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Abstract

A new Diaphanopterodea (Insecta, Palacoptera, Megasecopteromorpha), Sinoelmoa yangquanensis gen. et sp. nov., is described based
on a single specimen discovered from the Shuiquan Gully locality (Shanxi Formation; Permian, Cisuralian, Asselian; China). A broad
comparative analysis of the wing venation of the known members of the diaphanopterodean families Parelmoidae and Elmoidae allowed
assigning the new taxon to the former family. This new occurrence represents the first record of a Permian Diaphanopterodea from China,
and both the earliest and most oriental record for the Parelmoidae. It sheds new light on the distribution and diversity of these extinct taxa.
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Introduction

Theinsectorder Diaphanopterodea,amember ofthe broader
taxon Megasecopteromorpha Béthoux, 2020 in Yang et al.
(2020), is a particular member of Late Palacozoic faunas.
Compared with other megasecopteromorphan lineages, it
is represented by fewer species and fossil specimens. The
capacity of these insects to hold wings backwards, along
the abdomen, at rest (‘neoptery’) has long been consid-
ered a distinctive feature of the group (Carpenter 1992).
Different opinions emerged as to whether the occurrence
of this ability, in such ancient insects, should be regarded
as the ancestral condition for the entire winged insects, or
should be accounted for by convergent acquisitions, within
Megasecopteromorpha and within Neoptera (Yang et al.
2020; and references therein). The latter hypothesis is now
generally accepted. Also, in the course of their 75 million
years of evolution, the group evolved very small forms,
with a very reduced wing venation (Carpenter 1992) remi-
niscent of that of Hymenoptera.

One of the best documented families is the Parelmoidae
Rohdendorf, 1962, composed of various Cisuralian (i.e. lower
Permian) genera and species from Czech Republic (Obora;
Sakmarian), USA (Elmo & Midco; Artinskian), France
(Lodeéve; Kungurian) and Russian Federation (Chekarda;
Kungurian). Here, we describe a new, isolated wing discov-
ered from the Shuiquan Gully, Shanxi Formation (China;
Asselian), which can be confidently assigned to this family.
Our broad comparative analysis suggests that it belongs to
a previously unknown genus and species. It constitutes the
first record of Permian Diaphanopterodea from China.

Material and method
Geological setting
The new material (specimen YQZYW 15) was collected

from the siltstone layer of the middle Shanxi Fm., in a rock
profile at Duanjiabei District, Yanquan, Shanxi Province,

Copyright Nan Yang et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.
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North China (Fig. 1A—C). The Shanxi Fm. (also spelled
‘Shansi’ in some accounts) is a set of deposits of conti-
nental-oceanic interaction facies, mainly consisting of coal,
mudstone, siltstone, and sandstone, which conformably
overlies the Taiyuan Fm. and conformably underlies the
Xiashihezi Fm. (Fig. 1D). The upper part of the fossiliferous
layer is blackish grey and contains some invertebrates, such
as brachiopods and gastropods, while the lower part is grey
with abundant plant fossils, including Neuropteris ovata,
Pecopteris orientalis, Pecopteris linsiana, Pecopteris sp.,
Sphenopteris nystroemii, Sphenopteris sp. and Cordaites
sp. (Fig. 1D) (Wu 1997). The newly described insect
specimen was collected from the lower layer. Based on lith-
ological characters, this layer likely belongs to the Shanxi
Fm., which is Asselian in age (Permian, Cisuralian; Shen S.
et al. 2020; Shen B. et al. 2022).

Documentation of fossil material

The new material (specimen YQZYW 15) is housed at
Yangquan City Planning and Natural Resources Bureau
(Geological Specimen Room). It was photographed using
a Nikon SMZ25, and a Canon 5DS coupled with a Canon
MP-E 65 mm macro lens, under both dry and ethanol
conditions. Photographs of this specimen reproduced
herein are the result of a combination of photographs
taken under both dry (best-preserved side) and ethanol
conditions (both sides) (‘eth-eth-dry’ composite).

New photographs of material housed at the Museum
of Comparative Zoology (MCZ; Cambridge, MA, USA)
were provided by the MCZ staff. A photograph of the
specimen PIN 1700/492 (Paleontological Institute,
Academy of Sciences; Moscow, Russia; part of Fig. 2F)
was provided by Anastasia Felker. All photographs were
optimized using Adobe Photoshop CS6 (Adobe Systems,
San Jose, California, USA).

New photographic data on the specimen Ld LAP 365
(Musée of Lodeve, France) were also collected. Two
reflectance transformation imaging (RTI) files were
generated based on photographs taken using a ~30 cm
diameter, automated light dome driving a Canon EOS
5DS digital camera, itself coupled to a Canon MP-E
65 mm macro lens. The first file provides an overview
of the side Ld LAP 365a, while the second file is focused
on the wing base of the side Ld LAP 365b (each based
on a set of 42 photographs). Original photographs were
optimized using Adobe Photoshop CS6 prior to RTI
processing, itself achieved using the RTI builder soft-
ware (Cultural Heritage Imaging). We provide an online
Dryad dataset (Yang et al. 2024, forthcoming) containing
these RTI files. Images (other than drawings) reproduced
on Fig. 5 were extracted from the overview RTI file, the
second item having been obtained using the ‘normals
visualisation” mode, which assigns a colour code to each
pixel according to the orientation of the vector perpendic-
ular to the plane tangent to the object at the corresponding
point. This extract was optimized for contrast.

fr.pensoft.net

In addition to photographs, hand-drafted drawings
were also produced. For the MCZ material such drawings
were prepared using an unspecified dissecting microscope
equipped with a drawing tube; for the specimen Ld LAP
365, hand-drafted drawings were prepared using a Zeiss
SteREO Discovery V8 Stereomicroscope equipped with
a pair of W-PL 10x%/23 eye pieces, a Plan Apo S 1.x FWD
objective, and a drawing tube (Jena, Germany); and for
the specimen YQZYW 15, hand-drafted drawings were
prepared using a Leica MZ75 equipped with a drawing
tube. Final drawings were then prepared using both
draft drawings and photographs. For the specimen PIN
1700/492, a drawing was derived from photographs only.

Terminology

We follow the serial insect wing venation groundplan
and the associated wing venation nomenclature (Lameere
1922, 1923; Kukalova-Peck 1991). Abbreviations are
repeated for convenience: ScA, Subcosta anterior; ScP,
Subcosta posterior; R, Radius; RA, Radius anterior; RP,
Radius posterior; M, Media; MA, Media anterior; MP,
Media posterior; Cu, Cubitus; CuA, Cubitus anterior;
CuP, Cubitus posterior; AA, Analis anterior; AP, Analis
posterior. The identification of AP veins must be regarded
as tentative, as the corresponding veins are convex.

Systematic Palacontology

Class Insecta Linnaeus, 1758

Taxon Rostropalaeoptera Kukalova-Peck, 2000 in
Wootton & Kukalova-Peck (2000)

Taxon Megasecopteromorpha Béthoux, 2020 in Yang
et al. (2020)

Order Diaphanopterodea Handlirsch, 1906

Remarks. Commonly among Megasecopteromorpha,
and more particularly in Diaphanopterodea, MA shows
some degree of connection with RP. It ranges from
a connection via a strong cross-vein, shortly after the
origin of MA, to a full fusion with R, then continuing
along RP, from which MA diverges at some stage.
Because Diaphanopterodea also exhibit oblique cross-
veins, it can sometimes be difficult to determine whether
an oblique structure occurring between RP and MP is
the genuine MA or a cross-vein. Unlike previous authors
(Carpenter 1963, 1992; Béthoux and Nel 2003), Prokop
and Kukalova-Peck (2017) suggested that a full fusion of
MA with R/RP occurred in Diaphanoptera Brongniart,
1893, the type-genus of the family from which the
names of the order derives. These authors based their
interpretation on vein elevation as observed in the spec-
imen MNHN.F.R51214, holotype of Diaphanoptera
munieri Brongniart, 1893. However, our observation
reveals that rock compression this particular specimen
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Figure 1. Geographic and stratigraphic information on the Shuiquan Gully locality (red triangle). A—C. Location of the collecting site,
on A. The palaeogeographic map of early Permian (Cisuralien); B. The map of Shanxi Province, China; C. The map of Shuiquan Gul-
ly locality, Yangquan City. D. Chronological framework of the Early Permian strata according to Shen S. et al. (2020), Shen B. et al.
(2022) and Sun et al. (2022), with indication of the fossil horizon (abbreviations: HSL, Houshi Limestone; QSL, Qianshi Limestone;
SJSL, Sijieshi Limestone). Scale bars: 150 km (B); 1 km (C). The palacogeographic map of early Permian (Cisuralien), redrawn by A.
Lethiers (CR2P, Paris, from reconstruction by R. Blakey. All Chinese maps data source, Tianditu (www.tianditu.gov.cn, 2024/05/08).
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A ScP D ScP

< MA F ScpP

Figure 2. Wing venation of representatives of Parelmoidae Rohdendorf, 1962. A-D. Representatives of the genus Parelmoa Carpenter,
1947. A. Parelmoa revelata Carpenter, 1947, holotype, specimen MCZ 4822, drawing of right forewing and photograph (positive imprint,
light-mirrored). B, C. Parelmoa radialis Carpenter, 1947. B. Holotype, specimen MCZ 4825, drawing of left forewing and photograph
(negative imprint, flipped horizontally, light-mirrored). C. Paratype, specimen MCZ 4824, drawing of left forewing and photograph (neg-
ative imprint, flipped horizontally). D. Parelmoa obtusa Carpenter, 1947, holotype, specimen MCZ 4823, drawing of left forewing and
photograph (composite of both sides). E. Pseudelmoa ampla Carpenter, 1947, holotype, specimen MCZ 4826, drawing of right forewing
and photograph (positive imprint). F. Permuralia maculata (Kukalova-Peck & Sinichenkova, 1992), paratype, specimen PIN 1700/492,
drawing of right forewing and photograph (negative imprint). Photographs of MCZ material, Museum of Comparative Zoology, Harvard
University, ©OPresident and Fellows of Harvard College, CC BY-NC-SA 4.0; photograph of PIN specimen, courtesy A. Felker.
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experienced (like several other Commentry specimens)
makes it impossible to derive a solid inference on the
elevation of elements attributable to MA. In contrast,
the specimen MNHN.F.R51196 [considered conspecific
to the specimen MNHN.F.R51214 by Béthoux and Nel
(2003)] is better preserved in that respect. Our observa-
tion revealed that the structure regarded as the base of
MA by Béthoux and Nel (2003) and as a cross-vein by
Prokop and Kukalova-Peck (2017) is indeed concave,
while MA is convex distal to the point where it diverges
from RP. This difference in elevation underlies the argu-
ment by Prokop and Kukalova-Peck (2017). However,
an elevation shift, applying to both MA and CuA, is a
general feature of the broader taxon Rostropalacoptera
(Béthoux 2008). Most decisively, in Eukulojidae, whose
wings lack cross-venation, the then undisputable bases
of MA and CuA are both concave for a short distance
before turning convex, after having approached RP and
M, respectively (Béthoux 2008: fig. 3). The assumption
that MA is fused very early with R/RP in Diaphanoptera
is therefore unsubstantiated.

Family Parelmoidae Rohdendorf, 1962

Type genus. Parelmoa Carpenter, 1947.

Included genera. Diapha Kukalova-Peck, 1974;
Elmodiapha  Kukalova-Peck, 1974;  Paradiapha
Kukalova-Peck, 1974; Permelmoa Prokop & Nel,
2011; Permodiapha Kukalova-Peck, 1974; Permuralia
Sinichenkova & Kukalova-Peck, 1997; Protodiapha
Kukalova-Peck, 1974; Pseudelmoa Carpenter, 1947;
Stenodiapha Kukalova-Peck, 1974; Sinoelmoa gen. nov.

Commented diagnosis. ScP long, ending beyond the
first fork of RP (plesiomorphy within Diaphanopterodea);
near wing base, shortly after its origin, CuA fused for
some distance with, or running closely along, R+M
(apomorphy; as currently documented, shared with
all Diaphanopterodea except Sinodiaphidae, in which
CuA is connected with M by a short cross-vein, and
Diaphanopteridae, in which the connection of CuA and
M is very brief); first cross-vein in the CuA—CuP area
very short and oblique, with CuA displaying a clear
inflexion at the point of connection with this cross-vein
[also present in Diaphanopteridae, Carrizodiaphanoptera
and, to some extent, Elmoidae (Fig. 3); possibly an
apomorphy of the entire Diaphanopterodea —except for
Sinodiaphidae, in which this state is primarily absent—,
and with presumed secondary losses in various families,
such as Martynoviidae]; MP branched (plesiomorphy
within Diaphanopterodea); CuP with 1-3 distal branches
(plesiomorphy within Diaphanopterodea); developed
anal area (putative apomorphy for the family).

Remarks. The combination of (i) an overall rich
venation, (ii) a long fusion of CuA with R+M (or, CuA
running very close to R+M for some distance), and (iii) a
cua-cup cross-vein very short, is generally used to iden-
tify members of the Parelmoidae. The Pennsylvanian

Diaphanopteridae differ from this family only by lacking
character state (ii) (see Béthoux and Nel 2003). Given the
polarity of several character states listed as diagnostic of
the family, it is not excluded that this taxonomic concept
might represent a paraphyletic entity, to include other
Diaphanopterodea families, such as Elmoidae.

Carpenter (1992) considered the six genera and 10
species reported from the Obora locality (Permian,
Cisuralian, Sakmarian), and originally assigned to the
Elmoidae or Parelmoidae (Kukalova-Peck 1974), as
of uncertain familial affinities. Addressing aspects of
species delimitation, and the systematics of these species,
is made difficult by post-depositional deformations this
material endured. Nevertheless, wing venation character
states they display tend to indicate a placement to the
family Parelmoidae as delimited above, in particular the
well-developed anal area. Also, despite deformation, this
comparatively large sample allows appreciating varia-
tion in character states variability (in other words, how
the extent of variability varies within families), likely
to differ among (and within) the closely related families
Diaphanopteridae, Parelmoidae and Elmoidae (see below
and Kukalova-Peck and Sinichenkova 1992).

Notably, a distal fork of CuP is common in the Obora
material, with some specimens displaying an early fork,
and even a 3-branched CuP. The relation between RP
and MA is also very variable across the corresponding
species, ranging from a complete lack of fusion to a long
one. In contrast, species of the genus Parelmoa Carpenter,
1947 (Fig. 2A-D) show more stable venational features
(CuP simple; MA and RP connected by a short cross-
vein). Among other Parelmoidae, the monotypic genera
Pseudelmoa Carpenter 1947 (Fig. 2E) and Permuralia
Sinichenkova & Kukalova-Peck, 1997 (Fig. 2F) remain
similar to Parelmoa spp. in most of their venational
features. Also, Elmoa trisecta Tillyard, 1937 (Elmoidae;
Fig. 3) shows rather stable venational features, with a
consistent occurrence of a (i) distally forked CuP and (ii)
a MA distinct from RP, with a cross-vein connecting the
two veins shortly after the origin of the latter. The Obora
material is therefore unusual in several respects. Instead
of attempting to finely resolve relationships between the
corresponding taxa, whose variability in many aspects
cannot be properly appreciated, we believe it is more
sensible to use the Parelmoidae as a broad taxonomic
concept, possibly paraphyletic (i.e., a grade), to include
the Obora material.

Genus Sinoelmoa Yang, Cui, Xu & Béthoux, gen. nov.
https://zoobank.org/3FA908E9-C520-454C-8FE0-1 A4F1909COBF

Type species. Sinoelmoa yangquanensis Yang, Cui, Xu
& Béthoux, sp. nov.

Etymology. Named after the ancient Greek prefix
Sino- (China), and the genus Elmoa.

Species included. Type species only.

Diagnosis. By monotypy, same as for the type species.

fr.pensoft.net
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Figure 3. Wing venation of Elmoa trisecta Tillyard, 1937 (Elmoidae Tillyard, 1937). A. Specimen MCZ 4590, drawing of left
forewing and photograph (negative imprint, reversed, light-mirrored). B. Specimen MCZ 4593, drawing of right forewing and pho-
tograph (negative imprint, light-mirrored). C. Specimen MCZ 4606, drawing of right forewing and photograph (negative imprint,
flipped horizontally). D. Specimen MCZ 4592, drawing of right forewing (positive imprint). E. Specimen MCZ 4591, drawing
of wings and photograph (positive imprint). F. Specimen MCZ 4594, drawing of left forewing and photograph (positive imprint).
Abbreviations: LFW, left forewing; LHW, left hind wing; RFW, right forewing; RHW, right hind wing. All photographs, Museum
of Comparative Zoology, Harvard University, ©OPresident and Fellows of Harvard College, CC BY-NC-SA 4.0.
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Sinoelmoa yangquanensis Yang, Cui, Xu & Béthoux,
Sp. nov.
https://zoobank.org/541893E5-C3B2-42FB-A772-14B700882B0D
Fig. 4

Type material. YQZYW 15, part and counterpart.

Etymology. Named after the Yangquan city where the
Shuiquan Gully locality is located.

Type locality. The specimen was collected at the
Shuiquan Gully locality; Shanxi Formation, Permian,
Cisuralian, Asselian (Shen S. et al. 2020; Shen B. et al.
2022); near Yangquan City, Shanxi Province, China.

Diagnosis. Area between anterior wing margin and
R/RA dark; ScP vanishing in the area between anterior
margin and R/RA; MA/MP split opposite the RA/RP split
(as opposed to MA/MP split well distal of RA/RP split);
CuP forked; AA long (as opposed to AA short), ending on
posterior margin beyond wing mid-length.

Description. Positive and negative imprints of a
right forewing, distal part missing; dark area between
anterior margin and R/RA; near wing base, preserved
anterior wing margin very oblique, suggestive of the
presence of a short portion of ScA distinct from the ante-
rior wing margin (see Fig. 4A); ScP vanishing in the area
between the anterior wing margin and RA, just beyond
the brief RP-MA connection; stem of R+M convex, with
a distinct inflexion opposite the point of separation of R
and M (located about 3.6 mm distal from wing base);
RA convex, simple and strong, parallel to anterior wing
margin; RP posteriorly pectinate, with 3 simple branches
preserved; MA/MP split opposite the RA/RP split; MA
diverging anteriorly and then shortly connected with
RP; MA simple; MP forked distally; short Cu stem
visible; CuA diverging anteriorly from Cu, then close
and parallel to R+M stem for some distance, suddenly
diverging posteriorly, slightly basal to the R/M split; CuA
simple; CuP forked distally; CuA—CuP area narrow until
the first cross-vein occurring in this area, which is short
and strong, located slightly distal to MA/MP split; anal
area very well-developed, with a total of eight terminal
branches (anterior-most branch, presumably AA, with
3 terminal branches); cross-veins difficult to observe,
evenly distributed over the whole wing, forming two
gradate series.

Measurements. Preserved wing length 154 mm,
width 5.5 mm.

