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ARTICLE INFO ABSTRACT

Editor: H Falcon-Lang Cenozoic faunal exchanges between Europe, Asia, Africa and America played a key role in shaping modern-day
Eurasian ecosystems with dispersal pathways controlled by the dynamics of natural palaeogeographic barriers (e.

Keywords: g., deserts, isthmuses, large water bodies, etc.). The South Caucasus is a mountainous region between Asia and

S".“th Caucasus Europe, which served as an important dispersal route during the late Cenozoic for the intercontinental exchanges

3;’;;"3 of diverse terrestrial vertebrates. The Pliocene geology of this region is dominated by volcanic and volcaniclastic

deposits that are generally not favourable for fossil preservation. However, a few rich fossil vertebrate faunas do
occur although they lack comprehensive palaeoenvironmental and age constraints. In this paper, we present an
integrated study of the stratigraphy and palaeontology of the Jradzor section located in the Gegham volcanic
province of Armenia, to improve knowledge of late Cenozoic dispersal pathways. The 57-m-thick succession
comprises 19 fossiliferous horizons with at least 48 identified vertebrate taxa (excluding birds). The palae-
oenvironmental reconstruction suggests that the succession was deposited within a short-lived dammed lake that
was subject to pyroclastic density flows, and later evolved into soil catenas. Taphonomic observations indicate
that pyroclastic flows caused a high mortality of small-size vertebrates in most fossiliferous horizons, while a
catastrophic lahar buried the large vertebrate fauna. Multiproxy dating places the studied section between 4.3
and ~ 3.03 Ma and the mammalian fauna correlates to the MN15. Comparison with similar age localities from
across the region shows that Jradzor comprises the most continuous Pliocene succession with the highest number
of fossil taxa and fills the MN15 interregional gap. The rich fossil vertebrate faunas have Asian and primarily
European affinities. Findings show that the South Caucasus was a significant dispersal route for terrestrial ver-
tebrates between Europe, Asia and Africa, and is of crucial importance for understanding Eurasian

Vertebrate fauna
Pyroclastic density currents

palaeogeography.
1. Introduction and Bae, 2020; Jiang et al., 2019; O’Dea et al., 2016). Among these, the
late Cenozoic African-Eurasian fauna dispersal history is of the highest
The faunal exchanges between Europe, Asia, Africa and America, interest due to the involvement of Miocene apes and early humans (Bar-
known throughout the entire Cenozoic history, were controlled by the Yosef and Belfer-Cohen, 2001; Gabunia et al., 2010; O’Regan et al.,
dynamics of intercontinental palaeogeographic and climatic barriers 2011).
such as deserts, isthmuses, large water bodies, mountains, etc. (Demeter During the latest Miocene-early Late Pliocene (5.6-3.3 Ma), the
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Arabian desert underwent a phase of hyperaridification (the Neogene intercontinental dispersal of different vertebrate groups, including
Arabian Desert Climax or NADX) that presumably terminated the Miocene apes and early humans (Adler et al., 2014; Adler et al., 2008;
Eurasian-African faunal exchange leading to the Pliocene endemism of Bohme et al.,, 2021; Derevianko et al., 2015; Gabunia et al., 2010;
the African ecosystems (Bibi, 2011; Bohme et al., 2021; Gibert et al., Gabunia et al., 2000; Kandel et al., 2017; Lordkipanidze et al., 2013).
2022). However, except for these geochemical and modelling studies, Nevertheless, while the Late Miocene and Quaternary geological and
the evidence of such palaeogeographic disconnection in the fossil fauna fossil records of the South Caucasus have been relatively well under-
record remains unclear, mainly due to the rarity of Pliocene rich and stood (Adamia et al., 2010; Antonosyan et al., 2019; Bukhsianidze and
well-dated vertebrate localities in the regions neighbouring Arabia. Koiava, 2018; Joannin et al., 2010), the Pliocene epoch in this respect is
The South Caucasus (a geographic region roughly corresponding to still unexplored and nearly unknown.
territories of modern-day Armenia, Georgia, Azerbaijan and easternmost During the Pliocene, the South Caucasus, together with eastern
Turkey) is a mountainous region that, together with eastern Turkey on Turkey and Iran, was a highly active volcanic region with a geological

the west and Iran on the east, forms a biogeographic corridor between record consisting primarily of volcanic and volcaniclastic deposits
Asia, Europe and Africa (Fig. 1). Unique geographic location, variety of (Fig. 1) (Adamia et al., 2010; Lechmann et al., 2018). Although volca-
natural landscapes and mild climate made the South Caucasus a shelter niclastic deposits (pyroclastic and other primarily fragmented volcanic
for diverse ecosystems and endemic life forms (Nakhutsrishvili et al., rocks) are volumetrically the most abundant deposits of volcanic ter-
2015; Tarkhnishvili, 2014). The available studies also suggest that in the rains, they have limited preservation potential for fossil vertebrates (Cas
late Cenozoic, the region was an important tying point for the and Wright, 1987; Suthren, 1985). Being formed by rapid and
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Fig. 1. Geological time scale and position of the Jradzor section in topographic map of the South Caucasus and geological map of the Lesser Caucasus. Columns from
left to right: Global polarity time scale (GPTS) and time scale (GTS) (Raffi et al., 2020); Regional time scale for the Black Sea Basin (modified after Krijgsman et al.,
2019); Regional stratigraphic units: A. of the Javakheti volcanic province in Georgia (modified after (Lebedev et al., 2008); B. of the Gegham volcanic province in the
Lesser Caucasus; *Regional time scale for the Caspian Sea Basin (modified after Lazarev et al., 2021). Upper right corner — topographic map of the Caucasus (the map
is taken from www.maps-for-free.com) with indicated regional tectonic-structural elements (modified after van Hinsbergen et al., 2020) and distribution of the late
Cenozoic volcanic rocks (modified after Lechmann et al., 2018). Lower right corner — geological map of the studied area (Avanesyan, 2014). Abbreviations: Scy —
Scythian Platform; RB -Rioni Basin, DM - Dzirulian Massif, KFTB — Kura Fold-Thrust Belt, KB — Kura Basin, mct — Main Caucasus Thrust, rlf — Racha-Lechkhumy Fault,
SKb - Somkhet-Karabakh Island arc belt, Epo — Eastern Pontides, SAB — South Armenian Block, asas — Amasia-Sevan-Akera Suture, iaes — [zmir-Ankara-Erzinka suture,
Ta — Talysz, arf — Araks Fault, kks - Kagizman-Khoy Suture (or Khoy obduction (Avagyan et al., 2017), EAP — East Anatolian Plateau, of — obduction front of the
Arabian Plate (Nikogosian et al., 2023; Rolland et al., 2020; van Hinsbergen et al., 2020).
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occasionally catastrophic events, the unconsolidated volcaniclastic de-
posits often become quickly eroded and thus, complete and continuous
volcaniclastic deposits are rare. Because of that, the fossil record and the
palaeoenvironments in and around active volcanic terrains are still one
of the less studied. Therefore, any fossil findings in such regions are an
exclusive exception and provide unique and rare insights into past
ecosystems (Harrison, 2011; Iurino et al., 2014; Jiang et al., 2014; Pe-
Piper et al., 2019).

The major Pliocene volcaniclastic formations in the South Caucasus
are known as the Voghjaberd Formation in Armenia and the Goderdzi
and Akhalkalaki formations in Georgia (Lebedev et al., 2008; Ver-
eshchagin, 1982) (Fig. 1). Here, volcaniclastics occasionally alternate
with sedimentary rocks that contain rich vertebrate assemblages, e.g., in
the localities Nurnus in Armenia (Melik-Adamyan et al., 1988) and
Kisatibi in Georgia (Gabelaya, 1970), both of which are known for >100
years. However, the lack of radio-isotope dating, absence of unambig-
uously sufficient biostratigraphic markers and unclear spatial and tem-
poral constraints of volcaniclastic formations largely leave the question
on the age of these localities open.

The insufficient knowledge of the ages of the geological formations,
the faunistic assemblages, and the depositional systems in the South
Caucasus during the Pliocene hinders a comprehensive understanding
and reconstruction of the geological past of the region, including the
evolutionary history of the palaeoenvironment and biodiversity.
Continuous explorations in Neogene continental deposits in Armenia
now yielded a unique Pliocene continental record.

This paper presents our results on integrated stratigraphy (magne-
tostratigraphy, “°Ar/3°Ar dating and sedimentology) and palaeontology
of the 57-m long Jradzor section located in the foothill of the Gegham
volcanic province, Armenia. The section, located in an actively explored
diatomite-mine, consists of predominantly volcaniclastic rocks and has
at least 19 fossiliferous horizons with at least 48 identified vertebrate
taxa (excluding birds). In the Jradzor locality, fossil assemblages of fish,
reptiles and large mammals have been reported before (Vasilyan, 2008a,
2008b). However, the age interpretations based on mammalian bio-
chronology remained largely inaccurate, ranging from the late Miocene
to Pliocene (Avakyan, 1963; Vasilyan and Bukhsianidze, 2020; Vasilyan
and Carnevale, 2013).

The paper aims to reconstruct the palaeoenvironmental evolution
and biotic record of the Jradzor section that represents the Pliocene
volcanic terrain of the South Caucasus. At a smaller scale, this study will
help to better understand the taphonomy and preservation potential of
vertebrate remains in volcanic regions. In a larger context, our paper
will shed light on the palaeobiogeographic role of the South Caucasus in
the ecosystem interaction between Asia, Europe and Africa during the
Pliocene. Improved solid age constraints for the fossil findings will allow
further palaeontological, palaeobiogeographic and palaeoclimatic
studies in this region.

2. Geological background
2.1. Jradzor section

The Jradzor section is located in the SW part of the Gegham volcanic
province of the Lesser Caucasus. It is situated in an active diatomite
mine, 13 km to E-NE from the Narek village, Central Armenia at an
altitude of 1930 m a.s.l. (40°1'42.53"N 44°48'53.92'E) (Fig. 1). The
diatomite reserves were discovered in the 1960s (Avakyan, 1963), while
the active exploration began in the 2000s. Although the Jradzor section
has been previously reported as a palaeontological locality by findings of
fish, reptiles and mammals, accurate dating and reconstruction of the
depositional environments of the locality have not yet been performed
(Vasilyan, 2008a, 2008b; Vasilyan and Bukhsianidze, 2020; Vasilyan
and Carnevale, 2013).
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2.2. The Lesser Caucasus and Gegham volcanic province

The Lesser Caucasus (in its geological meaning), being the eastern-
most part of the Armenian Highland, is located south of the Greater
Caucasus mountains and separated from it by the Variscian meta-
morphic Dzirulian Massif and two foreland basins — the Kura Basin in the
east and the Rioni Basin in the west (Fig. 1). The NW-SE-trending
orogenic belt of the Lesser Caucasus, from the NE to SW comprises
three major lithostructural domains: 1. The Eurasian margin represented
by the Somkhet-Karabakh island arc belt; 2. The Jurassic ophiolitic
Sevan-Akera-Amasia suture zone; 3. The Gondwana-derived micro-
continent known as the South Armenian Block (SAB) (Nikogosian et al.,
2023; Sahakyan et al., 2017; Sosson et al., 2010).

The Lesser Caucasus evolved as a product of continuous closure of
the northern Neotethys Ocean (during Middle Jurassic—Cretaceous),
followed by collision of the SAB with the Eurasian margin (during Late
Cretaceous-Palaeocene) and eventually by the amplified Arabian-SAB-
Eurasian collision (during Late Eocene-present) (Rolland, 2017;
Sahakyan et al., 2017; Sosson et al., 2010; van Hinsbergen et al., 2020).
Subduction and collision resulted in active volcanism by which vast
territories of Turkey, NW Iran and Lesser Caucasus were covered with
volcanic and volcaniclastic rocks making this area one of the most active
Cenozoic volcanic areas on land (Fig. 1) (Lechmann et al., 2018; Nav-
asardyan, 2006; Neill et al., 2015; Rolland, 2017; Sosson et al., 2010).

