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ABSTRACT: The fossil record of dinosaurs in Scotland mostly comprises isolated highly fragmentary
bones from the Great Estuarine Group in the Inner Hebrides (Bajocian—Bathonian). Here we report the
first definite dinosaur body fossil ever found in Scotland (historically), having been discovered in 1973,
but not collected until 45 years later. It is the first and most complete partial dinosaur skeleton currently
known from Scotland. NMS G.2023.19.1 was recovered from a challenging foreshore location in the Isle
of Skye, and transported to harbour in a semi-rigid inflatable boat towed by a motor boat. After manual
preparation, micro-CT scanning was carried out, but this did not aid in identification. Among many
unidentifiable elements, a neural arch, two ribs and part of the ilium are described herein, and their fea-
tures indicate that this was a cerapodan or ornithopod dinosaur. Histological thin sections of one of the
ribs support this identification, indicating an individual at least eight years of age, growing slowly at the
time of death. If ornithopodan, as our data suggest, it could represent the world’s oldest body fossil of
this clade.
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including stem lizards (Tatanda ez al. 2022), salamanders (Jones
et al. 2022) and mammaliaforms (Panciroli et al. 2021, 2022,
2024), but the dinosaur fossil record is scant. The moderately
complete but very poorly preserved postcranial skeleton of Salz-
opus elginensis, from the Late Triassic deposits of Elgin (Huene
1910; Benton & Walker 2011) has most commonly been consid-
ered an early dinosauriform, closely related to, but outside Dino-
sauria (Benton & Walker 2011). Although some analyses have
tentatively placed it within Dinosauria (e.g. Baron etz al. 2017),
given the preservation of this specimen we consider its phylogen-
etic position uncertain. Definite dinosaur body fossils from the
Middle Jurassic are geographically confined to the Isles of
Skye and Eigg (Whyte & Ross 2019). The first specimens to be
described from a Scottish locality were an indeterminate sauro-

Introduction

Dinosaurs from the Triassic and Early Jurassic were generally
small, bipedal carnivores and omnivores, but by the Late Jurassic
they had radiated into a highly diverse range of species that
included some of the largest terrestrial vertebrates to ever walk
the Earth (Brusatte et al. 2010). This major diversification and
radiation of dinosaurs appears to have primarily occurred during
the Middle Jurassic (Butler ez al. 2008; Maidment ez al. 2020,
2021; Wills et al. 2021, 2023), making dinosaurs from this time
interval critical to our understanding of the drivers of this radi-
ation. However, Middle Jurassic dinosaur fossils are exception-
ally poorly known and globally rare (Benson et al. 2016;
Maidment et al. 2020). Consequently, the early evolutionary his-

tories and major diversifications of most dinosaur groups remain
obscure. New dinosaur finds from the Middle Jurassic are there-
fore highly significant for our understanding of the development
of dinosaur-dominated ecosystems.

Fossiliferous Middle Jurassic deposits from Scotland have pro-
vided exceptionally well-preserved skeletons of small vertebrates,

"Brett Lloyd Crawford, 1974-2023.

pod limb bone from the Bathonian of Trotternish (Clark et al.
1995) and an incomplete theropod tibia, first described in 1995
but recently compared to Sarcosaurus woodi (Ezcurra et al.
2023) from the Sinemurian of Strathaird, Skye.

Since the 1990s, only isolated and incomplete body fossils have
been described from the Bathonian Lealt Shale, Valtos and Kil-
maluag Formations, and the older (Aalenian to Bajocian) Bear-
reraig Sandstone Formation (Aalenian to Bajocian) and
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Figure 1 Location and geological context of discovery of NMS G.2023.19.1: (a) stratigraphic column showing the Great Estuarine Group and Kilmaluag
Formation, and presence of dinosaur body and trace fossils; (b) locations of Skye and Eigg, where dinosaur fossils have been found, and location of NMS
G.2023.19.1; (c) stratigraphic column of the Carn Mor landslip, adapted from Panciroli ez a/l. (2020b); (d) position of NMS G.2023.19.1 on the foreshore in
2017, with stratigraphic column matched with (c). Team in (d) left to right: Richard Butler, Roger Benson, Rubén Contreras Izquierdo, Stig

Walsh. Photograph by E. Panciroli.

