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1 ParafossarulusindBithyniaoperculahave similar patterns of protein degradation.
1 Reworking is evident at some sites.
1 Gaps in the regional palaeontological record are identified.

1 Anomalously high levels of IcPD from Tizdarayresult from local geothermal heating.

Abstract

An aminostratigaphical study was undertaken to provide an independent test of theéywefalce East
European Mammalanation. This important biostigraphical scheme was originally defined from
reference sites in the Azov / Black Sea region of southern Russianowt isidely used to correlatate
Neogeneand Quaternary sediments across much of Europe and western Asia. As well as yielding a series
of mammal assemblages, these reference sites, which raage firom the late Pliocene (Béazian ca.

3.0 Ma) to LatePleistocene (0.1 Ma), also contain calcitic opercula of two geBérgyfiaand
Parafossaruluy of freshwater gastropahailsthat are suitable for amino acid dating. The intra
crystalline protein decomposition (IcPD) of four amino acids (asparticaeitine, valine, and glutamic
acid) was analysed from the opercula of these two gemwbieh showed similar patterns of protein
degradation, allowing both to be used for aminostratigraphy. The IcPD data are consistent with the
relative ages inferred frothe mammal biostratigraphy and also with stratigraphical hiatuses interpreted
from the fossil record. The temporal resolution provided by IcPD data from opéreuféno acid
dependent, andeclines in samples older than ~2 Ma. The high variability®DIbetween opercula
samples at some sitesggest reworking. Anomalously high levels of IcPD in samples from the Early
Pleistocene site of Tizdanay be dugo geothermal heatinfjom local volcanism. This study provides the
first largescale applicationf IcPD-based aminostratigraphy for the Quaternary of continental Europe,
and highlights its importance in testing regional stratigraphic schemes for thelibatne and the

Pleistocene
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1. Introduction

Correlation of continental sequences (which arially always incomplete and geographically isolated)

is a major problem in Quaternary research, especially for those sites beyond the range of radiocarbon
dating. Tephrachronology has been useful in linking sequences together, but this cannot be used
universally, for example in regions beyond the distal outfall of tephra or for several critical periods when
volcanoes were inactive (Lovet al, 2015).Thelack of dating methods that can cover the wiodlthe
Quaternarytime period has meant that biosigeaphy has been the main technique used for correlation of
continental sequences. Pollen analysis has traditionally been the primary biostratigraphical technique, able
to discriminatesometemperate stages of the Pleistogeherebyprovidingdifferentiation of the

intervening cold stages. Pollen analysis underpinned the stratigraphical succession developed for The
Netherlands that has since become the standard template for much of NW Europe (Zagwijn, 1985). Other
biostratigraphical schemes are basedter biotic groups, especially mammals. During the Quaternary,
faunal turnover in mammalian species was relatively high, making them particularly useful for
biostratigraphy (Gromov, 1948; Kretzoi, 1987; Fegaal, 1997; 1998; Mayhew, 2015; and many

others). Several zonation schemes have been proposed that are founded on the changing composition of
mammalian assemblages in response to climate and on the evolutionary trends witheakeg of
arvicolineroderts, such as grass volésllophaiomys/Micotug, water volefMimomys/Arvicolaand

steppe lemmingBprsodia/Prolagurus/LagurgsThe best known, and most widely used, scheme is the
European Land Mammal Ages, now integrated with the Neogene MN zonation (Mein, 1990et-ajfar

1998). Combinedvith regional geological contexts and any possible external age control and calibration
points, this has enabled stratigraphical schemes to be constructed for large regions and detginents

Bell et al, 2004; CionandTonni, 2005; Nomadet al, 2014 Flynn and Wu, 2017).

Several independentammalbasedQuaternary chronologies have been developedéstern and
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centralEurope(e.g., Guérin, 19821 o r 8adndilo g e k , 1988; RNavatko, 2Z010d0OndMar t 2 ne z

of the richest regical records of fossil mammals, includiagvicolinerodents, is known ithe south of
eastern Europe (Alexandrova, 1976; Alexeeva, 1977, 1990; Markova, 1S82 2007 Topachevsket

al., 1987, 1998; RekovetsrdNadachowski, 1995; Bajghevaet al, 2001; Nesin and Nadachowski,

2001; Tesakov, 2004; Titov, 2008gajanian, 2009, Markova and Vislobokova, 80dnd many othejs

