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Abstract

Marine reptile occurrences are rare in the Lower Jurassic Series outside of Europe. Here we
describe diverse marine reptile faunas from the Lower Jurassic Series (Pliensbachian and
Toarcian stages, including the Toarcian–Aalenian boundary interval) of Eastern Siberia. The
taxonomic composition of Toarcian marine reptile assemblages of Siberia highlight their cos-
mopolitan nature, with the presence of taxa previously known nearly exclusively from coeval
strata of Europe, such as ichthyosaurians Temnodontosaurus and Stenopterygius, microcleidid
plesiosaurians (including the genusMicrocleidus), rhomaleosaurids and basal pliosaurids. The
palaeogeographic reconstruction places these faunas to the palaeopolar region, north of the 80th
northern parallel and up to the palaeo north pole (upper value within the 95% confidence inter-
val for some of the localities). The materials include remains of both mature and juvenile
(or even infant, judging by their very small size and poor ossification) animals, indicating a
possibility that these polar seas may serve as a breeding area. The diversity and abundance
of plesiosaurians and ichthyosaurians, along with a lack of thalattosuchian remains (consider-
ing their wide distribution elsewhere at low latitudes), is an additional argument that plesio-
saurians and neoichthyosaurians were able to live and reproduce in a polar environment.
There is no certainty whether these animals lived in polar seas permanently, or whether they
were taking seasonal migrations. However, given the polar night conditions at high latitudes,
the latter seemsmore plausible, and both these scenarios are further indirect evidence that these
groups likely had a high metabolism.

1. Introduction

The Early Jurassic marine reptile remains are rarely reported outside of Europe (Bardet et al. 2014).
The records include localities in North America (Nicholls, 1976; McGowan, 1978; Dennison et al.
1990; Martindale et al. 2017), Greenland (Marzola et al. 2018), South America (Chong Diaz &
Gasparini, 1976; Gasparini, 1979, 1985, 1992; Gasparini et al. 2000; Otero et al. 2015; Pardo
Pérez et al. 2015; Otero & Sepúlveda, 2020), Australia (Bartholomai, 1966; Thulborn & Warren,
1980; Kear, 2012), New Zealand (Sachs & Grant-Mackie, 2003; Zammit, 2011), Madagascar
(Buffetaut et al. 1981) and Asia (Hoffet & Le Maitre, 1939; Tanimoto & Okura, 1989;
P Vignaud, unpub. PhD thesis, University of Poitiers, 1995) (summarized in Table 1). However,
the majority of those reported ichthyosaurian and plesiosaurian specimens are too fragmentary
and/or poorly preserved for the generic and specific determination and are therefore of reduced
interest. In this regard, themost promising is the Fernie Formation ofCanada that yielded articulated
plesiosaurian and ichthyosaurian skeletal remains (Nicholls, 1976;McGowan, 1978;Martindale et al.
2017). Although most of the marine reptile specimens from the Fernie Formation was identified as
indeterminate plesiosaurians and ichthyosaurians, one of them, an articulated forelimb, was posi-
tively referred to awell-knownEuropean genus IchthyosaurusDe la Beche&Conybeare, 1821, dem-
onstrating the wide distribution of this genus in the Sinemurian (McGowan, 1978). More recently,
another ichthyosaurian genus, Temnodontosaurus, was identified in the Hettangian–Sinemurian
strata of the Atacama Desert, South America (Otero & Sepúlveda, 2020), further highlighting
the cosmopolitan distribution of at least someEarly Jurassicmarine reptiles.Nonetheless, our knowl-
edge of the diversity and distribution of Early Jurassic (especially Pliensbachian and Toarcian) ple-
siosaurians and ichthyosaurians is largely restricted to extensively studied localities of Western
Europe, in particular, the UK and Germany (e.g. McGowan & Motani, 2003; Benson et al. 2011,
2012; Fig. 1a); every new record of diagnostic marine reptiles in the Lower Jurassic Series outside
of this region is therefore of great interest.

In 1948, a Soviet palaeontologist and stratigrapher Vladimir V. Menner described plesiosaurian
remains (including vertebrae, ribs, fragmentary propodial bones and girdle elements) from the out-
crop near the confluence of the Iligir (Ulegir) and Vilyuy rivers, Eastern Siberia. Menner (1948)
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Table 1. Marine reptile occurrences in the Lower Jurassic Series outside of Europe (excepting Siberia)

Locality Stratigraphy Taxon

Present-day
coordinates
(approx.)

Calculated
palaeolatitudes Reference

Canada, Alberta Fernie Formation, “basal sand-
stone member”, Sinemurian

Plesiosauria indet.,
Ichthyosauria indet.

50.1° N,
114.4° W

32.67° N
(190 Ma)

Nicholls, 1976

Canada, Alberta, Jasper Fernie Formation, Nordegg
member, Sinemurian

Ichthyosaurus sp. 52.8° N,
118.0° W

28.54–35.67° N
(200–190 Ma)

McGowan, 1978

Canada, Alberta, Ya Ha
Tinda Ranch

Fernie Formation, Ya Ha Tinda
Lagerstätte, upper Pliensbachian

Ichthyosauria gen. et sp.
indet.

51.8° N,
115.6° W

39.58° N
(180 Ma)

Martindale et al.
2017

Canada, British
Columbia, Queen
Charlotte Islands,
Graham Island,
Kennecott Point

Lower Jurassic part of the
Sandilands Formation;
Canadensis zone, uppermost
Hettangian to lowermost
Sinemurian

Neoichthyosauria gen. et
sp. indet. (likely
Ichthyosaurus sp.)

53.9° N,
133.1° W

NA Dennison et al. 1990

USA, Oregon, Aldrich
Mountain

Nicely Formation, Sinemurian to
basal Pliensbachian

Ichtrhyosauria gen. et sp.
indet.

44.4° N,
119.5° W

48.86° N
(200 Ma)

McGowan, 1978;
Poulton et al. 1992

Greenland, Jameson
Land

Middle part of the Kap Stewart
Formation, Hettangian

Plesiosauria gen. et sp.
indet.

71.26° N,
22.57° W

48.86° N
(200 Ma)

Marzola et al. 2018

Argentina, Mendoza
Province, Atuel River

Puesto Araya Formation, lower
Sinemurian

Ichthyosauria gen. et sp.
indet.

34.8° S,
69.9° W

43.18° S
(200 Ma)

Fernández & Lanes,
1999

Argentina, Nequen Basin Lower Jurassic Ichthyosauria gen. et sp.
indet. (? Ichthyosaurus san-
juanensis and
Ancanamunia espinaci-
tense)

– – Gasparini 1985, 1992

Argentina, Mendoza
Province, Portezuelo
Ancho

Lower Jurassic, ?Toarcian Thalattosuchia gen. et sp.
indet.

35.1° S,
70.1° W

37.12° S
(180 Ma)

Gasparini, 1985, 1992

Chile, Antofagasta Región Sinemurian Plesiosauria gen. et sp.
indet.

23.6° S,
70.0° W

27.24° S
(190 Ma)

Chong Diaz &
Gasparini, 1976;
Gasparini, 1985,
1992; Otero et al.
2015

Chile, Atacama, NE
Parque Nacional Pan de
Azúcar

Pan de Azúcar Formation,
Hettangian

Ichthyosauria gen. et sp.
indet.

26.2° S,
70.6° W

32.68° S
(200 Ma)

Chong Diaz, 1977;
Gasparini, 1979,
1985, 1992; Pardo
Pérez et al. 2015

Chile, Atacama,
Antofagasta Region

Estratos de Rencoret Unit,
Hettangian–Sinemurian

Temnodontosaurus sp.
indet.

23.6° S,
70.0° W

32.68–27.24° S
(200–190 Ma)

Otero & Sepúlveda,
2020

Chile, Alto de Varas,
Domeyko Cordillera

Sinemurian Thalattosuchia gen. et sp.
indet.

24.82° S,
69.17° W

28.27° S
(190 Ma)

Chong Diaz &
Gasparini, 1972;
Gasparini, 1985,
1992; Gasparini et al.
2000

Australia, Queensland,
Mount Morgan

Razorback beds, Sinemurian Plesiosauria gen. et sp.
indet.

23.65° S,
150.38° E

51.76° S
(190 Ma)

Bartholomai, 1966;
Kear, 2012

Australia, Queensland,
Wandoan

Evergreen Formation, lower
Toarcian

Plesiosauria gen. et sp.
indet.

