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The Yedoma lce Complex in northern Yakutia provides perfect preservation conditions for
frozen remains of vertebrate animals. Even complete mummified specimens of the late
Pleistocene Beringian Mammoth fauna such as woolly mammoth, woolly rhinoceros,
horse, and bison are occasionally found in permafrost deposits across eastern Siberia,
i.e., in West Beringia, although bones are much more commonly found. The present study
characterizes mammal bones from late Pleistocene and Holocene permafrost deposits
exposed on the Oyogos Yar coast, part of the southern shore of the Dmitry Laptev Strait
that connects the Laptev and East Siberian seas. The study applies a method to
characterize fossil bone samples by the location of their discovery and by the accuracy
of their relation to a depositional horizon. We analyzed a total of 38 finite radiocarbon ages
of bone material from mammoth, horse, and musk ox, spanning from about 48.8 to 4.5 ka
BP and including both our own data and data from the literature, in addition to previous
publications that reported numerous bones with infinite ages from the Oyogos Yar coast.
The distribution of bones and tooth along the coastal permafrost exposure is not uniform; it
depends upon whether the material was found in situ, on thermo-terraces, or on the shore.
The overall bone collection consists of 13 species of which Mammuthus primigenius
(woolly mammoth, 41%), Bison priscus (bison, 19%), Equus ex gr., caballus (horse, 19%),
and Rangifer tarandus (reindeer, 16%) predominate. The fossil bone species distribution is
similar to those of other prominent Yedoma outcrops in the region, i.e., on Bykovsky
Peninsula and on Bol’shoy Lyakhovsky Island. Correlation analysis shows that the Oyogos
Yar bone sampling sites of different geomorphological settings are similar to each other but
not to all sampling sites within the other two locations on Bykovsky Peninsula and on
Bol'shoy Lykahovsky Island. High similarities in terms of correlation coefficients between
specific sampling sites are often not represented in the cluster analysis.

Keywords: paleozoology, Mammoth fauna, permafrost, Yedoma Ice Complex, late Pleistocene, west Beringia,
Oyogos Yar coast
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INTRODUCTION

Numerous finds of bones and soft tissues of large mammals
have been made on the southern shore of the Dmitry Laptev
Strait on the Oyogos Yar coast (Figure 1) since the 19th
century. The first detailed description and topographic
survey of the Oyogos Yar coast was carried out in 1909 by
two members of an expedition of the Ministry of Trade and
Industry of Russia, E.F. Skvortsov and N.A. Iyudin
(Skvortsov, 1914; Skvortsov, 1930). They noted abundant
bone fossils on the beach, especially those of woolly
mammoths. Here, bones and tooth accumulate
occasionally due to thermo-denudation and thermo-
erosion of the permafrost coast and subsequent slumping.
The Yana-Indigirka Lowland, including the Oyogos Yar
coast, has been actively studied since the end of the 1920’s.
Mammal bones from this area were sent to the zoological,
geological, and paleontological institutes in Moscow, where
they have been stored until now (Kuznetsova et al., 2004;
Kuznetsova and Starodubtseva, 2009).

In the 20th century, Grigoriev (1932), Spizharskii (1940),
Gusev (1958), Romanovskii (1958), Romanovskii (1961a),
Romanovskii (1961b), and Kuznetsova (1965) actively studied

Mammoth Fauna of Oyogos Yar

the geological structure of this region and developed stratigraphic
schemes for the late Quaternary deposits exposed here. The
stratigraphic scheme for the Yana-Indigirka coastal plain by
Gusev (1958) defined for the first time a “Mammoth horizon”
occupying a distinct stratigraphic position. Later stratigraphic
schemes for the region by Ivanov (1972) and Prokhorova and
Ivanov (1973) characterized several formations of the middle and
late Pleistocene by the presence of Mammoth fauna remains.
Active exploration for fossil mammoth tusks resumed at the end
of the 20th century, even in previously inaccessible regions.
Consequently, the number of harvested tusks sharply
increased. Furthermore, carcasses and soft tissue material of
large Mammoth fauna animals became available for
paleontological research (e.g., Boeskorov et al, 2013;
Boeskorov et al., 2014).

According to Sher et al. (2005) the taxonomic composition of
mammal bone assemblages can be affected by external factors,
especially local geological processes and taphonomic conditions.
Therefore, such collections may provide a modified picture of the
relative abundances of species in the past. Furthermore, the
typical patterns of taphonomy (Efremov, 1950) suggest that
fossil bones represent only a small fraction of previously
existing animals.
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FIGURE 1 | Study region in the East Siberian Arctic showing the Oyogos Yar study site and other relevant study sites on the New Siberian Archipelago (Bol'shoy
Lyakhovsky Island) and at the shore of the Laptev Sea (Cape Mamontov Klyk, Bykovsky Peninsula, and Lena Delta) mentioned in the paper.
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The Beringia Land Bridge connected Eurasia and North
America during the sea-level low stand of the last glacial
period. Therefore, vast shelf and lowland areas between the
Scandinavian-Kara ice sheets and the Laurentide ice sheet
remained unglaciated and provided space for extensive
permafrost formation in polygonal tundra landscapes. Here,
abundant tundra-steppe vegetation sustained the Mammoth
fauna, which was characterized by large grazers such as woolly
mammoth, bison, musk ox, horse, reindeer, saiga, and woolly
rhinoceros. Fossil evidence of this unique ecosystem of the last ice
age still attracts public interest, while paleo-environmental
research that employs floral and faunal fossils enables insights
into ecosystem functioning as well as mechanisms of
adaptation to changing climatic conditions (Sher et al,
2005; Andreev et al,, 2011; Nikolskiy et al., 2011; Pitulko
et al., 2017; Pavlova and Pitulko, 2020). In this context, the
present study contributes to paleo-environmental research in
West Beringia and aims 1) to describe and document the
paleozoological characteristics of the late Pleistocene and
Holocene deposits of the Oyogos Yar coast, 2) to assign
whenever possible the mammal bone findings to
cryostratigraphic units either by dating or by detailed
documentation of the sites of finds in a systematic manner,
and 3) to deduce the local distribution pattern of mammal
bones onthe Oyogos Yar coast and to compare the composition
of the West Beringian Mammoth fauna to that of mammal
bone collections from neighboring prominent localities on the
New Siberian Islands and on the Bykovsky Peninsula.

Mammoth Fauna of Oyogos Yar

STUDY SITE AND PREVIOUS RESEARCH

Oyogos Yar is a stretch of the Arctic Ocean coastline located in
the southwesternmost part of the East Siberian Sea, and forming
part of the southern coast of the Dmitry Laptev Strait (Figure 1).
Our study was performed at the Kondrat’eva Yedoma and the
surrounding thermokarst basins (alases in Russian) in the eastern
part of the Oyogos Yar coast. The Kondrat’eva Yedoma is the
largest permafrost outcrop along this part of the coastline and
stretches for about 5km, from the mouth of the Kondrat’eva
River to the west (between about 72.683°N, 143.475°E and
72.672°N, 143.635°E). The height of the Kondrat'eva Yedoma
reaches 41 m above sea level (asl). The paleontological material
discussed in this study was collected in 2002 and 2007 over 10 km
of coastline, on the exposures as well as on the beach (Kuznetsova,
2003; Kuznetsova, 2008).

The modern periglacial landscape of the Oyogos Yar
hinterland is characterized by Yedoma uplands intersected by
alases and thermo-erosional gullies and valleys. Based on the
cryostratigraphy exposed on the coast and its geocryological
properties, such as ice content, the interplay of thermo-
dedunation and thermo-abrasion erosional processes has
shaped the coastal topography into steep bluffs and thaw
slumps (thermo-cirques in Russian), with thermo-terraces
topped by thermokarst mounds (baidzherakhs in Russian) that
represent sedimentary centers of ice-wedge polygons that
remained after the wedge ice melted (Figure 2). The Oyogos
Yar coast erodes at an overall long-term rate of up to —6.5

FIGURE 2 | Coastal exposures at the Kondrat'eva Yedoma (Dmitry Laptev Strait) showing (A) the Yedoma Ice Complex headwall (note climber dressed in blue at

the top of the frozen ground deposit for scale), (B) the thermo-terrace below the headwall, (C) an ice wedge pseudomorph in Krest Yuryakh deposits, and (D) an ice
wedge pseudomorph in lateglacial to Holocene alas deposits. Note in situ tusk findings in (C) and (D). Photographs in August 2007 by T. Opel, AWI (A), F. Kienast,
Senckenberg Weimar (B), L. Schirrmeister, AWI (C), and V.V. Kunitsky, MPI Yakutsk (D).
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0.2ma™" (Giinther et al,, 2013). Such rapid permafrost erosion
provides annually renewed access to formerly frozen material,
including the fossil mammal bones which are the focus of
our study.

