
limestones. Trace fossils similar to those of unit 17
were observed on the bedding planes. The boundaries
between limestones of both types are often poorly
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defined. The gray limestones prevailing in the unit, in
contrast to the underlying ones, are somewhat more
competent; meanwhile, at some intervals, they still
contain clay (especially in the upper part of the unit);
very fine siliciclastics and numerous sponge spicules
are still present. Rocks include fine pyrite dissemina-
tion and rare small pyrite nodules.

Unit 19 (limestone with chert; approximately 210 m
in thickness). The rocks at the base of the unit are sim-
ilar to those at the top of the underlying one, but con-
tain centimeter-thick black fissile clayey limestone
interbeds at a step of 10—20 cm on average. Up the sec-
tion, the rocks become more light-colored, and the
thickness of clayey interlayers decreases. At a distance
of 7—8 m from the bottom of the unit, there is a bed
about 15 cm thick composed of highly clayey lime-
stone. Its middle part contains a concretion-shaped
interlayer of gray fine-grained limestone with fine
pyrite dissemination, rare small crinoid columnals,
and numerous sponge spicules (visible in thin sec-
tions). Above this, a thick monotonous section of
brownish gray very fine-grained hard micrite-contain-
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ing limestone often silicified to some extent (fragmen-
tary development of secondary siliceous cement), with
numerous nodules of black (sometimes dark brown)
irregularly shaped chert, starts (Fig. 9h). Tabular chert
concretions are widespread in some intervals of the
section. Limestones form beds with a thickness of 10—
30 cm, sometimes more, separated by thin clayey
interlayers (clayey limestone, calcareous shale; a few
millimeters, less often, a few centimeters). Limestone
layers are massive, without internal lamination, usu-
ally with uneven boundaries. Macrofauna remains are
very rare in the lower part of the unit, and crinoid
columnals occur higher. Spicules, sometimes numer-
ous (ESM 1 fig. S3e—S3h), can be identified in both
limestone and chert under a microscope.

Much of'the section is greatly altered in the weather-
ing crust. For 155 m from site 768 to the south (Fig. 3),
deposits of the unit are almost unrecognizable. They
are leached and turned into light porous rocks of
black, pinkish gray, yellow color, resembling siltstone
and sandstone. Slightly weathered fragments of the
section, represented by the same very fine-grained
limestone with chert, are sometimes exposed further
to the south (up the section), in the lower part of the
cliff. From the point of +230 m to the south of site 768,
the rocks are “fresher” and react with hydrochloric
acid, but the cliff is severely fractured, occasionally
rusty. Limestones are thick-platy there (layers are up
to 0.8 m in thickness). Above, the thickness of the lay-
ers decreases again. The rocks at the top of the unit are
bleached, but their composition does not change.

Unit 20 (fissile clayey limestone; 30 m in thickness).

The unit is composed of dark gray limestone, fissile
clayey and harder (slightly fissile) less clayey ones. Both
varieties are fine-grained and contain fauna and fine
pyrite grains. The transition from one limestone variety
to another is vague, and it is not possible to trace the
layers. The rocks contain silt-sized quartz and chert
grains, occasionally abundant (up to 40%). Limestone
layers similar to those in the underlying unit are rare.
The upper part of unit 20 is enriched in fossils (solitary
corals, brachiopods, and crinoids) oriented chaotically.
In general, these are fragments (even crinoid columnals
are crushed) which form individual small segregations
at some levels (Fig. 12a). Implicit competent lenticular
interlayers and lenses can be identified among clayey
limestones (Fig. 12b). Sedimentary structures are not
visible. The lower and upper boundaries of the unit are
indistinct owing to gradual transitions.

Unit 21 (upper limestone with cherts and fauna;

35—40 m in thickness). The base (several meters) is
composed of heavily fractured limestones with rare
clayey interlayers, which are still harder than those in
the underlying unit. The clayey interlayers are
enriched in fossil fragments; hard limestones contain
only a few fragments of foraminifera and crinoid
columnals. Major part of unit 21 is represented by
limestones, gray from the surface and darker inside,
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making up massive layers of 0.1—1 m thick (commonly
a few decimeters), with cherts. Limestones are fine-
grained; some varieties appear to be recrystallized.
The layers are separated by thin clayey horizons (up to
a few centimeters); boundaries are usually uneven.
Cherts are distributed throughout the section (in the
lower horizons, these are partially silicified nodules).
The unit is similar to lower “limestone with chert”
(unit 19), and the main difference is the presence of
numerous macrofauna fragments. They are noted
throughout the unit, usually quite rare and small, but
they are more numerous in some layers and sometimes
form accumulations; in general, the number of fossils
in the rocks increases up the section. There are also
unbroken specimens, in particular, large brachiopods,
less often, coral colonies. In one case, two spherical
colonies were observed next to each other (possible
fragments) (Fig. 13a). Apparently, all of them were
buried in a displaced position. In the upper part of the
unit, bioclastic limestones contain chert pebbles. The
thin sections show that rocks of unit 21, as well as those
of the unit 19, contain sponge spicules; a siliciclastic
material is more abundant there (mainly silt; up to
10% at the top of the section). Silicification features
are somewhat different: chert nodules developed in
both units, but limestones in unit 21 are usually not
“saturated” with siliceous cement; only bioclasts are
partially silicified.

Near the top of the unit, there is a limestone bed
(0.3 m) with an unclear parallel lamination. Above,
approximately 0.7 m is occupied by almost black
clayey—silty limestone with brachiopods. It is overlain
by dark gray—black fissile clayey rocks which we
assigned to the Bel’kov Formation (Fig. 13b).

BEL’KOV FORMATION

The Bel’kov Formation crops out on the south-
western and southeastern coasts of the Tas-Ary Penin-
sula, in different limbs of the syncline (Fig. 3). The
best exposures are confined to the southwestern cliff,
but upper horizons of the section do not crop out there
there. We managed to correlate the sequence in the
western and eastern limbs, although it was not always
unambiguous. The formation consists of ten subdivi-
sions called in the text “members” (Fig. 14). Some of
them were additionally subdivided into units. Here we
provide the description of members 1—7 for south-
western coastal exposure, while overlying members
were described along the southeastern coast.

We drew the lower boundary of the formation
along the base of the black fissile unit lying over mas-
sive light-colored limestones forming the top of the
Tas-Ary Formation. However, this unit, as well as the
entire lower portion of the Bel’kov Formation, is char-
acterized by rapid changes in facies and thickness
along the strike. Near site 771 (Fig. 3), where the black
unit first appears at the top of the cliff, judging from
the photographs, it is composed mainly of shale and
Vol. 27
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Fig. 12. Lithological features of the rocks in the upper part of unit 20. (a) Accumulation of crinoid fragments in fine-grained limestone
(the photograph is 12 cm wide); (b) unclear lenticular interlayers composed of a slightly harder rock than the host clayey limestone.

Fig. 13. (a) Two large coral colonies and black chert nodules in the uppermost unit of the Tas-Ary Formation; (b) top of the Tas-Ary
Formation and overlying black limestones and shales of the Bel’kov Formation (the cliff height is about 20 m).

dark clayey limestone with interlayers of massive lime-
stone (Fig. 13b), and it is lithologically drastically dif-
ferent from the underlying rocks. To the southeast,
where the unit goes down to the beach, its thickness
increases by 2.5 times, and massive limestones prevail
in its composition. However, it demonstrates the facies

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 27

which are absent in the Tas-Ary Formation (see
below). The position of the boundary between the
Tas-Ary Formation and the Bel’kov Formation that
we adopted differs from that published by the geolo-
gists of the Arctic Geology Research Institute (Kos’ko
et al., 1985). These researchers drew a boundary 50 m
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(65 m according to their data) up the section, appar-
ently at the base of member 4 (in our classification).
The reason for this decision is not clear: with this
approach, the Tas-Ary Formation appears to include
sandstones and carbonaceous shales with phosphatic
concretions, which are not characteristic of it, but are
characteristic of the overlying Bel’kov Formation. The
total apparent thickness of the latter, according to our
estimates, is at least 300 m (Fig. 14).

Lower Member of the Bel’kov Formation

Unit 1 (bottom black unit; 3—3.5 m in thickness).
The base of the unit is represented by black cleaved
clayey limestones (0.5—0.6 m). Up the section, similar
rocks with rhythmic interlayers of hard black lime-
stone of 3—5 cm thick (0.8—1.0 m in total) crop out.
This facies was not found lower in the Carboniferous
section. Cleaved limestones are overlain by a clastic
limestone layer composed of skeletal fauna fragments
(largely crinoid columnals; 0.7 m). The top of the unit
is made of limestone similar to that in its base, but
containing corals and brachiopods (1 m; the thickness
increases to 1.5 m to the southeast).

Unit 2 (limestone with “bulging”; 1.5—8 m in
thickness). This unit is composed mostly of massive
gray limestone. Its thickness rapidly increases from
NW o SE. The upper and lower boundaries of the unit
become less defined in the same direction, because
massive limestone interlayers also appear in the
underlying and overlying rocks. The unit has a maxi-
mum thickness near site 766 (Fig. 3); from the sea, it
looks like a bulge (Fig. 15; ESM_ 3 file in Supp. Data),
but to a large extent, it is a semblant bulging caused by
a combination of beds altitude (tilted towards the slope)
and the configuration of the coastline. It can be
assumed that the thickness of the unit increases even
more significantly to the southeast. At site 766, the unit
has the following composition (from bottom to top):

Subunit 2a (1.2 m in thickness). Massive gray lime-
stone sometimes splitted into two or three layers with
numerous crinoid columnals at the bottom. Brachio-
pod shells can also be found there.

Subunit 2b (1.3 m in thickness). The same limestone
in alternation with dark cleaved clayey limestone. Cri-
noid fragments were noted.

Subunit 2c (1.6 m in thickness). Relatively hard
homogeneous limestone 0.2—0.3 m thick occurs at the
base; upwards, it is replaced by dark gray—black clayey
cleaved limestone. Fragments of brachiopod shells are
sporadic.

Subunit 2d (3.8 m in thickness). A series of several
beds of massive recrystallized limestone are well seen
in the cliff. The number of layers distinguishable in the
outcrop depends on the degree of rock weathering:
additional exfoliation planes appear in more weath-
ered areas. Predominantly, three distinct (up to 1.3 m)
layers separated by black clayey limestone interlayers
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with a thickness of 1—10 cm can be seen; these inter-
layers occasionally contain fauna. In massive lime-
stones at some levels, there are fragments of brachio-
pod shells, sometimes traced as a chain; a trilobite
Vol. 27
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Fig. 15. Fragment of panoramic photograph of the south-
western coast of the Tas-Ary Peninsula showing the lower
horizons of the Bel’kov Formation (member 1). The top
of the Tas-Ary Formation is indicated with a solid white
line. Men with a range pole (2.5 m in height) is outlined
in an oval.

fragment was also found. The top of the middle layer is
marked by small chert nodules.

Unit 3 (the second black unit; 11—12 m in thick-

ness) is composed of four contrast parts clearly visible
in a photograph (Fig. 16).

Subunit 3a (3.8 m in thickness). Alternation of lime-
stone, as in the upper part of the underlying unit, and
dark calcareous shale. Brachiopods and rugose corals
are rare. In the upper half of the interval, limestones pre-
dominate and form thick layers; limestone beds are thin
(5—20 cm) in the lower half and at the top of the unit.

Subunit 3b (3.8 m in thickness). Dark gray mud-
stone, black bituminous at the base (1.8 m) and at the
top (0.7 m). In the lower part, there are implicit inter-
layers of relatively competent rocks. In the middle part
(1.3 m), mudstones are rhythmically interbedded with
siltstones and, likely, fine-grained sandstones. The
thickness of siltstone interlayers decreases up the sec-
tion. Rocks in the middle part of the interval include
gypsified varieties.

Subunit 3¢ (1—2 m in thickness). “Lava-like bed” of
poorly sorted siliciclastic—carbonate gravelly sand-
stone with bulges. The rock is composed in large part
of crushed crinoid columnals and bryozoan frag-
ments. The volume of the siliciclastic material reaches
30—40%; it is represented, as down the section, by
chert and quartz grains (ESM_1 fig. S4a, S4b). In
addition, mudstone and siltstone lithoclasts with
clay—carbonate cement were noted; some fragments
of microcrystalline chert resemble a matrix of felsic
volcanic rocks. Sandstone also contains chert interlay-
ers likely formed owing to sponge spicules. Because of
recrystallization, only a few cross sections of spicules
among fine-grained chalcedony can be identified in
thin sections. The characteristic shape of the bed is
due to sediment fluidization (Danukalova and Kuz-
micheyv, 2016; see below).

Subunit 3d (2.5 m in thickness). Fissile black mud-
stone with phosphatic concretions and gypsum. These
concretions are small (a few centimeters), spherical,
and flattened. Thin interbeds of more competent gray
siltstone were also observed. The subunit was strongly
folded in the base of the massive unstratified “sill” (see
below): hinges of recumbent folds stretching along the
slope are well seen. Black carbonaceous shales make
up about 30% of the thickness of the subunit.

The total thickness of the lower member of the
Bel’kov Formation is 16—23 m.

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 27 No.7 2019
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Fig. 16. The whole unit 3 of the lower member of the
Bel’kov Formation in the coastal cliff. The base of the cliff
is composed of massive limestone of the uppermost part of
unit 2; its top is located at the upper end of the range pole
(2.5 m in height). The upper part of the cliff consists of
unstratified sill-like sandstone of member 2. Unit 3 is
divided into four intervals (see the text): (a) limestone with
shale interlayers, (b) mudstone and siltstone, (c) lava-like
sandstone bed, and (d) black shale.

Member 2 (Sill-like Sandstone)

This member is represented by an impressive sand-
stone body whose base appears conformable with the
host rocks, while the roof is irregular, with curved
“prominences” disturbing the sedimentary sequence
(Fig. 17). The thickness of this body increases from 8
to at least 20 m at a distance of 50 m to the southeast
and is further cut off by the fault. Sandstone is homo-
geneous, fine- to medium-grained. It is devoid of sed-
imentary structures and, at first glance, resembles an
igneous rock. Its composition is similar to the above-
described lava-like bed, but more equigranular; it con-
tains more siliciclastic material (about 50%) and less
bioclasts (ESM _1 fig. S4c, S4d); abundant pyrite,
fragments of phosphatic concretions, a few fragments
of andesites and basalts and plagioclase occur locally.
At the bottom there is a basal layer with a thickness from
a few centimeters to a few decimeters, which is com-
posed of poorly sorted sandstone with crushed fossils
and a large number of lithoclasts (mudstone, siltstone,
limestone, and altered volcanic rocks). Up the section,
the rock gradually becomes finer grained. In the lower
one and a half meters, there are poorly defined struc-
tures resembling water-escape ones (dish structures)
(Stow, 2012), as well as signs of amalgamation.

The described sandstone body is interpreted as an
in situ bed which was fluidized under compaction of
the host carbonaceous clayey deposits and mobilized
in the fault zone, which led to injections into overlying
sediments (Danukalova and Kuzmichev, 2016). Only
separate thinner sand sills and dikes connecting them
are visible in the cliff to the southeast of the fault, in
the downthrown block. We assume that initially sand-
stone (as in the lava-like bed) had a turbidite nature;
the crushed fauna fragments came from the coastal
part of the basin. The lowermost part of the layer,
which retained primary sedimentary structures, was
not mobilized.

Fig. 17. Line drawing of a panoramic photograph fragment of the Tas-Ary Peninsula’s southwestern coast demonstrating a thick
layer of siliciclastic—carbonate sandstone which gave injections (clastic dikes and sills) into overlying shale as a result of mobili-
zation in the fault zone (shown with a dotted line). The cliff height is 20 m. Boundaries of the sandstone body are outlined; host
deposits are darkened.

STRATIGRAPHY AND GEOLOGICAL CORRELATION Vol.27 No.7 2019



DANUKALOVA et al.

