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Abstract

During the Cenozoic, the Arabian Plate separated from continental Africa and assumed a closer geographi-
cal relationship with Eurasia. As such, the vertebrate fossil record of the Arabian Peninsula has great poten-
tial for documenting faunal interchanges that occurred as a result of such tectonic events, with a shift from a pri-
marily Afro-Arabian fauna in the Palaeogene to a more cosmopolitan fauna in the Neogene. Understanding
of the sequence and timing of this faunal interchange has long been hampered by a lack of palaeontological data.
Recently recovered fossils from the Middle Eocene Kaninah Formation of Yemen constitute the earliest Palaecogene
record of continental vertebrates from the Arabian Peninsula, thereby offering a rare glimpse at the region’s post-
-Cretaceous fauna. Here we describe fossil materials from the Kaninah Formation, a collection of dental and post-
cranial elements representing a mesoeucrocodylian crocodyliform of unclear affinities. The specimen exhibits zi-
phodont tooth morphology along with a biserial paravertebral shield and polygonal gastral osteoderms, consistent
with certain mesoeucrocodylians (e.g., ziphodontan notosuchians). Yet the associated fragmentary anterior cau-
dal vertebra, although badly abraded, preserves morphology suggestive of procoely. This vertebral type in combi-
nation with the dental and osteoderm morphology is much more taxonomically restrictive and consistent with
the suite of characters exhibited by atoposaurids, a finding that would significantly extend that clade through the
Cretaceous/Palaeogene boundary. Alternatively, given the relative paucity of information from the region du-
ring the Palaeogene, the combination of characteristics of the Kaninah crocodyliform may reflect a novel or poorly
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known form exhibiting previously unrecognised character mosaicism. We take a conservative approach, and re-
fer the Kaninah specimen to Mesoeucrocodylia, Atoposauridae (?) pending discovery of more complete material.
New fossils recovered from the Kaninah Formation raise unanticipated questions about the longevity of Mesozoic
clades, underscoring the role that the region may play in revealing novel occurrences, relictual forms, and evidence of
faunal dispersals from this critical interval in vertebrate evolutionary history.
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1. Introduction

The early Cenozoic was an interval of great
geological upheaval in the region now known
as the Arabian Peninsula, with increasing tec-
tonic activity culminating in the Arabian plate
separating from the African continent and
eventually colliding with Eurasia. Fossilifer-
ous deposits throughout this interval record
a fascinating alternation of marine transgres-
sions and regressions, represented by marine
limestones and sandstones with the occasional
continental depositional unit (As-Saruri, 1998).

The palaeontological history of Yemen re-
mains relatively undocumented (Jacobs et al.,
1998), although recent exploration has result-
ed in the discovery of important Mesozoic
dinosaur trackways, with bipedal tracks at-
tributed to a large ornithopod dinosaur, and
quadrupedal tracks attributed to a herd of over
a dozen sauropods travelling together across
a coastal mudflat (Schulp et al., 2008). Here we
report results of additional palaeontological re-
connaissance efforts by the Yemen Paleontolo-
gy Project (a collaboration among Yemeni, US,
and European institutions) aimed at increasing
geological and palaeontological sampling of
an important early Cenozoic window into the
Earth’s past.

2. Geological setting

Fossils described in the present contribution
were discovered in the Kaninah Formation in
south-central Yemen (Fig. 1), a lateral litholog-
ical equivalent of the marine Habshiya Forma-
tion that is well dated as Lutetian, based on
invertebrate micro- and macrofaunal biostra-
tigraphy (Beydoun, 1966). The Kaninah Forma-
tion conformably overlies the early Eocene Rus
Formation, and a middle Eocene age for the

Kaninah localities is consistent with plants and
sirenian mammals recovered there (As-Sururi
et al., 1999).