In recent years, geocryological investigations of the Oyogos
Yar coastal exposures have been undertaken during Russian,
Russian-Japanese, and Russian-German efforts that provided a
general understanding of the local cryostratigraphic horizons
(Figure 3) and their formation (Konishchev and Kolesnikov,
1981; Tomidiaro et al., 1982; Nagaoka et al., 1995; Tumskoy,
2012), as well as insights into paleo-ecology and paleo-climate
(Wetterich et al., 2009; Andreev et al., 2011; Kienast et al., 2011;
Opel et al., 2011; Boeskorov et al., 2013; Rudaya et al., 2015;
Wetterich et al., 2016; Opel et al., 2017a; Opel et al., 2017b;
Neretina et al., 2020). Based on the stratigraphic chart proposed
by Tumskoy and Kuznetsova (2022) for northern Yakutia, and
follow-up permafrost studies that included dating results
(Schirrmeister et al., 2002a; Wetterich et al., 2014; Wetterich
et al, 2016; Wetterich et al., 2019; Opel et al, 2017a;
Zimmermann et al, 2017; Wetterich et al., 2021a), the
permafrost deposits exposed on both coasts of the Dmitry
Laptev  Strait discontinuously —cover the last about
200,000 years before present and span from Marine Isotope
Stage (MIS) 7 to MIS 1. At the study site, a Yedoma Ice
Complex of MIS 3 age is preserved in the Yedoma upland,
while adjacent thermokarst basins of lateglacial as in Figure 2
and MIS 1 age are composed of lacustrine and palustrine deposits
and reach up to 15 m asl (Figure 3). Deposits underlying these
two main sequences belong to the lacustrine Krest-Yuryakh
stratum of MIS 5 age, which is commonly considered to
represent the last Interglacial (e.g., Andreev et al, 2009;
Wetterich et al., 2009; Kienast et al., 2011). Further MIS 5
deposits belong to the Buchchagy Ice Complex, while the
chronostratigraphic position of the Kuchchugui stratum is still
in question due to scarcity of geochronologic data (MIS 5 vs. MIS
6; Andreev et al., 2004; Tumskoy, 2012). After their formation,
ice-rich permafrost deposits such as the Buchchagy Ice Complex
or the Yedoma Ice Complex might have been subjected to thaw
during successive warm periods such as the Last Interglacial or
the Holocene. If thawing occurred, the remaining and refrozen
mineral and organic depositional components are defined as

taberal deposits (Kaplina, 2009). Taberal deposits are present
in the cryostratigraphic record of the Oyogos Yar coast and are
therefore considered in the study (Figure 3).

It is well known that well-preserved Mammoth fauna fossils
can be found on the Oyogos Yar coast and at the Kondrat'eva
Yedoma in particular (Smirnov, 2003). However, only two
skeletal elements from the eastern part of the Oyogos Yar
coast are stored in the Zoological Institute of the Russian
Academy of Sciences (St. Petersburg, Russia); the upper left
tooth of a woolly mammoth, transferred to the institute in
1972, and a horse skull without a lower jaw, found at the
mouth of the Rebrova River and transferred to the collection
in 1991 by M.V. Sablin and O.R. Potapova. Single finds of the
remains of fossil mammals from the area of the Kondrat’eva
Yedoma are stored in the Diamond and Precious Metals Geology
Institute, Siberian Branch, RAS and the Mammoth Museum of
the North-eastern Federal University (NEFU, Yakutsk, Russia).

In 2009 and 2010, two outstanding discoveries were made on
the Oyogos Yar coast. In 2009, 30 km west of the mouth of the
Kondrat’eva River, a part of the carcass of a woolly mammoth was
found; this specimen is known as mammoth Yuka and was
radiocarbon-dated to 34,300 +260/-240 a BP (GrA 53289;
Boeskorov et al, 2013). The remains of the Yuka woolly
mammoth include by the skull with cheek teeth and tusks, the
lower jaw with cheek teeth, the lower parts of the legs with soft
tissues, the skin, some soft tissues of the body, and part of the axial
skeleton. The left ear, trunk, and lips are preserved on the head.
There are three finger-like processes at the end of the trunk. The
hair is gray-brown and dark brown on the body and red on the
legs. The maximum length of the hair on the hips is 40-42 cm
(Boeskorov et al.,, 2013). A fragment of a horse carcass was found
in the same area in 2010, and radiocarbon-dated to 4,630 + 30 a
BP (GrA 54209; Boeskorov et al., 2013). Today, this partial horse
carcass is named the Yukagir horse, of which the head and neck,
part of the torso containing some internal organs, the hind legs,
and the tail have been preserved. The dark brown mummified
skin was preserved in fragments. Short hair, 4.5-7 cm long and so
dark brown as to be almost black, is preserved on the distal parts
of the legs only (Boeskorov et al., 2013).

A total of 43 radiocarbon dates for mammoth bones and tooth,
of which 20 are finite dates for specimens from the mainland
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shore of the Dmitry Laptev Strait, was first presented by Nikolskiy
and Basilyan (2004) and Nikolskiy et al. (2011). These age
determinations were obtained for bones from three locations,
namely Svyatoy Nos, Ulakhan-Taala, and Kondrat’eva Yedoma,
and are discussed in the context of the present study.

MATERIALS AND METHODS

Although scientific sampling of large mammal bone remains on
the Oyogos Yar coast (Figure 1) has been taking place for more
than 100 years, the paleontological collection of the Russian-
German SYSTEM LAPTEV SEA collaboration (since 1998) is
the most complete and representative for this coastal region.
Mammal bones and bone fragments were collected on the Oyogos
Yar coast during fieldwork in 2002 and 2007, and identified
afterwards (Kuznetsova, 2003; Kuznetsova, 2008). For a
comprehensive and complete study of the paleozoological
material, all mammalian remains regardless of their state of
preservation, including small bone fragments, were collected
and identified. This allowed the most accurate possible
estimation of the relative abundances of primary large
mammal species of the late Pleistocene Mammoth fauna that
inhabited this area. The overwhelming majority of the finds were
identified down to species level using the collection of the
Department of Osteology of the Zoological Museum of
Lomonosov Moscow State University (Russia) as comparative
material. Thus, we determined the paleozoological characteristics
of the late Pleistocene and Holocene deposits of the eastern part of
the Oyogos Yar coast. In 2002 and 2007, we collected 1977
samples of fossil bones and tooth (Table 1).

Statistical analyses were conducted in order to evaluate the
degree of similarity among the species distributions for the
Mammoth fauna at the different sampling sites associated with
the three areas discussed: the Oyogos Yar coast at the Kondrat’eva
Yedoma west of the mouth of the Kondrat’eva River, the southern
coast of Bol'shoy Lyakhovsky Island near the mouth of the
Zimov'e River, and on the Bykovsky Peninsula at the
Mamontova Khayata Yedoma (Figure 1). First, Pearson
correlation coefficients were calculated between the species
distributions of all sampling sites to assess whether the level of
uniformity among sites within one location characterized by
different geomorphological settings is comparable to the level
of uniformity among sites in different locations. Second, to
further  explore those differences and  similarities,
agglomerative hierarchical cluster analysis was then performed
on the species counts for each sample site Given that the numbers
are actual counts of Mammoth fauna bones, chi-squared
distances were used in the analysis; clustering method was
“average.” The statistical significance of the clusters recovered
by the analysis was assessed using a bootstrapping approach
following Suzuki and Shimodeira (2006). The analysis was
performed using R’s Pvclust Package (Suzuki et al, 2019; R
Core Team, 2021).

While collecting bones, each sample was marked immediately
upon discovery and the location of the find was mapped
(Kuznetsova, 2008). Group A bones were obtained in situ,

Mammoth Fauna of Oyogos Yar

ie, within the frozen sediment, so that the location and
vertical position in the section are known. Group A contains
the smallest number of bone specimens due to the specifics of
collecting paleontological material from ice-rich permafrost
deposits that thaw intensively during the summer season, and
in which freshly exposed boness are rather quickly relocated and
buried in slump debris. Group B bones were obtained from
thermo-terraces of thaw slumps, having been previously
thawed and relocated, but were found in positions that
indicated roughly which part of the bluff above they had come
from. Therefore, the upper and lower boundaries of their possible
occurrence in the section could be determined, and aligned to a
specific cryostratigraphic unit. Group C bones also occurred
within the thawed debris at the base of the exposure, but in
locations that provided no indication of their original positions.
Group D bones, which were found on the beach, represent the
most abundant category. This group is further divided into three
subgroups: those from the west part of the coast, those from the
east part of the coast, and those from the mouth of the stream.
Group E bones were found on the surface of the tundra in the
hinterland. specimens of the A and B groups have direct
stratigraphic importance for the interpretation of the
permafrost sequences. For in situ group A specimens, the
stratigraphic position is known, or the minimum height in
section can at least be estimated. For group B specimens,
approximate upper and lower bounds can be placed on their
original stratigraphic positions.

To document the sites of finds on the beach with greater
precision, the coast at Kondrateva Yedoma west was divided
during field work into three parts (Figure 3). Section 1 was the
beach under the Alas basin lying between 7.2 and 8.0 km from the
mouth of the Kondrat'eva River (4,700-5,500m of the
Kondrat'eva Yedoma profile); Section 2 spanned the beach
below the cliff of the high Yedoma upland, between 6 and
72km from the river mouth (3,500-4,700m of the
Kondrat'eva Yedoma profile); and Section 3 spanned the
beach between 4 and 6km from the river mouth
(1,500—3,500 m of the Kondrat’eva Yedoma profile), which is
the coast of a less elevated part of the Yedoma upland. However,
when the sea is rough, bones can be transported along the beach
for considerable distances, as we observed during fieldwork.
Therefore, the division into Sections 1-3 was not strict, and
was used only with reference to the numerous bones found on the
east part of the coast. All bones from the western shore (west from
the Camp stream, area is not shown in Figure 3) are considered to
belong to one group.