25.8° S,
150.3° E

57.64° S
(180 Ma)

Thulborn & Warren,
1980; Kear, 2012

New Zeland, Kawhia Arataura Formation, Hettangian–
Sinemurian

Ichthyosauria gen. et sp.
indet. (Temnodontosaurus?)

38.12° S,
174.75° E

67.64–70.71° S
(200–190 Ma)

Sachs & Grant-
Mackie, 2003;
Zammit, 2011

Laos, Xepon Lower Jurassic (Lias) ? Plesiosauria gen. et sp.
indet.

16.69° N,
106.21° E

NA Hoffet & Le Maitre,
1939

Japan, Toyama
Prefecture

Kuruma Group, Lower Jurassic Plesiosauria gen. et sp.
indet.

36.94° N,
137.67° E

NA Tanimoto & Okura,
1989

Japan, Shizugawa area,
southern
Kitakami

Shizukawa Group, Hosoura
Formation, Lower Jurassic to
lowermost middle Jurassic
(Toarcian–?Aalenian)

Ichthyosauria gen. et sp. 38.66° N,
141.40° E

NA Sato, 1992; Motani,
1991

(Continued)
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referred all the materials to Eretmosaurus Seeley, 1874, a genus origi-
nally described from the Sinemurian of England. He suggested that
most of the materials belong to a single new species, that is,
Eretmosaurus rzasnickiiMenner, 1948, named in honour of a geolo-
gistAdolfG. Rząśnicki,who collected thematerial. Following the con-
clusions of Rząśnicki (1918), Menner suggested that the age of
materials isMiddle Jurassic. However, subsequent study of the locality
and re-examination of ammonite collection of Rząśnicki resulted in
the conclusion that the specimens originate from the Toarcian part of
the section (Krymholz&Tazikhin, 1957; Kirina, 1966). The scarcity of
materials, misidentification of age, and the fact that the publication

appeared in Russian in the local proceedings volume, meant that
the contribution of Menner remained largely unnoticed.
Subsequent workers re-identified the materials described by
Menner as Plesiosauria indet., but have not corrected the data on sug-
gested age (Storrs et al. 2000; Arkhangelsky & Sennikov, 2008). The
current repository of the specimens is unclear; although they are prob-
ably stored in the Palaeontological Institute of RAS, Moscow
(AG Sennikov, pers. comm., 2019) we were unable to find this collec-
tion during work on this contribution.

Further geological surveys, prospecting and other works on the
Lower Jurassic Series of Siberia brought a number of marine reptile

Table 1. (Continued )

Locality Stratigraphy Taxon

Present-day
coordinates
(approx.)

Calculated
palaeolatitudes Reference

China, Chongqing
Municipality

Ziliujing Formation, Dongyuemiao
Member, Toarcian (or Middle
Jurassic?)

Bishanopliosaurus youngi
(Plesiosauria)

29.0° N,
106.0° E

26.81–46.27° N
(95% confi-

dence interval
for 170 Ma)

Dong, 1980; Sato
et al. 2003

China, Chongqing
Municipality

Ziliujing Formation, Dongyuemiao
Member, Toarcian (or Middle
Jurassic?)

Peipehsuchus teleorhinus
(Thalattosuchia)

29.8° N,
105.7° E

27.53–46.98° N
(95% confi-

dence interval
for 170 Ma)

Young, 1948; Li, 1993

India, Maharashtra Kota Formation, Lower Jurassic Thalattosuchia gen. et sp.
indet.

18.85° N,
80.03° E

24.94–29.29° S
(200–180 Ma)

Owen, 1852

Madagascar, Majunga,
Behazonati

Kandreho Formation, Toarcian Thalattosuchia gen. et sp.
indet.

17.5° S,
45.3° E

24.24° S
(180 Ma)

Buffetaut et al. 1981;
Vignaud, 1995

Fig. 1. (Colour online) Palaeogeographical and palaeoenvironmental contexts. (a) Global palaeogeography during the Pliensbachian–Toarcian interval (modified fromDera et al.
2011) showing the localities of Early Jurassic plesiosaurians and ichthyosaurians worldwide (shown by asterisks, for details see Table 1). (b) Palaeoenvironments in Eastern Siberia
during early Toarcian time shown on a contour map with present-day latitudes and longitudes, rivers and coastline (modified from Devyatov et al. 2011); the localities of marine
reptiles are shown by coloured dots with red (dark) dots indicating the localities from which materials are described here and yellow (pale) dots indicating other localities known
from the literature (summarized in Rogov et al. 2019). Palaeoenvironments for (b): 1, medium and low mountains; 2, highlands and uplands; 3, areas where denudation prevails
over accumulation; 4, areas where accumulation prevails over denudation; 5, accumulation plains and lowlands with rivers and lakes; 6, coastal plains; 7, submarine elevations
and/or islands; 8, sea and/or nearshore, depth 0–20 m; 9, sea, middle sublittoral zone, depth 20–80 m; 10, relatively deep sea, depth > 80 m.
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occurrences. Some of those findings were mentioned in the geo-
logical literature, but not formally described and/or figured.
Among those, the brief mention of “remains of a sea turtle of
the genus Chelonia (identification by S.M. Kurzanov PIN)” from
the lower Toarcian substage of the Anabar River (palaeolatitude
c. 86° N; Knyazev et al. 1991, p. 20; Rogov et al. 2019) is likely a
misidentification of plesiosaurian or ichthyosaurian remains, as
(1) the oldest record of the true sea turtles (Chelonioidea) is late
Barremian – early Aptian (Cadena & Parham, 2015) and
(2) high-latitude turtle occurrences are rare and interpreted in con-
nection with high mean annual temperature (e.g. Brinkman &
Tarduno, 2005; Nicholson et al. 2015). As the current location
of this specimen is unknown, the verification of its former taxo-
nomic identification is not possible.

The records of marine reptile occurrences in Siberia were
recently summarized by Rogov et al. (2019), who collected data
on 25 localities of Early Jurassic marine reptiles in Siberia spanning
the lower Hettangian – uppermost Toarcian stages. The calculation
of the palaeolatitudes for these marine reptile occurrences demon-
strate that all of them are located at incomparably higher palaeo-
latitudes (mostly above 80th) than any other finding of Early
Jurassic marine reptiles globally (cf. Table 1). However, only one
isolated plesiosaurian vertebra from the Eren Formation
(Toarcian) of the Anabar Bay was described by Rogov et al.
(2019). At present, this specimen remains the only Lower
Jurassic plesiosaurian material from Siberia formally described
since the publication of Menner (1948). Our knowledge of marine
reptiles from these extreme palaeolatitudes is therefore still poor.

Of great importance in this respect is the contribution of expe-
ditions in Vilyuy River basin led by TA Kirina during 1958–1964.
Kirina and colleagues managed to collect a significant number of
plesiosaurian and ichthyosaurian remains from the Pliensbachian
and Toarcian stages as well as several specimens from the Middle
Jurassic deposits. The materials were transferred to LI Khozatsky,
a prominent Soviet palaeoherpetologist (see Danilov et al. 2013),
and stored in the Department of Vertebrate Zoology, Leningrad
State University (today’s Saint Petersburg State University) and in
the Zoological Institute of the Academy of Sciences of the USSR
(currently Zoological Institute of RAS, St Petersburg). However,
due to their fragmental nature, the study of thesematerials remained
limited to several unpublished student courseworks supervised by
Khosatsky in 1961, 1962, 1969 and 1970 (Danilov & Cherepanov,
2014). Knowledge ofmarine reptiles has significantly increased since
then, enabling a fresh look at these specimens. This contribution is
based on a study of the collection of TA Kirina and represents the
first formal description of the rich marine reptile assemblages from
the Lower Jurassic Series of Siberia.

Institutional abbreviations: SPbU VZ – Department of Vertebrate
Zoology, Faculty of Biology, Saint Petersburg State University, Saint
Petersburg, Russia; PIN – Borissiak Paleontological Institute of the
Russian Academy of Sciences, Moscow, Russia; ZIN PH –
Paleoherpetological Collection, Zoological Institute of the Russian
Academy of Sciences, Saint Petersburg, Russia.

2. Geological and palaeoenvironmental settings

The Vilyuy River basin is mostly located within the Vilyuy Syneclise.
During the Early Jurassic Epoch, this territory was covered by a shal-
low epicontinental sea (Fig. 1b). In the peripheral part of the Vilyuy
Syneclise mostly continental and deltaic deposits of the Ukugut
Formation (Hettangian – lower part of the upper Pliensbachian)
are present, overlain by marine terrigenous deposits with rich

invertebrate fauna of the Tyung (upper Pliensbachian) and
Suntar (Toarcian – lower Aalenian) formations (Knyazev et al.
1991, 2003; Goryacheva, 2017). Both the Tyung and Suntar forma-
tions yield abundant remains of marine reptiles (Kirina, 1966;
Knyazev et al. 1991, 2003).

