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The democratization of 3D techniques in recent years provides exciting new opportunities for the study of complex
fossils. In the present contribution, we provide a virtual reconstruction of a partial, disarticulated metriorhynchid
(Metriorhynchidae, Thalattosuchia, Crocodylomorpha) skull from the Late Jurassic of northwestern Switzerland.
This virtual reconstruction was used to produce high quality scientific illustrations of the whole skull for descriptive
purposes. The reconstructed skull also served for the estimation of the total body length of the specimen and to
propose a life reconstruction of the animal in its paleoenvironment. In an effort for transparency, we review the
sources that were consulted for the life reconstruction and explain the choices that we had to make.

Keywords: Kimmeridgian, Late Jurassic, Metriorhynchidae, paleoart, Thalattosuchia

INTRODUCTION

Thalattosuchia Fraas, 1901 is a clade of mainly marine crocody-
lomorphs that existed from the Early Jurassic to the Early Creta-
ceous. They are mainly represented by two subclades: the
Teleosauridae Geoffroy Saint-Hilaire, 1831 and the Metrio-
rhynchidae Fitzinger, 1843 (Young and Andrade, 2009). While
teleosaurids are usually interpreted to remain close to the coast,
metriorhynchids are more clearly adapted to a pelagic lifestyle.
The latter thus show a variety of specialized characters such as
hypertrophied salt glands, forelimbs transformed into flippers, a
hypocercal tail, or the loss of osteoderms (Fraas, 1902; Andrews,
1913; Fernandez and Gasparini, 2000, 2008; Young et al., 2010;
Herrera et al., 2013; Sachs et al., 2019, 2021). The morphologi-
cal diversity of metriorhynchids long remained underestimated.
The description of new material and the efforts put on the revi-
sion of old collections in the past two decades have significantly
improved our understanding of the group (Andrade et al., 2010;
Young et al., 2010, 2011a, 2013, 2020, 2021; Waskow et al.,
2018; Abel et al., 2020). The Metriorhynchidae are divided into
two major clades: the Metriorhynchinae Lydekker, 1889, gracile
fish and invertebrate feeders; and the Geosaurinae Lydekker,
1889, large bodied macrophageous predators. During the Late
Jurassic, each clade sees the emergence of derived subclades,
the Rhacheosaurini Young et al., 2011a and Geosaurini Cau
and Fanti, 2011 respectively (Parrilla-Bel et al., 2013; Young et
al., 2020). Metriorhynchines have a slender body with greatly
reduced forelimbs and a skull with a long and tubular snout, a
high number of small, usually uncarinated teeth, and retracted
and separated external nares (Young et al., 2010; Parrilla-Bel et
al., 2013). In contrast, geosaurines commonly show a large body
size, more robust and shorter snouts (relative to skull length),
and large bicarinated teeth. Members of Geosaurini are further

characterized by the presence of denticles on the tooth carinae,
a small interalveolar space, and a skull suited for strong bite
forces with the articular bone placed high above the tooth row to
increase mouth gap and a strongly expressed surangular-dentary
groove (Pol and Gasparini, 2009; Young and Andrade, 2009; An-
drade et al., 2010; Young et al., 2012; Waskow et al., 2018). Our
knowledge of metriorhynchids is hindered by the rareness of
relatively complete and 3D-preserved specimens. In this study,
we present the 3D reconstruction of a new partial cranium and
mandible referable to Torvoneustes jurensis, a new geosaurine
species from the Late Jurassic of Switzerland (Girard et al.,
2023). The disarticulated bones were scanned individually, then
reassembled virtually to facilitate the morphological descrip-
tion as well as the scientific illustration of the specimen. This
example illustrates how increasingly available 3D techniques
can be of major importance for the study of challenging fossil
specimens.