The Pliocene and Pleistocene sequences from the Sea of Azov region and neighbouring areas, including
margins of he Black Sea, North Caucasus anditieer catchment of the Don River, are particularly
important (Fig. 1). Continental deposits of different origin (fluvial, lagoonal, ipakosol) can be dated

by the evolutionary stage in various lineages includirghidiskodon/Mammuthus, Equus
(Allohippus)/Equus (Equus), Arvernoceros/Megaloceros, Eucladoceros/Praemegaceros,
Paracamelus/Camelus, Allophaiomys/Microtus, Mimomys/ArviaetiBorsodia/Prolagurus/Lagurus

The chronological framework for the regionquesibn is currently based on biostratigraphy,
lithostratigraphy, and paleomagnetigdme of traditional approaches is the use of small mammal
assemblages based on reference faunas and first appearance events (e.g., Markova, 2007; Markova and
Vislobokova, 201k However for the Early Pleistocene this system is insufficiently detafled.

important advance in refining the regional stratigraphy was the establishment of the MQRIaNRal
zonation for the PlidPleistocene of southern East Europe and western Bsimwas based on the
consistent application of concurrent range zones for several raidlying phyletic lineages of

arvicoline rodents (Vangengeiet al, 2001; Tesakov, 2004; Tesaketval, 2004). Fourteen zones were
defined in the Quaternary (8 MNR units for the Gelasian and 11 MQR units for the rest of Quaternary,
ca. 2.6 Ma to RecenFig. 1). This East European Mammmination has since been applied to other
regions including the PontGaspian Krijgsman et al.2019), the Southern Caucaglissakov, 2016;
Tesakowet al, 201%), Lower Volga Zastrozhnowet al,, 2018),Urals (Borodinet al., 2019),Anatolia

(van den Hoek Ostends al, 2015), central Europe (Mayhew, 2012) and as far west as the Netherlands

and Britain Mayhew, 2015, Preea al., 2@20).
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104 Figure 1. Biostratigraphad chart of southeastern Europe based on mamngattapted fronTesakowet al, 2017, 2018); taxonomy of
105 Archidiskodon/Mammuthus meridional@lows Baygusheva and Titov (2012).
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107 Biostratigraphy has been susstul for establishing regional successiphutcorrelation between regions
108 can be problematic because migrational events can be diachronous (Walsh, 1998). It is also limited by the
109 ranges and preservation of critical species, which are not alwaysameké the fragmentary

110 continental fossil record. In Europtbe Early Pleistocene is an importéinie periodfor early human

111 evolution, and it is essential that a reliable chronology is developéiis period A robust chronology

112 needs external datj and crosghecking. Attempts to test thisammaliarbiostratigraphy using

113 radiometric and luminescence dating are ongdingchallengingdue to temporal constraints of the

114 methods and absence of volcanic deposits throughout the region. In this studg the developments in
115 amino acidgeochronologyrom the intracrystalline fraction of molluscan opercula to test the robustness
116 of the East European Mammal Zonation.

117

118 The advances in intrerystalline preparative methods (Penkneaial, 2008) and chioe of material for

119 analysigPenkmaret al, 2007, 2010) have improved the precision and accuracy in amino acid

120 geochronology, providing relative age estimates that extend far beyond the limits of current radiocarbon,
121 U-series and luminescence timescaldg calcite opercula ahe bithyniid freshwater snailare an

122  excellent repository for the original protein, providing an huirgstalline closed systethat is better

123 protectedrom postdepositional environmental contamination other than mineral kigsje The

124 measurement of opercula inreystalline protein degradation (IcPD) has become an inexpensive and
125 rapid method for establishing a robust relative chronology that can be calibrated against sites of known
126 age (Penkmast al, 2011, 2013).

127

128 The pesence of bithyniid opercula from the same refeeesites on which the East Bpean Mammal

129 zonation of the Black Sea and Azov Sea regions was defined providepartunity to test the veracity

130 of this scheme. In this paper, we develop an aminostaatigrfor the Sea of Azov region using two

131 generalarafossarulusindBithynia) of freshwater gastropazhaik from the family Bithyniidae that have
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2. Materials and methods