The Tyung Formation (upper Pliensbachian) consists of the dark
siltstones and clay with occasional rounded pebbles and gravels at
the bottom, and one or a few levels with glendonites at the top
(Kirina, 1966; Knyazev et al. 1991). These sediments were deposited
in a shallow sublittoral setting (Knyazev et al. 1991). The abundance
of glendonites and the occurrence of dropstones (Suan et al. 2011) is
evidence of cold conditions and possible near-freezing seasonal bot-
tom temperatures. The palaeotemperatures calculated based on the
isotopic composition of oxygen in bivalve shells as reported are
14.4–19.8 °C (Devyatov,1983), although their reliability is unknown
because of a lack of a proper analytical protocol. Studies of inverte-
brates emphasize the end-Pliensbachian biotic crisis in Siberian seas
and almost complete faunal renewal during early Toarcian time (e.g.
Nikitenko & Mickey, 2004; Zakharov et al. 2006).

The Suntar Formation (Toarcian – lowermost Aalenian) is
dominated by dark-grey (occasionally black or blue) clays
(Knyazev et al. 1991). From the bottom upwards there are trends
of coarsening of terrigenous material, a decrease in organic matter
and an increase in the abundance of macrofauna; in the uppermost
part of the formation, the facies vary as a result of various transi-
tions to the overlying Middle Jurassic sediments (Knyazev et al.
1991). In the early Toarcian, the westwards ingression of the
Vilyuy Bay is recorded, which resulted in the maximum sedimen-
tation in the peripheral part of the basin. This was followed by a
regression in the second half of the Toarcian (Knyazev et al. 1991).

Earliest Toarcian time was characterized by a warmer climate
(e.g. Ilyina, 1985; Zakharov et al. 2006; Korte et al. 2015). The palaeo
temperatures for the Vilyuy Syneclise in the early Toarcian based on
the isotopic composition of oxygen in bivalve shells are 16.9–24.5 °C
(median, 20.5 °C; Devyatov, 1983). In the Eastern Siberia, this time is
characterized by amarked northwards shift of the ranges of thermo-
philic invertebrate taxa paralleled by disappearance of Boreal taxa
(Zakharov et al. 2006). However, the early Toarcian warming in
Siberia was short-lived; there are clear signs of cooling during late
Toarcian time (Ilyina, 1985; Vakhrameev, 1987) and an increase
of endemism of ammonite and belemnite boreal faunas
(Meledina et al. 2005). Furthermore, relatively few glendonites are
recorded at the top of the Toarcian Stage of Eastern Siberia, whereas
their lower Toarcian occurrences are unknown (Rogov et al. 2019).
The temperature continued to decrease during the earliest Middle
Jurassic Epoch, as inferred by the closure of the Viking Strait and
thus the strong reduction of heat transport to the isolated Boreal
Sea (Korte et al. 2015; Rogov et al. 2019).

For more details on the stratigraphy, palaeoenvironments and
palaeoclimates of Eastern Siberia we direct the reader to Kirina
(1966), Knyazev et al. (1991, 2003), Devyatov et al. (2011),
Shurygin et al. (2011), Suan et al. (2011), Goryacheva (2017)
and Rogov et al. (2019).

3. Materials and methods

3.a. Materials

The total of 143 specimens comprising the collection of TI Kirina
and seven additional specimens collected by other workers from
the Lower Jurassic Series of Eastern Siberia are stored in ZIN
PH (122 specimens) and SPbU VZ (28 specimens). Three of these
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specimens were collected in 2019 during the expedition of SPbU
VZ to Vilyuy River basin. The studied materials are summarized
in online Supplementary Table S1 (available at http://journals.
cambridge.org/geo).

Since the discovery, the materials have remained largely unpre-
pared. For this study, a number of specimens were prepared from
matrix and nodules using pneumatic and hand preparation tools,
and then soaked with consolidant and glued.

Occurrences of marine reptile remains in the Vilyuy River basin
were reported from several beds (corresponding to different biostra-
tigraphic units) within the Pliensbachian, Toarcian and Aalenian
stages (Kirina, 1966). However, for only a limited number of spec-
imens, the information regarding their precise stratigraphic position
and the corresponding bed was recorded in the field sample card
and, for most of them, it was restricted to an identification number
of the outcrop and age (see Fig. 2 and Table S1). Some specimens
were collected ex situ on a beach and from screes. Furthermore, dur-
ing the students’ coursework the specimen sample cards were sep-
arated from many specimens and replaced by brief and generalized
annotations of geography and presumed age. In the current situa-
tion, for many specimens it is only possible to identify the series/
stage and locality or wider area from which specimens originated
(with a few exceptions; Table S1). In rare cases, it is possible to iden-
tify the corresponding bed and ammonite zone (Table S1). The
stratigraphic columns of outcrops from which marine reptile
remains are reported as well as their possible correlation, based
on the work of Kirina (1966), are presented in Figure 2.

Ichthyosaurian remains are reported from the late Pliensbachian
and Toarcian intervals of the Vilyuy, Markha, Ygyatta and Sinyaya
rivers (Kirina, 1966). However, according to the available data (pre-
served field sample cards and the catalogue of VG Borkhvardt), the
studiedmaterial from the collection of Kirina includes ichthyosaurian
remains from only the lower Toarcian of the Vilyuy andMarkha riv-
ers. Additionally, one small vertebra (ZINPH1/212)was found by SG
Parkhomenko in 1921 at Cape Tumul, mouth of the River Olenyok
(Fig. 1b; Table S1), which isHettangian–Sinemurian in age. Twomore
vertebra (ZIN PH 1/213 and 2/213) were collected by VV Zhukov in
1959 from theMiddle Oinyohoy River (tributary of the Udzha River)
(Fig. 1b; Table S1), which are late Pliensbachian –Toarcian in age. The
studied materials are largely represented by isolated vertebral centra,
but also include three propodial bones (ZIN PH 39/211, ZIN PH
89/211 and SPbU VZ R Ip27), a fragment of rostrum with teeth
(ZIN PH 24/211) and a partial skeleton (ZIN PH 3/211).

Plesiosaurian occurrences are relatively more abundant. They
are reported for the upper Pliensbachian, Toarcian and Aalenian
deposits of the Vilyuy, Markha, Ygyatta and Sinyaya rivers
(Kirina, 1966). In the available materials, themajority of specimens
are from the Vilyuy and Markha rivers; one rib fragment is from
the Ygyatta River (ZIN PH 40/211) and no specimens are from the
Sinyaya River (Table S1). One rib of a large plesiosaurian (SPbU
VZ R Sp8, and its part that is stored in ZIN, ZIN PH 26/211) is
from the upper Toarcian of the Linde River, tributary of the
Lena River. Additionally, one dorsal vertebral centrum (SPbU
VZ R Sp9) and numerous rib fragments were collected by NN
Tasikhin in 1963 from the Eksa River, tributary of the Chona
River. There are only five specimens reliably assigned to the upper
Pliensbachian deposits: the isolated cervical centrum (ZIN PH 6/
211) from outcrop 12 of the Vilyuy River; and two rib fragments
(ZIN PH 42/211 and 43/211), one phalanx (ZIN PH 44/211) and
one caudal rib (ZIN PH 45/211) from outcrop 16 of the Vilyuy
River. Several specimens of unambiguously Middle Jurassic age
will be described elsewhere. The remaining materials are

Toarcian in age (Table S1). These are largely represented by iso-
lated vertebrae, rib fragments and propodial bones, rarely occur-
ring epipodial elements and phalanges, as well as girdle
elements. Two specimens are represented by associated skeletal
elements: a partial vertebral column (SPbU VZ R Sp11) and an
articulated pelvic girdle and sacral vertebrae (SPbU VZ R Sp38).
Although insufficient for a low-rank taxonomic identification,
these two specimens provide encouragement to search for articu-
lated skeletons in the Vilyuy River basin.

3.b. Methods

Present-day GPS coordinates for the fossiliferous outcrops reported
by Kirina (1966) and other marine reptile localities (Table 1) were
used to calculate palaeolatitudes by applying the Paleolatitude.org
online calculator (van Hinsbergen et al. 2015) and its default palae-
omagnetic frame (Torsvik et al. 2012). The resulting palaeolatitude
calculations are presented in Tables 1 and 2.