Broadford Beds Formation (Sinemurian) (Fig. la, b). These
include individual teeth and bones of sauropod (Barrett 2006;
Clark & Gavin 2016) and theropod (Brusatte & Clark 2015;
Young et al. 2019) dinosaurs, and the ulna and radius of a thyr-
eophoran (Clark 2001; Panciroli et al. 2020a). The dinosaur ich-
nofossil record on Skye includes single prints and multiple
trackways from the Bathonian Lealt Shale, Valtos, Duntulm
and Kilmaluag formations (for an overview see Clark 2018a).
These include tracks attributed to ornithischians, theropods
and sauropods. Potential dinosaur trackways have also been
informally reported from the east coast of mainland Scotland,
from Keiss (Panciroli & Walsh unpublished data) and an undis-
closed site north of Inverness (Clark 2018b). Whyte & Ross
(2019) provide an accessible overview of most vertebrate fossil
discoveries on Skye.
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The Bathonian Kilmaluag Formation has yielded a small
number of dinosaur ichnological and body fossils on the Isle of
Skye, representing the geologically youngest non-avian dinosaur
material in Scotland. Small tridactyl trackways are known from
the Kilmaluag outcrops on the Trotternish Peninsula in north-
east Skye (Clark et al. 2005). On the Strathaird Peninsula in
southern Skye, dinosaur body fossil remains reported to date
comprise an isolated sauropod tooth, potentially attributable
to a basal eusauropod or basal titanosauriform (Barrett 20006),
and an incomplete taxonomically indeterminate femur and
theropod tooth (Wills et al. 2014).

Here we describe the partial skeleton of a dinosaur from the
Kilmaluag Formation in Skye. It comprises the most complete
fossil of its kind in Scotland, and its original discovery pre-dates
the first reported dinosaur fossils from Skye. Although
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incomplete, comparative anatomy and histological analysis
allow us to narrow the identification of the specimen. Its extrac-
tion was logistically challenging, and so we also outline the
method of collection from the dynamic coastline of the island.
Institutional abbreviations: NMS = National Museums Scotland,
Edinburgh; NHMUK = Natural History Museum, London.

1. History of discovery of NMS G.2023.19.1

Abundant invertebrate fossils were described by early geologists
working in the Isle of Skye in the 19th Century (e.g., Murchison
1828), and some vertebrate fossil fragments are mentioned in
early descriptions of the local geology (Peach 1910; Arkell
1933). However, collection of vertebrate fossils from the Kilma-
luag Formation did not begin until 1971, when the significance of
these beds was recognised by Dr Michael Waldman, a palacon-
tologist and teacher leading a Duke of Edinburgh’s Award group
from Stowe School (Waldman & Savage 1972).

Waldman and Professor Robert Savage of the University of
Bristol subsequently led seven field trips to Skye and surrounding
parts of the Inner Hebrides between 1971 and 1982. Savage
recorded the discovery of a large vertebrate fossil in his field note-
book on 21 May 1973. His sketch of the specimen (Fig. 2)
matches the fossil subsequently rediscovered in 2015 and
described here (NMS G.2023.19.1).

Savage noted it as ‘Bones of ?Dinosaur on big block, v large
prob [sic] land reptile’. However, there is no further mention of
the specimen nor of any attempts to extract it in Savage’s field
notebook. This may have been due to the size and position of
the specimen on the foreshore, or because its significance was
not recognised at the time.

Almost 20 years later, a partial limb bone of a sauropod dino-
saur was found in the Valtos Sandstone Formation near Valtos
(Clark et al. 1995) and shortly afterwards a partial theropod
tibia was found in the Broadford Beds Formation at Heaste (Ben-
ton et al. 1995; Ezcurra et al. 2023). Until now, these were
thought to be the first dinosaur body fossils found in Scotland.

NMS G.2023.19.1 was rediscovered in 2015 by SW and RJB
during fieldwork at the locality, but was considered too difficult
to collect at that time. In 2017 the situation was re-evaluated, and
extraction was led by EP the following year.