Fig. 18. Some rocks in the middle part of the Bel’kov Formation. (a) Upper horizons of member 3 (“over-sill”’), which are rep-
resented by a thin intercalation of mudstone and silicified siltstone with jarosite efflorescences, and overlying siliciclastic—car-
bonate sandstone and gritstone of the carbonate member in the key section (southwestern coast of the Tas-Ary Peninsula). The
height of the range pole is 2 m. (b) Decomposed phosphatic concretions (whitish) in member 5 (southeastern coast of the Tas-
Ary Peninsula). The photograph is 40 cm wide.

Member 3 (“Over-Sill”)

The member does not crop out in cliff entirely.
Southeast of the above fault, the maximum part of the
unit is visible, but it contains numerous injections of
underlying sandstone. The total thickness of visible
fragments of this member reaches 11 m. It is repre-
sented by dark gray and black mudstone and siltstone,
including bituminous sooty varieties. In some frag-
ments of the member, these rocks are rhythmically
interbedded with highly silicified, occasionally clayey
siltstone 3—10 m thick (Fig. 18a). Rocks are often
rusty and yellow owing to a coating of iron hydroxide
and jarosite. At 1.5—1 m below the top, there are hori-
zons with spherical and flattened phosphatic (?) con-
cretions. Similar concretions were also found down
the section in other sequence fragments. Both concre-
tions and host rocks contain radiolarians and a few
sponge spicules, as well as dispersed pyrite.

Member 4 (Carbonate)

Rocks of this interval of the section are partially
exposed along the Quaternary fault zone and turn into
tectonic breccia. The bottom of the member is the best
preserved (unit 1); in addition, a fresh gully uncovered
the top of the section (unit 4 top—unit 6) in 2009.
These intervals are described more thoroughly.

Unit 1 (sandstone; 4 m in thickness). It is com-

posed of gradational layers (up to 1.3 m) of siliciclas-
tic—carbonate sandstone and gritstone separated by
thin mudstone interlayers (Fig. 19a). The rocks
demonstrate horizontal lamination, dish structures,
and convolute lamination. Along the strike, individual
beds often split into several ones (Fig. 18a), which is
indicative of a partial amalgamation; the boundaries
between them are sometimes uneven, and thicknesses
vary. The ratio of carbonate and siliciclastic material is
not constant: some rocks contain a maximum 30% of
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siliciclastics and some rocks are dominated by it. It is
represented mainly by quartz and chert; plagioclase
grains are rare. Clastic rocks are poorly sorted
(ESM _1 fig. S4e, S4f). Siliceous cement developed at
the bottom of the unit; some rocks contain calcite
cement (locally). Sandstone and gritstone contain
lithoclasts of limestone, mudstone, carbonate and
quartz siltstone with a fine-grained carbonate matrix,
and volcanic rocks; bioclasts (fragments of bryozoans,
brachiopod shells, crinoids, etc.); phosphate grains;
pyrite; and secondary Fe-carbonate. Thick gravelly
sandstone in the middle part of the unit contains many
peloids and micritized bioclasts. The listed sedimento-
logical and lithological characteristics of the rocks in
unit 1 allow us to interpret them as turbidites.

Unit 2 (with bioclastic limestone; 17—18 m in thick-
ness). It is a muddy, intensely fractured, boudinaged
interval, again dominated by massive carbonate rocks.
They are represented by bioclastic sandy limestones
(contain up to 15% of silicate silt and sand), extremely
poorly sorted siliciclastic—carbonate diamictites (con-
tain a material from clay to gravel), and mainly carbon-
ate and mixed sandstones and siltstones. Where it is
possible to trace the layers, they have a thickness from a
few decimeters to 1 m. Normal grading and horizontal
lamination can be seen in some beds, as in the underly-
ing unit. Fissile clayey limestones and mudstones are
also present in the section. Chert and phosphatic con-
cretions were also observed. The base of the unit is com-
posed of a single (?) thick (2 m) layer of fine- and
medium-grained carbonate—siliciclastic sandstone with
large bioclasts and fragments resembling felsic and inter-
mediate volcanic rocks. Bioclastic limestone (0.6 m)
occurs at the top of the unit. The total thickness of the
unit was estimated using a panoramic photograph.

Unit 3 (about 2 m in thickness). Interbedding of
calcareous shale and clayey fine-grained limestone.
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The rocks are greenish black in the lower half of the
unit and black above. The unit is poorly exposed. It is
seen under a microscope that limestones at the bottom
of the unit are bioclastic wackestones; the top is also
composed of fine-grained rocks, but with a significant
content of carbonate and siliciclastic silt, fissile, with
organic matter along the cracks and without bioclasts.

Unit 4 (with conglomerate-like limestone; about
4 m in thickness). Rocks are similar to those of unit 2.
A distinctive feature of unit 4 is conglomerate-like
limestones, i.e., the rocks which are similar to diamic-
tites down the section, but containing clayey—carbon-
ate pebbles up to a few centimeters in size, showing
greater contrast in size between grains and the matrix
and including rare, chaotically oriented shells of large
brachiopods. The matrix is represented by fine-
grained carbonate and silty grains, while sand is
scarce. This rock makes up, in particular, the lower
part (0.75 m) of a thick rhythm in the middle of the
unit (Fig. 19b, layer 1a). A lenticular bed at the top of
the unit (0.35—0.5 m) (Fig. 19b, layer 2) demonstrates a
gradual transition from coarse-grained bioclastic grain-
stone (base of the bed) with an admixture of fine silici-
clastics to carbonate—silicate (50 : 50) sandy siltstone
(top of the bed) with horizontal lamination. Siltstone
is overlain along the sharp boundary by fissile limy
mudstone (0.1—0.3 m).

Unit 5 is represented by a single rhythm 1.7 m thick.
Its lower part (1.2 m) is composed of bioclastic grit-
stone—diamictite with rare carbonate pebbles. It is
overlain by siliciclastic—carbonate sandstone (0.5 m)
with a clear normal grading and horizontal lamination.
Cross-lamination can be noted at its top. The transition
from gritstone to sandstone is rough (Fig. 19b).

Unit 6 (2 m in thickness). Interbedding of detrital

siliciclastic—carbonate rocks (1—50 cm) and dark cal-
careous shale—clayey limestones. The latter form
about half the thickness of this unit. Its composition is
shown in Fig. 19b.

Unit 7 (about 5.5 m in thickness). It is composed of
pale greenish (prevailing) and dark gray-brown fine-
grained clayey—silty limestone. The base consists of a
diamictite layer (0.1 m) with large clasts, which gradu-
ally passes into fine-grained sandstone up the section.
Small brachiopod shells were found in the upper part.

The total thickness of the carbonate memberis 38 m.

Member 5 (Clayey Cherty— Phosphatic)

Nearly the entire section of the member is exposed
on the dirty slope probably oriented approximately
along the fault zone. The layering in this part of the cliff
is not visible, and beds are identifiable only in unit 4
(see below). Most rocks are ground and crushed, con-
tain multi-oriented blocks, and only a few fragments
of the section maintain a normal stratification.

Unit 1 (4 m in thickness). It is composed mainly of
black and brown mudstone and sandy mudstone. At
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Fig. 19. Lithological columns (a) for unit 1 and (b) for the
upper half of unit 4—unit 6 of the carbonate member of the
Bel’kov Formation. (/) Frequent gravel-sized bioclasts;
(2) dish structures; (3) convolute lamination; (4) horizon-
tal lamination; (5) cross-lamination; (6) pebble of clay—
carbonate rocks; (7) siliciclastic—carbonate rocks (grit-
stone, sandstone, and silty sandstone); (&) shale and highly
clay limestone. The granulometric scale designations
under the columns: (m) mudstone, (s) siltstone, (fs) fine-
grained sandstone, (ms) medium-grained sandstone,
(cs) coarse-grained sandstone, (g) gritstone.

the lower larger part of the unit, the rocks are mostly
nonfissile and unexpectedly hard and contain phos-
phatic concretions. Reddish layered mudstones and
siltstones lie at upper part of the unit. The latter are
bituminous, with numerous sponge spicules and local
siliceous cement. At the top, there are bitumen-satu-
rated varieties which are not crushed with a hammer
due to their rubber-like consistence. There are also
cherty varieties that are split into small cubes.

Unit 2 (about 4 m in thickness). Deep black disin-
tegrated carbonaceous shale with spherical phosphatic
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concretions (Fig. 18b) separated every 0.2—1 m by sets
(0.5—1.5 m) of rusty harder rocks (silty mudstone and
sandy slightly clayey silicified siltstone). There are
approximately three such rhythms. The thicknesses
change greatly because of faults. Clayey rocks in the
outcrop are light yellow owing to jarosite. Radiolarians
and pores filled by bitumen can be seen in concretions
in thin sections. Hard mudstones and siltstones are also
bituminous. Some siltstones are dominated by angular
grains; in addition to quartz and rare cherts, these rocks
contain a considerable amount of plagioclase.

Unit 3 (7 m in thickness). Gray and dark gray silt-

stone and mudstone. The base comprises silicified
siltstone with secondary (?) dolomite. Above, the
rocks are platy, with filamentous sandy interlayers. A
normal grading is occasionally visible in siltstone.

Unit 4 (5.5—6 m in thickness). It is composed of
nonfissile (massive) silicified siltstones, as in the
lower part of the underlying unit. They are light
greenish and pinkish on the fresh cut and rusty from
outside. In the lower part of the unit, the rocks are
homogeneous, almost devoid of lamination; in the
upper part, lamination is more distinct, and some
flagginess appears.

Unit 5 (about 10 m in thickness). Ash gray homo-

geneous siltstones and mudstones are exposed beyond
the fault zone. They are slightly fissile and, as a rule,
indistinctly laminated on the fresh cut; siltstone is
occasionally marked by filamentary sand interlayers
and rare horizons of black mudstone. In the upper part
of the unit, rocks are poorly sorted; thin silty sand-
stone interlayers containing numerous plagioclase
grains as well as basalt and microcline fragments
occur. The rocks are locally bioturbated. The unit is
exposed mostly in the scree.

The total thickness of the clayey member is esti-
mated at 31 m.

Member 6 (the First Sandstone Member)

The member is dominated by siliciclastic sand-
stones. The lower contact is exposed badly and is inter-
rupted by a fault, but its amplitude is low. Rocks of this
member are brecciated and exposed in the muddy cliff,
and sedimentary features are not always visible. The
bottom of the section was observed in the strippings and
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in the blocks which fell from the higher part of the slope.
The whole section is composed of similar rocks, and
their general description is given below. Two assemblage
types can be identified: (1) a rhythmic alternation of
sandstones (layers have a thickness from a few decime-
ters to 1 m) and thin interbedding intervals of sand-
stones and shales; (2) thick (a few meters) layers of
amalgamated sandstone (Figs. 20a, 20b; ESM_ 4 file in
Supp. Data). Individual sandstone beds from assem-
blage 1 are characterized by the following set of struc-
tures. Their lower part is composed of homogeneous
unstratified sandstone, while the upper part is marked
by a horizontal, rarer, cross-lamination with a more or
less gradual transition to a clayey uppermost part of the
rhythm (Fig. 20b). Mudstone clasts (rip-up) are present
at different levels in sandstones; they were formed due to
erosion of underlying clayey rocks (Fig. 2e); bottom
marks are locally developed. Sandstones are poorly
sorted, consist mainly of quartz and plagioclase, and
contain numerous fragments of volcanic rocks (basic
rocks are confidently identified), as well as cherts, phos-
phate fragments, muscovite, and microcline. Some lay-
ers contain many carbonate grains. Grains range in size
from fine silt to coarse sand (ESM _1 fig. S4g, S4h). We
interpret such sandstones as turbiditic.

Thinly bedded intervals separating thick sandstone
layers in assemblage 1 also contain thin, often lenticu-
lar, sandstone interlayers deposited by along-slope
bottom currents (Fig. 20d). They are commonly finer
grained in relation to those considered above. We
assume that these currents deposited the material
transported by waning turbidity flows. Bioturbation
observed in some horizons is indicative of quiet peri-
ods characterized by colonization of the sea floor.

Assemblage 2 is represented by two separate layers
4.5 and 9.0 m thick (Fig. 20c) located in the lower and
middle parts of the section. They are composed of
dark gray sandstone, which is similar to the assem-
blage 1 sandstones, but contains up to 30% of clay in
the matrix. In the outcrop, both layers seem unstrati-
fied homogeneous, irregularly fractured. At closer
examination, clay prominences, folded fragments of a
layered succession, and ball-and-pillow sandstone
structures can be observed (Fig. 20f). Thus, the
assemblage 2 rocks result from mixing and incomplete

Fig. 20. Rocks of the first sandstone member of the Bel’kov Formation (member 6). (a) Fragment of this member exposed in the
cliff of the southwestern coast of the Tas-Ary Peninsula. A thick layer in the middle part of the cliff is nine-meter diamictic sand-
stone (see the text). The height of the range pole (circled) is 2.5 m. (b) Detail of the section showing the transition from massive
sandstone in the lower part of the turbidite rhythm to laminated sandstone of the upper part (left side of the photo). In the right
part of the photo, the laminated element of this rhythm is fissile, and the upper boundary of the massive part of the considered
rhythm seems sharp. Such a situation is typical of the rocks in this member. This photo shows that the massive part of the rhythm
actually consists of two individual, partially amalgamated sandstone layers separated by a wavy clayey surface. One division of the
range pole is 10 cm in length. (¢) Schematic lithological column of member 6 (see the text); sandstone is shown with dotted pat-
tern; shale and intervals of thin intercalation of sandstone and shale are indicated in black. (d) Fragment of the thin sandstone—
shale alternation package separating thick beds of turbidite sandstones. Sandy horizons in this package were also deposited by cur-
rents, likely both contour and turbidity. Current ripples can be seen at the top of the photo image. Photograph is 20 cm wide.
(e) Rip-up clasts in sandstone; (f) structures of chaotic mixing of the material due to subaqueous slumping in a 4.5-m (Fig. 20c)

sandstone layer; photograph is about 1 m high.
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Fig. 21. Trace fossils, which are similar to the ichnogenus
Hillichnus, in the deposits of member 7 of the Bel’kov For-
mation. The photo shows a boundary between two
rhythms with normal grading from light-colored lami-
nated sandstone to dark-colored mudstone.

homogenization of some levels of a stratified section
which slid down the slope.

In the upper part of the member, individual beds of
massive sandstone are separated by relatively thick thin-
bedded intervals (up to 0.5 m, possibly more), similar to
that shown in Fig. 20d. Plant debris occurs on the bed-
ding planes. The boundary with the overlying member
is drawn along the top of the last noticeable layer of lam-
inated sandstone. Although this layer (and a number of
similar ones) looks massive and stands out in the sec-
tion, it is also composed of thin sandy—clayey alterna-
tion, but enriched in a sand fraction.

The thickness of the sandstone member is esti-
mated at 39 m.

Member 7 (with “Fucoids”)

As well as three underlying members, the rocks of
this interval in large areas represent a tectonic breccia
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confined to the along-slope normal faults. In addition,
they rarely form rocky outcrops, but are exposed on a
muddy slope. For this reason, it was not possible to
make a layer-by-layer description of this member. In
general, it is composed of dark siltstone and mudstone
with interbeds of light-colored fine-grained sand-
stone, petrographically similar to sandstones of mem-
ber 6. The thickness of such interbeds is measured in
centimeters. They often show a sharp base and a
graded top. In addition, sole marks, horizontal and
cross-lamination, and current ripples were noted. The
rocks of the member are bioturbated. It seems that
mudstone and siltstone prevail at the section top,
while the lower part is dominated by sandstone and
siltstone. Some intervals of the section have a rhyth-
mic architecture. The observed sedimentary struc-
tures make it possible to interpret sandy interbeds as a
result of bottom currents, presumably contoured. Beds
with normal grading can be distal turbidites. Approxi-
mately 10 m above the base, there are two layers of a
specific rock with characteristic structures referred to
in the field as “fucoids” (Fig. 21). We found similar
layers in the Bel’kov Formation on Bel’kov Island, as
well as in the Permian deposits in the well AH-2
(Southeastern Taimyr), and nowhere else. The
described structures are interesting formations which
are similar in their form to plants or algae. They
resemble rare Hillichnus ichnofossils which are
described in the deep-sea Palacocene deposits of Cal-
ifornia and in some other sections and are considered
as traces of deposit-feeding bivalves (Bromley et al.,
2003; Clifton, 2013).