4. Survey of the marine reptile material

4.a. Ichthyosauria

The specimen ZIN PH 24/211 is a partial rostrum of a large ich-
thyosaurian with its structure revealed by transverse breakages
(Fig. 3a). It has robust and large teeth, with the largest preserved
tooth being 60 mm high apicobasally, although incomplete
(Fig. 3a2). The crowns are broken in all preserved teeth.
However, their impressions in matrix provide taxonomically
important information: at least one carina could be observed from
the impression (Fig. 3a5) and its presence is also supported by the
keeled cross-sectional shape of the pulp cavity filled with calcite
(Fig. 3a6). Temnodontosaurus Lydekker, 1889 is the only known
genus of post-Triassic ichthyosaurians that evolved carinate mor-
phology of the tooth crown, known for three of its species, namely
T. platyodon, T. trigonodon and T. eurycephalus (McGowan, 1974,
1996; McGowan &Motani, 2003; Martin et al. 2012). We therefore
refer ZIN PH 24/211 to Temnodontosaurus sp. The ammonites
reported as collected with this specimen and originally identified
as Dactylioceras gracile and D. athleticum (information from the
label; Kirina, 1966) allow the referral to Dactylioceras commune
Ammonite Biozone of the lower Toarcian strata (Kutygin &
Knyazev, 2000; Knyazev et al. 2003; Shurygin et al. 2011).

Two large ichthyosaurian vertebrae are present in the collection:
a caudal centrum (ZIN PH 4/211; Fig. 3b) is 123 mm in maximum
diameter and originates from theHarpoceras falciferum zone of out-
crop 18 at Vilyuy River; and a probably presacral (uncertain because
of poor preservation) centrum (ZIN PH 2/213; Supplementary
Fig. S1c) is 130 mm in maximum diameter and comes from the
upper Pliensbachian–Toarcian deposits of the Udzha River basin.
These vertebrae further support the presence of large ichthyosau-
rians during late Early Jurassic time in Eastern Siberia. However,
their taxonomic identification is equivocal due to the existence of
not only Temnodontosaurus but also large leptonectids during the
Early Jurassic Epoch (e.g. McGowan &Motani, 2003).We therefore
refer the specimens to Neoichthyosauria indet.

ZIN PH 89/211 (Fig. 3c) and SPbU VZ R Ip27 (Fig. 3d) are pro-
podial bones (most likely humeri, see extended description in online
SupplementaryMaterial S1). Both of these have dorsoventrally com-
pressed distal facets and lack an anterodistal facet for a preaxial
accessory epipodial element; instead there is a characteristic anteri-
orly protruding leading edge tuberosity, which is common in Early
Jurassic non-ophthalmosaurid neoichthyosaurians (e.g. McGowan
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&Motani, 2003). ZIN PH 89/211 is markedly larger than SPbU VZ
R Ip27 (95 mm in preserved proximodistal length, c. 13–14 cm in
reconstructed total length; compare with 8-cm-long SPbU VZ R
Ip27). Judging from the preserved part of ZIN PH 89/211, the del-
topectoral crest and the dorsal process were relatively well pro-
nounced (Fig. 3c3); it is therefore more likely that the specimen
represents a thunnosaurian ichthyosaurian, rather than amore basal
neoichthyosaurian in which the trochanters are poorly developed
(e.g. Johnson, 1979; McGowan & Motani, 2003). In contrast, the
processes on SPbUVZ R Ip27 are poorly developed (Fig. 3d2), indi-
cating that it more likely belongs to a non-thunnosaurian neoich-
thyosaurian. The precise spatiotemporal data on these specimens
are currently lacking.

ZIN PH 2/211 is a partial skeleton of a small ichthyosaurian
(Fig. 3e–i) originating from the lowermost Toarcian deposits of
outcrop 9, Markha River. This is the only bone association in
the collection that undoubtedly represents a single individual.
The specimen comprises some fragments of the dermatocranium,
one tooth, partially articulated vertebral column, partial coracoid
and a nearly complete left femur. The preserved portion of the der-
matocranium (Fig. 3f) is interpreted as a frontal region with par-
tially exposed nasal, prefrontal, frontal, postfrontal and parietal. If
this interpretation is correct, we observe no contact of the prefron-
tal and frontal, characteristic of basal thunnosaurians (Motani,
2005; Maxwell et al. 2012b; Marek et al. 2015). This condition
makes ZIN PH 2/211 more similar to basal neoichthyosaurians
and to ophthalmosaurids. The preserved tooth has a relatively
stout conical crown (basal diameter to apicobasal length
ratio, 0.55). The enamel ornamentation is weak and composed
of rare striations (Fig. 3g). The root is only slightly wider than
the basal crown and bears plications, characteristic of non-
ophthalmosaurid neoichthyosaurians (Maxwell et al. 2012a).

The available vertebral centra of ZIN PH 2/211 are from pre-
sacral and caudal regions. Their description and figures are pro-
vided in the online Supplementary Material S1.

The coracoid of ZIN PH 2/211 is markedly elongated (preserved
anteroposterior length to mediolateral width ratio, 1.4). The antero-
medial process of the coracoid is relatively poorly developed
(Fig. 3h1). The anterior notch was likely small and narrow. Based
on the preserved part, the posterolateral notch is likely absent or it
was extremely reduced. Among moderate-sized Early Jurassic ich-
thyosaurians, this condition is characteristic of Stenopterygius (e.g.
Johnson, 1979; Maisch & Matzke, 2000). The intercoracoidal facet
is lenticular in outline with its dorsoventral thickness increasing ante-
riorly (Fig. 3h2). Judging from the angle between the intercoracoidal
surface and the dorsal surface, it could be suggested that the angle
between the articulated coracoids was close to 170°.

Several available distal limb elements are all hexagonal in dor-
sal/ventral outline.

The left femur is nearly completely preserved. It is oriented
based on criteria of Maxwell et al. (2012c). The femur is markedly
proximodistally elongated and slender. The distal end is not
strongly anteroposteriorly expanded, unlike the distal femoral
blade in basal neoichthyosaurians (see e.g. Fischer et al. 2016, char-
acter 83; Moon, 2019, character 269). The shaft is straight, unlike
the curved shaft in Ichthyosaurus (Massare & Lomax, 2019). The
dorsal and ventral processes are weak, compared with those of oph-
thalmosaurids (e.g. Maxwell et al. 2012c). There is a decrease in
dorsoventral width between the tibial and fibular facets (Fig. 3i4).

In summary, in our opinion the combination of features (weak
ornamentation of the crown; absence of chevron facets in the post-
flexural centra; elongated coracoids with relatively short anterome-
dial process, narrow anterior notch and reduced posterior notch;
hexagonal phalanxes; slender and straight femur with minor distal

Fig. 2. Stratigraphic sections reproduced from Kirina (1966) with updated stratigraphic context (Knyazev et al. 1991, 2003; Shurygin et al. 2011). (a) Tung River, outcrops 29–31.
(b–e), Markha River, outcrops (c) 14, (d) 15 and (e) 19a. (f–h), Vilyuy River outcrops (f) 18, (g) 16 and (h) 12. Lithology and other symbols: 1, conglomerate; 2, pebbles and breccia; 3,
sand; 4, loose sandstone; 5, carbonatic sandstone; 6, silt; 7, clay, sandy; 8, clay and shale; 9, marlstone; 10, limestone; 11, siderite; 12, coal; 13, limestone concretions; 14, sandstone
concretions; 15, dolerite clasts; 16, cross-bedding; 17, phosphorite; 18, unconformity; 19, wood; 20, flora; 21, bivalves and other invertebrates; 22, ammonites; 23, marine reptile
occurrences from Kirina (1966) with no details on their taxonomic assignment; 24, ichthyosaurians; 25, plesiosaurians.
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expansion) allows the referral of ZIN PH 2/211 to Stenopterygius
(see Johnson, 1979; Maisch & Matzke, 2000; McGowan & Motani,
2003; Maisch, 2008; Maxwell et al. 2012b).

A number of specimens are isolated vertebral centra belonging
to moderate and small ichthyosaurians (Table S1). These are all
identified as Neoichthyosauria indet. based primarily on the tem-
poral setting (all post-Triassic ichthyosaurians are known to
belong to Neoichthyosauria), and also on bicipital rib articulations
in the presacral centra and on the marked anteroposterior short-
ening of the centra relative to their width and height (e.g. Maisch,
2010;Moon, 2019). For descriptions and figures of these specimens
we direct the reader to the Supplementary Material S1 (including
online Supplementary Fig. S3).

4.b. Plesiosauria

Below we provide a description of the plesiosaurian materials,
ranging them by their observed morphotypes.

