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Abstract: Tetrapod vertebrates underwent a major turnover by the end of the Triassic, yet their fossil
record from strata close to the Triassic-Jurassic boundary is sparse. Here, we describe new tetrapod
fossils from the uppermost Triassic Exter Formation of the recently discovered Irrel section in the
south Eifel area, Rhineland-Palatinate, Germany. The material consists of isolated teeth and bones
from a richly fossiliferous, conglomeratic bonebed, palynologically dated to the upper middle
Rhaetian, and deposited in an intertidal channel. The assemblage is remarkably diverse and includes
the assumed thalattosaur Pachystropheus, kuehneosaurid archosauromorphs, theropod dinosaurs,
pterosaurs, and late-surviving phytosaurs, plagiosaurs and aetosaurs, the latter representing the
youngest known to date. The material furthermore includes osteoderms and a fragmentary tooth of
an unknown archosaur, possibly a small crocodylomorph, and a fragmentary tooth of an unknown
lepidosauromorph or archosauriform with deep longitudinal grooves assumedly for venom delivery.
The assemblage is among the most diverse from the latest Triassic and adds to the sparse Rhaetian
fossil record of terrestrial tetrapods in general, and more specifically theropod dinosaurs and

pterosaurs.
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1 Introduction

The Late Triassic was a crucial time in the evolution
of tetrapod vertebrates (e.g., MuiAL et al. 2025). Many
of the groups that would later dominate terrestrial
ecosystems, in particular dinosaurs, pterosaurs, lepi-
dosaurs, crocodylomorphs and mammals, originated
in or underwent an early diversification during the
Late Triassic (e.g., LANGER et al. 2010; DALLA VECCHIA
2014; DeBuvysscHErRE et al. 2015; DAL Corso et al.
2020). At the same time, the Late Triassic saw the de-
cline of many groups that were typical and widespread
components of Lower and Middle Triassic tetrapod
faunas. These include temnospondyl amphibians and
many archosaurian groups, in particular phytosaurs,
aetosaurs and other pseudosuchians (e.g., ScHocH
2013; Stocker & BUTLER 2013; Ezcurra et al. 2017).
The temporal and spatial context of this decline and
its possible correlation with major events in Earth his-
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tory, in particularly the end-Triassic mass extinction
(e.g., WIGNALL & ATKINSON 2020), however, are still
poorly understood.

Although the Upper Triassic has yielded numerous
localities with diverse and abundant terrestrial tetra-
pod faunas, including the famous Plateosaurus
bonebeds from Germany, Switzerland and France
(e.g., SANDER 1992), and the fissure fill deposits of
Great Britain (e.g., WHITESIDE & MARsHALL 2008),
most assemblages, if precisely age-constrained at all,
predate the Triassic—Jurassic boundary considerably.
As a result, robustly dated terrestrial tetrapod assem-
blages from the latest Triassic (i.e., middle Rhaetian
or younger) are scarce, thus hampering a more precise
understanding of the faunal change around the Trias-
sic-Jurassic boundary.

Here, we present new finds of tetrapod fossils from
the Rhaetian bonebed of the recently described Trias-
sic/Jurassic boundary section of Irrel, South Eifel
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area, central Western Germany, close to the Luxem-
bourgian border (NUMBERGER-THUY et al. 2025a). We
provide an exhaustive description of the tetrapod re-
mains recovered so far and discuss their taxonomic
affinities, except for the mammaliform remains,
which will be described in a forthcoming paper. Our
report represents the first systematic account of tetra-
pod vertebrate fossils from the Exter Formation of the
South FEifel area, and of Rhineland-Palatinate in gen-
eral. On a more general level, the theropod and ptero-
saur remains described in the present paper add to the
meagre global Rhaetian fossil record of these groups,
and the phytosaur, plagiosaur and aetosaur remains
are among the youngest known to date.

2 Material and methods

The material described in the present paper was col-
lected on the left bank of the Priim river close to the
so-called “Irrel waterfalls” (49 °51'20.3"N 6 °26'42.5"E)
between Irrel and Priimzurlay, South Eifel region in
SW-Germany (NUMBERGER-THUY et al. 2025a) (Fig. 1).

In autumn 2024, two successive landslide events led
to a temporary exposure of a Triassic-Jurassic bound-
ary succession including a highly fossiliferous, con-
glomeratic bonebed. We collected a maximum of
blocks from the bonebed and transported them to the
nearby Dinosaur Park Teufelsschlucht for further pro-
cessing. Individual blocks were washed, surface-in-
spected and mechanically broken into golf-ball-sized
slabs. Macrofossils detected during this process and
deemed relevant were extracted using a pneumatic
chisel. The fragmented blocks were then soaked in a
10% hydrogen peroxide solution, screen-washed and
dried. Larger slabs were removed from the dried siev-
ing residues and mechanically broken down for a sec-
ond round of peroxide-immersion and screenwashing.

Dried sieving residues were picked under a binoc-
ular microscope. Specimens figured in the present pa-
per were photographed using a Keyence VHX-6000
digital microscope and, in some cases, mounted on
aluminum stubs and silver-coated for scanning elec-
tron microscopy using a JEOL Neoscope JMC-5000.
Selected specimens were photographed using the dig-
ital whitening method of KiseLev (2021). High resolu-
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Fig. 1. Location of the Irrel (Rhineland-Palatinate, SW-Germany) site that produced the vertebrate remains described in

the present paper, indicated by a star.
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tion micro.CT imaging was performed using an in-
dustrial X-ray inspection system (Yxlon Cheetah;
Yxlon International GmbH, Hamburg, Germany).
Cone beam-CT-functionality was achieved by rotat-
ing the specimens in the X-ray beam. The tube voltage
was set to 90 kV, the current was optimized based on
the gray value-histogram and set to 150 pA. 750 Pro-
jection-images were acquired during a full 360°-rota-
tion at 8 images per second. Reconstruction of sec-
tional images was done by VGStudio 2024.2.1 (Vol-
ume Graphics, Heidelberg, Germany) using a modi-
fied Feldkamp algorithm (FELDkamP et al. 1984). This
resulted in a voxelsize of 0.13 x 0.13 x 0.13 mm?3.
Dragonfly 3D World, Version 2025.1 (Comet Technol-
ogies Canada Inc.) was used to compute 3D-surface
Views.

All fossil specimens figured in the present paper
were deposited in the collections of the Natural Histo-
ry Museum Mainz/State Collection of Natural Histo-
ry of Rhineland-Palatinate (acronym NHMMZ). For
comparison purposes, we examined specimens housed
in the collections of the Stuttgart State Museum of
Natural History (acronym SMNS).

3 Geological context

The tetrapod remains described in the present paper
originate from a 20-cm-thick layer of brown-grey,
clay-rich sandstone with numerous well-rounded peb-
bles, abundant and diverse vertebrate remains and
rare plant debris, forming a richly fossiliferous
bonebed. The base of the bonebed is erosive and
shows densely-spaced Planolites-like trace fossils.
This bonebed was described by NUMBERGER-THUY
et al. (2025a) as lithostratigraphic unit IRO1 within the
Exter Formation, as part of the recently discovered
Triassic-Jurassic boundary succession of Irrel, South
Eifel region, SW-Germany. Palynomorphs retrieved
from the bonebed included both marine plankton and
terrestrial sporomorphs and are assignable to the
Rhaetipollis-Limbosporites subzone ¢ (RLc), corre-
sponding to a latest middle Rhaetian age (GRAVEN-
pyck et al. 2020; SANDER & WELLNITZ 2024). The fos-
sil-bearing conglomerate is interpreted as an intertid-
al channel deposit, mixing abundant marine to brack-
ish faunal elements, in particular chondrichthyan, ac-
tinopterygian and rare dipnoan fish remains, and
semi-aquatic to fully terrestrial tetrapod remains
(NuMBERGER-THUY et al. 2025a).