The tops of the SW cliff section on the peninsula
are composed of black and dark gray mudstone and
siltstone with rare sideritic concretions (up to 15 cm).
To the south, the rocks are changed to clay in the
weathering crust and contain rare spherical phos-
phatic concretions in the visible top of the section. The
apparent thickness of member 7 in this outcrop is
about 30 m.

The higher horizons of the Bel’kov Formation crop
out only at the southeastern end of the Tas-Ary Penin-
sula, in the opposite limb of the syncline (Fig. 3).
Exposures are fragmentary there; the rocks are altered
in the Tertiary weathering crust and often differ in
outer appearance from those observed in the cliff of
the southwestern coast. This fact complicates correla-
tion and thickness calculation. The total thickness of
the rocks attributed in this outcrop to member 7 was
estimated graphically at least as 60 m; this estimation
is approximal due to above-mentioned reasons.
Meanwhile, some sedimentary features are better seen
there (Fig. 22). On the southeastern coast, the upper
third of the member is composed of leafy black mud-
stones, sometimes unevenly colored (stripes) owing to
jarosite and limonite, with rare large siderite concre-
tions (Fig. 23a). The same rocks sporadically occur
down the section of member 7 in this outcrop.
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Fig. 22. Sedimentary structures visible only in a wave-pol-
ished block (under water). Intense bioturbation, cross-
lamination in sandy lenses, and syndepositional micro-
faults caused by irregular sediment compaction can be
seen. Similar structures are typical also of the Bel’kov For-
mation on Bel’kov Island. Photograph is 25 cm high.

Member 8 (the Second Sandstone Member)

It is composed of rhythmically interbedded gray
calcareous-free turbidite sandstones (Fig. 23b) and

dark gray shale changing into sets of fine sandy—clayey
alternation. The thickness of the sandstone layers is up
to 1 m, while the thickness of mudstones and interbed-
ding sets is up to 20 cm, rarely up to 0.5 m. Sandstones
are similar to rocks of member 6, but often contain
iron hydroxides as lumps, spots, and gouges in the
cracks (visible in thin sections), sometimes, brownish
carbonate (siderite (?)). Some varieties contain a black
bituminous (?) cement. Mudstone clasts (rip-up) are
present. The member is 15 m in thickness.

Member 9

The member is exposed in the syncline core on the
southeastern coast of the Tas-Ary Peninsula. It is com-
posed of monotonous dark gray mudstones, including
silty varieties, with sideritic concretions and gray silt-
stone interlayers (up to 0.5 m). Radiolarians can be
seen in thin sections of concretions. The apparent
thickness is 70 m.

BIOSTRATIGRAPHY AND BIOGEOGRAPHY

Macrofauna (brachiopods and corals) was found in
the studied section at many levels of the Tas-Ary For-
mation and in the lower part of the Bel’kov Formation;
conodonts were identified in twelve samples; foramin-
ifera from the first and fourth Bel’kov members were
studied. The position of fossil samples in the section is
shown in Figs. 4 and 14; their locality on map, in the
ESM_ 5 file in Supp. Data. The list of fauna determina-
tions for all samples is also reported in the Supplemen-
tary Data (file ESM_6), as well as the distribution of
fossil assemblages in the section (file ESM_ 7).

Brachiopods

In the Upper Palaeozoic section of the Tas-Ary
Peninsula, the most representative brachiopod assem-

Fig. 23. Rocks in the upper visible part of the Bel’kov Formation exposed on the Tas-Ary Peninsula. (a) Siderite concretion in fissile
shales in the upper part of member 7 (photograph is 40 cm wide); (b) rocks of the second sandstone member. A hammer is circled.
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blages characterize the Tas-Ary Formation (Plate I;
Plate 11, figs. 9—11; Plate 111, figs. 1-3, 5, 6). In the
lower part of Bel’kov Formation, brachiopod associa-
tion is not rich in either the number of specimens or the
systematic composition (Plate II, figs. 2, 3, 5-8;
Plate 111, fig. 4).

In the Tas-Ary Formation, the first few remains of
the shells were found only at a distance of 240—260 m
from its base (unit 7), and they are represented by the
forms which are characteristic in general of the Early
Carboniferous. In addition to unidentified shell
imprints and cores, they include Unispirifer cf. teodor-
ovichi (Fotieva), Un. aff. pesasica (Tolmatschow), and
Torynifer cf. cooperensis (Swallow). The first rather
numerous forms which are similar to the characteristic
Tournaisian forms include Syringothyris aft. hannibal-
ensis (Swallow) and Unispirifer taidonensis (Tolmat-
schow) and occur 40 m higher (unit 9).

The most numerous and richest taxonomic assem-
blage is characteristic of units 12—14 (Plate I; Plate I1,
figs. 9—11; Plate 111, figs. 1-3, 5, 6). The following
forms were determined: Leptaenella sp. indet., Rhipi-
domella altaica (Tolmatschow), Rh. aff. kusbassica
Besnosova, Schellwienella sp., Tolmatchoffia cf.
robusta (Tolmatschow), Marginatia deruptoides Sar-
ytscheva, M. aff. deruptoides, M. burlingtonensis (Hall),
Tomiproductus elegantulus Sarytcheva, T. fomikhensis
Sarytcheva, Setigerites newtonensis (Moore), Syrin-
gothyris scinderi Sokolskaja, Palaeochoristites cinctus
desinuatus (Lissitzyn), P. sp. nov. no. 1, P. sp. nov. no. 2,
Unispirifer duchovae (Besnosova), Eomartiniopsis elon-
gata Sokolskaja, and Lamellosathyris aff. lamellosa
(Leveillé). The listed forms belong to nine families and
twelve genera. In general, it is a rich and diverse
assemblage which characterizes the normal marine
shelf facies. This assemblage is distinguished by semi-
reticulate productids represented by the genera Margi-
natia, Tolmatchoffia, and Tomiproductus and also spir-
iferids such as Unispirifer and especially numerous
large shells of Palaechoristites. Some layers are
enriched in representatives of the genera Rhipidomella
and Lamellosathyris. The considered complex is rela-
tively typical of the upper Tournaisian.

The brachiopod association at the top of the next
unit 15 differs from the previous one in generic com-
position. It includes Rhipidomella sp. indet., numer-
ous Stegacanthia pustuloides (Nalivkin), and also Tolma-
tchoffia robusta, Marginatia burlingtonensis, Tomiproduc-
tus sp., Krotovia aff. spinulosa (Sowerby), Setigerites cf.
setigerus (Hall), and Mucrospirifer roemerianus (Kon-
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inck). Only three genera, i.e., Tolmatchoffia, Margina-
tia, and Tomiproductus, relate this complex to the pre-
vious one. A complete disappearance of Palaechoris-
tites representatives is noteworthy. Meanwhile, it
includes Stegacanthia and also genera Krotovia, Seti-
gerites, Mucrospirifer, which were absent earlier.
Despite these differences, the host deposits apparently
also belong to the upper Tournaisian, which is indi-
cated, first of all, by representatives of the genera
Tomiproductus, Setigerites, and Mucrospirifer, charac-
teristic of the Tournaisian Stage of Siberia, Kuzbass,
and North America.

When describing the Tournaisian brachiopod
assemblage of the Tas-Ary Formation in general, it
should be taken into account that the biogeography of
the Tournaisian Age, especially of its second half
related to the wide late Tournaisian transgression, is
poorly differentiated. The observed differences in the
regional Tournaisian assemblages are related not so
much to their biogeography as to biofacial features. In
general, the Tournaisian brachiopods are essentially
cosmopolitan. The forms and especially the domi-
nants of the considered assemblage represented in
units 12—15 of the Tas-Ary Formation are indicative of
the fact that it is analogous to the assemblages in the
Kizelian Regional Substage of the Urals, the Cher-
nyshinskian Regional Substage of the Moscow Syne-
clise, the Nizhnetersinskian Regional Substage of Kuz-
bass, and in the upper Tournaisian of the Omolon Block
(Sarycheva and Sokolskaya, 1952; Sarycheva et al.,
1963; Nalivkin, 1979). In Taimyr, age analogs of units
12—15 of the Tas-Ary Formation are likely represented
in the Binjudinskian Regional Substage, although the
assemblage of the latter is poorer than the Tas-Ary one
(Tschernjak et al., 1972); in particular, it does not con-
tain the characteristic Tolmatchoffia and Palaechoris-
tites. Meanwhile, these faunas are similar owing to the
presence of representatives of the typical late Tournai-
sian genera such as Setigerites, Tomiproductus, Margin-
atia, and Unispirifer and the absence of large high-
arheic Syringothyris, which are characteristic of the
Tournaisian of America, Kuzbass, and the Urals.

A major part of the 110-m unit 17 is devoid of
fauna. Only its middle part contains a few Camaratoe-
chia sp. shell imprints, which are too negligible to
determine the rock age. A few fossils near the top of
the unit are more informative. Brachythyris sp. indet.?
and Grandispirifer subgrandis (Rotai) were identified
there (Plate III, fig. 7). The genus Grandispirifer was
first described in the Visean deposits of China. In the

Plate 1. Brachiopods from the Carboniferous deposits of Kotel’ny Island, Tas-Ary section. Collection kt-014 is kept at the Geo-
logical Institute, Russian Academy of Sciences. Abbreviation: (u.) unit. All images are full-size. (1) Pustula pilosa Thomas, 1914,
Sample 763/4, specimen k-27, fragment of shell with articulated valves, Tas-Ary Formation, u. 13, upper Tournaisian substage;
(2, 3) Tolmatchoffia robusta (Tolmatchow, 1924): (2a—2c) Sample 592/1, specimen k-20, ventral valve in three positions, Tas-Ary
Formation, u. 15, (3) Sample 763/5, specimen k-22, external print of dorsal valve, same place, u. 12, the same age; (4a, 4b) Seti-
gerites newtonensis (Moore, 1928), Sample 764/6, specimen k-30, ventral valve in two positions, Tas-Ary Formation, u. 14, upper
Tournaisian substage; (5, 6) Tomiproductus fomikensis Sarytcheva, 1963, Tas-Ary Formation, u. 13, upper Tournaisian substage:
(5a—5c¢) Sample 763/4, specimen k-23, ventral valve in different positions; (6) Sample 763/4, specimen k-24, ventral valve.
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Northeast of Russia and in Kuzbass, G. subgrandis can
be found in both the upper Tournaisian and the lower
Visean.

Macrofauna was not found in the overlying part of
the section with a thickness of 320 m (taking into
account the unexposed interval). Unit 20 is a last level
in the Tas-Ary Formation where identifiable brachio-
pod remains were found (Plate 11, fig. 1). It contains the
following assemblage: Avonia sp. indet., Stegacanthia cf.
sibirica Sarytcheva, Tolmatchoffia sp. indet., Tomipro-
ductus sp. nov., Antiquatonia ustyensis (Sarytcheva),
Punctospirifer sp. indet., Unispirifer similis (Tolmat-
schow), Spirifer aff. parabisulcatus Semichatova,
Torynifer cf. pseudolineatus (Hall), and Eomartiniopsis
aff. maximovae Besnosova. Except for antiquatonias,
other fossils in the unit are poorly preserved. Never-
theless, the occurrence of Antiquatonia, Punctospirifer,
and Spirifer ex gr. parabisulcatus, which are character-
istic representatives of the Visean—Serpukhovian
deposits of the Moscow Syneclise and other regions,
together with relics of the Tournaisian forms such as
Tomiproductus and Unispirifer, is indicative of the
Visean age of the host deposits.

In the Bel’kov Formation base (member 1) only
two brachiopod specimens were found—a fragmented
shell with articulated valves belonging to the subfamily
Gigantoproductinae, genus Beleutella (Plate 11, fig. 4),
and a ventral valve of the genus (?) Sajakella. The
genus Beleutella was first described in the Serpukho-
vian deposits of Kazakhstan (Litvinovich, 1967). In
the Moscow Syneclise, as well as in Taimyr, Giganto-
productinae are distributed almost throughout the
interval of the Visean and Serpukhovian stages. The
genus Sajakella was also described for the first time in
the Carboniferous deposits of Kazakhstan. In the
Northeast and Taimyr sections, representatives of this
genus are widespread, but commonly above the Gigan-
toproductinae layers, in the Serpukhovian—lower Bash-
kirian interval. Owing to a limited amount of material,
a more accurate determination of the age of the host
deposits than the Visean—Serpukhovian is impossible.
No fauna was found in the second and third members of
the Bel’kov Formation.

The brachiopod association—relatively numerous,
quite characteristic of and endemic to Eastern Siberia,
in particular, Taimyr—was identified in member 4 and
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the lowermost part of member 5 (Plate 11, figs. 2, 3, 5—S8;
Plate 111, fig. 4). Collections of 2009 and 2014 include
the following fossil assemblage: Chonetes ischimicus
kusbassicus Sokolskaja, Paeckelmannia sp., Stegacan-
thia sibirica artyshtensis (Sarytsceva), Calliprotonia
taimyrensis (Einor), Eomarginifera librovitchi (Alex-
androw), (?) Kutorginella cf. stepanovi Abramov et
Grigorieva, (?) Praehorridonia sp. indet., (?) Antiqua-
tonia sp. indet., Brachythyris aff. atbasarica Nalivkin,
Spirifer cf. bisulcatus Sowerby, Spirifer engelgardthi
Tschernjak, Spirifer (?) cf. pseudotrigonalis Semikha-
tova, Spirifer attenuatiformis A. Ivanov et E. Ivanova,
and Camerisma sp. This association is present in the
brachiopod assemblages of the Magar Regional Sub-
stage of the Kolyma—Omolon region, the Tiksi Forma-
tion and its Verkhoyansk analogs, and the Nizhnema-
karian (Kholodninskian) Regional Substage of Taimyr
(Ustritskii and Tschernjak, 1963; Stratigrafiya..., 1970;
Ganelin and Tschernjak, 1996). The Magar brachio-
pod assemblage characterizes a significant age interval
from the end of the Late Visean to the first half of the
Bashkirian. Insufficient data on the stratigraphy of this
interval within the whole of Eastern Siberia occasion-
ally complicate a more detailed identification of its indi-
vidual divisions. As for the considered assemblage from
the Bel’kov Formation, its forms such as Chonetes
ischimicus kusbassicus, Stegacanthia sibirica artyshten-
sis, Calliprotonia taimyrensis, Inflatia taraiaensis
(Einor), Spirifer cf. bisulcatus, S. cf. pseudotrigonalis,
and S. attenuatiformis are more typical of the Visean
part of the Magar interval. Along with that, we should
note the occurrence of the forms such as (?) Kutorgi-
nella cf. stepanovi, (?) Praehorridonia sp. indet., and
Spirifer engelgardthi Tschernjak which are characteris-
tic of higher parts of the Magar interval, which allows
us to suggest a possible belonging of the host deposits
to the Serpukhovian Stage.