The Gegham volcanic province is a Late Miocene-Quaternary vol-
canic plateau in Central Armenia, located to the west of Lake Sevan
(Fig. 1). The geochemical and geochronological study of volcanic rocks
in Gegham revealed three intervals with distinct volcanic activities: 1.
Late Miocene-Early Pliocene (5.56-4.7 Ma); 2. Late Pliocene-Early
Pleistocene (3.5-1.9 Ma); 3. Middle-Late Pleistocene (0.9-0.01 Ma)
(Lebedev et al., 2021). The majority of lavas in all intervals is repre-
sented by mildly alkaline rocks with compositions varying from tra-
chybasalts to trachydacite, and locally to rhyolites (Arutyunyan et al.,
2007; Karapetyan and Adamyan, 1973; Lebedev et al., 2021; Lebedev
et al., 2018; Meliksetian, 2018; Sugden et al., 2021). The Pliocene
volcanism, accompanied by the overall uplift of the region, has been
attributed to the delamination of the SAB lithospheric mantle weakened
by asthenospheric upwelling (Lebedev et al., 2021; Lechmann et al.,
2018; Rolland, 2017; Sosson et al., 2010), to amphibole dehydration
melting (Allen et al., 2013), or various combinations of these factors
(Neill et al., 2015; Sugden et al., 2019).

2.3. Palaeoclimatic and -geographic context of the South Caucasus

During the Pliocene, the global climate transformed from relatively
warm and stable to more extreme and colder in the Pleistocene (de
Schepper et al., 2014). Among the most remarkable Pliocene climatic
events are the onset of the Northern Hemisphere glaciation at 3.6 Ma,
characterised by an expansion of glaciers in the Barents Sea, Alaska,
North America and Iceland, and the mid-Piacenzian climatic optimum
(3.26-3.02 Ma) when the rise of annual temperatures, and contraction
of deserts and expansion of forests were detected globally (Haywood
et al., 2016; de Schepper et al., 2014).

The intensity of the Pliocene palaeoclimatic events in the South
Caucasus remains unknown. Geochemical data from the neighbouring
region of Zagros Mountains (Western Iran) suggest a development of
hyperarid environments on the Arabian Peninsula between 5.6 and 3.3
Ma that has been interpreted to be responsible for the termination of
faunal exchanges between Africa and Eurasia (Bohme et al., 2021). The
organic geochemistry data from the neighbouring region of the Cauca-
sian foreland Kura Basin (Lokbatan section, Caspian Sea) suggest rather
dry climatic settings and a gradual temperature decline between 3.6 and
3.2 Ma (Vasiliev et al., 2022).
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3. Methodology
3.1. Logging and facies analysis

The Jradzor section has been measured using a geological compass
and a portable Jacob’s staff. The facies analysis is based on field ob-
servations on lithofacies, including a description focusing on colour,
grain size, lithology and sedimentary structures, as well as the shape of
beds, their distribution and relations between them. The descriptive
terminology followed the field guide of Tucker (2012). The classification
of lithological facies and facies associations used in our study follows the
concept of Miall (1996) and Posamentier and Walker (2006).

For a better understanding of the facies distribution and tracing the
relations between laterally variable beds, the quarry has been photo-
graphed with a portable drone DJI Mavic Air 2, and subsequently, a 3D
model was generated with Agisoft software at the JURASSICA Museum
(Porrentruy, Switzerland) (Fig. 2).

3.2. Magnetostratigraphy

For magnetostratigraphic dating, 73 standard cylindrical palae-
omagnetic doublet-samples were taken across the entire section using a
portable battery drill machine, diamond crones (@ 25 mm) and a water
tank with a pump. Each sample was oriented with a measuring table and
compass. Additionally, a local declination of 6° (August 2018, https
://www.ngdc.noaa.gov/geomag/calculators) has been added to the
orientation measurements to compensate for secular variation.
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Palaeomagnetic measurements including thermal demagnetisation,
demagnetisation in alternating field and thermomagnetic runs (Curie
balance), were performed at the Paleomagnetic laboratory “Fort
Hoofddijk”, Utrecht University, the Netherlands. The methodology of
measurements follows Lazarev et al. (2020).

The supplementary data associated with this paper contain a cata-
logue with information about all taken and analysed samples as well as
an interpretation of palaeomagnetic data (directions and statistics) that
can be uploaded on Paleomagnetism.org (Supplementary 1,2).

3.3. “Ar/*Ar chronology

Five volcanic tephra samples (JZ-V1, JZ-V2, JZ-V3, JZ-V4, JZ-V5,
Fig. 2) have been dated using “°Ar/*°Ar geochronology. Samples are
measured at the Vrije Universiteit Amsterdam on an Argus VI* noble gas
mass spectrometer. Analytical procedures are reported in the supple-
mentary information. Ages are calculated with (Min et al., 2000) decay
constants and 28.201 Ma for FCs (Kuiper et al., 2008). The atmospheric
40Ar/30Ar air value of 298.56 is used (Lee et al., 2006). All errors are
quoted at the 20 level. Note that we analysed ~10 grains per fusion,
since single-grain measurements do not yield sufficient argon gas. This
implies that data should be interpreted as a maximum age (i.e. deposi-
tional age is similar or younger) since samples can suffer from (xen-
ocyrstic) contamination of older grains that might go unnoticed in
multiple grain samples. We report two ages based on: Approach 1 — the
youngest age population where MSWD < t-test at 95% confidence;
Approach 2 - the age population including most analyses with MSWD <

3.4540,18 Mz~
/

- FA 4 - Paleosol

- FA 5 - Debris flow - FA G- Lahar

Fig. 2. Composite log of the Jradzor section (A) and 3D models of the quarry (B) and some parts of the quarry walls (C, D) with indication of fossil horizons,

4Ar/%°Ar dates and logging paths (orange lines on model B).
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t-test at 95% confidence (see 4.3). All relevant analytical data for age
calculations can be found in the supplementary data (Supplementary 3,
4.

3.4. Palaeontology

The fossil vertebrate remains were collected directly from the layers,
and information about preliminary identification, stratigraphic level
and taphonomic situation was documented. A small amount of fossil
material originates from a screen-wash prospection to estimate the po-
tential of sediments for vertebrate remains. Screen-washing of nearly all
fossiliferous horizons was not productive, as the strongly lithified and
welded fossil-bearing volcaniclastic rocks appeared to be very resistant
to chemical treatment with hydrogen peroxide and/or acetic (or any)
acid. The only exception is the pedogenically-modified sediments from
the fossil horizon JZ-6 (35.5-36.2 m) that disintegrated with hydrogen
peroxide.

The identification of the vertebrate fossil specimens was based on
comparative anatomy through the observation, measurement and
comparison of anatomical characters. For that, the collection of fossil
and recent fauna material stored at the Jurassica Museum (Porrentruy,
Switzerland) and the Research Station of Quaternary Palaeontology
(Weimar, Germany) and literature sources were used. The resulting
taxonomic framework is a list of all currently identified fossil fauna
(Supplementary 5).

The correlation of the mammalian faunas to the MN units follows the
approach described by Raffi et al. (2020). The ages of fossil horizons
were also calculated using the “°Ar/3°Ar ages of located in between
volcanic tephra and further, narrowed down using the position of fossil
horizons in certain magnetic polarity chrons.

The fossil material described in this paper belongs to the palae-
ontological collections of the Institute of Geological Sciences (IGS) and
Institute of Botany (IB), both belong to the National Academy of Sci-
ences of the Republic of Armenia, Yerevan, Armenia.

4. Results
4.1. Sedimentary facies, facies associations and associated fossils

In the 57 m thick succession, we distinguished 17 lithological facies
formed by various depositional processes (Table 1). Lithofacies were
grouped into six facies associations that represent distinct depositional
environments.

4.1.1. Facies association 1 (FA1) — lacustrine

4.1.1.1. Description. The FA1 occupies the lower part of the section
(1.3-11 m) and represents various facies of diatomite with rare thin beds
of sandstones and mudstones (Fig. 3A). Thinly parallel-laminated diat-
omite (Dh) with white laminae of 1-7 mm-thick prevails in the lower-
most part of the FA1 (1.3-8 m, Fig. 3B). On average, there are 300-320
laminae per meter of the Dh facies. The Dh contains partial and complete
small- to large-sized fish and amphibian skeletons and rare finds of
isolated skeletal elements of tortoise and small mammals (Fossil horizon
JZ-1, Fig. 3C). Inside the Dh, infrequent sharp-based 3-10 cm-thick beds
of brown mudstone (Fd) and sandstone (Sd) occur, both with white
rounded diatomite intraclasts (Fig. 3D).

Towards the top (8-11 m), the Dh gradually transforms into a brown
stratified diatomite with occasional lenticular bedding (Dr) (Fig. 3E).
Towards the south (left part of the western (main) wall), the Dr. laterally
converts into a dark grey parallel-stratified speckled diatomite (Ds) with
disarticulated amphibian and small-sized fish fossils as well as occasion
sedge-like plant imprints between 10.65 m and 11 m. The speckles
represent white rounded diatomite intraclasts of up to 1 cm big (Fig.3F).

In the southern part of the quarry, between 11.5 m and 12.5 m, thin
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beds of grey diatomite alternate with thin beds of volcaniclastic sand-
stones and tephra belonging to FA2. This alternation, however, is not
present in the central part of the quarry, where the Dr. is followed by
breccia of FA2 with a sharp and irregular contact.

4.1.1.2. Interpretation. The FA1l is interpreted as representing a
shallowing-upwards lacustrine environment occasionally affected by
exceptional inflow (flood) events. The thinly-laminated diatomite (Dp)
was deposited by a seasonally-mediated accumulation of diatoms (white
lamina) progressively followed by a minor clastic input from suspension
fallout (light brown tops of laminae) in a stable water column (Dean and
Fouch, 1983; Lindqvist and Lee, 2009; Sédez et al., 2007). The rare beds
of mudstone and sandstone (Fd, Sd) with diatomite intraformational
clasts represent relatively dense sediment-laden gravity flows, which
eroded the basin bottom, incorporating the diatomite clasts into the
current (Lindqvist and Lee, 2009; Sasaki et al., 2016). General pyriti-
zation of the fish remains and accumulation in a stable water column
suggest poorly-oxygenated environments.

The lenticular bedding with occasional symmetrical (wave) ripples
in the upper diatomite (Dr) points at increased depositional energy
triggered by wave activity and/or winnowing (Raaf et al., 1977). The
grey diatomite with intraclasts and plant imprints is indicative of the
nearshore zone with even stronger wave activity and the presence of
aquatic vegetation.

The overall sedimentological profile in the FA1 has a shallowing
trend from a stable, relatively deep-water setting to a nearshore wave-
prone environment. Assuming that the diatomite laminae represent
annual layers, the lacustrine phase of the section lasted for about
2000-3000 years.

Similar lithofacies and facies association were reported as lacustrine
offshore in the Holocene-Pleistocene record of the Lake Chungara in
Chile (Saez et al., 2007), as lacustrine in the Pleistocene Guayllabamba
Basin in the Ecuadorian Andes (Martin-Merino et al., 2021) and as
lacustrine facies in the Early Miocene Foulden Maar in New Zealand
(Lindqvist and Lee, 2009).

4.1.2. Facies association 2 (FA2) — medium tail of pyroclastic flow
(pyroclastic flows, ground-surges and ash-cloud surges)

4.1.2.1. Description. The FA2 is formed by sharp-based winged in-
cisions of up to 35 m wide and 1 m thick that laterally demonstrate
strong facies variation (Fig. 3G). The central parts of the incision forms
U-shaped gullies that consist of welded, poorly-sorted, but generally
normally-graded massive to trough cross-laminated cobble tuff breccia
(Gceg) gradually passing upwards into massive to scarcely-laminated
poorly-sorted tuffaceous sandstones (Smt) (Fig. 3H, I). The wings of
incisions are composed of either Smt or locally (11.5-12.5 m) of trough-
cross-laminated poorly-sorted coarse-grained tuffaceous sandstones (St)
and both frequently change laterally into a white massive volcanic tuff
(Tm) (Fig. 3J).

The incisions are mantled by up to 0.7 m-thick beds of tuffaceous
rootled mudstones (Fr) with gradual contact. Stratigraphically higher
incisions usually reside into the Fr-facies from previous incisions and the
facies order Geg > Smt > Fr repeats. However, locally incisions may cut
through sharp-based parallel-laminated volcanic ash (Ts, up to 0.3 m
thick) or through white reversely-graded lapilli tuff (LTg) up to nearly
complete erosion of the underlying layer, with only separated lenses
present in the section (Fig. 3K). In two incisions across the section, the Fr
mudstones are covered by white poorly-sorted normally-graded lapilli
tuff (LTg), gradually fining upwards into a massive, very fine-grained
tuff (Tm).

The Fr-facies that mantles the incisions towards the margins of the
depression becomes more pedogenically-modified and rootled and form
a conformable sequence of Fr-facies lying on top of each other with
straight or irregular contacts.
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Table 1

Description of lithological facies recognised in the Jradzor section and interpretation of depositional processes associated with them. The facies codes were modified
after Miall (1996) and Chough (2013).