METHODS

Context of the discovery

The specimen under study (MJSN BSY008-465) consists of a
partial metriorhynchid skeleton discovered in 2008 in Courte-
doux (Canton of Jura, Switzerland) during systematic excava-
tions related to the construction of the A16 Transjurane high-
way (Schaefer et al., 2018). The specimen was found on a
hardground (level 4000) in the Lower Virgula Marls, Chevenez
Member, Reuchenette Formation, late Kimmeridgian (Comment
et al., 2015). The specimen was initially extracted as a 3-tons
block of limestone and superficially acid prepared from the top
to preserve the taphonomic arrangement of the bones. Acid
preparation was poorly controlled and resulted in damages on
several of the more fragile bones. The specimen was finally
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Figure 1. Virtual reconstruction of the cranium and mandible of Torvoneustes jurensis MISN BSY008-465. (A), cranium and mandible in right
lateral view; (B), cranium in dorsal view; (C), mandible in dorsal view. The anterior is to the right.
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M31d Description
Left dentary (3 meshes)
Right dentary (3 meshes)
Left ramus (2 meshes)
Right ramus (3 meshes)
Left splenial (2 meshes)
Right splenial (2 meshes)
Frontal and left prefrontal
Left maxilla (4 meshes)
Right maxilla
Left nasal
Right nasal
Parietal
Right postorbital
Right prefrontal
Right premaxilla
Left squamosal
Right squamosal
Reconstruction of the mandible
Reconstruction of the cranium
Table 1. List of models derived from the cranium and mandible
of Torvoneustes jurensis MJISN BSY008-465. Collection : Jurassica
Museum.

fully extracted from the rock in 2018 to facilitate both its cu-
ration and its study. MJISN BSY008-465 consists of a partial
and disarticulated skull for a total of 29 identifiable cranial and
mandibular elements, 15 isolated teeth, an incomplete series of
vertebrae, a few ribs, as well as elements of the pelvis and limbs.
A complete description of this material is given in Girard et al.
(2023).

3D acquisition

The 29 identifiable cranial and mandibular elements were
scanned individually with an Artec Space Spider structured
light surface scanner (Artec Group, Inc). This type of scanner
allows a resolution of up to 0.1 mm. Each element was placed
on a turntable and scanned from multiple angles, keeping a
good overlap between each scan. Scan acquisition and post-
processing was made with the dedicated software Artec Studio
13 (Artec Group, Inc). Post-processing consisted in background
removal, scan alignment, global registration, outlier removal,
mesh computation, mesh simplification (with highest accuracy
settings), and finally texturing. The 29 surface meshes are pro-
vided as .PLY files associated with .PNG texture files (Table 1).
They can be opened with a wide range of freeware.

Virtual reconstruction of the skull
The 3D meshes of 29 identifiable cranial and mandibular ele-
ments were imported into Blender 2.8 (available at

) and virtually reassembled by hand. The operator
(SDSO) had access to the physical material to check contacts
during the process. When contacts or other evidence such as
symmetry were absent, the position of the elements was re-
constructed based on the published literature (Andrews, 1913;
Wilkinson et al., 2008; Andrade et al., 2010; Young et al., 2013;
Waskow et al., 2018). It should be noted that some elements
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of the skull have undergone a certain degree of deformation.
Hence, the skull roof appears more flattened than it should be
(Figure 1A). The anterior part of the left maxilla is twisted
counterclockwise in the transverse axis so that the few teeth
remaining in place are now pointing strongly lingually (Fig-
ure 1B). Finally, the two halves of the mandible could not be
properly reassembled at the symphysis level (Figure 1C). The
reconstructed surface models of the cranium and mandible of
MIJSN BSY008-465 are provided as .PLY files (Table 1). They
should remain correctly aligned one relative to the other when
opened together (checked with MeshLab).

Abbreviations

BMMS, Biirgermeister-Miiller-Museum Solnhofen, Germany;

DMA, Dinosaurier Museum Altmiihltal, Denkendorf, Germany;

MISN, Jurassica Museum (formerly Musée Jurassien des Sci-
ences Naturelles), Porrentruy, Switzerland; NHMUK, Natural

History Museum, London, UK; NKMB, Naturkunde-Museum,

Bamberg, Germany; SMNS, Staatliches Museum fiir Naturkunde,
Stuttgart, Germany.