Systematic placement. The presence of a very short
cua-cup cross-vein allows assigning the new specimen
to the Diaphanopterodea and, within this taxon, allows
excluding affinities with the Sinodiaphidae. Furthermore,
the derived state ‘long fusion of CuA with R+M (or, CuA
running very close to R+M for some distance)’ allows
excluding the new material from the Diaphanopteridae.
Then, an assignment to the Parelmoidae as delimited
above is straightforward. Nevertheless, a possible assign-
ment to the family Elmoidae was also considered. Two
main character states allow distinguishing members of this
family (Fig. 3) from the Parelmoidae (Fig. 2), namely (1)

an anal area narrow, with a simple AA (Fig. 3A, B, C, E),
sometimes with a short AP-like vein (Fig. 3D, F) (as
opposed to a well-developed anal area, with numerous
long veins, in Parelmoidae); and (2) ScP terminating on
RA near the basal third of the wing length (as opposed
to distal to the wing mid-length, in Parelmoidae). Even
though the termination of ScP is not visible in the new
material, it is clearly not directed towards RA at the point
where it vanishes, which is already distal to the point
where it reaches RA in Elmoidae. The assignment of our
new material to the EImoidae can therefore be excluded.
Within the Parelmoidae, the extent of the AA area is a
useful character to consider first. This area is distinctively
long in the new material, a state shared with Elmodiapha
(see Kukalova-Peck 1974, text-figs 1, 2), from Obora
(Czech Republic; Cisuralian, Sakmarian), and Parelmoa
(Fig. 2A-D) and Pseudelmoa (Fig. 2E), from the Elmo
& Midco localities (Kansas, Oklahoma, USA; Cisuralian,
Artinskian). However, the MA/MP split is located well
distal of the RA/RP split in these three genera, whereas
they are at the same level in new material. The new
material further differs from Parelmoa, Pseudelmoa and
Elmodiapha by the brief connection of RP and MA (the
two veins are distinct in the three genera) and the presence
of a forked CuP (this vein is simple in the three genera).
Incidentally, in addition to differences in the extent of the
AA area, the same characters allow excluding affinities
with the genus Permuralia (Fig. 2F; Chekarda, Russian
Federation; Cisuralian, Kungurian; and see Kukalova-
Peck and Sinichenkova 1992), in which RP and MA are
fused for a more or less long distance, and CuP is simple.
Permelmoa magnifica Prokop & Nel, 2011, from
the Lodéve locality (France; Cisuralian, Kungurian),
is also currently assigned to Parelmoidae. To better
assess the affinities of the new material we carried out
new observations of the material of this species (Fig. 5;
and see Yang et al. 2024). In contrast with Prokop and
Nel (2011), we observed that (i) RP has four branches
(as opposed to three); that (ii) CuA runs close to (or is
fused with) R+M for a short distance, and then sharply
diverge posteriorly from the R+M stem, just basal of the
first split of this stem, a character generally occurring
in Parelmoidae (Fig. 2) and Elmoidae (Fig. 3) (and see
Carpenter 1943, 1947, 1992); that (iii) the first fork of MP
is located distally [the basal portion of the stem regarded
by Prokop and Nel (2011) as the first posterior stem of
MP (long dotted line on Fig. 5A) is herein regarded as a
twin, shifted impression of CuA, because (i) the apical
part of the wing is preserved as a shifted impression, on
a layer different from the rest of the wing (Fig. 5A), (ii)
the elevation of this vein portion is inconsistent with
an assignment to MP and (iii) such twin imprints have
already been documented for Lodéve material (Béthoux
et al. 2007: p. 185; and O.B. pers. obs.) but also from
other fossil localities (e.g., see Béthoux 2015); it may
be the consequence of delamination and then shifting
of the two epidermic layers composing the wing, or
of multiple impressions implying a release from the
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WE o RNt , SR gy e
Figure 4. Sinoelmoa yangquanensis gen. et sp. nov., holotype, specimen YQZYW 15. A. Overview, drawing and photograph (dry-
eth-eth composite; dashed line delimiting the area missing on side a) of right forewing. B. Detail of the course of CuA, drawing and
photograph (eth-eth-dry composite), as located in A.
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A scA D&E

Figure 5. Wing venation of Permelmoa magnifica Prokop & Nel, 2011 (Parelmoidae Rohdendorf, 1962), holotype specimen Ld
LAP 365, right forewing. A. Interpretative drawing under interpretation favoured herein (dotted line, twin imprints of vein sections;
and see text), photograph (RTI extract), and normals visualization (RTI extract). B, C. Detail of the radial and median systems, as
located in A, under the interpretation followed by Prokop and Nel (2011) (B) and the interpretation favoured herein (C).
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sediment, displacement, and second impression of
a single wing, a phenomenon yet to be demonstrated
experimentally], this being consistent with previous
reports on the wing morphology of Parelmoidae and
Elmoidae (Figs 2, 3; and see Kukalova-Peck 1974); and
(iv) despite a very incomplete preservation, it can be
assessed that CuA and CuP, distal to their respective
origins, approximate each other before departing, and
are therefore most likely connected by a short, oblique
cua-cup cross-vein known in Diaphanopteridae,
Parelmoidae and Elmoidae (see above). Additionally,
we propose homology conjectures alternative to those
followed by Prokop and Nel (2011) regarding the MA/
MP split. These authors adopted a traditional interpre-
tation (Fig. 5B) involving a free stem of M splitting
into MA and MP near the origin of RP. However, this
implies the presence of a very strong, oblique cross-
vein between RA and RP (* on Fig. 5B), unknown in
other Parelmoidea and Elmoidae. A possible alternative
interpretation (Fig. 5C) predicts that the MA/MP split
occurs at the point where R and M diverge, and that
MA runs fused with R for some distance. The ‘strong
oblique cross-vein’ can then be interpreted as the base
of RP (* in Fig. 5C). Incidentally, RP and MA are then
connected by a strong cross-vein, as is commonly the
case in Parelmoidae and Elmoidae. However, the first
cross-vein in the MA-MP area is then located in a more
basal position than is usually the case in these families,
but this can be legitimately related to the more basal
position of the MA/MP split. It must be emphasized that
a R+MA common stem has already been advocated for
Permuralia sharovi (Kukalova-Peck and Sinichenkova
1992) (although a free base of MA is still present) and
is admitted for several other members of the order
Diaphanopterodea (see Prokop and Kukalova-Peck
2017: text-figs 4, 6; and in Asthenohymenidae Tillyard,
1924 and Martynoviidae Tillyard, 1932). Following
this interpretation, and in conjunction with a very long
ScP, Permelmoa magnifica stands out as a very unique
Parelmoidae. Regardless of the favoured interpretation
on the course of MA, the new material differs from
Permelmoa magnifica in many respects, including the
respective position of the RA/RP and MA/MP split, the
extent of ScP, and the extent of the AA area.

In summary, it is legitimate to erect a new genus and
species for the new material.

Discussion

Thanks to its good preservation, the material of Sinoelmoa
yangquanensis gen. et sp. nov. allows addressing some
uncertainty of the course of main veins near the wing
base in Diaphanopterodea. Except for the Sinodiaphidae
and Diaphanopteridae, the area between the Cu stem and
R+M is very narrow in these insects; and, concurrently,
the distal free portion of CuA clearly diverge in the close
vicinity of the split of R+M (into R and M). Up to now,
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this situation made it difficult to clearly assess whether the
entire stem of Cu, or CuA only, fuses with R+M (and, if so,
at which point the (R+M)+CuA fusion takes place). In the
newly described specimen a Cu stem independent from
R+M is clearly visible; and a simple CuA diverges from
it, runs along R+M for some distance, and then diverges
abruptly opposite the bending of R+M, just basal of the
R/M split (Fig. 4B). This new observation overturns the
assumption of the occurrence of a R+M+Cu/CuA early
common stem (or, of a CuA/CuP split located at the wing
base) in these insects, and instead corroborates previous
observations of a more or less brief connection of CuA
with R+M (or M alone; see Kukalova-Peck 1974: fig. 10;
Kukalova-Peck and Sinichenkova 1992). Furthermore,
it suggests that the CuA/CuP split being located oppo-
site the point where CuP patently diverges posteriorly
is a general feature of Diaphanopterodea (except for
Sinodiaphidae and Diaphanopteridae), and is likely the
case in more specialized families in which R+M and Cu
cannot be easily distinguished, such as Martynoviidae
and Asthenohymenidae. It can be reasonably assumed
that it is also the case in the megasecopteran family
Protohymenidae, which acquired an ‘Astenohymenidae’
habitus convergently.

The discovery of Sinoelmoa yangquanensis gen. et
sp. nov. has also relevance regarding the age and distri-
bution of the Parelmoidae. Being Asselian in age, it
composes the earliest occurrence of the family, but also
the most oriental one, along the eastern margin of the
Palaeothetys, on the North China Block. This new record
suggests that these rather infrequent insects may have
had a large distribution, at least along the lower latitudes
of the Northern Hemisphere.
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Abstract

Depending on taxonomic opinion, between four and five turtle species are well attested for the Middle Eocene Messel Pit formation
of Germany. Here, we describe specimen SMF ME-3495 from the Messel collection of the Senckenberg Museum in Frankfurt,
which unambiguously corresponds to an additional turtle species. The specimen consists of a partial anterior plastral lobe that can

be distinguished from other Messel turtle taxa on the basis of the presence of gular tubercles, an extensive epiplastral lip, narrow

gulars that lap onto the entoplastron, and a sinuous gulo-humeral sulcus. The fragment is not sufficient to diagnose another contem-

porary European turtle taxon, but its epiplastral lip morphology is reminiscent of “ptychogasterid” geoemydids (Cryptodira). We
also remark on bone corrosion consistent with “shell disease” and distinctive coloration.

Key Words

Geoemydidae, Gunnellichnus, pathology, Ptychogasteridae, shell disease, Testudines

Introduction

The Messel Pit quarry is a major Konservat-Lagerstitte
with a rich sub-tropical flora and fauna preserved in
black oil shale from the Middle Eocene (Lutetian, MP11)
in the State of Hesse, Germany (Smith et al. 2018). An
abundant fossil record of at least four turtle species is
recognized for this site (Cadena et al. 2018). There is
broad taxonomic agreement about three: the podoc-
nemidid Neochelys franzeni Schleich, 1993 (Cadena
2015), the trionychid Palaeoamyda messeliana (Reinach,
1900) (Cadena 2016) and the carettochelyid Allaeochelys
crassesculpta (Harrassowitz, 1922) (Joyce et al. 2012).
The taxonomy of the geoemydid turtles (Testudinoidea)
from Messel is far more contentious: the number of poten-
tially attested species ranges between one and four. A major
cause for the divergence of opinions is the extensive intraspe-
cific variation present in geoemydids in particular (Garbin
et al. 2018), and in testudinoids in general (Joyce and Bell
2004). Two morphotypes of geoemydids were first consid-
ered as two species called Ocadia messeliana Staesche,

1928 and Ocadia kehreri Staesche, 1928, and later attributed
by Hervet (2004a) to her new genera Francellia and
Euroemys, respectively. Claude and Tong (2004) proposed a
systematic treatment that synonymizes Hervet’s genera into
Palaeoemys and considers the two morphotypes as juvenile
and adult forms of a single species: Palaeoemys messeliana.
As some other authors before us (e.g., Cadena et al. 2018),
we follow the latter assessment in this contribution, but the
matter remains unsettled (Ascarrunz et al. 2021).

Other proposed geoemydids from Messel are more
dubious. Hervet (2004a) identified as Borkenia aff. oschki-
nisi the Messel specimens SMNS 54849, SMNK 395,
and IRSBN 1G28502. However, those identifications
were founded on subtle differences that could feasibly be
encompassed in the extensive variation of the Palaeoemys
kehreri morphotype. Indeed, Claude and Tong (2004)
even posited that Borkenia as a whole is a possible junior
synonym of Palaeoemys. In similar fashion, Hervet (2004a)
tentatively referred the specimens HLMD-ME 7448 and
BMNH R10869 to the geoemydid Juvemys sp., but this
genus was also contested by Claude and Tong (2004) as a

Copyright Eduardo Ascarrunz & Walter G. Joyce. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits
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junior synonym of Palaeoemys, and HLMD-ME 7448 is
a small juvenile, which is difficult to contextualize due to
the poorly understood ontogenetic variation of these taxa.

Here, we describe the Messel specimen SMF ME-3495,
a partial anterior plastral lobe consisting of much of the
epiplastra and the entoplastron. This limited material
displays distinctive features that clearly lie outside the
ranges of variation considered by previous authors for
turtles from this site. Thus, SMF ME-3495 can be safely
said to represent a distinct turtle species not previously
recorded for Messel.

Institutional abbreviations

BMNH, Natural History Museum, London (UK); HLMD,
Hessiches Landesmuseum Darmstadt (Germany);
IRSNB, Institut Royal des Sciences Naturelles de
Belgique (Belgium); SMNK, Staatliches Museum fiir

Naturkunde Karlsruhe (Germany); SMF, Senckenberg
Museum Frankfurt (Germany); SMNS, Staatliches
Museum fiir Naturkunde Stuttgart (Germany).

Material

SMF ME-3495 (Fig. 1) is housed at the Senckenberg
Museum, Frankfurt. It was found under the marker horizon
alpha (Felder and Harms 2004) at the boundary between
cells G8 and G9 of the site grid of Schaal and Rabenstein
(2012), close to the “Turtle Hill,” where numerous other
turtle fossils have been collected. It was catalogued on
the 9 of September 1999. In comparison to fragmentary,
historic material, which was often collected as float from
the surface, this specimen was collected directly from the
sediments under controlled conditions. Its partial nature
is therefore not a result of recent weathering, but rather of
decay and disarticulation prior to deposition.

Figure 1. SMF ME-3495, undetermined “ptychogasterid”, Middle Eocene (Lutetian, MP11), Messel Pit Formation, Germany. Pho-
tographs in ventral/external (A) and dorsal/visceral (B) views, with matching illustrations (C and D, respectively). Abbreviations:
el, epiplastral lip; ent, entoplastron; epi, epiplastron; gt, gular tubercle; GU, gular scute; HU, humeral scute; le, large shell disease
lesion; PE, pectoral scute; pi, pitting; vc, visceral coat. Colored areas correspond to light cream coloration discussed in the text.
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Description

SMF ME-3495 (Fig. 1) is a fragment of the anterior plas-
tral lobe, consisting of much of the epiplastra and the
entoplastron, preserved in a muted brown color like that
of other Messel turtle material of similar size. The right
epiplastron appears almost intact: cancellous bone is only
exposed in gaps along the suture with the entoplastron
and along the edge corresponding to the contact with
the missing hyoplastron. The epi-hyoplastral suture is
well-preserved, showing only some wear near the contact
with the entoplastron. This suture displays a slight
sinuous shape seen in many extant turtles (viz. Geoemyda
spengleri, Mauremys annamensis, Malayemys spp.; pers.
obs.) and its jagged edge is consistent with small sutural
interdigitations. Sutural interdigitations are more salient
on the visceral side. The left epiplastron preserves the
entire region corresponding to the gular scute, but it is
broken off, preserving only about a third of the region
corresponding to the humeral scute.

On the ventral side, there is evidence of a large lesion
in the humeral scute region encompassing the left epiplas-
tron and a small semicircular portion of the entoplastron.
The cortical bone is uniformly corroded away, beginning to
expose a finely porous layer of cancellous bone. The affected
area displays a light cream coloration and has smooth,
well-defined boundaries. This kind of damage is consistent
with a variety of “shell disease” pathologies (also infor-
mally known as “shell rot”) caused by bacterial or fungal
infections. Similar lesions have been reported for numerous
other fossil turtles (e.g., Hutchison and Frye 2001; Guerrero
and Pérez-Garcia 2021, 2022, 2023, 2024; Zonneveld and
Bartels 2023) and were recently grouped into the ichnotaxon
Gunnellichnus moghraensis Zonneveld et al., 2022.

Other minor lesions are also present on the ventral
face of the entoplastron: two small pits to the right of
the inter-humeral sulcus and another to the left, and four
small patches of cortical bone corrosion that display the
same coloration as the large lesion, but are more superfi-
cial and have more jagged boundaries. The small pit on
the left side of the entoplastron resembles the ichnotaxon
Karethraichnus Zonneveld et al., 2022. Zonneveld and
Bartels (2023) ascribed Karethraichnus to the action
of ectoparasitic invertebrates such as ticks or leeches.
Irregular whitish patches are scattered on the ventral and
visceral sides of the epiplastra. They are faint at the center
and more opaque at the periphery. These are likely tapho-
nomic discolorations not associated with bone corrosion.

In ventral view, the anterior margins of the gular
regions of the epiplastra are straight and form an angle of
about 160° at the midline meeting point. In frontal view,
these margins form a slight concavity that would have
accommodated the head. In lateral view, there is an angle
of about 150° between the planes of the entoplastron and
the epiplastra. The latter are gently curved upwards.

The entoplastron appears complete on the right side. As
with the epi-hyoplastral suture, the suture lines in the ante-
rior and right regions of the entoplastron are well preserved

considering that their overall shape is consistent with attested
turtle anatomy and the appearance of its edges is consistent
with interdigitations. The posterior edge of the entoplastron
is overall well preserved as well, but some interdigitations
are less pronounced and some wear cannot be ruled out. The
left part of the entoplastron is broken off laterally. Slightly
more than half of its medial side is preserved.

In ventral view, the gular scutes are about 1.2 times
longer (= length of the inter-gular sulcus) than they are
wide (= distance between the external end of the inter-
gular sulcus and the external end of the gulo-humeral
sulcus), and they clearly lap onto the entoplastron. They
bear small tubercles at the margin with the humeral scutes,
which accentuate the overall quasi-triangular shape of
the scutes in ventral view. The gulo-humeral sulcus has
a sinuous shape. At the level slightly anterior to half the
medial length of the epiplastra, it distinctly bows into the
gular, but more posteriorly, it bows more gently into the
humeral, crossing the ento-hyoplastral suture. The curva-
ture is such that the left and right gulo-humeral sulci meet
the inter-gular sulcus at near-straight angles, forming
together a parabolic section over the entoplastron.

The humero-pectoral sulcus crosses the entoplastron very
near to its posterior edge. It is straight and forms an angle
slightly smaller than 90° with the inter-humeral sulcus.

The anterior border of the visceral face of the plas-
tron was also covered by the gular and humeral scutes,
as is common in most testudinoids. This border is quite
extensive, encompassing over 50% of the epiplastra. The
part that is covered by the gular scutes is distinctly raised,
forming a shelf or “epiplastral lip” (Fig. 1). This lip spans
about 70% of the inter-epiplastral suture at the midline.
The posterior border of the visceral face of the gular scutes
is longer than the anterior border, defining a roughly trap-
ezoidal outline. The anterolateral tubercles formed by the
gular are visible in this view as well. The visceral area is
covered by a material that forms a thin and patchy coat,
irregularly colored in light cream and more orangish tones
(“visceral coat” in Fig. 1). The posterior half of the ento-
plastron is textured by numerous fine foramina.

Discussions

Taxonomic status

Any affinities of SMF ME-3495 with the Messel pan-tri-
onychians Palaeoamyda messeliana and Allaeochelys
crassesculpta can be easily ruled out, because these soft-
shelled turtles feature highly apomorphic plastral bone
configurations with characteristic ornamentation and no
plastral scute sulci (Joyce et al. 2012; Cadena 2016).