Code  Grain size Sedimentary structures Occurrence Depositional process Figure

Geg Clast-supported Normally-graded poorly-sorted, locally When not welded: 1. Geg-facies with 1 and 2. Deposition en masse from fluid- Fig. 3, X
cobble tuff through cross-bedded and welded tuff blocks up to 1 m constitutes hummocky- saturated cohesive flow induced by
breccia breccia with irregular base. Very angular shaped hill of up to 35 m thick and > 120  collapse of volcanic edifice (Siebert, 1984).

(Category 0 by Tucker, 2012) clasts of m wide that rests at the base of the 3-5. Gravitational segregation of high-
andesites/dacites with sizes from 0.04 to section; 2. Up to 0.8-m-thick sheet beds density lithics in axial part of hot highly-
0.25 m, locally with boulders up to 0.5 m. alternating with Get; concentrated gas/particle gravity-
When welded: 3. Central parts (U-shape controlled flow induced by volcanic
gullies) of 0.3-1 m thick and up to 35 m activity (pyroclastic flow) (Cas and Wright,
wide winged incisions where it is 1987; Tate and Wilson, 1988).
associated with Smt, St and Fr; 4.
Incisions of up to 10 m wide and 0.7 m
thick where Geg is associated with Smt
and Tm; 5. Sheet beds of up to 8 m wide
and 0.4 m thick occur among Fr-facies.

Gem Clast-supported Massive, poorly-sorted breccia with straight ~ Locally, Gem fills incisions of up to 3 m Pseudoplastic debris flows (inertial Fig. 3Z
pebble/cobble or irregular base. Clast size varies between thick and 25 m wide; 2. Lenses of up to 5  bedload) (Miall, 1996).
breccia first mm to 20 cm. Roundness from very m wide and 0.4 m thick among Fa; 3.

subangular (0) to rounded (4) (Tucker, Lenses of 0.3 m wide and 0.1 m thick
2012). among Fa.

Get Clast-supported Moderately sorted, trough cross-stratified Forms laterally-delimited layersina 5-m-  Reworking of mass flow deposits by minor ~ Fig. 3Y

granule gravel granule gravel with cross-set thickness of thick package in northern (secondary) channels/rills (Chough, 2013; Miall,
0.1-0.3 m and up to 2 m wide. The base is wall, where it alternates with Geg. 1996).
irregular, locally straight.

Gel Clast-supported Massive, poorly-sorted breccia built of Massive bed from 3 m thick in the basin Distal residue of cohesive debris flow of Fig. 3A2

lapilli breccia 60-95% of white 2-10 mm pumice lapilli in ~ centre to 1 m on the margins Associated pyroclastic material (lahar) (Cas and
a brown highly porous muddy matrix, with Fr. Wright, 1987; Chough, 2013).
erosive base.

Smt Medium- grained ~ Massive to scarcely laminated, medium to Forms small incisions up to 0.3 m thick Gravitational segregation of lower density ~ Fig. 3H,
sandstone to very coarse-grained tuffaceous sandstone and 3 m wide or constitutes wings of matrix in axial and peripheral parts of J,K L
granulite with irregular base. large, up to 35 m wideand 1 m thick pyroclastic flows (Cas and Wright, 1987).

incisions, where it has thickness up to 0.5
m. Associated with Geg ang Fr; Locally
eroded by St.

St Coarse-grained Poorly-sorted sandstone to granulite with Locally (11.5-12.5 m) forms Associated Migration of sinuous-crested ripples, lower  Sup. 6,
sandstone, trough cross-lamination in cross-sets of 1-5 with Fr. Laterally passes flow regime (Miall, 1996). Fig. 1.1
granulite cm-thick; Erosive base, unidirectional;

Linear beds up to 0.2 m thick.

sd Coarse-grained to  Poorly-sorted sandstone with angular Linear beds with thickness of 0.3 m. Erosion and downslope transportation of Sup.6,
very coarse- irregularly-distributed pieces and blocks (up ~ Associated with Dh. the basin margin/bottom by high-density Fig. 1.2
grained to 20 cm) of white diatomite, irregular base. gravity flow during exceptional inflow
sandstone (flood) events (Lindqvist and Lee, 2009;

Saez et al., 2007).
Dh Diatomite Horizontal lamination with thin (2-5 mm) Continuous packages up to 4.5 m thick. Seasonal deposition of the diatom algae Fig. 3B
laminae. Each lamina is sharp-based and Associated with Fd, Sd. Passes upwards from suspension in stable water column (
gradually changes its colour upwards from into Ds, Dr. Lindgvist and Lee, 2009).
white to light brown.
Ds Diatomite Dark grey diatomite with rounded Continuous package up to 3 m thick. Erosion and downslope transportation of Fig. 3F
intraformational clasts of white diatomite Laterally transforms into Dr. the basin margin/bottom by high-density
and gradational base. gravity flow during exceptional inflow
(flood) events. (Lindqvist and Lee, 2009;
Séez et al., 2007).
Dr Diatomite Brown diatomite, generally stratified but Continuous package up to 3 m thick. Deposition of the diatom algae in a Fig. 3E
internally massive with implicit lenticular Laterally transforms into Ds. nearshore zone affected by wave activity
bedding represented by sandy symmetric and/or winnowing (Raaf et al., 1977).
ripples of up to 2 cm wide and 1 c¢m high.
Gradational base.

Ts Very fine- to White, grey horizontally-laminated tuff Linear but laterally disappearing beds of Transition from turbulent to traction type Fig. 3K
medium-grained composed of alternating finer and coarser 0.3-0.6 m thick. Preceding or laterally transport in low-concentration gas-solid
volcanic ash layers. The basal surface is irregular while passing into Geg. dispersion (ground surge) (Fisher and

the intrabed surfaces are straight. Smith, 1991).
Tm Fine- to medium-  Grey, white, massive tuffs with irregular Linear beds of 0.05 to 0.3 m thick. Lateral extension of the Tm-facies from Fig. 3J
grained tuff base. Laterally passes into Geg or Fr. Geg suggests accumulation in peripheral
lower density parts of the pyroclastic
flows.
LTg Lapilli tuff White normally-graded and reversely- Reversely-graded LTg forms rare beds up ~ Reversely-graded LTg: Buoyancy grading Fig. 30

graded lapilli tuff with pumice fragments
from 1 mm to 1 cm and straight base and
gradual bases.

to 0.5 m-thick preceding the Geg-breccia.
Normally-graded LTg fills one incision of
10 m wide and up to 1 m thick.

resulted from density contrast in confined
pyroclastic flow with lower density
vesiculated pumice floating in higher
density matrix. Normally-graded LTg:
Less-confined (more expanded) pyroclastic
flows with matrix density lower than the
pumice (Cas and Wright, 1987).

(continued on next page)
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Code  Grain size Sedimentary structures Occurrence Depositional process Figure
Fr Tuffaceous A. Greenish-grey to white rootled tuffaceous  A. Linear beds of 0.05-0.3 m thickness Accumulation en masse from the ash-cloud  Fig. 3P
mudstone to tuff mudstone with abundant mm- to cm-scale with gradational base; B. Linear beds of surge that accompanies the pyroclastic
rootlets and carbonate nodules and 0.1-0.8 m thickness with irregular base. flow (Fisher, 1979) followed by
concretions of 5-10 cm in size. Fr-facies mantles Geg, Smt, St; Laterally paedogenic and aerial downslope
B. Pale yellowish brown massive and porous ~ may transform into Tm. washover modification.
tuffaceous mudstone to dense tuff, with
dispersed angular fragment of volcanic
lithics from 1 mm to 10 cm and scarce cm-
scale rootlets.
Fa Mudstone Brown aggregate mudstone with mm-scale Linear beds of 0.4-3 m thickness. Pedogenesis with local small-scale Fig. 3T, U
rootlets and dispersed mm-scale angular Associated with Clc and C. reworking by rills (Sulpizio et al., 2006;
fragments of volcanic lithics. Locally, the Tabor et al., 2017).
mudstone is penetrated by cm-scale
carbonate-infilled rootlets. The base surface
is highly irregular, with frequent rounded
cm-scale krotovinas.
Fd Mudstone Brown mudstone with small white diatomite  Linear beds of 3-10 cm thick, with sharp ~ Generation of low-density slurry flows Fig. 3D
intraclasts (up to 3 cm) and irregular base. straight basal surface. Associated with (Lindqvist and Lee, 2009).
Dh.
C Claystone Brown sandy claystone with blocky to Underlain by Clc, succeeded by Fa. Clay Illuvial horizon depleted in Fig. 3V
columnar structure, irregular base. Linear paedogenic carbonates (Tabor et al., 2017;
bed up to 0.5 m thick. Zamanian et al., 2016).
Cle Calcrete White massive to crudely laminated Forms 1-m-thick massive layer in the Impregnation and cementation of soil Sup.6.
limestone depleted in clastic material; quarry centre that is thinning towards the =~ horizon with paedogenic carbonates from Fig. 1.3

Gradual base with abundant cm-scale
rootlets.

quarry margins. Associated with Fa and
C.

shallow groundwater table (Zamanian

et al., 2016).

The FA2 is extremely rich in fossil bones of small-sized vertebrates
represented by irregularly-distributed remains of amphibians, reptiles,
birds and mammals. The fossils mainly occur in the Gcg- and Fr-facies,
where they are mostly disintegrated and welded with fragments of
pumice. However, within the Fr-facies, remains with partial anatomical
connections have been found (Fig. 3L).

4.1.2.2. Interpretation. The winged incision of the FA2 with tuff breccia
(Geg) > tuffaceous sandstone (Smt) in gullies and tuffaceous sandstones
(Smt, St) > tuff/mudstone (Tm/Fr) on the wings are products of pyro-
clastic flows - hot, highly-concentrated gas-rich sediment gravity flows
induced by explosive volcanic activity (Suthren, 1985). The pyroclastic
flows generally bear such features as poor sorting, welding, high
erosional capacity and strong topographic control, infilling valleys and
depressions (Cas and Wright, 1987; Tate and Wilson, 1988).

The poorly-sorted gully-forming tuffaceous breccia (Geg) represents
the most destructive middle part of the flow, characterised by the
maximum velocity and concentration of the biggest clasts (Tate and
Wilson, 1988). The poor sorting is attributed to high particle con-
certation rather than to turbulency with the general flow mechanism
being laminar or plug-like (Cas and Wright, 1987; Suthren, 1985). At the
same time, the overall normal grading and transition from Gcg-breccia
to Smt-sandstone stand for a gravitational control of the flow. The
high content of volcanic tuff in Geg-breccia and a generally welded
character of the deposits indicate a high temperature of the flow. This is
in agreement with the observed welding of numerous bone fragments
with lapilli.

The lateral fining of the incisions correlates with a decrease of the
gas/particle concentration towards the margins of the wedge-shape
pyroclastic flows (Tate and Wilson, 1988). The occurrence of traction
structures, such as occasional trough cross-lamination on the wings of
incision, is linked to the migration of the sinuous-crested dunes that
accumulated from small suspension clouds (Miall, 1996; Reading,
1996).

The tuffaceous rootled mudstone/tuff (Fr) that succeeds every py-
roclastic flow and mantles topography much further away from the
pyroclastic flows is interpreted as an ash-cloud surge — a cloud of
expanded turbulent low-concentrated volcanic ash that accompanies
pyroclastic flows and accumulates on top of them as the lightest fraction

(Cas and Wright, 1987; Fisher and Smith, 1991). Development of
vegetation in these mudstones expressed as mm-scale rootlets charac-
terise periods of intervening repose between pyroclastic flows.

The lenses of parallel-laminated sharp-based volcanic ash, locally
preceding the pyroclastic flows (Ts) are interpreted as the ground-surge
deposits — those accumulated from a low-concentration lighter mixture
of volcanic ash and gas that outpaces the pyroclastic flows and becomes
covered/eroded by them (Tate and Wilson, 1988; Wohletz and Sheridan,
1979). This makes the ground-surge deposits of extremely low preser-
vation potential (Suthren, 1985).

Similar pyroclastic deposits were reported from the Pleistocene de-
posits of the Lesser Antilles (Tate and Wilson, 1988) and the Holocene
volcaniclastic succession of the Sao Roque volcano, Azore Islands
(Zanon et al., 2009).