Bithyniids are common freshwater gastroptids inhabita widevariety of habitatsParafossarulusan

be separated froBithyniaby its larger size, wellleveloped spiral sculpture and differences in the
opercula (Annandale, 1924), which have a concentric fofBitiryniabut are paucispiral in
ParafossarulugGirotti, 1972; Meijer, 1974; Zatravkiat al, 1989; Sanko, 20Q8ee Fig. 2). This generic
digtinction has recently been supportednbylecularphylogenetic data (Wilket al,, 2013). In Europe
Bithyniais still extant, buParafossaruludecame extinct durgnthe Middle Pleistocene, ~ 400 ka
(Meijer, 1974; 1986; 1989; Preece, 1990; Gittengjeret al,, 1998; Sanko, 20Q0Lewiset al., 2004).
Parafossarulustill inhabits eastern Asia, where dtistribution suggests thatpossiblyhas a greater
affinity for warmer environmentfhiinBithynia In most Early and early Middle Pleistocene localities in
the Azov region both genera occur. The extinctioRafafossarulusn Europe may be related to the
specific featuresf the 100 ka climatic cyclicitperiodand he more extreme mimum temperatures

attained during the glacial periods.
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Figure 2. Opercula dsithynia(1), with a concentric form, arfdlarafossarulug2), which is paucispiral.
Scale bar equals 1 mm.

Ninety-five opercula fronParafossarulusindBithynia were selected from 26 horizons at 16 sites (Table
1) that have also yielded mammal remains that enable them to be directly linked to the mammal
assemblage zones of the regional biostratigrdghpgengeinet al, 2001; Tesakoet al, 20073). Most

of the fossil localities are situated along the shores of the Taganrog Gulf of the Sea of Almawvethe
catchment of the Don River, and the western part of North Caucasus including the Taman Pé&ignsula (
3). Material from multilayered Early Pleistocenedality Kryzhanovka (SW Ukraine) came from the
lower, Gelasian, part of the section (Tesakov, 2004), not to be confused with theavetl upper bed of
Kryzhanovka correlated with the Gelasi@alabrian transition (Rekovets, Nadachowski, 1995). The Port
Katon 4 locality (Tesakov et al., 2007), of mid Middle Pleistocene age, is much younger than-the well
known Early Pleistocene site of Pétaton (Markova, 1982, 1990)The opercula, collected between
1988 and 2018, were mostly extracted in the field, botessediment samples needed hot water for
disaggregation in the laboratorideating increases amino acid D/L values, but the duration of the hot
water disaggregatiompercula would only have experienced heating > 40°C for less than 30 minutes)
would nothave been sufficient to alter the D/L valuBamples were stored at the Geological Institute
RAS (Moscow) and Southern Scientific Centre RAS (Rast®Don) before transfer to the University of
York for amino acidanalysis.

To establish the ED behaviou of BithyniaandParafossaruluswe also analysetil opercula frontwo
additionalsitesoutside the main study regiovhere both genereo-occur. These sites at€orotoyak V7
(=Korotoyak &, Uspenka SuiteEarly Pleistocene, not to be confused with ghsly younger Early
Pleistocene site of Korotoyak 3c, Ostragozh Suite described by Markova,i2@@&upper catchment of
the Don River (lossifova and ®enov, 1998Agajanian, 200Pand the Tiglian typsite at Tegelen, the

NetherlandgFreudenthatt d., 1976; Penkmaat al, 2013).
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Table 1: Samples analysed in study (full details in Sl).

[Tesakov, 2004]

GelasiarCalabrian

transition

Locality | Site & reference Geographical Chronostratigraphy MQR/ Age range Genus

Number location MNR estimate, Ma

and code

1. Krv Krivsky Lower Don River | Late Pliocene, Piacenzian| MNR5 >2.5 Parafossarulus
[Chegiset al.,, 2017]

2. Kr2 Kryzhanovka 2 NW Black Sea early Early Pleistocene, MNR3 ca.2.4 Parafossarulus
[Tesakov, 2004] coast,Ukraine Gelasian

2. Kr3 Kryzhanovka 3 NW Black Sea Early Pleistocene, Gelasia]| MNR2 2.2-2.3 Parafossarulus
[Tesakov, 2004] coast,Ukraine

3. Psk Psekups North Caucasus | Early Pleistocene, Gelasia| MNR1 2.1-2.2 Bithynia
[Tesakov, 2004]

4.Tz1 Tizdar 1 Taman Peninsula| Early Pleistocene, MQR11 (2.02.1 Bithynia
[Tesakov, 2004] GelasiarCalabrian

transition
4. Tz1 Tizdar 1 Taman Peninsula] Early Pleistocene, MQR11 2.02.1 Parafossarulus




