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ARTICLE INFO ABSTRACT

Keywords: Balkanatolia is a Paleogene insular biogeographic province, spanning from southeastern Europe to the Caucasus.
Biogeography It is located at the crossroads of Asia, Europe, and Africa, from which it remained isolated until the late Eocene,
Endemism fostering endemism, particularly among mammals. However, the timing of emergence of Balkanatolia as an
E:ﬁi';iamha independent biogeographic province remain debated due to the paucity of the fossil record and loose age con-

straints. Here, we refine this timing by combining magnetostratigraphy, biostratigraphy, geochronology and
sedimentology to date three fossil sites of central Anatolia (Camili Mezra, Cicekdagi, and Bultu-Zile). These sites
have yielded remains of embrithopods, a clade of large herbivorous afrotherian mammals that originated in
Africa and dispersed across the Neotethys to reach Balkanatolia where they diversified. The Camili Mezra locality
yield an age spanning from 46.2 Ma to 43.5 Ma, likely around ~ 45 Ma based on accumulation rates, the
Cigekdagi locality is dated to the very base of Chron C20r (ca. 46.2 Ma) and the Bultu-Zile locality yield over-
lapping 46.5 + 1.0 Ma and 45.1 + 0.9 Ma ages. Overall, these fossil localities are coherently dated to the early
Lutetian and represent the oldest unequivocally embrithopod-bearing sites of the northern Neotethysian shores.
They provide an early Lutetian minimum age for Balkanatolian endemism, its emergence as an independent
biogeographic province and for the overwater dispersal of embrithopods out of Africa.

Terrestrial Fauna Dispersal

1. Introduction differences (van der Geer et al., 2011) and has highlighted multiple

phenomena including the potential causes of extinctions (Steadman

Island archipelagos represent one third of Earth’s biodiversity hot-
spots (Myers et al., 2000). Island environments promote distinctive
evolutionary trajectories, especially among mammals and other verte-
brates, that contrast with those on continental environments, resulting
in demonstrable anatomical, physiological and behavioral differences
(MacArthur and Wilson, 1963). The study of insular Plio-Pleistocene
faunas has significantly helped in describing and understanding these
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et al., 2005), anachronistic range extensions (Vartanyan et al., 1993),
and common island syndromes such as dwarfism and gigantism (Kohler
and Moya-Sola, 2004). However exhaustive, they have contributed little
to our knowledge of how island faunas are assembled over the longer
time scale of macroevolutionary processes (several Ma), nor have they
provided a basis for evaluating models of island biogeography
(MacArthur and Wilson, 1963, 1967).
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During the Paleogene, parts of Eastern Europe and the Middle East
were an archipelago of islands designated as Balkanatolia (Licht et al.,
2022). The areal extent and connectivity of this biogeographic province
fluctuated with tectonic changes induced by the closure of the Neotethys
Ocean and with global eustatic variations (Fig. 1). During the Paleocene
and most of the Eocene, this mosaic of terranes remained separated from
other landmasses by seaways of variable breadth. This isolation
remained significant until the latest Eocene, when regional uplift and a
major marine regression increased the terrestrial connectivity of Bal-
kanatolia with Asia, then with Europe and Africa (Barrier et al., 2018;
Meétais et al., 2023). Balkanatolia is at the crossroads of major biogeo-
graphic realms (i.e. Asia, Europe and Africa) and its specific paleogeo-
graphic setting and evolution recalls modern Wallacea (the archipelago
between Sundaland, Sulawesi, and the Australia-Papua shelf). This
makes the area unique for studying island biotas over macroevolu-
tionary timespans (Beard et al., 2021).

The Eocene fauna of Balkanatolia comprised a distinctive assemblage
of endemic mammals including afrotherian embrithopods that are large
herbivorous mammals potentially exhibiting a semi-aquatic lifestyle,
and smaller metatherians (Maas et al., 1998; Métais et al., 2018, 2024;
Beard et al., 2023). These taxa are of Gondwanan origin and most likely
dispersed from Africa sometime during the Paleogene (Métais et al.,
2018; Beard et al., 2023). It also includes anachronistic survivors of an
otherwise Paleocene European pleuraspidotheriid clade (Métais et al.,
2016), with only bats (Jones et al., 2019) and primates (Beard et al.,
2021) showing biogeographic affinities with Asia. The end of Balkan-
atolian endemism is relatively well-constrained as late middle Eocene,
when Asian ungulates colonized Balkanatolia in the late Bartonian (ca.
40-38 Ma), following the establishment of a continuous terrestrial
corridor across the central segment of the Neotethyan margin (Licht
et al., 2022). However, when Balkanatolia emerged as an independent
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mammalian biogeographic province remains unknown because of the
lack of well-dated early Paleogene mammalian-bearing fossil locality.
Documenting the onset and duration of endemism is critical to
evaluate the assembly and diversification mechanisms of the unique
Balkanatolian fauna. The presence of pleuraspidotheriids in Balkan-
atolia during the late Lutetian (which went extinct at the end of Paleo-
cene elsewhere) indicate that endemism must have been a long-standing
feature persisting for millions of years in the Eocene, despite the prox-
imity of multiple continental biogeographic provinces (Métais et al.,
2018) (Table 1). Moreover, the striking absence of rodents, perisso-
dactyls, artiodactyls, carnivorans, and other clades that became ubiq-
uitous across Laurasia during the earliest Eocene suggests a period of
isolation starting at least during the latest Paleocene (Licht et al., 2017;
Meétais et al., 2018). The oldest sites yielding embrithopod taxa, Eski
Celtek (Meétais et al., 2012) and Camili Mezra (Métais et al., 2024) are
qualitatively attributed to the early Eocene based on biostratigraphic
constraints of nearby marine units (Table 1). Nonetheless, the chronol-
ogy of Balkanatolian endemism remains elusive because few sites
yielding endemic taxa have been precisely dated (Licht et al., 2022).
This study documents the age of multiple, previously-published
paleontological sites of central Anatolia yielding iconic endemic taxa
from Balkanatolia. We combine magnetostratigraphic, biostratigraphic,
geochronological and sedimentary approaches to date the paleontolog-
ical sites and better constrain the age of Balkanatolian endemism, as well
as the evolutionary history of embrithopods, a key Balkanatolian clade.