4 Results

We retrieved numerous remains of terrestrial and
(semi-)aquatic tetrapod vertebrates, both upon surface
inspection of the blocks and by picking of sieving res-
idues. Below, we describe the groups, except for the
mammaliaforms, identified based on isolated teeth
and bones.

Amphibia Gray, 1825
Temnospondyli ZiTTeL, 1888
Stereospondyli ZITTEL, 1888

Plagiosauridae ABEL, 1919
Plagiosaurinae SHISHKIN, 1986
Plagiosaurinae indet.

Fig. 2A-B

Material examined: Isolated osteoderm (NHMMZ
PW 2026/9104-LS).

Description: NHMMZ PW 2026/9104-LS is a trape-
zoidal osteoderm, 12 mm wide, 22 mm long and
2 mm high, of diploe structure with a smooth inner
face exposed and the ornamented external surface
covered by matrix but revealed in cross section by a
diagonal fracture of the bone, allowing to observe
pustules or tubercles of 1 mm height and showing a
rounded bony apex. The 1-mm-thick base of the plate
is composed of a very thin white cortex covering
lamellar compact bone on the inner surface, a porous
zone with small vascular canals, followed by an outer
layer of compact, slightly wavy bone devoid of canals
and extending into the pustules.

Remarks: The structure of the specimen and the high
and comparatively large pustules on its external sur-
face preclude assignment to actinopterygian fish. In-
stead, these features are typically found in osteoderms
as well as in cranial and pectoral elements of pla-
giosaurid temnospondyls (ScHocH & Witzmann 2011;
SchocH 2013; Prino et al. 2024). The specimen de-
scribed in the present paper is interpreted as an osteo-
derm rather than a fragment of an ornamented skull or
pectoral bone because of its outline, the low thickness,
and the internal structure (e.g., WitzmManN & Sor-
ER-GUON  2010). Pustule-bearing osteoderms are
known from both plagiosaurin genera Gerrothorax
NiLssoN, 1934 and Plagiosaurus JAEKEL, 1914, al-
though those of the latter are poorly known (Wirz-
MANN & ScHocH 2024). Given the lack of further diag-
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Fig. 2. Plagiosaurin (A-B) and thalattosaur (C—J) remains from the upper middle Rhaetian (Upper Triassic) of Irrel,
Rhineland-Palatinate, SW-Germany. A—B — Plagiosaurinae indet., osteoderm, NHMMZ PW 2026/9104-LS in internal
view (A) and with detail of section (B). C — Pachystropheus rhaeticus, femur, NHMMZ PW 2026/9105-LS. D — Pachystro-
pheus rhaeticus, rib, NHMMZ PW 2026/9106-LS. E—G — Pachystropheus rhaeticus, caudal centrum, NHMMZ PW
2026/9106-LS, in lateral (E), distal (G) and dorsal (F) views. H-J — Pachystropheus rhaeticus, caudal neural arch,
NHMMZ PW 2026/9106-LS, in lateral (H), ventral (I) and dorsal (J) views.

nostic features, however, we prefer to assign the oste-
oderm to Plagiosaurinae indet.

It was long assumed that most temnospondyls, in-
cluding the plagiosaurids, had gone extinct by the
Rhaetian (Privo et al. 2024). Recently, however, ScHocH
& Moreno (2024) mentioned an isolated osteoderm of
Gerrothorax from the Exter Formation of Esslingen

(D), and Prino et al. (2024) described several capito-
saurid and plagiosaurin remains from the upper mid-
dle Rhaetian of Bonenburg (D). The osteoderm de-
scribed in the present paper adds another precisely
dated, late middle Rhaetian plagiosaurin record, cor-
roborating the survival of the group until the end of
the Triassic (PrmNO et al. 2024).
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Amnionta HAECKEL, 1866
Sauropsida HuxLEY, 1864
Diapsida OsBorN, 1903
Thalattosauria MErrIAM, 1905
Pachystropheidae Kunn, 1961
Pachystropheus E. v. HUENE, 1935
Pachystropheus rhaeticus E. v. HUENE, 1935
Fig. 2C-J

Material examined: Isolated bones including a stylo-
pod (NHMMZ PW 2026/9105-LS), two neural arch
fragments (NHMMZ PW_2025/9019-LS, NHMMZ
PW 2026/9108-LS), a rib or gastralia fragment
(NHMMZ PW 2026/9106-LS), and a caudal vertebra
centrum (NHMMZ PW 2026/9107-LS).

Description: The stylopod (NHMMZ PW 2026/9105-
LS; Fig. 2C) preserves a total length of 45 mm and a
maximal width of 20 mm and shows a 90° twist half-
way along of the diaphysis and a crest creating a de-
pression at mid-shaft for muscular attachment. This
specimen most probably corresponds to a left femur of
Pachystropheus rhaeticus (MEARs et al. 2016; QUINN
et al. 2024).

The rib or gastralia fragment (NHMMZ PW
2026/9106-LS; Fig. 2D) shows a preserved total length
of 20 mm, 2 mm width, and 6 mm height. It has a
smooth surface and a central canal, with a section
showing concentric growth rings.

The caudal centrum (NHMMZ PW 2026/9107-LS;
Fig. 2E—G) has a rectangular outline with concave lat-
eral surfaces, convex distal and proximal articular
surfaces and parallel ridges for articulation with the
neurapophysis.

A cervical neural arch fragment (NHMMZ PW
2026/9108-LS; Fig. 2H-J), more complete than the
specimen figured by NUMBERGER-THUY et al. (2025a),
preserves two posterior processes (articular facets)
but lacks the spinous apophysis.

Remarks: In their exhaustive revision of Pachystro-
pheus rhaeticus, QUINN et al. (2024) provided a diag-
nosis of the taxon focusing on the dorsal and caudal
neural spines, the interclavicle, humerus, radius and
ilium. Although our material includes none of these
elements, the specimens described above are all com-
patible with the corresponding skeletal elements of
Pachystropheus rhaeticus as described and figured
by Quinn et al. (2024), both in terms of morphology
and size spectrum. We therefore assign them to P.

rhaeticus, albeit with a query pending the discovery
of more diagnostic elements.

While relatively abundant and widespread in the
British Rhaetian, Pachystropheus is a rare faunal ele-
ment in the Rhaetian of Habay-la-Vieille (B) and Bur-
merange (L) (DeLsaTe 2002). The material from the
Irrel bonebed is only the second published record of
Pachystropheus from the Triassic of Germany, after
the reports of this thalattosaur from the Rhaetian of
Bonenburg (North Rhine-Westphalia) (SCHWERMANN
et al. 2017).

Archosauriformes GAUTHIER, 1994
Phytosauria JAGER, 1828
Mystriosuchinae indet.

Fig. 3A-G, -]

Material examined: Five isolated teeth (NHMMZ
PW 2026/9109-LS 16.5 mm length and 7.0 mm base
diameter, NHMMZ PW 2026/9111-LS 9.6 mm length
and 4.4 mm base diameter, NHMMZ PW 2026/9113-
LS 6.7 mm length and 3.5 mm base diameter, NHMMZ
PW 2026/9110-LS 11.7 mm length and 5.8 mm base
diameter, NHMMZ PW 2026/9114-LS 8.4 mm length
and 4.0 mm base diameter); two possible osteoderms
or osteoderm fragments (NHMMZ PW 2026/9112-LS
and NHMMZ PW 2026/9115-LS).

Description: Six isolated teeth (Fig. 3A—G), all rela-
tively small, incurved, of circular to weakly lenticular
section, with a very thin enamel layer showing longi-
tudinal flutes, surrounding homogenous dentine, with
a very small pulpar cavity. Most teeth seem to lack a
carina, except for NHMMZ PW 2026/9111-LS
(Fig. 3F—Q) that shows a single, non-serrated carina.