Corals

The location of rugose corals on the Tas-Ary Pen-
insula was known for a long time. During the geo-
logical survey in 1970, Yu.G. Rogozov made the col-
lection of Tournaisian—Visean rugose corals, the
layer-by-layer definitions of which were published in
the Explanatory Note to the State Geological Map
1: 1000000 and subsequent editions (Gosudarstven-

Plate I1. Brachiopods from the Carboniferous deposits of the Kotel’ny Island, Tas-Ary section. Collection kt-014 is kept at the
Geological Institute, Russian Academy of Sciences. Abbreviations: (u.) unit, (m.) member. All images, unless otherwise stated,
are full-size. (1a—1c) Antiquatonia ustyensis Sarytcheva, 1949, Sample 770/5, specimen k-39, ventral valve in three positions, Tas-
Ary Formation, u. 20, Visean Stage; (2a—2c) Inflatia taraiensis (Einor, 1939), Sample 688/10, specimen k-39, ventral valve in
different positions, Bel’kov Formation, m. 4, (?) Serpukhovian Stage; (3) Praehorridonia sp. indet (?), Sample 688/10, speci-
men k-41, X1.5, ventral valve with a partially preserved thick shell layer, Bel’kov Formation, m. 4, (?) Serpukhovian Stage;
(4) Beleutella tulensis (Bolkhovitinova, 1938), Sample 766/9, specimen k-42, fragment of ventral valve, Bel’kov Formation, m. 1,
Visean—Serpukhovian; (5—7) Kutorginella cf. stepanovi Abramov et Grigorieva, 1983: (5a—5c) Sample 771/7, specimen k-43,
ventral valve in different positions, Bel’kov Formation, m. 4, (?) Serpukhovian Stage; (6) Sample 771/7, specimen k-44; (7) Sam-
ple 771/7, specimen k-45: imprints of external surface of dorsal valves, the same location and age; (8—10) Palaechoristites sp. nov.
no. 1: (8a—8c) Sample 763/4, specimen k-49, ventral valve in different positions, Tas-Ary Formation, u. 13, upper Tournaisian sub-
stage, (9) Sample 763/4, specimen k-50, (10) Sample 84/9, specimen k-48: ventral valves, Tas-Ary Formation, u. 14, the same age.
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naya..., 1999, pp. 28—31). The Tournaisian species
included Cyathoclisia tabernaculum Dingwall, Sychno-
elasma ex gr. konincki (Milne—Edwards et Haime),
S. urbanowitschi (Stuckenberg), Enniskillenia enniskil-
leni (Milne—Edwards et Haime), and Thysanophyllum
ex gr. acystosum Rogozov; the latter species was ini-
tially described in the Falabigayan Regional Substage
of Taimyr. In Taimyr, this species was found at the top
of the section, which, according to a jointly occurring
assemblage of foraminifera, belongs to the Serpukho-
vian (Rogozov, 1972; Tschernjak et al., 1972). Corals
of Taimyr, as well as in the Tas-Ary assemblage,
include the taxa which were first identified in the Mis-
sissippian of Canada (Sutherland, 1958). Despite a
significant number of publications, most of which
belong to the 1970s, the Tournaisian corals remain
almost unknown. Coral collections from the Tournai-
sian—Visean deposits of the Kyrgyz steppe (Gorskii,
1932) and the Southern Urals (Voinovskii—Kriger,
1934) were described in the 1930s. Some of these col-
lections are currently being reconsidered (Fedorowski
and Kullmann, 2013; Fedorowski, 2017).

Description of the Collection

The author’s collection of corals originates from
the Tas-Ary Formation consists of about 50 speci-
mens. The material is represented only by solitary
forms, except for two locations of syringoporids (units 7
and 20) and one level with colonial rugose at the top of
the section (unit 21). Rugose corals are dominated by
forms without dissepiments, i.e., a “Cyathaxonia
fauna” (Hill, 1938) which is characteristic mainly of
rather deep (cold-water) sedimentation settings.
Numerous findings of this fauna are confined to cal-
careous shales in units 9 and 13. A feature is the high
species diversity with a limited number of specimens
of each species. Corals with dissepiments, typical rep-
resentatives of a shallow biota, are quite rare. The col-
lection includes some new taxa which were not previ-
ously described either in the Russian or in the foreign lit-
erature. The collection, especially its late Tournaisian
part, is dominated by genera which are widespread in the
Urals and Western Europe, but some taxa are encoun-
tered in the Asian part of Russia (Kuznetsk basin, Omo-
lon Block) and in Kazakhstan. An exception is the genus
Ekvasophyllum Parks, known only from the Mississip-
pian of North America. Three assemblages can be dis-
tinguished by variations in the taxonomic composition:
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(1) Lophophyllum—*Zaphrentites,” (2) Sychnoelasma—
Uralinia, and (3) Amplexizaphentis.

Analysis of Coral Assemblages

Assemblage 1. The unit 9 assemblage (Sample 758-24)
includes about 25 specimens of largely small corals
which were partially ascribed to new species and,
occasionally, genera. The host deposits are dated to
the second half of the early Touraisian (formerly, the
middle substage of the Tournaisian Stage of Belgium,
Hance et al., 2006; ESM_ 8 file in Supp. Data file) or
to the late Tournaisian on the basis of the first appear-
ance of representatives of the genus Cyathoclisia Ding-
wall known from the Cherepetian deposits of the Urals
(Sayutina, 1973) and the interval of the genus Lopho-
phyllum Milne—Edwards et Haime (Poty et al., 1991).

The stratigraphic position of the species Fkvaso-
phyllum aff. inclinatum Parks (Plate IV, figs. 7, 8) was
established presumably in the middle part of the Mis-
sissippian (upper Tournaisian—lower Visean) of
northeastern British Columbia (Sutherland, 1958) and
in the Tournaisian of the northwestern United States
(Sando and Bamber, 1985). Variaxon sp. 1 (Plate V,
fig. 11), similar to the species V. radians Fedorowski
(upper Serpukhovian, Czech Republic) (Fedorowski,
2010), was also identified in unit 9. A single specimen of
the species Bifossularia sp., characterized by the devel-
opment of dissepiments, was found in unit 9. The genus
is distributed in the Kuznetsk basin, where its first rep-
resentatives appear in the Taidonian Regional Substage
of the lower (middle) Tournaisian and also in the Nizh-
netersinskian and Pod’yakovian regional substages of
the upper Tournaisian and lower Visean (Dobrolyubova
etal., 1966). In the upper Tournaisian and lower Visean
deposits, the genus is also mentioned in Belgium and
France (Boland, 2002; Vuillemin, 1990).

Cyathoclisia (?) sp. (Plate 1V, figs. 3—5) found at
the same level is similar in its ontogenetic development
and morphology to typical representatives of the genus
Cyathoclisia Dingwall (Sayutina, 1973). The difference
is in a more compact morphology of the axial structure.
The first species appear in the Cherepetian Regional
Substage in the upper part of the lower Tournaisian
(according to the correlation by Menning et al., 2006);
however, the maximum species diversity is character-
istic of the second half of the Tournaisian. This genus
is unknown in the Visean deposits (according to a new

Plate I11. Brachiopods from the Carboniferous deposits of Kotel’ny Island, Tas-Ary section. Collection kt-014 is kept at the Geo-
logical Institute, Russian Academy of Sciences. Abbreviations: (u.) unit, (m.) member. All images, unless otherwise stated, are
full-size. (1—3) Palaechoristites cinctus (Keyserling, 1846), Tas-Ary Formation, u. 14, upper Tournaisian substage: (1a—1c) Sam-
ple 764/6, specimen k-52, ventral valve in different positions; (2a, 2b) Sample 84/9, specimen k-46, ventral valve from two sides;
(3) Sample 84/9, specimen k-47, X 1.2, fragment of ventral valve core, thick dental plates; (4) Brachythyris aff. atbasarica Nalivkin,
1937, Sample 688/10, specimen k-44, X 1.2, ventral valve, Bel’kov Formation, m. 4, (?) Serpukhovian Stage; (5a—5c) Palaecho-
ristites sp. nov. no. 2, Sample 764/6, specimen k-53, ventral valve in different positions, Tas-Ary Formation, u. 14, upper Tour-
naisian substage; (6a, 6b) Syringothyris scinderi Sokolskaja, 1963, Sample 763/4, specimen k-55, ventral valve from two sides, Tas-
Ary Formation, u. 13, upper Tournaisian substage; (7) Grandispirifer subgrandis (Rotai, 1938), Sample 755/2, specimen k-73, X1.5,
fragment of ventral valve, Tas-Ary Formation, u. 17, upper Tournaisian—lower Visean.
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position of the lower boundary of the Visean in the
International Stratigraphic Scale). Outside the Urals,
the genus is distributed in Western Europe and is also
described in the upper Tournaisian deposits of the
Omolon Block (Shilo et al., 1984).

Lophophyllum sp. (Plate V, fig. 12) belongs to the
genus Lophophyllum Milne—Edwards et Haime,
which, apparently, was one of the most common taxa
of the second half of the Tournaisian (Denayer et al.,
2011). Its stratigraphic distribution is from the upper
part of the lower Tournaisian (= parts of the middle
Tournaisian of Belgium) to the lower part of the upper
Tournaisian (Poty et al., 1991) at a three-member divi-
sion of the stage. One of the species found in the Tour-
naisian deposits of the lower reaches of the Lena River
was mistakenly identified by Ivanovskii (1967, pl. 2,
fig. 3) as Sychnoelasma ex gr. konincki (Milne—
Edwards et Haime). Lophophyllum sp. also occurred in
the upper Tournaisian substage of the Riigen Island,
the Baltic Sea (Weyer, 1993).

Fostrotion sp. (Plate V, fig. 6) belongs to the genus
which can be found in the upper Tournaisian of Bel-
gium. Earlier, forms with such a morphology were
included in the species Caninia cornucopiae Michelin
in Gervais (Denayer et al., 2011, pl. 3, figs. A—D). Itis
currently known only from the upper Tournaisian of
Belgium and, perhaps, of England.

The specimen referred to Gen. et sp. nov. (aff.
Zaphrentites Hudson, 1941) (Plate V, figs. 9, 10) dif-
fers in a trabiticular microstructure of septa from typ-
ical representatives of the genus. Corals of the genus
Zaphrentites are common in the Tournaisian and
Visean deposits and are characteristic of the Cyathax-
onia fauna complex.

Assemblage 2. Different corals of various sizes were
found at the top of unit 12 and in units 13 and 14 of the
Tas-Ary Formation. It includes typical Late Tournai-
sian taxa (sometimes continued in the Visean Age),
common throughout the basins of Europe and Asia.
Nevertheless, the corals of assemblage 2 from the Tas-
Ary section are also distinguished by a peculiar mor-
phology. According to the fauna composition, the age
of this assemblage can be estimated at the late Tour-
naisian. Its index species include Uralinia sp. aff. grac-
ilis (Ludwig) and Sychnoelasma aff. urbanowitschi
(Stuckenberg).

Sychnoelasma aff. urbanowitschi (Plate V, figs. 7, 8)
was found at the top of unit 12. The species is distrib-
uted in the Kizelian and Kosvian regional substages of
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the Urals (upper Tournaisian substage), in the late
Tournaisian deposits of Poland, in the Visean deposits
of Novaya Zemlya, and in the lower substage of the
Visean in England, Ireland, Belgium, France, and
Donbass (Sayutina, 1976; Poty, 1981; Mitchell and
Somerville, 1988). The stratigraphic range of the
genus, in particular, the species S. urbanowitschi s.1.,
includes the upper part of the Tournaisian and the
lower part of the Visean (Bobrikian Regional Sub-
stage). The taxonomy of this genus and its species
should be revised.

In addition, the top of unit 12 contains Variaxon
sp. 2 (Plate 1V, figs. 11, 12). V. radians Fedorowski is
the most similar to it. Variaxon sp. differs from this
species (except for the age range) in a greater number
of septa and a larger size. Today, the phylogenetic line
of this genus which was found so far only in the Ser-
pukhovian deposits remains uncertain (Fedorowski,
2010). Its possible origin from the Tournaisian cor-
als, in particular, those described by Gorskii (1932)
in the Kyrgyz steppe, is considered as a hypothesis
(Fedorowski, 2017).

The species Uralinia sp. aff. gracilis (Ludwig)
(Plate V, figs. 9, 10) was found at the top of unit 13.
Typical specimens of U. gracilis were described in the
Tournaisian deposits near the city of Kizel (Shtuken-
berg, 1895), but later were not restudied. The genus
Uralinia Stuckenberg is widespread in the Tournai-
sian deposits of the Urals, Belgium, Omolon Block,
Central Kazakhstan, etc. It is most characteristic of
the second half of the Tournaisian (the Urals,
Poland, and Germany).

The genus Zaphrufimia Fedorowski, to which the
species Zaphrufimia (?) sp. 1 (Plate V, figs. 4, 5) of
unit 13 belongs, was identified when studying the col-
lection of Serpukhovian corals in Poland (Fedorowski,
2012). The typical species Z. disjuncta (Carruthers)
was found in the upper Serpukhovian deposits of
Scotland. Findings from more ancient intervals were
not earlier indicated. The internal structure of the
coral from the Tas-Ary Formation corresponds to the
genus diagnosis.

The species Keyserlingophyllum sp. was identified in
the same unit (Plate IV, figs. 1, 2). Its affiliation to the
genus was determined by comparison of a range of
successive sections of young stages and ontogenesis of
the species Keyserlingophyllum obliquum (Keyserling)
described in the upper Tournaisian deposits of the
Northern Urals (Soshkina, 1960). The genus is char-

Plate IV. Rugosa corals from the Tournaisian deposits of the Tas-Ary Formation, Tas-Ary section, Kotel’ny Island. The collec-
tion is kept in the Chernyshev Central Research Exploration Museum. Abbreviation: (u.) unit. (1, 2) Keyserlingophyllum sp.,
Sample 762/7, specimen 762/7-1 (X3), successive cross sections, u. 13, upper Tournaisian substage; (3—5) Cyathoclisia sp.,
Sample 758/24, specimen ko-5, u. 9, upper part of the lower Tournaisian substage: (3) external form of coral (x3), (4, 5) succes-
sive cross sections (X 10); (6) Cyathoxonia sp., Sample 763/3-1, specimen ko-25, cross section (x10), u. 14, upper Tournaisian
substage; (7, 8) Ekvasophyllum sp. aff. inclinatum Parks, 1951, Sample 758/24, specimen ko-2, successive cross sections (X8), u. 9,
upper part of the lower Tournaisian substage; (9, 10) Gen. et sp. nov. (aff. Zaphrentites Hudson, 1941), Sample 758/24, spec-
imen ko-4, successive cross sections, u. 9, upper part of the lower Tournaisian substage: (9) (x12), (10) (x10); (11, 12) Variaxon sp. 2,
Sample 762/11, specimen 762-11-1, successive cross sections, u. 12, roof, upper Tournaisian substage: (11) (X5), (12) (x4).
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acteristic of the upper Tournaisian of the Urals and is
also known in the contemporaneous deposits of Ger-
many, Belgium, Poland, Central Kazakhstan (Ulitina,
1975), Kuznetsk basin, Omolon Block (Ganelin and
Tschernjak, 1996), and China (Wang et al., 2001).

Corals of the genus Cyathaxonia Michelin, despite
a wide stratigraphic range (lower Famennian—Lower
Permian), are a typical element of the Belgium upper
Tournaisian deposits (Poty et al., 1991). The genus is
ubiquitous (for example, the upper Tournaisian of the
Riigen Island, the southern part of the Baltic Sea)
(Weyer, 1993; etc.). The species Cyathaxonia sp. aff.
cornu Michelin (Plate 1V, fig. 6) was found in unit 14
of the Tas-Ary Formation, dated to the late Tournai-
sian according to the accompanying complex.

Assemblage 3. The most significant changes and
depletion in taxonomic composition of the corals are
characteristic of deposits above unit 14. The last corals
were found in unit 20. Assemblage 3 is characterized
by rare findings of solitary corals of the genus Amplex-
izaphrentis Vaughan, which is characteristic mainly of
the Visean. The location of one species of this genus
A. zapense Denayer is known in the Koprilii Forma-
tion in Turkey (Denayer and Hosngor, 2014). In the
western part of North America, the genus was also
described in the Tournaisian deposits (Sando and
Bamber, 1985). In the Tas-Ary Peninsula section,
numerous rugose corals of the genus Amplexizaphrentis
were also found at the top of unit 13 dated to the late
Tournaisian. Thus, on the basis of the rugose determi-
nation, the age of assemblage 3 remains the late Tour-
naisian—Visean. Meanwhile, the conodont assem-
blage found in this part of the section makes it possible
to accept the age of assemblage 3 as the Visean.

Amplexizaphrentis sp. (Plate V, figs. 1, 2) identified
at the bottom of unit 15 in the Tas-Ary Formation is
the most similar to the species Amlexizaphrentis enni-
skilleni (Milne—Edwards et Haime). The latter is
widespread in the Visean deposits of England, Ireland,
and Canada (Sutherland, 1958). A few findings were
made in the Taidonian and Nizhnetersinskian regional
substages of Kuzbass. Numerous findings were recorded
in the Pod’akovian Regional Substage (Dobrolyubova
et al., 1966) belonging to the lower part of the Visean
(Alekseev, 2008). A similar species, A. hastatus Rogo-
zov, was described in the Binjudinskian Regional Sub-
stage of Taimyr (Rogozov, 1972). The second level
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including corals is the top of unit 17 with only a few
specimens of rugose corals found, of which we identi-
fied Amplexizaphrentis sp. indet. (Sample 755/2-4).
The last finding was made in unit 20 and contains one
identifiable specimen also belonging to Amplexiza-
phrentis sp. (Plate V, fig. 3).