4.1.3. Facies association 3 (FA3) - distal tail of pyroclastic flow
(pyroclastic flows and ash-cloud surges)

4.1.3.1. Description. The FA3 generally resembles the FA2, but the
sharp-based breccia-built incisions are smaller and rare, and the mud-
stones covering them become greenish-grey and more rootled. The Gcg-
breccia in such incisions becomes more sandier, and the cobble con-
certation is lower than in the Geg-facies of the FA2. There are three types
of incisions: 1. Incisions up to 10 m wide and 0.7 m thick built of poorly-
sorted but generally normally-graded tuff breccia (Geg). Laterally, to-
wards the wings, breccia transforms into a poorly-sorted massive gran-
ulite (Smt) with frequent chaotically-distributed pebbles and cobbles or
locally, into white massive (Tm) or parallel-laminated (Ts) sharp-based
volcanic ash/tuff (Fig. 3M); 2. Incisions of up to 3 m wide and 0.3 m
thick are constituted by poorly-sorted massive granulite (Smt). 3. At 52
m, one incision of up to 1 m thick and 10 m wide is filled with white
normally-grading pumice lapilli (LTg, Fig. 3N, O).

Similar to FA2, incisions from the FA3 occupy the central part of the
western (main) wall and trend in the NW-direction. Each incision is
mantled by greenish-grey tuffaceous mudstone (Fr) with gradational
contact. Mudstones comprise abundant cm-scale rootlets (Fig. 3P) with
locally developed horizons of rounded carbonate nodules of up to 7 cm
in size and carbonate concretions up to 20 cm in size (Fig. 3Q). The
mudstones change their thickness from 0.2 cm in between the incisions
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A FA1 - Lacustrine

Fig. 3. 1. Lithological facies associations and facies recognised in the Jradzor section. Scale: hammer — 29.5 cm long, arrow — 15 cm long, black stick (Jacob’s staff) —
1.5 m long. Description of facies as presented in pictures (B, D, E, F, I, O, P, T, U, V, X, A2) are summarised in Table 1. A. General view on lacustrine diatomite
deposits present between 1.3 and 11 m; C. Fossil finding of Capoeta sp. fish at 5.7 m; G. General view on FA2 between 19 and 29 m; 2. H. Central part of the U-shaped
incision in the FA2 with highly irregular basal surface; J. View on the wings of the U-shaped incision of the FA2; K. Expression of the pyroclastic surge with stratified
volcanic tephra being cut by welded breccia of U-shape incision, 23.5 m; L. Fossil finding of tortois Testudo sp. in pedogenically modified ash-cloud surge deposits (JZ-
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4, 24.45 m); M. Breccia Incisions in the FA3; N. Incision filled with normally-graded lapilli breccia, 52 m; Q. Horizon with carbonate nodule in FA3, 35 m; R and S.
General views on palaeosol deposits, 42-45 m and 50-55 m respectively; 3. W. General view on the hummocky-shaped Geg-breccia hill in the southern part of the
quarry; Y. Alternation of poorly-sorted breccias with trough cross-laminated gravels in the northern (secondary) wall of the quarry interpreted as debris flow with
periodic fluvial reworking; Z. Small scale incisions residing within the palaeosol horizons, 44 m; Al. General view on the lahar deposits, 46-51 m; A3. Lens with large

mammalian fauna remains at the base of lahar deposits, 46 m.

to 7 m on the basin margins.

The FA3 contains sporadically distributed remains of land verte-
brates, all located within the Fr-facies (See paragraph 4.4, Table 2). In
the assemblages, the remains of small-sized vertebrates dominate,
however, partial shells of tortoises and fragmented tusks of elephants are
also found. The FA3 has less divers and fewer vertebrates remains than
the FA2. The FAS3 is typically succeeded by the FA4 (palaeosol) with
gradational contact.

4.1.3.2. Interpretation. The FA3 is interpreted as representing distal
tails of pyroclastic flows. The central part of the pyroclastic flow formed
the Gceg-breccia by analogue with the FA2. The Smt-sandstones on the
wings of incisions stand for a lighter fraction moving on the flow flanks
with a relative delay compared to its central part. At the same time, the
more fine-grained appearance of facies within the incision suggests that
the area was subject to the most distal fine residue of the pyroclastic
current.

The normal grading in the LTg-lapilli tuff that fills only one incision
at 52 m represents a pumice flow (Fisher and Smith, 1991). The normal
grading in pumice flow is not frequent but can be formed in more
expanded pyroclastic flows where the pumice density was greater than
the matrix (Cas and Wright, 1987). The incised appearance of the LTg-
facies excludes an ash-fall origin.

Unlike topographically confined pyroclastic flows, the Fr-mudstones
were initially deposited as an ash-cloud surge and had a wider mantling
areal distribution. Consequently, the Fr-mudstone/tuff served as a
ground for paedogenic processes. A decrease in the number, size and
grain size of incisions and an increase in the size and abundance of
rootlets and carbonate concretions in Fr-mudstone points at diminished
pyroclastic flow-activity in the area and a moderate pedogenesis.

4.1.4. Facies association 4 (FA4) — palaeosols

4.1.4.1. Description. The FA4 has two distinct expressions (Fig. 3R, 3S).
The first, up to 9 m thick packages are built of 0.2-1.3 m thick beds of
reddish-brown mudstones (Fa) with mm- to cm-scale aggregates, mm- to
cm-scale rootlets and numerous mm-scale dispersed fragments of vol-
canic rocks (pumice, lithics) (Fig. 3T). The contact between the beds is
irregular, flame-like, with isolated rounded patches up to 10 cm in size.
Locally, small lenses (30 x 10 cm) of poorly-sorted massive conglom-
erates (Gem) occur among mudstones. The second expression of the FA4
is observed between 50.5 and 54.5 m. Here, reddish-brown mudstone
(Fa) is penetrated by white meter-long rootlets that upward gradually
pass into white crudely-stratified limestone (Fig. 3U). The limestone is
followed by brown, aggregated claystone (C) with a sharp, irregular
contact (Fig. 3S, 3V).

The FA4 is extremely poor on fossil remains. The only two fossilif-
erous horizons at 43.6 m (JZ-9) and at 36.75-37.2 m (JZ-9), residing
within the Fa-facies, contain only one or two fossil taxa. The single bone
find from JZ-9 shows bite marks.

The FA4 is succeeded by FA6 (Lahar) with an irregular contact or by
the FA2 with sharp straight contact.

4.1.4.2. Interpretation. The FA4 is interpreted as palaeosols. The
aggregate structure and rootlets of mudstone (Fa) and claystone (C) are
indicative of active pedogenesis (Tabor et al., 2017). The rounded
patches are krotovinas — the animal burrows of near sedimentation time
that were later filled with mineral material (Pietsch, 2013; Ponomar-
enko and Ponomarenko, 2019). The rare lenses of conglomerates
represent local small-scale rills (Fisher and Smith, 1991). The white

limestone layer is interpreted as a calcrete — the soil horizon impreg-
nated and cemented by paedogenic carbonate within fluctuating
groundwater level (Zamanian et al., 2016). The brown aggregate clay-
stone overlying the calcrete with sharp, irregular contact represents the
illuvial clay horizon (Tabor et al., 2017). The presence of bite marks on
the bone from the fossil horizon JZ-9 suggest exposure of the bone on the
day-light surface and reworking by scavengers/predators.

The palaeosols are common in volcaniclastic records. Similar facies
associations are known from the Late Pleistocene-Holocene volcanic
record of the Lesser Antilles (Tate and Wilson, 1988) and the Holocene
volcaniclastic record of the Vesuvius (Facies P sensu Sulpizio et al.,
2006).

4.1.5. Facies association 5 (FA5) — debris flow/debris avalanche

4.1.5.1. Description. The FA5 is represented by poorly-sorted clast-
supported pebble/cobble to boulder breccia (Gem, Geg) that appears in
the section in different sizes and geometries. In the southern part of the
quarry, the Geg-breccia constitutes visually an up-to-35-m high and up-
to-120-m broad hummocky-shaped hill, whose northern margin gently
deepens towards the basin centre, where it is covered by diatomite
(Fig. 3W). Both the matrix and clasts of the Gcg-facies have the same
dacitic content, and the clasts are angular with sizes varying from mil-
limetres to 1 m (Fig. 3X).

In the northern wall (correlates to 15-20 m in the western (main)
wall, Fig. 2), within a remarkable 5-m-thick coarse-grained package, the
extensive beds and lenses of poorly-sorted Gcg breccia with mono-
genetic dacitic clasts (1 cm to 0.6 m) alternate with up to 0.5-m-thick
beds of parallel-laminated to trough cross-laminated moderately sor-
ted granule gravel (Get) (Fig. 3Y). The Geg-facies has irregular but rather
straight bases, while the Gcet-facies demonstrates an irregular basal
surface that makes scours into the Geg-facies.

Smaller-scale up to 0.4 m thick and 5 m wide Gem-lenses occur
within the FA4, between 36.4 and 45 m. Here, the pebbles are sub-
rounded to rounded (categories 3 and 4 according to Tucker, 2012) and
have heterogeneous lithological content (Fig. 3Z).

The FAS has no palaeontological remains detected. The FA5 forms
the base of the section and occurs inbound with the FA2 and within the
FAA4.

4.1.5.2. Interpretation. The FA5 is interpreted as debris flows — fluid-
saturated cohesive flows that deposit massive and matrix-supported
sediments en masse as the shear stress falls below the yield strength of
the flowing debris (Fisher and Smith, 1991; Smith, 1986).

The debris-prone hill on the southern part of the quarry that forms
the base of the section is a product of the debris avalanche — a massive
debris flow caused by the collapse of the volcanic edifice (Cas and
Wright, 1987). As a characteristic feature, such avalanches form large-
sized hills (from a few meters to 200 m high and more than 100 m in
lateral extent) and are built of the lithic material of the volcano
(Reading, 1996; Siebert, 1984). The occurrence of debris flow beds
within the pyroclastic flow deposits results from remobilisation of the
lose pyroclastic material during the interflow intervals and its trans-
portation further downslope (Fisher and Smith, 1991).

The alternation of poorly-sorted breccias with trough cross-
laminated gravels in the northern (secondary) wall represents episodic
debris flows (Gcg) that were post-sedimentary affected by fluvial
reworking.

The lenses of poorly-sorted breccia with subrounded pebbles be-
tween palaeosols formed as small-scale debris flow within rills. The



S. Lazarey et al. Palaeogeography, Palaeoclimatology, Palaeoecology 625 (2023) 111685

Fig. 3. (continued).

10



S. Lazarey et al. Palaeogeography, Palaeoclimatology, Palaeoecology 625 (2023) 111685

Fig. 3. (continued).

11



S. Lazarev et al.

Table 2

Palaeogeography, Palaeoclimatology, Palaeoecology 625 (2023) 111685

Fossil horizons with their stratigraphic position in the section, interpreted palaeoenvironment, age ranges and faunistic composition. The age ranges were calculated
through combination of “°Ar/*°Ar data and magnetostratigraphic correlation to GPTS.