2. Geological background

NMS G.2023.19.1 was found in exposures of the Kilmaluag For-
mation north of the village of Elgol on the Isle of Skye, at the site
known in the literature as ‘S. Carn Mor’ (e.g., Andrews 1985).
The Kilmaluag Formation is part of the Great Estuarine

Group, a series of near-shore shallow marine, brackish and fresh-
water lagoon sediments of Bathonian age (Judd 1878; Harris &
Hudson 1980; Andrews 1985; Barron et al. 2012). The Kilma-
luag Formation was named for the village of Kilmaluag on the
northern tip of the Isle of Skye, where the type section is located
(Harris & Hudson 1980). However, it crops out in multiple loca-
tions on Skye and the neighbouring Inner Hebridean islands of
Eigg and Muck, with the thickest sections (about 25 m) located
on the Straithaird Peninsula on Skye (Harris & Hudson 1980;
Morton & Hudson 1995).

The Kilmaluag Formation is correlated with the Retrocosta-
tum Zone, of late Bathonian age, ~166.1 Ma (Barron et al.
2012; Cohen et al. 2019). It represents freshwater facies and is
defined by the occurrence of ostracod-bearing calcareous mud-
stones and marls/fissile mudstones which earned it the former
name of ‘Ostracod Limestone’ (Anderson & Dunham 1966;
Harris & Hudson 1980; Andrews 1985; Barron et al. 2012).

A diverse vertebrate faunal assemblage has been collected from
the Kilmaluag Formation of the Strathaird Peninsula, making it a
globally significant locality for terrestrial Middle Jurassic fossil
material (Panciroli et al. 2020b). The assemblage comprises hybo-
dontiform sharks, amiiform, pycnodontiform and semiodontiform
actinopterygian fish, lissamphibians, testudines, lepidosaurs, chor-
istoderes, archosaurs (including crocodylomorphs, dinosaurs and
pterosaurs), mammaliamorphs, mammaliaforms and mammals
(for an overview see Panciroli et al. 2020b and cites therein; also
Jones et al. 2022; Tatanda et al. 2022; Panciroli et al. 2024). The
composition of the vertebrate fossil assemblage is similar to that
of the Forest Marble Formation at Kirtlington Cement Quarry
in southern England, with many of the same taxa present (Panciroli
et al. 2020b). Many taxa named from Kirtlington based on isolated
skeletal elements and dentition were first collected in the Kilmaluag
Formation, but not studied at the time of their original collection,
instead remaining in the collections at the University of Bristol and
National Museums Scotland.

Fossil material from the Kilmaluag Formation includes sub-
stantially more complete skeletons than those found at other
Middle Jurassic localities in the UK, most notably Kirtlington
Cement Quarry. This is partly due to different preservational
environments, and also different collection methods. Kirtlington
represents a brackish to marine estuarine environment (Barron
et al. 2012), and material was bulk processed using screenwash-
ing (e.g., Freeman 1979). Specimens from the Kilmaluag are
located by eye, removed using rock-cutting equipment, and
micro-CT or synchrotron scanning is used to study their anat-
omy, in contrast to being recovered by bulk sampling, as is com-
mon at coeval sites in the rest of the UK and Europe (Panciroli
et al. 2020b).

Figure 2 Initial discovery of NMS G.2023.19.1: (a) field notebook of Professor Savage showing specimen and notes made in 1973; (b) in situ fossil, photo-

graphed in 2016, with Savage’s sketch overlaid in yellow.
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The boulder containing NMS G.2023.19.1 is principally lime-
stone and lacks distinctive bedding. Vertebrate bone fragments are
concentrated in a restricted area confined to a single surface. The
boulder has been dislodged from the cliff, but corresponds to beds
9b-i of the “Vertebrate Beds’ (Andrews 1985; Panciroli et al. 2020b).

3. Materials and methods

3.1. Extraction

The Elgol coastline has been given legal protection as a Site of
Special Scientific Interest (SSSI), and through Scotland’s Nature
Conservancy Order (NCO). Fossils can only be collected for

scientific purposes and require permits from NatureScot —
these were obtained for this research.

The bones that comprise NMS G.2023.19.1 were exposed on
the edge of a large protruding section of bedrock (boulder
approximately 5 X 2 X 3 m) just south of the Carn Mor landslip
on the Strathaird Peninsula (Fig. 1c, d). The section was sepa-
rated from the rest of the cliff by an eroded igneous dyke, and
sat on the foreshore just above the highest tide line.