2. Geological context
Balkanatolia was defined by Licht et al. (2022) as a semi-continuous

strip of land during the Paleocene and Eocene, located between the
western European craton and the Cimmerian terranes of the Middle East
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Fig. 1. (A) Present-day structural map of the Balakanatolian tectonic terranes. ACP: Alcapa, An-TD: Anatolide-Tauride, D: Dacia, GA: Greater Adria, Pd: Pontides, R:
Rhodope, SA South Armenia, St: Standja Massif, T: Tisza. (B) Middle Eocene structural map of Balakanatolia displaying localities yielding endemic Balkanatolian
taxa. Stars: sites of study with 1: Camili Mezra; 2: Cicekdagi and 3: Bultu-Zile. Dots: other fossil sites with 4: Hateg; 5: Orhaniye; 6: Boyabat; 7: Eski Celtek and 8:
Bogazliyan. (C) Simplified geological map of the Cigcekdagi and Camili Mezra area. (A), (B) and (C) maps are modified from Licht et al., 2022. (D) Simplified

geological map of the Bultu-Zile area, modified from Uguz et al. (2002).
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Table 1
Synthesis of endemic Balkanatolian fossil sites.
Location Locality Terrane Chronostratigraphic Geochronological Age constraints Fossil land mammals References
# name Age Age
1 Southern Taurides  late Ypresian — 51.1-41 Ma Unit yielding Lutetian Embrithopoda (Palaeoamasia Nairn et al.,
Cankiri Basin Lutetian pollen assemblages and kansui) 2013; Akgiin
(Camili Mezra below late late Ypresian to et al., 2002;
mine; Turkey) Lutetian limestones. Giilyiiz et al.,
2013
2 Southern Taurides  Lutetian 48.6-41 Ma Unit above Ypresian basalts Embrithopoda (Palaeoamasia Akgiin et al.,
Cankiri Basin and below uppermost kansui, Crivadiatherium sahini, 2002;
(Cicekgadgi Lutetian limestones, yield Crivadiatherium sevketseni) Schweitzer
mine; Turkey) middle Eocene pollen et al., 2007;
assemblages. Erdal et al.,
2016; Métais
et al., 2024
3 Southern Taurides  Lutetian 48.6-41 Ma Unit yielding middle to Embrithopoda (Palaeoamasia Kaya, 1995;
Cankiri Basin upper Eocene pollen kansui) Akkiraz et al.,
(Yozgat area, assemblages and is below 2008
Bultu-Zile; Lutetian limestones.
Turkey)
4 Hateg Dacia- Middle to upper 46-43 Ma Unit correlated to nearby Embrithopoda (Crivadioatherium  Radulesco and
Depression Tisza Lutetian deposits attributed to Mackennai, C. Iliescui) Samson, 1987;
(Roumania) Biozone NP15. Proust and
Hosu, 1996
5 Orhaniye Pontides ~ Upper Lutetian 44-43 Ma Age constrained by detrital Embrithopoda (Palaeoamasia Licht et al.,
Basin (Turkey) zircon ages and sp.) Pleuraspidotheriidae 2017; Métais
magnetostratigraphy. (Hilalia saribeya, H. robusta, H. et al., 2018;
sezerorum, H. Selanneae), Jones et al.,
Marsupiala (Anatoliadelphys 2019
maasae, Galatiadelphys minor,
Orhaniyeia nauta), Primate
(Nesomomys bunodens),
Palaeochinopterygidae bat
(Anatolianycteris insularis)
6 Boyabat Basin Pontides  Lutetian 48.6-41 Ma Unit unconformably Embrithopoda (Palaeoamasia Ozansoy, 1966;
(Turkey) overlying upper kansui, Axainamasia sandersi) Sen and Heintz,
Maastrichtian deposits and 1979; Métais
below uppermost Lutetian et al.,, 2024
limestones, correlated to
nearby Lutetian units.
7 Suluova Basin Pontides Paleocene to Ypresian 56-48.6 Ma Unit unconformably Embrithopoda (Palaeoamasia Meétais et al.,
(Eski-Celtek overlying upper kansui), Pleuraspidotheriidae 2012; Erdal
Mine; Turkey) Maastrichtian deposits and (Parabunodon anatolicum) et al., 2016
below lower Lutetian
limestones, correlated to
nearby Lutetian units.
8 Bogazliyan- Taurides  Ypresian — Lutetian 56-41 Ma Unit unconformably Embrithopoda (Palaeoamasia Ozansoy, 1966;
YeniFakili overlying upper kansui) Sen and Heintz,
(Turkey) Maastrichtian deposits and 1979

below Lutetian limestones,
correlated to nearby
Ypresian to Lutetian units.