Fossil Strat. level Palaeoenvironment (Facies Age (Ma) Nr of Taxonomic content
horizon association) taxa
JZ-7 45.3-46.1 m FA6 — Lahar 3.3+ 0.03 13 Bufotes sp., Cricetinae indet., Mimomys cf. davakosi, Spalacinae indet., Chasmaporthetes
Ma lunensis, Pliocrocuta perrieri, Miohyaenotherium sp., Nyctereutes sp., Hipparion cf. fissurae,
Antilopini indet. (cf. Gazellospira), Caprinae indet. (two species), Pliohyracinae indet.
JZ-9 43.6 m FA4 — Palaeosol 3.6-3.33 Ma 1 Mammalia indet.
JZ-8 36.75-37.2 m FA4 - Palaeosol 3.93 + 0.05 3 Spalacinae indet., Ruminantia indet.
Ma
JZ-6 35-36.15m FA3 - Distal tail of ~4.16-3.98 21 Bufotes sp., Lacertidae indet., Testudo sp., Aves indet., Talpa cf. fossilis, Soricinae indet.,
pyroclastic flow Ma Ochotona antiqua, Ochotona sp., Sciurinae indet., Glirinae indet., Neocricetodon sp.,
Mesocricetus cf. primitivus, Cricetinae indet., Promimomys sp., Mimomys cf. davakosi,
Mimomys sp., Apodemus sp., Pseudomeriones cf. tchaltensis, Pliospalax cf. macovei,
Cervidae indet. (cf. Avernoceros), Rhinocerotoidea indet., Proboscidea indet.
JZ-5a 30 m FA3 - Distal tail of ~4.16-3.98 1 Hipparion cf. fissurae
pyroclastic flow Ma
JZ-5 29.3 FA3 - Distal tail of ~4.16-3.98 2 Testudines indet., Ochotonidae indet.
pyroclastic flow Ma
JZ-12 26.4-26.6 m FA2 — Medium tail of ~4.16-3.98 1 Hipparion cf. fissurae
pyroclastic flow Ma
JZ-13 g 25.72-6.25m  FA2 - Medium tail of ~4.16-3.98 1 Rodentia indet.
pyroclastic flow Ma
JZ-13 25.25-25.75 FA2 - Medium tail of ~4.16-3.98 24 Bufotes sp., Hyla sp., Agamidae indet., Pseudopus sp., Colubrinae indet. 1 (large-sized),
m pyroclastic flow Ma Colubrinae indet. 2 (middle-sized), Colubrinae indet. 3 (small-sized), Testudo sp., Aves
indet., Talpa cf. fossilis, Asoriculus cf. gibberodon, Ochotona antiqua, Ochotona sp.,
Leporidae indet., Pliopetaurista sp., Neocricetodon sp., Promimomys sp., Mimomys cf.
davakosi, Mimomys sp., Apodemus sp., Occitanomys sp., Pseudomeriones cf. tchaltensis,
Pliospalax cf. macovei, Mustelidae indet.
JZ-15 24.7-25.25m FA2 - Medium tail of ~4.16-3.98 2 Aves indet., Deinsdorfia sp.
pyroclastic flow Ma
JZ-14 24.45 m FA2 — Medium tail of ~4.16-3.98 1 Testudo sp.
pyroclastic flow Ma
JZ-3s 23.45-24.35 FA2 — Medium tail of ~4.16-3.98 18 Pelophylax sp., Lacertilia indet., Colubrinae indet. 1 (large-sized), Colubrinae indet. 3
m pyroclastic flow Ma (small-sized), Testudo sp., Geoemydidae ident., Aves indet., Talpa cf. fossilis, Asoriculus cf.
gibberodon, Deinsdorfia sp., Ochotona antiqua, Ochotona sp., Neocricetodon sp., Mimonys
sp., Apodemus sp., Pliospalax cf. macovei, Puma sp., Caprinae indet.
JZ-3v 23.4m FA2 — Medium tail of ~4.16-3.98 5 Testudo sp., Serpentes indet., Ochotona antiqua, Ochotona sp., Hipparion cf. fissurae
pyroclastic flow Ma
JZ-3 22.75-23.3m  FA2 - Medium tail of ~4.16-3.98 21 Bufotes sp., Lacertidae indet., Varanus sp., Pseudopus sp., Colubrinae indet. 2 (middle
pyroclastic flow Ma size), Testudo sp., Aves indet., Asoriculus cf. gibberodon, Ochotona antiqua, Ochotona sp.,
Ochotonoma sp., Myomimus cf. maritsensis, Mesocricetus cf. primitivus, Neocricetodon sp.,
Promimomys sp., Mimomys sp., Apodemus sp., Occitanomys sp., Pseudomeriones cf.
tchaltensis, Pliospalax cf. macovi, Cervidae indet. (cf. Arvernoceros)
JZ-11 22.25m FA2 — Medium tail of ~4.16-3.98 2 Testudo sp., Antilopini indet. (cf. Gazellospira), Proboscidea indet.
pyroclastic flow Ma
JZ-11g 20.6-21.15m  FA2 - Medium tail of ~4.16-3.98 1 Rodentia indet.
pyroclastic flow Ma
JZ-2a 19.8 m FA2 - Medium tail of ~4.16-3.98 3 Testudo sp., Aves indet., Bovinae indet.
pyroclastic flow Ma
JZ-2 19.5m FA2 — Medium tail of ~4.16-3.98 3 Testudo sp., Trischizolagus cf. dumitrescuae, Ochotona sp.
pyroclastic flow Ma
JZ-1 1.3-12.3m FA1l - Lacustrine ~4.3 Ma 8 Capoeta sp., Leuciscus cf. souffia, Leuciscus sp., Garra sp., Pelophylax cf. ridibundus,

Geoemydidae indet., Lagomorpha indet., Soricinae indet.

roundness of pebbles may point to an earlier reworking by colluvial/
alluvial processes (Fisher and Smith, 1991).

4.1.6. Facies association 6 (FA6) — lahar

4.1.6.1. Description. The FA6 is represented by an up to 4.5 m-thick
package of poorly-sorted clast- to matrix-supported lappili breccia (Gcl)
with an intermittent 0.3 m-thick bed of brown rootled mudstone in the
middle (Fr) (Fig. 3A1). The breccia consists of 2-10 mm white pumice
fragments with a highly unequal distribution in the layer (Fig. 3A2).
Locally, the Gcl is preceded by a 0.3 m-thick layer of grey massive fine-
grained tuff (Tm). The FA4 delimits the FA6 with irregular upper and
lower contacts.

The FA6 contains rich large mammalian fauna and rare remains of
rodents and toads (fossil horizon JZ-7) concentrated in two lenses in the
lowermost part of the package (Fig. 3. A1, A3). In the lenses, bones of
different large mammalian taxa are sorted chaotically. A few of them
belong to single individuals of different taxa (i.e., Chasmaporthetes

12

lunensis, Nyctereutes sp., Hipparion cf. fissurae) which could be demon-
strated by the presence of articulations between several bones (see
Chapter 4.4, Fig. 7zb). Those bones retained either in vivo articulation
or were slightly dispatched. Laterally and between these two lenses,
isolated bones and teeth of different preservation are sporadically found.
Those remains are heavily mineralized (silicified), contrary to bones
from the lenses.

4.1.6.2. Interpretation. The FA6 is interpreted as lahar — “a rapidly
flowing mixture of rock debris and water, other than normal streamflow,
from a volcano” (Smith, 1986). The lahars are broadly considered as a
type of volcanic debris flow with an increased clay/mud matrix induced
by watering (through floods and rains) of unconsolidated pyroclastic
debris (Suthren, 1985).

Chaotic distribution of pumice fragments within a muddy matrix
points at a high depositional energy of the flow. The lack of lithics and
prevalence of pumice in the FA6 may suggest that only the distal and the
lightest fraction of the flow was accumulated in the area. On the other
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hand, the prevalence of pumice and a one-bed appearance of the FA6
may indicate that the lahar resulted from one pyroclastic fall event
whose products were rapidly remobilised downslope. The layer of grey
tuff at the base represents a basal flow layer formed by shearing
(Suthren, 1985).

The chaotic distribution of various large vertebrate remains of the
JZ-7 fossil horizon within the lahar also supports a conclusion about a
rapid and high-energy character of the mudflow. Accumulation of the
bones at the base of the flow may indicate the relatively high water-
saturation of the flow (i.e. the bones were denser than the mudflow).
The concentration of numerous large and small vertebrate taxa in two
lenses suggests that the animal bodies were probably washed into small
palaeotopographic depressions or pockets. At the same time, partial
articulation of a number of fragments and closely located bones of single
individuals (e.g. both mandibles and skull of Nyctereutes are found in a
distance of around 10 cm, partially articulated hindlimb of Hipparion cf.
fissurae) and lack of corrosion on the bone surfaces point at a relatively
small transportation distance from the drowning place.

Lahars are typical depositional deposits within volcanic regions,
especially those rich in lose pyroclastic deposits. The FA6 in Jradzor is
similar to pumice-rich lahars of the Colima stratovolcano in Mexico
(Rodriguez-Sedano et al., 2022) as well as have some textural similar-
ities with “grey and black pumice lahar” of the Changbaishan Tianchi
stratovolcano in China (Yi et al., 2019).

4.2. Magnetostratigraphy

Demagnetisation of 71 samples showed a presence of two magnetic
components. The first one is a low temperature/low field component
that demagnetises in a range 20-180 °C or 0-20 mT (Fig. 4A, B). The
mean directions for both the AF- and TH-samples calculated with «95
confidence limits are nearly identical on the areal plots and thus were
combined into one statistic group “1st component”. The parameters of
the “1st component” mean direction are: D = 3.94°, I = 51.21°, k =
18,72, 095 = 5.23 for N = 42 in geographic coordinates (Fig. 4C). The
first component is usually associated with either a current day magnetic
overprint or stands for a viscous remanent magnetisation. On the date of
the last sampling (May 25, 2021), the magnetic field in the Jradzor area
had parameters of I = 59.12° and D = 6.22° (ngdc.noaa.gov). The ac-
quired inclination of the “1st component” is about 8° shallower than that
of the local magnetic field. A wide spread of magnetic directions on the
area plot may point at the significant role of viscous magnetisation in
building the “lst component”. We interpreted the 1st magnetic
component as a mixture of the current-day magnetic overprint and
viscous remanent magnetisation.

The second magnetic component is typically demagnetised in range
480-580 °C or 60-80 mT (Fig. 4A, B). Thermomagnetic runs resulted in
a gradually decreasing reversible demagnetisation curve that eventually
drops off at 580 °C (Fig. 4D). Such behaviour is characteristic for
magnetite (Mullender et al., 1993), which is, thus, considered to be the
primary magnetic carrier in the Jradzor samples.

The second component comprises directions with negative and pos-
itive inclination values and, thus, was split into two statistical groups,
“2nd reversed” and “2nd normal” respectively (Fig. 4E). The “2nd
reversed” group combines directions from both AF- and TH-
demagnetised samples and has the following parameters of the mean
direction: D = 166°, I = -46.1°, k = 13.53, 095 = 5.94 for N = 46 in
tectonic coordinates (Fig. 4E). The mean direction for the “2nd normal”
group has parameters of D = 330.3°, I = 35.1°, k = 6.55, a95 = 28.3 for
N = 6 in tectonic coordinates. Such a small number of samples makes
this mean direction unreliable and further statistical analysis impossible.

The expected inclination for the latitude 40°01’ of the Jradzor section
is I = 59.2° according to the geocentric axial dipole (GAD). The incli-
nation I = -46.1° of the “2nd reversed” group is much shallower than
expected. We used the elongation/inclination (E/I) test of Tauxe and
Kent (2004) that fits observed inclinations to the TKO3 to test the

13

Palaeogeography, Palaeoclimatology, Palaeoecology 625 (2023) 111685

probable inclination shallowing. GAD Field Model using the flattening
function of King (1955). The bootstrap test used in the E/I method shows
an average unflattened mean inclination of —52.48° with the boot-
strapped confidence interval between —67° and — 44° (Fig. 4F).
Therefore, the E/I method revealed a ~ 6.4° inclination shallowing.
However, the more precise assessment of the inclination shallowing
would require more samples as the number of measured samples is only
50 against 80 recommended. The second magnetic component is a
distinct pre-tilt component characterised by high temperature/high field
demagnetisation and carried by magnetite. We interpret the second
magnetic component as characteristic remanent magnetisation (ChRM).
Plotting the ChRM directions in stratigraphic order discloses four
reversed polarity intervals: R1 (0-26,8 m), R2 (36.9-43.1 m), R3
(45.4-50 m), R4 (52.2-55.6 m); two small normal polarity intervals: N1
(43.1-44 m) followed by a small interval with uncertain polarity and N2
(50-52.2 m) (Fig. 5). Across the section, there are also five single sam-
ples with normal polarity occurring within stable series of reversed
samples. Due to the small number of normal polarity samples, it was
impossible to apply the a95 cut-off. Hence, some of these outliers may
represent either local anomalies or be statistically rejected samples.

4.3. “Ar/>Ar chronology

For JZ-V1, we analysed a feldspar fraction with 10 grains/hole per
fusion. K/Ca ratios range between 1 and 2, and this is, therefore, not a
pure sanidine fraction. Radiogenic *°Ar yields range from 20% to 80%.
Low radiogenic argon yields might suggest alteration and argon loss,
and, therefore, yield ages that are too young. However, we do not
observe a correlation between (low) *°Ar* and (young) age, and there-
fore assume that alteration does not play a major role, although we
cannot completely exclude this. Ages range from 3.7 to 6.3 Ma. If we
select the weighted mean age according to our approach I based on the
youngest age population including analyses with overlapping ages with
MSWD < t-test statistic at 95% confidence level, the weighted mean age
arrives at 4.29 + 0.09 Ma (4 out of 10 analyses). The atmospheric
40Ar/3%Ar inverse isochron intercept is 300.7 + 6.8 (Fig. 6). An alter-
native approach II includes the highest number of analyses with over-
lapping ages and MSWD < t-test statistic at 95% confidence and level
yields 4.52 4+ 0.08 Ma (5 out of 10 analyses). Assuming the youngest age
populations are approaching eruption ages and because of potential
older grains can be present in multigrain experiments, we use these in
our stratigraphic framework.