Conodonts

When studying the key section of the Upper Palae-
ozoic deposits on the Tas-Ary Peninsula, carbonate
rocks boiling rapidly in HCI were sampled for cono-
donts. Such rocks turned out to be irregularly distrib-
uted along the section. We managed to extract cono-
donts from all samples, except for one. Most samples
with conodonts were taken from the Tas-Ary Forma-
tion, and only a few findings were made in the lower
part of the Bel’kov Formation. The conodont assem-
blages of the Tas-Ary Formation are not rich in their
number and systematic composition, while the Bel’kov
assemblages demonstrate a great diversity of species.

In the Tas-Ary Formation, conodonts are present
in all three parts of the section. In the lower part of the
formation (units 1—11), they were found in units 5, 6,
7, and 9 (ESM_6 file in Supp. Data). The middle part
of the formation (units 12—15) contains conodont
assemblages only at the base: in the visible foot and
near the top of unit 12; only one species was identified
higher (top half of unit 15). The top of the section of
the Tas-Ary Formation (units 16—21) was not suffi-
ciently assessed in terms of conodonts. The latter were
found at the top of unit 17, where they were repre-
sented by a small association including two species.
The overlying Bel’kov Formation contains conodonts
only in the lower part, in the first and fourth members.

The biostratigraphic analysis of conodonts makes it
possible to distinguish in the key section three assem-
blages belonging to the Tournaisian, Visean, and Ser-
pukhovian stages of the Lower Carboniferous.

Assemblage 1 covers the lower part and base of the
middle part of the Tas-Ary Formation units (5—12)
and includes the following species: Siphonodella cren-
ulata (Cooper), S. isosticha (Cooper), Polygnathus
parapetus Druce, Po. inornatus Branson et Mehl,
Po. communis communis (Branson et Mehl), Patrog-
nathus variabilis Rhodes, Austin et Druce, Bispatho-
dus aculeatus aculeatus (Branson et Mehl), Bi. aculea-

Plate V. Rugosa corals from the Tournaisian and Visean deposits of the Tas-Ary Formation, Tas-Ary section, Kotel’ny Island.
The collection is kept in the Chernyshev Central Research Exploration Museum. Abbreviation: (u.) unit. (1, 2) Amplexiza-
phrentis sp., Sample 764/4, specimen 764-4-1, successive cross sections (x3), u. 15, Visean Stage; (3) Amplexizaphrentis sp.,
Sample 770/5, specimen 770-5-1, cross section (x2), u. 20, Visean Stage; (4, 5) Zaphrufimia sp., Sample 763/2-1, specimen ko-26,
successive cross sections, u. 13, upper Tournaisian substage: (4) (x10), (5) (x8); (6) Eostrotion sp., Sample 758/24, specimen
ko-3, cross section (%9), u. 9, upper part of the lower Tournaisian substage; (7, 8) Sychnoelasma sp. aff. urbanowitschi (Stuck-
enberg, 1895), Sample 763/5, specimen 763-5, successive cross sections, u. 12, roof, upper Tournaisian substage: (7) (X3),
(8) (%2); (9, 10) Uralinia sp. aff. gracilis (Ludwig, 1862), Sample 762/7, specimen 762-7-0, successive cross sections (%3),
u. 13, upper Tournaisian substage; (11) Variaxon sp. 1, Sample 758/24, specimen ko-20, cross section (X 12), u. 9, upper part
of the lower Tournaisian substage; (12) Lophophyllum sp., Sample 758/24, specimen ko-7, cross section (x8), the same loca-

tion and age.
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tus plumulus (Rhodes, Austin et Druce), Pseudopolyg-
nathus nodomarginatus (E. Branson), Ps. multistriatus
Mehl et Thomas, Ps. pinnatus Voges, Gnathodus pseu-
dosemiglaber Thompson et Fellows, Gn. aff. praebilin-
eatus Belka, and Hindeodus cristulus (Youngquist et
Miller). The major species include the following:
Siphonodella crenulata (Plate VI, fig. 10), S. isosticha
(Plate VI, fig. 4), Patrognathus variabilis (Plate VI,
figs. 5, 6), Polygnathus parapetus (Plate VI, fig. 9),
Pseudopolygnathus nodomarginatus (Plate VI, fig. 1),
Ps. multistriatus (Plate VI, fig. 2), and Gnathodus pseu-
dosemiglaber. Many of the above-mentioned species
are zonal types of the Tournaisian conodont scale. For
example, Siphonodella crenulata is considered as an
index species of the cognominal zone of the North
American scale, while .S. isosticha is a zonal species of
the European scale. The species are characterized by a
wide geographic distribution and can be found in
Europe, Asia, Australia, Canada, and North America.
In Russia, the considered zones were traced in the
Southern Urals (Pazukhin, 2010), in the north of the
Urals and the Chernyshev Ridge (Zhuravlev, 2003;
Plotitsyn, 2016), and also in the Prikolymian Uplift of
the Northeastern region (Gagiev, 2009). Patrognathus
variabilis was found in many regions of the world in the
lower Tournaisian deposits formed in the extremely
shallow water settings (Austin, 1976). The species is
known in England, where it was described for the first
time (Rhodes et al., 1969). In Belgium, the Patrog-
nathus variabilis—Spathognathodus plumulus or
Patrognathus variabilis—Polygnathus inornatus Zone
(Austin et al., 1970) was identified at the base of the
Carboniferous. In Ireland, Patrognathus variabilis is
also widespread in the local conodont lower Tournai-
sian Polygnathus spicatus and Polygnathus inornatus
zones (Johnston and Higgins, 1981). The latter zone
contains the species Siphonodella cooperi Hass, on the
basis of which it is correlated with the top of the Sipho-
nodella duplicata Zone and also with the S. sandbergi
and S. crenulata zones of the standard scale. In Alaska
(United States), the species was found in the lower
part of the Mississippian deposits (Mull et al., 1995).
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In Russia, Patrognathus variabilis is known in the
lower Tournaisian deposits of the Malevkian and
Upian formations in the central regions of the Russian
Platform (Barskov et al., 1984), north of the Urals
(Zhuravlev, 2003), and the Abyshevian Regional Sub-
stage in the south of Western Siberia (Bushmina and
Kononova, 1981). Polygnathus parapetus is frequent in
occurrence in the lower Tournaisian (Druce, 1969;
Bouckaert and Groessens, 1976; Kozitskaya et al.,
1978; Gagiev, 1979, 2009; Bushmina and Kononova,
1981; Barskov et al., 1984; Alekseev et al., 1994; Zhu-
ravlev, 2003; Kislyakov and Eikhvald, 2004; Pazukhin,
2009; Bahrami et al., 2011). Pseudopolygnathus nodomar-
ginatus was found in the lower Tournaisian of Europe,
North America, and Australia (Rhodes et al., 1969;
Druce, 1969). Pseudopolygnathus multistriatus can be
found in the upper Tournaisian, from the isosticha—
Upper crenulata Zone to the lower part of the ancho-
ralis—latus Zone (Lane et al., 1980). In Iran, the spe-
cies occurs in the range of the isosticha—Upper cren-
ulata and typicus (bottom) zones (Bahrami et al.,
2011). In the Southern Urals, Ps. multistriatus was
noted in the upper Tournaisian Siphonodella isosti-
cha—Gnathodus punctatus zones (bottom of the
Kizelian Regional Substage) (Pazukhin, 2009). Gna-
thodus pseudosemiglaber was found in the upper Tour-
naisian deposits of Europe, Asia, and North America.
The species distribution begins in the anchoralis—latus
Zone (upper Tournaisian) and passes into the texanus
Zone (lower Visean) (Lane et al., 1980).

On the basis of the data given above, the Tournai-
sian part of the Tas-Ary Formation can be subdivided
into two parts. The first part (units 5—9) corresponds
to the lower Tournaisian (ConAla), while the second
part (units 10(?)—12) corresponds to the upper Tour-
naisian (ConAlb). The Tournaisian conodont assem-
blagees are represented by the species with a wide bio-
geographic distribution; thus, the palaeobasins of
Europe, Asia, and the Midcontinent (North America)
had stable relations which were strongly pronounced
at the time of the late Tournaisian transgression.

Plate VI. Lower Carboniferous conodonts from the key section of the Tas-Ary Peninsula (Kotel’ny Island). the length of the scale
bar is 0.1 mm for figs. 1, 4—10 and 0.3 mm for figs. 2, 3. The conodont collection is kept at the Lomonosov Moscow State Uni-
versity under the no. NOKTAS 362. Abbreviation: (u.) unit. (1) Pseudopolygnathus nodomarginatus (E. Branson, 1934), Pa ele-
ment, Sample no. 758/3, specimen NOKTAS 362-1: (1a) top view and (1b) bottom view, lower part of the Tas-Ary Formation,
u. 6, lower Tournaisian substage; (2) Pseudopolygnathus multistriatus Mehl et Thomas, 1947, Pa element, Sample no. 762/17,
specimen NOKTAS 362-2: (2a) top view and (2b) bottom view, middle part of the Tas-Ary Formation, u. 12, upper Tournaisian
substage; (3) Pseudopolygnathus pinnatus Voges, 1959, Pa element, Sample no. 762/17, specimen NOKTAS 362-3: (3a) top view
and (3b) bottom view, middle part of the Tas-Ary Formation, u. 12, upper Tournaisian substage; (4) Siphonodella isosticha (Coo-
per, 1939), Pa element, Sample no. 758/10, specimen NOKTAS 362-4, side view, lower part of the Tas-Ary Formation, u. 7, lower
Tournaisian substage; (5, 6) Patrognathus variabilis Rhodes, Austin et Druce, 1969, lower part of the Tas-Ary Formation, u. 5,
lower Tournaisian substage: (5) Pa element, Sample no. 758/1, specimen NOKTAS 362-5, side view; (6) Pa element, Sample no. 758/1,
specimen NOKTAS 362-6, top view; (7) Bispathodus aculeatus plumulus (Rhodes, Austin et Druce, 1969), Pa element, Sample
no. 758/10, specimen NOKTAS 362-7, side view, lower part of the Tas-Ary Formation, u. 7, lower Tournaisian substage;
(8) Polygnathus communis communis (Branson et Mehl, 1934), Pa element, Sample no. 762/17, specimen NOKTAS 362-8:
(8a) top view and (8b) bottom view, middle part of the Tas-Ary Formation, u. 12, upper Tournaisian substage; (9) Polygnathus
parapetus Druce, 1969, Pa element, Sample no. 758/1, specimen NOKTAS 362-9: (9a) top view and (9b) bottom view, lower part
of the Tas-Ary Formation, u. 5, lower Tournaisian substage; (10) Siphonodella cf. crenulata (Cooper, 1939), Pa element, Sample
no. 758/30, specimen NOKTAS 362-10, top view, lower part of the Tas-Ary Formation, u. 9, lower Tournaisian substage.
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Assemblage 2 was identified in units 15—17 and
includes the following species: Lochriea commutata
(Branson et Mehl) (Plate VII, fig. 2), Vogelgnathus
postcampbelli (Austin et Husri) (Plate VII, fig. 1), and
Cavusgnathus unicornis (Rhodes, Austin et Druce)
(Plate VII, fig. 10). Lochriea commutata is widespread
in the Lower—Middle Carboniferous of Eurasia (Bis-
choff, 1957; Higgins and Bouckaert, 1968; Rhodes
etal, 1969; Rhodes and Austin, 1971; Kozitskaya
etal., 1978; Nizhnii..., 1993; Nemyrovskaya et al.,
1994; Dzik, 1997; Blanco-Ferrera et al., 2005; Nemy-
rovska, 2005; Kabanov et al., 2009; Pazukhin, 2011;
Nemyrovska et al., 2011) and in the Upper Mississip-
pian of North America (Branson and Mehl, 1941;
Scott, 1942; Krumhandt et al., 1996). Vogelgnathus
postcampbelli can be found in the upper Visean—lower
Serpukhovian ~ (Gnathodus  bilineatus—Lochriea
ziegleri conodont zones) of Europe and in the Upper
Mississippian (late Chesterian) of North America
(Cavusgnathus monocerus Zone (= Adetognathus
unicornis) (Nemyrovska, 2005). Cavusgnathus unicor-
nis occurs in the upper Velmeyeran—Chesterian of
North America, Visean—Serpukhovian of Western
Europe, Visean (Utting Formation) of Northwestern
Australia, and Tournaisian—Serpukhovian of Donbass
(Kozitskaya et al., 1978). In Alaska, the species is
widespread in the upper Meramecian—uppermost
Chesterian (Upper muricatus conodont subzone)
(Krumhardt et al., 1996). On the Russian Platform,
this species was described in the upper Visean—Ser-
pukhovian deposits (Paragnathodus nodosus—P. mul-
tinodosus zones) (NizhAnii..., 1993). On the basis of the
data cited above, the described conodont assemblage
can characterize the Visean Stage. The occurrence of
cosmopolitan Visean conodonts in the Tas-Ary For-
mation is indicative of the preserved biogeographic
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relations of the studied palaeobasin to both the Euro-
pean and Asian and the North American palacobasins
in the Visean Age.

Assemblage 3 originated from the lower part of the
Bel’kov Formation (members 1 and 4) and is repre-
sented by Mestognathus bipluti Higgins, Vogelgnathus
postcampbelli, Cavusgnathus naviculus (Hinde), Lochriea
commutata, L. scotiaensis (Globensky), Gnathodus
girtyi gyrtyi Hass, Gn. girtyi simplex Dunn, Pseudogna-
thodus homopunctatus (Ziegler), Rhachistognathus
muricatus (Dunn), Rh. prolixus Baeseman et Lane, and
Declinognathodus bernesgae Sanz—1.opez, Blanco—Fer-
rera, Garcia—Lopez et Sanchez de Posada. Major spe-
cies defining the Serpukhovian age of the host deposits
are as follows: Gnathodus girtyi simplex (Plate VII,
fig. 14), Declinognathodus bernesgae (Plate VII, fig. 16),
and Rhachistognathus muricatus (Plate VII, fig. 15).
Gnathodus girtyi simplex is largely characteristic of the
uppermost part of the Mississippian (Chesterian),
slightly touching the base of the Pennsylvanian, the
conodont zones Gnathodus bilineatus—Declino-
gnathodus noduliferous—Rhachistognathus primus
(Krumhardt et al., 1996). In Europe, the species was
found in the Visean and Serpukhovian (Rhodes and
Austin, 1971; Higgins, 1975; Tynan, 1980). Declinog-
nathodus bernesgae originates from the upper Serpuk-
hovian—lower Bashkirian deposits in the northern part
of Spain (Sanz—Lopez et al., 2006). In Europe, the
species is frequent in occurrence at the boundary
between the Serpukhovian and the Bashkirian
(Nemirovska et al., 2011). Rhachistognathus muricatus
was described in the Late Mississippian Bird Spring
Formation in Nevada (Dunn, 1965). This species is
the most widespread in the United States. It was found
in deposits from the late Chesterian (Late Mississip-
pian) to the early Morrowan in southern Nevada,