In total, 21 bone fragments representing mammoth, horse,
bison, and musk oxen were selected for radiocarbon dating,
which was done either by acceleration mass spectrometry
(AMS) or conventional C age determination. The latter
required sample weights of about 1kg. Dating was performed
at the Laboratory of Isotope Geochemistry and Geochronology of
the Geological Institute of the Russian Academy of Sciences
Moscow, Russia (GIN), at the Leibniz Laboratory for
Radiometric Dating and Stable Isotope Research, University of
Kiel, Germany (KIA), and at the Center of Isotope Research,
University of Groningen, the Netherlands (GrA). Dating was
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TABLE 1 | Collection of mammalian remains sampled at Oyogos Yar in 2002 and 2007.

Location

group

Order

Proboscidea

Artiodactyla

Perissodac-
tyla

Carnivora

Lagomorpha
Rodentia

Family

Elephan-
tidae
Bovidae

Cervidae

Equidae

Rhinocero-
tidae
Felidae

Canidae
Leporidae
Myomorpha

Taxon

Mammuthus primigenius
(Blumenbach, 1799)
Bison priscus (Bojanus,
1827)

Ovibos moschatus
(Zimmermann, 1780)
Saiga tatarica L., 1758
Rangifer tarandus L., 1758
Alces alces (L., 1758)
Alces americanus Clinton,
1822

Equus ex gr. caballus L.,
1758

Coelodonta antiquitatis
Blumenbach, 1790
Panthera spelaea
(Goldfuss, 1810)

Canis sp.

Lepus sp.

Other
Undefined
Total

Total
2002 2007

779

366

87

305

aw N o

1977

Collection 2007

Collection 2002

Total Exposure Shore Tundra Total Exposure Shore Tundra
2007 surface 2002 surface
and other
places
Group A, Group D Group E, Group A, Group Group
B,C remote areas B,C D E
Total Eastern Western Other
shore shore shore shore
632 39 561 306 225 30 35 147 12 131 4
286 14 272 135 127 10 80 13 67
75 1 7 35 36 3 12 1 11
1 1 1
262 21 241 136 98 7 43 10 33
3 3 2 1
2 2 1 1
303 8 295 144 138 13 58 8 50
1 1 1 1 1
2 2 2 1 1
6 6 2 4
6 6 3 3 1 1
3 3 1 2
5 5 4 1
21 3 18 10 7 1 26 3 23
1608 86 1487 780 646 61 38 369 48 317 4
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TABLE 2| List of radiocarbon dates derived from collagen of Mammoth fauna bones collected at Oyogos Yar shown in order of increasing age. GIN - Geological Institute of
the Russian Academy of Sciences, Moscow (Russia); GrA— Center of Isotope Research University of Groningen (Netherlands); KIA—Leibniz Laboratory for Radiometric
Dating and Stable Isotope Research University of Kiel (Germany). Samples 2 and 19 were taken from the same costa of Mammuthus primigenius.

No. Sample Lab. 14C date Taxon Skeleton
no. No. [a BP] element

1 Oyg- GIN- 12,650 + 80  Equus ex gr. femur
07-063 14091 caballus

2 NS-OgK- GrA- 22,460 + 100  Mammuthus costa
0286 47134 primigenius

3 NS-OgK- GIN 24,750 + 210  Mammuthus tibia, right
0175 -13221 primigenius

4 Oyg-07- GIN- 25,260 + 310  Equus ex gr. radius
0352 14094 caballus

5 Oyg-07- GIN- 25,620 + Equus ex gr. tibia
0336 14093 1,100 caballus

6 NS-OgK- GIN- 26,700 + Equus ex gr. femur, right
0151 13236 1,400 caballus

7 NS-OgK- GIN- 26,850 + 150  Equus ex gr. femur, right
0151 13245 caballus

8 NS-OgK- GIN- 30,000 + 650  Equus ex gr. tibia, right
0386 13267 caballus

9 Oyg-07- GIN- 32,330 + 700 Equus ex gr. femur
0985 14092 caballus

10 NS-OgK- GIN- 34,800 + 700  Equus ex gr. scapula,
0208 13252 caballus right

11 NS-OgK- GIN- 35,250 + 330 Equus ex gr. pelvis, left
0267-a 14057 caballus part

12 NS-OgK- GIN- 36,700 + 400  Mammuthus ulnae, left
0270 13899 primigenius

13 Oyg- GIN- 37,350 + 320 Equus ex gr. pelvis
07-061 14059 caballus

14 NS-OgK- KIA 40,700 + Mammuthus ulnae, left
0271 27803 2,110/-1,670  primigenius

15 NS-OgK- GrA- 42,140 + Ovibos vertebra
0461 44920 480/-410 moschatus

16 Oyg-07- KIA 42,370 + Mammuthus tusk
0855 42888 860/-780 primigenius

17 NS-OgK- GIN- >30,000 Equus ex gr. tibia, right
0360 13260 caballus

18 NS-OgK- GIN- >35,000 Ovibos Cervical
0343 13263 moschatus vertebra

19 NS-OgK- GIN- >41,500 Mammuthus costa
0286 13223 primigenius

initially possible only using the conventional radiocarbon
method, in the laboratory of the Geological Institute RAS in
Moscow. Large, well-preserved samples were selected for this.
After fieldwork in 2002 a single in situ sample from the outcrop
was dated, as were four large mammoth and horse samples from
the thermo-terrace and six samples from the shore. The largest
musk ox bone collected on the coast was also dated, because this
species is rare. After fieldwork in 2007, five horse bones were
given to the same laboratory, two from the thermo-terrace and
three from the shore. Four samples (three mammoth and one

Preservation Locality First
publication
distal fragment thermo-terrace of the largest thaw slump, at This study
38.5 to 8 m asl (group B)
fragment In situ in Yedoma Ice Complex, shore, 100 m  This study
east of the stream mouth (near 2,200 m of the
Kondrat’eva Yedoma profile), at 1 m asl
(group A)
fragment thermo-terrace (group B) This study
fragment, juv. western coast, shore near the mouth of This study
Rebrova River (group D)
distal fragment western coast, shore near the mouth of This study
Rebrova River (group D)
distal fragment thermo-terrace (group B) This study
distal fragment thermo-terrace (group B) This study
distal fragment eastern shore (group D) This study
fragment eastern coast, shore (group D) This study
fragment eastern shore, near stream mouth (near This study
2,200 m of the Kondrat’eva Yedoma profile)
(group D)
sample cut out eastern shore (group D) This study
fragment, cutout  thermo-terrace (group B) This study
fragment thermo-terrace of the largest thaw slump, at This study

38.5 to 8 m asl (group B)

fragment, with eastern shore (group D) Rompler et al.

marrow (2006)
fragment eastern shore (group D) This study
fragment In situ in Krest-Yuryakh; eastern coast; bluff This study
below the second small thaw slump; height
2.2 m asl (group A)
distal fragment eastern shore (group D) This study
damaged eastern shore, near stream mouth (group D) This study
fragment In situ in Yedoma Ice Complex, eastern coast, This study

100 m east of the stream mouth (near 2,200 m
of the Kondrat’eva Yedoma profile), altitude
1 m asl (group A)

musk ox) were dated by the AMS radiocarbon method due to the
small size of the bone fragment (Table 2). Ages are reported as
uncalibrated years before present (a BP).

RESULTS

From the entire mammal bone collection sampled in 2002 and
2007 (1977 samples in total), 1925 bones were identified and
analyzed (Figure 4). Most of the collection was systematically
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Total samples (2002, 2007), N = 1925

0.1%

40.5% C. antiquitatis

0.2% M. primigenius

0.4% Rodentia

Lepus sp. 3
03% —_

19.0%

B. priscus
0.2% Canis sp.
P. spelaea

4.5%

ﬂfl[ﬁ} ~ 0. moschatus
A »
0.1% AT 0.1%
A. americanus 0.2% S. tatarica
A. alces

FIGURE 4 | Composition of the mammal bone collections from Oyogos
Yar showing the total collection from 2002 to 2007 (N = 1925). The
percentages are calculated from the total number of identified samples
(Table 1).

obtained in August 2007 near the Kondrateva Yedoma and
adjacent alases. Over 4 weeks of fieldwork it was possible to
study the host deposits, and to carefully differentiate the sites
where bones were found. In contrast, the samples from 2002
derived from a limited 1 day reconnaissance; consequently, the
2002 and 2007 collections are considered separately. The 2007
samples include more in situ finds and more small bones and
small fragments of large bones, which commonly require more
time and effort to locate (Figure 5). The 2002 samples, by
contrast, include more large bones and more finds from the
beach (Figure 6).