For JZ-V2 we analysed a feldspar fraction with 10 grains/hole per
fusion. K/Ca ratios are ~0.3. Radiogenic “°Ar yields range from 12% to
74%. Ages range from 3.8 to 4.8 Ma. The weighted mean age arrives at
4.05 + 0.11 Ma (6 out of 10 analyses) according to approach I. The
atmospheric “°Ar/3%Ar inverse isochron intercept is 297.9 + 5.6 (Fig. 6).
Approach II includes a similar number of analyses yielding 4.23 + 0.08
Ma (6 out of 10 analyses). Also here, we assume that the youngest age
populations are approaching eruption ages, which are used in our
stratigraphic framework.

For JZ-V3, we analysed a feldspar fraction with 10 grains/hole per
fusion. K/Ca ratios are ~0.5. Radiogenic *“°Ar yields range from 13% to
69%. Ages range from 4.0 to 15.3 Ma. Approach I and II both yield a
weighted mean age of 4.07 + 0.09 Ma (3 out of 10 analyses). The at-
mospheric 40Ar/30Ar inverse isochron intercept is 298.4 + 6.1 (Fig. 6).

For JZ-V4, we analysed the sanidine fraction with 10 grains/hole per
fusion. K/Ca ratios range between 0.8 and 2.3, and this is, therefore, not
a pure sanidine fraction. Radiogenic “°Ar yields range from 24% to 83%.
Ages range from 3.8 to 4.1 Ma. If we select the weighted mean age based
on the youngest population, including the highest number of analyses
with overlapping ages and MSWD < t-test statistic at 95% confidence
level (approach I), the weighted mean age arrives at 3.93 &+ 0.05 Ma (6
out of 10 analyses). The atmospheric 40Ar/30Ar inverse isochron inter-
cept is 298.1 + 4.9 (Fig. 6). Approach Ilarrives at 3.99 + 0.04 Ma (7 out
of 10 analyses).
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reversed and all normal samples); D. Thermomagnetic run curves with magnetite being interpreted as the main magnetic carrier. F. Bootstrap test curve showing the
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Fig. 5. Magnetostratigraphy, “°Ar/>°Ar dates and fossil horizons of the Jradzor section and their correlation to GPTS. FA — facies association, for the codes, see Fig. 2.

For JZ-V5 we analysed both single grains and ~ 5-10 grains/hole per
fusion. The single grain analyses yield too low signals to be reliably
measured. The 15 experiments on 5-10 grains/sample still yield a too-
low signal for n = 5. The remainder shows an age distribution ranging
from 2.5 to 13.5 Ma. The samples with radiogenic *°Ar yields >10%
yield a weighted mean age of 3.45 £+ 0.18 Ma following approach I
Although errors are relatively large, this age is in correct stratigraphic
order.

4.4. Palaeontology and fossil horizons

In total, 19 fossiliferous horizons with at least 48 vertebrate taxa
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(excluding birds) were identified in the 57-m-thick succession. They
include four fish, three amphibian (only frogs), nine reptilian and 30
mammalian taxa (Supplementary 5). Preliminary observations on the
avian fauna suggest the presence of several taxa (pers. communication of
Dr. Gerald Mayr), whose taxonomic identification, however, will be
studied in detail elsewhere.

The fossiliferous horizons have different richness. The richest hori-
zons are the JZ-3, JZ-3s, JZ-13 and JZ-6. Here, the number of taxa varies
between 18 and 24 taxa. The highest concentration of the fossiliferous
horizons is confined to the package between 19.5 and 27 m, which be-
longs to the FA2 — medium tail of pyroclastic flows. The fewer taxa (<5)
have been found in the horizons JZ-2, JZ-2a, JZ-11g, JZ-11, JZ-3v, JZ-
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Fig. 6. Summary of “°Ar/3°Ar ages. A. All individual analyses with their 2 analytical uncertainty (mostly smaller than symbol size); B. individual analyses with their
20 analytical uncertainty in the 3.5-5.0 Ma range. Grey rectangles and different ages indicate different interpretations for the eruption age (see text) according to two
approcahes: 1. Youngest age population: data points included until MSWD > t-test statistic at 95% confidence level; 2. Highest number of data points included until
MSWD > t-test statistic at 95% confidence level; C. Inverse isochrones of JZ-V1, JZ-V2, JZ-V3, JZ-V4 and JZ-V5. The red line represents the inverse isochron line. The
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14, JZ-15, JZ-13g, JZ-12, JZ-5, JZ-5a, JZ-8, JZ-9. An intermediate
richness has been documented in JZ-1 (8 taxa) and JZ-7 (13 taxa).

The lowermost fossil horizon JZ-1 (1.3-12.3 m), only situated in the
lacustrine diatomite deposits (FA1), comprises nearly exclusively aquatic
forms (fishes, frog, turtle) (the only rabbit remain is transported from the
land) (Fig. 7). The other fossil horizons contain diverse land forms except
for the JZ-3s (23.45-24.35 m), which also include partially aquatic forms
(Pelophylax sp., Geoemydidae indet.). The most common elements in
fossil assemblages across all fossiliferous horizons are the tortoises (Tes-
tudo sp.) and pikas (Ochotona sp./Ochotonidae indet.) (Fig. 7, Table 2,
suppl table 5. Besides JZ-7, all fossiliferous horizons from terrestrial
settings (i.e., excluding JZ-1) contain small-sized vertebrate remains
(bones/teeth). In contrast, the JZ-7 is the only horizon with well-
preserved remains of large-sized vertebrates (large mammals), where
the best-preserved bone reaches a length of up to 36 cm.

5. Discussion
5.1. Correlation to geological time scale (GTS)
5.1.1. Magnetostratigraphic and “CAr/3°Ar correlation to GTS

The combination of “°Ar/*°Ar dating, magnetostratigraphy and
biochronology provides with a high-resolution chronostratigraphic

framework for the Jradzor section and enables the important tying point
for the Eurasian palaeobiogeography.

The five volcanic tephras dated with *“°Ar/3°Ar method provided
ages ranging from 4.29 + 0.09 Ma to 3.45 + 0.18 Ma (Fig. 6). The two
lowermost tephras — JZ-V1 (11 m) and JZ-V2 (23.4 m) comprise ages of
4.52 + 0.08 Ma and 4.29 + 0.09 Ma for the JZ-V1 and 4.23 + 0.08 Ma
and 4.05 + 0.11 Ma for the JZ-V2 depending on statistical approach
(Fig. 5). Both tephras represent parts of pyroclastic density currents —
pyroclastic flow (JZ-V1) and pyroclastic surge (JZ-V2), respectively. The
pyroclastic flows and surges are gravitation-controlled currents with
high erosional capacity that tend to occupy the lowermost topographies
(Cas and Wright, 1987). The newly approaching pyroclastic flows and
surges onlap on top of pyroclastic deposits of the previous flows/surges.
Each new pyroclastic current eventually creates a mixture of true vol-
caniclastic and epiclastic components. The presence of two age pop-
ulations in the JZ-V1 and JZ-V2 may point to such a mixture, where the
oldest age indicates the previously deposited and reworked pyroclastic
deposits (epiclastic component), and the youngest age represents the
new pyroclastic flow (true volcaniclastic component). In this case, the
youngest age approaches the true sedimentation age, while the oldest
age may indirectly indicate the presence of older pyroclastic density
currents developed upslope.

The JZ-3V sample (26.7 m) has an age of 4.07 & 0.09 Ma, which is
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Fig. 7. Fossil material from the Jradzor section. a) Skeleton of Capoeta sp. (JRD-17/07, JZ-1), b) partial skeleton of Pelophylax sp. (GLS-07/6, JZ-1), c) epiplastron of
Geoemydidae indet. (ventral view) (JRD-13/133, JZ-1), d) scapula of Bufotes sp. (ventral view) (JRD-18/33, JZ-3), e) ilium of Hyla sp. (lateral view, JRD-19/102, JZ-
13), f) maxilla of Agamidae indet. (labial view) (JRD-19/116, JZ-13), g-h) vertebra of Colubrinae indet. (lateral [g] and dorsal [h] views) (JRD-18/20, JZ-3s), i)
vertebra of Aves indet. (dorsal view) (JRD-18/15, JZ-3s), j) right humerus of Talpa cf. fossilis (distal view) (IGS unnumbered; JZ-13), k) left mandible with m1-m2 of
Asoriculus cf. gibberodon (lingual, occlusal and articular views) (JRD-18/23, JZ-3s), 1) left mandible with m1-of Deinsdorfia sp. (lingual, occlusal and articular views)
(IGS unnumbered; JZ-15), m) right p3 of Trischizolagus cf. dumitrescuae (occlusal view) (JRD-17/02, JZ-2), n) right p3 of Ochotona antiqua (occlusal view) (IGS
unnumbered, JZ-3), o) left p3 (invers) of Ochotonoma sp. (occlusal view) (IGS unnumbered, JZ-3), p) right mandible fragment with m2-m3 of Pliopetaurista sp.
(lingual and occlusal views) (IGS unnumbered, JZ-13), q) right mandible with m1-m3 of Pliospalax cf. macovei (lingual and occlusal views) (IGS unnumbered, JZ-3),
1) left lower m1 of Neocricetodon sp. (buccal and occlusal views) (IGS unnumbered, JZ-3), s) left mandible with m1-m2 (invers) of Mesocricetus cf. primitivus (buccal
and occlusal views) (IGS unnumbered, JZ-3), t) right m1 (mirrored) of Promimomys sp. (buccal and occlusal views) (IGS unnumbered, JZ-3), u) left m1 of Mimomys cf.
davakosi (buccal and occlusal views) (IGS unnumbered, JZ-3), v) left m3 of Myomimus cf. maritsensis (buccal and occlusal views) (IGS unnumbered, JZ-3), w) right
mandible with m1-m2 (mirrored) of Apodemus sp. (buccal and occlusal views) (JRD-18/04, JZ-3s), x) left m1 of Occitanomys sp. (buccal and occlusal views) (IGS
unnumbered, JZ-3), y) left m1 of Pseudomeriones cf. tchaltensis (buccal and occlusal views) (IGS unnumbered, JZ-13), z) right lower jaw of Lynx sp. with c1, p3, p4
(lateral view) (JRD-18/65, JZ-3s), za) skull of Nyctereutes sp. (lateral view) (JRD-20/03, JZ-7), zc) maxillae of Bovidae indet. (ventral view) (JRD-19/84 and — 20/
19, JZ-7), zd) lower jaw of Hipparion cf. fissurae (occlusal view) (JRD-19/97, JZ-7), zb) tibia (JRD-17,/29) in articulation with talus (JRD-17/28) and calcanaus (JRD-
17/19) of Hipparion cf. fissurae (JZ-7).

slightly older but statistically overlaps with the underlying JZ-V2 (23.4 the base of the section cannot be much older than 4.3 Ma.

m, 4.05 + 0.11 Ma). However, we still consider the JZ-3V reliable as The upper part of the R1 and the R2 zones containing volcanic
both of these tephras have a close stratigraphic position and have an tephras with ages 4.07-3.99 Ma, we correlate to the C2An.3r chron
overlapping error range. The uppermost tephras JZ-V4 (36.2 m) and JZ- (Fig. 5). The normal zone N1 marks the first stable change in magnetic
V5 (35.2 m) were accumulated from the ash-cloud surge — the dispersed polarity after a long reversed interval. We correlate the N1 zone to the
residue of the pyroclastic flows. The JZ-V4 provides an age of 3.93 + lower Gauss subchron (C2an.3n). This correlation is generally supported