Two possible osteoderms (Fig. 31-J), poorly pre-
served and fragmented, each show a smooth internal
surface and an external surface with radiating ridges
and small to medium-sized round cavities.

Remarks: The taxonomic assignment of teeth like the
ones described above is generally challenging because
conical, pointed teeth occur in various reptile teeth
(e.g., CzepiNski et al. 2021). An assignment to temno-
spondyl amphibians is excluded since the teeth lack
the typical labyrinthodont folds at their base. In terms
of size spectrum, slender, conical and incurved shape,
flute morphology and near-absence of carinae, how-
ever, the specimens described above show striking
similarities with the anterior and median teeth of the
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Fig. 3. Phytosaur (A—G, I-J) and aetosaur (K) remains from the upper middle Rhaetian (Upper Triassic) of Irrel, Rhine-
land-Palatinate, SW-Germany. A—B — Mystriosuchinae indet., tooth, NHMMZ PW 2026/9109-LS in lingual (A) and occlu-
sal (B) views. C—E — Mystriosuchinae indet., tooth, NHMMZ PW 2026/9110-LS, in lingual (C), labial (D) and occlusal (E)
views. F—G — Mystriosuchinae indet., tooth, NHMMZ PW 2026/9111-LS in lingual (F) and occlusal (G) views. H — Mys-
triosuchus planirostris (specimen SMNS 9900) from the Late Triassic of Germany, showing teeth in situ. I-J — Mystrio-
suchinae indet., osteoderm fragment, NHMMZ PW 2026/9112-LS in external (I) and internal (J) views. K — Aetosaurus cf.
ferratus, NHMMZ PW 2026/9116-LS, osteoderm in dorsal view. L — Aetosaurus ferratus (specimen SMNS 5770) from the
Late Triassic of Germany, showing a paramedian osteoderm in situ. Abbreviations: ab: anterior bar; ca: carina; de: dorsal

eminence.

phytosaur Mystriosuchus planirostris (v. MEYER,
1863), as evidenced by the well-preserved dentition
preserved in skull specimens housed at the State Mu-
seum of Natural History Stuttgart (SMNS 9900;
Fig. 3H) and examined firsthand by two of us (DD
and BT). We therefore assign our specimens to a mys-
triosuchin phytosaur, albeit with a query given the

low diagnostic value of the features seen in these
teeth. The two possible fragmentary osteoderms fur-
ther corroborate the phytosaur affinities of the materi-
al.

In the Carnian and Norian, phytosaurs were among
the most abundant and widespread archosauriforms
especially in the Northern Hemisphere (STockErR &
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BurtLER 2013). By the beginning of the Rhaetian, how-
ever, they had declined considerably. Only very few
unequivocal and well-dated phytosaur records are
known from the latest Triassic (GobEerroIT et al. 1998;
SANDER & WELLNITZ 2024). The material described in
the present paper adds another record for the late mid-
dle Rhaetian and corroborates phytosaur survival un-
til the end of the Triassic.

Pseudosuchia ZitTeL, 1890 sensu GAUTHIER & PADIAN,
1985
Aectosauria MarsH, 1884 sensu PARKER, 2007
Stagonolepididae LYDEKKER, 1887 sensu HECKERT &
Lucas, 2000
Aetosaurus Fraas, 1877
Aetosaurus cf. ferratus Fraas, 1877
Fig. 3K

Material examined: Isolated osteoderm (NHMMZ
PW 2026/9116-LS)

Description: The fragmentary osteoderm is thin and
elongated rectangular, preserving a length of 42 mm
and a width of 17 mm and a thickness of 2.0 mm. It
shows a smooth ventral surface and a dorsal surface
with an ornamented part and a clearly offset smooth
margin, corresponding to the anterior bar for the over-
lap of the anteriorly adjacent osteoderm. The orna-
mentation consists of fine ridges and shallow grooves,
showing a weak radial arrangement centered around a
very faint dorsal eminence. Especially on the lateral
half of the dorsal surface the grooves are long and par-
allel.

Remarks: The rectangular outline, the transversally
elongate proportions of the specimen, and the orna-
mentation pattern suggest that this specimen repre-
sents a right paramedian osteoderm of an aetosaur.
Corresponding osteoderms in the dorsal armour of
Aetosaurus ferratus specimens (SMNS 5770 and
18554; Fig. 3L), examined firsthand by two of us (DD
and BT), are strikingly similar to the osteoderm de-
scribed in the present paper. The ornamentation pat-
tern and the length/width ratio of 2.47 both fall within
the spectrum of paramedian dorsal osteoderms of 4e-
tosaurus ferratus (ScHocH 2007; Sues & ScHOCH
2025). We therefore assign the specimen to this spe-
cies, albeit with a query given its fragmentary nature.
Temnospondyl affinities can be ruled out because of
the low thickness combined with an ornamentation of

fine ridges and shallow grooves. Assignment to an ac-
tinopterygian is precluded by the large size of the
specimen, the non-enameled ornamentation and the
absence of peg-and-socket structures on the internal
side.

The osteoderm described in the present paper rep-
resents the youngest well-dated record of an aetosaur
and provides evidence for the group’s survival until
the end of the Triassic. Previous reports of Rhaetian
aetosaur remains were ambiguous and/or poorly dated
(Cuny 1993, 1996; CAWTHORNE et al. 2024).

Loricata MERREM, 1820 sensu NEsBITT, 2011
Crocodylomorpha Hay, 1930 sensu NEsBITT, 2011
Crocodylomorpha indet.

Fig. 4A-G

Material examined: Fragmentary tooth (NHMMZ
PW 2026/9117-LS), six osteoderms (NHMMZ PW
2026/9118-LS — NHMMZ PW 2026/9123-LS).

Description: The single tooth specimen (Fig. 4A—C)
represents a crown fragment lacking the tip, preserv-
ing a total length of 1.29 mm and a maximum width of
1.0 mm at its base. It is labio-lingually compressed, of
lenticular cross section, and shows signs of a weakly
recurved mesial edge. The enamel shows very fine
wrinkles. Both distal and mesial edges show a marked
and finely serrated carina, although the denticles of
the distal carina are larger and better developed and/
or less worn. There are approximately 10 denticles per
millimeter on the distal carina.

The osteoderms (Fig. 4D—G) are small, 4—6 mm in
diameter, rounded polygonal and with an external sur-
face covered by round pits of variable size and smooth
ridges, in some cases showing a radial pattern.

Remarks: Laterally compressed teeth with serrated
carinae occur in a variety of archosauriform groups
(e.g., HEckErRT 2004). In terms of size, shape and ser-
ration pattern, the specimen described in the present
paper shows great similarities with the teeth of
small-bodied sphenosuchid crocodylomorphs like
Saltoposuchus F. v. HUENE, 1921 from the Norian of
Germany (SpiEkMAN 2023) and Terrestrisuchus CRUSH,
1984 from the Rhaetian of the United Kingdom (Spiek-
MAN et al. 2023, 2024). Although we cannot exclude
assignment to a very small theropod dinosaur or an-
other yet unknown archosaur, the co-occurrence of
small crocodylomorph-type osteoderms, similar to
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Fig. 4. Crocodylomorph (A—G) and pterosaur (H-M) remains from the upper middle Rhaetian (Upper Triassic) of Irrel,
Rhineland-Palatinate, SW-Germany. A—C — Crocodylomorpha indet., tooth, NHMMZ PW 2026/9117-LS in labial (A),
lingual (B) and occlusal (C) views. D — Crocodylomorpha indet., osteoderm, NHMMZ PW 2026/9118-LS. E — Crocodylo-
morphaindet., osteoderm, NHMMZ PW 2026/9119-LS. F — Crocodylomorpha indet., osteoderm, NHMMZ PW 2026/9120-
LS. G - Crocodylomorpha indet., osteoderm, NHMMZ PW 2026/9121-LS. H-J — Caviramus sp., tricuspid tooth, NHMMZ
PW 2026/9125-LS in lingual (H), labial (I) and occlusal (J) views. K—-M — Caviramus sp., monocuspid tooth, NHMMZ PW
2026/9124-LS in lingual (K), labial (L) and occlusal (M) views. N — Tricuspid tooth of Caviramus schesaplanensis (spec-
imen PIMUZ A/III 1225) from the Late Triassic of Switzerland. Abbreviation: cu: cusplet.
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those figured by CAWTHORNE et al. (2024) and Spiek-
MAN (2023), corroborates crocodylomorph affinities
for the tooth fragment.