RESULTS

Scientific illustrations of the reconstructed skull

The virtual reconstruction of the cranium and mandible of
MIJSN BSY008-465 greatly facilitated the description and inter-
pretation of the specimen (Girard et al., 2023). It also allowed
to produce high quality scientific illustrations of the material for
publication. Orthographic views of the cranium and mandible in
right lateral and dorsal aspects were extracted from the Blender
project. They were used as the basis for the scientific illustra-
tions of the reconstructed skull. These views were imported into
Procreate 5.1.6 (on a standard iPad running iPadOS 14) on a
300-dpi A3 canvas in order to obtain a final illustration at 600
dpi in A4 format. The contours and major features (sutures,
fractures, foramina, etc.) were first drawn based on these ortho-
graphic views. Then the texture and shading (dots and shades of
gray) were added based on direct observation of the fossils by
the artist (SDSO). Examples of the final illustrations are shown
in Figure 2.

Body length estimation

The body proportions of metriorhynchids depart from those of
other crocodylomorphs. Their skull is comparatively longer,
whereas their limbs are reduced (Andrews, 1913). Estimating
the body size of incomplete metriorhynchids is therefore chal-
lenging. Traditional methods to estimate body length in fossil
crocodylomorphs rely on regression equations of cranial length-
to-total body length (CL-TL) and femur length-to-total body
length (FL-TL) in extant species (Sereno et al., 2001; Wu et
al., 2001; Farlow et al., 2005). However, it was shown that
metriorhynchids do not scale with extant species when body
length is regressed against cranial or femoral lengths (Young et
al., 2011b). In the same study, Young et al. (2011b) proposed re-
gression equations for metriorhynchids based on measurements
in four metriorhynchines and one geosaurine (y = 5.506x — 8.162
for CL-TL; y = 12.693x + 25.817 for FL-TL). These equations
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Figure 2. Scientific illustrations of the reconstructed cranium and mandible of Torvoneustes jurensis MISN BSY008-465. (A), cranium in dorsal
view; (B), mandible in dorsal view. The anterior is to the right. Matrix infill is represented in yellow. Artwork by SDSO.

give diverging body length estimates for MJISN BSY008-465
(Table 2). However, it should be noted that the only available
femur of this specimen is missing most of its proximal head
(Girard et al., 2023). Hence, the FL-TL estimate is largely un-
derestimated here. A comparison with the femora of the closely
related late Kimmeridgian Torvoneustes carpenteri (see Wilkin-
son et al., 2008) suggests that the femur of MJSN BSY008-465
was at least three to five centimeters longer than its present con-
dition, which would give total body length estimates of around
375-400 cm. In order to refine body length estimation for MJSN
BSYO008-465, we have also experimented a more empirical ap-
proach. For this, we extrapolated the total body length from a
reconstruction of the axial skeleton for our specimen and mea-
surements of the preserved vertebrae per region of the axial
skeleton. Only 22 vertebrae (three cervicals, nine dorsal, and
10 caudals) are known for MJSN BSY008-465, but the total
number of vertebrae can be estimated based on available com-
plete metriorhynchid skeletons. There are usually five postaxis
cervical, at least 18 dorsal, and two sacral vertebrae (Table 3).
A variation in the number of caudal vertebrae is observable in
these species ranging from 44 in Cricosaurus suevicus (Fraas,
1902), maybe a bit less in Cricosaurus albersdoerferi (Sachs et
al., 2021), to possibly up to 60 in Dakosaurus sp. (Spindler F.,
pers. comm.). However, since Torvoneustes is phylogenetically
closer to Dakosaurus than any other taxon, it is reasonable to
consider that MJSN BSY008-465 had more than 50 caudal ver-
tebrae. Based on this and the measurements of the preserved
vertebrae, the total body length of MJISN BSY008-465 can be
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Proxy Proxy length Estimated body
(cm) length (cm)
Cranium 80.8 436.7
Femur (not 24.4 335.5
complete)
Empirical - 385-400
reconstruction*®

Table 2. Body size estimates for specimen MJISN BSY008-465 based
on CL-TL and FL-TL regression equations (Young et al., 2011b) and
the empirical reconstruction of the axial skeleton (* see text).

estimated to around 385—400 cm (Figure 3). Since this body
length estimate is both relatively congruent with the two ob-
tained from the regression equations of Young et al. (2011b)
(when the femur length is corrected) and conservative, this is
the one that we retained for the life reconstruction (see below).