. TzK Tizdar K Taman Peninsula] Early Pleistocene, MQR10 | 1.62.0 Bithynia
[Shchelinskyet al., GelasiarCalabrian
2016] transition
. Tz2 Tizdar 2 Taman Peninsula| Early Pleistocene, MQR10 | 1.62.0 Bithynia
[Tesakov, 2004] GelasiarCalabrian
transition
. Tz2 Tizdar 2 Taman Peninsula| Early Pleistocene, MQR10 | 1.62.0 Parafossarulus
[Tesakov, 2004] GelasiarCalabrian
transition
. Srk Sarkel Lower Don River | Early Pleistocene, MQRS8 1.01.2 Bithynia
[Dodonovet al.,, 2007; GelasiarCalabrian
Nikolskiy et al, 2014] transition
. MaK Malyi Kut [Pilipenko | Taman Peninsula | Calabrian, late Early MQR7-8 [ 0.91.0 Parafossarulus
et al, 2015, and new Pleistocene
data]
. Sel Semibalki 1[Tesakov | Taganrog Gulf Calabrian, late Early MQR7 0.81.0 Bithynia
et al, 2007Db] Pleistocene
. Sel Semibalki 1[Tesakov | Taganrog Gulf Calaorian, late Early MQR7 0.81.0 Parafossarulus




et al, 2007b] Pleistocene

8. Mg2 Margaritovo 2 Taganrog Gulf Calabrian, late Early MQR7 0.81.0 Bithynia
[Tesakowet al, Pleistocene
2007b]

8. Mg2 Margaritovo 2 Taganrog Gulf Calabrian, Early MQR7 0.81.0 Parafossarulus
[Tesakowet al, Pleistocene
2007b]

9. Zel Zelenyi Taganrog Gulf early Middle Pleistocene | MQR4-6 | 0.50.7 Bithynia
[new data]

9. Zel Zelenyi Taganrog Gulf early Middle Pleistocene | MQR4-6 | 0.50.7 Parafossarulus
[new data]

7. Se2 Semibalki 2[Tesakov | Taganrog Gulf early Middle Pleistocene | MQR4-6 | 0.50.7 Parafossarulus
et al, 2007Db]

10. Pla Platovo Taganrog Gulf early Middle Pleistocene | MQR4-6 [ 0.50.7 Parafossarulus
[Tesakowet al,
2007h]

11. Stf Stefanidinodar Taganrog Gulf early Middle Pleistocene | MQR4-6 [ 0.50.7 Bithynia

[new data]




12 Tag

Taganrog

[new data]

Taganrog Gulf

early Middle Pleistocene

MQR4-6

0.50.7

Parafossarulus

13. PK4

PortKaton 4[Tesakov

et al, 2007Db]

Taganrog Gulf

early Middle Pleistocene

MQR3

0.30.5

Parafosarulus

14. BgA

Beglitsa A core

[new data]

Taganrog Gulf

late Middle Pleistocene

MQR?2

0.20.3

Bithynia

14. BgB

Beglitsa B
[Tesakowet al,

2007b]

Taganrog Gulf

late Middle Pleistocene

MQR?2

0.20.3

Bithynia

15. Leb

Lebyazhiy
(=Veshenskaya)
[Baygusheveet al.,

2014]

Lower Don River

late Middle Pleistocene

MQR2

0.20.3

Bithynia

16. SYr

Siniy Yar

[Tesakowet al,, 2012]

Lower Don River

Late Pleistocene

MQR1

0-0.1

Bithynia

17. Ky7

Korotoyak V7[=
Korotoyak 3a in

lossifova and

Upper Don River

late Early Pleistocene

MQRS

1.01.2

Bithynia
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Semenov, 1998; =
Korotoyak 3 in

Agajanian, 200p

17. Ky7

Korotoyak V7 E
Korotoyak 3a in
lossifova and
Semenov, 1998; =
Korotoyak 3 in

Agajanian, 200p

Upper Don River

late Early Pleistocene

MQRS

1.01.2

Parafossarulus

18 Teg

Tegelen
[Freudenthakt al,
1976; Penkmaset d.,

2013]

Netherlands

Early Pleistocene, Gelasia

MNR1

2.1-2.2

Bithynia

18. Teg

Tegelen
[Freudenthakt d.,
1976; Penkmast al,

2013]

Netherlands

Early Pleistocene, Gelasia

MNR1

21-2.2

Parafossarulus




175

176  Figure 3. Map of the fossil sites in the Azov region. 1. Krivsky3.XKryzhanovka 2 and 3, 4.Psekups, 4.Tizdar, 5. Sarkel, 6. Malyi Kut, 7.
177 Semibalki 1 and 2, 8. Margaritovo 2, 9. Zelenyi, 10. Platovo, 11. Stefanidinodar,gbhrdg, 13. PotKaton 4, 14. Beglitsa, 15. Lebyazhiy, 16.