A block containing NMS G.2023.19.1 was extracted in April
2018 with technical expertise from Research Casting
International (authors BLC and MF). The block was detached
from the parent rock using traditional plug-and-feather stone-
quarrying techniques, and lowered to beach level using slings

Figure 3 The process of extracting the dinosaur-bearing block: (a) the area of interest was supported by expanding eye bolts attached to a static anchor by
slings, and a series of 25 mm diameter holes were drilled around this area; (b), plug-and-feather steel expanding wedges were inserted into the drill holes
and struck with hammers in order to propagate cracks that separated the block from the rest of the pinnacle; (c—e) the detached block was lowered to the
next level using a ratchet winch, and guided onto a board on a ramp constructed from 100 mm fencing posts onto the limestone pavement beneath; (f) the
block was then secured to a wooden cradle by ratchet straps and carried over the beach to be loaded onto a rigid inflatable dinghy, which was towed (g)
through Loch Scavaig to the landing jetty at Elgol; (h) the excavation team, from left to right: Roger Close, Brett Crawford, Stig Walsh (top), Andrzej
Wolniewicz (bottom), Matt Fair, Elsa Panciroli, Richard Butler and Roger Benson. Photographs a-g by Elsa Panciroli.
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anchored into the block and controlled by a mechanical ratchet
(Fig. 3a—e). The block was transported from the extraction site to
a landing site in the village of Elgol in a semi-rigid inflatable boat
towed by a motor boat (Fig. 3f-h).

3.2. Manual preparation and digital imaging

Fine-chisel mechanical preparation was carried out by Scott
Moore-Fay, augmented by localised application of cloths soaked
with 10 % formic acid on areas of prepared matrix to improve vis-
ual contrast between matrix and fossil bone. However, few diag-
nostic features were revealed in the exposed fossil bone
fragments.

The prepared block was broken into four main fragments by
RBIJB to facilitate X-ray micro-CT scanning. Three smaller frag-
ments were also created but not scanned. All seven fragments are
numbered NMS G.2023.19.1.1-7 for precise part identification
(see Fig. 4). Two thin sections were made from NMS
G.2023.19.1.1 and are numbered NMS G.2023.19.1.8 and 9
(Fig. 4). Initial micro-CT data acquisition was carried out at
the Natural History Museum using a Nikon XT H 225 ST sys-
tem, and later at the University of Warwick using a Nikon XT
H 450 RT, but the size of the blocks and the composition of
the muddy micritic matrix meant the data obtained did not pro-
duce informative segmentations. Further scans were completed
at the p-VIS X-ray Imaging Centre of the University of South-
ampton (ESPRC grant EP/T02593X/1) using a diondo D5 sys-
tem with a 450 kV mini-focus source. The scan parameters for

each part of the specimen are outlined in Table 1. Digital recon-
struction was completed by EP using Materialise Mimics 19.0.
Micro-CT scanning provided only limited additional informa-
tion on bone morphology due to lack of contrast between the
bones and matrix (Fig. 5). Consequently, the description is
based primarily on observations of the bones lying in situ on
the surface of the boulder, with measurements taken using
callipers.

A photogrammetric model of NMS G.2023.19.1 was created
by Matt Humpage (Northern Rogue Studios) after reduction
of the specimen for micro-CT scanning. The model was made
using 50 still TIFFs taken using a Nikon D3500 DSLR, and
the point clouds and final model were made using 3DF Zephyr.
The photogrammetric model is available on Sketchfab https:/
sketchfab.com/3d-models/elgol-dinosaur-model-¢773¢97044¢e4
919b8d50517a2ab14c0, and micro-CT data and PLY's are free to
download at MorphoSource www.morphosource.org/projects/
000700944 ocale=en.

3.3. Palaeohistology

Palaeohistological thin sections were made by GFF following a
modified petrographic sectioning procedure (Lamm 2013). A
portion of bone (probably rib) was removed from NMS
G.2023.19.1.1 using a Dremel rotary saw, and embedded in
Buehler Epothin II epoxy resin under a vacuum (—25inHg).
The block was left to cure overnight, and was then cut at the

dorsal neural arch (see Fig 6b)

(see Fig 6c-d)

break
unidentified limb bone

location of
histological section

Figure 4 Overview of NMS G.2023.19.1.1-7: (a) whole specimen with all parts; (b) location of histological section, indicated by dotted yellow line; (c)
fragment of dorsal rib exposed in cross-section; (d) schematic overview of parts 1-7 of NMS G.2023.19.1.
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Figure 5 Samples of micro-CT data showing poor contrast and artefacts: (a) whole specimen indicating approximate locations of tomographic slices in
(b) and (c) marked with yellow lines; (b) and (c) tomographic slices showing poor contrast and artefacts due to large sample size and density of limestone.