Plate VII. Lower Carboniferous conodonts from the key section of the Tas-Ary Peninsula (Kotel’ny Island). Length of the scale
bar is 0.1 mm. Abbreviations: (u.) unit, (m.) member. (1) Vogelgnathus postcampbelli (Austin et Husri, 1974), Pa element, Sample
no. 755/1, specimen NOKTAS 362-11, side view, upper part of the Tas-Ary Formation, u. 17, Visean Stage; (2) Lochriea commu-
tata (Branson et Mehl, 1941), Pa element, Sample no. 753/14, specimen NOKTAS 362-12, top view, lower part of the Bel’kov
Formation, m. 4, Serpukhovian Stage; (3) Lochriea scotiaensis (Globensky, 1967), Pa element, Sample no. 766/3, specimen
NOKTAS 362-13, top view, lower part of the Bel’kov Formation, m. 1, Serpukhovian Stage; (4) Gnathodus aff. praebilineatus
Belka, 1985, Pa element, Sample no. 763/6, specimen NOKTAS 362-14, top view, middle part of the Tas-Ary Formation,
u. 12, upper Tournaisian substage; (5) Pseudognathodus homopunctatus (Ziegler, 1960), Pa element, Sample no. 753/6, speci-
men NOKTAS 362-15, top view, lower part of the Bel’kov Formation, m. 4, Serpukhovian Stage; (6, 9) Mestognathus bipluti Hig-
gins, 1961: (6) Pa element, Sample no. 753/6, specimen NOKTAS 362-16, top view, lower part of the Bel’kov Formation, m. 4,
Serpukhovian Stage; (9) Pa element, Sample no. 766/3, specimen NOKTAS 362-17, side view, lower part of the Bel’kov Forma-
tion, m. 1, Serpukhovian Stage; (7) Hindeodus cristulus (Youngquist et Miller, 1949), Pa element, Sample no. 758/3, specimen
NOKTAS 362-18, side view, lower part of the Tas-Ary Formation, u. 6, lower Tournaisian substage; (8) Cavusgnathus naviculus
(Hinde, 1900), Pa element, Sample no. 766/3, specimen NOKTAS 362-19, side view, lower part of the Bel’kov Formation, m. 1,
Serpukhovian Stage; (10) Cavusgnathus unicornis (Rhodes, Austin et Druce, 1969), Pa element, Sample no. 41/1, specimen
NOKTAS 362-20, top view, middle part of the Tas-Ary Formation, u. 15, Visean stage; (11) Rhachistognathus prolixus Bacseman
et Lane, 1985, Pa element, Sample no. 753/14, specimen NOKTAS 362-21, top view, lower part of the Bel’kov Formation, m. 4,
Serpukhovian Stage; (12) Gnathodus girtyi gyrtyi Hass, 1953, transitional form to Gnathodus girtyi simplex Dunn, 1966, Pa ele-
ment, Sample no. 753/14, specimen NOKTAS 362-22, top view, lower part of the Bel’kov Formation, m. 4, Serpukhovian Stage;
(13) Rhachistognathus sp., Pa element, Sample no. 753/14, specimen NOKTAS 362-23, top view, lower part of the Bel’kov Formation,
m. 4, Serpukhovian Stage; (14) Gnathodus girtyi simplex Dunn, 1966, Pa element, Sample no. 782/7, specimen NOKTAS 362-24, top
view, lower part of the Bel’kov Formation, m. 4, Serpukhovian Stage; (15) Rhachistognathus muricatus (Dunn, 1965), Pa element,
Sample no. 753/6, specimen NOKTAS 362-25, top view, lower part of the Bel’kov Formation, m. 4, Serpukhovian Stage;
(16) Declinognathodus bernesgae Sanz-Lopez, Blanco-Ferrera, Garcia-Lopez et Sanchez de Posada, 2006, Pa element, Sample
no. 782/7, specimen NOKTAS 362-26, top view, lower part of the Bel’kov Formation, m. 4, Serpukhovian Stage.
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western Texas, southern and eastern Oklahoma, and
northern Arkansas, as well as from the Morrowan to the
early Atokan in eastern Idaho and central Montana
(Lane and Straka, 1974; Baesemann and Lane, 1985).
In Alaska, the species can be observed in Wahoo lime-
stones (uppermost Chesterian to Morrowan; Upper
muricatus Subzone to lower minutus Fauna) (Krum-
hardt et al., 1996). In the European sections, including
Russian, the species is very rare. A few findings of Rha-
chistognathus muricatus were made in the Yogian For-
mation of the Yana—Kolyma region (Northeast of Rus-
sia); on the basis of these findings, the formation was
dated to the Serpukhovian—early Bashkirian (Gagiev,
2009). Mestognathus bipluti (Plate VII, figs. 6, 9),
Vogelgnathus postcampbelli, Cavusgnathus naviculus
(Plate VII, fig. 8), Lochriea commutata, L. scotiaensis
(Plate VII, fig. 3), Gnathodus girtyi gyrtyi (Plate VII,
fig. 12), Pseudognathodus homopunctatus (Plate VII,
fig. 5), and Rhachistognathus prolixus (Plate VII, fig. 11)
are transit species from the Visean Stage, which are the
most abundant in the Serpukhovian.

Owing to the fact that the transitional Serpukho-
vian—Bashkirian conodont species were found in the
lowermost Bel’kov Formation, there is a question of
attributing these deposits to a particular stage. The
predominance of the Serpukhovian conodonts in the
association makes it possible to consider this part of
the section as Serpukhovian. From the biogeographic
point of view, the presence of the genus Rhachistog-
nathus conodonts in the Serpukhovian assemblage of
the Bel’kov Formation of the studied palacobasin
closely approximates it to the North American palaeo-
basin, where the genus was most fully assessed both
systematically and quantitatively.

Foraminifera

Foraminifera were studied on the Tas-Ary Penin-
sula in the lower part of the Bel’kov Formation (mem-
bers 1 and 4). The degree of preservation of the shells,
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their relative rarity in the rock, and the small number
of specimens recorded in thin sections make it diffi-
cult to identify the material and explain the use of an
open nomenclature. Some identified taxa are defined
only up to the genus, while others are considered as
possibly related, and their definition is given largely
conditionally (Plate VIII).

Foraminifera from the deposits of member 1 occur
in Sample 766/4. The found assemblage is represented
by the following genera: Endotaxis Bogush et Brazh-
nikova, 1983, Tetrataxis Ehrenberg, 1854, Planoar-
chaediscus A. Miklukho—Maclay, 1956, Archaediscus
Brady, 1873, Paraarchaediscus Orlova, 1955, and (?)
Rectocornuspira Warthin, 1930. This assemblage is
dominated by archaediscides of three genera: Planoar-
chaediscus (Plate VIII, figs. 21—-25, 28—30), which is
widespread in the Visean—Serpukhovian; Archaedis-
cus (Plate VIII, figs. 14—17, 19, 20, 26, 27), which can
be found in the Lower Carboniferous (Visean) and
Lower Permian; Paraarchaediscus (Plate VIII, figs. 31),
which occurs in the Visean—Serpukhovian, likely, in
the Bashkirian Stage (Spravochnik..., 1993). The ana-
lyzed assemblage includes Planoarchaediscus duxun-
daensis Bogush et Juferev (Plate VIII, figs. 21, 22),
which is described in the Visean deposits of the
Kolyma Block (Bogush and Yuferev, 1970), and also
Planoarchaediscus spirillinoides (Rauser) (Plate VIII,
figs. 28—30), which is widespread in the Visean depos-
its of the Moscow Syneclise and western slope of the
Urals. Archaediscus krestovnikovi Rauser is present
together with the above-mentioned species. The spe-
cies holotype was described in the Visean deposits of
Central Kazakhstan (Rauzer—Chernousova, 1948),
but Archaediscus krestovnikovi Rauser is known at both
the top of the Visean Stage and the bottom of the Ser-
pukhovian Stage in the Serpukhovian stratotypical
section of the Moscow Syneclise (Gibshman, 2003).
This species is indicated in the lower Serpukhovian
substage of the Timan—Pechora province (Durkina,

Plate VIII. Foraminifera from the Bel’kov Formation of the Tas-Ary section, Kotel’ny Island. Length of the scale bar is 0.1 mm.
The collection of thin sections no. 4918 is kept at the Geological Institute, Russian Academy of Sciences. Corals in Sample 766/4
originate from member 1, Visean (?)—lower Serpukhovian. Other samples are taken from member 4, upper Serpukhovian—lower
Bashkirian (?). (1) Fostaffella ex gr. pseudostruvei Rauser et Beljaev, 1936, Sample 753/24, specimen no. 4918/1; (2) Eostaffella sp.,
Sample 688/4, specimen no. 4918/10; (3—5) Eostaffella cf. prisca Rauser, 1948, Sample 688/4: (3) specimen no. 4918/11, (4) spec-
imen no. 4918/12, (5) specimen no. 4918/13; (6) Fostaffella ex gr. postmosquensis Kireeva, 1951, Sample 753/24, specimen
no. 4918/2; (7) Endostaffella sp., Sample 753/24, specimen no. 4918/3; (8, 9) Fostaffellina paraprotvae (Rauser), 1948, Sample 753 /24:
(8) specimen no. 4918/4, (9) specimen no. 4918/5; (10—12) Plectostaffella sp., Sample 688/4: (10) specimen no. 4918/14,
(11) specimen no. 4918/15, (12) specimen no. 4918/16; (13) Eostaffella sp. (ex gr. postmosquensis (?)), Sample 753/24, specimen
no. 4918/6; (14, 15) Archaediscus pauxillus Shlykova, 1951: (14) Sample 688/4, specimen no. 4918/17; (15) Sample 688/5, speci-
men no. 4918/20; (16, 17) Archaediscus kolymensis Mikluho-Maclay, 1960, Sample 688/5: (16) specimen no. 4918/21, (17) spec-
imen no. 4918/22; (18) Asteroarchaediscus sp., Sample 688/4, specimen no. 4918/18; (19, 20) Archaediscus krestovnikovi Rauser,
1948: (19) Sample 688/4, specimen no. 4918/19; (20) Sample 766/4, specimen no. 4918/24; (21, 22) (?) Planoarchaediscus dux-
undaensis Bogush et Juferev, 1970, Sample 766/4: (21) specimen no. 4918/25, (22) specimen no. 4918/26; (23—25) Planoarchae-
discus ex gr. monstratus (Grozdilova et Lebedeva, 1954) Sample 766/4: (23) specimen no. 4918/27, (24) specimen no. 4918/28,
(25) specimen no. 4918/29; (26, 27) Archaediscus ex gr. moelleri Rauser, 1948: (26) Sample 753/24, specimen no. 4918/7;
(27) Sample 766/4, specimen no. 4918/30; (28—30) Planoarchaediscus spirillinoides (Rauser, 1948): (28) Sample 766/4, specimen
no. 4918/31; (29) Sample 753/24, specimen no. 4918/8; (30) Sample 753/24, specimen no. 4918/9; (31) Paraarchaediscus sp.,
Sample 766/4, specimen no. 4918/32; (32, 33) Tetrataxis sp.: (32) Sample 688/5, specimen no. 4918/23; (33) sample 766/4, spec-
imen no. 4918/33; (34) (?) Rectocornuspira sp., Sample 766/4, specimen no. 4918/34; (35, 36) Endotaxis brazhnikovae Bogush et
Juferev, 1966, Sample 766/4: (35) specimen no. 4918/35, (36) specimen no. 4918/36.
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2002), as well as in the Serpukhovian Stage of Chu-
kotka (Solov’eva, 1975).

Thus, the archaediscides composition of the ana-
lyzed assemblage is represented by transit species
appearing as early as the Visean Stage, but common in
the Serpukhovian deposits. A distinctive feature of this
assemblage is the presence of Endotaxis brazhnikovae
Bogush et Juferev (Plate VIII, figs. 35, 36). This spe-
cies, although described in the Middle Visean, is usu-
ally characteristic of the Serpukhovian deposits. Endo-
taxis brazhnikovae Bogush et Juferev is present at the
bottom of the Serpukhovian stratotypical section in
the type area (Gibshman, 2003) and in the Serpukho-
vian key section in the Southern Urals (Kulagin and
Gibshman, 2002). In general, the considered assem-
blage of foraminifera from member 1 of the Bel’kov
Formation is transit Visean—Serpukhovian. It is hard
to determine a more accurate age-related reference of
this assemblage owing to the lack of original data on
this fauna group from underlying deposits. However,
given the previously known findings of Serpukhovian
foraminifera at the top of the Tas-Ary Formation, such
as Fostaffellina cf. paraprotva (Rauser), Fosigmoilina
explicata lata Ganelina, and Fostaffella ex gr. pseudost-
ruvei Rauser et Beljacv (Kos’ko et al., 1985), the age of
the lower unit of the Bel’kov Formaition can presum-
ably be estimated as the early Serpukhovian. As for the
age of the top of the Tas-Ary Formation, it is impossi-
ble to solve this issue using the author’s materials,
because there are no new data on foraminifera which
would confirm or disprove the information obtained
by the previous researchers.

The general assemblage of foraminifera from the
deposits of member 4 is similar in generic and species
composition to the assemblages of foraminifera from
both the Eosigmoilina explicata—Eostaffellina para-
protva and Planoarchaediscus stilus—Eostaffella pseu-
dostruvei layers. These layers were described earlier in
the Tas-Ary Peninsula section by Solov’eva (1975).
The first ones were identified as analogous to the Prot-
vinskian Regional Substage of the Serpukhovian Stage
of the Lower Carboniferous in the Russian Platform,
while the second ones characterize the bottom of the
lower Bashkirian of the Middle Carboniferous. Com-
parison of the newly obtained assemblage of foramin-
ifera of member 4 in the Tas-Ary section with the pre-
viously known assemblagees of the above-mentioned
layers indicates the following. The species Eostaffellina
paraprotva (Rauser) (Plate VIII, figs. 8, 9), accepted as
one of the index species of the lower layers, is recorded
in four out of five samples provided for the study of
foraminifera. First described in the Protvinskian
Regional Substage of the Serpukhovian of the Mos-
cow Syneclise (Rauzer—Chernousova, 1948), this
species and its subspecies are characterized by a wide
geographic distribution. They are known from the top
of the Serpukhovian and the bottom of the Bashkirian
of the Russian Platform, Donbass, the Urals, Timan,
Yugorsky Peninsula, and Primorye. The presence of
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eosigmoilins in the assemblage as the second index
species is doubtful. Sample 753/24 contains a few
oblique cross sections of shells which are presumably
related to (?) Eosigmoilina (Plate VIII, fig. 31).

The analyzed assemblage also includes Plectostaf-
fella sp. (Plate VIII, figs. 10—12) and Fostaffella ex gr.
pseudostruvei Rauser et Beljaev (Plate VIII, fig. 1),
whose presence “makes younger” the late Serpukho-
vian age of the considered community. The genus
Plectostaffella is characteristic of the lower Bashkirian
deposits of the Bashkirian stratotypic region. The first
appearance of a few forms is possible already at the top
of the Serpukhovian (Kulagina et al., 2001). A similar
stratigraphic distribution is typical of the forms which
are similar to the group Fostaffella pseudostruvei. The
community of foraminifera from Sample 753/24 has the
“youngest” outer appearance. Eostaffellae are relatively
diverse in this community. The group Fostaffella pseu-
dostruvei is accompanied by Fostaffella postmosquensis
(Plate VIII, figs. 6, 13). In the updated stratigraphic
scheme of the Bashkirian Stage, its lower part is associ-
ated with diverse plectostaffellae (Kulagina et al., 2000)
for the East European Platform and the Southern Urals,
as well as with the Eostaffella postmosquensis—Eostaf-
fella pseudostruvei zonal complexes for the Northern
Urals, Northwest Timan, and Timan—Pechora prov-
ince (Durkina, 2002; Kossovaya et al., 2006).

In general, the assemblage of foraminifera identified
in member 4 has a depleted species composition,
although it includes ten definable generic taxa and two
supposedly related ones. The species diversity of taxa is
more pronounced among archaediscides. They are
characterized by a wide geographical distribution and
are known in Eurasia on the East European Platform,
in Donbass, in the Urals, in Kazakhstan and in other
regions. The exception is the species Archaediscus koly-
mensis Miklukho-Maclay (Plate VIII, figs. 15, 16)
described in the Visean deposits of the Kolyma basin in
Northeastern Siberia (Miklukho-Maclay, 1960). Obvi-
ously, this species should be considered as endemic.

Hence, a joint location of the genera Plectostaffella,
Fostaffellina, and Eostaffella representatives is critical for
dating of the deposits of member 4. The assemblage
includes zonal species and other forms which have a wide
geographic distribution and are characteristic of the Ser-
pukhovian and Bashkirian boundary interval. On this
basis, the deposits containing such a complex are dated
to the late Serpukhovian—early Bashkirian. The obtained
new data on the Tas-Ary foraminifera of Kotel’ny Island
confirm the earlier known information (Solov’eva, 1975)
on the presence of foraminifera there, which are charac-
teristic of the tropical biogeographic region.