Specimens ZIN PH 48/211, 85/211, 86/211, 93/211 and 110/211,
SPbU VZ R Sp22c and SPbU VZ R Sp36 (Fig. 4a–c; online
Supplementary Fig. S4) are the cervical vertebraewith articulated neu-
ral arches and ribs lacking any visible trace of a suture (criterion of
maturity sensu Brown, 1981; although in most of these specimens
the neural arches and ribs are largely broken). The centra are medi-
olaterally wider than they are long anteroposteriorly and high dorso-
ventrally (width> length> height). The articular surfaces are slightly

concave, overall flat, giving the centrum a ‘platycoelous’ condition.
The anterior surfaces bear a distinct U- or V-shaped notochordal
pit (e.g. Fig. 4b1, c1), whereas on the posterior surface the notochordal
pit is less pronounced as a horizontal scar or a circular depression
(Fig. 4c4). There are concentric grooves on articular surfaces, espe-
cially marked in their peripheral region. We suggest that these struc-
tures represent cyclical growth marks, similar to those of some other
vertebrates (e.g. Newbrey et al. 2013; Skutschas et al. 2020), possibly
indicating the maturity of these specimens. The peripheral region of
articular surfaces is slightly raised over the remaining outer surface
and bears rugose ornamentation laterally and ventrally. The ventral
surface of each centrum lacks a ventral keel and bears small paired
foramina. The lateral surface has a poorly pronounced lateral keel,
located close to the presumed articulation with the cervical rib. The
rib articulations are located ventrolaterally and are anteroposteriorly
elongated and dorsoventrally compressed; they occupy no less than
one-half of the centrum length. Proximally, the ribs bear anterior
and posterior grooves terminating in pits. The pits are origins of a thin
horizontal canal, separating the rib articulationwith the centrumonto
two parts. This canal could be observed in the broken rib of ZIN PH
85/211 (online Supplementary Fig. S4d). The neural arch is nearly
completely preserved in ZIN PH 86/211 with only the dorsal portion
of the neural spine broken (Fig. 4a). The prezygapophyses are not
medially united to each other and their combined width is narrower
that the centrum width. The prezygapophyseal facets are somewhat
trough-like and face dorsomedially (Fig. 4a1). The postzygapophyseal

Table 2. Palaeolatitudes for Early Jurassic marine reptile localities of Eastern Siberia (highest in bold)

Locality (Kirina, 1966, 1976)
Present-day coordinates (° N,

° E)

Calculated palaeolatitudes for 180 Ma
(95%

confidence interval)

Vilyuy River, outcrop 18 61.9136, 117.2346 80.15–86.94

Vilyuy River, outcrop 56 61.9829, 117.3919 80.20–87.00

Vilyuy River, outcrop 16 61.9299, 117.0580 80.18–86.97

Vilyuy River, outcrop 12 61.9588, 116.6155 80.24–87.04

Markha River, outcrop 9 64.2674, 116.3851 82.53–89.32

Markha River, outcrop 11 64.1148, 116.5341 82.36–89.16

Markha River, outcrop 13 64.1188, 116.6081 82.36–89.15

Markha River, outcrop 14 64.1061, 116.8108 82.33–89.12

Markha River, outcrop 15 63.9917, 116.8901 82.21–89.0

Markha River, outcrop 16 63.9688, 116.6405 82.21–89.0

Markha River, outcrop 17 63.8427, 116.5323 82.10–88.89

Markha River, outcrop 19 63.8282, 116.4484 82.09–88.89

Markha River, outcrop 20 63.4924, 116.7130 81.74–88.53

Markha River, outcrop 200 64.0284, 116.8122 82.25–89.05

Tyung River, outcrop 31 65.5453, 119.1644 83.24–90

Kempendyay River 62.0132, 118.6237 80.1–86.89

Linde River, outcrop 16 66.0292, 120.8797 83.15–89.94

Middle Oinyohoy River, tributary of the Udzha River, fieldnotes of VV
Zhukov, 1959

71.5120, 117.2397 83.16–89.96

Eksa River, tributary of Chona River, outcrop 25, fieldnotes of NN Tasikhin,
1963

61.9309, 109.6418 80.05–86.84

Mouth of the Olenyok River, Cape Tumul, fieldnotes of SG Parkhomenko
1921

73.0, 119.8 70.11–75.71 (calculated for 200 Ma)
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Fig. 3. (Colour online) Ichthyosaurian remains from the Pliensbachian–Toarcian stages of Eastern Siberia. (a) Fragmental rostrum of Temnodontosaurus sp. ZIN PH 24/211 in (a1,
a2) left lateral and (a3, a4) posterior views, and (a5, a6) details of its teeth. (b) Neoichthyosauria indet. caudal centrum ZIN PH 4/211 in (b1) articular and (b2) lateral views. (c)
Neoichthyosauria indet. fragmental humerus ZIN PH 89/211 in (c1) anterior, (c2) ventral, (c3) proximal and (c4) distal views. (d) Left humerus, SPbU VZ R Ip 27, in (d1) ventral, (d2)
proximal, (d3) anterior and (d4) distal views. (e–i) Remains of a small ichthyosaurian ZIN PH 2/211 here referred to as Stenopterygius sp. from the lower Toarcian of the Markha
River. (e) Partially articulated vertebral column, neural arches and ribs. (f) Partial frontal region of the skull and (f2) its interpretation. (g) Isolated tooth. (h) Left coracoid in (h1)
dorsal, (h2) medial and (h3) anterior views; the dotted line shows the reconstructed outline of the element. (i) Right femur in (i1) proximal, (i2) anterior, (i3) ventral and (i4) distal
views. Scale bars: (a1–4, b–f, h, i) 50 mm; (a5, a6) 20 mm; and (g) 10 mm.
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Fig. 4. (Colour online) Cervical and pectoral vertebrae of plesiosaurians from the Toarcian (and (h) upper Pliensbachian) stages of Eastern Siberia. (a–c) Microcleidus sp.: (a) ZIN
PH 86/211, (b) SPbU VZ R Sp22c and (c) SPbU VZ R Sp36. (d–g) Cervical and pectoral vertebrae of ?Microcleididae indet.: (d) pectoral vertebra ZIN PH 5/211; cervical centra of
juveniles (e) ZIN PH 87/211, (f) ZIN PH 14/211 and (g) ZIN PH 16/211. (h, i, k, n–p) Cervical vertebrae of pliosaurids, similar toHauffiosaurus: (h) ZIN PH 6/211, (i) ZIN PH 67/211, (k) ZIN
PH 109/211, (n) SPbU VZ R Sp22b, (o) SPbU VZ R Sp31 and (p) SPbU VZ R Sp22a. (j, l, m) Cervical vertebrae of Rhomaleosauridae indet.: (j) ZIN PH 68/211, (l) ZIN PH 83/211 and (m)
ZIN PH 15/211. Numbers indicate the following views: 1, anterior view; 2, lateral view; 3, ventral view; 4, posterior view for (a–c) and dorsal view for (e–g, i–l); 5, dorsal view for (a–c).
Scale bars: 5 cm.
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facets face ventrolaterally (Fig. 4a4). The neural canal ismediolaterally
narrow and, where preserved, is circular in cross-section (Fig. 4a, b).

Considering a unique combination of their proportions, platycoe-
lous type, complete fusion of neural arch and ribs, bipartite rib artic-
ulation, lack of ventral keel and particularly the presence of lateral
keels, these vertebrae could be referred to Microcleidus Watson,
1909 sensu Benson et al. (2012) (see also Vincent et al. 2019).

A number of small cervical centra and one pectoral centrum
belong to osteologically immature and likely juvenile plesiosaurians
(Fig. 4e–g; online Supplementary Fig. S5). This is suggested based on
their small size (the width of the largest specimen, ZIN PH 14/211, is
47 mm; the length is 31 mm) and that the neural arches and ribs are
not fused to the centrum (criterion of immaturity sensu Brown,
1981, see also Vincent, 2010; Vincent et al. 2017). The description
and additional figures of these centra are provided in online
SupplementaryMaterial S1. Based on their general proportions, pla-
tycoelous type and absence of ventral keel, these cervical and pec-
toral centra (online Supplementary Fig. S5) are somewhat
conventionally referred to as Microcleididae indet.; however, their
affinity to other plesiosauroids – for example, Plesiopterys wildi
O’Keefe, 2004, recovered as a sister taxon to derived plesiosauroids
by some researchers (Benson et al. 2012), despite being considered a
junior subjective synonym of the microcleidid Seeleyosaurus guilel-
miimperatoris (Dames, 1895) by Großmann (2007) – cannot be
excluded, but requires additional data on the vertebral morphology
and phylogenetic relations of the Early Jurassic plesiosaurians.