(Fig. 1A). In the north, the basement of Balkanatolia comprises Laurasia-
derived terranes (Tisza, Dacia, Rhodope and Standja Massif and Pon-
tides) that were separated from Laurasia by back-arc spreading during
the Mesozoic (van Hinsbergen et al., 2020). To the south, the basement
of Balkanatolia comprises individual terranes that rifted from Gond-
wana (Alcapa, Greater Adria, Anatolide-Taurides and South Armenia)
and accreted onto the Laurasia-derived terranes during the late
Cretaceous-early Paleogene (Mueller et al., 2022). This accretion was a
long and protracted process that started in the Albian in western Bal-
kanatolia (Dacia-Tisza accretion) and concluded in the late middle
Eocene in eastern Balkanatolia with the collision between the eastern
Pontides and the Taurides (van Hinsbergen et al., 2020).

During the Paleocene and most of the Eocene, this mosaic of terranes
remained permanently separated from other landmasses by relatively
narrow seaways (Fig. 1B): (1) from Africa by the western branch of the
Neotethys (ca 200-400 km wide); (2) from the Western European Craton
and Eurasia by the Paratethys (100 km wide in the Swiss Foreland Basin,
to 500 km wide in the Black Sea); (3) from Middle Eastern Cimmerian
terranes by remnant seaways connecting the Neotethys to the Paratethys

on both sides of the Lesser Caucasus (less than 100 km wide) (Poblete
et al., 2021) (Fig. 1B). Balkanatolia experienced numerous local epi-
sodes of partial inundation and emersion during the Paleogene (Barrier
et al., 2018) and was fragmented into multiple islands during most of the
Paleocene and early Eocene (Alpine, Balkanian, Tisza and Dinarian
Highs, Anatolian and Pontian lands of Popov et al. (2004)). Many of the
shallow seaways separating Balkanatolian islands retreated during the
Lutetian, increasing land connectivity and paving the way to its
connection with Asia in the late Bartonian (Barrier et al., 2018).

Our knowledge of the endemic Balkanatolian fauna comes from eight
Ypresian to Lutetian fossil localities (Fig. 1) (Table 1). With the excep-
tion of the Hateg Depression in Romania (site 4 in Fig. 1) (Akkiraz et al.,
2008), all these localities are found in Anatolia. Seven of these localities
are compiled in Licht et al. (2022), and an eighth locality, Camili Mezra,
was more recently published (Métais et al., 2024). Two of these localities
have relatively “tight” age constraints: (1) the Hateg Depression locality
in Romania is attributed to biozone NP15 based on nearby marine units,
providing a middle Lutetian age (46-43 Ma) (Radulesco and Samson,
1987); (2) the Uzuncarsidere Formation (UCF) fauna from central
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Anatolia, in the Orhaniye Basin, is dated to the late Lutetian (44-43 Ma)
by a combination of magnetostratigraphy and U-Pb dating of detrital
zircons (Licht et al., 2017). All the other sites are either attributed to the
Ypresian or the Lutetian, or both, based on regional correlations of un-
derlying or overlying marine units (Barrier et al., 2018). This study fo-
cuses on three of these poorly dated fossil localities: Camili Mezra,
Cigekdagi and Bultu-Zile (Fig. 1B).

Camili Mezra has yielded material of two embrithopod species, Cri-
vadiatherium sevketseni and C. sahini (Métais et al., 2024). The locality is
located at the southern edge of the Cankiri Basin, in the Cicekdagi
syncline (N39°29'05.2” E34°22'14.8"; Fig. 1C). The fossil horizon is a
coal seam of 1 to 5 m at the top of the Barakle Formation, which is the
oldest Paleogene unit in the area. The continental Barakle Formation
unconformably overlain the crystalline basement. It consists of 5 to 300
m of greenish to brown sandstones and laminated mudstones, of poorly
cemented conglomerates, and of lignite seams in its uppermost beds
(Fig. 2). Pollen from these lignites suggests a Lutetian age for the top of
the Barakle Formation (Akgiin et al., 2002). It grades into the Cevirme
Formation, a marine, marl-dominated unit with rare tabular sandstone
and limestone beds. This uppermost part of the Cevirme Formation is
transitional with the overlying Kocacay Limestone, which is composed
of ~ 100 m of massive limestones alternating with thin marl beds
(Fig. 2). In the Cankiri Basin, the Kocacay Limestone is attributed to the
Lutetian (Nairn et al., 2013). In the Cicekdagi syncline, this unit yet
revealed a benthic foraminiferal assemblage correlated to the late
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Ypresian SB-11-12 Zones (ca. 51.0 to 48.0 Ma) (Schweitzer et al., 2007).