Pterosauria Kaupr, 1834
Caviramus FroBiscH & Fro,iscH, 2006

Caviramus sp.
Fig. 4AH-M

Material examined: Fang-like, monocuspid tooth
(NHMMZ PW 2026/9124-LS), tricuspid tooth
(NHMMZ PW 2026/9125-LS).

Description: The tricuspid tooth (NHMMZ PW
2026/9127-LS; Fig. 4H-J) preserves a nearly complete
crown of 1.7 mm height (2.3 mm height including the
preserved collum portion), 1.4 mm width and 0.64 mm
thickness. The crown is bulbous and clearly offset by
a marked constriction from a basal collum. The crown
is labio-lingually compressed, lenticular in occlusal
view, with a convex labial and straight lingual side.
The main cusp is weakly carinated distally and mesi-
ally, bearing a single small cusplet on each side, the
distal one slightly higher and better developed than
the mesial one. The enamel shows longitudinal cracks
on both sides and very few fine flutes on the lingual
side. Both the main cusp and the mesial cusplet are
worn.

The fang-like monocuspid tooth (NHMMZ PW
2026/9126-LS; Fig. 4K—M) preserves a total length of
2.38 mm and a maximum base diameter of 1.37 mm.
It is clearly recurved and of conical shape, with a
round cross section. The enamel shows a very fine,
undulating and, in part, branching longitudinal stria-
tion. The tip is heavily worn.

Remarks: Small, approximately triangular, labio-lin-
gually compressed, tri- to pentacuspid teeth are
known from cynodonts and some basal pterosaurs,
both groups sharing superficially convergent tooth
morphologies (e.g., DaLLa VEeccHia 2014; SCHWER-
MANN 2016). As a result, teeth from this morphological
spectrum can be difficult to assess taxonomically
when found isolated in a microvertebrate assemblage
(e.g., CLEMENS 1980; Haun etal. 1984; Cuny et al.
1995; GobpEerroiT 1997; GoperroiT & Cuny 1997; Go-
DEFROIT et al. 1998; ScHWERMANN 2016; NUMBERG-
ER-THUY et al. 2025b). Multicuspid teeth of cynodonts
and pterosaurs tend to differ in their outline, the pro-
portions and occlusal view of their crown, the shape

of their root, the level of constriction at the base of
their crown, the position, orientation and level of indi-
vidualisation of their mesial and distal cusplets, and
the ornamentation of the enamel (Haun et al. 1984;
ScHWERMANN 2016; NUMBERGER-THUY et al. 2025b).

The tricuspid tooth described in the present paper
combines a marked constriction at the base of the
crown, a lenticular occlusal aspect, and very small,
non-diverging and poorly individualised cusplets
asymmetrically lining the mesial and distal edges of
the main cusp. These features all favour an assign-
ment to a pterosaur rather than a cynodont (Haun
et al. 1984; ScHWERMANN 2016; NUMBERGER-THUY et al.
2025b). Among the basal pterosaurs with multicuspid
teeth, similarities are greatest with the maxillary teeth
of Caviramus schesaplanensis FROBISCH & FROBISCH,
2006 and its junior synonym Raeticodactylus fili-
surensis STECHER, 2008 (Fig. 4N). Indeed, the tooth
described in the present paper and those of Caviramus
are nearly identical in their crown proportions, the
straight lingual and convex labial sides, the sharply
offset collum, the development of the cusplets, the
presence of very few, fine wrinkles, and the wear pat-
tern (Os1 2010). It differs from the multicuspid teeth
from the Arnstadt Formation of the South Eifel area
assigned to Eudimorphodon sp. by NUMBERGER-THUY
et al. (2025b) in the much stronger constriction at the
base of the crown resulting in a bulbous shape of the
latter, the lower and wider main cusp, the smaller cus-
plets and the fewer and smaller flutes.

The fang-like tooth described in the present paper
shows a combination of a conical, recurved shape and
a conspicuous pattern of fine, undulating and partially
branching longitudinal striation, similar to the pre-
maxillary teeth of Caviramus (StecHer 2008). In all
other basal pterosaurs, fang-like premaxillary teeth, if
present at all, are labio-lingually compressed and/or
lack the characteristic striation. We therefore assign
the tooth described in the present paper to Caviramus,
albeit tentatively, given the low diagnostic value of
conical monocuspid reptile teeth.

The material described in the present paper repre-
sents the second pterosaur from the Triassic of Ger-
many, following the recent discovery of isolated Fud-
imorphodon teeth in the slightly older Arnstadt For-
mation of the South Eifel area (NUMBERGER-THUY et al.
2025b). Although pterosaurs are fairly well known
from Norian strata especially from the Alpine realm,
their Rhaetian fossil record is exceedingly poor (e.g.,
Darra VEcchia 2014). Therefore, the record described
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in the present paper, even if based on isolated teeth
only, is a valuable addition to the Triassic fossil record
of pterosaurs.
Archosauria Coprg, 1869
Dinosauria OweN, 1842 sensu LANGER et al. 2020
Saurischia SEELEY, 1887
Theropoda MarsH, 1881 sensu SERENO, 1998
Neotheropoda BAKKER, 1986 sensu SERENO, 1998
Neotheropoda indet.
Figs. 5-6

Isolated teeth, material examined: NHMMZ PW
2026/9126-LS (broken tip, total preserved height
15.0 mm, mesiodistal length 10.2 mm and labiolin-
gual width 5.4 mm), NHMMZ PW 2026/9127-LS (to-
tal preserved height 13.8 mm, mesiodistal length
6.1 mm and labiolingual width 2.7 mm) and NHMMZ
PW 2026/9128-LS (total preserved height 13.9 mm,
mesiodistal length 8.4 mm and labiolingual width
5.5 mm).

Description: All three specimens (Fig. 5) correspond
to shed teeth with a blade-like, labio-lingually com-
pressed crown that is distally curved with a straight to
slightly concave distal and a convex mesial edge. The
base of the crown shows no sign of a constriction. The
enamel is smooth, lacking wrinkles, flutes or other
ornamentations. Both edges show sharp carinae that
are regularly beset with chisel-shaped, non-hooked
denticles. Serration densities are as follows: mesial ca-
rina with 14 denticles per 5 mm and distal carina with
13—14 denticles per 5 mm in NHMMZ PW 2026/9126-
LS; mesial carina with 18 denticles per 5 mm and dis-
tal carina with 16 denticles per 5 mm in NHMMZ PW
2026/9127-LS; mesial carina with 16 to 17 denticles
per 5 mm and distal carina with 14 denticles per 5 mm
in NHMMZ PW 2026/9128-LS. None show notable
denticle density differences between basal and apical
parts of the carinae. Denticles on the apical part of the
distal carina appear slightly more elongate than their
equivalents on the mesial carina. The crown is very
gently lingually bowed.