Table 1 Micro-CT scan parameters

Specimen Detector Resolution (um) kV LA Filter

NMS G.2023.19.1.1 3 K diondo 4343 HE Flat panel detector 219 440 3250 1.2 Cu
NMS G.2023.19.1.2 Perkin Elmer XRD 1621 CN14 HS detector 215 420 387 no filter
NMS G.2023.19.1.3 3 K diondo 4343 HE Flat panel detector 107 440 1050 0.6 Cu filter
NMS G.2023.19.1.4 3 K diondo 4343 HE Flat panel detector 107 440 1050 0.6 Cu filter

plane of interest using a Buehler Isomet 1000 Precision Saw with
a Buehler 15LC wafering blade.

The part and counterpart of the cut billet, and a Plexiglas slide
for each, were frosted on a glass plate using 600-grit silicon car-
bide abrasive slurry, to improve adhesion during mounting. Each
billet was mounted to the frosted slide using Mercury M5 T
cyanoacrylate adhesive and left to cure for at least 2h. The
mounted billets were re-sectioned using the Isomet 1000 saw to
a thickness of 0.7 mm, and were then ground using a Hillquist
Thin Section Machine until it neared the desired thickness
(~100 pm). Thereafter, they were ground to their final thickness
(30-50 pm) using 600-grit silicon carbide abrasive slurry on a
glass plate.

Upon grinding, it was discovered that the vacuum pressure
during epoxy embedding was not sufficient to allow epoxy to
penetrate deeply into the specimen, and some areas became pow-
dery and were lost once they approached the target thickness. To
mitigate this, the part slide was ground to a thickness that mini-
mised damage to these powdery regions, whereas the counterpart
slide was ground thinner, to maximise clarity of histological fea-
tures regardless of damage. The slides (NMS G.2023.19.1.8-9)
underwent a final polish using 1 um aluminium oxide slurry.

Slides were observed under high magnification using a Nikon
Eclipse microscope under plane-polarised and cross-polarised
light (with and without a A-filter) to identify bone matrix types
based on osteocyte lacunae characteristics and polarisation

https://doi.org/10.1017/5S1755691024000148 Published online by Cambridge University Press

extinction patterns (following Padian & Lamm 2013 and de Buf-
frénil ez al. 2021). Slides were then imaged under plane-polarised
light using a lower-magnification Nikon AZ-100 microscope
with a motorised Prior Stage and DS-Fii camera, using NIS Ele-
ments BR software, which allowed the entire slide to be imaged
as a photomosaic.

4. Results

4.1. Description

The specimen consists of numerous bones and bone fragments
that appear to be associated and lying on a single bedding
plane within an area of approximately 60 cm by 40 cm. It is
not possible to estimate the total number of bones. The matrix
in which the bones are lying comprises hard limestone, preclud-
ing complete extraction.

All of the bones are broken and the external surfaces are
extremely fractured. It is difficult to positively identify any single
bone or anatomical details. Some individual pieces of bone are
substantial in size, in the order of 15 to 20 cm in maximum
dimensions as preserved. Given the poor preservation, only
those elements that can be tentatively identified are described.

A possible dorsal neural arch is preserved in left lateral view on
the surface of NMS G.2023.19.1.3 (Figs 4a, 6b). The centrum
and neural spine, as well as the left transverse process, are not
preserved. The left prezygapophysis, visible in lateral view,
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Figure 6 Close views of elements of NMS G.2023.19.1.1 and NMS G.2023.19.1.2: (a) NMS G.2023.19.1.1, posterior portion of a right ilium in lateral
view; (b) NMS G.2023.19.1.2, dorsal neural arch is preserved in left lateral view; (c) NMS G.2023.19.1.1, elongate bone, possibly representing a limb
element; (d) digital image of the elongate bone, taken from 3D model in slightly different orientation, clearly showing the ellipsoid opening.

extends anteriorly and is roughly triangular with an anterior apex
and gently convex dorsal and ventral margins. The lateral surface
of the prezygapophysis is gently convex and extends to the base of
the broken transverse process in the form of a subtle prezygodiapo-
physeal lamina. Two further, better developed, laminae extend
posteriorly from the base of the transverse process. The postzygo-
diapophyseal lamina extends posterodorsally, while the posterior

https://doi.org/10.1017/5S1755691024000148 Published online by Cambridge University Press

centrodiapophyseal lamina extends posteroventrally. Both are bro-
ken distally and form the margins of a fossa which would have
formed the posterior part of the lateral surface of the neural
arch. Ventral to the broken base of the transverse process, the lat-
eral surface of the neural arch is gently concave.