The Cicekdagi coal mine yielded remains of the embrithopod
Palaeoamasia kansui (Erdal et al., 2016). The Cicekgdadi coal mine is
located ca. 10 km to the north of Camili Mezra, basinward within the
Cankiri Basin, in the Yerkoy syncline (N39°34'47.4” E34°25'13.8";
Fig. 1C). The lignite layer is now poorly exposed following the drowning
of the open pit. Like in Camili Mezra, the lignite bed reflects the
continental-to-marine transition of an Eocene marine transgression. It is
stratigraphically located at the top of the Barakle Formation, which
grades into the overlying marine marls, which are grouped here under
the Bogazkoy Formation (Fig. 2). Pollen from the mine suggests a
Lutetian age for the fossil bed (Akgiin, 2002). The Bogazkoy Formation
includes a volcanic member, the Alimpinar volcanics, made of basalts
and mafic volcanic conglomerates. “°Ar-**Ar dating of one of these ba-
salts does not yield a stable plateau age but is coherent with a Lutetian
age (Giilyiiz et al., 2013). Limestones attributed to the Kocacay For-
mation overlay the Alimpinar volcanics.

Bultu-Zile yielded complete jaws of the embrithopod Palaeoamasia
kansui (Kaya, 1995). The area lies on the southern edge of the Pontides
Terrane, and its Paleogene stratigraphic sequence follows the overall
same succession as the nearby Cankiri Basin (Akgiin et al., 2002). The
fossil horizon is a 20- to 60-meter-thick coal seam within the Beynamaz
volcanic member of the Eocene Meryemdere Formation (Fig. 2). The
Meryemdere Formation consists of marine marls and sandstones that
yielded Lutetian to Priabonian nannoplankton and foraminifera (Sevin
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et al., 2014). The Beynamaz Member is 300-meter-thick and comprises
andesites, tuffs and volcanic conglomerates and unpublished radio-
metric ages suggest an Ypresian to Lutetian age (Sevin et al., 2014)
(Fig. 2). The coal seam that yields vertebrate remains is mined in two
localities close to Emirkoyu village; both of them yield fossil vertebrate
material. It is poorly exposed in the first mine (site BZ1, 40°19'16.7"N,
35°41'48.4"E) where the pit has been flooded. In the second mine (site
BZ2, 40°18'30.4"N, 35°40'40.3"E), lignite beds alternate with rare
organic-rich mudstones, tuff and tuffaceous sandstones.

3. Methods

The dating method was selected based on the lithology available at
each site (Fig. 2). At Camili Mezra, fine-grained sediments (i.e., silt-
stones, black marls, and limestones) were collected for magneto-
stratigraphy, black marls for biostratigraphy, and a sandstone for U-Pb
zircon dating. At Cicekdagi, a lignite bed was sampled for biostratig-
raphy, along with a sandstone for U-Pb zircon dating and a basalt for
40Ar-39Ar dating. At Bultu-Zile, two volcanic tuffs were sampled for U-Pb
zircon dating (Fig. 2).

3.1. Magnetostratigraphy

In Camili Mezra, we logged and sampled a 130-meter-thick sedi-
mentary section across the Barakle Formation (including the fossil ho-
rizon), the Cevirme and Kocagay Formations (Fig. 2). Rock samples for
magnetostratigraphic dating were collected from a segmented and
rotated mine prospecting vertical borecore that obliquely crosscut the
regional bedding (N305, 40°NNE). A total of 108 rock samples were
extracted perpendicularly to the vertical mining borecore using a
portable electric drill (SI Fig. 1), resulting in a horizontal dip and an
unconstrained azimuth as the borecore is segmented and do not exhibit
consistent bedding. To re-orient our sample in geographic and tectonic
coordinates, we use the apparent bedding of each sample constrained by
the magnetic foliation estimated from Anisotropy of the Magnetic Sus-
ceptibility analysis (SI Data 2, SI Table 2).

Collected samples consist of siltstones in the Barakle formation, of
black marls in the Cevirme formation, and of black marls and limestone
in the Kocacay formation. Remanent magnetizations were investigated
by alternating field (AF) stepwise demagnetization with field increments
of 5mT from 0 to 40 mT and of 10 mT from 40 to 100 mT and by thermal
(TH) demagnetization with temperatures increments of 20 °C, 30 °C,
40 °C or 50 °C from room temperature up to 660 °C, using the Super-
conducting Rock Magnetometer SRM760R (2G enterprises) of CEREGE
(Aix-Marseille University). AF demagnetization was preferred to ther-
mal demagnetization to avoid medium temperature (300-400 °C)
mineralogic changes of marls. ChRM directions were interpreted by
means of the principal component analysis (Kirschvink, 1980).
Demagnetization data were plotted in Zijderveld diagrams (Zijderveld,
1967) and stereographic projection with PuffinPlot software package
(Lurcock and Wilson, 2012). Detailed results are available in Supple-
mentary Information 1. Samples that were unstable during demagneti-
zation are defined as unreliable samples and not considered in our
interpretations. ChRMs data were grouped in magnetozones based on
polarity (normal or reverse) and compared with the Geomagnetic Po-
larity Timescale 2020 (Speijer et al., 2020).