Life reconstruction of the specimen

The morphology and proportions of the head were directly
derived from the virtual reconstruction presented herein (see
above). Torvoneustes carpenteri and Torvoneustes coryphaeus,
two closely related species, were also taken into consideration
based on the available literature (Grange and Benton, 1996;
Wilkinson et al., 2008; Young et al., 2013). From the virtual
reconstruction of the skull, it appears that the upper and lower
teeth are alternated without occlusion and that they do not pro-
trude from the jaws laterally. This corresponds to the condition
observable in Torvoneustes mexicanus (Barrientos-Lara et al.,
2016). The right femur and fibula of MJSN BSY008-465 are
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Taxon postaxis dorsal vertebrae
vertebrae
Geosaurinae
Dakosaurus sp. 4/5 19/20
Metriorhynchinae
Cricosaurus 5 18
bambergensis
Cricosaurus 5 18
suevicus
Rhacheosaurus ? 19
gracilis
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sacral vertebrae  caudal vertebrae Sources
2 >50 (possibly up DMA-JP-
to 60) 2009/001
(Spindler F., pers.
comm.)
2 54 NKMB-P-
Watt14/274 (Sachs
etal., 2019)
2 44 SMNS 9808
(Fraas, 1902)
2 50 NHMUK R.3948

(Andrews, 1913)

Table 3. Number of vertebrae per region of the axial skeleton in selected complete metriorhynchid specimens.

preserved (Girard et al., 2023), which gives a good idea of the
size of the hindlimbs in this specimen. The missing proximal
head of the femur was taken into account for limb size esti-
mates. The length of the humerus in our specimen was estimated
thanks to the humerus/femur ratio in Torvoneustes carpenteri
(Wilkinson et al., 2008). The more distal parts of the fore- and
hindlimbs were drawn based notably on Dakosaurus sp. DMA-
JP-2009/001, an exquisitely preserved specimen from the Late
Jurassic limestones of Painten (Germany) currently under formal
description (Spindler F., pers. comm.), and Cricosaurus bam-
bergensis NKMB-P-Watt14/274 (Sachs et al., 2019). The rare
complete articulated skeletons reveal that metriorhynchids had
a long and slender body (e.g., Rhacheosaurus gracilis NHMUK
R.3948, Cricosaurus suevicus SMNS 9808, Cricosaurus bam-
bergensis NKMB-P-Watt14/274, Cricosaurus albersdoerferi
BMMS-BK 1-2, Dakosaurus sp. DMA-JP-2009/001). The tail
is usually about as long as the rest of the body and the size of
the caudal vertebrae indicates that it remains relatively thick for
the first three quarters of its length, as noted by Fraas (1902)
on Cricosaurus suevicus SMNS 9808. The position and angle
of the tail bend have been variably represented by paleoartists.
The bend is often positioned too anteriorly, whereas the angle is
sometimes too great (more than 45° from the horizontal plane).
Similarly, the upper lobe of the tail fluke is often represented
as much developed as the lower lobe. This is in contradic-
tion with currently available specimens (e.g., Rhacheosaurus
gracilis NHMUK R.3948), which tend to have a tail bend lo-
cated in the last quarter of the tail forming an angle of less
than 45° and a moderately developed upper lobe representing
less than half of the lower lobe (Andrews, 1913; Sachs et al.,
2019, 2021; Spindler et al., 2021). It was proposed early on
that metriorhynchids had a smooth skin instead of the typical
scaly integument of reptiles (e.g., Fraas, 1901, 1902). How-
ever, fossilized evidence was missing and the closely related
teleosaurids were known to have scales (Westphal, 1962). As
a result, metriorhynchids were sometimes represented with a
smooth skin and sometimes with scales. However, Spindler et
al. (2021) recently described soft-tissue preservation in several
Late Jurassic metriorhynchids from Painten and Wattendorf,
Germany. They showed that metriorhynchids had a uniform
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type of smooth and flexible skin reinforced by straight, mostly
transverse fibers. The metriorhynchid skin is therefore con-
vergent with that of ichthyosaurs and plesiosaurs. In contrast,
teleosaurids had a scaly integument similar to that of modern
crocodiles (Spindler et al., 2021).