A fragment of dorsal rib is exposed in cross-section on NMS
G.2023.19.1.1 (Fig. 4c). It comprises two struts intersecting at
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an acute angle. The strut that forms the dorsal surface of the rib is
anteroposteriorly broad and dorsoventrally compressed. The
second strut extends ventrally and slightly posteriorly and is
anteroposteriorly broader than the dorsal strut. The margins of
the struts merge gently with one another. The dorsal strut is com-
posed of dense cortical bone, while the ventral strut is composed
primarily of trabecular bone, except at its margins.

A large (~18 cm long) piece of bone, preserved close to the
middle of the bone accumulation in NMS G.2023.19.1.1, pos-
sibly represents the posterior portion of a right ilium in
lateral view (Figs 4a, 6a). The element is roughly triangular

as preserved with the apex pointing posteriorly; this apex
represents the posterior margin of the postacetabular process.
The ilium is transversely compressed with a straight dorsal
margin that is not transversely expanded. Extending anteriorly
from the posterior apex, the ventral margin of the postacetabular
process slopes anteroventrally and terminates in an area with
a pitted surface texture that appears to represent part of the
ischiadic peduncle. This pitted surface is bounded by an
anterodorsally curving ridge, fading anteriorly, that would have
marked the posterior and dorsal margins of the ischiadic
peduncle.

Figure 7 Osteohistology of NMS G.2023.19.1.8: (a) photograph of sampled element from NMS G.2023.19.1.1, with chalk outline showing the area
removed by the Dremel for sampling, and dashed line showing the location of the thin sections; (b) overview image of entire sample NMS
G.2023.19.1.8, with cyclical growth marks (gm) highlighted, and box showing the location of image (c); (c) photomontage of cortical region from coun-
terpart section, showing porosity, secondary remodelling, cyclical growth marks and overall histological texture of the sample; (d) detail of cyclical growth
marks (arrows) in the outer cortex of the sample; note multiple lines of arrested growth (LAGs) in some of the cyclical growth marks; (e) close-up of
secondary remodelling and erosive cavities in the inner cortex; note cross-cutting relationships of secondary osteons, variation in secondary osteon infill
and larger diameter of secondary osteons compared to primary osteons; numbers refer to three generations of cross-cutting secondary osteons. Scale bars
as indicated. Abbreviations: bd = banding; cc = cross-cutting; gm = growth marks; in = incipient infill; po = primary osteon; RC = resorption cavity; so =

secondary osteon.
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Also preserved is an elongate bone (~20 cm long) (Figs 4a, 6¢)
with a large ellipsoid opening on its surface on NMS
G.2023.19.1.1 (Fig. 6d). This opening may be a genuine anatom-
ical feature or could have been taphonomically derived. This
element appears to be a fragment of a limb bone, although fur-
ther identification is not possible.

4.2. Histological description

A fragment of rib was selected for histological analysis based on
ease of removal from the matrix, and confidence in identification
of the element (Fig. 4b). The transverse thin sections (Fig. 7)
show that the sampled bone was extensively eroded before pres-
ervation. Most of the sampled area comprises the outer cortex,
and in some areas there is delamination at growth marks where
periosteal bone has been lost. Towards the bottom of the slide
(upwards as preserved in the field), histological structures are
cross-cut at the surface, indicating that some of the bone in this
area was eroded. The portion of the inner cortex that is preserved
was probably adjacent or close to the medullary cavity in life, as it
hosts some large resorption cavities and extensive secondary
remodelling (Fig. 7e). However, the medullary cavity itself, if
one was present in this element, is not preserved.

Primary bone throughout the sample consists of a woven-
parallel (=fibrolamellar) complex with relatively dense longitu-
dinal vascularity (Fig. 7c). Towards the periosteal surface in
some regions, vasculature becomes less dense and the proportion
of lamellar matrix increases, although the predominant longitu-
dinal orientation of the vasculature is maintained. Osteocyte
lacunae are present throughout the bone matrix; they are denser
in the woven matrix than the lamellar matrix, but overall their
preservation is relatively poor and they are difficult to discern
or count.