3.2. Biostratigraphy

Four samples in Camili Mezra and one sample from the Cicekdagi
mine were selected for ostracod and foraminifera biostratigraphic
dating. In Camili Mezra, they comprise two samples from the base of the
Cevirme Formation (AR22-BiO1 and —BiO2), one sample from the
middle of the Cevirme Formation (AR22-Bi03), and one sample from the
base of the Kocacay Formation (AR22-BiO4). In Cicekdagi, where the
fossil bed is nowadays flooded and inaccessible, we sampled mine tailing
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material yielding lignite and tooth enamel fragments (sample CIC22-
BiO1). Micropaleontological identification was carried out at Kiitahya
Dumlupinar University, Tiirkiye; detailed results and microphotographs
are available in Supplementary Information 2.

3.3. U-Pb dating

Four rock samples were selected for U-Pb dating of detrital/volcanic
zircons. These include: one sandstone in the Barakle Formation in Camili
Mezra, directly below the fossil bed (sample AR22DZ2), one sandstone
from Barakle Formation in the Cicekdagi mine, between 5 and 10 m
below the supposed location of the lignite bed (sample 23CMXDZ) and
two volcanic tuffs, one in each of the Bultu-Zile mines, found within the
lignite (sample BZZ1 at mine BZ1 & sample BZZ2 at mine BZ2). Zircon
crystals were separated by standard heavy liquid techniques and
mounted in epoxy resin. U-Pb ages were generated using laser-ablation
inductively-coupled-plasma mass-spectrometry (LA-ICPMS) at the
Envitop analytical facility at CEREGE (Centre for Research and Educa-
tion in Environmental Geosciences), with an Element XR ICP-MS con-
nected to an ESI laser ablation system (NWR 193 nm). Detailed methods
for extraction, analysis, and data reduction can be found in Licht et al.
(2024). Maximum depositional age for detrital samples and crystalli-
zation age for volcanic samples were calculated with 2°°Pb/238U dates
using TuffZirc (Ludwig, 2003) on concordant grains only. The final age
uncertainty around crystallization ages is the quadratic sum of the un-
certainty of TuffZirc age calculation and of the systematic uncertainty
(1.31 % 2 s for the 238U/206Pb ratios). We calculated the maximum
depositional age for each detrital sample as the weighted average of the
youngest concordant zircon dates when the youngest three or more
dates overlap (Dickinson and Gehrels, 2009). Detailed U-Pb data are
given in Supplementary Information 3.

3.4. “Ar-*Ar dating

One basalt sample (CIC22-BAS) from a dyke of the Alimpinar vol-
canics in the Cicekgdagi mine was taken for *°Ar-3%Ar dating. The dyke
cross-cut the lignite mine and is thus younger than the fossil site (Fig. 2).
A millimeter-sized whole rock single grain (CIC22-BAS) was analyzed by
step-heating using a CO;, laser probe coupled to a MAP 215 mass spec-
trometer. The procedure was described by Ruffet et al. (1991, 1995,
1997). Sample CIC22-BAS was irradiated in the 8E facility of the Mac-
Master Nuclear Reactor (Hamilton, Ontario, Canada). Irradiation lasted
175.633 h with a global efficiency (J/h) of 6.57 x 10°h 1. The irradi-
ation standard was amphibole Hb3gr (Turner et al., 1971; Roddick,
1983; Jourdan et al., 2006; Renne et al., 2010) — 1081.0 & 1.2 Ma ac-
cording to Renne et al. 2010, Renne et al., 2011. Blanks were routinely
performed on each first or third/fourth run, and are subtracted from the
subsequent sample gas fractions. Apparent age errors are reported at the
16 level and do not include errors in the *°Ar*/3°Arg ratio, monitor age
and decay constant. Usually, we consider that a plateau age can be
calculated when 70 % or more of the 3°Ary is released in at least three or
more contiguous steps defining apparent ages that agree with the inte-
grated age of the plateau segment to within 2. In the present case, only
a pseudo-plateau age (similar concordance criteria) (Cheilletz et al.,
1999) could be calculated for sample CIC22-BAS because the plateau
segment contained less than 70 % of the released 3°Arg. The errors in the
40Ar+/3Arg ratio and age of the monitor and decay constant are
included in the final calculation of the error margins of the plateau ages.
“OAr/39Ar ages are reported with 1o errors. Analytical data and pa-
rameters used for calculations (e.g. isotopic ratios measured on pure K
and Ca salts; mass discrimination; atmospheric argon ratios; J param-
eter; decay constants) and reference sources are available in Supple-
mentary Information 3.
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4. Results
4.1. Magnetostratigraphy of Camili Mezra