Nine cervical vertebrae are characterized by markedly concave
articular surfaces (commonly referred to as amphicoelous type),
the presence of the ventral keel and proportional shortening
(Fig. 4h–p; online Supplementary Fig. S6). Based solely on these fea-
tures, the specimens could be referred to Rhomaleosauridae and/or
Pliosauridae (e.g. Benson et al. 2012) or to basal plesiosaurians with
somewhat uncertain phylogenetic position, such asAnningasaura or
Lindwurmia (Vincent & Benson, 2012; Vincent & Storrs, 2019).

Among those, vertebrae ZIN PH 6/211 (Fig. 4h), ZIN PH 67/
211 (Fig. 4i), ZIN PH 109/211 (Fig. 4k) and SPbU VZ R Sp31
(Fig. 4o) are similar in their proportions and morphology. They
are slightly shorter anteroposteriorly than high dorsoventrally
and slightly broader mediolaterally than dorsoventrally. ZIN PH
67/211 (Fig. 4i) is the smallest among these and lacks its neural arch
that was not fused to the centrum. Ventrally, it has a well-pro-
nounced, sharp ventral keel. The ventral foramina are small and
located close to the median keel (Fig. 4i3). The area adjacent to
anterior and posterior articular surfaces is rugose ventrally.
Dorsally, the floor of the neural canal is hourglass-shaped; the neu-
ral arch facets are somewhat lenticular. In lateral view, the neural
arch facets form V-shaped notches and contact the diapophysis of
the rib facet (Fig. 4i2; this feature, when occurred along the entire
length of the neck, is suggested to be a synapomorphy of
Hauffiosaurus O’Keefe, 2001 and included in the diagnosis of
the genus; Benson et al. 2011). The rib facet of ZIN PH 67/211
is bipartite with its dorsal part triangular in outline and twice
smaller than the ventral part, which is elongated oval in outline,
nearly as long as the centrum length (Fig. 4i2). The two parts
are deeply concave and are separated by a thin longitudinal ridge.
Other three specimens (ZIN PH 6/211, ZIN PH 109/211 and SPbU
VZ R Sp31) differ in their larger size and in having neural arches
and ribs completely fused to the centrum. The ventral keel in these
specimens is less sharp than in ZIN PH 67/211, but also narrow
and plate-like and has closely located and relatively small ventral
foramina (Fig. 4h3, k3, o3). The prezygapophyses preserved in
SPbU VZ R Sp31 were nearly as wide as the centrum mediolateral

width. Following the orientation of bone texture, and considering
the presence of a vertical eminence between the rib and the neural
arch, it could be suggested that these two elements are articulated.

The above-described cervical centra are very similar in their mor-
phology to the cervical vertebrae of the pliosaurid Hauffiosaurus
(White, 1940; Vincent, 2011; Benson et al. 2011). The neural arch
pedicles contacting the diapophysis of the rib facet along the entire
length of the neck, was suggested to be a synapomorphy of
Hauffiosaurus and included in the diagnosis of the genus (Benson
et al. 2011). Later Benson et al. (2012) reported that the conditionwith
this contact occurs in some cervical vertebrae of a basal pliosaurid
Thalassiodracon hawkinsii (Owen, 1838) and a similar condition
was later reported for a Triassic plesiosaurianRhaeticosaurusmertensi
Wintrich et al. 2017, which was also recovered within Pliosauridae
(Wintrich et al. 2017). Given that the studied vertebrae are isolated,
it is impossible to unambiguously define their relative position in the
neck. We also cannot be sure that they all belong to one taxon; it is
therefore impossible to say if this contact of the neural arch pedicle
and rib occurred along the entire length of the neck. We therefore
refer these specimens to Pliosauridae indet., although their affinity
to Hauffiosaurus is possible.

Vertebrae SPbU VZ R Sp22b (Fig. 4n) and SPbU VZ R Sp22a
(Fig. 4p) are larger than the above-described vertebrae. The mediolat-
eral width of SPbU VZ R Sp22a is 65 mm and it is unambiguously
from the posterior part of the cervical series, closest to the pectoral
region, with widely spaced ventral foramina (Fig. 4p3), reduced dia-
pophyses and enlarged parapophyses connected to the neural arch by
the vertical ridge (Fig. 4p2). The mediolateral width of SPbU VZ R
Sp22b is 54 mm. It has an incompletely developed ventral keel dis-
rupted in the middle (Fig. 4n3) and relatively closely spaced ventral
foramina, but overall is similar to the above-described morphotype.
Considering the proportional elongation of these two centra (antero-
posterior length is only slightly less than the dorsoventral height), we
are inclined to refer them to basal pliosaurids rather than to
rhomaleosaurids.

Specimens ZIN PH 68/211 (Fig. 4j), ZIN PH 83/211 (Fig. 4l)
and ZIN PH 15/211(Fig. 4m) are cervical centra that are anteropos-
teriorly shortened relative to their nearly equal mediolateral width
and dorsoventral height. The neural arch facets are deeply concave
and form a V-shaped notch in lateral view, but not reaching the rib
facet (Fig. 4l2). The rib facets are relatively large and semicircular in
outline. They are separated into two nearly equal parts by the longi-
tudinal ridge. In ventral view, there is a pair of well-pronounced
circular foramina, each situated in a squared depression, con-
stricted medially by a ventral keel and laterally by a raised border
of the rib facet. This condition is typical of rhomaleosaurids (e.g.
Smith & Vincent, 2010; Smith & Benson, 2014; Smith & Araujo,
2017). The ventral keel is less sharp than in the above-described
pliosaurid vertebrae. Given the described traits, the rhomaleo-
saurid attribution of these three specimens is most plausible.

Five dorsal vertebrae (ZIN PH 92/211, 91/211, 90/211, 50/211
and SPbU VZ R Sp30) are characteristically shortened anteropos-
teriorly (length to width ratio, 0.55) and have distinctly concave
articular surfaces with raised rims (Fig. 5a, b); for descriptions,
please see online Supplementary Material S1. Considering that
the anteroposteriorly shortened and amphicoelous pectoral and
dorsal vertebrae are reported for both basal pliosaurids (White,
1940 sensu Benson et al. 2011; Sachs & Kear, 2018) and derived
rhomaleosaurids (e.g. Smith & Benson, 2014), these vertebrae
could be referred to both these groups. Further study of the axial
skeleton of plesiosaurians is required for clarification of their
affinity.
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Fig. 5. (Colour online) Dorsal, pectoral and/or sacral and caudal vertebrae as well as partial pelvis of Plesiosauria indet. from the Toarcian Stage of Eastern Siberia. (a, b) Dorsal
vertebrae of pliosaurids and/or rhomaleosaurids: (a) ZIN PH 92/211 and (b) ZIN PH 90/211. (c) Caudal centrum of pliosaurid or rhomaleosaurid ZIN PH 107/211. (d–g) Dorsal
vertebrae of Plesiosauria indet.: (d) ZIN PH 17/211, (e) ZIN PH 66/211, (f) SPbU VZ R Sp33 and (g) SPbU VZ R Sp34. (h) Partial dorsal series of Plesiosauria indet. SPbU VZ R
Sp11 in right lateral view. (i) Concretion with associated sacral vertebrae and partial pelvis SPbU VZ R Sp38: (i1) sacral vertebra in anterior articular view, ilium in lateral view;
and (i2) sacral vertebra in left lateral view, ilium, ischium and pubis in ventral view. (j) Sacral vertebra ZIN PH 65/211. (k) Anterior dorsal vertebra ZIN PH 108/211. (l) Pectoral
vertebra ZIN PH 84/211. (m) Caudal vertebra ZIN PH 46/211. Numbers indicate the following views: 1, articular view for (a–g, i–m); 2, lateral view; 3, dorsal view for (a–e) and ventral
view for (j–m); 4, ventral view for (a–c) and posterior view for (d). Scale bar: 5 cm.
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Of certain interest are the specimens SPbU VZ R Sp11 and
Sp38, representing the articulated plesiosaurian remains from
the uppermost Toarcian to lowermost Aalenian strata of the
Markha River (Fig. 5h, i). SPbU VZ R Sp11 is a part of the dorsal
vertebral column consisting of six articulated vertebrae. The mor-
phology of these vertebrae is highly similar to that of the isolated
vertebrae depicted in Figure 5d–g. The vertebrae of this morpho-
type are characterized by the articular surfaces of ovoid (or some-
what heart-shaped) outline; the centra are nearly as dorsoventrally
high as mediolaterally wide, being widest in the dorsal half and
constricting in width ventrally. The anteroposterior length is less
than the mediolateral width, but it is not as shortened as in the
above-described morphotype of dorsal vertebrae (length to width
ratio, 0.61–0.80; compare with the value of 0.55 in the morphotype
described in the previous paragraph).