The Kaninah Formation was first described
by As-Saruri (1995, 1996, 1998) to detail the Ka-
ninah-Jizwal succession (As-Saruri & Langbe-
in, 1994, 1995) and was later formalised in the
international lexicon of stratigraphy by Bey-
doun et al. (1998). The structural framework of
the sedimentary basin follows Beydoun et al.
(1996) and Beydoun & As-Saruri (1998) with
the Middle Eocene Kaninah Formation faci-
es located in the Hajr sector of the Sab’atayn
Basin. The formation represents a transitional
facies situated between the fully marine Hab-
shiyah Formation of the Jiza’-Qamar Basin in
the East, and the fully terrestrial Mayfa’ah For-
mation of the Balhaf Basin in the West.

2.1. Lithology and microfacies
of the Kaninah Formation

The type section of the Kaninah Formation
is approx. 135 m thick (Fig. 2), with ~80 m of
the formation also exposed near Jizwal. The
base of the Kaninah Formation is represented
by the Transitional Beds Member, a unit that
consists of alternating papery shale and chalky
to marly limestone. This member is deposit-
ed across a relatively large area that stretches
to the Al-Mahfid uplift in the West, reflecting
a large-scale marine transgression during the
middle Eocene.

The Kaninah Formation consists of inter-
calated sandy limestones, sandstones and pa-
pery shales (Fig. 2). The sandy limestones often
contain brachiopods, gastropods and molluscs.
The sandstones are characterised by lamination
and cross-bedding, and often contain silicified
and petrified wood. Ferrogenous silcretes cap
some of the sandstone horizons. Most of the
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Fig. 1. Location of the middle Eocene pal-
aeontological field area in south-central
Yemen (indicated by star).

sandstones are cemented with sparry calcite;
those that are not cemented appear to reflect
aeolian depositional units. The papery shales
are finely laminated, 2-3 m thick, and light
green in colour, although brownish-greyish
horizons with secondary gypsum also occur.
Different microfacies types were succes-
sively deposited in the Kaninah Formation. At
the base, limestone represents a fossiliferous
packstone facies containing foraminifera, gas-
tropods and algae. The middle of the section is
characterised by a widespread bioclastic pack-
stone preserving brachiopods and gastropods.
Fruits, seeds and vertebrate fossils have also
been described from the middle of the Kaninah
Formation (As-Saruri et al., 1998, 1999). The
upper part of the formation is a fossiliferous
packstone characterised by different kinds of
invertebrate shell fragments and algae.
Identifiable fossils are abundant in sand-
stone layers, with plant and invertebrate ma-
terials detailed elsewhere (e.g., As-Saruri et al.,
1998). The continental deposits of the Kaninah
Formation are fossiliferous in the succession at
Kaninah itself, and are characterised by fruits
and seeds (Liliaceae, Anonaceae, Anonasper-
mum sp. and Nymphaeaceae, Thiebaudia rayan-
ensis), and by fluvial/estuarine to shallow-ma-
rine vertebrates (As-Saruri et al., 1998, 1999;
this study). The flora and fauna of the Kaninah
Formation indicate the proximity of a conti-
nental, forested area to a shallow, tropical sea.
Indeed, the Kaninah Formation vertebrates re-
covered by our team include turtles, crocodyl-

Fig. 2. Detailed stratigraphic section of the Kaninah For-
mation, with lithologies and fossiliferous horizons
noted in the key.
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iforms and sirenian mammals. The most com-
plete vertebrate materials collected to date are
the associated crocodyliform dental and post-
cranial elements that constitute the focus of the
present contribution.

3. Methods

Fossil vertebrate specimens were hand-quar-
ried in the field and prepared at the Ohio Uni-
versity Paleobiology Specimen Preparation
Facility. Measurements were recorded using
a Nikon SMZ 1500 stereomicroscope bundled
with SPOT Advanced (version 3.5) software.
The accuracy of the measurements is on aver-
age * 0.01 mm. Reference specimens and casts
were examined from collections in the Ohio
University Vertebrate Collections and the
American Museum of Natural History. Com-
parisons were supplemented with published
photographs for less accessible taxa.