Several other important aspects of the external appearance
were also considered to produce the final life reconstruction
of MJSN BSY008-465 (Figure 4). Metriorhynchids are often
represented with a high degree of dorsoventral flexion of their
axial skeleton. Yet, this is not consistent with the morphology
of their vertebrae. Propulsion in metriorhynchids was probably
ensured by lateral undulation of their body and tail (Massare,
1988). We therefore opted for a less dynamic posture in our
reconstruction. The presence of extraoral tissues (lips) must be
considered for animals that became so profoundly adapted to a
pelagic lifestyle like metriorhynchids (Witton, 2018). The num-
ber of foramina on the premaxilla, maxilla and dentary can be
used as a proxy to determine the type of extraoral tissue in fossil
amniotes (Morhardt, 2009). More specifically, animals with lips
or cheeks tend to have few foramina on their jaw bones, whereas
the absence of extraoral flexible tissues is usually marked by a
high density of foramina (typically more than 50 per bones). On
MIJSN BSY008-465, we counted close to 50 foramina on the
maxilla and dentary despite the imperfect preservation of these
bones. This would suggest that this specimen lacked extraoral
tissues. We also checked this condition on several teleosaurids
(e.g., ’Steneosaurus” sp., MISN TCHO006-1439) from the same
stratigraphical layer (Schaefer et al., 2018). They consistently
have more than 50 foramina on the maxilla and dentary and,
therefore, also lacked extraoral tissues according to Morhardt
(2009).

Reconstruction of the environment

Most of the elements of the partial skeleton MJISN BSYO008-
465 were found in close association on a 2.5 m? area (Girard et
al., 2023). Except for the forelimbs, elements of all regions of
the skeleton are known. This strongly suggests that the speci-
men came to rest on the sea bottom very close to its place of
death, and, by extension, that this pelagic animal occasionally
visited the moderately shallow paleoenvironment represented
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Figure 3. Tentative reconstruction of the axial skeleton of MJISN BSY008-465 based on the estimated vertebral count and on the measurements
of known vertebrae (in gray). Note that the position of the preserved vertebrae in the reconstruction is speculative.

Figure 4. Life reconstruction of Torvoneustes jurensis MISN BSY008-465 in its paleoenvironment. Artwork by SDSO.