Mammal Bone Collection From 2007

In total, the collection from 2007 comprises 1,608 bones and
fragments, of which 21 could not be identified and five belong
to birds or to arctic ringed seals. Only the 1582 identified
terrestrial mammal bones (Figure 5A) are considered
further. Among this total, woolly mammoth [Mammuthus
primigenius (Blumenbach, 1799)] bones and fragments
prevail (39.9%), while horse [Equus ex gr. caballus L.,
1758] (19.2%), Pleistocene bison [Bison priscus (Bojanus,
1827)] (18.1%), reindeer [Rangifer tarandus L., 1758]
(16.6%), and musk ox [Ovibos moschatus (Zimmermann,
1780)] (4.7%) make up lesser shares of the collection.
Bones of other mammals such as woolly rhinoceros
[Coeleodonta antiquitatis (Blumenbach, 1790)], elk [Alces
alces L., 1758], moose [A. americanus (Clinton, 1822)],
saiga antelope [Saiga tatarica L., 1758], rodents
[Rodentia], lagomorphs [Lepus sp.], and predators such as
wolves [Canis sp.] and cave lions [Panthera spelaea
(Goldfuss, 1810)], are rare and each represent far less than
1% of the collection (Figure 5A; Table 1).

The 2007 bone collection is differentiated into exposure
samples, including groups A, B, and C (Figure 5B) and shore
samples corresponding to group D (Figures 5C-E). A few
samples were collected on the surface of the tundra (group E),

Mammoth Fauna of Oyogos Yar

and at other outcrops far west of Kondrat’eva Yedoma. Samples
collected from the outcrops (exposure samples defined as groups
A, B, and C) sum up to 83 identified fossil bones, representing
only about 5.2% of the entire collection. Such a proportion is
typical for Yedoma Ice Complex localities. From the Kondrat’eva
exposures, remains of woolly mammoth predominate (47.0%),
followed by reindeer (25.3%), bison (16.9%), and horse (9.6%)
(Figure 5B).

Only six bones were found in situ in the exposure (group A,
Figure 3). In total, 78 samples were collected from the thermo-
terraces (group B) of Kondrat’eva Yedoma, and 2 samples (bison
and reindeer) were found within the thawed debris at the base of
the exposure (group C). The Group A specimens include one
damaged radius of a bison, and five fragments of woolly
mammoth tusks. The in situ findings were confined to the
sediments of the Yedoma Ice Complex and to taberal
Kuchchugui, Krest-Yuryakh, and Alas deposits (Figure 3).

The samples collected directly from the thermo-terrace (group
B), were found mainly at altitudes from 8 to 16 m asl. Of the 78
fossil bones or fragments, 75 have been identified, while three
remain unidentified. Remains of M. primigenius (45.3%)
predominate, followed by R. tarandus (26.7%), B. priscus
(16.0%), and E. ex gr. caballus (10.7%), related to the
identified 75 bones.

The majority of the bone material considered in this study,
totaling 1464 identified samples, was obtained from the shore and
constitutes group D. There are 1404 samples from the eastern and
western shores (Figure 5C), and 60 bones collected from the
shore in remote areas (“other shore” in Table 1; not shown in
Figure 5).

From the beach at the Kondrat'eva Yedoma cliff and the eastern
part of the alas (eastern shore, Table 1), 766 samples were collected
and identified (Figure 5D). Woolly mammoth predominates (39.9%),
followed by horse (18.8%), reindeer (17.8%), bison (17.6%), and musk
ox (4.6%) (Figure 5D). Among rare species, saiga antelope were
represented by a distal fragment of a humerus, elk by thoracic and
lumbar vertebrae and a second phalanx, wolves by a pelvic fragment
and second upper molar (identified by M.V. Sotnikova, Geological
Institute RAS Moscow, Russia), hares by skull, pelvic, and femoral
fragments, and lemmings by a skull (Dicrostonyx sp., determined by
A.S. Tesakov, Geological Institute RAS Moscow, Russia).

West of the Camp stream at the beach below the alas outcrop
(western shore, Table 1; not shown in Figure 3), 646 samples
were collected, of which 638 were identified (Figure 5E). Here,
woolly mammoth (35.3%), horse (21.6%), bison (19.9%), reindeer
(15.4%), and musk ox (5.6%) were the most common species.
Woolly rhinoceros were represented by the proximal fragment of
the third metacarpal bone (Mc III), cave lions by a tooth and
epistrophy of, Canis lupus by three teeth and a femur fragment
(identified by M.V. Sotnikova), hares by three limb bones,
lemmings by a pelvis and a right mandibular ramus containing
two teeth (Dicrostonyx cf. torquatus, identified by A.S. Tesakov),
and Alces sp. by a distal femur fragment, a damaged lumbar
vertebra, and a fragment of a thoracic vertebra. Moose were
represented by a right lower third molar (M;) and a second
phalanx, identified as A. americanus (identified by P.A.
Nikolskiy, Geological Institute RAS Moscow, Russia).
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A Total samples (2007), N = 1582

39.9%

0.2%
0.4%  Rodentia
Lepus sp.

0.4%
0.1% Canis sp.
P. spelaea

Exposure samples (2007), N = 83

47.0%
M. primigenius

E.exgr. caballus'

9.6%
25.3%
R. tarandus

0. moschatus

Eastern shore samples (2007), N = 766

39.9%
M. primigenius
0.1% Geee

0.4%  Rodentia
Lepus sp.
0.3%

Canis sp.
4.6%
0. moschatus
0.1%
S. tatarica

0.1%
A. americanus

A. alces

M. primigenius

FIGURE 5 | Composition of the mammal bone collections from Oyogos Yar showing (A) the total collection from 2007 (N = 1582) differentiated into (B) the
exposure collection (N = 83) and (C) the shore collection (N = 1464), which is further differentiated into (D) the eastern shore collection (N = 766) and (E) the western shore
collection (N = 638). The percentages are calculated from the total number of identified samples (Table 1). Note, that 35 bones found at other places and 61 bones found
at other shore locations than (D) or (E) are summarized in (A), but not differentiated in this figure. The full record is given in Table 1.

0.1%
C. antiquitatis

18.1%
B. priscus

4.7%
0. moschatus

S. tatarica

Shore samples (2007), N = 1464
0.1%
C. antiquitatis

38.3%
0.2% M. primigenius
0.4%  Rodentia

Lepus sp.
0.4%

18.6%
B. priscus

0.1% Canis sp.
P. spelaea 4.8%
0. moschatus
0.1%
S. tatarica

0.1%

A. americanus
0.2%
A. alces

Western shore samples (2007), N = 638
0.2%
C. antiquitatis

35.3%

M. primigenius
0.3%

0.5% Rodentia

19.9%

B. priscus
Lepus sp. =
0.3%  canis sp. 21.6%
P. spelaea :

E.exgr.
caballus

5.6%
0. moschatus

0.2%

A. americanus
0.2%

A. alces

With respect to species that were part of the Mammoth
fauna and still inhabit the territory, it is difficult to distinguish
between fossil and modern material collected on the shore,
which are often in a similar state of preservation. Therefore, it
is impossible to say for sure whether fossil or modern remains
of reindeer, wolf, and hare were found. The last of these, at
least, is present in the fossil bone collection from Bykovsky
Peninsula, where fossil hare remains were collected in situ
(Kuznetsova et al., 2019).

In terms of bone fragmentation and quality of bone
preservation, specimens from the western shore (Figure 5E)
differ from those from the eastern part (Figure 5D). On the
western shore, there were fewer unbroken large limb bones, but
many small limb bones, small fragments of various bones, and
small fragments of mammoth tusks. This indicates that the
bones were repeatedly redeposited from older to younger
deposits and sorted by waves on the beach. This hypothesis

is also confirmed by the collection of samples from a small part
of the western coast, which we identified as “coast with small
bones” (2.6-3.1 km west of the Camp stream). This area was
almost completely covered with small tusk and bone
fragments, and small bones. On this small part of the beach,
8.4% of the total western coast samples were collected; about
80% of the samples from this area are small fragments of
mammoth tusks.

Interesting paleontological material includes a slightly
damaged skull of a male musk ox with the lower jaw, and a
fragment of a humerus with soft tissues and the ulna (Tumskoy
and Dobrynin, 2008). Both were found at the mouth of a stream
located 2.3 km southeast of the mouth of the Krest-Yuryakh
River, in slumping debris at an altitude of 6-7m asl. This
fragment of the musk ox skeleton probably thawed out of
Bychchagy Ice Complex sediments. We can assume that these
are fragments of the skeleton of one individual, because they were
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found close to one another and in an identical state of
preservation.

A fragmentary woolly mammoth skeleton was found on the
surface of the tundra near a stream at a distance of 4.7 km from
the mouth of the Kondrateva River (at 2,200 m along the
Kondrat’eva Yedoma profile) (Figure 3), at an altitude of 12 m
asl. This skeleton thawed in a thermokarst mound of the Yedoma
Ice Complex and was first found in 1994 by local people (personal
communication). The skull was broken into many small pieces,
probably when tusks and teeth were knocked out of it. We
collected 32 pieces of this skeleton: a tooth fragment, six
fragments of the cervical vertebrae, four fragments of the
thoracic vertebrae, five fragments of the lumbar vertebrae,
some ribs, a scapula, a fragment of the pelvis, a metapodium,
and an os carpale.