4. Systematic palaeontology

Crocodylomorpha Walker, 1970
Crocodyliformes Hay, 1930 (sensu Clark, in
Benton & Clark, 1988)

Mesoeucrocodylia Whetstone & Whybrow,
1983

?Atoposauridae Gervais, 1871

(Figs 3-4)

Material: An isolated tooth crown; a frag-
mentary anterior caudal vertebra; two partial
left mid-dorsal or caudal dorsal ribs; a partial
left ilium; a partial right paramedian dorsal os-
teoderm; a gastral (ventral) osteoderm.

Diagnosis: The material is referred to Me-
soeucrocodylia on the basis of the morphology
of the osteoderm, which is consistent with an
open paravertebral shield. We tentatively re-
fer it to Atoposauridae on the basis of the fol-
lowing combination of characters: a ziphodont
tooth crown; what appears to be a procoelous
anterior caudal vertebral centrum; dorsal oste-
oderms characteristic of a biserial, open dorsal
shield; and polygonal gastral osteoderms.

Description: All specimens were found in the
field within 25 cm of one another. In addition,

the relative size and condition of the preserva-
tion indicate that the crocodyliform material
represents a single individual.

The single preserved tooth crown (Fig. 3A,
B) exhibits ziphodont morphology; it is strong-
ly compressed buccolingually with distinct me-
sial and distal carinae. The carinae are serrated,
with regularly spaced denticles occurring ap-
proximately every 0.125 mm (i.e., 8 denticles
per millimetre). The denticle morphology and
cross-sectional profile closely resemble a max-
illary tooth described by Lauprasert et al. (2011)
and referred to the atoposaurid genus Therio-
suchus.

A partial caudal vertebra (Fig. 3C, D) in-
cludes the caudal half of the centrum, the pedi-
cles, and the base of each transverse process.
The spinous process and the tips of the trans-
verse processes are missing. The caudal end of
the centrum, although abraded, is rounded and
convex, suggesting a procoelous condition and
semi-spheroidal intervertebral articulation.
Among crocodyliforms, procoely is most no-
tably a synapomorphy of Eusuchia (Salisbury
et al., 2006); the condition occurs, however, in
several other more basal clades, including ato-
posaurids and some “protosuchians’.

Two partial left ribs are preserved (Fig. 3E).
One of these preserves only the tuberculum
and a short area proximal to it. The other is
more complete, comprising a curved shaft and
well-defined tuberculum for articulation with
a vertebral transverse process. Diverging from
the tuberculum, the process that would have
ended as the capitulum is broken. The shaft
of the rib is thick and square in cross-section
proximally, and becomes flattened into a thin
flange distally. Because the capitulum and tu-
berculum are confluent at their bases, instead
of widely spaced forming a Y-shaped diver-
gence, these ribs are interpreted to be from the
mid-dorsal to caudal dorsal region.

The partial left ilium (Fig. 3F, G) includes
the broken bases of the anterior and posterior
processes and a portion of the acetabulum. In
lateral aspect, the acetabulum is shallow and the
supra-acetabular ridge is relatively straight and
flat. The peduncles of the ischium and pubis are
not clearly discernible. In medial view, articular
surfaces for the two sacral ribs are visible.
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Fig. 3. Crocodyliform remains from the Kaninah Formation, tentatively referred to Atoposauridae; A: Isolated tooth in
buccal view showing ziphodont morphology with serrated carinae. Section at A" shows buccolingually compressed
profile; B: Same tooth in lingual view. Inset B’ shows detail of denticles; C-D: Isolated vertebra in (C) dorsal and (D)
caudal views; E: Partial posterior dorsal ribs in cranial view; F-G: Partial left ilium in lateral (F) and medial (G) views.
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Fig. 4. Osteoderm morphology from Kaninah crocodyliforms.
A-C: Isolated paramedian osteoderm from biserial dorsal shield in (A) dorsal, (B) cranial, and (C) ventral views;
dashed lines indicate inferred position of the craniolateral process.
D-F: Isolated osteoderm from gastral shield in (A) ventral, (B) marginal, and (C) dorsal views.