M3 Journal e178 ISSN: 2274-0422



by the Lower Virgula Marls (see above; Comment et al., 2015).
Therefore, it was decided to represent our specimen in this pa-
leoenvironment rather than in open sea, in contrast to many
other metriorhynchid life reconstructions. The fact that metri-
orhynchids commonly visited shallow, coastal environments is
further substantiated by their presence in several localities of
the Solnhofen Archipelago (e.g., Arratia et al., 2015). Teeth of
hybodont sharks and of the lepisosteiforme fish Scheenstia were
found associated the metriorhynchid skeleton MJSN BSY008-
465. These are common representatives of the Lower Virgula
Marls vertebrate fauna (Leuzinger et al., 2017a, 2017b). Several
Scheenstia were represented in the reconstruction (Figure 4).
Coastal marine turtles (Thalassochelydia) are also iconic repre-
sentatives of the Lower Virgula Marls vertebrate fauna (Piintener
etal., 2017). One in particular, Thalassemys bruntrutana (MJSN
SCRO11-87), was found in the same stratigraphical horizon as
the metriorhynchid skeleton MJISN BSY008-465 and is repre-
sented by a relatively complete carapace and plastron (Plintener
et al., 2015). A recently referred specimen from Wattendorf
(Germany) provided additional insights into the shell outline
and flipper morphology of this turtle (Joyce et al., 2021) permit-
ting the inclusion of this turtle in the reconstruction (Figure 4).
In addition to their richness in marine vertebrates, the Lower
Virgula Marls are also remarkable for the number of floated
wood remains that they contain, including pieces of trunk and
ramified branches (Piintener and Billon-Bruyat, 2017). Most, if
not all, of these remains can be referred to the extinct conifer
Protocupressinoxylon purbeckensis (Philippe et al., 2010). The
fact that many wood remains correspond to elongate, slender
ramified branches devoid of epibionts suggests that they were
not transported for a long time. A floating branch is represented
in the proposed reconstruction (Figure 4). This element was
drawn based on one of the best preserved sample in the col-
lection (MJSN SCRO008-45). The closeness of emerged land is
evoked with the presence of an island in the background with
silhouettes of the 20-m tall Protocupressinoxylon purbeckensis
(Figure 4). Only a few meters below the Lower Virgula Marls
are several layers of dinosaur track bearing laminites that pro-
duced more than 14,000 documented tracks (Marty et al., 2007,
2018; Razzolini et al., 2017; Castanera et al., 2018). Parallel
sauropod trackways formed by individuals of different size, in-
cluding young ones, are relatively common and seem to suggest
a gregarious behavior (Paratte et al., 2019). At a larger scale,
multiple dinosaur tracksites are known in the Late Jurassic of
the Jura Mountains, which indicate that large dinosaurs either
lived or at least travelled through the emerged lands of the Jura
carbonate platform at that time. A small group of diplodocid
sauropod dinosaurs was represented on the background of the
reconstruction to evoke this phenomenon (Figure 4).

CONCLUSION

Apart from rare exceptionally preserved specimens from plat-
tenkalk localities (e.g., Sachs et al., 2019, 2021; Spindler et al.,
2021), metriorhynchids are often represented by incomplete,
flattened material. In this context, the associated skeleton MJSN
BSYO008-465 is an important specimen despite the disarticulated
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state of its skull (Girard et al., 2023). We used increasingly
available 3D techniques to produce 3D models of all identifi-
able elements of the skull and to reconstruct the cranium and
mandible of the specimen virtually. The virtual reconstruction of
the cranium and mandible of MJSN BSY008-465 was determi-
nant to many aspects of the study of this specimen. The fragility
of the material and absence of many contacts prevent the mount-
ing of the cranium and mandible for description, photography,
and illustration. The virtual model can be manipulated easily
and greatly facilitated the description of the material (Girard et
al., 2023). It was also used to produce high quality scientific
drawings (Figure 2), to estimate the total body length of the
specimen, and to propose a life reconstruction of the animal
in its environment (Figure 4). This is yet another example of
the added value of 3D data for paleontology. In the near future,
the virtual and life reconstructions of the metriorhynchid MJSN
BSY008-465 will also be used for public outreach purposes at
the Jurassica Museum (MJSN). Life reconstructions of extinct
organisms are, by definition, all flawed. This is primarily due
to fossil incompleteness, but also to the misconceptions or pre-
conceived ideas of scientists and paleoartists. Unfortunately, the
chance is rarely given to the latter to explain their published life
reconstructions. In the present contribution, we have tried to
be as transparent as possible about the sources that were used
and the choices that we had to make for the proposed life recon-
struction of Torvoneustes jurensis MJISN BSY008-465 (Figure
4). Considering the composite nature of a life reconstruction in
paleoart, where science-based interpretation and artistic vision
seemingly merge, we would like to encourage future works to
transparently distinguish between these two components. Sim-
ilar to the distinction between results and interpretation in a
scientific study, the separation between science-based interpre-
tation and artistic vision enables a considerable degree of repro-
ducibility and reduces the risk of wrong conclusions. Thus, we
think that including a section with a clear statement on study-
based information and reasoning behind the artistic choices in a
published life reconstruction will not only add scientific value
to the reconstruction, but also clarify its adaptability for closely
related studies.
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