The Messel pleurodiran Neochelys franzeni differs
from SMF ME-3495 (Fig. 2A) by the presence of
extragular scutes, a single median gular, and a more
anteriorly located humero-pectoral sulcus relative to the
contact between the epi-hyoplastral suture with the ento-
plastron (Cadena 2015).
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Neochelys franzeni
SMF ME1091

HLMD ME13437

Merovemys ploegi
Hervet (2006)

Palaeoemys messeliana
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\ ~/4
\

Palaeoemys kehreri
SMF ME11389

SEvE

Geiselemys ptychogastroides
GM XXXVI 204 62

Figure 2. Anterior plastral lobes of select turtle taxa from the Eocene of western Europe. The pleurodire Neochelys franzeni (SMF
ME1091, Messel Pit, Middle Eocene) in ventral aspect (A), based on Cadena (2015). The geoemydid Palaeoemys “messeliana”
(HLMD ME13437, Messel Pit, Middle Eocene) in ventral aspect (B). The geoemydid Palaecoemys “kehreri” (SMF ME11389, Mes-
sel Pit, Middle Eocene) in ventral (C) and visceral (D) aspect. Hervet’s (2006) reconstruction of the “ptychogasterid” Merovemys
ploegi (northern France, Early Eocene) in ventral (E) and visceral (F) aspect. The “ptychogastrid” Geiselemys ptychogastroides
(GM XXVI-204/62, Geiseltal, Middle Eocene) in ventral (G) and visceral (H) aspect. Grey lines and shading represent breakage

lines or regions covered by other structures.

SMF ME-3495 differs markedly from the Messel geoe-
mydid morphs Palacoemys messeliana and P. kehreri
(Fig. 2B-D) as described in a recent paper (Ascarrunz
et al. 2021). The new specimen’s gular scutes are longer
than wide, clearly lap onto the entoplastron, and form a
sinuous sulcus with the humeral. This contrasts the gulars
of both P. messeliana and P. kehreri, which are broader
than long, do not lap or barely onto the entoplastron, and
form a straight sulcus with the humeral. The overall shape
of the gulars in SMF ME-3495 makes the gular tubercles
more distinct than in P. messeliana and P. kehreri. Lastly,
while SMF ME-3495 displays a distinct epiplastral lip on
the visceral side of anterior plastral lobe, this character
is incipient to absent in P. kehreri (SMF-ME 3774 and
SMF-ME 11389, Fig. 2D). The relevant area cannot be
observed in P. messeliana.

Thedistinctepiplastral lipwith lateral swellings and gular
tubercles of SMF ME-3495 are consistent with the diag-
nosis of the putative clade “Ptychogasteridae” De Stefano,
1903 (Hervet 2004b, 2006). Among Eocene “ptychogas-
terids”, SMF ME-3495 stands out by the presence of a
markedly sinuous gulo-humeral sulcus, but the shape and
dimensions of the epiplastral lip are within the range of
variation of the group without clearly matching any partic-
ular figured specimen (Hervet 2004b, 2006; Schifer 2012;
Bourque 2022). The two spatially and temporally closest
named “ptychogasterids” are Merovemys ploegi Hervet,
2006 from the Early Eocene (Ypresian, MP 7; Fig. 2E, F)
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of France (Hervet 2006) and Geiselemys ptychogastroides
(Hummel, 1935) from the Middle Eocene of Geiseltal
(Lutetian, MP 11-13; Fig. 2G, H). SMF ME-3495 some-
what bridges the morphological gap between Merovemys
ploegi and Geiselemys ptychogastroides by having a more
expanded anterior plastral lobe with widely spaced gular
tubercles, unlike Merovemys ploegi, but not yet having
achieved the extremely long epiplastral lip, as seen in
Geiselemys ptychogastroides. Still, the erection of a new
species for SMF ME-3495 is unwarranted on the basis of
the scant material, also given that, as figured by Schafer
(2012), “ptychogasterids™ display extensive intraspecific
variation of the epiplastral lip character complex in partic-
ular, likely also during ontogeny. Thus, we tentatively
identify SMF ME-3495 as an indeterminate “ptychogas-
terid”. Given the great amount of interspecific variability
that is apparent to the development of the gular scutes
among geoemydids in general and the Messel geoemydids
in particular (Ascarrunz et al. 2021), combined with the
poor preservation of many Messel turtles, we cannot
rule out that this taxon is known from other specimens,
but until the epiplastral lip of additional specimens with
unclear characters favoring identity as Palaeoemys kehreri
or P messeliana have been exposed, either mechanically
or radiographically, SMF ME-3495 is the only specimen
available from Messel with likely “ptychogasterid” affin-
ities. The taxonomy of “Ptychogasteridae” itself remains
an open problem.
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Biogeography and paleoecology

A comparison of the rich Messel Pit turtle fauna to roughly
coeval faunas in France and Germany suggest a strong
taxonomic bias at this site. More than 250 individuals held
in the three largest collections (HLMD, IRSBN, and SMF)
document a dominance of the carettochelyid Allaeochelys
crassesculpta (N = 100) and the geoemydid Palaeoemys
kehreri/messeliana (N =~ 100), followed by the less
common trionychid Palaeoamyda messeliana (N =~ 40)
and the rare pleurodire Neochelys franzeni (N = 6). The
notable absence of terrestrially adapted tortoises, which
are common across France and Germany at that time
(Lapparent de Broin 2001), suggests a strong bias towards
aquatic turtles at Messel. Prior to this publication, possible
“ptychogasterids” were unknown for Messel.

There is evidence that at least some “ptychogasterids”
were terrestrial. In Geiseltal, G. ptychogastroides is most
commonly found in localities called “Trichter” (funnels).
These are holes in the forest floor, a kind of doline that
is filled up with vertebrate remains. True aquatic turtles
(e.g., trionychids) are never found there, but tortoises
and G. ptychogastroides are common (Krumbiegel
1962; Krumbiegel et al. 1983). An interpretation of SMF
ME-3495 as a terrestrial “ptychogasterid” would account
for its unusual preservation as an isolated anterior plastral
lobe, in contrast to a complete skeleton, as this suggests
transport from the outside into Messel lake. Although some
extant tortoises and terrestrial geoemydids live in moun-
tainous terrain today (e.g., Geoemyda spengleri, Manouria
impressa; Ernst and Barbour 1989), their absence from
Messel may suggest that they did not live in the volcanic
slopes that likely surrounded the Messel lake, but rather
favored flat terrain beyond this volcanic Maar lake.

Alternatively, a preference for an aquatic habitat
would be consistent with the presence of bone corrosion
lesions on SMF ME-3495, as they strongly resemble shell
disease lesions common in continental aquatic taxa (J.-P.
Zonneveld, pers. comm.; Zonneveld and Bartels 2023).
The “shell diseases” characteristic of terrestrial turtle taxa
are cutaneous dyskeratosis and necrotizing scute disease,
both of which primarily cause lesions on the epidermis
with minimal effect on bone (Zonneveld and Bartels 2023).
Even if SMF ME-3495 is indeed a “ptychogasterid”, it
is not certain that all “ptychogasterids” must have been
terrestrial. Unlike the clade of tortoises (Testudinidae),
which is uniformly terrestrial, the geoemydid clades
Cuora, Heosemys, Rhinoclemmys, and Melanochelys all
contain both aquatic and terrestrial species.

Pathology and preservation

Other hard-shelled turtles from Messel are similarly affected
by shell bone lesions, although none of them quite replicate
the features of the large lesion on the humeral scute of SMF
ME-3495, which has well-defined boundaries, lighter color-
ation, and is uniformly corroded. In most other specimens

that display pitting and bone corrosion, when large patches
(relative to scute size) of bone corrosion occur, the necrosis
tends to be deeper and very irregular, and the color is
not different from the rest of the bone (e.g. N. franzeni
SMF-ME 1267, Palaeoemys kehreri HLMD-ME 7229 and
HLMD-ME 8877). Shell lesions with lighter coloration do
occur in the P. messeliana specimen HLMD-ME 10477 and,
possibly, in the P messeliana specimen HLMD-ME 9051,
albeit the lesion borders are not well-defined. That the precise
lesion of SMF ME-3495 is not replicated in other specimens
is perhaps not surprising, as pathologies can have different
susceptibilities and manifestations in different species.

The cream-orange colored coat on the visceral aspect
of the specimen is circumscribed to the surface of the
plastron that walled the body cavity. It is interesting that
changes in coloration correspond to areas that were never
protected by scutes on the visceral side, and to the lesion
surface on the ventral side, where the scute either had
necrosed or flaked off. In other Messel turtles, similar
coloration is not observed on exposed visceral surfaces of
the plastra, or even on preserved internal organs (Galner
et al. 2001). The taphonomic significance of the color-
ation patterns is not immediately clear, but it could be
a reflection of different depositional conditions, perhaps
due to behavior, habitat, or some other factors.

Conclusions

SMF ME-3495 displays a unique combination of charac-
ters that may well be indicative of a currently unrecognized
species with affinities to “ptychogasterid” geoemydids.
Yet, these characters are largely quantitative and known to
present high variation. On the basis of the present material, a
diagnosis is unlikely to be robust enough to warrant the erec-
tion of a new species. Nonetheless, the other turtle species
hitherto described for the Eocene of Messel are sufficiently
well characterized to recognize SMF ME-3495 as distinct.

Acknowledgements

We thank Krister Smith and Anika Vogel for assistance at
the Senckenberg Messel collection and Rafaella Garbin
and John-Paul Zonneveld for comments and discussions.
We are also grateful to Edwin Cadena and Evangelos
Vlachos for suggestions that improved our manu-
script. The contribution was supported by grants from
the Swiss National Science Foundation to WGJ (SNF
200021 153502/1; SNF 200021 207377).

References

Ascarrunz E, Claude J, Joyce WG (2021) The phylogenetic relation-
ships of geoemydid turtles from the Eocene Messel Pit Quarry: a
first assessment using methods for continuous and discrete charac-
ters. Peer] 9: e11805. https://doi.org/10.7717/peerj.11805

fr.pensoft.net



264 Eduardo Ascarrunz & Walter G. Joyce: A plastron fragment reveals a new turtle species in Messel

Bourque JR (2022) A ptychogastrine (Testudines, Geoemydidae) from
the early Miocene of Panama and a review of Miocene testudinoids
from Central America. Bulletin of the Florida Museum of Natural
History 59: 16—44. https://doi.org/10.58782/flmnh.qvhz1455

Cadena E (2015) A global phylogeny of Pelomedusoides turtles with
new material of Neochelys franzeni Schleich, 1993 (Testudines,
Podocnemididae) from the middle Eocene, Messel Pit, of Germany.
PeerJ 3: e1221. https://doi.org/10.7717/peerj.1221

Cadena E (2016) Palaeoamyda messeliana nov. comb. (Testudines,
Pan-Trionychidae) from the Eocene Messel Pit and Geiseltal locali-
ties, Germany, taxonomic and phylogenetic insights. Peer] 4: €2647.
https://doi.org/10.7717/peerj.2647

Cadena E, Joyce WG, Smith KT (2018) Turtles — armored survivalists.
In: KT Smith, SFK Schaal, J Habersetzer (eds) Messel - An Ancient
Greenhouse Ecosystem. Senckenberg Biicher 80: 149-158.

Claude J, Tong H (2004) Early Eocene testudinoid turtles from Saint-Pa-
poul, France, with comments on the early evolution of modern Te-
studinoidea. Oryctos 5: 3—45.

De Stefano G (1903) Ptychogaster miocenici della Francia conservati nel
Museo di Storia naturale di Parigi. Palacontographica Italica 9: 61-94.

Ernst CH, Barbour RW (1989) Turtles of the World. Smithsonian Insti-
tution Press, Washington, DC, USA, 290 pp.

Felder M, Harms F-J (2004) Lithologie und genetische Interpretation
der vulkano-sedimentéren Ablagerungen aus der Grube Messel an-
hand der Forschungsbohrung Messel 2001 und weiterer Bohrungen.
Courier Forschungsinstitut Senckenberg 252: 151-203.

Garbin RC, Ascarrunz E, Joyce WG (2018) Polymorphic characters
in the reconstruction of the phylogeny of geoemydid turtles. Zoo-
logical Journal of the Linnean Society 184: 896-918. https://doi.
org/10.1093/zoolinnean/zIx106

GaBner T, Micklich N, Kohring R, Gruber G (2001) Turtles (Testudines,
Geoemydidae, “Ocadia” sp.) with three-dimensionally preserved
remains of internal organs from the Middle Eocene of Grube Messel
(Hessen, Germany). Kaupia: Darmstddter Beitrdge zur Naturges-
chichte 11: 111-132.

Guerrero A, Pérez-Garcia A (2021) Shell anomalies in the European
aquatic stem turtle Pleurosternon bullockii (Paracryptodira, Pleu-
rosternidae). Diversity 13: 518. https://doi.org/10.3390/d13110518

Guerrero A, Ortega F, Pérez-Garcia A (2022) Mark of ectoparasitic ac-
tivity on a bothremydid (Pleurodira) turtle shell from the Lo Hueco
site (Upper Cretaceous, Central Spain). Cretaceous Research 138:
105297. https://doi.org/10.1016/j.cretres.2022.105297

Guerrero A, Pérez-Garcia A (2023) Analysis of shell anomalies in the
Spanish Upper Cretaceous basal pan-pleurodire Dortoka vasconica
(Dortokidae). The Anatomical Record 306: 1356—1364. https://doi.
org/10.1002/ar.25042

Guerrero A, Ortega F, Martin de Jesus S, Pérez-Garcia A (2024) Post-
cranial anomalies of Eocene freshwater pleurodiran and cryptodiran
turtles from the Spanish Duero Basin. The Anatomical Record:
1-18. https://doi.org/10.1002/ar.25443

Harrassowitz H (1922) Die Schildkrétengattung Anosteira von Messel bei
Darmstadt und ihre stammesgeschichtliche Bedeutung. Abhandlun-
gen der hessischen geologischen Landesanstalt Darmstadt 6: 137-238.

Hervet S (2004a) Systématique du groupe «Palaeochelys sensu lato
— Mauremys» (Chelonii, Testudinoidea) du Tertiaire d’Europe

occidentale: principaux résultats. Annales de Paléontologie 90: 13—
78. https://doi.org/10.1016/j.annpal.2003.12.002

Hervet S (2004b) A new genus of ‘Ptychogasteridae’ (Chelonii, Testudi-
noidea) from the Geiseltal (Lutetian of Germany). Comptes Rendus
Palevol 3: 125-132. https://doi.org/10.1016/j.crpv.2004.01.001

Hervet S (2006) The oldest European ptychogasterid turtle (Testudinoidea)
from the lowermost Eocene amber locality of Le Quesnoy (France,
Ypresian, MP7). Journal of Vertebrate Paleontology 26: 839-848.
https://doi.org/10.1671/0272-4634(2006)26[839: TOEPTT]2.0.CO;2

Hummel K (1935) Schildkrdten aus der mitteleozénen Braunkohle des
Geiseltales. Nova Acta Leopoldina 2: 457—483.

Hutchison JH, Frye F (2001) Evidence of pathology in early Cenozoic
turtles. PaleoBios 21: 12-19.

Joyce WG, Bell CJ (2004) A review of the comparative morphology of
extant testudinoid turtles (Reptilia: Testudines). Asiatic Herpetolog-
ical Research 10: 53—109.

Joyce WG, Micklich N, Schaal SFK, Scheyer TM (2012) Caught in the
act: the first record of copulating fossil vertebrates. Biology Letters
8: 846-848. https://doi.org/10.1098/rsb1.2012.0361

Krumbiegel G (1962) Die Fossilfundstellen der mitteleozanen Braun-
kohle des Geiseltales. Wissenschaftliche Zeitschrift der Martin-Lu-
ther-Universitdt Halle-Wittenberg 11: 745-762.

Krumbiegel G, Riiffle L, Haubold H (1983) Das eozdne Geiseltal. A.
Ziemsen Verlag, Wittenberg Lutherstadt, Germany, 227 pp.

Lapparent de Broin F de (2001) The European turtle fauna from the
Triassic to the Present. Dumerilia 4: 155-217.

Reinach A von (1900) Schildkrétenreste im Mainzer Tertidrbecken und
in benachbarten, ungeféhr gleichalterigen. Ablagerungen. Abhand-
lungen herausgegeben von der Senckenbergischen Naturforschen-
den Gesellschaft (Frankfurt) 28: 1-135.

Schaal SFK, Rabenstein R (2012) Der Tagebau Messel in Linien und
Zahlen. Drei aktuelle Messel-Karten zum Download. Senckenberg
— Natur, Forschung, Museum 142: 376-377.

Schifer D (2012) Die Schildkréten der Gattung Ptychogaster Pomel,
1847. PhD Thesis. Ludwig-Maximilians-Universitét Miinchen.

Schleich HH (1993) Neochelys franzeni n. sp., the first pleurodiran tur-
tle from Messel. Kaupia, Darmstiddter Beitrdge zur Naturgeschichte
3: 15-21.

Siebenrock KF (1903) Schildkréten des Ostlichen Hinterindien. Sitzu-
ngsberichte der Akademie der Wissenschaften mathematisch Natur-
wissenschaftlichen Klasse 112: 333-352.

Smith KT, Schaal SFK, Habersetzer J [Eds] (2018) Messel - An Ancient
Greenhouse Ecosystem. Senckenberg Biicher 80. Schweizerbart
Science Publishers, Stuttgart, Germany, 355 pp.

Staesche K (1928) Sumpfschildkrdten aus hessischen Tertidrablagerun-
gen. Abhandlungen der Hessischen Geologischen Landesanstalt zu
Darmstadt 4: 1-72.

Zonneveld J-P, AbdelGawad MK, Miller ER (2022) Ectoparasite bor-
ings, mesoparasite borings, and scavenging traces in early Miocene
turtle and tortoise shell: Moghra Formation, Wadi Moghra, Egypt.
Journal of Paleontology 96: 304-322. https://doi.org/10.1017/
jpa.2021.92

Zonneveld J-P, Bartels WS (2023) The occurrence and significance of
ulcerative shell disease (USD) on geoemydid turtles, Middle Eo-
cene, southwestern Wyoming, United States. Palaios 11: 453—473.

fr.pensoft.net



Fossil Record 27 (2) 2024, 265-287 | DOI 10.3897/fr.27.133914

NATURKUNDE
BERLIN

Oligocene vertebrate footprints from the Lower Red Formation,
Central Iran

Nasrollah Abbassi!, Mohammad Salehi Tinooni?, Mahdi Ghorbani Dehnavi?,
Safoora Shakeri®#, Ali Eshaghi*

Department of Geology, Faculty of Sciences, University of Zanjan, Zanjan, 45371-38971, Iran

Geological Survey of Iran, South-East Territory (Kerman), No. 10, Bastani-ye Parizi Blvd. Kerman, 76157-36841, Iran
Research Affairs Olffice, Faculty of Engineering, University of Zanjan, Zanjan 45371-38971, Iran

School of Geology, College of Science, University of Tehran, Tehran 14176-14411, Iran

S~ w N

https://zoobank.org/A30F4FFF-547A4-4323-80C0-771663DF6FB7

Corresponding author: Nasrollah Abbassi (abbasi@znu.ac.ir)

Academic editor: Florian Witzmann ¢ Received 5 August 2024 ¢ Accepted 17 October 2024 ¢ Published 4 November 2024

Abstract

The Lower Red Formation (LRF) in Central Iran consists of the alternation of red-brown terrigenous sediments, marls and evaporites
with basalt intercalations, exposed under the Chattian-Burdigalian Qom Formation and deposited on Eocene volcaniclastic sediments.
The LRF is considered Rupelian in age. In the Deh Nar area, between Qom and Kashan cities, the LRF includes a basal conglomer-
ate, alternations of brown-red sandstone and shale, colored marls with evaporite diapirs and top eroded red sandstone, with dark gray
and green basalt lava intercalations. These sedimentary rocks are deposited in fluvial and playa environments, influenced by volcanic
activities. Lower sandstone layers of the LRF in Deh Nar contain numerous vertebrate footprints, mostly preserved as convex hypore-
liefs. Bird footprints are identified as Ardeipeda egretta, Aviadactyla vialovi, Avipeda phoenix and Gruipeda dominguensis. Small bird
footprints are attributed to small, incumbent anisodactyl shoreline birds, such as sandpipers, and the larger of them to Gruiformes and
Ciconiiformes, such as Ardeidae and Ciconiidae. Mammal footprints include Dehnaripus incognitus ign. nov. and isp. nov., Lophiopus
isp., Moropopus elongatus, Moropopus kashanensis isp. nov., Platykopus stuartiohnstoni, and Zanclonychopus isp.