Intensities of the Natural Remanent Magnetization ranges from 0.03
to 10.1 mA/m for the limestone specimens, from 0.1 to 95.6 mA/m for
the black marl specimens and from 0.1 to 1.7 mA/m for the siltstone
specimens (Supplementary Information 1). In alternating field (AF)
stepwise demagnetizations, the limestones and the black marls demag-
netization diagrams usually show a consistent to noisy decay toward the
origin (Fig. 3A, 2B, 2C, 2D). The siltstones display noisier diagrams,
potentially due to the presence of multi-domain grains (Fig. 3E, 2F).
Most samples show a consistent component with medium unblocking
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coercivities (10-20 mT to 60-80 mT). This component is interpreted as
the Characteristic Remanent Magnetization (ChRM). For some samples,
a second, low stability component is recognized for low coercivity in-
crements and interpreted as a present-day field overprint (Fig. 3D).
Thermal (TH) stepwise demagnetization usually shows a consistent to
noisy decay toward the origin (Fig. 3G). The samples display a single
component with medium unblocking temperature (300 °C to 600 °C),
interpreted as the ChRM. In the black marl samples, an abrupt increase
of the intensity and inconsistent directions is observed above 300 °C
increments (Fig. 3H) interpreted as a mineralogical change during
heating. A positive match of the Common True Direction indicate that
the ChRM directions are distributed in two antipodal groups (SI Fig. 2).
The presence of antipodal reverse and normal polarities together with
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the medium ranges of demagnetizations coercivities and temperatures
and with the absence of macroscopic alteration phases in the samples
suggests that the ChRM is relative to primary magnetization and
potentially carried by magnetite or titano-magnetite.

4.2. Biostratigraphy of Camili Mezra and Cigekdagi

Samples from the Camili Mezra section yield 15 genera and 37 spe-
cies of planktonic foraminifera, which are attributed to two different
zones. Samples AR22-BiO1 and BiO2 are attributed to the Globiger-
inatheka kugleri/Morozovella aragonensis Concurrent- range Zone (E9
Zone of Berggren and Pearson (2005)). Sample ARR22-BiO3 and BiO4,
which are higher in the section, are attributed to the Acarinina topilensis
Partial-range Zone (E10 Zone of Berggren and Pearson (2005)). The
Geological Time Scale indicates a middle Lutetian age for both zones, ca.
44.0-43.3 Ma for E9 and ca. 43.3-42.0 Ma for E10 (Speijer et al., 2020).
Sample CIC22-BiO1 from the Cicekdagi mine yields 8 genera and 16
species from planktonic foraminifera and 8 genera and 8 species from
ostracods which indicate an affinity with the Guembelitrioides nuttalli
Lowest-occurence Zone (E8 Zone of Berggren and Pearson (2005)). The
E8 zone is early Lutetian, ca. 46.2-44.0 Ma (Speijer et al., 2020).

4.3. Geochronology of Camili Mezra, Cigekdagi and Bultu-Zile

4.3.1. U-Pb dating

Individual 228U/2%Pb zircon ages and averaged values are displayed
on Fig. 4. Concordia plots are also available in Supplementary Infor-
mation 3. The tuff sample from Bultu-Zile mine site BZ1 yields an early
Lutetian 45.1 &+ 0.9 Ma (20) age. Mine site BZ2 yields a slightly older
46.5 £+ 1.0 Ma (20) age, but the 95 % confidence interval of both ages
overlap. Detrital zircons from sample AR22DZ2, at the base of the Camili
Mezra site, yields an Ypresian maximum depositional age of 50.6 + 2.9

Journal of Asian Earth Sciences 290 (2025) 106661

Ma (20; based on the 3 youngest zircons). Detrital zircons from sample
23CMXDZ, at the base of the Cicekdagi mine, yields an older, Paleocene
maximum depositional age of 61.6 + 1.1 Ma (20; based on the 3
youngest zircons).

4.3.2. °Ar-°Ar dating

The shape of the age spectrum provided by the “°Ar/*°Ar degassing
experiment shows a decrease in apparent ages from ca. 48.5 Ma in the
low temperature steps down to ca. 43.5 Ma for the fusion step (Fig. 5A).
This may evoke disturbances related to °Arg recoil during neutron
irradiation (Turner and Cadogan, 1974; Harrison, 1983; Ruffet et al.,
1991; Foland et al., 1992), with a possible recoil induced 39Ar redis-
tribution. However, in support of this scenario, the first steps of
degassing lack a 3°Arg discharge decoupled from the degassing of a
radiogenic component (*°Ar*), since it has been displaced by the recoil
phenomenon and is poorly trapped in a crystal lattice.