Remarks: The teeth described above show the typical
features of blade-like teeth of basal archosauro-
morphs. The labio-lingual compression of the teeth
and the presence of denticles along the distal margin
suggest assignment to the archosauriforms (GAUTHIER
et al. 1988; DiLkes 1998), although these features are
known to occur also in some non-archosauriform ar-
chosauromorphs with leaf-shaped crowns (e.g., FLynN
etal. 2008). Within archosauriforms, assignment to
phytosaurs is precluded because the teeth of this group
tend to be thicker and generally have a circular to
slightly labiolingually compressed cross section (Hun-
GERBUHLER 2002; Hunt 1989). Other latest Triassic ar-
chosauriforms like protosuchids and sphenosuchid
crocodylomorphs had superficially similar but signif-
icantly smaller teeth with much denser serration pat-
terns. Rauisuchid pseudosuchians have not been re-
ported from the Rhaetian so far but Norian represent-
atives like Teratosaurus have more bulky teeth with a
more rapidly tapering apex and rounded denticles
(Sues & Schoch 2025, and multiple specimens exam-
ined by DD and BT at SMNS).

In contrast, the teeth from Irrel closely resemble
the morphology shown by basal theropods, with a
labiolingually compressed, distally curved and gradu-
ally apically tapering crown, sharp mesial and distal
carinae with chisel-shaped denticles (e.g. GODEFROIT
& Kworr 2003). Similarities are particularly strong
with the uppermost Triassic Lophostropheus airelen-
sis (CuNy & GaLtoN 1993; Ezcurra & Cuny 2007)
and the lowermost Jurassic Dilophosaurus wetherilli
(MarsH & Rowe 2020), especially with respect to the
weakly recurved apex, the smooth enamel and the
shape and densities of the denticles. The upper Trias-
sic Daemonosaurus chauliodus SUEs et al., 2011
(NesBITT & Suks 2020), Liliensternus liliensterni
(F. v. Hueng, 1934) and Newtonsaurus cambrensis
(NEwToN, 1899) (Evans et al. 2025), and the lower-
most Jurassic Dracoraptor hanigani MARTILL et al.,
2016 differ in having teeth with a strongly recurved
apex above a straight cervix. Given the low diagnostic
value of isolated theropod teeth, we consider the spec-

>

Fig. 5. Theropod dinosaur teeth from the upper middle Rhaetian (Upper Triassic) of Irrel, Rhineland-Palatinate, SW-Ger-
many. A—-D - NHMMZ PW 2026/9126-LS in labial (A), lingual (B) and occlusal (C) views and with detail of mesial ser-
ration (D). E-1 - NHMMZ PW 2026/9127-LS in labial (E), lingual (F) and occlusal (G) views and with detail of distal (H)
and mesial (I) serrations. J-M — NHMMZ PW 2026/9128-LS in labial (J), lingual (K) and occlusal (L) views and with

detail of distal serration (M).
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Fig. 6. Dinosaur (possibly theropod) pedal phalanx and unguals from the upper middle Rhaetian (Upper Triassic) of Irrel,
Rhineland-Palatinate, SW-Germany. A—F — Pedal phalanx, NHMMZ PW 2026/9129-LS in dorsal (A), ventral (B), distal
(C), left lateral (D), right lateral (E) and proximal (F) views. G—J — Pedal ungual, NHMMZ PW 2026/9130-LS in dorsal
(G), right lateral (H), distal (I) and proximal (J) views. K—L — Pedal ungual, NHMMZ PW 2026/9131-LS in left lateral (K)
and latero-distal (L) views. Abbreviations: cg: collateral groove; das: distal articular surface, di: distal; do: dorsal; ef: ex-
tensor fossa; ext: extensor tubercle; fxf: flexor fossa; Ip: ligament pit; pas: proximal articular surface.

imens described in the present paper as an undeter-
mined neotheropod record.

Pedal phalanx, material examined: NHMMZ PW
2026/9129-LS.

Description: NHMMZ PW 2026/9129-LS (Figs. 6A—
F, 8F) is a poorly preserved, heavily phosphatized

bone with a phalanx morphology. Its proximo-distal
length is 43 mm, its transversal width is 24 mm, and
the dorso-ventral height is 20 mm. The phalanx has a
stout overall appearance due to its relatively large
width. The shaft of the phalanx is slightly slenderer
than the articular ends and is only very weakly con-
stricted. The dorsal surface is proximo-distally and
medio-laterally straight to slightly convex. Its distal
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end shows a well-developed hemi-circular extensor
fossa placed immediately proximal to the distal artic-
ular surface. The distal end of the phalanx has a
marked trapezoid section, transversally wider than
high, with ventralwards diverging lateral edges and a
concave ventral edge. The proximal end is poorly pre-
served and misses most of the dorsal and ventral edg-
es. The preserved part suggests a relatively shallow,
undivided and smooth proximal articular surface. The
ventral surface of the phalanx is flat to slightly con-
cave. Its proximal end shows a poorly preserved flex-
or fossa. The lateral surface of the distal end shows a
large, well-developed ligament pit on one side. From
what is left due to poor preservation, a similar liga-
ment pit must have been on the opposite side.

Remarks: The bone described above shows the fea-
tures typically found in phalanges. Its short, wide and
overall stout built, the weakly constricted shaft, the
shallow, undivided proximal articular surface and the
hemi-circular extensor fossa suggest that it represents
a pedal phalanx of a theropod dinosaur. The pedal
phalanges of sauropodomorph dinosaurs also have
hemi-circular extensor fossae but they tend to have a
much more strongly constricted shaft (e.g., DELSATE &
Ezcurra 2014; ScHAEFFER 2024).

Unfortunately, the phalangeal morphology of many
basal theropod dinosaurs is poorly described or un-
known. This hampers a more conclusive taxonomic
assessment of the specimen described in the present
paper. Judging from its general outline, the length/
width proportions, the development of the distal and
proximal articular surfaces and the shape of the liga-
ment pits, the specimen is strikingly similar to pedal
phalanges 1V-3 and 1V-4 of Dilophosaurus wetherilli
(MarsH & Rowk 2020), more specifically of the left
foot as suggested by the straight left and the slightly
incised right lateral edge of the phalanx as seen in dor-
sal view.

Pedal unguals, material examined: NHMMZ PW
2026/9130-LS and NHMMZ PW 2026/9131-LS.

Description: NHMMZ PW 2026/9130-LS (Fig. 6G—
J) is a poorly preserved, fragmented ungual phalanx
preserving the proximal portion but lacking the distal
half. The preserved total length equals 21.9 mm. The
proximal end is transversely expanded and has a max-
imum (transversal) width of 17.0 mm and a maximum
(dorsoventral) height of 13.4 mm, suggesting an over-

all wide and low shape. The proximal surface is of
rounded triangular outline. The extensor tubercle
forms a short proximally protruding tip at the dorsal
margin of the proximal surface, with the rest of the
margin around the proximal surface developed as a
slightly salient rim. The lateroventral edges of the
proximal surface are damaged but probably formed
slightly protruding flanges. The medioventral edge is
developed into a slight proximal expansion of the ven-
tral part of the proximal surface. The articulation fac-
et for the preceding phalanx on the proximal surface
is only weakly concave and fails to show a distinct
vertical median ridge, although the central portion of
the facet is slightly raised dorsoventrally in compari-
son to the lateral parts of the facet. The preserved
body of the ungual suggests a very gentle ventral cur-
vature. The surface of the extensor tubercle is contin-
uous with the dorsal surface of the body. The ventral
surface of the ungual, although poorly preserved,
shows a small, partly damaged flexor tubercle sepa-
rated from the expanded ventral margin of the proxi-
mal facet. The right lateral side of the ungual is in-
cised by a deep collateral groove, separating the un-
gual body into a dorsal part and a slightly wider ven-
tral part. The collateral groove is ventrally curved at
its proximal end and then continues distally to a
slightly dorsoventrally higher position. The left lateral
side of the ungual is broken along the supposed line of
the collateral groove.

NHMMZ PW 2026/9131-LS (Fig. 6K-L) repre-
sents the distal portion of an ungual phalanx, 22.5 mm
long and 11.1 mm transversely wide and 9.5 mm dors-
oventrally high at its proximal end. It preserves a sig-
nificant part of the main body until the blunt tip. It is
only weakly curved ventrally and is relatively broad
transversely. The proximal end does not preserve any
traces of the flexor and extensor tubercles nor the ar-
ticular facet. The left lateral side shows a well-devel-
oped, deep collateral groove running along the entire
preserved ungual body, separating it in a broader ven-
tral part. The right lateral side is damaged but shows
traces of the right collateral groove close to the ungual
tip, with the rest of the groove damaged or covered by
matrix.