Dehnaripus incognitus is large circular manus and pes imprints; usually, they show unorganized, large, radial surface wrinkles
and their digital or metatarsal/ metacarpal imprints are ambiguous. Moropopus kashanensis is tridactyl mammal pes and manus
imprints and is distinguished by sharp, claw-like imprints in lateral digits of the manus from Moropopus elongatus. Most probably,
the mammal tridactyl footprints of Deh Nar made by three toed, medium- to large sized terrestrial herbivores perissodactyls such
as Tapiroidea. Platykopus and Zanclonychopus, however, were remained by large carnivores such as Amphicyonidae or Ursidae.
Trackmakers of footprints in the LRF of Deh Nar area lived under hot and dry conditions of terrestrial and evaporitic environments,
after cool and dry conditions of the Early Oligocene.

Key Words

Iran, Kashan, Lower Red Formation, Paleogene, Vertebrate track

Introduction 1994; Aghanabati 2004), which have a high potential for

the preservation of vertebrate footprints in this part of
Most reports of Cenozoic vertebrate footprints from Iran,  the Middle East. Only one vertebrate tracksite has been
are related to the Eocene and Miocene series (Abbassi  reported from the Oligocene sediments of Iran (Abbassi
2022). There are, however, many other formations in  etal. 2015), which belong to the continental sediments of
the Iranian Plateau with terrestrial facies (Rahimzadeh the Eastern Mountains Zone of Iran. On the other hand,
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use, distribution, and reproduction in any medium, provided the original author and source are credited.
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the Lower Red Formation (LRF) of the Oligocene of
Central Iran, similar to the Miocene Upper Red Formation
(URF), is a good candidate for vertebrate footprint
investigations. Continental deposits of the LRF and URF
were originally identified to thick, red-bed formations
in the Qom-Kashan area of Central Iran, where these
formations lie, respectively, below and above the marine
Oligo-Miocene Qom Formation (Gansser 1955; NIOC
1959; Abaie et al. 1964; Rahimzadeh 1994). Based on
stratigraphical position, the LRF is Oligocene (Rupelian)
in age and the URF was attributed to the Middle to Late
Miocene. Unlike the URF, which has numerous Miocene
vertebrate tracksites in Central Iran (summarized in
Abbassi 2022, table 2), vertebrate footprints have not been
reported from the LRF. During the geological mapping of
the Cenozoic outcrops of Kashan area by geologists of the
Geological Survey of Iran in September 2023, numerous
bird and mammal footprints were discovered in the lower
part of the LRF, by two of us (MST and MGD). The field
studies were performed in March and April 2024, and
paleontological and stratigraphical data were collected
by three others (NA and SSh, and AE). This tracksite is
located in 3 km northwest of Deh Nar village, about 55
km southeast of Qom and 53 km northwest of Kashan,
and located in the Esfahan Province (Fig. 1A—C). The
significance of this report is the introduction of the
second Oligocene tracksite from Iran and the first record
of vertebrate tracks from the LRF of Central Iran, and
from the Esfahan Province.

Materials and methods

The study of the LRF footprints included two main
phases of field and laboratory studies. Most data have
been collected during the field studies, and they include
stratigraphical information or paleontological data, strati-
graphic position of the footprints, and preparation of
adequate photos by use of digital cameras. A Canon EOS
M2 camera (EF-M 18-55 mm, 1:3.5-5.6) was used to take
photographs of the footprints from multiple viewpoints.

The track-bearing, large, untransferable slabs were
studied in the field and 12 slabs of bird and mammal foot-
prints were sampled. Four plaster molds were prepared from
two large mammal trackways (three molds from footprints
of one trackway and one mold from two other footprints).
Bird footprints include numerous footprints (more than 160
footprints) and more than dozen trackways were identified.
Mammal footprints include 19 footprints in the 8 trackways.
These samples and plaster molds were deposited in the
private collection of one of us (NA), under the collection
numbers IFMI-680 to IFMI-688. The personal collection
materials were authorized by the Iranian Cultural, Handicraft
and Tourism Organization (ICHTO), with registered catalog
numbers (IFMI, Ichnofossil Museum of Iran, under planned,
proposed to ICHTO).

Geometrical studies of the photos of tracks and
samples were carried out in the laboratory. Geometrical
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data were used for ichnotaxonomical identification of the
footprints. We used standard methods for the geometry of
bird and mammal footprints (e.g., Leonardi 1987). The
measurement of footprints includes, stride (S) and pace
(P) length, footprints width (FW), footprint length (FL),
length of digits (DL, include digit I in bird tetrapods), digit
width (DW), and main angle between digits, including
II-1II (= al) and II-IV (= a2). Photographic analysis and
sketches of outlines of the footprints were useful in visu-
alization of the geometry of the studied footprints. Digital
three-dimensional photos of footprints were obtained by
high-resolution digital photogrammetry, according to a
standard protocol for ichnological studies (Falkingham
2012; Falkingham et al. 2018). The package Agisoft
Photo Scan Professional (Educational License) software,
and Cloud Compare software were used for this method.

Geological setting

The Iranian Middle Plateau is defined as a part of the
geological territory of Iran, which is surrounded by
the main suture lines of paleo-Tethys in the north and
neo-Tethys in the south (Stocklin 1968, 1974; Berberian
and King 1981; Aghanabati 2004). This plateau
comprises the anticlinorium Alborz Mountains to the
north, mosaic blocks of Central Iran in the middle and
the metamorphism belt of the Sanandaj-Sirjan zone
to the south. Central Iran consists of three north—south
oriented crustal domains, called the Lut, Tabas and Yazd
blocks, and is separated by N-S faults from the Eastern
Mountains Zone and other adjacent geological zones
(Aghanabati 2004; Nadimi 2007; Masoodi et al. 2013).
This part of Iran continues toward the northwest of Iran
and transverse faults and Mesozoic ophiolite belts sepa-
rate it from the Alborz Mountains in the north and the
Sanandaj-Sirjan zone in the south (Stdcklin 1968, 1974;
Moghadam et al. 2014). Since the Cenozoic, shortening
related to the Arabia-Eurasia convergence has been taken
up mainly by the Alborz and Sanandaj-Sirjan thrust-
and-fold belts, whereas Central Iran seems to show little
internal deformation (Allen et al. 2004; Agard et al. 2005;
Kargaranbafghi et al. 2011; Ballato et al. 2011; Mousavi
et al. 2023). Extensive orogenic magmatic activity started
in the Paleocene and reached a climax during the Eocene,
causing creation of the NW-SE oriented Urumieh-
Dokhtar Magmatic Arc (UDMA) along the southern part
of Central Iran (Honarmand et al. 2013; Yeganehfar et
al. 2013; Kazemi et al. 2019). These magmatic activi-
ties continued during the Late Eocene-Oligocene (Torabi
2010; Pang et al. 2013; Kazemi et al. 2019), and Miocene
(Lechmann et al. 2018; Azizi et al. 2021; Zheira et al.
2020) and some suggest that this magmatic activity has
not yet ended (Kazemi et al. 2019).

Most estimates show that the collision between the
Arabian and Eurasian continents occurred between ca.
35 and 20 Ma (McQuarrie and van Hinsbergen 2013;
Song et al. 2023), and this collision caused the closure of
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the Tethyan seaway, uplifting of blocks, and finally caused
prevailing continental conditions in Central Iran during
the Early Oligocene, and probably in the Late Oligocene.
Actually, the LRF deposited in this regional tectonic
regime, includes both continental red beds and volcanic
lavas that originated from the UDMA. Gansser (1955)
surveyed terrestrial dominated facies of the Oligocene
of central Iran and named it as LRF in the Qom area,
without introducing a type section. The thickness of the
LRF ranges from a few meters around the paleo-reliefs to
more than a few hundred meters in the central part of the
basin, so that its thickness reaches more than 800 m in the
southern part of the Great Kavir desert in north Central
Iran. The LRF consists of alternations of conglomerate,
sandstone, marl and gypsum, mostly with red and brown
colors. The LRF, however, includes mafic lavas and
volcaniclastic intercalations in the southern outcrops of
the Qom and Kashan areas and mostly near the UDMA
(Rahimzadeh 1994). There are no fossil indexes in the
LREF, and, usually, the LRF is considered Rupelian in age,
according to its stratigraphic position: over the Eocene
volcaniclastics and under the Chattian basal carbonates
of the Qom Formation.

The LRF in Deh Nar

The Oligocene rock units of the Qom-Kashan district are
known as the LRF, consisting of terrigenous sediments
with evaporite diapirs and basalt intercalations (Amini
and Emami 1996). The LRF in the Deh Nar area is about
1550 m in thickness, regardless of basalt lavas (Fig. 1D),
which covers Eocene volcaniclastic rocks on an erosional
surface and is overlain by the Oligo-Miocene Qom
Formation. The LRF includes the following lithostrati-
graphic subunits in the Deh Nar area:

The LRF begins with basal conglomerate layers (300
m), as a gray to brown paraconglomerate with sandy
matrix and carbonate cement with sandstone intercala-
tions. The Eocene igneous clasts are the main grains of
the conglomerate.

Alternations of red to brown sandstones, interbedded
with brown siltstones and shales (550 m). This part of
the LRF contains numerous vertebrate footprints. Ripple
marks, various cross laminations, and mud crack casts are
common non-biogenic structures in sandstone layers. There
are tuffaceous and mafic interbeds between the layers.

Colored marls and marly sandstones with gypsum and
salt intercalations (620 m) make up the next rock unit
of the LRF in the Deh Nar area, with eroded lowland
geomorphology. In parts, this subunit is accompanied by
alkaline basalts and cut by alkaline diabase dykes.

The final rock unit of the LRF is poorly cemented,
erodible brownish red sandstone (80 m).

The LRF of Deh Nar has two distinct lithofacies: first,
tuffite and basalt intercalations, which indicate continua-
tion of Eocene magmatic activities, which most probably
were sourced from the UDMB, and second, particular

lithofacies of the LRF in Deh Nar is seen in outcrops
of abundant diapirs of salt and gypsum deposits in the
colored marls, with an unknown source.

Systematic Paleoichnology

Bird and mammal footprints were identified in this study.
Here, we document four bird ichnogenera, with four
ichnospecies, and six mammal ichnogenera with seven
ichnospecies. Among these ichnotaxa, one monospecific
new ichnogenus and one new ichnospecies of mammal
footprints are introduced. Tables 1, 2 show the geometric
data of the tracks.

Table 1. Mean of measurements of bird footprints in the studied
samples (in millimeter).

Ichnogenus FL FW DL DW Interdigital P S
(Number measured) angle
I II IIT IV a, o,
Ardeipeda egretta (3) 44 42 11 20 27 21 4 46 70 99 125
Aviadactyla vialovi (1) 22 27 - 13 14 10 1 50 50 - -
Avipeda phoenix (4) 67 83 — 30 55 40 8 247 - 72 69
Gruipeda 26 23 6 11 16 11 1 55 48 45 89

dominguensis (20)

Table 2. Means of measurements of mammal footprints in the
studied samples (in millimeter).

Ichnogenus FL FW DL DW P S
(Number measured) I I I IV V.

Dehnaripus incognitus (7) m 120 116 - - - - — — — -
p 9% 103 - - - - — -

Lophiopus isp. (1) 59 67 - 39 34 47 - 10 - -

Moropopus elongatus (3) 132 103 - 52 88 58 — 32 420 -

Moropopus m 75 50 - 20 40 28 - 18 200 -
kashanensis (2) p 71 62 — — 42 28 — 18

Platykopus stuartjohnstoni (4) 81 83 15 18 20 19 15 20 30 57.5
Zanclonychopus isp. (2)  m 141 115 42 48 48 54 42 10 - -
p >90 110 40 40 64 48 — 12

Bird footprints

Cenozoic bird footprints comprise diverse morphotypes,
which are classified as numerous ichnotaxa. The size of
footprints, number of digits, presence or absence of web
imprint between digits, digit imprint width, quality of tip of
digit preservations, with or without claw imprint, and the
quality of connection of digit and metatarsal imprints, are
the main ichnotaxonomic criteria in bird footprint studies.
A total 36 ichnogenera have been recorded for Paleogene/
Neogene bird footprints. Some of these footprints, however,
are similar in morphology. Recently, bird footprints were
revised to 25 valid ichnogenera by Abbassi et al. (in press).
Among the bird footprint ichnotaxa, ichnogenus Gruipeda
is a common record with 15 ichnospecies and has exten-
sive distribution in northern (North America, Europe and
Asia) and southern (Argentina and South Africa) hemi-
spheres (Lucas et al. 2023). Deh Nar bird footprints include
Ardeipeda, Aviadactyla, Avipeda and Gruipeda. Gruipeda is
common and abundant bird footprint in the Deh Nar tracksite.
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Figure 1. Geography and geology map of studied area. A. Studied area in the north Esfahan Province, central Iran; B. Outcrops of
the LRF, Qom Formation and URF in the Qom-Kashan district (Modified from Amini and Emamai 1996); C. Location of studied
section in the northwest Deh Nar; studied section is marked by red star; D. Stratigraphic column of LRF in the Deh Nar area, and

position of track-bearing layers in the lower part of the section.

Ichnogenus Ardeipeda Panin & Avram, 1962

Type ichnospecies. Ardeipeda egretta Panin & Avram,
1962.

Revised diagnosis. Avian footprints showing four
digits, three (II to IV) directed forward and large, the
fourth (digit I) backward and somewhat smaller. The
interdigital angles between digits II and III and between
digits III and IV are less than 70°. The axis of digit I
corresponds, or almost corresponds, with that of digit I1I,
the interdigital angle between digits I and II being almost
equal to that between digits I and IV. Webbing absent
(emended from Sarjeant and Langston 1994).

Discussion. Numerous tetradactyl non-webbed small
to large footprints have been named from the Mesozoic
and Cenozoic deposits, and include:

Cenozoic

Alaripeda Sarjeant & Reynolds, 2001.
Antarctichnus Covacevich & Lamperein, 1970.
Archaeornithipus Fuentes Vidarte, 1996.
Ardeipeda Panin & Avram, 1962.
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Charadriipeda Panin & Avram, 1962.

Gruipeda Panin & Avram, 1962.

Iranipeda Lambrecht, 1938.

Leptoptilostipus Payros et al., 2000.
Pavoformipes Lockley & Delgado, 2007.
Tetraornithopeda Kordos, 1985 (nomen nudum).

Mesozoic

Jindongornipes Lockley et al., 1992.
Koreanaornis Kim, 1969.
Pullornipes Lockley et al., 2006.
Pulchravipes Demathieu et al., 1984.
Trisauropodiscus Ellenberger, 1972.

The characteristics for identification of this group of
bird footprints are based on the morphology and size of
footprint or digit imprints. These ichnotaxa may simply
be extramorphological (substrate-related) variations of
others and therefore are not valid, thus some of these
ichnogenera are not sufficiently distinct to be regarded as
new ichnogenera. The last revision of bird ichnogenera (by
Melchor in Abbassi et al. in press) shows that Alaripeda
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5 cm

Figure 2. A, B. Ardeipeda egretta, trackway al—-a3 and Gruipeda dominguensis (b), sampled specimen, IFMI-680; C, D. Aviad-
actyla vialovi trackway bl and Gruipeda dominguensis, trackway al—a4; mcc — mud crack cast; nvs — non-vertebrate structures;

sampled specimen, IFMI-681.

lofgreni Sarjeant and Reynolds (2001) is considered a
taphotaxon and A. bristolia, is considered comparable
with Gruipeda dominguensis. Antarctichnus Covacevich
and Lamperein (1970) was synonymized under Gruipeda
by de Valais and Melchor (2008), and Tetraornithopeda
Kordos (1985) is a nomen nudum. Pulchravipes is mono-
specific and P. magnificus was considered as the junior
synonym of Gruipeda becassi (Abbassi et al. in press).

Ichnospecies Ardeipeda egretta Panin & Avram, 1962
Fig. 2A, B

Materials. Three footprints in one trackway, sampled
specimen, IFMI-680.

Revised diagnosis. Avian tracks of moderate size,
exhibiting four digits, II to IV directed forward and I
backward. All digits are slender and relatively long; digit
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IIT is longest, II and IV about four-fifths the length of
digit III, digit I about three-fifths the length of digit III.
Digit I forms a backward prolongation to the axis of III;
the interdigital angle between digits III and IV is greater
than that between digits II and III. The digits are united
proximally. Trackway moderate; stride moderate in size
(emended from Sarjeant and Langston 1994).
Description. This trackway includes three small tetra-
dactyl footprints, preserved as hyporeliefs on the lower
bedding plane of fine-grained sandstone (Fig. 2, trackway
a,-a,). Three-digit imprints (II-IV) directed forward and a
relatively shorter fourth digit (I) directed backward. Digit
I imprint is not completely prolonged to the axis of III.
Digit imprints are straight, slender, with sharp tips, no
claw imprint is visible. Digit imprints connected to each
other in the heel imprint. Interdigital angles of II-III and
IV-III are not symmetrical, and the angle between digits
II-I1T is closer than that between digit III-IV (Table 1).
Discussion. The studied small bird footprints show
slender digit imprints with sharp tips, imprints of digit
IT and IV are slightly asymmetric relative to the digit III
axis, and show a lower interdigital angle II-III compared
that of IV-1I1, thus we considered it as Ardeipeda egretta.
Panin and Avram (1962) established Ardeipeda for small
to large tetradactyl bird footprints with three ichno-
species, A. egretta, A. gigantea, and A. incerta. These
ichnospecies have slender digit imprints with sharp tips.
Usually, the digit I imprint is large and directed along the
digit III axis, and mostly closer to digit II. Digit IV and I
imprints are not symmetrical with respect to the digit 111
axis, and the interdigital angle II-III is smaller than that
of digit III-IV. A. gigantea is a larger footprint with sharp
digit tips and relatively thicker digit imprints compared to
A. egretta. Ratios of FL/FW and FL/DL, of 4. incerta are
the same as these ratios in 4. egretta, and both footprints
have similar morphology, thus A. incerta is considered
a junior synonym of 4. egretta (Abbassi et al. in press).
Lockley and Harris (2010) suggested the replacement of
Avipeda filiportatis under Ardeipeda, but Avipeda filipor-
tatis shows distinctive heel imprints and digit I imprint
is not as clearly impressed as the imprints of the other
three, so it is not considered to belong to Ardeipeda here.
Ardeipeda is attributed to herons (Abbassi 2022).