On the other hand, the shape of this age spectrum can be interpreted
differently if we consider the mineralogical heterogeneity of the ana-
lysed material, a millimetre-sized fragment of whole rock, and the
degassing kinetics during the “°Ar/3°Ar experiment. The %”Arc./>°Arg
spectrum shows that more potassic or less calcic phases are expressed in
the first part of the degassing of the sample than those that tend to be
expressed at higher temperatures (Fig. 5A). Degassing of these more
potassic phases is predominant, as indicated by the main peak in
the®°Arg degassing spectrum [C°Arg/AVT)/(CPArg/AVr)pax  VErsus
%39ArK (de Putter and Ruffet, 2020; Tremblay et al., 2020) and its
expression via the weighted age spectrum [Apparent ages versus °Arg/
AV)/(CPArg/ AV )pax Versus %°°Arg] which incorporates degassing
kinetics (Fig. 5A). The pseudo-plateau age of 46.6 + 0.2 Ma (1 s)
calculated from the apparent age segment of the age spectrum could be
the age of the radiogenic component hosted by these more potassic
phases and could be the age of basalt emplacement or contemporaneous
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Fig. 4. Individual concordant zircon dates and crystallization ages for samples BZZ1 (A: Bultu-Zile Mine site BZ1) and BZZ2 (B: Bultu-Zile Mine site BZ2), and
youngest zircons and related maximum depositional ages (MDA) for samples AR22DZ2 (C: below the Camili Mezra site) and 23CMXDZ (D: below the Cicekdagi
mine). Black bars: zircon ages used for the age calculation (26); white bars: rejected zircon ages (20). Grey shades: 95% confidence level for the calculated ages. Final
ages include the systematic analytical error. MSWD: Mean Square Weighted Deviation. Calculations and diagrams made with TuffZirc (Ludwig, 2003).
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alteration. This age is validated by the processing in the inverse isochron
diagram (correlation diagram) (3%Ar/*Ar vs. 39Ar1</4OAr*; (Roddick,
1983; Hanes et al., 1985; Ruffet et al., 1997) with an initial ratio
(*°Ar/%0Ar); indistinguishable from the atmospheric ratio (“OAr/30Ar =
298.56 according to Lee et al. (2003) and an MSWD in accordance with
statistical validity criteria (Fig. 5B). The decrease in apparent ages
associated with the degassing of the calcic phases at high temperatures
could reflect the effects of later weathering of the basalt, which was
more prone to affect its calcic components.

5. Discussion and Conclusion
5.1. Age of the fossil localities

The paleomagnetic polarity sequence of the Camili Mezra section is
determined from the reversal angle of the ChRM directions (Fig. 6, SI
Table 1). Two normal (N1, N2) and two reverse (R1, R2) magnetozones
are recognized and correlated with the Geomagnetic Time Scale (Speijer
et al., 2020).

The preferred scenario correlates the normal magnetozone N2 with
the Chron C20n (42.2-43.5 Ma), the reverse magnetozone R1 with the
Chron C19r (41.2-42.2 Ma) and the normal magnetozone N1 with the
Chron 19n (41.0-41.2 Ma; Fig. 6). The reverse magnetozone R2, which
includes the fossil site and detrital zircon sample AR22DZ2, is correlated
with the Chron C20r (43.5-46.2 Ma). The base of the section shows
normal polarities, and alternative correlations could interpret them as
part of the Ypresian sub-magnetozones (C24 to C21, ~54 to 46 Ma),
consistent with the late Ypresian age (SBZ11-12, ~51 to 48 Ma) pro-
posed by Schweitzer et al. (2007) for the Kocacay Formation. However,
this interpretation is unlikely for two reasons: (1) these normal polarities
are isolated and derived from siltstone samples showing noisy demag-
netization diagrams, and (2) it does not align with the late Lutetian age
(from biozone E10 to E9, ~44 to 42 Ma) indicated by planktonic fora-
miniferal biostratigraphy of samples AR22-BiO1 to —BiO4 collected
from the Cevirme and Kocagay Formations (Fig. 6). Moreover, it is
inconsistent with the Lutetian age suggested by pollen assemblages from
Camili Mezra for the Cevirme Formation (Akgiin et al., 2002) and with

the Lutetian age indicated by foraminiferal assemblages from other parts
of the basin for the Kocagay Formation (Nairn et al., 2013).

The preferred correlation indicates a time-lag of 5 to 8 Ma between
the deposition age of sample AR22DZ2 and its detrital zircon age, which
is common in areas away from subduction margins (Jian et al., 2022).
Sedimentation rates ranging from 3.3 to 3.8 cm/ka are estimated (SI
Table 3) for the marly Cevirme Formation and the limestone-dominated
Kocacay Formation indicating near constant siliciclastic input during
basin depth shallowing. This correlation confirms the Lutetian age for
the entirety of the Camili Mezra section, now spanning from 46.2 Ma to
41.0 Ma (C20r to C19n). The fossil horizon, located at the top of the
Barakle Fm falls within the Chron C20r yielding an age spanning from
46.2 Ma to 43.5 Ma. Using a mean accumulation rate of 3.5 cm/ka and
the depth of the fossil horizon (e.g. 46 m below the R2-N2 transition
attributed to the C20n-C20r reversal, dated at 43.5 Ma in Speijer et al.
(2020)), we estimate an age of ~ 45 Ma for the fossil horizon (SI
Table 3).