The right dorsal paramedian osteoderm
(Fig. 4A-C) is wider mediolaterally than it is
long. In axial view, it is curved about a cranio-
caudal axis, creating a convex deep surface. The
strong curvature suggests that this osteoderm
originated from the transitional cervical or cau-
dal regions, where the radius of axial curvature
is smaller than in the mid-dorsal region. The
superficial surface is ornamented with deep,
subcircular pits. A well-developed, smooth
anterior articular surface is separated from
the ornamented region by a shallow groove.
Breakage obscures the base of the craniolateral
process, but it appears that a small one existed.
A modestly developed keel is located far later-
ally and separates the superficial surface into
a small lateral part (= pars laterale) and a much
larger medial part (= pars mediale). These ar-

eas are not strongly angled relative to one an-
other, suggesting an open paravertebral shield
(cf. Salisbury & Frey, 2001). Wide, rectangu-
lar dorsal osteoderms with reduced or absent
keels are known in dyrosaurids and gavialoids
(e.g., Schwarz et al., 2006).

The median suture (= sutura mediana) is
preserved, indicating a tight midline articula-
tion between this osteoderm and its contralat-
eral counterpart, and demonstrating that it
comes from the right side. The lateral margin is
gently rounded and does not show evidence of
a suture. This strongly suggests that the osteo-
derms were arranged in two parasagittal rows,
thereby contributing to a biserial paravertebral
shield.

The gastral osteoderm (Fig. 4D-F) is rough-
ly trapezoidal in shape, with two subparallel,
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straight sides and two irregular margins. At
least three of these borders have sutures, indi-
cating that the osteoderm articulated with sev-
eral others in a gastral shield. It is flat in axial
and lateral views. The superficial surface is or-
namented with deep, subcircular pits, where-
as the deep surface is smooth. This polygonal
form of the gastral osteoderm is common in
non-eusuchian mesoeucrocodylians.

5. Discussion

Here we describe the most complete ver-
tebrate material from the middle Eocene Ka-
ninah Formation of Yemen, comprising a col-
lection of crocodyliform dental and postcranial
elements. The ziphodont tooth morphology,
together with the biserial paravertebral shield
organization and polygonal gastral osteoderm,
are generally consistent with a mesoeucroco-
dylian, likely within selected ziphodontan no-
tosuchians. However, the possibly procoelous
anterior caudal vertebra associated with the
dental and integumentary elements argues
against this. Although the poor preservation of
the centrum renders the exact characterisation
of the central articular facets incomplete, the
partially preserved posterior articular surface
of the centrum appears to form a convex mar-
gin, strongly suggesting that the succeeding
vertebra in the series would have exhibited an
anteriorly concave (i.e., procoelous) centrum.
Although procoelous vertebrae have histori-
cally been associated with Eusuchia, they have
also been identified in certain non-eusuchian
mesoeucrocodylians such as atoposaurids. If
procoelous, the vertebra taken together with
the ziphodont tooth and osteoderm organisa-
tion are most consistent with the suite of char-
acteristics exhibited by atoposaurids.