Ichnogenus Aviadactyla Kordos, 1985

Type ichnospecies. Aviadactyla media Kordos, 1985.
Diagnosis. Bird footprint of small to medium size
consisting of three toes. The prints of all three toes are thin,
stick-like, shallowly imprinted. Longest is the middle toe,
to be followed by the gradually shorter inner and outer
toes. The distal end of the inner toe print is, in the normal
case, farther away from the basic line (the line normal
to the middle toe) than the end of the middle toe print.
Consequently, it is slightly asymmetrical (Kordos 1985).
Emended diagnosis. Avian footprints of small to
moderate size, composed of three digital impressions.
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Digits of slender to moderate width, tapering distally and
sometimes exhibiting distinct, slender claws but typically
without, or with only feeble, indication of digital pads or
interpad spaces. Length of central digit (III) less than 25%
greater than that of the lateral digits. Total interdigital span
exceeds 95°. Digits convergent proximally but usually
isolated (though digit II may have a minimal contact with
digit IT). No indication of a metatarsal pad or of webbing
between digits (by Sarjeant and Reynolds 2001).
Discussion. At first, ichnotaxonomically unwebbed
small bird footprints were named as Charadriipeda by
Panin and Avram (1962) and Avipeda by Vialov (1965).
These names were used for both tetra- and tridactyl
footprints. The diagnosis of these ichnogenera was not
clarified by authors, and later tridactyl bird footprints
introduced by Kordos (1983), including Aviadactyla,
Ornithotarnocia, and Passeripedia. Footprints of
Aviadactyla show thin digit imprints, usually unconnected,
and slightly asymmetrical digits II and IV imprints. The
type material of Ornithotarnocia shows thick asymmet-
rical digit imprints with rounded digit tips (Kordos 1983,
text fig. 1, no. 12), although some others have thinner,
unconnected digit imprints with sharp digit tips. These
thick digit imprints were the ichnotaxonomic base for
identifying Ornithotarnocia for Miocene bird footprints
California by Sarjeant and Reynolds (2001). Passeripedia
includes small tridactyl unconnected bird footprints and
differs from Aviadactyla by its smaller size. Sarjeant
and Langstone (1994) revised Passeripedia ipolyensis
Kordos (1983) and transferred it to Avipeda ipolyensis.
Melchor in a strict revision (Melchor in Abbassi et al.
in press) consider Aviadactyla as a junior synonym of
Ornithotarnocia and Passeripedia as nomen dubium. We,
however, would rather regard Aviadactyla as valid and
report the studied footprints as Aviadactyla, in the compar-
ison with other found footprints in the studied section.

Ichnospecies Aviadactyla vialovi Kordos in Kordos
and Prakfalvi 1990
Fig. 2C, D

Materials. One footprint in the sampled specimen (IFMI-
681, partim).

Revised diagnosis. Avian footprints of small to
moderate size, having slender and flexible digits (II to
IV) with slender claws whose inclination is only slightly
divergent from the digit axis. The digits lack interpad
spaces. Interdigital span variable according to pace and
substrate, ranging from about 80° to over 155°. The inter-
digital angle between digits II and III is slightly less than
between digits III and IV. Proximally the digits converge,
with digit IT sometimes in slight contact with digit III;
but digit IV is always separate and neither webbing nor a
metatarsal pad are present. The digits are of comparable
length, with digit III slightly the longest. Trackway of
moderate width; stride of moderate length (emended by
Sarjeant and Reynolds 2001).
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Description. Specimen IFMI-681 (Fig. 2B, track
b) includes one tridactyl imprint, preserved as convex
hyporelief, and consists of slender unconnected three-
digit imprints. Digit III is relatively longer and slenderer
than the lateral digits. Tips of the digits are sharp and no
digit pads are visible.

Discussion. Tridactyl unconnected footprints usually left
by digitigrade track makers. The substrate conditions such
as moisture and plasticity of sediments affect the quality
of footprint preservation. Ichnospecies of Aviadactyla, and
some Avipeda ichnospecies of (4. adunca, A. ipolyensis),
and Koreanaornis (K. hamanensis K. dodsoni, K. lii) traces
do not join digits proximally. Aviadactyla vialovi shows
more slender digit imprints than A. media and A. panini
and the digit imprints are slightly joined proximally.

Ichnogenus Avipeda Vialov, 1965

Type ichnospecies. Avipeda phoenix Vialov, 1965.

Revised diagnosis. Avian footprints of small size
(footprint length < 30 mm), showing three short, thick
digits, with distinct claws. Length of central digit (III)
less than 25% greater than that of the lateral digits. Total
interdigital span 95° or more. Digits closely convergent
or united proximally; webbing lacking or limited to the
most proximal part of the interdigital angles (modified
from Sarjeant and Langston 1994).

Discussion. At first, Avipeda was the general name for
tridactyl unwebbed bird footprints which was proposed
by Vialov (1965). Later, varieties of bird footprints were
considered as ichnospecies of Avipeda with different size
or morphologies showing similarities to several existing
ichnogenera. Thus, Sarjeant and Langston (1994)
emended the diagnosis and designated Avipeda phoenix
(Vialov 1965) as the type ichnospecies.

Ichnospecies Avipeda phoenix Vialov, 1965
Fig. 3

Materials. Four footprints preserved in three slabs
(IFMI-682/1-3).

Diagnosis. Small, tridactyl tracks up to 1.6 cm long,
digits short, relatively broad, angle (Vialov 1965; trans-
lated by Lucas 2007).

Description. Slab IFMI-682/1 (Fig. 3A, B) includes
medium-sized, tridactyl footprints, preserved as concave
epirelief on the upper bedding plane of fine-grained,
ripple-mark-bearing, brown sandstone. Digit imprints are
straight, with sharp tips, slightly deformed by reliefs of
ripple marks, and connected to each other in the heel part.
The digit IIT imprint is thicker and larger than the lateral
digits, and wider in the front part of the digits; one digital
pad is visible in the distal part of digit III. Slab IFMI-
682/2 comprises one medium-sized tridactyl footprint,
preserved as convex hyporelief in a lower bedding plane
of thin-bedded, fine-grained brown sandstone (Fig. 3C).

Digit IIT is longer than the lateral digits, and the interdigital
angle between digit I and IV is wide. The metapodium
imprint is an eminence, and the digits are connected to the
metapodium. Proximal outline of the footprints slightly
convex, without digit I imprint. Small slab no. IFMI-682/3
includes one tridactyl bird footprint, preserved as concave
epirelief on the fine-grained brown sandstone, filled by
fine-grained, lighter, silt-size sediments (Fig. 3D). Similar
to previous slabs, it shows a digit III imprint larger than the
lateral digits. One of the lateral digits (here considered as
digit IV) is thicker than the other. The tips of the digits are
round or slightly sharp in the footprint slabs of IFMI-682.

Discussion. Vialov (1965) established Avipeda with
three ichnospecies Avipeda phoenix, A. sirin, and A.
filiportatis. Later, other new ichnospecies were added
or recombined with Avipeda. Sarjeant and Langstone
(1994) recombined Passeripedia ipolyensis Kordos
(1985) as Avipeda ipolyensis but Abbassi et al. (in
press) believe that the diagnosis of P. ipolyensis lacks
any distinctive feature, and there is no description and
considered Passeripedia ipolyensis as a nomen dubium.
On the other hand, Abbassi et al. (in press) consid-
ered A. sirin as a junior synonym of A. phoenix, and
Sarjeant and Langston (1994) recombined A. filiportatis
as Gruipeda filiportatis. Thus, the valid ichnospecies of
Avipeda include:

Avipeda adunca Sarjeant & Langston, 1994.
Avipeda circumontis Lockley et al., 2022.
Avipeda gryponyx Sarjeant & Reynolds, 2001.
Avipeda phoenix Vialov, 1965.

Avipeda rastini Abbassi, 2022.

Avipeda thrinax Sarjeant & Reynolds, 2001.

The studied materials of the Deh Nar section, show
similar shape to the type materials of 4. phoenix, mainly
with its wide lateral digit angle, although the Den Nar
materials are larger.

Ichnogenus Gruipeda Panin & Avram, 1962

Type ichnospecies. Gruipeda maxima Panin & Avram
(1962)

Revised diagnosis. Footprints showing four-digit
imprints, three of which (II to IV) are directed forward
and larger, the fourth (I), directed backward, spur-like
and short. The interdigital angle between digits II and
[T and between digits IIT and IV are commonly less than
70°. The hallux imprint is posteromedially directed; the
interdigital angle between digits I and II being smaller
than that between digits I and IV. When present, digital
pad traces display the relationship I: 2, II: 2, III: 3, IV:
4. Webbing trace absent (emended from de Valais and
Cénsole-Gonella 2019).

Discussion. Gruipeda is a well-known bird footprint,
and mostly reported as tetradactyl from the Cenozoic
sediments. Panin and Avram (1962) established Gruipeda
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Figure 3. Avipeda phoenix. A. B. Preserved as concave epirelief on the ripple mark-bearing surface of sandstone (sampled IFMI-
682/1); C, D. Preserved as convex hyporeliefs (sampled specimen, IFMI-682/2-3).

for tetradactyl small bird footprints with a short descrip-
tion and without type materials. Sarjeant and Langston
(1994) emended its diagnosis and considered number,
position and shape of digit imprints, and interdigital
angel, as main characteristics of Gruipeda. de Valais
and Coénsole-Gonella (2019) however followed Sarjeant
and Langston (1994) and reformulated the diagnosis
of Gruipeda by extending the description of interdig-
ital angles and number of digital pad traces. Numerous
ichnospecies have been introduced for Gruipeda based
on original type materials or by new recombination from
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other ichnogenera. Abbassi et al. (2015, in press) listed
the following ichnospecies:

Gruipeda maxima Panin & Avram, 1962.
Gruipeda becassi Panin & Avram, 1962.
Gruipeda disjuncta Panin & Avram, 1962.
Gruipeda minor Panin, 1965.

Gruipeda intermedia Panin, 1965.
Gruipeda filiportatis Vialov, 1965.
Gruipeda grus Panin et al., 1966.
Gruipeda abeli Lambrecht, 1938.
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Gruipeda calcarifera Sarjeant & Langston, 1994.
Gruipeda diabloensis Remeika, 1999.

Gruipeda lambrechti Mirzaie Ataabadi & Khazaee, 2004.
Gruipeda dominguensis de Valais & Melchor, 2008.
Gruipeda fuenzalidae Covacevich & Lamperein, 1970.
Gruipeda vegrandiunus Fiorillo et al., 2011.

Gruipeda limosa Radan & Brustur, 1993.

Panin and Avram (1962) established Charadriipeda
disjuncta as a tridactyl bird footprint lacking a digit
I imprint. Sarjeant and Langston (1994) recombined
it as Gruipeda disjuncta. Because Charadriipeda
disjuncta is a true tridactyl this recombination is not
confirmed. Based on this reason, the recombination
of Charadriipeda (Panin, 1965) as Gruipeda minor by
Sarjeant and Langston (1994) is not correct. Avipeda
filiportatis Vialov (1965) was recombined as Gruipeda
filiportatis by Sarjeant and Langston (1994) but later
replaced under Ardeipeda by Lockley and Harris (2010).
Sarjeant and Langston (1994) considered Iranipeda abeli
(Lambrecht, 1938) as Gruipeda abeli but Abbassi et al.
(2016) and Abbassi et al. (2024) reevaluated its taxo-
nomic position and considered Iranipeda abeli as valid.
Melchor in Abbassi et al. (in press) listed Gruipeda grus,
Gruipeda diabloensis, Gruipeda limosa as nomina dubia
and Gruipeda minor and Gruipeda vegrandiunus equal
to Avipeda. He classified Gruipeda into three groups of
ichnospecies considering the footprint length (including
the hallux): 1) G. lambrechti, G. intermedia, G. filipor-
tatis and G. maxima that are large (FL, = 120-172 mm);
2) G. becassi and G. limosa have an intermediate size
(FL, = 55-65 mm); and 3) G. fuenzalidae, G. calcar-
ifera, G. dominguensis and G. diabloensis that are small
(FL, =27-35 mm).

Ichnospecies Gruipeda dominguensis de Valais &
Melchor, 2008
Figs 2, 4

Materials. Numerous footprints studied in the field
(more than 140 footprints) and one specimen sampled
(IFMI-681).

Revised diagnosis. Gruipeda preserved as tridactyl or
tetradactyl footprints, commonly with a footprint length
smaller than 50 mm, and a length/width ratio of 0.7-0.9.
Bipedal trackways displaying a zero to inward rotation
with relation to the midline, pace angulation ranging from
150° to 182°, and a stride length from 2.5 to 5 times the
footprint length. Footprints slightly asymmetrical, typi-
cally with the angle between digits II-III larger than those
of digits III-IV, and a large divarication of digits II-IV
in the range 90°-135°. Relative digit length is [ < II <
IV < 1II. Hallux impression present in almost half of the
footprints with a posterior to posteromedial position.
Occasional thomboid to rounded sole.

Description. Small tetradactyl footprints well to
poorly preserved as convex hyporeliefs on the lower

bedding plane of medium- to thick-bedded, dark brown
to brown, fine-grained sandstone layers. In the well-pre-
served footprints, all digit imprints are visible, and digit
I is smallest, has slightly inward rotation and is not along
the longitudinal axis of the footprints. Digit I and IV
imprints have the same size but are not symmetrical
around the longitudinal axis of footprint. Digit III imprint
is the longest, straight, or slightly curved and is more
bulged. Usually, all digit imprints are connected with
each other proximally by the metatarsal pad imprint. In
other imprints, digit [-II-III-IV imprints are preserved
as not connected imprints without metatarsal imprints.
Footprints have outward orientation on the trackway axis.
Some trackways show higher relief digit III imprints with
indistinct lateral digit imprints. Three to four digital pad
imprints are visible in several footprints, and usually the
tip of the digits is sharp.

Discussion. The studied small bird footprints were
preserved with different quality, and in the well-preserved
setting they are attributable to Gruipeda dominguensis.
These footprints are smaller than Gruipeda becassi and
differ from Charadriipeda minima by its smaller digit I
imprint and orientation of digit II and III imprints.

Mammal footprints

Ichnogenus Dehnaripus igen. nov.
https://zoobank.org/C9451ED2-C738-4E93-A752-E001 E463F428

Type ichnospecies. Dehnaripus incognitus

Etymology. From village Deh Nar, where the foot-
prints were discovered, and pus meaning foot.

Diagnosis. Large, circular footprints consisting of
manus and pes imprints (> 10 cm). Manus imprint is
larger than the pes, deeper in epirelief preservation.
Usually, footprints show unorganized radial large wrin-
kles, and digital and metatarsal/metacarpal position are
ambiguous. The technical imaging shows five thick digits
in the manus with large metacarpal imprints, and three-
digit imprints in the digitigrade pes imprint. Outlines of
digit imprints in pes and manus are unclear.

Discussion. Morphology and quality of the pres-
ervation of footprints are controlled by numerous
factors, partly related to sedimentological features of
the substrate and others by the biological character-
istics of the track-maker and, finally, preservational
conditions. Some reports of vertebrate tracks include
ambiguous footprints with unusual morphology; these
mostly were reported from the dinosaur tracks (e.g.,
Harris and Lacovara 2004). There are a few docu-
ments about enigmatic footprints from the Cenozoic
(e.g., Mayoral et al. 2023). Demathieu et al. (1984)
reported mammal enigmatic small footprints from
the Oligocene of southern France. These footprints
are pentadactyl with forwarded three-digit imprints
(IT-ITI-IV) and set backward two digits (I-V). They
were named as Sarcotherichnus enigmaticus and
attributed to canids or felids. Dehnaripus differs
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B

Figure 4. A, B. Gruipeda dominguensis trackways in the lower bedding plane of a large dislocated block with numerous mud

cracks; C—H. Gruipeda dominguensis trackways in the dislocated slabs.

from Sarcotherichnus by larger size and unclear digit
imprints, on the other hand, preservation quality of
specimens of Dehnaripus is well, so that it shows
even fine wrinkles. Aenigmatipodus Mayoral et al.
(2023) comprises series of tracks that are grouped in
sets of three tracks or triads, each track constituting
a subunit of the whole set and consisting of a depres-
sion or cleft formed by a central body and two bodies
placed at the ends (Mayoral et al. 2023). Dehnaripus
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differs from Aenigmatipodus by its morphology, so that
Dehnaripus is mound-shaped, with circular outline,
and Aenigmatipodus, however, is a depression formed
by a central body that is three times as long as it is
wide, with two shorter bodies placed at the ends.
There are other non-biogenic mound shape structures,
which may look similar to Dehnaripus; for example,
sand-volcano occurs on upper bedding surfaces, and
result from liquefied sand being extruded through a local
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vent at the sediment surface (Collinson and Mountney
2019). Sedimentary biogenic structures, such as stromat-
olites, have mound shapes on the carbonate platforms.
Essentially, these structures differ from Dehnaripus, not
only by their morphologies but also by their lithofacies.
Although there are no complete and convincing track-
ways, we would rather consider Dehnaripus as a new
ichnotaxon, because of:

a. The extramorphology of Dehnaripus is not the result
of substrate conditions, because it was found in the
different horizons of the lower rock units of LRF.
It is difficult to conclude that the same extramor-
phologically conditions were repeated in different
lithohorizons. On the other hand, the preservation
of Dehnaripus is good so that fine wrinkles were
preserved, which shows the unusual morphology of
the sole of pes or manus.

b. The extramorphology of Dehnaripus is related to
the unusual morphology of the sole of the track
makers. In comparison, the pentadactyl toes of
proboscideans, embedded by digital thick cushions
and their broad sole, are flat and full of wrinkles. The
impressions of these feet are large oval to subcir-
cular imprints, with large and flat sole surfaces
either ornamented or smooth. The digit impres-
sions may point anteriorly (Panin and Avram 1962;
Neto de Carvalho et al. 2021). These footprints are
completely different from the skeletal anatomy of
proboscideans. Like this, Dehnaripus shows the
morphology of the sole of the track maker as radial
unorganized thick wrinkles. These ornamentations
could be formed by thick, unorganized and disor-
dered radial cushions or hooves.

Ichnospecies Dehnaripus incognitus isp. nov.
https://zoobank.org/C4A7A7B1-260D-4ESF-8F1C-4ACBF1522C47
Figs 5, 6

Materials. Seven pes and manus footprints of five track-
ways, in three slabs, sampled (IFMI-683/1-3).

Holotype. Specimen No. IFMI-683/2 includes pes and
manus imprints.

Etymology. From Latin incognitus, meaning unknown.

Type-locality. Iran, Esfahan (= Isfahan) province,
Kashan township, west Ab Shirin, northwest Deh Nar,
34°19'N-38°46'N, 51°12'E.

Type horizon. lower Oligocene (Rupelian).

Diagnosis. As for ichnogenus.

Description. Footprints preserved as mound-shaped
convex hyporeliefs in the lower bedding plane of dark
brown, thin to thick, fine-grained sandstone. Usually,
the surface of footprints is marked by radial wrin-
kles, and identifying digit imprints is difficult; hence,
measuring digital geometry is impossible. In special
imaging, however, five-digit imprints in the manus
and three-digit imprints in the pes are distinguishable.