Remarks: The weak ventral curvature, the broad
transversal outline, the weakly developed extensor
and flexor tubercles and the lack of a distinct median
vertical ridge on the proximal articulation facet all
suggest that the unguals belong to pedal digits
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(MaDsEN 1976; SapLER et al. 2008; HockNuLL et al.
2009; MarsH & Rowk 2020). Their overall shape, es-
pecially the relatively low and wide outline together
with their size, are compatible with an assignment to
a small to medium-sized theropod. They show strik-
ing similarities with the pedal ungual phalanxes of
Dilophosaurus wetherilli (MarsH & Rowe 2020).
However, we cannot rule out that the unguals belong
to a small and/or juvenile sauropodomorph or basal
sauropod (e.g., RaunuT et al. 2020). Due to their frag-
mentary state, it cannot be determined whether the
unguals are from the right or the left foot and to which
digit they could have belonged.

Kuehneosauridae RoBINSON, 1962
Kuehneosaurus RoBINSON, 1962
?Kuehneosaurus sp.

Fig. 7A-F

Material examined: Maxillary fragment with one
complete and two broken teeth (NHMMZ PW 2026/
9132-LS), abraded dentary (?) fragment with worn
tooth (NHMMZ PW 2026/9133-LS), and two ptery-
gopalatine fragments with small teeth (NHMMZ PW
2026/9134-LS and NHMMZ PW 2026/9135-LS).

Description: NHMMZ PW 2026/9132-LS (Fig. 7A—
D) is interpreted as maxilla fragment because it shows
no Meckelian canal and no pleural wall but instead is
convex labially and concave lingually. The bone car-
ries a complete upright, conical tooth with a perfectly
circular section, devoid of carinae, with a diameter of
0.8 mm at its base and a total height of 0.9 mm. Enam-
el remains at the base of the tooth show very fine lon-
gitudinal ridges, similar to those seen at the base of
the teeth on the pterygopalatine fragments described
below. Two broken teeth expose massive (i.e., not hol-
low) circular bases. The three teeth were probably iso-
dont, equal-sized and widely spaced. The bone sur-
rounding the teeth exposes small pits, probably repre-
senting nutrient foramina. No resorption pits are visi-
ble on the tooth shaft, nor at the base of the tooth. The
implantation of the teeth is not thecodont since there is
no sign of a root in a deep socket, nor pleurodont since
the teeth are not attached to an inner wall of the bone,
nor acrodont since the teeth are not loosely attached to
the bone crest. Instead, remains of shallow sockets (al-
veoli) in the bone around the tooth base indicate that
the tooth implantation on this specimen is sub-theco-
dont.

NHMMZ PW 2026/9133-LS is a low conical tooth
on a dentary (?) fragment. The crown is heavily worn,
has a subcircular base section and shows no ornamen-
tation, labio-lingual compression or carina. Il does not
show any rhynchocephalan affinity but instead could
be attributed to a replacement tooth in the kuehneo-
saur dentition.

NHMMZ PW 2026/9134-LS (Fig. 7E) is a bone
plate, interpreted as pterygopalatine element, with six
preserved teeth arranged in two subparallel, slightly
concentric rows, the external one with three more
spaced teeth, the internal with three less spaced teeth.
All teeth are small, approximately 0.4 mm in diameter
and 0.3 mm high, with a strongly tabular or rounded
abraded or worn apex, with the remaining bases show-
ing relatively strong longitudinal ridges, approximate-
ly 24 to 28 per tooth.

NHMMZ PW 2026/9135-LS (Fig. 7F) is a broken
bone plate, also interpreted as pterygopalatine ele-
ment, with three closely spaced teeth and the remains
of a 4™ tooth in line with two of the teeth. Their apices
are blunt and worn, some showing evidence of chip-
ping. The preserved tooth bases show relatively strong
longitudinal ridges, approximately 28 per tooth.

Remarks: The upright, perfectly conical teeth with
flutes at their base and with sub-thecodont implanta-
tion of the maxilla fragment described above suggest
that the maxillary specimen described above belongs
to a kuehneosaurid, possibly Kuehneosaurus, al-
though the latter tends to have taller teeth. Assign-
ment to the sphenodontians Clevosaurus SWINTON,
1939, Diphydontosaurus WHITESIDE, 1986, Planoceph-
alosaurus Fraser, 1982, or the non-sphenodontian
rhynchocephalian Gephyrosauridae Deltadectes WHi-
TESIDE, et al. 2017 and Gephyrosaurus Evans, 1980 is
discarded because these show teeth with a curved me-
sial side, labio-lingually compressed teeth with cari-
na(e), simple and/or bifurcating ridges radiating from
the teeth apex on a thin enamel cap on the upper 40%—
50% of the cusp, acrodonty, pleurodonty, and/or alter-
nating tooth sizes.

The two pterygopalatine elements are assumed to
belong to the same species because they show teeth of
similar size, shape and ornamentation. In actinoptery-
gian pterygopalatine and pharyngeal plates and orna-
mented dermal bones, teeth or teeth-like structures
are much smaller (StaTer etal. 2016), are dome-
shaped with ridges, central apical nipple-like cusp,
show wear on the cusp apex, are shaft-like or low
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Fig. 7. Kuehneosaurid (A—F) and possible lepidosauromorph (G—K) remains from the upper middle Rhaetian (Upper Tri-
assic) of Irrel, Rhineland-Palatinate, SW-Germany. A—D — Kuehneosaurid maxillary fragment, NHMMZ PW 2026/9132-
LS in labial (A) and ventro-lingual (B) views, and with details of tooth in lingual (C) and occlusal (D) views. E — Kuehneo-
saurid pterygopalatine fragment, NHMMZ PW 2026/9134-LS. F — Kuehneosaurid pterygopalatine fragment, NHMMZ PW
2026/9135-LS. G—K — Tooth fragment of an unknown, potentially venomous lepidosauromorph, NHMMZ PW 2026/9136-
LS in lateral views as microphotographs (G—H) and microCT scans (I-J), and with microCT sections (K) at given posi-
tions. Abbreviations: gr: groove.
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globular with acrodine caps, are of Sargodon-type
with punctuated, oval acrodin (WEEks et al. 2005), are
of Colobodus-type, i.e., bulbous to dome- or bar-
rel-shaped with strong vertical striations radiating
from the central tip of the acrodin caps (NoRDEN et al.
2015), and/or tend to be more closely-spaced and less
regularly arranged (MEars et al. 2016; WEEks et al.
2005). Because the teeth on the two specimens de-
scribed in the present paper are neither bulbous nor
barrel-like as in Colobodus-type teeth, neither oval
and pedicellate as in pycnodonts, neither monolithic
and punctuated as in Sargodon-type teeth, we pre-
clude actinopterygian affinities and instead assign
them to a reptile.

Both specimens show teeth with ridges similar to
those preserved at the base of the upright conical teeth
on the maxillary fragment, suggesting that they per-
tain to the same taxon. Several rhynchocephalans
show fine ridges on a thin enamel covering the apical
caps of teeth in dentary and maxilla positions. In par-
ticular, the anterior maxilla of Diphydontosaurus avo-
nis wears different types of teeth ornamented with
well-marked ridges from the base to the apex (WHITE-
SIDE 1986). Moreover, some median palatine teeth
show strong ridges similar to those on the two ptery-
gopalatine specimens described above.