Mammal Bone Collection From 2002
We conducted a reconnaissance trip to the Kondrat’eva
Yedoma on 30 August 2002 (Schirrmeister et al., 2003a)
and collected 369 bones and fragments, of which 343 were
identified (Table 1; Figure 6A). We consider the 2002
collection separately as it was collected in 1day, which is
reflected in an even greater predominance of bones
collected on the shore over material collected at the
outcrop. The 2002 collection contains many large limb
bones and few small bone fragments and small mammal
bones and teeth. The 2002 landing site was located at the
mouth of a creek situated 4.7 km west of the Kondrat’eva River
mouth, at a horizontal distance of 2,200 m on the Kondrat’eva
Yedoma profile shown in Figure 3. As in the 2007 collection,
mammoth (42.9%), bison (23.3%), horse (16.9%), and reindeer
(12.5%) bones predominate, while musk ox remains (3.5%)
make up a smaller share (Figure 6A).

A total of 48 specimens (45 identified) representing groups
A and B were collected from the exposure and the thermo-
terrace (Figure 6B), but only one bone (a large fragment of a
mammoth rib) was found in situ. Next to this rib in the
coastal outcrop, at a height of 1 m asl, several more ribs were
observed, but they could not be collected due to
inaccessibility. The ribs protruded from the roof of a
wave-cut notch right above the beach. Most likely a part of
this skeleton, or the complete mammoth skeleton, which had
been buried in the exposed Yedoma Ice Complex was
destroyed. It is possible that the bones found directly next
to the described site of the possible burial of this mammoth
skeleton, including a pelvis (right and left halves), a damaged
left femur, and a fragment of the left humerus, were part of
the destroyed skeleton. The bones belong to a young
individual and bone marrow is preserved in the limb
bones. The rib, sampled in situ, was dated twice (Table 2)
to >41,500 a BP (GIN-13223) and 22,460 + 100 a BP (GrA-
47134). It is not clear how such considerable age differences
between samples from one bone can be explained. A fragment
of the left half of the pelvis was also dated, to 35,250 + 330 a
BP (GIN-14057).

Forty-seven specimens were collected from the thermo-
terrace, including three indeterminate bone fragments. Among
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FIGURE 6 | Composttion of the mammal bone collections from Oyogos Yar
showing (A) the total collection from 2002 (N = 343) differentiated into (B) the
exposure collection (N = 45) and (C) the shore collection (N = 294). The percentages
are calculated from the total number of identified samples (Table 1).

the 44 identified specimens found on the thermo-terrace
(Figure 6B), bison bones (28.9%) predominate slightly over
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mammoth bones (26.7%), whereas reindeer bones make up 22.2%
of the total, and horses 17.8%. The 44 specimens also include a
single musk ox horn sheath, and a single fragment of a cave
lion femur.

Some 317 specimens collected from the shore represent
86% of the entire 2002 collection, but 23 could not be
identified due to poor preservation. The species present
among the 294 identified bone remains include woolly
mammoth (44.6%), bison (22.8%), horse (17.0%), reindeer
(11.2%), and musk ox (3.7%) (Figure 6C). In addition to bones
of these five most common Mammoth fauna species, a
damaged cervical vertebra of woolly rhinoceros and a tibial
fragment of hare were found. The entire 2002 collection
differentiates into 245 samples from the shore below the
highest outcrop of the Kondrat'eva Yedoma (between
2,200 m and 5,500 m on the Kondrat’eva Yedoma profile
shown in Figure 3) and 68 samples from the shore at the
mouth of the creek at the landing site (at 2,200 m on the
Kondrat’eva Yedoma profile shown in Figure 3). The last
group of samples includes four bones, which probably belong
to the mammoth skeleton described above and were collected
at a distance of 150 m east of the landing site. No specimens
were collected to the east of the landing site due to lack of time.
Two mammoth partial limb bones (ulnare and radius
fragments), and two tusk fragments, were found on the
tundra surface (group E) near the landing site.

Preservation of the Paleontological

Specimens

Permafrost is very favorable for the preservation of bone material,
but the bodies of dead animals in permafrost pass through
different taphonomic filters, e.g., animal feeding, frost
weathering, chemical alteration, and abrasion by running
water (Sher et al., 2005). A single bone indicates the prior
existence of not only hundreds of missing bones of the same
animal, but perhaps thousands of non-preserved bones of other
animals. A further argument for high abundance of animals in the
Mammoth fauna is that mammoth, horse, bison, and reindeer are
all herd species; they never live alone. Therefore, the large
quantities of bones clearly indicate that a relatively large
number of these grazing animals existed in the past, and
suggest the existence of appropriate pastures and a tolerable
climate.

The total collection of paleontological material can be divided
into two unequal parts according to quality of preservation. The
smaller part consists of the few samples that provide a basis for
partially reconstructing the conditions of their burial, which in
turn must have influenced the process of fossilization
(taphonomy). The larger part consists of bones, in varying
states of preservation, that provide no evidence from which
the conditions of their burial might be reconstructed. In some
cases, mode of preservation makes it possible to partly reconstruct
the depositional or redepositional processes to which a given
sample was subjected. Furthermore, some bones show signs of
having been gnawed by predators. Large limb bones retain bone
marrow preserved inside.

Mammoth Fauna of Oyogos Yar

The first way bones can be preserved in permafrost is by being
covered in concretions of hydrated iron phosphate (vivianite),
indicating diagenetic mineralization and waterlogged storage
conditions. The presence of vivianite on bones indicates the
conditions under which they were buried, or potentially
redeposited. Bones covered in vivianite were buried either in
swampy conditions or in deposits with high ice content, which
melted and re-froze to form taberal deposits. In either case, the
bones were preserved under relatively anoxic conditions and the
decomposition of organic matter led to the formation of
authigenic aggregates of phosphates, present assoil forms of
vivianite (Rothe et al, 2016). Most of the bones in the
collection that are covered in vivianite belong to mammoths
(16 samples). Far fewer represent other animals: bison (five),
horse (two), musk ox (one), and reindeer (one). Three out of five
mammoth tusk fragments found in situ exhibit vivianite
concretions. These tusks were obtained from taberal
Kuchchugui deposits, from Krest-Yuryakh deposits in the
eastern part of the section (Figure 3), and from taberal
Yedoma Ice Complex deposits in the western part of the
section. Most of the bones and bone fragments covered in
vivianite were collected from the western and eastern parts of
the coast. The preservation of vivianite, however, indicates that
the bone material was not transported over a large distance, as
such transport would have destroyed the crystal concretions.

The second way bones can be preserved is by being covered
with iron oxides. A total of ten specimens covered with
amorphous iron oxides were collected: three mammoth
samples (tusk, tooth, and rib fragments), four bison samples
(femur and humerus fragments, astragalus, tooth), and three
reindeer bones (damaged femur and os centrotarsale, distal
fragment of metatarsale). Three of these samples were found
on the outcrop, and the other seven on the east shore. The three
skeletal elements found on the outcrop include the tusk fragment,
which was discovered in situ, as well as the mammoth rib
fragment and damaged reindeer femur. The rib fragment is
from the first rib, and was found on a thermo-terrace beneath
the Yedoma Ice Complex at a height of 10 m in the eastern part of
the section, whereas the damaged femur was collected on a 6-8 m
high thermo-terrace which was also located beneath the Yedoma
Ice Complex. The presence of amorphous iron oxides on the
bones indicates a long residence time in well-aerated low-
moisture sediments, or on the surface of the ground, and
limited relocation.

Three samples are coated with both vivianite and iron
oxides. These are fragments of the tusk (in situ) from the
taberal Kuchchugui deposits, and fragments of mammoth
tooth and bison femur from the beach. The presence of
both vivianite and iron oxides indicates that a given bone
was alternately under conditions conducive to the formation of
vivianite and conditions conducive to the formation of iron
oxides. For example, a mammoth tusk fragment was
syncryogenetically buried in Kuchchugui deposits and
covered in oxides. Subsequently, the syncryogenic Kuchuguy
sediments were thawed, so that the tusk fragment was then
subjected to conditions of excess water and lack of oxygen, and
became overgrown with vivianite.
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The third state in which bones can be found is showing
evidence of having been gnawed by predators; samples
showing evidence of such damage include fragments of large
limb bones, a pelvic fragment, heel bones, and astragali. In our
opinion, the bones were gnawed before they were buried, but
unequivocal confirmation of this interpretation will require
examination of the tooth marks left by the predators. Bones in
this condition include four mammoth bones, three horse bones,
and one bone each from musk ox and bison. The gnawed
mammoth and horse bones were collected from both the
western and eastern parts of the shore; the single musk ox and
bison bones were collected from one part of the shore only. As
mentioned earlier, the musk ox specimen, a distal fragment of the
humerus with associated soft tissue, was found in slumped debris
on the outcrop located 2.3 km southeast of the mouth of the
Krest-Yuryakh River.