Dehnaripus incognitus was found in three slabs. Slab
1 was studied in the field, comprising two large foot-
prints (Fig. 5A). The pes imprint in this slab is smaller,
with three large and thick digit imprints, a small meta-
tarsal imprint, and numerous radial wrinkles preserved
in the proximal part of the pes imprint (Fig. 5B).
The manus imprint is larger, showing five short digit
imprints, completely connected to a large, circular
metacarpal imprint. No claw imprints are visible in the
digits, and the tips of digits are round (Fig. 5C). Slab
2 (IFMI-683/1) includes one manus imprint as a large
mound-shape with large, radial five-digit imprints.
The metacarpal imprint is not developed in the foot-
print (Fig. 5D, E). It is preserved as radial wrinkles
and a rough imprint. Slab 3 includes two pairs of pes
and manus imprints, belonging to separate trackways
(Fig. 6A). One of them is slightly smaller (Holotype,
IFMI-683/2, Fig. 6B, C), and has large manus imprints,
with short digit imprints and unclear outlines of digit
imprints. It shows a large, circular metacarpal imprint.
The pes imprint includes three-digit circular imprints
without a clear metatarsal imprint. Another pes-manus
set is larger and comprises pes and manus imprints
(IFMI-683/3). Pes imprints show three-digit imprints
without metatarsal imprints, and the manus is larger
and has unclear outlines of digit imprints, but five-digit
imprints are distinguishable (Fig. 6D, E).

Discussion. Quality of preservation contributes to
the unusual morphology of Dehnaripus incognitus, as
circular imprints and unclear digit imprints. Definitely,
the footprints are traces of the outer morphology of
the feet, and the final morphology of a footprint is
affected by trackmaker behavior, autopodia anatomy
and substrate features (Melchor 2015; Marchetti et al.
2019). The anatomical characteristics of the “heel,”
control the sole morphology, thus controlling the
morphology of footprints. Dehnaripus incognitus shows
distinctive morphology, and we would rather consider
it as a new ichnotaxon. Dehnaripus incognitus differs
from Proboscipeda enigmatica by its smaller size and
radial wrinkles and number of digit imprints. Dehnaripus
incognitus differs from Glyptodontichnus pehuencoensis
Aramayo et al. (2015) and Platykopus maxima (Kordos
1985) by its number of unclear digit imprints.

Ichnogenus Lophiopus Ellenberger, 1980

Type ichnospecies. Lophiopus rapidus Ellenberger, 1980.
Revised diagnosis. Footprint of small perissodactyls,
imprints belong to three-toed foot that shows a longer
middle digit, which supports the entire pedal sole on the
ground. The footprint is small. The lateral digit I and IV
imprints are symmetrical to each other, and are set farther
back from the middle digit III. These digit imprints end
distally in sharp tips. The trackway is narrow, which
denotes a much faster and lighter mode of locomotion
(translated and adapted by Abbassi et al. in press).
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Figure 5. Dehnaripus incognitus nov. A—C. Mound shaped footprints preserved as convex hyporeliefs in lower bedding plane of
large slab, front footprints considered as pes and footprints behind as manus imprints; D, E. Preserved as convex hyporelief and
including photogrammetric false-color depth map, sampled specimen, IFMI-683/1.

Discussion.  Ellenberger  (1980)  introduced
Lophiopus from the Eocene of France for tridactyl foot-
prints with symmetrical lateral digits. Lophiopus latus is
the most similar to Plagiolophustipus, and Santamaria
et al. (1989-1990) distinguish Plagiolophustipus from
Lophiopus by a little larger and its thick lateral digits.
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The report of Lophiopus from the Eocene of Alborz
Mountain of north Iran lacked adequate figures and
description (Davoodi et al. 2016) and that report needs
further investigation (Abbassi et al. in press). Lophiopus
of Deh Nar is the second record of Lophiopus from the
Tethyan realm.
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Sampled, Fig. 9B

5 cm

Figure 6. Dehnaripus incognitus nov. in the studied block (A) and sampled parts of slab; B, C. Holotypes of pes and manus imprints
with their photogrammetry photo (IFMI-683/2); D, E. Other pes and manus imprints and including photogrammetric false-color

depth map their photogrammetry photo (IFMI-683/3).

Ichnospecies Lophiopus isp.
Fig. 7TA-C

Material. One specimen, collected (IFMI-684).
Description. One tridactyl footprint preserved as
convex hyporelief in the lower bedding plane of the
fine-grained, dark-brown sandstone. This bedding plane
comprises flute and groove casts. The surface of the

footprint is not smooth, and erosional structures encom-
pass the footprint. One of the lateral digits shows three
digital pad imprints, and digit III and the other lateral
digit imprint are thick and lacking digital pad. The tips of
the digits are sharp, the proximal rim of the footprint is
curved and the sole imprint is not developed.
Discussion. Ellenberger, 1980 considered two ichno-
species for Lophiopus, L. lalus and L. rapidus. L. lalus has
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Figure 7. A—C. Lophiopus isp. preserved as convex hyporelief with its photogrammetry photo and outline sketch, sampled (IFMI-
684); D-F. Moropopus elongatus preserved as convex hyporelief, including photogrammetric false-color depth map, sampled
(IFMI-685); Moropopus elongatus in lower bedding plane of large slab full of mud crack casts (G); H-I. Close up view of behind
footprints with outline sketch; J-K. Front footprint with outline sketch.

amarked “heel mark” and an elongate digit III, whereas L.
rapidus is wider, and its lateral or central digits are more
rounded along the tips. No digital pads were mentioned
for ichnospecies of Lophiopus. The studied footprints of
the Deh Nar area show similar morphology to Lophiopus
in their round proximal outline, undeveloped sole imprint
and distinct lateral digit imprints.

Ichnogenus Moropopus Abbassi, Alinasiri & Lucas,
2017

Type ichnospecies. Moropopus elongatus Abbassi,
Alinasiri & Lucas, 2017.

Emended diagnosis. Medium-sized tridactyl foot-
prints with elongated oval to ellipsoidal to fusiform digit
imprints. Two digital pads may be present in lateral digits.
Digit imprints connect to metatarsus by a narrower prox-
imal imprint. Lateral digits (digit II and IV) are smaller
than the middle digit (digit III) and are curved toward the
front. Digit III imprint is wider in the front. Digit III tip
is completely curved, and the tips of lateral digits may
curve or end in elongate sharp tips, like the claw imprints.
Metatarsus imprints include two metatarsal pads with a
complete rounded back, or with two lobes.

Discussion. The narrow proximal part of digit imprints
is a distinctive feature of Moropopus, which distinguishes
it from the other tridactyl ichnogenera of perissodactyls.
The presence of sharp tips on the lateral digits of the pes
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imprint of the Deh Nar footprints caused an emended
diagnosis of Moropopus and introduced a second ichno-
species of Moropopus.

In Asia, mammal tridactyl ungulate footprints have
been reported from Early Tertiary of China (Lockley et al.
1999), Oligoene of India (Rajkumar and Klein 2014) and
Eocene-Oligocene of Iran (Abbassi et al. 2015, 2017).
Oligoene tridactyl footprints of India strongly resemble
those described from China (Rajkumar and Klein 2014)
and differ from Iran’s Oligocene tridactyl footprints in
morphology and size. Demathieu et al. (1984) reported
Ronzotherichnus with short digit imprints not connected
to the metatarsus imprint and thus differing from
Moropopus. Usually, tridactyl footprints in perissodactyls
show round outlines in the distal part of digits, however
some ichnogenera of tridactyls have sharp tips in the
lateral digits, such as Plagiolophustipus Santamaria et al.
(1989-1990). Moropopus differs from Plagiolophustipus
by its narrow digit III imprint.

Ichnospecies Moropopus elongatus Abbassi, Alinasiri
& Lucas, 2017
Fig. 7TD-K

Materials. One footprint sampled (IFMI-685) and two
footprints of a trackway studied in the field.

Emended diagnosis. Tridactyl footprints with elongated
digit imprints. Digit imprints are proximally narrower and
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distally ellipsoidal and inflated. Digit tips are completely
curved without claw imprints. Metatarsus imprints include
two metatarsal pads with a complete rounded back.

Description. Tridactyl footprints preserved as convex
hyporeliefs in lower bedding plane of the fine-grained
sandstones. Sampled footprint (Fig. 7D-F, IFMI-685)
includes circular digit imprints, lateral digits are fat
with one digit pad, and middle digit (III) is incomplete.
All digits connected by narrower imprint to metatarsal/
metapodial imprint. The metatarsal/metapodial imprint
is oval with three proximal lobes. The unsampled two
footprints belong to one trackway, preserved as convex
hyporelief in a lower bedding plane of thick-bedded, dark
brown sandstone. This bedding plane has abundant mud
crack casts that interact with the footprints. These foot-
prints comprise one to two fat circular digital pads, which
connect by narrower imprints to metatarsal/metapodial
imprints. The tips of the digits are round. The proximal
parts of the metatarsal/metapodial imprints are round.

Discussion. Moropopus was established as monotypy
from the Late Eocene of Iran (Abbassi et al. 2017), and by
discovery of new Moropopus from Oligocene of Central
Iran, with new morphological features, we prefer to estab-
lish a new ichnospecies for Moropopus and emended the
diagnosis of Moropopus elongatus.

Ichnospecies Moropopus kashanensis isp. nov.
https://zoobank.org/0E24 AF8D-52D9-4C29-A514-4FF98C339401
Fig. 8

Materials. Two footprints of one trackway, sampled
(IFMI-686/1-2).

Holotype. specimen IFMI-686.

Etymology. kashanensis refers to Kashan city where
the traces were found.

Type-locality. Iran, Esfahan (= Isfahan) province,
Kashan township, west Ab Shirin, northwest Deh Nar,
34°19'N, 51°12'E.

Type horizon. lower Oligocene (Rupelian).

Diagnosis. Moropopus with tridactyl footprint in pes
and manus imprints. Pes has elongated digit imprints;
digit IIT is larger than the lateral digits II and IV. Tips
of digits are completely round. The manus imprint has
a digit IIT that is longer than the lateral digits. The tip
of digit III is round, but lateral digits end with a distally
sharp claw-like imprint.

Description. The smaller posterior footprint is consid-
ered as a pes imprint and it includes two digit imprints and
one of the lateral digit and most parts of the metapodial
imprints are omitted by weathering. Digits include one
pedal circular imprint with round tips, and connect by a
narrower imprint to the metapodial imprint. The anterior
larger imprint is the manus imprint and it is distinguished
by the sharp tip of the lateral digit imprints and it seems
that the middle digit imprint has a round tip. The meta-
carpal imprint is circular, with a round proximal outline.

Discussion. The general morphology of Moropopus
with elongated distally swollen digit imprints is traceable

in these footprints, but the distinctive feature is the sharp
tips of lateral digits. Usually, perissodactyls have round
distal outlines in hooves, and there are no records of sharp
tips. The skeletal remains of pes and manus of perisso-
dactyls anatomically comprise distally round phalanges
(ungula) with or without medial fissure and covered by
fat digital pads or round unguals. Instead, the unguals of
artiodactyls usually have sharp tips.

Moropopus kashanensis however shows strongly
sharp tips in lateral digits of the manus imprint. No
secondary deformations such as drag marks or combi-
nation with non-biogenic structures were included in the
detailed analysis of the tips of Moropopus kashanensis.
Thus, we believe these footprints are a new ichnospecies
of Moropopus.

Ichnogenus Platykopus Sarjeant, Reynolds & Kissell-
Jones, 2002

Type ichnospecies. Platykopus ilycalcator Sarjeant,
Reynolds and Kissell-Jones (2002).

Diagnosis. Large plantigrade footprints with digits
close to manual/pedal pad. Manus width is similar to that
of the pes, with the pes being slightly narrower and elon-
gated due to a metatarsal pad. Five digits on manus and
pes are clawed, and digits II-V are of equal length on
a quadratic manus with digit I offset. Digits [-V form a
symmetrical arc around the pes, with digits [ and V being
shorter than II and I'V.

Discussion. Sarjeant et al. (2002) introduced
Platykopus from Late Miocene of Nevada for large
plantigrade footprints with digits close to manual/pedial
pad and compared its tracks to those of creodonts and
amphycyonids. Recently, Platykopus has been identified
by ichnologists for medium to large, pentadactyl planti-
grade footprints with an undeveloped metatarsus imprint
in manus. Abbassi (2010) attributed footprints that are
semiplantigrade with five short digits with distinct digit V
from the Miocene of Iran to Platykopus, and he reported
Platykopus from the Oligocene of the Eastern Mountains
of Iran (Abbassi et al. 2015). Botfalvai et al. (2023) re-ex-
amined large pentadactyl footprints from the Miocene
Ipolytarn6éc of Hungary by 3D methods and concluded
that footprints previously defined as Bestiopeda maxima
should be reclassified under the Platykopus ichno-
genus as Platykopus maxima. Platykopus differs from
Zanclonychopus Sarjeant and Langston (1994) by larger
width and shorter digit imprints.

Ichnospecies Platykopus stuartjohnstoni Lucas &
Schultz, 2007
Fig. 9

Materials. Three footprints of a trackway, molded by
plaster (IFMI-687/1-3).

Diagnosis. Footprints of an ursid that differ from
Platykopus ilycalcator in having: manus narrower than pes,
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Sampled,
Fig. 12E
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Figure 8. Moropopus kashanensis nov. in the studied slab (A); B-D. Holotype of pes imprint with outline sketch and photogramme-
try photo (IFMI-686/1); E-I. Holotype of manus imprint with its outline sketch (F) and photogrammetric false-color depth maps,
(G, H) and closeup of digit claw imprint (I arrow), (IFMI-686/2).

5cm

Figure 9. Platykopus stuartjohnstoni in the studied slab (A), and closeup view of footprints (B, E, H), with photos of plaster molds
(C, F,  IFMI-687/1-3) and photogrammetric false-color depth maps (D, G, J).

clear separation of metatarsal/metacarpal pads from digital
pads, digits II-V of subequal size on the pes, metatarsal pad
on pes wide and short and only four pes digit imprints.
Description. Three footprints of a trackway were
poorly preserved as concave epireliefs on the upper
bedding plane of dislocated, thick bedded large sandstone
slab. Imprints of pes and manus are not distinguishable
and it seems that one set of footprints of the trackway has
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been preserved. The first footprint is circular in outline,
and no digit imprints are visible (Fig. 9B, D). Footprint
2 includes five-digit imprints that are visible in the 3D
image as short and having sharp tips. Metatarsal imprint
is short and has a straight proximal outline (Fig. 9E-G).
The third footprint shows round, small digit imprints
without a claw imprint and includes a circular outline in
the metatarsal imprint (Fig. 9H-J).
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Discussion. Platykopus has been attributed to large
trackmakers such as Amphicyonidae or Ursidae by its
main feature as large plantigrade footprints, with all
five digits, close to the manual/pedial pad. Dietrich
(2011) named the large cave bear footprints Ursichnus
europaeus and noted that Ursichnus have all digital
pads spaced from the metatarsal/metapodial imprints,
as an anatomical feature and differs from Platykopus.
Platykopus includes three ichnospecies: P. ilycalcator
Sarjeant et al. (2002) (type ichnospecies of the ichno-
genus; Late Miocene, Nevada USA), P. stuartjohnstoni
Lucas and Schultz (2007) (Upper Miocene, Texas, USA),
and P. maxima (Kordos, 1985) (Miocene, Hungary,
new combination by Botfalvai et al. 2023). The studied
footprints from the Deh Nar area show triangular digit
imprints without distinct claws in the tips of digits; this
indicates a difference from P. ilycalcator and P. maxima.
These imprints are closely similar to P. stuartjohn-
stoni. Usually, Platykopus was preserved as pentadactyl
imprints, and the type materials of P. stuartjohnstoni
is tetradactyl. Lucas and Schultz (2007) believed that
tetradactyly of P. stuartjohnstoni is an extramorpholog-
ical feature that may reflect either an extremely small
pes digit I or a walking pattern in which digit I was
not impressed. The studied footprints of Deh Nar are
poorly preserved and the pes and manus imprint are not
distinguishable.

Ichnogenus Zanclonychopus Sarjeant & Langston, 1994

ichnospecies. Zanclonychopus cinicalcator

Type

Sarjeant and Langston (1994).

Diagnosis. Plantigrade footprints, with manus and pes
of similar size and with all digits strongly clawed. Digits
IT to IV most deeply impressed and forming, with palm

or sole, an approximately oval shape (more marked in the
pes); digit I set off to one side and impressed lightly or not
at all. Tips and claws of inner digits curving outward, of
outer digits curving inward. Inner phalangeal pads of pes
fused; those of manus free.

Discussion. Sarjeant and Langston (1994) considered
Creodonta as the trackmaker for Zanclonychopus, and
compared it with American black bear for large foot-
prints. The modern bears have large metatarsal and short
metacarpal imprints with one pedal digit and distinctive
long claws imprints. Zanclonychopus have the same sizes
in the metatarsal and metacarpal imprints with long two
to three pedal imprints. Exactly, Zanclonychopus differs
from Ursichnus Diedrich (2011) by its position of digit
I, shorter digit imprints and absence of claw imprints.
Hirpexipes Sarjeant et al. (2002) is known as semidigi-
tigrade to semiplantigrade footprints with all digits long
and with sharp claws. Zanclonychopus has stocky and
shorter digit imprints.

Ichnospecies Zanclonychopus isp.
Fig. 10

Material. Two footprints of a trackway, molded by
plaster (IFMI-688).

Description. These footprints belong to manus
and pes imprints of a trackway, preserved as convex
hyporelief on the lower bedding plane of a large, thick
slab of sandstone (Fig. 10A—C). Half of the pes imprint
is preserved, and the manus imprint is complete. Pes
and manus are separated and do not overlap. Based on
the size and depth of penetration, the smaller front foot-
print was considered as pes and the larger one behind as
a manus imprint; usually, mammals have a larger manus
footprint. The metatarsal/metacarpal are the deepest

Figure 10. Zanclonychopus isp. in the studied slab (A), and its plaster mold (B IFMI-688), with sketch (C) and close up view, sharp
tips of digit imprints are distinct (D). Photogrammetric false-color depth maps in perpendicular and lateral views (E, F).
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part of the footprints, and digit imprints are not clear in
footprints; the claw imprints, however, are distinct as a
drop-shape slightly curved with sharp tips (Fig. 10D).
Four digit and claw imprints are visible in the manus
with an unclear digit V imprint. The pes imprint is not
deeper than the manus and comprises unclear digit
imprints (Fig. 10E, F). It seems that trackway width
is larger, and the manus has more inward orientation
than the pes.

Discussion. Zanclonychopus was recorded as a large
carnivore footprint with monotypy and has not previously
been reported outside of North America. The studied
footprints from Deh Nar have indistinct digit imprints,
but one side has inclined claw imprints that are clear.
Based on the size and morphology of the studied foot-
prints, Zanclonychopus is the nearest ichnogenus name
for the Deh Nar footprints, and this is the first report of
Zanclonychopus outside of North America.

Table 3. Cenozoic vertebrate ichnotaxa in the Iranian Plateau.