0.03 Ma (approach I) or 3.99 + 0.04 Ma (approach II), while the JZ-V5 by the stratigraphically higher volcanic tephra JZ-V5 which has an age
has an age of 3.54 + 0.18 Ma with a large analytical error. All “°Ar/3%Ar of 3.45 £ 0.18 Ma. The following intervals R3, N2 and R4, we correlated

ages show relatively low radiogenic 40Ar yields (so a relatively high non- to the chrons C2An.2r (Mammoth), C2An.2n (Middle Gauss) and
radiogenic “°Ar component in the sample that is not the product of C2An.1r (Kaena), respectively.
radioactive decay of “°K but comes from other sources). If the proportion The single normal samples spread throughout the section may
of 3Ar is high and we assume that this is derived from a trapped at- potentially be statistically unreliable or represent the local magnetic
mospheric component, then the “°Ar* signal is diluted, and the radio- anomalies. Nevertheless, their statistical approval/discrimination was
genic “°Ar yield is lower. This will still result in reliable but lower not feasible due to the extremely low number of samples with normal
precision ages (larger uncertainties). High atmospheric Ar abundances polarity. In conclusion, the integration of magnetostratigraphic,
may result from incomplete degassing of the melt during eruption (when 40Ar/%Ar dating accompanied by sedimentological analysis show that
assuming an initial trapped argon component that is isotopically at- the Jradzor section spans the time interval between ~4.3 and 3.03 Ma.
mospheric, a reliable age can still be obtained) or the interaction of
meteoric fluids with the minerals during eruption, cooling and/or hy- 5.1.2. Biochronologic correlation to GTS
dration, leading to alteration. In addition, a low “CAr* content can The biochronological ranges of the small mammalian taxa of the
suggest argon loss, leading to younger ages. However, we do not observe Jradzor section vary between MN12 to MN17 (Fig. 8). The taxa with
a correlation between (low) *°Ar* and (young) age. We cannot distin- broad stratigraphic coverage (MN12-15, and beyond) include Asoriculus
guish between these different processes, but because the ages more or gibberodon (Reumer, 1984; Rzebik-Kowalska, 1994; Vasileiadou and
less follow that stratigraphic order, we assume that the minerals behave Doukas, 2022), Ochotona antiqua (Cermak, 2010; Erbajeva, 1994; Nesin,
as a closed system with a trapped atmospheric component. To interpret 2013), Myomimus maritsensis and Mesocricetus primitivus (Hordijk and de
this “°Ar/3°Ar data set, integration with other methods, such as mag- Bruijn, 2009; Vasileiadou and Sylvestrou, 2022b), and Neocricetodon
netostratigraphy, is crucial. (MN12-16) (Vasileiadou and Sylvestrou, 2022b). Talpa fossilis, the
The magnetic polarity patterns of the Jradzor section consist of genera Deinsdorfia (Reumer, 1984; Rzebik-Kowalska, 1994; Vasileiadou

dominantly reversed polarity (zones R1, R2, R3 and R4) with two small and Doukas, 2022), Pliopetaurista (Colombero and Carnevale, 2016;
normal polarity zones N1 (43.1-44 m) and N2 (50.1-52.4 m) located in Mein, 1970; Vasileiadou and Sylvestrou, 2022b), Apodemus and Occi-

the upper part of the section (Fig. 5). There are also six single normal tanomys (Nesin, 2013; Nesin and Storch, 2004; Vasileiadou and Syl-
polarity samples spread throughout the section (at 3.1, 10.8, 19.6, vestrou, 2022b) have the broadest range from the Late Miocene to
41.15, 45 and 55.2 m) (Fig. 5). Quaternary.

Similar to the “°Ar/3°Ar data, the magnetostratigraphic results also The species Trischizolagus dumitrescuae (Cermak et al., 2015), Prom-
endured complications caused by specific depositional environments. imomys (Dahlmann, 2001; Hordijk and de Bruijn, 2009; Vasileiadou and
The erosive nature of the pyroclastic density currents and intervening Sylvestrou, 2022b), Mimomys davakosi (Fejfar et al., 1998; Hordijk and
reposes between them, followed by the lack of sedimentation and/or de Bruijn, 2009; Vasileiadou and Sylvestrou, 2022b) and Pliospalax
different volumes of accumulated material, create numerous small-scale macovei (Sen and Sarica, 2011; Vasileiadou and Sylvestrou, 2022b) are
gaps disturbing the continuity of the record. Because of that, the mag- known as MN14-15 taxa, whereas the species Pseudomeriones tchaltensis
netic zones may vary in their thickness. (Sen, 1977; Sylvestrou and Kostopoulos, 2007) and the genus Ochoto-

Using the age constraints provided by the “°Ar/3°Ar dating, we noma (Cermak, 2007; Sen, 1998) are restricted exclusively to MN15.
correlate the lower part of the reversed zone R1 (0-10.8 m) to the C3n.1r Pseudomeriones and Ochotonoma have been found in the horizons JZ-3,
chron (Fig. 5). The single normal sample at 10.8 m, located just below JZ-13 and JZ-6. Among large mammalian taxa, Hipparion cf. fissurae

sharp-based volcanic tephra JZ-V1 (11 m, 4.29 + 0.09 Ma), may (horizons JZ-3v, JZ-5a, JZ-7) is also limited to MN15 (Bernor et al.,
potentially represent the remnants of the C3n.ln (Cochiti) chron. 1996; Cirilli et al., 2021; Zouhri and Bensalmia, 2005). The overlapping

However, this assumption remains highly speculative. Counting of interval of all taxa from fossiliferous horizons can be unambiguously
varves in diatomite below the JZ-V1 tephra (Chapter 4.1.1) suggested correlated to the MN15.
the duration of the lacustrine phase between 2 and 3 ky implying that The only disagreement could be that Mimomys cf. davakosi is present
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Fig. 8. Fossil record of the small and large mammals (relevant for the biochronologic correlation) from the fossiliferous horizons of the Jradzor section with
indication of their biochronologic coverage along the MN-units according to the current knowledge. Note, the age limits of the MN-units follow that of Raffi et al.
(2020). Abbreviation: Per - Perissodactyla.

in the uppermost fossiliferous layer JZ-7, for which an absolute age of 3.3 zone sensu Fejfar et al. (1998) in Europe and in western Turkey (Skan-
+ 0.03 Ma was determined. This age would already correspond to MN16 dalos et al., 2023). The occurrence of the Mimomys cf. davakosi in these
(a), which is the Mimomys hassiacus (=hajnackensis)-Mimomys stehlini younger deposits could be potentially linked to reworking if considering
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the European stratigraphic occurrence of the taxon. However, as
mentioned below, we interpret the fossiliferous layer JZ-7 as less prob-
ably to represent a redeposited material from older rocks. As solid argu-
ments of the interpretation we consider: similar preservation of all the
bones (e.g. colour, mineralisation degree); frequent anatomic (partial)
articulation; close location of the bones of the same individuals of both

Palaeogeography, Palaeoclimatology, Palaeoecology 625 (2023) 111685

large- (Nyctereutes sp., Hipparion cf. fissurae) and small-sized animals
(Bufotes cf. viridis) in the sediment; lack of reworking traces and bone
corrosion. Alternatively, the explanations could be that M. davakosi could
either maintain longer in the Caucasus or that the Jradzor finds represent
a transitional form between M. davakosi and M. hajnackensis, the sepa-
ration (according to the occlusal surface, the crown height, and height of
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Fig. 9. A. Distribution of determined facies associations and sediment transport direction in the Jradzor section. B. Relations between the Jradzor section and
surrounding volcanic fields being active during Plio-Pleistocene (Arutyunyan et al., 2007; Lebedev et al., 2021; Lebedev et al., 2018). The schematic distribution of

volcanic fields is drawn according to Fig. 3 in Lebedev et al. (2021).
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the lateral linua sinosa) of which is not clearly defined yet. Nevertheless,
this issue requires further studies on extensive material from this lineage
and different regions. Overall, the small mammal taxa indicate a referral
of the fauna to the MN15. This biochronological assignment (at least for
layers JZ-3 to JZ-6) is in perfect agreement to our results on absolute and
relative dating (4.16-3.98 Ma, Table 2, Fig. 5).

5.2. Source volcano and regional volcanism

The Jradzor section is located on the SE margin of the Gegham vol-
canic ridge, which was the likely source of volcaniclastic deposits in the
area. The Gegham-origin of pyroclastic density flows is supported by our
observations on the inclination, geometry and lateral variations of py-
roclastic incisions and debris flow beds that point to an overall NW-
direction of the sediment transport (Fig. 9A).

The Geghama volcanic province is a volcanic field with abundant
(strato-)volcanoes representing Late Miocene-Quaternary post-
collisional magmatism (Lebedev et al., 2021; Meliksetian, 2018).
Geochronological and geochemical studies on volcanic rocks (lavas) in
the Geghama province subdivided volcanic activity into three major
stages with long gaps in between: 1. Late Miocene-Early Pliocene
(5.56-4.7 Ma); 2. Late Pliocene-Early Pleistocene (3.5-1.9 Ma); 3
Middle-Late Pleistocene (0.9-0.01 Ma) (Lebedev et al., 2021) (Fig. 9B).

The Jradzor locality, primarily built of volcaniclastic rocks, is located
in the southern part of the Geghama volcanic province, whose volcanic
activity was attributed by Lebedev et al. (2021) to Stage 2 (3.5-1.9 Ma)
(Fig. 9B). The integrated age model and facies analysis of the Jradzor
section show the maximum distribution of pyroclastic density flow de-
posits between 4.3 and 3.93 Ma (interval 11-37 m, Fig. 9B) and after

A. Pre- 4.3 Ma Debris avalanche

N

Debris avalanche
m\m\huwHJ\H"M IJ'\[HH"JH

Lol
Eocene clavstones
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~3.5 Ma (45-57 m) with a palaeosol interval (37-45 m) potentially
representing a period of volcanic quiescence. Our data suggest that
volcanic activity in the region was still ongoing between the proposed
stages I and II of Lebedev et al. (2021). Such contradiction may have
been caused by the lack of attention to volcaniclastic deposits in the
studies of regional volcanic geochemistry that usually focus on volcanic
rocks (Arutyunyan et al., 2007; Lebedev et al., 2021; Lebedev et al.,
2018). At the same time, volcaniclastic deposits play an equally
important role as lava flows in understanding the evolution of regional
volcanism, and thus, both need to be considered along with each other.

5.3. Palaeoenvironmental evolution and formation of fossil horizons in
the Jradzor section

5.3.1. Debris avalanche and lake formation at around 4.3 Ma

The Jradzor section begins with a massive debris avalanche breccia
that forms a hummocky-shaped hill in the southern part of the quarry
and deepens towards its centre (Fig. 3W, 10A). Southern from the
southern wall of the quarry, we observed an overlap of this breccia onto
andesitic lava flow deposits. Considering the monogenic lithological
content of the breccia, we assume that the debris avalanche resulted
from an explosive eruption in the neighbouring volcano that destroyed
the volcanic edifice and in the shape of avalanche blocked the valley
facilitating the formation of a dammed lake (Fig. 10B).

The lacustrine phase is characterised by a thick diatomite package
(FA1) - a biogenic deposit common for volcanic silica-rich substrate
(Lindgvist and Lee, 2009). Geological exploration of the mine, held in
the ‘60s of the last century, revealed diatomite reserves on an area of
0.26 km?2, representing the minimal surface of the paleolake (Gulyan
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Fig. 10. Schematic 3D diagrams representing the evolution of palaeoenvironments, major faunal elements and depositional processes in the Jradzor section between

4.3 and ~3.1 Ma.
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and Harutyunyan, 1966). The presence of cyprinid fish taxa suggests
that the lake was hydrologically open or at least had an outflow down to
the valley. The thinly-laminated part of the diatomite package (1.3-8 m)
contains about 300-320 laminae per stratigraphic meter. Assuming the
annual character of laminae and extrapolating this rate on the entire
diatomite package (1.3-12.3 m, including the non-laminated upper
part) result in duration of the lacustrine phase of about 3500 years. The
lake disappearance was linked to its gradual sediment infill and desic-
cation, as suggested by the shallowing facies trend. At its final stage, the
lake was strongly affected by pyroclastic flows represented by: tuffa-
ceous sandstones and volcanic tephra on the lake margins; and highly
erosive volcaniclastic breccia in its centre. The volcanic tuff, dated from
the terminal stage of lacustrine deposits, has an age of 4.29 + 0.09 Ma.
Considering the rapid accumulation of the debris avalanche followed by
a short lacustrine phase, we can consider the age of these events to be
around 4.3 Ma.