General Conclusion on the Age of Deposits and
Palaeogeography Based on Different Fossil Groups

The lower part of the Tas-Ary Formation is defi-
nitely Tournaisian in age, which is confirmed by con-
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clusions on three fossil groups. Nevertheless, it cannot
be ruled out that the lowest horizons of the formation
(units 1—4), devoid of fauna, may belong to the Upper
Devonian. The Tournaisian—Visean boundary in the
Tas-Ary section is located not lower than the top of
unit 14. During the State Geological Survey, judging
by the description in (Kos’ko et al., 1985), the upper
part of unit 15 in our nomenclature (in the cited paper,
unit 19) was assigned to the Visean Stage, while all (?)
underlying deposits were assigned to the Tournaisian.
The data we obtained, as shown above, do not make it
possible to unambiguously draw a clear boundary
between the Tournaisian and Visean in the Tas-Ary
Peninsula section. We have to single out a transitional
interval (unit 15) in the column (Fig. 4), correspond-
ing in age to the late Tournaisian—early Visean, which
contains representatives of both the late Tournaisian
and Visean fauna. The lower part of the formation up
to the top of unit 9 refers to the lower Tournaisian,
while units 12—14 are upper Tournaisian. The latter,
presumably, also covers units 10—11, where no taxa of
a narrow stratigraphic range were found.

All overlying deposits, up to the top of unit 20,
should be attributed to the Visean. The upper unit of
the Tas-Ary Formation may be the Serpukhovian in
age. Its middle part contains displaced coral colonies
resembling Thysanophyllum ex gr. acystosum Rogozov,
previously identified by Yu.G. Rogozov at the bottom
of the Bel’kov Formation (Kos’ko et al., 1985, unit 26
of the Tas-Ary Formation, survey experts’ nomencla-
ture). This fact is also confirmed by the aforemen-
tioned findings of the Serpukhovian foraminifera in
the upper part of the Tas-Ary Formation made during
the State Geological Survey. Thus, the boundary
between the Tas-Ary and the Bel’kov formations
passes inside the Serpukhovian Stage, most likely in its
lower part.

The age of the highest interval of the studied sec-
tion, which contains fossil remains, i.e., member 4 of
the Bel’kov Formation, can be estimated at the late
Serpukhovian or, possibly, the late Serpukhovian—
early Bashkirian, as evidenced by the microfauna data.
The results of brachiopod identification do not con-
tradict this conclusion. Fossils were not found in the
overlying part of the Bel’kov Formation, except for
Camerisma sp. indet. brachiopods at the bottom of
member 5, which are characteristic of the Carbonifer-
ous—Permian and therefore are not important for
specification of the host rock age.

In general, the fauna remains of the Tas-Ary sec-
tion are represented by taxa of a wide geographic dis-
tribution. This fact is not surprising, considering that
the Pangea assembly already started in the Early Car-
boniferous, and Laurussia was relatively close to Sibe-
ria; in addition, both Laurussia and a large part of the
Siberian palaeocontinent (whose Taimyr margin was
turned at that time toward the Baltica) were located in
tropical latitudes. The position of the continental
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blocks such as Kazakhstan and Northern and South-
ern China is reconstructed in the same latitudes
(Domeier and Torsvik, 2014). However, the Serpuk-
hovian time is marked by close relations of the studied
palaeobasin to the basin(s) of Taimyr, Verkhoyansk,
and Kolyma—Omolon regions, as indicated by the
characteristic brachiopod associations and endemic
species of foraminifera in the Bel’kov Formation, ear-
lier known only in the Kolyma River basin. It should
be noted that the conodont assemblages from the Ser-
pukhovian deposits of the Tas-Ary Peninsula, includ-
ing species of a wide geographic distribution, are the
most similar to the North American assemblages.

THE AGE OF THE UPPERMOST BEL’KOV
FORMATION BASED ON DETRITAL ZIRCONS

Detrital zircons were extracted from sandstone in
the middle part of member 8 in the Bel’kov Formation
(Fig. 14, Sample 117/9). Zircons are 50—150 wm in
size. They are mostly euhedral, less often, semir-
ounded. One hundred crystals were dated in the Iso-
tope Laboratory of the University of California, Santa
Cruz (LA-ICP-MS). Almost all of them are of Palae-
ozoic age, with the prevailing Carboniferous—Perm-
ian zircons evidently related to the Northern Taimyr
orogenesis. A few crystals appeared to be Neoprotero-
zoic, Palaeoproterozoic, and Archean. The description
of dating methods and results will be given in a special
paper. Here we report only the data on the youngest
crystals to substantiate the maximum depositional age
of the upper part of the Bel’kov Formation. The analy-
ses of the Late Palaeozoic zircons (45 dated grains)
form an almost continuous sequence on the Pb/U iso-
topic diagram, filling the age interval of 330—260 Ma
(Fig. 24a; ESM 09 file in Supp. Data). The three
youngest crystals form a concordant cluster with an
age of 261 = 5 Ma, MSWD = 1.08 (Fig. 24b). This
value is accepted as the maximum depositional age of
the visible top of the Bel’kov Formation on the Tas-
Ary Peninsula (upper Middle Permian). Similar data
on the detrital zircon age in the Bel’kov Formation on
Bel’kov Island are given in (Ershova et al., 2015; Pease
et al., 2015). The actual age of upper horizons of the
Bel’kov Formation on the Tas-Ary Peninsula can turn
out to be younger. Firstly, the dated sample was col-
lected not from the very top of the formation: above
the sampled sandstones, there is a thick shale unit.
Secondly, the Late Palaecozoic zircons are character-
ized by normal magmatic oscillatory zoning and small
elongation, and, most likely, they originate from the
Late Palacozoic granites of the Northern Taimyr belt
and its assumed eastern continuation, while their vol-
canic origin is less likely. Before being eroded, granites
had to be exhumed, which requires an additional
period of time likely lasting for a few million years.
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Fig. 24. Pb/U isotopic diagrams for detrital zircons from the upper part of the Bel’kov Formation. (a) Late Palaecozoic zircons
form a continuous sequence in the diagram, indicating a long-term continuous magmatism related to the Northern Taimyr gran-
ites; (b) age of the concordant cluster of the three youngest crystals.

EVOLUTION
OF THE DEPOSITIONAL SETTINGS
DURING THE CARBONIFEROUS—PERMIAN

The coastal marine environments of the late Devo-
nian were replaced by some basin deepening at the
beginning of the Tournaisian, accompanied by a
decreased supply of siliciclastics from the land. These
processes favoured the development of carbonate-
producing organisms and the accumulation of mixed
siliciclastic—carbonate sediments composing the
lower part of the Tas-Ary Formation. The absence of
Lower Carboniferous rocks in the northern and cen-
tral areas of Kotel’ny Island points that at that time
either this area was dry land, or the Lower Carbonifer-
ous deposits were thin and underwent erosion. In any
case, it can be assumed that, at the beginning of the
Carboniferous, the coastline shifted somewhat to the
northeast, still being close to the recent Tas-Ary Pen-
insula. Highly bioturbated rocks of the lower four units
of the Tas-Ary Formation were most likely formed in
a calm lagoon. They are almost devoid of macrofossils
and signs of active hydrodynamics (wave ripples and
cross-lamination are sporadic).

The higher horizons of the Lower Tournaisian
demonstrate a gradual transition to an open shallow
shelf environment which was favorable for the settle-
ment of benthic fauna and exposed to waves. Silty and
sandy bioclastic limestones appeared in the section
become predominant; carbonate sandstone and grit-
stone with quartz and chert grains, ooids, and intra-
clasts, as well as quartz cross-laminated sandstone,
and wave ripples occur. Unit 6 is composed of grain-
stones with corals and brachiopods being the first in
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the section. The abundance of intraclasts and displaced
fossils indicates redeposition of sedimentary material.
Environments become even more active in the middle
part of the Tournaisian: numerous sandstones and
gritstones with a storm-generated cross-stratification,
both mixed siliciclastic—carbonate and oligomictic
(quartz and chert grains) are widespread, sometimes
with plant detritus. Bioclastic limestones and sand-
stone are often poorly sorted. Such rocks were appar-
ently deposited at a greater distance from the coast,
under the influence of storm waves and currents which
carried clastic material from the coastal part of the
basin. Some beds demonstrate bioturbation at their
tops corresponding to the calm conditions between the
storms. Predominantly clayey deposits of overlying
units 9 and 10 were presumably accumulated at some-
what greater depths; quartz sandstone interlayers
with current ripples and load marks could have been
deposited as relatively distal tempestites. The origin
of numerous ooids in the black shales at the top of
unit 10 remains unclear. Outwardly, these rocks
resemble the Mesozoic tasmanite shales.

The upper Tournaisian and lower Visean limestone
and calcareous shale containing numerous fossils and
devoid of wave- and storm-induced structures could
have been formed either in the protected lagoon or in
the open shelf or ramp (in the nomenclature of Pomar,
2001) slightly below the storm wave base. We prefer the
second possibility for the following reasons. Solitary
corals abounding in this part of the section (units 12—15)
are characteristic of a relatively deep-water “Cyathax-
onia fauna.” Storm deposits are widespread down the
section relative to the considered interval, while
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deeper water rocks are located higher (see below).
There are no signs of reef facies in the Lower Carbon-
iferous on the New Siberian Islands; the Tas-Ary For-
mation rocks were most likely deposited not in the
rimmed shelf. We should clarify that our interpretation
of deposits at the base of the formation (units 1—4) as
lagoon types implies a narrow shallow coastal lagoon
restricted by some shoal, as in the model proposed by
(Burchette and Wright, 1992) for a carbonate ramp.
This is not about a vast shelf lagoon separated by a bar-
rier reef from the deep-sea basin. During the late
Tournaisian—early Visean, the depositional settings
generally remained fairly stable although some sea
level fluctuations obviously took place.

A new phase of basin deepening started in the early
Visean. Its beginning is marked in the section by black
shales with pyrite and siderite (unit 16a). The entire
overlying part of the Tas-Ary section is represented by
fairly uniform facies dominated by fine-grained spicu-
lite limestones being bioturbated and clayey in the
lower half. Macrofossils in this part of the formation
includes almost only crinoid fragments; corals and
brachiopods (displaced) were found only at a few lev-
els. Pyrite is present. Near the top of the Tas-Ary For-
mation, rocks contain more siliciclastic material and
lots of displaced fossil fragments. The transition to the
Bel’kov Formation is gradual, but fast. This is due to a
relatively abrupt change in the depositional settings at
the end of the Visean—Serpukhovian: the facies of the
open, although fairly deep, shelf are replaced by the
“basin” ones. Black carbonaceous shales appear in the
lower, transitional, part of the section, but carbonate
rocks still play a significant role. However, almost all
of the latter were deposited by turbidity flows, like car-
bonate—siliciclastic sandstones and gritstones, which
are common there. Clastic rocks are enriched in
crushed fauna fragments; they could have been ground
only in an upper shoreface to foreshore zone or on
some shoals, where the siliciclastic material was also
supplied. Turbidity currents transported coastal sand
to the deep anoxic part of the basin. Presumably, the
accumulation of these rocks was preceded by the
drainage of incompletely lithified carbonate sediment
in the source area, its erosion, and crushing by waves.
A new clastic source appeared at the end of the Early
Carboniferous on land resulted in admixture of feld-
spar and volcanic rock fragments in sandstones. This
source became a major one for sandstones and silt-
stones of the Middle Carboniferous—Permian.

The carbonate clastics almost disappeared in the
Bashkirian. The entire overlying section is represented
by mudstone (including carbonaceous shales) and silt-
stone with units of siliciclastic turbidite sandstone.
Taking into account the fact that the deposits of mem-
ber 8 of the Bel’kov Formation were accumulated no
earlier than at the end of the Middle Permian (Chap-
ter 6), the Middle Carboniferous—Middle Permian
interval (50—60 m.y.) is only approximately 140 m
thick. Given that a significant part of this interval is
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composed of turbidite sandstones deposited almost
instantly, the background sedimentation during this
period was extremely slow, and the section is con-
densed.

Hence, the Carboniferous—Permian section stud-
ied in the Tas-Ary Peninsula demonstrates a gradual
change in the depositional settings from the shallow
shelf to the deep-water basin. The Tas-Ary Formation
is marked by small-order cycles complicating the gen-
eral trend. They are most pronounced in the middle
part of the formation (Fig. 4, units 13—15, 16—17). The
cycles are asymmetrical: the transition (up the section)
from relatively deep-water to shallower-water rocks is
gradual, while the reverse replacement is very fast. The
latter could have been caused by syndepositional fault-
ing. We interpret the Tas-Ary Formation as deposits of
homoclinal (?) ramp with a mixed sedimentation pat-
tern: the formation is dominated by carbonate rocks
containing siliciclastic admixture throughout the sec-
tion, abundant in some intervals. The largest propor-
tion of siliciclastic material is characteristic of the
shallowest (above the storm wave base) and, on the
contrary, the deepest facies of the Tas-Ary Formation.
Although we observe their replacement in a vertical
section, it can be assumed that it largely corresponds
to a lateral distribution of the ramp facies. This idea is
aligned with the model (Yancey, 1991) for the carbon-
ate—siliciclastic shelf according to which there is an
intermediate carbonate accumulation zone between
the shallow and deep-water zones where predomi-
nantly siliciclastic material accumulates.

The Bel’kov Formation deposits correspond to a
different stage in the basin development. It can be
assumed that its bottom profile changed in the late
Visean—early Serpukhovian: a bend separating the
shallow shelf (narrow at that time) from the deep-
water basin appeared. This transformation was likely
related to active normal faulting. The Bel’kov Forma-
tion is represented by slope deposits. In the visible
upper part of the formation, they are more distal and
could have been accumulated at the toe of the slope.

PALAEOGEOGRAPHY
OF THE NEW SIBERIAN ISLANDS
IN THE LATE PALAEOZOIC
AND CORRELATION WITH TAIMYR
AND SIBERIAN PLATFORM

M.K. Kos’ko et al. (for example, Kos’ko and Kor-
ago, 2009) established the facies zoning inherited from
the Late Devonian for the Lower—Middle Carbonif-
erous deposits of Kotel’ny and Bel’kov islands. Two
zones were identified: the southwestern deep-water
zone covering Bel’kov Island and the southwestern
half of Kotel’ny Island, and the northeastern shallow
zone. The deposits of most part of the Tournaisian-Ser-
pukhovian were previously believed to be absent on the
Bel’kov Island. According to our observations (Pease
et al., 2015; Chapter 8.2), deposits of the Bel’kov For-
Vol. 27

No.7 2019



774

mation conformably overlie the Upper Devonian
rocks on this island. Considering this, it seems appro-
priate to point out a transition facies zone. This zone is
assumed to include the southwestern part of Kotel’ny
Island (including the Tas-Ary Peninsula), where the
Lower Carboniferous deposits are lithologically dif-
ferent from those on Bel’kov Island (Fig. 2).

The Carboniferous— Permian Deposits
in Other Areas of Kotel’ny Island

In the southwestern part of Kotel’ny Island (transi-
tion zone), the Lower Carboniferous is represented by
the Tas-Ary Formation (M.K. Kos’ko’s nomencla-
ture, including the Serpukhovian deposits). This for-
mation, except for the Tas-Ary Peninsula, crops out in
two areas: south of the peninsula (lower reaches of the
Khos-Teryuttyakh River) and in the southeast of the
island. In both regions, the lithology of the formation
is similar to that in the key section (Kos’ko et al.,
1985). Within the northeastern shallow facies zone,
the Lower Carboniferous deposits form a vast field in
the east of Kotel’ny Island (near the proposed bound-
ary with the intermediate zone), and they are also
known in the local outcrop in the north of the island.
In the first case, they are represented by a formation of
fine-grained and clayey limestones 300—400 m thick
containing bioclastic interlayers with upper Tournai-
sian, Visean, and Serpukhovian fossils. This limestone
unit overlies older rocks with an angular unconfor-
mity; conglomerates with quartz and chert pebbles
were noted at its base (Kos’ko et al., 1985). Scattered
debris of dark gray mudstones of presumably conti-
nental genesis with Visean miospores were described
in the northern part of the island (Dibner, 1982;
Kos’ko and Korago, 2009).