Eight fragments of large limb bones are probably the best
preserved because they contain bone marrow; these represent the
fourth preservation type. The presence of bone marrow is an
indicator of rapid bone burial. Four mammoth bone fragments,
two musk ox bone fragments, and one each from bison and
reindeer, all containing marrow, were found. All were found on
the shore. It is possible that a much greater number of bones
contain bone marrow; many of the whole large limb bones of
horses, bison, reindeer, and musk ox probably contain bone
marrow inside, but we did not carry out any special research
in this direction.

There are also two interesting samples in the collection. One is
a fragment of horse humerus which is gnawed by predators and
covered with vivianite. This combination suggests that the bone
most likely lay on the surface for some time, and then was
redeposited in marshy conditions or it was buried in Ice
Complex deposits which melted and re-froze to form taberal
deposits. Another single specimen is a fragment of a bison femur
with bone marrow that is covered with vivianite. This
combination indicates that the bone was probably quickly
buried in swampy conditions, The largest number of bones
and their fragments were well preserved but show different
stages of alteration. In this group we noted bones with varying
degrees of roundness indicating transportation. A total of 135
rounded bones and fragments were identified, which is 7.0% of
the entire collection (7.9% of the 2007 collection) They are
visually differentiated into weakly-rounded, medium-rounded,
and strongly-rounded bones, and bones worn by sea-ice. Weakly-
rounded bones include carpal and tarsal bones and fragments of
the second phalanges of horses, bison, and reindeer totaling 13
samples collected on the beach west of the Camp stream. The
medium-rounded bones comprise 107 samples and consist of
bones and fragments from 39 horse specimens, 33 bison
specimens, 23 reindeer specimens, six mammoth bone
fragments, five musk ox bone fragments, and one wolf bone
fragment. The small number of rounded mammoth bones, which
otherwise dominate the shore collection, indicates a significant
resistance of mammoth bones to mechanical abrasion and
rounding. Among the rounded bones, tarsal and carpal bones
predominate, due to their shape. Sesamoid bones, phalanges, and
fragments of large limb bones are present significantly less

Mammoth Fauna of Oyogos Yar

frequently. Bones of medium roundness were collected both
on the eastern and the western parts of the shore. The
strongly-rounded bones include nine samples. Five bone
fragments belong to bison limb bones and two to horse limb
bones; one bone each belongs to mammoth and reindeer. The
rounded bones also include bones worn by sea-ice. There are only
six such bones: three horse bones (two astrogalus and a tibia
fragment), a bison carpal bone, a musk ox astrogalus, and a
reindeer astrogalus. This form of preservation is characterized by
a completely flat surface on one side of the bones; all
morphological structures of the bone (outgrowths, depressions,
grooves, broadness, etc.) have been erased. This level surface
could have been formed by ice rubbing against the bone while the
bone was frozen in beach sediments. A strong degree of such wear
is very clearly visible on the bones. Such bones are found on both
sides of the coast. The small number of samples preserved in this
state does not mean that the other bones, especially the rounded
and strongly-rounded ones, did not experience ice friction, but ice
rubbing against bones frozen into the sediments of the beach can
be clearly established for a few bones only.

Dating of the Paleontological Material From
Oyogos Yar

Unfortunately, radiocarbon dates of bones from the Oyogos Yar
coast, in contrast to bone dates from the Bykovsky Peninsula, the
New Siberian Islands, and the Lena River Delta, are scarce. We
submitted 21 samples from our collection for dating; 19 dates
have been received (Table 2). In a fragment of a left mammoth
humerus and in a fragment of a left mammoth ulna, collected on
the shore at a relative distance of 2,350 m and between 2,200 and
5,500 m (Figure 3), collagen was absent. The humerus fragment
was collected on the shore under the outcrop at a relative
distance of 2,350 m (Figure 3), and the ulna fragment was
collected on the shore (Figure 3). Of the 19 radiocarbon
dates obtained, three are infinite. Two dates were determined
from one sample, a Mammuthus primigenius rib. The youngest
date is 12,550 + 80 a BP; the oldest is 42,370 + 860/-780 a BP. Of
the 18 bones examined, ten specimens are from horses, six
specimens are from mammoths with two dates from one bone,
and two specimens are from musk ox (Table 2). If we consider
where samples chosen for dating were collected, two bones
(which vyielded three dates), a fragment of a rib and a
fragment of a mammoth tusk, were collected in situ. Six
samples from thermo-terraces were dated: two fragments of
mammoth bones (ulnare, tibia) and four fragments of horse
bones (three femur fragments and a pelvis fragment). Ten
specimens were dated from the shore, including six horse
bone fragments, two specimens belonging to mammoths, and
two specimens from musk ox (Table 2). Specimens from the
shore were collected near the mouth of the Rebrova River (horse
radius and ulna fragments), from the shore below the
Kondrat’eva Yedoma and an alas at a relative distance of
5,000 m shown in Figure 3 (fragments of two tibia and a
femur fragment from a horse, a fragment of a mammoth
pelvis, and a musk ox vertebra fragment), at the mouth of
the stream at 2,200 m relative distance shown in Figure 3
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(horse shovel fragment and damaged musk ox vertebra), and
150 m from the 2002 drop-off site (mammoth pelvis).

The fragment of a mammoth rib collected in situ has been
dated twice. The time scatter turned out to be significant: >41,500
a BP (GIN-13223) and 22,460 + 100 a BP (GrA-47134). We
cannot explain this significant time discrepancy, because the
samples given for dating were both from one bone. The left
branch of pelvis that probably belongs to the same mammoth
individual as the fragment of rib was dated to 35,250 + 330 a BP
(GIN-14057). The AMS date of 42,370 + 860/-780 a BP (KIA-
42888) obtained from the tusk which was found in situ is also
unexpected. It does not correspond to the stratigraphic position
of the host sediments as it is too young. We attribute this
discrepancy to the contamination of the sample with modern
organic matter.

We cannot clearly confirm the regularity of the distribution of
new radiocarbon dates and radiocarbon dates from the Oyogos
Yar published earlier (Rompler et al., 2006; Nikolskiy et al., 2011;
Boeskorov et al., 2013). The total of 38 radiocarbon final dates is a
small database. Most of the dates fall in the time interval from
42.5 to 22.5 ka BP, of which seven dates in the period from 27.5 to
25ka BP. In the period from 40 to 37.5 ka BP dates are absent
(Figure 7).

DISCUSSION

Mammal Bone Distribution and Dating at
Oyogos Yar

In general, the ratio of bone remains from the main large grazer
species of the Mammoth fauna that we found is close to the
known percentage of animals in the past fauna. However, the
predominance of woolly mammoth remains in the collection can

be explained not only by a significant mammoth predominance in
the fauna, but also due to the better preservation of large and thick
mammoth bones. The large percentage of reindeer bones may be
due to bones of modern reindeer being included in the collection.
Reindeer is the only large mammalian species of Mammoth fauna
that still inhabits the described territory at the present time.

The bones of small adult mammoths (vertebral, carpal, and
tarsal bones and others) were collected from both the eastern and
western parts of the Oyogos Yar coast. These bones are much
smaller in size than similar bones of other mammoths of the same
age. Single finds of bones of small adult mammoths were
previously described from Bol'shoy Lyakhovsky Island,
Bykovsky Peninsula, and the interfluve of the Olenek and
Anabar rivers (Kuzmina et al, 1999; Kuznetsova and
Kuzmina, 2000; Sher et al., 2000; Kuznetsova et al., 2004).
These findings make it possible to put forward a hypothesis
about the co-existence of larger and smaller woolly mammoths
during some time intervals (Nikolaev et al., 2011) which was
further confirmed by Boeskorov et al. (2017) and the
present study.

Age information from mammoth bones of group A and group
B was obtained from nine samples (Table 2; Figure 3), which
range from >41.5 to 12.5 ka BP. This aligns the MIS 3 to 2 period
of Yedoma Ice Complex formation with the presence of
Mammoth fauna, although in situ findings in deposits
predating the Yedoma Ice Complex complicate the picture.
For example, the age of a mammoth tusk dated to 42.37 ka BP
(Figure 3; KIA 42888) and the age of wood fragments dated to
47.7 ka BP (KIA 25730; Opel et al., 2017a), both found in ice-
wedge casts attributed to the MIS 5 Krest-Yuryakh stratum, call
into question the in situ preservation of the organic material or, in
turn, the age of the Krest-Yuryakh stratum that has previously
been IRSL-dated to 102.4 + 9.7 kyr ka (Opel et al., 2017a). Here,
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permafrost degradation, material mobilization, and re-freezing
might explain the discordance of older host deposits and the
clearly younger bone ages. If this explanation is correct, the
present Krest-Yuryakh host deposits must have thawed to
incorporate re-located bone material from stratigraphically
younger strata, and subsequently have re-frozen in situ. This
would further imply a warm period sometime between MIS 5
(Krest-Yuryakh) and MIS 3 (Yedoma) or during MIS 3. The
regional MIS climate optimum as recorded on Bol'shoy
Lyakhovsky Island took place between 48 and 38ka BP
(Andreev et al., 2009; Wetterich et al., 2014) while, in the
broader regional context, warmer-than-today summers have
been reconstructed on Bykovsky Peninsula at about 48 and
35ka BP based on pollen, plant macrofossils, and insects
(Schirrmeister et al., 2002b; Kienast et al., 2005) and in the
Lena Delta at about 48 ka BP, 43.5 to 41 ka BP, and 36 ka BP
based on chironomids (Wetterich et al., 2021b). If such a
warming episode was able to melt surface wedge ice and
create initial thermokarst with a high-center polygonal surface
in places, the finding of bones and other organic material post-
dating the Krest-Yuryakh host deposits could make sense.
However, the intact, thus undisturbed, sedimentary structures
of lacustrine laminated Krest-Yuryakh ice-wedge casts call this
interpretation into question. The fact that some bones, including
this tusk, were for a long time in thawed sediments without access
to oxygen under the water of a lake is also indicated by the
vivianite covering them.