Teeth on palatal bones are disposed in rows and ag-
glomerates in Kuehneosaurus latus, as shown by Caw-
THORNE et al. (2024, fig. 12D). In particular, the left
pterygoid figured by these authors exposes teeth of
0.3 mm diameter, some preserving the basal part of the
rounded, dome-shaped crown devoid of visible external
ornamentation. Their extreme wear exposes a hollow
cavity. The tooth agglomerate zones are reminiscent of
the two specimens described in the present paper with
respect to their scattered disposition and density, al-
though the teeth of the latter show sub-horizontal wear
surfaces instead of a hollow cavity, possibly because of
less important wear. In the Kuehneosaurus right pala-
tine specimen figured by Evans (2009, fig. 16C), teeth
are arranged in single lines in addition to scattered
teeth. On the right pterygoid figured in the same study
(fig. 16D), the teeth are mostly scattered, in a similar
disposition as in the specimens described herein.

The sphenodontian Clevosaurus differs in showing
two rows of small, globular teeth on the pterygoid
(CawTHORNE et al 2024, fig. 12B) and slightly com-
pressed, oval to biconvex, conical teeth with pointed
tips and a diameter between 0.5 and 1 mm, arranged
in rows with larger teeth alternating with smaller re-

placement teeth on the palatine and maxilla (Murry
1986, fig. 6). In Gephyrosaurus, the vomer carries one
marginal row, one inner row and one oblique posterior
row, the palatine carries three slightly diverging rows,
and the pterygoid carries two palatine rows (Evans
1980). Finally, in Diphydontosaurus avonis the vomer
carries two diverging rows, the pterygoid four to five
rows or row segments, and the palatine one oblique
and two 2 parallel oblique rows. Marginal teeth in the
latter are in line and show strong ridges and large, ver-
tical, labial wear facets (WHITESIDE 1986).

We conclude that the two pterygopalatine frag-
ments described in the present paper show greatest
similarities with those of a kuehneosaurid, especially
because the teeth are scattered rather than arranged in
rows, and because of their morphology and wear pat-
tern. However, since the fine details of pterygopala-
tine teeth, in particular the presence or absence of fine
ridges at the tooth base, are poorly documented in
most kuehneosaurids and rhynchocephalans, the tax-
onomic assignment of the Irrel specimens is tentative.

Lepidosauromorpha
Lepidosauria DuMERIL & BIBRON, 1839 (sensu Evans
1984)
Indet.
Fig. 7G-K

Material examined: Fragmentary tooth (NHMMZ
PW 2026/9136-LS).

Description: Specimen NHMMZ PW 2026/9136-LS
represents a tooth with a broken tip, preserving a total
length of 3.0 mm and a maximum diameter of 2.8 mm
at its base. The tooth is robust, laterally compressed
and strongly recurved, resulting in a convex mesial
and a concave distal edge. The broken base exposes
dentine with a radial and concentric structure encom-
passing a small pulpar cavity of lenticular cross sec-
tion. The mesial and distal edges of the tooth are
rounded, devoid of carinae or serrations, resulting in
an oval cross section. The surface of the tooth is
smooth and shows one deep longitudinal groove on
one of the lateral sides, and three grooves on the other
lateral side. The grooves are in part infolded, but not
closing as a tube, and become shallower towards the
tip of the tooth.

Remarks: The specimen described above is interpret-
ed as a tooth rather than a bone fragment or an ungual
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phalanx because of its internal structure. Its shape, in
particular the rounded distal and mesial edges devoid
of carinae and denticles, suggests an assignment to a
lepidosauromorph, although we cannot fully preclude
archosauriform affinities due to the fragmentary na-
ture of the specimen. It should be noted that the tooth
described herein is morphologically similar to the
labio-lingually compressed, strongly recurved den-
tary teeth of the basal squamate Cryptovaranoides
microlanius WHITESIDE et al., 2022 from the Rhaetian
of England, further supporting lepidosauromorph af-
finities of the specimen. The main distinguishing
character are the conspicuous grooves along the labial
and lingual sides of the tooth in question. These
grooves are relatively deep and some even seem to
widen below the surface, as evidence by microCT
scans (Fig. 7K). One hypothesis put forward by WHITE-
sipE et al. (2017) to explain deep longitudinal stria-
tions of teeth is that these could help pierce the cara-
paces of arthropods, facilitating the flow of bodily
fluids and thereby contributing to the immobilisation
of prey. Morphologically similar grooves in recent
reptiles, in particular the beaded lizards, are known to
deliver venom (e.g., KoLuparov et al. 2014). If the
grooves of the tooth described in the present paper are
functionally similar to those of living beaded lizards,
they were part of venom-conducting system.

Evidence of venom delivery is extremely rare in
the fossil record. From the Mesozoic, only a handful
of potentially venomous taxa have been reported so
far, among these are the two assumed archosauriforms
Uatchitodon Suks, 1991 from the Upper Triassic of the
United States (MiTcHELL et al. 2010) and Graoullyo-
don GoperroIT & Cuny, 1997 from the Upper Triassic
of Saint-Nicolas-de-Port (F), and the diapsid Microze-
miotes sonselaensis BURCH et al., 2024 from the Upper
Triassic of Arizona (USA). The tooth described herein
differs from Uatchitodon and Graoullyodon is lack-
ing carinae and serrations. It resembles the teeth of
Microzemiotes in terms of shape and size but differs
in having a total of four instead of two grooves. The
tooth in question therefore belongs to a yet unknown
taxon and adds to the extremely scarce fossil record of
venomous reptiles.

Reptilia indet.
Fig. 8A-E

Material examined: Isolated vertebral centrum,
NHMMZ PW 2025/9020-LS.

Description: NHMMZ PW 2025/9020-LS (Fig. 8A—
C) was already figured by NUMBERGER-THUY et al.
(2025a) as an unprepared section of the centrum. Fol-
lowing careful preparation, the external shape of the
centrum can now be assessed. It shows a dorso-ven-
tral height of 42.2 mm, a transversal width of 33.4 mm
and a proximo-distal length of 24.7 mm, resulting in
an overall short and tall aspect. The anterior articular
surface is weakly amphicoelous and of oval outline as
seen in anterior view. In lateral view, the anterior edge
is weakly bulging ventrally, resulting in a gently sinu-
soid edge. As suggested by the unprepared section,
the posterior end is slightly wider than the anterior
end of the centrum. The lateral surface is weakly con-
stricted and shows a large foramen in its ventral half.
The dorsal surface is poorly preserved but seems to
show articular surfaces that widen towards the poste-
rior end of the centrum, lining a poorly preserved,
shallow neural canal.

Remarks: The isolated centrum is poorly preserved
and lacks any diagnostic features that would allow for
an unambiguous taxonomic assignment. The weakly
amphicoelous articular surfaces preclude ichthyosaur
affinities, and the high, short and narrow dimensions
of the centrum make an assignment to plesiosaurs,
phytosaurs and theropod dinosaurs unlikely. Greatest
similarities are shared with the posterior dorsal and
anterior caudal vertebrae of sauropodomorphs, in par-
ticular Melanorosaurus HAUGHTON, 1924 (BARRETT &
CHOINIERE 2024), Schleitheimia Raunut et al. 2020
and Tazoudasaurus ALLAN et al. 2004. Given the poor
preservation and the absence of diagnostic characters,
however, we can neither confirm nor refute sauropo-
domorph affinities and describe the centrum as Rep-
tilia indet. pending the discovery of more complete
material.

Material examined: Isolated proximal end of a rib,
NHMMZ PW 2026/9137-LS.

Description: NHMMZ PW 2026/9137-LS (Fig. 8D) is
a bone fragment that we interpret as a proximal end of
adorsal or cervical rib. It preserves a maximum length
of 28.8 mm and shows a pointed, damaged tubercu-
lum and the broken base of a large capitulum. The
proximal end of the shaft shows the beginning of two
longitudinal grooves.