The younger deposits of the Upper Palaeozoic in
the transitional facies zone, except for the Tas-Ary
Peninsula, were also mapped in a small outcrop in the
southeast of Kotel’ny Island. These rocks were
attributed to the Bel’kov Formation. The age of the
exposed part likely does not go beyond the Middle
Carboniferous. In the shallow-water zone, the upper
parts of the Palaeozoic section are assigned to a single
thin Middle Carboniferous—Permian formation over-
lying with a stratigraphic unconformity the Devonian
rocks (Kos’ko et al., 1985). This formation is com-
posed of shallow-water carbonate rocks in the center
of Kotel’ny Island, with a total thickness of a few tens
of meters. In the northwest, it has a more diverse com-
position and a greater thickness. Limestones form only
its lower part (not less than 70 m), while the higher
horizons of the section consist of shallow-marine
mudstone with siltstone and sandstone interlayers
(about 200 m). According to the earlier suggestions,
the boundary between the carbonate and terrigenous
units approximately corresponds to the base or the
lowest part of the Permian (Kos’ko et al., 1985; Kon-
stantinov, 2001 and references therein), but the recent
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findings of Artinskian foraminifera and brachiopods at
the top of the carbonate section (Filimonova et al.,
2015) make us doubt this. This question requires fur-
ther studies.

The Carboniferous— Permian on Bel’kov Island
(Deep-Water Zone)

The upper part of the Palacozoic section on Bel’kov
Island was mapped as a part of the Bel’kov Formation
which was identified in this area by V.F. Nepomiluev
(Kos’ko et al., 1985). This barren formation was previ-
ously attributed to the Middle Carboniferous (Bash-
kirian) by analogy with the section on the Tas-Ary
Peninsula. According to our data, it conformably over-
lies limestones with the upper Famennian—lower Tour-
naisian fauna, and the age of the formation covers the
interval from the beginning of the Carboniferous to the
Early Permian inclusively (not older than 280 Ma)
(Pease et al., 2015). The upper part of the section is
likely much younger: it contains subvolcanic basaltic
intrusions which were emplaced into the semiliquid
sediment and are similar in age and petrographic and
geochemical features to the Siberian traps (Kuzmi-
chev and Pease, 2007). It is possible that the formation
also includes a part of the Triassic. Thus, the lower
boundary of the Bel’kov Formation is diachronous: it
roughly corresponds to the Visean—Serpukhovian
boundary on Kotel’ny Island and to the lower part of
the Tournaisian on Bel’kov Island (in this area, the
lower part of the formation is coeval with the Tas-Ary
Formation).

The deposits of the Bel’kov Formation on Bel’kov
Island are similar in lithology to those in the Tas-Ary
section, but are generally more distal. They are repre-
sented mainly by dark gray and black shales, occasion-
ally bioturbated, and contain siderite and phosphatic
concretions and intervals with thin siltstone and sand-
stone interlayers, sometimes interrupted by slump
folds and syndepositional faults. We interpret such
intervals as distal turbidites partly redeposited by
along-slope bottom currents. The upper half (?) of the
section contains rare packs of turbidite sandstones. In
mineral composition, they are similar to sandstones of
the top of the Tas-Ary Peninsula section. The total
thickness of the formation on the Bel’kov Island is
more than 1 km.

The Upper Palaeozoic of Taimyr, North of the Siberian
Platform, and Northern Verkhoyansk Fold Belt

Taimyr. The Lower Carboniferous of Taimyr is tra-
ditionally interpreted as deposits of the Siberian pas-
sive margin (for example, Nikishin et al., 2010). In
general, they are represented mainly by carbonate
rocks; in the western part of the peninsula, clayey
shales also play an important role (Sobolev, 1999).
The deposits of this age are most thoroughly studied in
the Lake Taimyr area; the Lower Carboniferous key
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section was described there (upper reaches of the
Nyunkaraku-Tari River) (Mikhailov and Tschernjak,
1972; Bezzubtsev et al., 1986; Sobolev, 1999). The
Tournaisian—lower Visean (75 m) deposits in this sec-
tion are represented by detrital limestone, sometimes
silty (cross-stratification was noted), usually with
abundant benthic fauna; silty shale interlayers and
packs can be observed. Bauxites are located at the
base. Such lithological composition (except for baux-
ites) is similar to that in the upper part of the upper
lower Tournaisian—upper Tournaisian on the Tas-Ary
Peninsula. The middle part of the Visean of the
Taimyr key section (70 m) is characterized by fine-
grained, clayey, and bioclastic limestones; detrital
limestones with fossils are predominant up-section
(100 m); very fine-grained limestones and dolostones
are minor; the rocks contain sand and silt at some lev-
els. The upper part of the Visean (50 m) is composed
of very fine-grained limestone with chert nodules,
while the Serpukhovian (about 100 m (?)) is composed
of detrital limestone, including numerous fossils;
chert concretions are still observed. A considerable
quartz sand and silt admixture appear at the top of the
Lower Carboniferous section.

It can be concluded from the above description
that the considered section has much in common with
the Tas-Ary section also in its Visean part: in both
areas, clayey and fine-grained limestones are wide-
spread in the middle Visean, while very fine-grained
(micritic?) limestones with cherts occur in the upper
part. A large amount of siliciclastic material in detrital
limestones at the top of the Serpukhovian in Taimyr
can be aligned with the presence of siliciclastic—car-
bonate sandstones in the lower part of the Bel’kov
Formation on Kotel’ny Island. Taking into account
such analogies, we can suggest that the Early Carbon-
iferous in the central Taimyr and southwest of
Kotel’ny Island were characterized by similar deposi-
tional environments, and they changed approximately
synchronously. It should be noted that relatively deep-
water Lower Carboniferous facies were observed to the
south of the Taimyrian key section (Gosudarstven-
naya..., 2009; Sobolev, 1999). This fact was likely
caused by local reasons (depression in the shelf (?)),
and it does not contradict the general trend of the
Taimyr basin deepening to the north—northeast.

As in the Tas-Ary Peninsula, carbonate deposits in
Taimyr disappear from the section approximately at
the Early—Middle Carboniferous boundary. From this
time and until the end of the Permian, a thick forma-
tion composed of sandstone, siltstone, and mudstone
in various combinations, containing hard coal seams
have been accumulated throughout the Mountain
Taimyr region (more than 5 km thick in the east of
Taimyr) (Proskurnin et al., 2013). This formation is
characterized by regressive cycles. Carbonate rocks
can be found in some sections in the lower, transi-
tional, part of the formation (Bashkirian). The Middle
Carboniferous—Permian terrigenous deposits of
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Taimyr are considered to be formed in the foreland
basin which developed in front of the Northern
Taimyr orogen in the course of collision of the Kara
block and Siberia (for example, Kuzmichev, 2009;
Nikishin et al., 2010).

North of the Siberian Platform. In the north of the
Siberian Platform near the Nordvik Peninsula, the
Lower Carboniferous is also composed mainly of car-
bonate rocks which occasionally overlie older deposits
with a stratigraphic unconformity (Gosudarstven-
naya..., 2009; Proskurnin et al., 2013). They are repre-
sented by limestone with calcareous shale interbeds
(Tournaisian and upper part of the Visean); the lower
Visean is characterized by bioclastic limestone with
anhydrite and gypsum interlayers. Oolitic limestones
are common for the upper Visean in some sections.
The total thickness of the Lower Carboniferous rocks
reaches 600—850 m (in the most complete sections).
They are overlain by the terrigenous mostly marine
Permian deposits of about 1.5 km thick with a ravine-
ment surface at the base. To the east, up to the Lena
River delta, the Carboniferous deposits are not
exposed; the Permian deposits are more widespread
and demonstrate the same composition as in the Nord-
vik area. To the south, they rapidly decrease in thickness
and change to the continental facies (Ershova et al.,
2016 and references therein).

Northern Verkhoyansk fold belt. In the lower reaches
of the Lena River (Kharaulakh mountains), deposits
of the deformed margin of the Siberian Platform,
mapped as a part of the Verkhoyansk belt, are exposed.
The Tournaisian deposits in this area are similar to
those in the Tas-Ary section. Its lower part consists of
sandy dolostones and limestones (50 m), while the
upper part is dominated by bioclastic limestones with
chert nodules and limy mudstone interlayers (Yuferev,
1973; Ershova et al., 2011). The Visean was marked by
basin deepening as well as in the west of the Kotel’ny
Island; however, the rock composition was different.
The Verkhoyansk complex began to accumulate in the
northeastern margin of Siberia. Heterogeneous facies
are characteristic of the Visean here. In the northwest-
ernmost section (Bykov channel head of the Lena
River delta), the Visean deposits were described as
sandy turbidites with conglomerates and gritstones; in
the upper part, as fine-grained turbidites (total thick-
ness up to 400 m) (Ershova et al., 2011; Prokopiev
et al., 2013). To the south, the coeval deposits (240 m)
are mainly composed of mudstone and siltstone: in the
lower part, with chert and siliceous shale, and in the
upper part, with limestone and sandstone containing
plant detritus (Yuferev, 1973). The Lower Carbonifer-
ous section is crowned by a thick mudstone unit (up to
900 m, upper Visean—Serpukhovian—lower Bash-
kirian (?)) with sparse siltstone and calcareous sand-
stone interlayers interpreted as distal fine-grained tur-
bidites (Prokopiev et al., 2013). The top of the forma-
tion comprises interbeds of bioclastic limestones and
carbonate conglomerates (Yuferev, 1973). The Ser-
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pukhovian deposits near Lena delta share some simi-
larities with the lower part of the Bel’kov Formation
on the Tas-Ary Peninsula, although their thickness is
lower by an order of magnitude there. The Tas-Ary
Peninsula section is enriched in shales and also con-
tains siliciclastic—carbonate turbidites, which, in par-
ticular, make up a thick unit approximately at the
Lower—Middle Carboniferous boundary.

The Middle—Upper Carboniferous rocks in the
Kharaulakh mountains are represented by delta
(Prokopiev et al., 2013) sandstone and siltstone (400 m).
The Permian section is composed of siltstone, mud-
stone, and sandstone with a total thickness of more
than 1.5 km, with a regressive cyclicity and marine fos-
sils (Abramov and Grigor’eva, 1988). More shallow
water origin of the Middle Carboniferous—Permian
deposits in comparison with the underlying ones can
be explained by the eastward delta progradation. At
the same time, hemipelagic sediments and turbidites
have been accumulated away from the Siberian Plat-
form (7ektonika..., 2001).

Hence, the predominantly terrigenous sedimenta-
tion in the present-day Northern Verkhoyansk fold
belt began earlier (Visean) than in the neighboring
areas discussed above. However, the carbonate sedi-
mentation continued at that time to the west (Kutyu-
ngde graben) in the shallow-marine and lagoonal set-
tings (Smetannikova et al., 2013).

CONCLUSIONS

The detailed study of the Upper Palacozoic section
on the Tas-Ary Peninsula allowed to clarify signifi-
cantly the age and lithology of the stratigraphic subdi-
visions identified there. The lower part of the section
(not less than 950 m) which corresponds to the Tas-
Ary Formation includes shelf, mainly carbonate
deposits of the Tournaisian and Visean. The overlying
Bel’kov Formation (not less than 300 m) is dominated
by deeper water mudstone and sandstone of the Ser-
pukhovian—Middle (?) Permian. The most numerous
fossil findings originate from the middle part of the
Tas-Ary Formation (brachiopods, conodonts, and
corals) and the lower part of the Bel’kov Formation
(brachiopods, conodonts, and foraminifera). The pro-
posed position of the lower boundary of the Tas-Ary
Formation is not substantiated by fossils owing to their
absence in the Devonian—Lower Carboniferous;
however, it seems preferable relative to the previous
variant (Kos’ko et al., 1985) for sedimentological rea-
sons, at least in the Tas-Ary section. Visible tops of the
Bel’kov Formation were formed not earlier than at the
end of the Middle Permian, which is justified by detri-
tal zircon dating.

We reconstructed a gradual evolution of the depo-
sitional settings from coastal-marine in the Famen-
nian to open shelf: shallow water during the Tournai-
sian, slightly below the storm wave base at the end of
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this age and more deep-water in the Visean. The Ser-
pukhovian was marked by a new stage in the basin
deepening: its bottom profile changed likely due to
active faulting, and the late Early Carboniferous—
Middle Permian deposits were accumulated on a well-
defined slope. In addition, a new source of immature
siliciclastic material appeared in the Serpukhovian
and became predominant in the second half of the
Carboniferous. It supplied the basin with volcanic
rock fragments of different composition as well as pla-
gioclase, quartz, and microcline (throughout the
underlying section up to the Famennian inclusively,
the terrigenous admixture is represented only by
quartz and chert).

Comparison of the studied section with the coeval
formations exposed in other areas of the New Siberian
Islands makes it possible to reconstruct the homocli-
nal (?) ramp in the western part of the archipelago for
the Tournaisian—Visean time, which was dominated
by carbonate sedimentation; this ramp was adjacent to
the land (the recent central part of Kotel’ny Island)
and passed into a deep-water shale basin to the west—
southwest (Bel’kov Island). At the end of the Visean—
Serpukhovian, some tectonic events caused changes in
the configuration of the basin and depositional envi-
ronments. This was likely related to growth of the
Northern Taimyr orogen. During the Middle Carbon-
iferous—Middle Permian, limestones were accumu-
lated only in a narrow (?) shallow-water zone which
occupied the present central areas of Kotel’ny Island
and, in the pre-Artinskian time, the northwestern
areas of this island. A complex of slope sediments with
turbidites and black shales was formed to the south-
west. The clastic material was supplied from the
Northern Taimyr orogen, while carbonate sediments
of the shallow-water zone were an additional source of
clastics (mainly for Serpukhovian sandstones).

The significant similarity of the Lower Carbonifer-
ous part of the section exposed in the Tas-Ary Penin-
sula to the key section of the Lower Carboniferous of
Taimyr, the synchronous shift from carbonate sedi-
mentation to terrigenous one, and single clastic source
for the Upper Carboniferous (?)—Permian sandstones
of both regions indicate their belonging to the same
sedimentary basin in the Late Palacozoic. However, in
the Southern Taimyr region, a shallow-water foreland
basin is reconstructed which to the south (in modern
coordinates) was replaced by coastal and continental
facies of less downwarped areas of the Siberian Plat-
form, while for the Carboniferous—Permian forma-
tions of the New Siberian Islands, it is more logical to
assume a passive continental margin setting. This
assumption can also be confirmed by the fact that the
Upper Palacozoic facies zoning of the archipelago
inherits that of the Late Devonian. In other words, the
deep-water basin in the western part of the New Sibe-
rian Islands existed at least from the beginning of the
Frasnian Age to the Middle Permian inclusively (more
than 100 m.y.). At first glance, the replacement of the
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Upper Devonian—Permian shallow-water facies by
deep-water ones in the southwestern direction (in the
recent structure) points that the New Siberian Islands
were separated from Siberia by a deep (oceanic (?))
basin. But if we take into consideration the two-polar
rotational model of the Mesozoic Amerasian basin
opening (Kuzmichev, 2009), in the pre-Late Jurassic,
the area of the archipelago can be reconstructed as
turned 90 degrees counterclockwise relative to its pres-
ent position; in this case, the deep-water facies of
Bel’kov Island occur on the strike of the Verkhoyansk
margin of Siberia. Such an assumption certainly
requires further studies; meanwhile, it is in good
agreement with the above-mentioned similarity of the
Carboniferous—Permian deposits of the New Siberian
Islands and Taimyr, with common features in the sed-
imentation evolution and lithology between the Upper
Palaeozoic section of Bel’kov and Kotel’ny islands and
the Verkhoyansk belt, and with the occurrence of
Siberian Permian—Triassic traps in the archipelago
(Kuzmichev and Pease, 2007).
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