The 28 radiocarbon dates are known from the Kondrat’eva
Yedoma outcrop and the coast below it. Seventeen dates were
obtained from bones from this collection (Table 2) and 11
dates were published earlier (Nikolskiy et al., 2011). The date
range is from >50.0 to 12.5 ka BP. Of these, eight (28.6%) are
infinite dates, which may indicate a significant amount of
bone remains from deposits older than 47.4 thousand years
and a wide distribution of these deposits. Many infinite dates
(more than 42%) were also obtained from the bones from the
Zimov’e outcrop of the Bolshoy Lyakhovsky Island (the
northern coast of the Dmitry Laptev Strait). This also
seems to be due to the good exposure of ancient Ice
Complexes (Tumskoy, 2012).

The range of finite mammal bone ages at the Kondrat'eva
Yedoma exposure covers the MIS 3 to 2 period of Yedoma Ice
Complex formation almost completely (Figure 8), while host
deposits are radiocarbon-dated from 48.5 to 32.2ka BP
(Schirrmeister et al., 2011). The 12 radiocarbon dates belong
to the period of Kondrat’eva Yedoma Ice Complex deposition. A
fragment of a mammoth ulna with bone marrow dated to 40.7 +
2.1/-1.7 ka BP indicates very rapid sedimentation of some layers
of the Ice Complex (Table 2). It should be noted that eight dates
are younger than 32.2ka BP, which is the upper age limit
obtained from Yedoma Ice Complex deposits (Figure 8). The
MIS 2 Yedoma Ice Complex, including the sedimentary legacy of
the Last Glacial Maximum, has not yet been identified on the
Oyogos Yar coast. We noted a similar situation when studying the
southern coast of B.L. Island and explained it by fragmentation of
the MIS 2 aged deposits (Andreev et al., 2009). Further research
on the Zimov’e section on Bol'shoy Lyakhovsky Island indicated
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FIGURE 8 | Distribution of radiocarbon ages of mammal bones
differentiated by taxa from the Kondrat’eva Yedoma exposure including data
from Nikolskiy et al., 2011 (N = 6), Rompler et al., 2006 (N = 1), and this study
(N = 13). Only finite dates are given as uncaliorated ages. The gray
rectangle highlighted the age range of Kondrat’eva Yedoma Ice Complex host
deposits, which was radiocarbon-dated from 48.5 to 32.2 ka a BP
(Schirrmeister et al., 2011)

MIS 2 deposits dated from 29.3 to 21.7 ka BP (Wetterich et al.,
2011; Wetterich et al,, 2021a). Apparently on the Kondrat’eva
Yedoma outcrop deposits younger than 32.2ka BP were
fragmented and melted.

One bone was found on the thermo-terrace; it was a distal
fragment of horse femur, dated 12.55 + 0.08 ka BP. It was buried
in deposits younger than the Yedoma Ice Complex, but older than
the Holocene deposits. Such deposits have not been found either
on the Kondrat’eva Yedoma or on the Zimov’e outcrop, although
there are bones of this age from both outcrops (Andreev et al,
2009). Thus, dating of bone material often gives dates different
from those of the sediments indicating that sediments that were
deposited on these outcrops are currently eroded, extending the
geological history of the area.
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The distribution of the radiocarbon dates of the present study
and of studies published earlier (Rompler et al., 2006; Nikolskiy
etal., 2011; Boeskorov et al., 2013) from Oyogos Yar coast, a total
64 dates from >51.0 to 4.63 ka BP, is available. The 38 finite
dates from 48.8 to 12.55 ka BP and the Holocene date (4.63 ka
BP) have been analyzed (Figure 7). The largest number of
dates refers to the time interval from 45 to 22.5 ka BP (MIS 3-2
Yedoma Ice Complex) with three time-peaks: 45-40,
37.5-32.5, and 30-22.5ka BP. The age of the most famous
find from Oyogos Yar, the Yuka mammoth (34.3ka BP;
Boeskorov et al., 2013; Lopatin, 2021), also fits well into the
upper part of the MIS 3 Yedoma Ice Complex of Oyogos Yar.
The ages of E. ex gr. caballus bones in the present study are
restricted to the MIS 3-2 period and range from 37.4 to
12.55 ka BP. The discovery of the Yukagir horse (Equus sp.)
dated to 4.63 ka BP (Boeskorov et al., 2013) confirms a horse
presence in the Holocene on Arctic coasts from the Taimyr
Peninsula to Oyogos Yar and maybe even further east, as well
as on the New Siberian Islands (Lazarev, 1980; Kuznetsova
et al., 2001; Kuznetsova and van der Plicht, 2009).

The observed pattern, covering the vast area of Beringia during
the late Pleistocene with different local geologies and collection

histories, cannot be explained by a random interaction of
different local factors. We believe that it is related to a general
influence of environmental changes that affected northeastern
Siberia during this period.

Regional Comparisons
Bone collections of a similar size as collections from the Oyogos
Yar coast are known from Bol'shoy Lyakhovsky Island
(Kuznetsova et al, 2015; Wetterich et al, 2011; Wetterich
et al,, 2021a) and the Bykovsky Peninsula (Sher et al., 2005;
Kuznetsova et al., 2019). Other collections from Cape Mamontov
Klyk (western Laptev Sea shore, Schirrmeister et al., 2008), from
different locations in the Lena Delta (Schirrmeister et al., 2003a;
Wetterich et al., 2008; Wetterich et al., 2020; Wetterich et al,,
2021b), from the Yana Lowland (Yana RHS site, e.g., Basilyan
et al, 2011), the Indigirka Lowland (site, e.g., Pitulko, 2011;
Pitulko et al., 2014), the Kolyma Lowland (e.g., Sher, 1971),
and Wrangel Island (e.g., Vartanyan et al., 1993) complement
the regional picture of the West Beringian mammoth fauna.

In detail, the bone collection from the southern coast of
Bol'shoy Lyakhovsky Island comprises 1,026 bones, including
one bird bone and 14 unidentified bones (Kuznetsova and
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Kuzmina, 2000; Kuznetsova, 2007). The resulting 1011 bones of
the Mammoth fauna almost equally represent mammoth (257)
and horse bones (253), as well as bison (200) and reindeer (185).
Hare (24), cave lion (4), and woolly rhinoceros (6) are more
abundant in this collection than in collections from Oyogos Yar
and Bykovsky.

The bone collection obtained at different locations on
Bykovsky Peninsula, but mainly at the Mamontova Khayata,
comprises a total of 1,192 bones, including five bird bones and
71 unidentified bones (Kuznetsova et al., 2019). The resulting
total of 1,116 identified mammal bones lacks findings of rare
species found in the Oyogos Yar record such as woolly rhinoceros
and saiga antelope.

Regional statistical analyses (Figure 9) were done for the
Oyogos Yar collection in comparison to the Bol'shoy
Lyakhovsky Island collection from 1999 (Kuznetsova and
Kuzmina, 2000; Kuznetsova, 2007) and the Bykovsky
Peninsula from 1998 (Kuznetsova et al., 2019). Consideration
of the three collections shows similar proportions for mammoth
at Oyogos Yar (39.1%) and Bykovsky Peninsula (38.0%), while
Lyakhovsky has fewer mammoth bones (26.5%). The proportion
of bison bones in the Oyogos Yar collection (19.5%) is similar to
that at Bykovsky (20.8%). Reindeer bones are similar in
abundance in all three collections (Oyogos Yar 16.3%,
Bykovsky 14.4%, Lyakhovsky 18.5%). Horse bones are least
frequent from Oyogos Yar (19.0%) while they are similar for
Bykovsky (24.5%) and Lyakhovsky (23.3%). Musk ox finds differ
by a few percent (Oyogos Yar 4.6%, Bykovsky 1.9%,
Lyakhovsky 7.3%).

The two Oyogos Yar Shore 2007 sampling sites and the
Oyogos Yar Exposure 2007 sample site have high correlation
coefficients among each other, with highest correlation
coefficients between the shore sites, where Oyogos Yar
Western and Eastern Shore 2007 have a correlation coefficient
of 0.99 (Figure 9). Similarly, high correlation is found between
those two sampling sites and Oyogos Yar Shore 2002 (0.98
and 0.97).