The Atoposauridae form a clade of
small-bodied (dwarf) crocodyliforms first
known from Late Jurassic and/or Early Creta-
ceous strata in Western Europe (Buscalioni &
Sanz, 1988, 1990). The group is represented by
Brillanceausuchus from the Early Cretaceous of
Cameroon (Michard et al., 1990; Martin et al.,
2010), and isolated, atoposaurid-like teeth have
been discovered in North America. Recently,

craniodental remains pertaining to the atopo-
saurid Theriosuchus were discovered in Thai-
land (Lauprasert et al., 2011), with additional
specimens from Romania extending the clade
into the Late Cretaceous (Martin et al., 2010). If
the Kaninah material indeed represents an at-
oposaurid, this discovery would represent the
first occurrence of the group from the Arabian
Peninsula, and would constitute the first Ceno-
zoic occurrence of Atoposauridae, indicating
that at least a representative atoposaurid (or
atoposaurid lineage) survived the end-Creta-
ceous extinction event.

Among crocodyliforms, several clades are
known to have survived this event. These in-
clude dyrosaurids, goniopholidids, and trema-
tochampsids (e.g., Markwick, 1998; Hill et al.,
2008). The discovery of an atoposaurid croco-
dyliform in the middle Eocene would further
corroborate the hypothesis that crocodyliform
lineages did not universally experience a di-
versity crises caused by the event (Markwick,
1998; Fara, 2000). This discovery would also
imply a temporal extension for the clade of ~30
million years, suggesting that additional diver-
sity within the clade may remain to be found in
strata of intervening ages, which is not entirely
implausible considering the recent temporal
extension of the clade into the Late Cretaceous
(Martin et al., 2010). Alternatively, given the
relative paucity of information from the mid-
dle Eocene of Afro-Arabia, the combination of
characteristics exhibited by the Kaninah croco-
dyliform may in fact represent a poorly known
form exhibiting a character mosaicism as yet
unrecognised among crocodyliforms. Testing
among these alternative hypotheses awaits
discovery of more complete materials.

6. Conclusions

Until recently, the continental record of Pal-
aeogene vertebrates from the Arabian Penin-
sula extended no earlier than the Oligocene,
with anurans described from the late Oligocene
Yemen Volcanic Group (Henrici & Baez, 2001),
and a more diverse fauna recovered from early
Oligocene deposits in the Ashawq Formation
of Oman (e.g., Thomas et al., 1989; Seiffert et al.,
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2012). More recently, an anthropoid primate was
described from the mid-late Oligocene Shumay-
si Formation of Saudia Arabia (Zalmout et al.,
2010), and the discovery of a large-bodied mam-
mal in the Aydim Formation of Oman has for the
first time revealed continental mammals from as
early as the late Eocene (Al-Sayigh et al., 2008).

Fossils recovered from the Middle Eocene
Kaninah Formation constitute the earliest Pal-
aeogene record of continental vertebrates from
the Arabian Peninsula, thereby offering the
first glimpse at the region’s fauna subsequent
to the end-Cretaceous extinction event. During
the Cenozoic, the Arabian plate separated from
continental Africa and assumed a closer geo-
graphic relationship with Eurasia. Hence, the
vertebrate fossil record of the Arabian Penin-
sula also holds keys for understanding the se-
quence and timing of faunal interchanges that
occurred as a result of major tectonic events,
with a shift from a primarily Afro-Arabian
fauna in the Palaeogene to a more cosmopol-
itan fauna in the Neogene during its time as
a ’crossroads’ for biogeographic dispersals
(Flynn & Jacobs, 1999; Winkler, 1992, 1994). The
crocodyliform at Kaninah offers the intriguing
hypothesis of a long-surviving atoposaurid in
the region, or perhaps the presence of an alto-
gether unknown crocodyliform with a unique
combination of morphological features.

In any case, preservation of associated ma-
terials at Kaninah raises new questions and
offers promise for additional discoveries that
may better document the region’s role in re-
vealing relictual forms, first occurrences, and
evidence of faunal dispersals across the Arabi-
an landmass. Work in Kaninah and in the vast
expanse of continental deposits farther west is
the focus of ongoing work by the Yemen Pale-
ontology Project, with the aim of further doc-
umenting Cenozoic vertebrate evolutionary
history throughout the region.
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