Discussions

The report of vertebrate tracks from the Oligocene LRF
of Central Iran is a new step in the detection of paleo-
biogeography of the Iranian Plateau. This reconstruction
is important, because the Arabian-Eurasian collision
was a unique opportunity for the creation of a natural
land bridge in the Middle East region, and caused the
migration and amalgamation of terrestrial vertebrates of
two sides of the Tethys Ocean, between Gondwana and
Eurasia. Paleogene-Neogene tracksites of the Iranian
Plateau are key areas for the study of the evolution of
the Middle East ichnofauna during this era. A total of 19
different tracksites have been described in the Eocene to
Quaternary of the Middle East (Abbassi and Dashtban
2021; Abbassi 2022), and 14 of them located in the
Iranian territory. Abbassi (2022, table 2; and references
therein) summarized Cenozoic vertebrate ichnites from

Bird Mammal Reptile
Quaternary No report Chiropterichnus scabens No report
Chiropterichnus garmabensis
Pliocene No report No report No report
Miocene Anatipeda recurvirostra Bifidipes velox Crocodylopodus isp.
Antarctichnus fuenzalidae Canipeda longigriffa Gandopodichnus caesellum
Ardeipeda filiportatis Creodontipus isp. Hatcherichnus sanjuanensis
Ardeipeda incerta Felipeda isp. Merthykhuwaripus conicus
Aviadactyla media Felipeda lynxi Batrachichnus salamandroides
Aviadactyla vialovi Pazhanipeda kiyani Lunichnium isp.
Avidactyla isp. Pecoripeda gazella Sauripes isp.
Avipeda gryponyx Pecoripeda malphaea
Avipeda isp. Platykopus isp.
Avipeda rastini Proboscipeda enigmatica
cf.Ornithotarnocia lambrechti Lamaichnum alfi
Charadriipeda disjuncta Lamaichnum isp.
Charadriipeda isp. Pecoripeda satyri
Culcitapeda incerta Pecoripeda isp.
Culcitapeda isp. Bifidipes velox,
Fuscinapeda texana Lamaichnum guanicoe,
Gruipeda dominguensis Pecoripeda amalphaea,
Gruipeda intermedia Pecoripeda isp.
Gruipeda isp. Canipeda isp.
Iranipeda abeli Felipeda isp.
Koreanaornis hamanensis
Persiavipes gulfi
Sarjeantopodus clinodactylus
Oligocene Ardeipeda egretta Dehnaripus incognitus No report
Aviadactyla vialovi Khafipus khadari
Avipeda phoenix Lophiopus isp.
Gruipeda dominguensis Moropopus elongatus
Gruipeda intermedia Moropopus kashanensis
Palaeotheriipus isp.
Platykopus isp.
Platykopus stuartjohnstoni
Zanclonychopus isp.
Eocene Avipeda isp. Diplatriopus isp. No report
cf. Charadriipeda isp. Gambapes hastatus
Gruipeda lambrechti Lophiopus isp.
Moropopus elongatus
Mousaltipes taromi
Palaeotheriipus isp.
Palaeotheriipus sarjeanti
Proboscipeda enigmatica
cf. Proboscipeda isp.
Pycnodactylopus cf. achras
Paleocene No report No report No report
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the main geological zones of Iran (Table 3, updated
here): while no body fossils of mammals have been so
far reported from the Eocene of Iran, several Eocene
vertebrate footprints were reported from Iran, which
includes footprints of birds, perissodactyls (probosci-
dean, tridactyl mammals, like tapirs and rhinos), small
artiodactyls, carnivores (Felidae, Mesonychidae), and
hopping, rodent-like mammals.

Composition of the Oligocene biotas of Iran, restricted
to bird and mammal footprints, includes ursine-like
animals with plantigrade pentadactyl footprints, tridactyl
perissodactyls and avian footprints. The Miocene
deposits, however, comprise diverse and abundant foot-
prints of birds, mammals and reptiles. This ichnodiversity
is not only caused by the large amount of surveying of
Miocene deposits, but also resulted from extensive
outcrops of Miocene terrestrial sediments in this country.
There are no reports about Paleocene and Pliocene foot-
prints, and Quaternary vertebrate ichnites include bats
ichnites, preserved as subfossils in the cave sediments.
The Oligocene Deh Nar tracksite shows numerous ichno-
taxa of bird and mammal footprints, and some of them are
in common with previous reports:

Ardeipeda egretta
Aviadactyla vialovi
Avipeda phoenix

Gruipeda dominguensis
Dehnaripus incognitus
Lophiopus isp.
Moropopus elongatus
Moropopus kashanensis
Platykopus stuartjohnstoni
Zanclonychopus isp.

Eocene and Oligocene bird footprints belong to
small to medium size, tri- to tetradactyl birds with low
ichnotaxonomic diversity; Miocene deposits, however,
show a large variety of bird footprints and include small
to large webbed and unwebbed bird footprints. The
increase is traceable in mammal footprints also, and,
of course, the appearance of reptile footprints, also; so
that eight mammal ichnogenera were identified from the
Eocene and Oligocene of Iran, increasing to 15 ichno-
genera reported from the Miocene of Iran. If we attribute
these changes to trackmaker variations, thus succession
of faunas of Paleogene to Neogene forms, was accom-
panied by increase of biodiversity. This biodiversity
resulted from the confluence of Gondwanan and Eurasian
faunas, after the collision between the Gondwanan and
Eurasian continents by the Arabian-Iranian plateaus,
which occurred between the early Oligoene to early
Miocene (McQuarrie and van Hinsbergen 2013; Song
et al. 2023). Among the studied footprints, the small
bird footprints are attributed to small, incumbent aniso-
dactyl shoreline birds, such as sandpipers, and the larger
of them to Gruiformes and Ciconiiformes. Most prob-
ably, the mammal tridactyl footprints of Deh Nar made

by three toed, medium- to large sized terrestrial herbi-
vores perissodactyls such as Tapiroidea. Platykopus and
Zanclonychopus, however were remained by large carni-
vores such as Amphicyonidae or Ursidae.

There are some endemic ichnogenera of herbivore
footprints (Moropopus) and common carnivore footprints
in the Paleogene are Platykopus, changing in the Neogene
to abundant artiodactyl footprints with the appearance of
felids and canids (Abbassi 2022).

Outside the Iranian Plateau, Mesci et al. (2019)
reported mammal tracks from late Oligocene sediments
of the Sivas basin, central Tiirkiye, and attributed them
to ungulates. These footprints are poorly preserved in the
clayey sediments of Karayilin Formation, and details of
the tracks are not clear. However, numerous artiodactyls
and proboscideans were identified. The ichnoassemblage
of Karaylin Formation is different from Deh Nar and
mostly similar to Miocene ichnites of Central Iran.

Researchers have usually believed that the Cenozoic
Era was a time of very substantial rise in global biodi-
versity, especially at the lower taxonomic levels of
species and genus, and Cenozoic diversification was
concentrated in low-latitude and tropical regions, where
the climate was warmer (Crame and Rosen 2002). After
the Middle Eocene Climatic Optimum (MECO, ~40 Ma)
as a warming event (Zachos et al. 2001, 2005; Bohaty et
al. 2009), the Eocene-Oligocene transition (ca. 33.5 Ma)
is known as the first major decline in Cenozoic global
temperatures, and interpreted as a time of drastic global
cooling and associated drying (Zachos et al. 2001;
DeConto and Pollard 2003). Eocene-Oligocene climate
changes are associated with continuous Neo-Tethyan
seaway closure during the Eurasia and India-Arabia-
Africa convergence and growth of the Alpine-Himalayan
Mountain belt, accompanied by a shift towards modern
patterns of ocean currents (McQuarrie et al. 2003;
Allen and Armstrong 2008). Cool and dry conditions
during the beginning of the Early Oligocene gradually
changed to warm conditions of the Late Oligocene,
and caused deposition of extensive terrestrial red beds
facies, such as LRF, in west and central Asia (Sun et
al. 2010; Kargaranbafghi and Neubauer 2018; Wu et
al. 2018; Jenny et al. 2024). Late Oligocene terrestrial
conditions of Central Iran did not last long-term and
shifted to shallow marine carbonate seaways of the
Qom Formation (Daneshian and Ramezani Dana 2007,
Reuter et al. 2009; Mohammadi et al. 2013, 2024). The
Eocene-Oligocene cooling was coeval with an extinc-
tion event and faunal turnover between 33.9 and 33.4
million years ago, long known as the “Grande Coupure”
corresponding to a major turnover in mammalian faunas,
and to an important change in mammalian community
structure (Legendre and Hartenberger 1992; Costa et al.
2011; Pélissié et al. 2021). It may be possible to evaluate
the “Grande Coupure” event in the Iranian Plateau, so
that there are increases in the size of bird tracks, but
decreasing size of mammal footprints. Retallack (1983)
associated fossil mammal remains from the Cretaceous
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to Oligocene with decreasing mammal size. On the
other hand, there is the appearance of new trackmakers
with an increasing number of carnivore trackmakers in
the Oligocene compared to the Eocene, and the appear-
ance of felids in the Miocene, confirmed by abundant
footprints in Central Iran.

Conclusion

The LRF is a good reference for terrestrial vertebrate
ichnology of the Oligocene in Central Iran. It includes
alternations of red beds of siliciclastic sediments that
were deposited under warm evaporitic conditions. The
discovery of vertebrate footprints in the LRF in the
Deh Nar area, near Kashan, Central Iran, is an effec-
tive step for completing vertebrate distribution in the
Cenozoic of the Iranian Plateau. Footprints comprise
bird and mammal footprints. Small to large bird foot-
prints were attributed to Ardeipeda egretta, Aviadactyla
vialovi, Avipeda phoenix and Gruipeda dominguensis.
Mammal footprints are identified as Dehnaripus incog-
nitus, Lophiopus isp., Moropopus elongatus, Moropopus
kashanensis, Palaeotheriipus isp., Platykopus stuartjohn-
stoni and Zanclonychopus isp. Among these footprints,
Dehnaripus incognitus and Moropopus kashanensis are
new ichnotaxa, and Zanclonychopus isp. is reported for
the first time from Iran.

Acknowledgements

We thank S. G. Lucas for help in editing the manuscript,
and his critical comments and suggestions on an early
draft of this paper. We thank also the reviewers, Dr.
Hendrick Klein, and Dr. Lida Xing for their comments
which improved the value of this contribution. This
research was supported by Geological Survey of Iran
during the geological mapping of the Deh Nar area. We
thank Mahdis Abbassi and Mohammad Rastin Abbassi
for their help in the field study. We thank Mohammad
Gandomi, who was local guide man.

References

Abaie I, Ansari HJ, Badakhshan A, Jaafari A (1964) History and devel-
opment of the Alborz and Sarajeh fields of Central Iran. Bulletin of
Iranian Petroleum Institute 15: 561-574.

Abbassi N (2010) Vertebrate Footprints from the Miocene Upper Red
Formation, Shokorchi Area, Zanjan Province. Nw Iran. Ichnos
17(2): 115-126. https://doi.org/10.1080/10420941003659493

Abbassi N (2022) Miocene Wildlife of Zanjan Northwest Iran. Univer-
sity of Zanjan Press, Zanjan, Iran, 304 pp.

Abbassi N, Alinasiri S, Lucas SG (2017) New localities of Late Eocene
vertebrate footprints from the Tarom Mountains, Northwestern Iran.
Historical Biology 29: 987-1006. https://doi.org/10.1080/0891296
3.2016.1267162

fr.pensoft.net

Abbassi N, Dashtban H (2021) Vertebrate footprints from the Agha Jari
Formation (Late Miocene-Pliocene), Zagros Mountains, and review
of the Cenozoic vertebrate ichnites in the Persian Gulf region. Bulletin
of Geosciences 96: 159-179. https://doi.org/10.3140/bull.geosci.1809

Abbassi N, Gasparik M, Kordos L, Esmaeili F, (2024) Evaluation of
Iranipeda abeli (Avian track) from the Zagros Mountains, SW Iran:
re-examination of the original material and overview of primary
sources. Historical Biology 36(3): 562—571. https://doi.org/10.108
0/08912963.2023.2173071

Abbassi N, Lucas SG, Zaare GR (2015) First Report of Oligocene
Vertebrate Footprints from Iran. Palacogeography, Palacoclima-
tology, Palacoecology 440: 78-89. https://doi.org/10.1016/j.pa-
lae0.2015.08.039

Abbassi N, Melchor RN, Diaz-Martinez I (In press) Ichnotaxonomy
of Paleogene and Neogene tetrapod tracks. In: Lucas SG, Hunt AP,
Klein H (Eds) Vertebrate Ichnology, Tetrapod Tracks and Track-
ways. Elsevier.

Agard P, Omrani J, Jolivet L, Mouthereau F (2005) Convergence history
across Zagros (Iran): Constraints from collisional and earlier defor-
mation. International Journal of Earth Sciences 94: 401-419. https://
doi.org/10.1007/s00531-005-0481-4

Aghanabati A (2004) Geology of Iran. Geological Survey of Iran, Teh-
ran, 586 pp. [in Persian]

Allen M, Jackson J, Walker R (2004) Late Cenozoic reorganization
of the Arabia— Eurasia collision and the comparison of short-term
and long-term deformation rates. Tectonics 23: TC2008. https://doi.
0rg/10.1029/2003TC001530

Allen MB, Armstrong HA (2008) Arabia-Eurasia collision and the
forcing of mid-Cenozoic global cooling. Palacogeography, Palae-
oclimatology, Palacoecology 265: 52—58. https://doi.org/10.1016/j.
palaeo.2008.04.021

Amini B, Emami H (1996) Geological map of Iran, series 1:100000,
Aran sheet no. 6258. Geological Survey of Iran, Tehran.

Aramayo SA, Manera de Bianco T, Bastianelli NV, Melchor RN,
(2015) Pehuen Co: Updated taxonomic review of a late Pleisto-
cene ichnological site in Argentina. Palaeogeography, Palaeocli-
matology, Palacoecology 439: 144-165. https://doi.org/10.1016/].
palaeo.2015.07.006

Azizi H, Daneshvar N, Mohammadi A, Asahara Y, Whattam SA, Tsuboi
M,Minami M (2021) Early Miocene post-collision andesite in the
Takab Area, NW Iran. Journal of Petrology 62(7): 1-19. https://doi.
org/10.1093/petrology/egab022

Ballato P, Uba CE, Landgraf A, Strecker MR, Sudo M, Stockli DF, Frie-
drich A, Tabatabaei SH (2011) Arabia-Eurasia continental collision:
Insights from late Tertiary foreland-basin evolution in the Alborz
Mountains, northern Iran. GSA Bulletin 123(1-2): 106—-131. https://
doi.org/10.1130/B30091.1

Berberian M, King GCP (1981) Toward a paleogeography and tectonic
evolution of Iran. Canadian Journal of Earth Science 18: 210-265.
https://doi.org/10.1139/e81-019

Bohaty SM, Zachos JC, Florindo F, Delaney ML (2009) Coupled green-
house warming and deepsea acidification in the Middle Eocene. Pale-
oceanography 24: PA2207. https://doi.org/10.1029/2008PA001676

Botfalvai G, Magyar J, Watah V, Szarvas I, Szolyak P (2023) Large-
sized pentadactyl carnivore footprints from the early Miocene fossil
track site at Ipolytarnoc (Hungary): 3D data presentation and ichno-
taxonomical revision. Historical Biology 35(9): 1709-1725. https://
doi.org/10.1080/08912963.2022.2109967



Fossil Record 27 (2) 2024, 265-287

285

Collinson J, Mountney N (2019) Sedimentary structures. Liverpool
University Press, 340 pp. https://doi.org/10.2307/jj.12639005

Costa E, Garcés M, Sdez A, Cabrera L, Lopez-Blanco M (2011) The age
of the “Grande Coupure” mammal turnover: New constraints from
the Eocene—Oligocene record of the Eastern Ebro Basin (NE Spain).
Palaeogeography, Palacoclimatology, Palaecoecology 301(1-4): 97—
107. https://doi.org/10.1016/j.palaco.2011.01.005

Covacevich V, Lamperiem C (1970) Hallazgo de icnitas en Peninsula
Fildes, Isla Rey Jorge, Archipi¢lago Shetland del Sur, Antarctica.
Series Cientifica del Instituto Antéartico Chileno 1: 55-74.

Crame JA, Rosen BR (2002) Cenozoic palacogeography and the rise
of modern biodiversity patterns. Geological Society, London, Spe-
cial Publications 194(1): 153-168. https://doi.org/10.1144/GSL.
SP.2002.194.01.12

Daneshian J, Ramezani Dana L (2007) Erly Miocene benthic foramin-
ifera and biostratigraphy of the Qom Formation, Deh Namak, Cen-
tral Iran. Journal of Asian Earth Sciences 29: 844—858. https://doi.
org/10.1016/j.jseaes.2006.06.003

Davoodi L, Mirzaie Ataabadi M, Omrani M (2016) Paleoichnology of
Tertiary vertebrates from Taleghan area, NE Qazvin. In: Paper pre-
sented at the 34™ National and 2™ International Geosciences Con-
gress Tehran.

De Valais S, Melchor RN (2008) Ichnotaxonomy of bird-like footprints:
an example from the Late Triassic—Early Jurassic of northwest Ar-
gentina. Journal of Vertebrate Paleontology 28: 145—-159. https://doi.
org/10.1671/0272-4634(2008)28[145:10BFAE]2.0.CO;2

DeConto RM, Pollard D (2003) Rapid Cenozoic glaciation of Ant-
arctica induced by declining atmospheric CO,. Nature 421(6920):
245-249. https://doi.org/10.1038/nature01290

Demathieu G, Ginsburg L, Guerin C, Truc G (1984) Etude paléon-
tologique, ichnologique et paléoécologique du gisement oligocéne
de Saignon (bassin d’Apt,Vaucluse). Bulletin du Museum National
d’Histoire Naturelle, 4¢ série, section C2: 153-183.

Diedrich CG (2011) An overview of the ichnological and ethological
studies in the Cave Bear Den in Ursilor Cave (Western Carpathians,
Romania). Ichnos 18(1): 9-26. https://doi.org/10.1080/10420940.2
011.552578

Ellenberger P (1972) Contribution a la classification des pistes de ver-
tebres du Trias: Les types du Stormberg d” Afrique du Sud (1) .
Palaeovertebrata, Memoire Extraordinaire, Montpellier, 152 pp.

Ellenberger P (1980) Sur les empreintes de pas de gros mammiféres de
I’Eocéne supérieur de Garrigues-Ste-Eulalie (Gard). Paleovertebra-
ta, Mémoire Jubilé R. Lavocat 9: 37-78.

Falkingham PL (2012) Acquisition of high resolution three-dimensional
models using free, open-source, photogrammetric software. Palae-
ontol Electron 15: 1-15. https://doi.org/10.26879/264

Falkingham PL, Bates KT, Avanzini M, Bennett M, Bordy EM, Bre-
ithaupt BH, Castanera D, Citton P, Diaz-Martinez I, Farlow JO
(2018) A standard protocol for documenting modern and fossil ich-
nological data. Palaecontology 61: 469—480. https://doi.org/10.1111/
pala.12373

Fiorillo AR, Hasiotis ST, Kobayashi Y, Breithaupt BH, McCarthy PJ
(2011) Bird tracks from the Upper Cretaceous Cantwell Formation
of Denali National Park, Alaska, USA: a new perspective on ancient
northern polar vertebrate biodiversity, Journal of Systematic Palacon-
tology 9(1): 33—49. https://doi.org/10.1080/14772019.2010.509356

Fuentes Vidarte CF (1996) Primeras huellas de Aves en el Weald de
Soria (Espana). Nuevo icnogenero, Archaeornithipus y nueva ic-

noespecie A. meijidei. Estudios Geologicos 52: 63—75. https://doi.
org/10.3989/ege0l.96521-2254

Gansser A (1955) New Aspects of the Geology in Central Iran. Proceed-
ings of the Fourth World Petroleum Congress, Rome, Italy.