The Bykovsky Peninsula sampling sites show weaker
correlations among each other. The Bykovsky Exposure
Mamontovy Khayata site and the Bykovsky Shore Mamontovy
Khayata site show a correlation coefficient of 0.9; the Bykovsky
Shore Mamontovy Khayata and the Bykovsky Mamontovaya
Terrasa (alas) site show a correlation coefficient of 0.92
(Figure 8).

The samples from Bol'shoy Lyakhovsky Island show high
similarity between the Eastern Exposure, the Eastern Shore
Exposure, and the Eastern Shore sites (Figure 9). In addition,
the Eastern Shore Exposure is similar to the Western Exposure
site with a correlation coefficient of 0.95. The Western Shore site
is similar to the Zimov’e mouth site, with a correlation coefficient
of 0.95.

The Lyakhovsky Zimov’e mouth sample site is not highly
correlated to any other site at any location. The Lyakhovsky
Eastern Exposure also does not exhibit much similarity to any
other sample site, like the Oyogos Yar Tundra 2002 sample,
which is the most weakly correlated to all other samples, with
correlation coefficients between 0.49 and 0.83. The Bykovsky

Mammoth Fauna of Oyogos Yar

Mamontovy Khayata Exposure is somewhat similar to the
Bykovsky Mamontovy Khayata Shore site (correlation
coefficient 0.90), but different from all other sampling sites.
Bykovsky Cape Mamont is also somewhat different than all
other sites; its highest similarity is to the Oyogos Yar
Exposure site with a correlation coefficient of 0.94.

The Oyogos Yar Exposure 2002 sample site shows high
correlation with Bykovsky Mamontovaya Terrasa and
Bykovsky Cape Mamont (0.95 and 0.94, respectively). The
samples from the Bykovsky Mamontovy Khayata Shore site
also show high correlation coefficients with the Oyogos Yar
Western and Eastern Shore 2007 sites (both 0.95) and the
Oyogos Yar Shore 2002 site (0.93). The Lyakhovsky Eastern
Shore site also shows high correlation coefficients with the
Oyogos Yar Shore 2002 site and the Oyogos Yar Eastern and
Western Shore 2007 sites, while the correlation of the Lyakhovsky
Eastern Shore site with the Bykovsky Mamontovy Khayata Shore
site is only 0.89 (Figure 9).

Contrary to the correlation analysis, similarity analysis via
agglomerative hierarchical cluster analysis (Figure 10) groups the
Lyakhovsky Western Shore together with the Lyakhovsky
Zimov’e Mouth (high similarity, height 0.078) and the
Lyakhovsky Eastern Exposure (lower similarity, cluster height
0.190) sites. Furthermore, high similarity is found between the
Oyogos Yar Shore 2002, Oyogos Yar Eastern Shore 2007, and
Oyogos Yar Western Shore 2007 sites. Those three sampling sites
are grouped together with the Lyakhovsky Eastern Shore
Exposure and the Lykhovsky Eastern Shore sites (high
similarity, cluster height 0.096). The similarity of the Oygos
Yar Western and Eastern Shore 2007 sites to the Bykovsky
Mamontovy Khayata Shore and the Lyakhovsky Zimov’e River
sites shown from the correlation analysis is not reflected in the
clustering. Furthermore, the Oyogos Yar Exposure 2002,
Bykovsky Mamontovaya Terrasa, and Lyakhovsky Western
Exposure sites are grouped together (high similarity, cluster
height 0.079), forming a cluster of exposure-like sites from all
three locations. The Bykovsky Cape Mamont, Bykovsky
Mamontovy Khayata Exposure, and Oyogos Yar Exposure
2007 sites cannot be associated directly with any cluster. The
Lyakhovsky Zimov’e River and Bykovsky Mamontovy Khayata
Shore sites form a fourth cluster (high similarity, cluster height
0.076). Again, the similarity of those sites to the Oyogos Yar
Western and Eastern Shore 2007 sites demonstrated in the
correlation analysis is not reflected in the clustering. The
Oyogos Yar Tundra 2002 site is distinctly different from all
other sampling sites.

In summary, the correlation analysis shows that the Oyogos
Yar sampling sites are rather similar to each other, with the
exception of the Tundra sample site. Cluster analysis, however,
indicates that the Oyogos Yar Shore sites are more similar to
shore sites from Bol’shoy Lyakhovsky Island and less similar to
the other Oyogos Yar sites. Correlation analysis does not show
overall similarities of all sampling sites within the other two
locations. High similarities in terms of correlation coefficients
between specific sampling sites are often not represented in the
cluster analysis. In addition to the “shore cluster,” there is one
cluster containing exposure-like sites from all locations
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approximately unbiased significance values (green), statistical significances according to the bootstrapping approach used in pvclust.

Lyakhovsky Western Exposure
Lyakhovsky Eastern Shore
Oyogos Yar Shore 2002
Oyogos Yar Eastern Shore 2007
Oyogos Yar Western Shore 2007
Lyakhovsky Eastern Exposure
Lyakhovsky Western Shore
Lyakhovsky Zimov'e mouth 4‘3

Lyakhovsky Eastern Shore Exposure

(Oyogos Yar Exposure 2002, Bykovsky Mamontovy Terrasa,
and Lyakhovsky Western Exposure), where cluster analysis
favors the similarities between those samples over similarities
to other sites shown in the correlation analysis, e.g., between
the Oyogos Yar Exposure 2002 and the Bykovsky Cape
Mamont sites and between the Bykovsky Mamontovy
Terrasa and the Ovyogos Yar Shore sites. Both cluster
analysis and correlation analysis show a high similarity
between the Bykovsky Mamontovy Khayata Shore and
Lyakhovsky Zimov'e River sites. While the correlation
analysis clearly indicates low similarities for the Lyakhovsky
Eastern Exposure site, cluster analysis places this sample site
together with the Lyakhovsky Western Shore and the
Lyakhovsky Zimov’e River sites with a statistical
significance of 0.93. However, cluster analysis also suggests
that this cluster is distinctly different from the other clusters.

CONCLUSIONS

The Oyogos Yar coast is known for finds of late Pleistocene
Mammoth fauna remains. Exceptional recent findings of frozen
mammoth and horse carcasses in permafrost deposits exposed on
the Oyogos Yar coast have drawn attention to this paleo-
environmental archive. However, to date the paleontological

characteristics of the deposits in this area have not been
described in detail. There are also few mammal bone remains
from this region kept in museums. Our studies in 2002 and 2007
allow us to give a paleozoological description of the Kondrat’eva
Yedoma outcrop, which is one of the Oyogos Yar locations that is
richest in paleontological remains. The newly presented
collection of mammal bones from the Oyogos Yar coast,
sampled in 2002 and 2007, provides well-based insights into
species composition and prevalence of the regional Mammoth
fauna due to its large total size of 1925 bone specimens. The
approach of collecting 100% of bone remains both at the outcrop
and on the shore allowed for the most complete restoration to
date of the percentage of large mammal late Pleistocene
Mammoth fauna that inhabited this area.

The collection from Oyogos Yar consists of 13 mammal
species, of which woolly mammoth (40.5%), bison (19%),
horse (18.8%), and reindeer (15.8%) predominate. Rare
findings of woolly rhinoceros, saiga antelope, elk, and moose
as well as of cave lion and wolf are each below 1% of the entire
collection. This is fairly comparable to findings from other
prominent Yedoma outcrops in the Laptev Sea region on
Bykovsky Peninsula and on Bol’shoy Lyakhovsky Island.

The identification of various forms of bone material
preservation made it possible to identify different groups of
bones, indicating their burial conditions. Limb bones
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containing bone marrow can serve as indicators of rapid burial
in permafrost sediments, without subsequent thawing or
redeposition. Bones covered with vivianite indicate that the
decomposition of organic matter took place under anoxic
conditions, which led to the formation of vivianite crusts on
the bone surface. This could happen either when fragments of
the skeleton were deposited under bog conditions and were
subsequently rapidly buried, or as a result of thawing of
ancient ice complexes and the formation of taberal deposits.

Parallel radiocarbon dating of Yedoma Ice Complex sediments
and mammal bones has produced interesting results. About half of
the finite radiocarbon bone dates are younger than the dates of the
sediments in which they were found. This indicates that the Yedoma
formation occurred later than 32.3 ka BP, and these deposits were
subsequently eroded. The formation of the Oyogos Yar Yedoma Ice
Complex ceased at about 32 ka BP. Younger deposits are only small
local bodies containing a large amount of mammalian bone remains;
we were unable to identify these remains during our work on the
section. The discovery of a Holocene horse mummy once again
confirms our assumptions about the distribution of horses from
Taimyr Peninsula to the Kolyma River during the Holocene.

Considering the locations where the bones were found within the
modern coastal morphology enhances estimates of the
cryostratigraphic and paleontological implications of the bone findings.

Correlation analysis of three bone collections shows that the
Opyogos Yar sampling sites are rather similar to each other but not
to all sampling sites at two other locations on Bykovsky Peninsula and
on Bol'shoy Lykahovsky Island sampled in 1998 and 1999, respectively.
The cluster analysis does not reflect the high similarities in terms of
correlation coefficients between specific sampling sites.
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