Specimen SPbUVZR Sp38 comprises associated sacral vertebrae
and a partial pelvis. The sacral vertebrae have circular articular sur-
faces (Fig. 5i1) and bear extensive dorsoventrally elongated rib facets
divided between the centrum and the neural arch (Fig. 5i2). The
acetabular surface of the pelvis is irregularly pitted and relatively
dorsoventrally thick. The proximal pubis is convex and tapered lat-
erally and posteriorly. Its ischial facet of the pubis is well demarcated
from the acetabular contribution, forming an angle close to 90°. The
acetabular head of the ischium is massive and it has three clearly
demarcated facets. The ischial neck, which connected the acetabular
head and the ischial blade (not preserved), is relatively slender and
has concave anterior and posterior edges (the ischial neck to
acetabular process ratio is 0.5). The ilium is a slender and curved
element articulated to the ischium. The proximal end of the ilium
is expanded transversely, forming the ischial facet and iliac portion
of the acetabulum, squared in articular outline (Fig. 5i2). Although
both these specimens lack diagnostic features and could be assigned
only as Plesiosauria indet., they are significant indicators that pro-
vide encouragement to search for articulated skeletal remains in the
Lower Jurassic Series of the Vilyuy River basin.

Specimens ZIN PH 32/211 and SPbU VZ R Sp8 are two parts of
a large and robust dorsal rib (Fig. 6q) that is 40 mm in maximum
diameter. This is the only specimen from the Linde River, tributary
of the Lena River and is late Toarcian in age. Specimen ZIN PH 26/
211 is interpreted as a sacral rib in having expanded and strongly
compressed proximal and distal ends with their long axes twisted
relative to each other at approximately 90° (Fig. 6p). One of the
ends bears an elongated depression in its middle (Fig. 6p1), similar
to that present on proximal ends of sacral ribs in Rhomaleosaurus
(Smith & Benson, 2014). The preserved proximodistal length of
this rib is 125 mm. These large ribs indicate the presence of
large-bodied plesiosaurians during late Toarcian time in Siberia.
They are here referred to as indeterminate plesiosaurians; however,
it is possible that they belonged to rhomaleosaurids since other ple-
siosaurian groups, including pliosaurids, were smaller during the
Toarcian Age (e.g. Benson et al. 2012).

Numerous plesiosaurian vertebrae from the pectoral, dorsal,
sacral and caudal regions as well as elements of the appendicular
skeleton are difficult to attribute to anything more precise than
Plesiosauria indet. In this regard, we reduce their description in
the main text and direct the reader to online Supplementary
Material S1 for details. Some of these specimens are depicted in
Figures 5 and 6.

Several propodial elements in the studied material are relatively
small and osteologically immature, with poorly ossified distal and
proximal ends, including poorly demarcated distal facets and, most
importantly, poorly demarcated capitulum and dorsal trochanter

proximally (Fig. 6k–m). These specimens are identified as belong-
ing to juvenile and/or infant animals (for juvenile criteria see e.g.
Brown, 1981). From these, the smallest propodial (ZIN PH 21/211)
is 104 mm in proximodistal length (Fig. 6k) and the largest (ZIN
PH 119/211) is 182 mm long (Fig. 6m). During the preparation of
ZIN PH 119/211 it was possible to observe the bone structure in the
diaphysis cross-section. The observed cortical bone was exclusively
radially vascularized, similar to the condition reported for fetal pol-
ycotylids (O’Keefe et al. 2019). This further supports the identifi-
cation of the early ontogenetic stage of the specimen.

5. Discussion

5.a. Note on palaeogeography of Early Jurassic marine
reptiles

The history of opinions on the palaeogeography of Early Jurassic
marine reptiles is complex. The unambiguous occurrences of
Ichthyosaurus, a genus typical of the Lower Lias of the UK, in
the Sinemurian of São Pedro de Moel, Portugal (Zbyszewski &
Moitinho de Almeida, 1952; Bardet et al. 2008) and Alberta,
Canada (McGowan, 1978) were the first direct evidence that some
genera of Early Jurassic marine reptiles had a global distribution
(McGowan, 1978). Otero & Sepúlveda (2020) recently reported
on the first find of Temnodontosaurus, another ichthyosaurian
genus previously known exclusively from Europe, in the
Hettangian–Sinemurian stages of the Atacama Desert, South
America, further emphasizing the global distribution of Early
Jurassic marine reptile taxa. In this regard, it is somewhat rational
to expect the occurrences of other well-known European marine
reptile taxa in coeval strata of other regions. However, even for
the basins of Western Europe, it was believed that several biogeo-
graphic provinces for marine reptiles existed during the Early
Jurassic Epoch. Although the palaeogeographic reconstructions
of the Early Jurassic European Archipelago imply no insurmount-
able barriers between the basins, and invertebrate faunas do not
show geographic provincialism (e.g. Dera et al. 2011), several
authors have previously suggested faunal differentiation formarine
reptiles, including ichthyosaurians, plesiosaurians and thalattosu-
chians (Godefroit, 1994; Maisch & Ansorge, 2004; O’Keefe, 2004;
Großmann, 2007; Smith & Vincent, 2010). It is only recently that
these suggestions were questioned by taxonomic revisions and new
discoveries (Benson et al. 2011; Fischer et al. 2011; Reisdorf et al.
2011; Vincent et al. 2013b, 2019; Sachs et al. 2016).

Our identifications of ichthyosaurian genera Temnodontosaurus
and Stenopterygius, as well as plesiosaurian genus Microcleidus,
which all are typical for the European Lower Jurassic Series (e.g.
McGowan & Motani, 2003; Benson et al. 2012), in the upper
Lower Jurassic Series of Siberia provide evidence of a herpetofaunal
exchange between the NW Tethys and the Boreal Sea during the
Early Jurassic Epoch. This is further supported by the presence of
indeterminate rhomaleosaurids and pliosaurids similar to
Hauffiosaurus, indicating that the major Early Jurassic ichthyosau-
rian and plesiosaurian clades were widely distributed.

According to palaeogeographical reconstruction (Fig. 1a), dur-
ing the Early Jurassic Epoch, the NWTethys (that corresponded to
an epicontinental sea) and the Boreal Sea were directly connected
by a narrow seaway named the ‘Viking Corridor’, a part of the
Greenland–Norwegian Seaway alternatively called ‘north–south
Laurasian Seaway’ (Ziegler, 1988; Korte et al. 2015). This seaway
was operational during Sinemurian–Toarcian times (Doré, 1991).
It was closed during the earliest Middle Jurassic Epoch, resulting in
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Fig. 6. (Colour online) Elements of the appendicular skeleton and ribs of plesiosaurians from the Toarcian of Eastern Siberia. Distal parts of the propodial bones: (a) ZIN PH 11/
211, (b) ZIN PH 97/211, (d) ZIN PH 51/211 and (e) ZIN PH 96/21 in (a1, b1, c1, d1) dorsal or ventral, (a2, d2) anterior, (b2) posterior and (a3, b3, d3, e2) distal views. (c) Proximal part of
the humerus ZIN PH 12/211 in (c1) dorsal and (c2) proximal views. Radius or tibia (f) ZIN PH 13/211 and (h) SPbU VZ R Sp29 in (f1, h1) dorsal or ventral, (f2, h2) anterior and (f3, h3)
proximal views. (g) Ulna or fibula ZIN PH 36/211 in (g1) dorsal or ventral, (g2) anterior and (g3) proximal views. (i) Right ischium, ZIN PH 37/211, in (i1) ventral, (i2) medial and (i3)
acetabular views. (j) Acetabular portion of the pathologic ischium ZIN PH 95/211 in (j1) ventral and (j2) acetabular views. (k–o) Propodial bones of juvenile and/or infant plesio-
saurians: (k) ZIN PH 21/211 in (k1) ventral or dorsal, (k2) anterior and (k3) distal views; (l) proximal part ZIN PH 25/211 in (l1) ventral and (l2) proximal views; (m) ZIN PH 119/211 in
(m1) dorsal or ventral and (m2) proximal views; (n) ZIN PH 100/211 in (n1) dorsal or ventral and (n2) distal views; (o) ZIN PH 104/211 in dorsal or ventral view. (p) Sacral? rib ZIN PH
26/211 in different views. (q) Dorsal rib (q1) ZIN PH 32/211 and (q2, q3) SPbU VZ R Sp8. The lines in g1, i1 and i3 show the hypothetically reconstructed outlines of the elements.
Scale bar: 10 cm.
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the isolation of the Boreal Sea and strongly reduced heat transport
to the Arctic regions (Doré, 1991; Korte et al. 2015). It is most likely
that the Greenland–Norwegian Seawaywas used bymarine reptiles
as the main route for distribution between the NW Tethys and the
Boreal Sea during the Early Jurassic Epoch, as in the case of other
fossil groups (Nikitenko &Mickey, 2004; Zakharov et al. 2006; van
de Schootbrugge et al. 2020).