Fig. 8. Indeterminate reptile remains from the upper middle Rhaetian (Upper Triassic) of Irrel, Rhineland-Palatinate,
SW-Germany. A—C — Vertebra centrum, NHMMZ PW 2025/9020-LS in anterior (A), lateral (B) and dorsal (C) views.
D — Proximal end of rib, NHMMZ PW 2026/9137-LS., with details of well-preserved bone structures. E — Possible roof
skull, NHMMZ PW 2026/9138-LS. F — Pedal phalanx, NHMMZ PW 2026/9129-LS (see Fig. 6A—F) in lateral view, with

details of heavily phosphatized bone structures.

Remarks: The fragmentary nature and the poor diag-
nostic value of ribs hamper a conclusive taxonomic
assessment of the specimen described above. Given
the faunal spectrum of the assemblage described in
the present paper, the size and the shape of the dou-
ble-headed rib end imply that the specimen most
probably belongs to a dinosaur (e.g., SCHAEFFER 2024)
or a phytosaur (LoPEz-Roias et al. 2022).

Material examined: Possible skull roof fragment,
NHMMZ PW 2026/9138-LS.

Description: NHMMZ PW 2026/9138-LS (Fig. 8E) is
an assemblage of poorly preserved, thoroughly py-
ritized, plate-like bone fragments, draped in a mosa-
ic-like manner on the paleo-topography of the biotur-
bated intertidal channel bottom imprint. Some of the
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boundaries between the fragments are cracks, others
seem to represent original sutures. Given the structure
of the bony plates and the shape of some of the as-
sumed sutures, we tentatively interpret the specimen
as a fragment of a roof skull.

Remarks: The specimen is very poorly preserved
with fine structures obscured by pyritization. Given
the scarcity of larger bone fragments in the assem-
blage described herein, we report the specimen, nev-
ertheless. The poor preservation and fragmentary na-
ture preclude a meaningful taxonomic assessment. In
terms of size, thickness and arrangement of the bones,
the specimen shows a certain similarity with the roof
skull of the small aetosaur Aetosaurus ferratus (ex-
amined firsthand at SMNS by DD and BT).

5 Discussion

Vertebrate assemblages from the upper Norian to low-
er Rhaetian of Europe are abundant, widespread and
comparatively well known (v. HUENE 1911, 1923; KunN
1939; SANDER 1992; Cuny et al. 1995; Dzik et al. 2008;
Kmvmic & Arp 2010; Niepzwiepzki et al. 2012; SULEJ
et al. 2012; MusaL et al. 2025) (Fig. 9). In contrast, ro-
bustly dated records from the middle to upper Rhae-
tian, which are essential for a comprehensive under-
standing of vertebrate turnover around the Trias-
sic-Jurassic boundary, are much scarcer. Among the
few outside the famous fissure fill deposits of Great
Britain (e.g., WHITESIDE & MARSHALL 2008) is the up-
per middle Rhaetian site of Bonenburg (North
Rhine-Westphalia, NW-Germany) (SCHWERMANN
et al. 2017). The latter is a bonebed formed in a shal-
low marine setting yielding mostly marine fish, shark
and reptile taxa but also rare terrestrial to semi-aquat-
ic elements, including cynodonts, rhynchocephalans
and phytosaurs (SCHWERMANN 2016; SANDER et al.
2016; SANDER & WELLNITZ 2024). The Irrel assemblage
described herein is of very similar age but was depos-
ited in a more marginal marine or even intertidal set-
ting (NUMBERGER-THUY et al. 2025a). As a result, it
lacks remains of large marine reptiles like ichthyo-
saurs and plesiosaurs and instead yields more abun-
dant and diverse terrestrial faunal elements.

Roughly coeval vertebrate assemblages from Bel-
gium (DurrIN et al. 1983; DurriN & DELSATE 1993) and
Luxembourg (Goperroit et al. 1998; DeLsATE 2002)
show striking similarities in terms of depositional set-

ting, lithostratigraphic context and faunal composi-
tion (Fig. 9), in particular the relative abundance of
terrestrial to semi-aquatic tetrapods. Notable faunal
elements shared with the Irrel assemblage are the
small thalattosaur Pachystropheus and phytosaurs,
found both in Belgium and Luxembourg, pterosaurs
recorded from Syren (L) (Goperroir et al. 1998), and
theropod dinosaurs recorded from Habay-la-Vieille
(GoperroiT & KnorLr 2003). Plagiosaurs, actosaurs,
sphenosuchid crocodylomorphs and kuehneosaurs
have not been recorded from the Rhaetian of Belgium
and Luxembourg, although some of the smaller teeth
from Habay-la-Vieille identified by GoDEFROIT &
Kx~oLL (2003) as theropod teeth might, in fact, belong
to sphenosuchid crocodylomorphs. The latter, in con-
trast, together with the kuehneosaurs, are notable fau-
nal elements shared with the Rhaetian fissure fill as-
semblages of Great Britain (e.g., CAWTHORNE et al.
2024). In summary, the Irrel tetrapod assemblage is
unusual in yielding a high diversity of taxa, mixing
faunal elements previously found in nearby Belgium
and Luxembourg on the one hand, and in Great Brit-
ain on the other hand. It is furthermore unusual in
yielding the youngest known aetosaur and a previous-
ly unknown potentially venomous reptile.

From a taphonomical point of view, all the skeletal
elements from the Irrel assemblage, whether found
loose in sieving residues or embedded in matrix, are
fully isolated, implying that they had been released
into the environment via decomposition of carcasses
before definite burial. Some of the tetrapod remains
show evidence of pre-burial fracturing and/or abra-
sion, suggesting some degree of transport and/or tum-
bling (NuMmBERGER-THUY et al. 2025a). In addition,
some of the remains, e.g. the theropod phalanx
(Figs. 6A-F, 8F) show signs of intense phosphatiza-
tion, a phenomenon previously reported from Rhae-
tian bonebeds (Suan et al. 2012). As a result of this
phosphatization, bone structures can be blurred (com-
pare Figs. 8D and 8F). Preservation types show no
taxonomic pattern but rather vary within taxa (e.g.,
pristine kuehneosaurid remains and phytosaur teeth
co-occurring with worn ones). This suggests that
time-averaging occurred over a relatively short inter-
val, not mixing fundamentally different faunas.

The faunal spectrum of the Irrel tetrapod assem-
blage provides a first glimpse into a diversified tetra-
pod community in a near-shore forest setting on the
southern margins of the Ardenno-Rhenish Massif.
Palynomorph assemblages document a moderately di-
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verse vegetation dominated by Peltaspermaceae seed
ferns, Cheirolepidiaceae and Cupressaceae conifers
along the shore, and Voltziales conifers further in-
land. (NuMmBERGER-THUY et al. 2025a). The shoreline
and shallow sublittoral was roamed by assumedly pis-
civorous, aquatic to semi-aquatic thalattosaurs and
phytosaurs. Terrestrial habitats harboured medi-
um-sized, herbivorous aetosaurs (PARRISH 1994),
small, long-legged, carnivorous and/or insectivorous
crocodylomorphs (KEeBLE et al. 2018), an unknown,

small, carnivorous and potentially venomous reptile,
and a medium-sized, hypercarnivorous theropod di-
nosaur on the ground. Tree canopies and the air were
roamed by small, insectivorous kuehneosaurid glid-
ing reptiles and small, insectivorous, piscivorous and/
or herbivorous pterosaurs (Osi 2010). Finally, the find
of a plagiosaurin osteoderm suggests the presence of
freshwater bodies further inland that were sufficiently
durable to host obligately aquatic, small to medi-
um-sized, piscivorous amphibians. Further sampling
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is likely to reveal additional taxa, considering the
amount of bonebed material still to be processed. The
high abundance of skeletal remains, the number of
taxa already recorded and the robustly determined,
latest Triassic age make the Irrel bonebed already now
a particularly promising Lagerstitte to explore tetra-
pod palaeobiodiversity shortly before the Triassic-Ju-
rassic boundary.
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