Palaeogeography, Palaeoclimatology, Palaeoecology 625 (2023) 111685

5.3.2. Pyroclastic flows between 4.3 Ma and 3.93 Ma

Between 4.29 and 3.93 Ma, the depression of the former Jradzor lake
was filled with pyroclastic density currents (Fig. 3H, 10C). The detailed
facies analysis shows that within the FA2 (medium tail of pyroclastic
flows, 19.5-29 m), the pyroclastic flows passing the outcrop area were
still hot, not-expanded and highly erosive (Cas and Wright, 1987;
Suthren, 1985). They were preceded by ground surges and followed by
ash-cloud surges (Fisher, 1979) (Fig. 3K, 10C). The latter accumulated
over larger areas than confined flows, mainly on the margins of the
palaeotopographic depression. The deposits were consequently pedo-
genically modified as seen from abundant rootlets and aggregate
structure. The presence of all three elements of pyroclastic deposits —
ground surges, flows and ash-cloud surges, suggests a relative longitu-
dinal proximity to a vent (Branney and Kokelaar, 2002). However, the
lack of large boulders and the small thickness of pyroclastic deposits
points to the rather medium tail of pyroclastic flows. Towards the top of
the package (e.g. FA3), axial parts of pyroclastic flows are less

Fig. 11. Stratigraphic distribution of the Late
Miocene to Early Pleistocene sites from the South
Caucasus and eastern Turkey. The ages of the local-
ities follow: 1. Palantakon (Sotnikova and Sablin,
1993); 2. Kotsakhuri (Bukhsianidze and Koiava,
2018); 3. Zemo Melaani: 2.95-2 Ma (Bukhsianidze
and Koiava, 2018); 4. Kushkuna: 2.95-2.52 Ma (Laz-
arev et al., 2021); 5. Kvabebi: 2.85 Ma (Lazarev et al.,
2021); 6. Jradzor: Present study; 7. Cevirm (Ayvazyan
et al.,, 2019); 8. Nurnus (Melik-Adamyan, 2003); 9.
Dzhaparidze (Meladze, 1985) 10. Kisatibi (Vangen-
geym et al., 1989); 11. Vashlovani (Bukhsianidze and
Koiava, 2018); 12. Dzedzvtakhevi (Bukhsianidze and
Koiava, 2018; Vekua and Trubikhin, 1988). Where
available, absolute ages are also indicated. The semi-
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pronounced, and the depositional processes become controlled by ash-
cloud surges and stronger pedogenic modification.

The volcaniclastic interval in the Jradzor section contains most fossil
horizons and most fossils of small-sized vertebrates (Table 2). The fossil
remains are concentrated in both pyroclastic breccia and ash-cloud
surge mudstones. Most of the taxa belong to groups with small
mobility and/or live/hide in burrows, such as amphibians, reptiles,
tortoises, lagomorphs and rodents. The high mortality of these near-
surface-living groups likely resulted from a high erosive capacity of
pyroclastic flows. Another intriguing aspect is the high number of bird
remains. Despite the unclear number of taxa, high mortality among birds
can be related either to a deadly depositional process of an ash-cloud
surge or, to volcanic release of a COy-cloud (Franzen, 1985).

5.3.3. Palaeosols, minor pyroclastic flow and lahar between 3.93 and 3.1
Ma

After 3.93 Ma, the volcanic activity in the Jradzor area greatly
diminished and depositional processes were controlled mainly by
pedogenesis (FA4) (Fig. 3S, 3R, 10D), although, with rare pyroclastic
flow still taking place (Fig. 9A). The palaeosols with rootlets, animal
krotovinas (Fig. 3R, 3S) and volcanic rock particles represent a period of
a relative volcanic standstill.

At 3.28 + 0.05 Ma, the paedogenic record of the Jradzor has been
disturbed by a cohesive debris flow of highly vesiculated pumice - a
lahar (Fig.3 A1, 10D). Due to the high bulk density and velocity, lahars
are considered one of the major hazards in volcanic areas (Tilling,
2014). In Jradzor, this catastrophic mudflow served as a trap for
numerous large mammals such as hipparions, hyrax, raccoon dog, hy-
enas and bovids, all found in two lenses at the base of the lahar package.
(Table 2, JZ-7). Besides large mammals, small-sized vertebrates, such as
rodents and amphibians, have also been found.

Between 3.28 Ma and 3.1 Ma, depositional processes in Jradzor were
controlled by long-lasting pedogenesis expressed as palaeosols with
well-developed calcrete levels. The latter represents a soil horizon
impregnated and cemented by paedogenic carbonates from a shallow
groundwater table (Zamanian et al., 2016).

5.4. Fossil record of Jradzor and the rest of South Caucasus:
palaeobiogeographic considerations

A combination of magnetostratigraphic, *°Ar/3°Ar and bio-
chronological age constraints allows plotting the Jradzor locality along
with the other localities of the South Caucasus (Fig. 11).

The late Neogene fossil record of the South Caucasus has been mainly
(geographically) limited to the Middle Kura Basin, where remarkably,
despite the large numbers of other age localities, no localities of the
Early Pliocene-early Late Pliocene exist in the area (Bukhsianidze and
Koiava, 2018). Such a gap in the biotic and sedimentary record of the
western and central parts of the Kura Basin resulted from the pre-
Akchagylian denudation related to Late Miocene-Early Pliocene Cas-
pian Sea lowstand and westward prograding convergence between the
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Lesser and the Greater Caucasus (Bukhsianidze and Koiava, 2018; Forte
et al., 2010). As an alternative, the Pliocene biotic record can be
potentially found in the volcanigenic formations of the South Caucasus
(e.g., Goderdzi, Voghjaberd formations). So far, only two fossil local-
ities, i.e. Nurnus and Kisatibi, are known in this area (Gabelaya, 1970;
Melik-Adamyan et al., 1988) (Fig. 11). These two sites, as well as the site
in this study, share similar sedimentary processes with lacustrine envi-
ronments alternating with massive packages of volcaniclastic deposits.
Further comparison, however, requires detailed sedimentological
studies and well-constrained age models for those sites.

Comparison of the taxonomic richness between the South Caucasus
fossil localities demonstrates, so far, the highest diversity in the Jradzor
locality (Table 3).

Based on our preliminary palaeobiogeographic analysis of revealed
taxa, we suggest the Jradzor locality as a key site for the palae-
obiogeographic history of the South Caucasus region, especially having
a transitional geographic position between Asia and Europe. Further, the
aquatic forms found in the site will enable a better understanding of the
regional evolution of the hydrological network. So, the earlier study on
the fossil record of the doctor fish (Garra sp.) from JZ-1 (Vasilyan and
Carnevale, 2013) demonstrate an ancient (pre-Pliocene) connection
upstream of the Arax River Basin with the Mesopotamian River system,
which is now part of the Caspian Sea Basin. The new age constraints will
allow a better understanding of the evolution of the hydrological net-
works of the region.

Small mammals. A comparison of small mammalian assemblage
from Jradzor with the same-age sites from Turkey, Greece and Bulgaria
(Popov, 2004; Sen, 1998; Suata Alpaslan, 2010; Vasileiadou and Dou-
kas, 2022; Vasileiadou and Sylvestrou, 2022a, 2022b) suggests complete
agreement at the generic level and in most cases also on the species level.
Moreover, except for Deinsdorfia, Pliopetaurista, Neocricetodon, and
Mesocricetus, the same genera are also recorded from Ukrainian MN15
sites (Nesin, 2013). The absence of these taxa in Eastern Europe and the
fact that the Spalacinae in the Ukrainian localities are placed in Nan-
nospalax, while those in Turkey, Greece and Jradzor are placed in Plio-
spalax may be related to the different regional status of the study of these
groups and to the problem of differentiation of Nannospalax and Plio-
spalax on the base of isolated teeth. It is also interesting to note that the
Greek and Turkish small mammalian faunas of the MN14 show signifi-
cant similarities with the MN15 faunas (Hordijk and de Bruijn, 2009;
Sen, 1998; Suata Alpaslan, 2010; Vasileiadou and Doukas, 2022; Vasi-
leiadou and Sylvestrou, 2022a, 2022b). These interregional similarities
could suggest that in the Early Pliocene (MN14-15), relatively unim-
peded faunal exchange was possible for small mammals both to the west
(Western Asia, Southeastern Europe) and north (Eastern Europe) across
the Caucasus.

Large mammals. The Jradzor site, together with the Polish record
from Weze-1 (Ruscinain, MN15, Croitor and Stefaniak, 2009), poten-
tially provides the earliest evidence of the dispersal of Arvernoceros from
Asia westwards (from the Altai-Sayany Region according to Vislobo-
kova, 2012 or from South Asia according to Croitor, 2018). The earliest

Table 3
Late Miocene to Early Pleistocene vertebrate localities from South Caucasus and eastern Turkey their taxonomic diversity. The numbers correspond to those in Fig. 11.
Nr. Locality Country Age in Ma Total number of taxa Number of large mammals Reference
1 Palantakon Azerbaijan 2.2-1.8 15 15 Sotnikova and Sablin, 1993
2 Kotsakhuri Georgia 2.5-2 10 7 Bukhsianidze and Koiava, 2018
3 Zemo Melaani Georgia 2.95-2 Ma 6 6 Bukhsianidze and Koiava, 2018
4 Kushkuna Georgia 2.95-2.52 13 11 Bukhsianidze and Koiava, 2018; Lazarev et al., 2021
5 Kvabebi Georgia 2.85 28 25 Lazarev et al., 2021; Rook et al., 2017
6 Jradzor Armenia 4.3-3.1 >49 13? Present study
7 Cevirm Turkey 4.1-3.9 4 Ayvazyan et al., 2019
8 Nurnus Armenia 5-5.38 29 Melik-Adamyan, 2003
9 Dzhaparidze Georgia 5.38-7 7 7 Bukhsianidze and Koiava, 2018; Meladze, 1985
10 Kisatibi Georgia 6-6.8 6 Vangengeym et al., 1989
11 Vashlovani Georgia 6.8-7.5 2 2 Bukhsianidze and Koiava, 2018
12 Dzedzvtakhevi Georgia 7.5-7 10 9 Bukhsianidze and Koiava, 2018; Vekua and Trubikhin, 1988

23



S. Lazarev et al.

probable record of the genus Gazellospira comes from Asia Minor (Calta,
MN15, Turkey; Bouvrain, 1998) and Central Europe (Csarnéta 2, MN15,
Hungary; de Bruijn et al., 1992) and is the most common spiral-horned
antelope of Western Eurasia until the late Villafranchian (MQ1). The
presence of two different Caprinae (one largesize Caprinae (a probable
Ovini) and another medium size taxon with ovibovine characters) at-
tests range expansion of mountain animals from Asia — the Tibetan
plateau and the peri-Tibet area (Wang et al., 2016) and highlights the
biogeographic role of the Caucasus region as a faunal dispersal corridor.

The large mammalian forms include Palaearctic Pliocene species:
“Hipparion” fissurae, Pliocrocuta perrieri and Chasmaporthetes lunensis.
“Hipparion” cf. fissurae from Jradzor can undoubtedly be considered as
among the last occurrences of Hipparionine through Eurasia (Cirilli
et al., 2023; Cirilli et al., 2021), with notably Plesiohipparion rocinantis
from Kvabebi (MN16; Georgia; (Bukhsianidze and Koiava, 2018)).
Moreover, the record of “Hipparion” cf. fissurae in Jradzor can poten-
tially represent the first record of the taxa in the South Caucasus and, at
the same time, its most eastern occurrence. This statement, however,
requires further clarification of the taxonomy of this Jradzor Hippar-
ionine and its comparison with other Hipparion remains from the
neighbouring regions.

6. Conclusion

Integration of sedimentological, palaeontological and geochrono-
logical data allowed us to reconstruct palaeoenvironments, faunal as-
semblages and mechanisms of the fossil horizon formation in the Jradzor
section and place them in an accurate chronostratigraphic framework.
The 57-m-thick Jradzor section comprises 19 fossiliferous horizons with
>48 taxa distributed in various depositional settings — from lacustrine to
pyroclastic density currents and palaeosols. A combination of “°Ar/*°Ar,
magnetostratigraphic and biochronological dating methods date the
Jradzor locality between 4.3 Ma and ~ 3.03 Ma and/or as MN15 zone.

Sedimentological analysis in combination with taphonomic obser-
vations, suggests that accumulations of small-size vertebrate fossil fauna
(amphibians, reptiles, birds and mammals) were linked to catastrophic
pyroclastic flows and ash-cloud surges concentrated in the axial part of
the palaeotopographic depression. The lowermost fossil locality JZ-1,
with complete fish remains, was formed in distal lacustrine settings,
while the only locality with large mammal fauna (JZ-7) resides at the
base of a sudden volcaniclastic debris flow - a lahar. The pyroclastic and
volcaniclastic deposits in Jradzor were transported in the NW-direction,
originating from the Geghama volcanic ridge, which was especially
volcanically active between 4.3 Ma and ~ 3.93 Ma. A comparison with
the other fossil assemblages from the region shows that Jradzor contains
the highest number of vertebrates taxa (from both aquatic and conti-
nental environments/deposits) and fills up a crucial gap of the MN15
mammalian zone in the South Caucasus biotic record. In addition, our
palaeobiogeographic analysis of the faunistic elements from the Jradzor
suggests its stronger relationship with European faunas; however, a few
exclusively Asian elements are also present.

Further, our study confirms that despite volcaniclastic deposits
having a limited preservation potential, they often served as a natural
trap for various faunal groups and, thus, should not be dismissed while
studying the regional fossil record. The revealed fossil vertebrate faunas
of the Jradzor locality are not only crucial for understanding of the
regional evolution of the biotic record but also represent an essential tie
point for the Eurasian palaeobiogeography.
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