Harris JD, Lacovara KJ (2004) Enigmatic fossil footprints from the
Sundance Formation (Upper Jurassic) of Bighorn Canyon nation-
al recreation area, Wyoming. Ichnos 11(1-2): 151-166. https://doi.
org/10.1080/10420940490442304

Honarmand M, Rashidnejad Omran N, Corfu F, Emami MH, Nabatian
G (2013) Geochronology and magmatic history of a calc-alkaline
plutonic complex in the Urumieh-Dokhtar Magmatic Belt, Central
Iran: zircon ages as evidence for two major plutonic episodes. Neues
Jahrbuch fiir Mineralogie - Abhandlungen 190: 67—77. https://doi.
org/10.1127/0077-7757/2013/0230

Jenny DK, Reichgelt T, O’Brien CL, Liu X, Bijl PK, Huber M, Sluijs A
(2024) Climate variability, heat distribution, and polar amplification
in the warm unipolar “icehouse” of the Oligocene. Climate of the
Past 20(7): 1627—-1657. https://doi.org/10.5194/cp-20-1627-2024

Kargaranbafghi F, Neubauer F (2018) Tectonic forcing to global cooling
and aridification at the Eocene-Oligocene transition in the Iranian
plateau. Global and Planetary Change 171: 248-254. https://doi.
org/10.1016/j.gloplacha.2017.12.012

Kargaranbafghi F, Neubauer F, Genser J (2011) Cenozoic kinemat-
ic evolution of southwestern Central Iran: Strain partitioning and
accommodation of Arabia—Eurasia convergence. Tectonophysics
502(1-2): 221-243. https://doi.org/10.1016/j.tecto.2010.02.004

Kazemi K, Kananian A, Xiao Y, Sarjoughian F (2019) Petrogenesis of
Middle-Eocene granitoids and their Mafic microgranular enclaves in
central Urmia-Dokhtar Magmatic Arc (Iran): Evidence for interac-
tion between felsic and mafic magmas. Geoscience Frontiers 10(2):
705-723. https://doi.org/10.1016/j.gs£.2018.04.006

Kim HM (1969) A study of several sole marks in the Haman Forma-
tion. Journal of the Geological Society of Korea 5: 243-258. https://
www.dbpia.co.kr/Journal/articleDetail?7node]Id=NODE01630332

Kordos L (1983) Labynomok az Ipolytarnoci also-Miocén koru homok-
koben. [Footprints in Lower Miocene sandstone at Ipolytarndc, N.
Hungary]. Geologica Hungarica 46: 261-368.

Kordos L (1985) Footprints in the Lower Miocene Sandstone of Ipoly-
tarnéc. Geologica Hungarica ser. Palacontologica 46: 359—415.
Kordos L, Prakfalvi P (1990) Ujabb Adatok Az Eurépai Neogén Labnyo-

mos Rétegek Ismeretéhez. Foldtani Intézet Evi Jelentése 50: 201-212.

Lambrecht K (1938) Urmiornis abeli n. sp., eine Pliozdne Vogel-Fihrte
aus Persien. Palaeobiologica 6: 242-245.

Lechmann A, Burg JP, Ulmer P, Guillong M, Faridi M (2018) Metaso-
matized mantle as the source of Mid-Miocene-Quaternary volca-
nism in NW-Iranian Azerbaijan: Geochronological and geochem-
ical evidence. Lithos 304: 311-328. https://doi.org/10.1016/j.
lithos.2018.01.030

Legendre S, Hartenberger JL (1992) The Evolution of Mammalian Fau-
nas in Europe during the Eocene and Oligocene. Eocene-Oligocene
climatic and biotic evolution. In: Prothero DR, Berggren WA (Eds)
Eocene-Oligocene climatic and biotic evolution, Princeton Universi-
ty Press 135: 516-528. https://doi.org/10.1515/9781400862924.516

Leonardi G (1987) Glossary and Manual of Tetrapod Footprint Palae-
oichnology. Departamento Nacionalde Producao Mineral, Brasilia.
75 pp. [+ 20 pls]

Lockley MG, Delgado CR, Lucas SG, Spielmann JA (2007) Tracking an
ancient turkey: a preliminary report on a new Miocene ichnofauna

fr.pensoft.net



286

Nasrollah Abbassi et al.: Oligocene vertebrate footprints from Iran

from near Durango, Mexico. Bulletin of the New Mexico Museum
of Natural History and Science 42: 67-72.

Lockley MG, Goodell Z, Evaskovich J, Krall A, Schumacher BA, Rom-
ilio A (2022) Small bird and mammal tracks from a mid-Cenozoic
volcanic province in Southern Colorado: implications for palaeobi-
ology. Historical Biology 34: 130—140. https://doi.org/10.1080/089
12963.2021.1903456

Lockley MG, Harris J (2010) On the trail of early birds: A review of
the fossil footprint record of avian morphological evolution and
behavior. In: Ulrich PK, Willett JH (Eds) Trends in Ornithological
Research. Nova Science Publishers, New York, 1-63.

Lockley MG, Matsukawa M, Ohira H, Li J, Wright J, White D, Chen
P (2006) Bird tracks from Liaoning Province, China: New insights
into avian evolution during the Jurassic-Cretaceous transition.
Cretaceous Research 27(1): 33-43. https://doi.org/10.1016/j.cre-
tres.2005.10.007

Lockley MG, Yang S -Y, Matsukawa M, Fleming F, Lim S -K (1992)
The track record of Mesozoic birds: evidence and implications.
Philosophical Transactions of the Royal Society of London. Se-
ries B, Biological Sciences 336: 113—134. https://doi.org/10.1098/
rstb.1992.0051

Lucas SG (2007) Cenozoic vertebrate footprint ichnotaxa named by O.
S. Vyalov in 1965 and 1966. Bulletin of the New Mexico Museum
of Natural History and Science 42: 113—148.

Lucas SG, Schultz GE (2007) Miocene vertebrate footprints from the
Texas Panhandle. Cenozoic Vertebrate Tracks and Traces. New Mex-
ico Museum of Natural History and Science Bulletin 42: 177-183.

Lucas SG, Abbassi N, Francischini H, Denzien-Dias P, Knight P (2023)
Bird Dominated Pliocene tracksite from Santa Fe Group, Rio Ran-
cho, New Mexico. In: Lucas SG, Morgan GS, Hunt AP, Lichtig, AJ
(Eds) Fossil Recods 9. New Mexico Museum of Natural History and
Science Bulletin 94: 399-410.

Marchetti L, Belvedere M, Voigt S, Klein H, Castanera D, Diaz-Martinez
I, Marty D, Xing L, Feola S, Melchor RN, Farlow JO (2019) De-
fining the morphological quality of fossil footprints. Problems and
principles of preservation in tetrapod ichnology with examples from
the Palaeozoic to the present. Earth-Science Reviews 193: 109—145.
https://doi.org/10.1016/j.earscirev.2019.04.008

Masoodi M, Yassaghi A, Sadat MAAN, Neubauer F, Bernroider M,
Friedl G, Genser J, Houshmandzadeh A (2013) Cimmerian evolu-
tion of the Central Iranian basement: Evidence from metamorphic
units of the Kashmar—Kerman Tectonic Zone. Tectonophysics 588:
189-208. https://doi.org/10.1016/j.tecto.2012.12.012

Mayoral E, Herrero C, Herrero E, Martin-Chivelet J, Pérez-Lorente F
(2023) A new enigmatic lacustrine trackway in the upper Miocene of
the Sierra de las Cabras (Jumilla, Murcia, Spain). Journal of Iberian
Geology 49(3): 237-256. https://doi.org/10.1007/s41513-023-00215-9

McQuarrie N, Stock JM, Verdel C, Wernicke B (2003) Cenozoic
evolution of Neotethys and implications for the causes of plate
motions. Geophysical Research Letters 30(20): 1-4. https://doi.
org/10.1029/2003GL017992

McQuarrie N, van Hinsbergen DJJ (2013) Retrodeforming the Ara-
bia-Eurasia collision zone: Age of collision versus magnitude
of continental subduction. Geology 41(3): 315-318. https://doi.
org/10.1130/G33591.1

Melchor RN (2015) Application of vertebrate trace fossils to palacoen-
vironmental analysis. Palacogeography, Palaecoclimatology, Palaeo-
ecology 439: 79-96. https://doi.org/10.1016/j.palaeo.2015.03.028

fr.pensoft.net

Mesci BL, Erkman AC, Ozkurt SO (2019) Primary report of first docu-
mentation of mammal footprints from the late Oligocene inthe Sivas
Basin, Turkey. Turkish Journal of Earth Sciences 28(6): 822—833.
https://doi.org/10.3906/yer-1905-7

Mirzaie Ataabadi M, Khazaee AR (2004) New Eocene mammal and
bird footprints from Birjand Area, Eastern Iran. Ichnos 11: 363-370.
https://doi.org/10.1080/10420940490428724

Moghadam HS, Stern RJ (2014) Ophiolites of Iran: Keys to understand-
ing the tectonic evolution of SW Asia:(I) Paleozoic ophiolites. Jour-
nal of Asian Earth Sciences 91: 19-38. https://doi.org/10.1016/j.
jseaes.2014.12.016

Mohammadi E (2024) The Oligo-Miocene Qom Formation (Iran):
Re-examination of biostratigraphy and age interpretations in the
Sanandaj—Sirjan and Central Iran basins (NE margin of the Tethyan
Seaway). Journal of Foraminiferal Research 54(3): 202-216. https://
doi.org/10.61551/gsjfr.54.3.202

Mohammadi E, Hasanzadeh-Dastgerdi M, Ghaedi M, Dehghan R, Sa-
fari A, Vaziri-Moghaddam H, Baizidi C, Vaziri M, Sfidari E (2013)
The Tethyan Seaway Iranian Plate Oligo-Miocene deposits (the
Qom Formation): Distribution of Rupelian (Early Oligocene) and
evaporate deposits as evidences for timing and trending of opening
and closure of the Tethyan Seaway: Carbonates and Evaporites 28:
321-345. https://doi.org/10.1007/s13146-012-0120-7

Mousavi N, Fullea J, Moghadam HS, Griffin WL (2023) Mantle compo-
sitional structure and dynamics of the Arabia-Eurasia collision zone:
Insights from integrated thermochemical modelling. Gondwana Re-
search 118: 37-57. https://doi.org/10.1016/j.gr.2023.02.011

Nadimi A (2007) Evolution of the Central Iranian basement. Gondwana
Research 12(3): 324-333. https://doi.org/10.1016/j.gr.2006.10.012

NIOC (National Iranian Oil Company) (1959) Geological map of Iran,
1:2500000, National Iranian Oil Company publication, Tehran, 1959.

Neto de Carvalho C, Belatstegui Z, Toscano A, Muiiiz F, Belo J, Galan
IM, Gémez P, Céaceres LM, Rodriguez-Vidal J, Cunha PP, Cachio
M (2021) First tracks of newborn straight-tusked elephants (Palae-
oloxodon antiquus). Scientific Reports 11(1): 17311. https://doi.
org/10.1038/s41598-021-96754-1

Pang KN, Chung SL, Zarrinkoub MH, Khatib MM, Mohammadi SS,
Chiu HY, Chu CH, Lee HY, Lo CH (2013) Eocene-Oligocene
post-collisional magmatism in the Lut-Sistan region, eastern Iran:
Magma genesis and tectonic implications. Lithos 180: 234-251.
https://doi.org/10.1016/j.1ith0s.2013.05.009

Panin N (1965) Coexistence de traces de pas de vertébrés et des mécanogly-
phes dans la Molasse Miocéne des Carpates Orientales. Revue rouma-
ine de géologie, géophysique et géographie, Serie Géologie 9: 141-163.

Panin N, Avram E (1962) Noe urme de vertebrate in Miocenul Subcar-
patilor rominesti. Studii si Cercetari de Geologie 7: 455—484.

Panin N, Lazarescu V, Grujinski C (1966) Un nou sector ichno-fosilifer
in terenurile Miocene din Carpatii Orientali. Buletinul Institutului de
petrol, gaze si geologie 14: 9-21.

Payros A, Astibia H, Cearreta A, Pereda-Suberbiola X, Murelaga X,
Badiola A (2000) The Upper Eocene South Pyrenean Coastal de-
posits (Liedena sandstone, navarre): Sedimentary facies, benthic
formanifera and avian ichnology. Facies 42: 107—131. https://doi.
org/10.1007/BF02562569

Pélissié T, Orliac MJ, Antoine PO, Biot V, Escarguel G (2021) Beyond
Eocene and Oligocene epochs: the causses du Quercy geopark and
the Grande Coupure. Geoconservation Research 4(2): 573-585.
https://doi.org/10.30486/GCR.2021.1913051.1050



Fossil Record 27 (2) 2024, 265-287

287

Rédan S, Brustur T (1993) Urme de pasi de pasari in Oligocenul supe-
rior din bazinul Petrosani (Carpatii Meridionali). Studii si Cercetari
de Geologie 38: 71-80.

Rahimzadeh F (1994) Oligocene, Miocene, Pliocene. In: Houshmandza-
deh A (Ed.) Geology of Iran. Geological Survey of Iran publication,
Tehran, Book Editing Plan 12: 311 [in Persian].

Rajkumar HS, Klein H (2014) First perissodactyl footprints from Fly-
sch deposits of the Barail Group (Lower Oligocene) of Manipur,
India. Journal of Earth System Science 123(2): 413—420. https://doi.
org/10.1007/s12040-013-0396-6

Remeika P (1999) Identification, stratigraphy, and age of Neogene ver-
tebrate footprints from the Vallecito-Fish Creek Basin, Anza-Bor-
rego Desert State Park, California. San Bernardino County Museum
Association Quarterly 46(2): 37-46.

Retallack GJ (1983) A paleopedological approach to the interpre-
tation of terrestrial sedimentary rocks: The mid-Tertiary fos-
sil soils of Badlands National Park, South Dakota. Geologi-
cal Society of America Bulletin 94(7): 823-840. https://doi.
org/10.1130/0016-7606(1983)94%3C823:APATTI%3E2.0.CO;2

Reuter M, Piller WE, Harzhauser M (2009) Comment on “Revision
of the age of the Qom Formation in the Central Iran Basin, Iran”
by Zhu et al. (Journal of Asian Earth Sciences, 2007, vol. 29, 715—
721). Journal of Asian Earth Sciences 34(5): 699-701. https://doi.
org/10.1016/j.jseaes.2008.10.006

Santamaria R, Lopez G, Casanovas-Cladellas ML (1989-1990) Nuevos
yacimientos con icnitas de mamiferos del Oligoceno de los alrededores
de Agramunt (Lleida, Espaia). Paleontologia i Evoluci6 23: 141-152.

Sarjeant WAS, Langston WJ (1994) Vertebrate footprints and inverte-
brate traces from the Chadronian (Late Eocene) of Trans-Pecos Tex-
as. Texas Memorial Museum Bulletin, 36, 86 pp.

Sarjeant WAS, Reynolds RE (2001) Bird footprint from the Miocene
of California. In: Reynolds RE (Ed) The Changing Face of the East
Mojave Desert: Abstracts from the 2001 Desert Symposium, Cali-
fornia, 21-40.

Sarjeant WAS, Reynolds RE, Kissell-Jones MM (2002) Fossil creodont
and carnivore footprints from California, Nevada, and Wyoming.
In: Reynolds RE (Ed) Between the Basins: Exploring the Western
Mojave and Southern Basin and Range Province. California State
University Desert Studies Consortium Fullerton, 37-50.

Song P, Ding L, Zhang L, Cai F, Zhang Q, Li Z, Wang H, Jafari MK,
Talebian M (2023) Paleomagnetism from Central Iran Reveals Ara-
bia-Eurasia Collision Onset at the Eocene/Oligocene Boundary.
Geophysical Research Letters 50(12): €2023GL103858. https://doi.
org/10.1029/2023GL103858

Stocklin J (1968) Structural history and tectonics of Iran: A review.
American Association of Petroleum Geologists Bulletin 52:
1229-1258. https://doi.org/10.1306/5D25C4A5-16C1-11D7-
8645000102C1865D

Stocklin J (1974) Possible ancient continental margins in Iran. In: Burk
CA, Darke CL (Eds) The Geology of Continental Margins. Springer,
Berlin, Heidelberg, 873-887. https://doi.org/10.1007/978-3-662-
01141-6_64

Sun J, Ye J, Wu W, Ni X, Bi S, Zhang Z, Liu W, Meng J (2010) Late
Oligocene-Miocene mid-latitude aridification and wind patterns in
the Asian interior. Geology 38(6): 515-518. https://doi.org/10.1130/
G30776.1

Torabi G (2010) Early Oligocene alkaline lamprophyric dykes from
the Jandaq area (Isfahan Province, Central Iran): Evidence of Cen-
tral-East Iranian microcontinent confining oceanic crust subduc-
tion. Island Arc 19(2): 277-291. https://doi.org/10.1111/j.1440-
1738.2009.00705.x

Vialov OS (1965) Sztratigrafija neogenoviih molassez Predkarpatszko-
vo progiva [Stratigraphy of the Neogene molasse of the PreCarpath-
ian basin]. Naukova Dumka, Kiev, 178 pp.

Vialov OS (1983) The tracks of prey beasts and birds from the Pliocene
of the western Turkmenia. Paleontologicheskii Sbornik 20: 74-79.

Wu F, Miao Y, Meng Q, Fang X, Sun J (2019) Late Oligocene Tibetan
Plateau warming and humidity: Evidence from a sporopollen record.
Geochemistry, Geophysics, Geosystems 20(1): 434—441. https://doi.
org/10.1029/2018GC007775

Yeganehfar H, Ghorbani MR, Shinjo R, Ghaderi M (2013) Magmatic
and geodynamic evolution of urumieh-Dokhtar basic volcanism,
Centeral Iran: major, trace element, isotopic and geodynamic impli-
cation. International Geology Review 55: 767-786. https://doi.org/1
0.1080/00206814.2012.752554

Zachos JC, Pagani M, Sloan L, Thomas E, Billups K (2001) Trends,
rhythms, and aberrations in global climate 65 Ma to present. Science
292(5517): 686—693. https://doi.org/10.1126/science.1059412

Zachos JC, Rohl U, Schellenberg SA, Sluijs A, Hodell DA, Kelly DC,
Thomas E, Nicolo M, Raffi I, Lourens LJ, McCarren H, Kroon D
(2005) Rapid acidification of the ocean during the Paleocene-Eo-
cene thermal maximum. Science 308(5728): 1611-1615. https://doi.
org/10.1126/science.1109004.

Zheira G, Masoudi F, Rahimzadeh B (2020) Geochemical constraints
on Eocene-Miocene geodynamic and magmatic evolution of the
Varan-Naragh area, Urumieh-Dokhtar Magmatic Arc, Iran. Ca-
nadian Journal of Earth Sciences 57(9): 1048-1065. https://doi.
org/10.1139/cjes-2019-0129

fr.pensoft.net