5.b. Marine reptiles at high latitudes

Recent progress in the study of palaeobiology of Mesozoic marine
reptiles significantly changed our understanding of these animals.
Isotopic evidence has suggested homeothermy for plesiosaurians,
ichthyosaurians and mosasaurians (Bernard et al. 2010; Harrell
et al. 2016). Moreover, for ichthyosaurians, anatomical adaptation
for cold resistance such as insulating blubber was reported
(Lindgren et al. 2018). Although live birth is well documented
for ichthyosaurians (e.g. Böttcher, 1990), evidence of live birth
in plesiosaurians and mosasaurians was only reported more
recently (O’Keefe & Chiappe, 2011; Field et al. 2015).
Furthermore, it is now considered that, based on histological evi-
dence, at least some plesiosaurians had very high fetal growth rates
and large birth size (O’Keefe&Chiappe, 2011;Wintrich et al. 2017;
Fleischle et al. 2018; O’Keefe et al. 2019). Rapid postnatal growth
and additional histological evidence for high metabolic rates was
also reported for derived ichthyosaurians (Buffrénil & Mazin,
1990; Houssaye, 2013; Houssaye et al. 2014). In summary, this evi-
dence implies that many derived marine reptiles (including plesio-
saurians and neoichthyosaurians) could have been capable of
living and reproducing in a relatively cold environment, but also
indicates that they were fast-swimming and active animals capable
of long-range movements.

Differing from abundant plesiosaurian and ichthyosaurian
occurrences, at present there are no findings of thalattosuchian
crocodilomorph remains in Siberia. This contrasts with the
Lower Jurassic localities of Western Europe and elsewhere at
low palaeolatitudes (Table 1), where teleosaurid thalattosuchian
remains are common. This is consistent with the suggestion that
non-metriorhynchoid thalattosuchian biodiversity was linked to
temperature (Martin et al. 2014; although see Mannion et al.
2015). The recent study of thalattosuchian termophysiologies
based on the oxygen isotope composition in their tooth apatite
(Séon et al. 2020) suggests that teleosaurid thalattosuchians were
ecto-poikilothermic and further supports the ideas of climatic con-
straints for their distribution. In our opinion, the absence of tha-
lattosuchian remains from Early Jurassic Siberia is indirect
evidence that this group, in contrast to neoichthyosaurians and
plesiosaurians, was unable to survive in the polar environment
even during the summer period, or that their biology precluded
the possibility of long-term seasonal migrations.

Of great interest is the discovery of remains belonging to juvenile
(and possibly infant) plesiosaurians in Siberia. The findings of juve-
nile plesiosaurian remains has been previously reported for high-lat-
itude Cretaceous localities representing the shallow, nearshore and
even non-marine deposits (Wiffen et al. 1995; Martin, 2002; Kear,
2006a, b, 2007; Martin et al. 2007; Campbell et al. 2013; Vavrek
et al. 2014; Rogov et al. 2019). The presence of juvenile and possibly
infant plesiosaurians during the Early Jurassic Epoch in the shallow
Vilyuy Bay of the Boreal Sea is further evidence that these animals
may have used the Vilyuy Bay as a breeding area, as was similarly
suggested for several shallow high-latitude basins of the
Cretaceous period (Wiffen et al. 1995; Martin, 2002; Kear, 2006a,

2007; Martin et al. 2007; Vavrek et al. 2014). Indeed, the environ-
ment in the Boreal Sea during the polar summer with continuous
daylight as well as dynamic and nutrient conditions may result in
high productivity, which is evidenced by data on phytoplankton
(e.g. van de Schootbrugge et al. 2020), and therefore favourable con-
ditions for nektonic animals, including cephalopods, fishes and
marine reptiles. This might be a favourable breeding ground and
nursery area. Similarly, the Cretaceous low-latitude marine reptile
assemblages, which include individuals of different ontogenetic
stages, were suggested to be attributed to upwelling-related environ-
ments of high nutrient input and food availability (Vincent et al.
2013a; Martin et al. 2017).

The climates of late Early Jurassic Siberia were varying.
Significant cooling has been inferred for the late Pliensbachian
age based on glendonite and dropstone occurrence, as well as paly-
nological data and the composition of benthic invertebrate fauna
(e.g. Zakharov et al. 2006; Rogov et al. 2019). In contrast, a temper-
ature maximum during early Toarcian time is evidenced by paly-
nological data (e.g. Vakhrameev, 1987). However, this short
warming episode rapidly ended with the drop in temperature of
the late Toarcian age that continued into the earliest Middle
Jurassic Epoch, inferred from the closure of the Viking Strait
and thus the strong reduction of heat transport to the isolated
Boreal Sea (Korte et al. 2015; Rogov et al. 2019). Although the
marine reptile remains are indeed most abundant in the
Toarcian Stage, their occurrence in the upper Pliensbachian depos-
its, as well as throughout the Toarcian strata in all of its ammonite
zones (including the Toarcian–Aalenian boundary interval; Fig. 2),
implies their regular presence in the Boreal Sea, regardless of the
varying climate. The question remains whether marine reptiles
inhabited the Boreal Sea year-round, or whether they undertook
seasonal migrations.

Many extant marine animals migrate in the oceanic environ-
ment (e.g. Luschi, 2013); this is especially common for pelagic
amniotes such as sea turtles (e.g. Broderick et al. 2007;
Southwood & Avens, 2009) and cetaceans (e.g. Wells et al. 1999;
Boyd, 2004; Rasmussen et al. 2007; Bailey et al. 2010; Stevick
et al. 2011; Durban & Pitman, 2012; Bröker et al. 2020), which
could be considered the closest modern analogues of Mesozoic
marine reptiles. In the case of Mesozoic marine reptiles, the major
constraint for the permanent presence at high latitudes is not the
seasonal change of the climate, but the condition of polar night
(Grigoriev & Grabovsky, 2020). The palaeolatidue calculations
for marine reptile localities in the Vilyuy River basin (Table 2) indi-
cate that during the Pliensbachian and Toarcian ages the Vilyuy
Bay of the Boreal Sea (Fig. 1) was located very close to the palaeo
north pole (over the 80th latitude). Disregarding the cyclic oscil-
lation of Earth’s obliquity and axial precession for a long time
interval such as 10 Ma (late Pliensbachian – late Toarcian time),
the general pattern of light distribution at latitudes above 80th
implies 4.7 (up to 6) months of continuous daylight and no less
than 3 months of the polar night, with an abrupt transition
between the two conditions including a month of twilight (e.g.
Berge et al. 2015). The significant drop in primary production dur-
ing the polar night apparently results in the consequent reduction
of potential feeding habitats for large amniotes. Furthermore, the
survival of marine reptiles in complete darkness for nearly half a
year will require some specific adaptations for hunting in such
harsh conditions, whether night vision or echolocation, or any sen-
sory organs that enable hunting in complete darkness. An alterna-
tive for marine reptiles to overcome long-term starvation at high
latitudes during the polar night could be dormancy (hibernation/
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brumation); however, this is difficult to assume for air-breathing
pelagic animals. Considering the occurrence of various plesiosau-
rian and ichthyosaurian taxa at high palaeolatitudes, these assump-
tions will further imply multiple origins of those hypothetical
adaptations, which is hard to verify based on fossil material.
Moreover, the evidence of glaciations during late Pliensbachian
time (glendonites and dropstones) indicates that, at least for some
part of the history of marine reptile presence at high latitudes, there
were possibly additional winter barriers (sea ice coverage) critical
for these air-breathing animals. In summary, it seems unlikely that
marine reptiles lived permanently in the contrasting polar environ-
ment. Amore parsimonious and plausible scenario, in our opinion,
is that marine reptiles migrated to the Boreal Sea in spring and
returned in the autumn to lower latitudes.
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