In Cicekdagi, our biostratigraphy sample (CIC22-BiO1) yields an
early Lutetian age for the fossiliferous lignite material (planktonic
foraminiferal biozone E8: 46.2-44.0 Ma), which is compatible with the
Lutetian age indicated by the pollen assemblage of the lignite bed
(Akgiin, 2002). “°Ar->*Ar dating of a basaltic dyke yields a pseudo-
plateau age of 46.6 + 0.4 Ma (2 s), providing a minimum age for the
fossil locality. This age is compatible with our biostratigraphic age only
if the fossil bed lies at the very base of biozone E8 (e.g. at ca. 46.2 Ma).
We note that the age of the base of biozone E8 is aligned with the base of
Chron C20r in the Geological time scale (Speijer et al., 2020). We thus
attribute the Cicekdagi fossil bed to the very base of Chron C20r (ca.
46.2 Ma). This age is compatible with the Paleocene maximum deposi-
tional age based on the detrital zircon of sample 23CMXDZ, just below
the lignite bed.

The Cicekdagi and Camili Mezra fossil sites are thus attributed to the
same Chron (C20r). While Cicekdagi is dated to the very base of the
chron, Camili Mezra is likely slightly younger within the chron (ca. 1.2
Ma younger based on accumulation rate estimates). We note that both
lignite beds reflect the continental-to-marine transition in a regional,
Lutetian marine transgression. The diachronicity between both sites can
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thus be explained by the fact that Cicekdagi is ca. 10 km basinward
compared to GCamili Mezra: the transition to marine conditions is thus
expected to occur first in Cicekdagi and later in Camili Mezra.

U-Pb dating of two tuff samples in Bultu-Zile (BZZ1: 45.1 + 0.9 Ma;
BZZ2: 46.5 + 1.0 Ma; 2 s) indicate an early Lutetian age for both lo-
calities. It is unclear if the two Bultu-Zile mines represent the same
lignite horizon or two distinct horizons yielding similar fossil material.
Nonetheless, both ages overlap over the 45.5-46.0 Ma time window
which could support a similar age for both mines. These ages overlap
with the age of Cicekdagi and Camili Mezra localities.

5.2. Constraining the chronology of Balkanatolian endemism

The age range for the Cicekdagi and Bultu-Zile localities was prec-
edently defined as Ypresian to Lutetian (Licht et al., 2022) while the
Camili Mezra locality was attributed to the Ypresian (Métais et al.,
2024). This study refines the age of these three localities and indicates
tight and coherent ages spanning the early Lutetian (ca. 47.5 Ma to 43.5
Ma).

Overall, fossil sites yielding endemic Balkanatolian mammals are
dominantly Lutetian (Fig. 7). The only site unequivocally attributed to
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times older than Lutetian is the Eski Celtek coal mine site, yielding the
embrithopod P. kansui as well as the pleuraspidotheriid Parabunodon
anatolicum (Métais et al., 2012). Indeed, planktonic foraminifera of
Ypresian age have been found above the Eski Celtek lignite member (Kog
and Tiirkmen, 2002). We note however that the pollen assemblage of the
Eski Celtek lignite indicates a Lutetian age (Akgiin et al., 2002), and that
this biostratigraphic incompatibility recalls the one previously found at
Camili Mezra, where the Lutetian age indicated by pollen ends up to be
the most compatible with our magnetostratigraphic and biostratigraphic
constraints. We thus consider a Lutetian age for the Eski Celtek lignite as
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likely as the proposed Ypresian age, pending further work on the lo-
cality. The only other putative Ypresian site is the Bogazliyan-Yeni Fakili
locality, also yielding the embrithopod P. kansui, age uncertainty
spanning over the Ypresian and Lutetian (Sen and Heintz, 1979) (Fig. 7).
The exact location of this site has been lost, and our efforts in the field to
locate this site have been so far vain, impeding the acquisition of tighter
age constraints. There is therefore, so far, no unequivocally-dated
Cenozoic fossil locality with terrestrial vertebrate remains on Balkan-
atolia before the early Lutetian.

Pending further dating of the Eski Celtek and Bogazliyan-Yeni Fakili
localities, our new ages thus provide an early Lutetian minimum age for
the first uniquely embrithopod-bearing site on the northern shores of the
Neotethys. Although there are no unequivocally-dated Cenozoic fossil
localities with terrestrial vertebrates on Balkanatolia before the early
Lutetian, there are compelling reasons to infer that the actual onset of
endemism occurred prior to the Lutetian. The persistence of pleur-
aspidotheriids in Balkanatolia (which went extinct before the end of
Paleocene elsewhere), as well as the absence of clades that became
ubiquitous across Laurasia during the earliest Eocene (such as rodents,
perissodactyls, artiodactyls, and carnivorans), suggest a biogeographic
isolation since at least the latest Paleocene (Métais et al., 2018; Licht
et al., 2017). We are thus still missing the earliest part of Balkanatolian
endemism history. Consequently, questions such as how and when
embrithopods and other invasive clades reached Balkanatolia remain
open, calling for further prospection and identification of earlier fossil
sites.

The oldest embrithopod remains outside Balkanatolia are so far
dated to the middle Ypresian in Morocco (Gheerbrant et al., 2021) which
supports an African origin for the clade (Sen, 2013). The early Lutetian
age of our localities provides a minimum age for the overwater dispersal
of embrithopod out of Africa. They also show the synchronous presence
of at least two genera of embrithopods as early as the early Lutetian,
Crivadiatherium and Paleoamasia, supporting an early diversification of
the clade soon after they reached Balkanatolian shores (Métais et al.,
2024).
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