Cyclical growth marks are present in the primary bone and
can be traced around the cortex where they are not overprinted
by secondary remodelling (Fig. 7b). At least eight cyclical
growth marks can be discerned, although it is likely that more
were present in the endosteal part of the cortex where remodel-
ling is highest. It is also likely that cyclical growth marks have
been lost from the periosteal surface, as delamination at the
growth marks seems to have occurred in several places. Each of
the cyclical growth marks comprises well-developed lines of
arrested growth (LAGs), and many of the growth marks manifest
double, triple or even quadruple LAGs (Fig. 7d). The cyclical
growth marks do not perfectly follow the periosteal margin,
and towards the top and bottom of the specimen (down and
up in the field, respectively), they merge towards the periosteal
surface and crop out at an angle on the surface (Fig. 7c). This
indicates active cortical drift over the course of growth, with
greater deposition of bone towards the sides of the sample than
the top and bottom (corresponding anatomical orientations can-
not be discerned). However, even taking these differences into
account, there is no evidence of substantial changes in growth
mark spacing throughout the cortex, although the spacing
between the second to fourth growth marks is larger than the
other growth zones. Despite lower vascularity and a higher pro-
portion of lamellar bone matrix, growth marks are not densely
packed at the periosteal surface and there is not a well-developed
external fundamental system (Fig. 7d). A small area at the peri-
osteal surface in one region of the bone appears to exhibit more
closely packed LAGs, but it is unclear whether this is a multi-
LAG growth mark that has lost more surficial bone, or if it
results from growth dynamics related to cortical drift. Neverthe-
less, as this area does not extend far along the surface, it is clear
that it does not constitute an external fundamental system.

Secondary remodelling is present throughout a substantial
portion of the cortex (Fig. 7c), reaching the periosteal surface
in some areas, but, where growth marks are most widely spaced,
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it is absent after the sixth cyclical growth mark. The inner cortex
is heavily remodelled by secondary osteons, but some primary
bone remains in the interstitial spaces. Secondary osteons
range in development: some have incipiently developed circum-
ferential lamellae, whereas others have thick lamellae which
occasionally show internal banding (Fig. 7e). The diameters of
the secondary osteons are much greater than the primary
osteons, and there is a general trend of decreasing secondary
osteon size from the inner cortex towards the periosteal surface
(Fig. 7¢). In most areas only a single generation of secondary
osteons can be discerned, with small regions of interstitial pri-
mary bone, but, especially towards the inner cortex, there are
cross-cutting relationships indicating multiple generations of
remodelling (Fig. 7e). At most, three generations of cross-cutting
secondary osteons can be observed in the sample.

5. Discussion

5.1. Taxonomic affinities

Given the Middle Jurassic age of the specimen and the size of the
individual bones, the specimen probably pertains to either a mar-
ine reptile or a dinosaur. The woven-parallel bone matrix with
dense vasculature is indicative of relatively fast growth (Lee
et al. 2013), although the longitudinal vasculature throughout
the cortex suggests that this particular element was growing on
the slow end of this spectrum (Castanet et al. 2000; de Margerie
et al. 2002). Woven-parallel bone matrices are also present in
some contemporary marine reptiles, particularly ichthyosaurs
and plesiosaurs (de Buffrénil et al. 2021), but NMS
G.2023.19.1 lacks characteristic histological features present in
those groups. Specifically, the cortex does not show any evidence
of adaptation for an aquatic lifestyle, either through osteoporosis
(increased bone resorption and porosity) or pachyostosis
(reduced bone porosity) (Houssaye 2009; Houssaye et al. 2014,
Wintrich et al. 2017). Instead, the cortical porosity and evidence
of small resorption cavities are similar to those described in ter-
restrial tetrapods including dinosaurs (Redelstorff & Sander
2009; Sander et al. 2011; Woodward et al. 2015; Panciroli et al.
2020a).

Furthermore, NMS G.2023.19.1 does not show the abundant
radial vasculature described as ‘plesiosaur radial bone’, a com-
mon feature of plesiosaurs (Wintrich et al. 2017; de Buffrénil
et al. 2021). Instead, the longitudinal vasculature and well-
developed growth marks differ from the typical bone microstruc-
ture of plesiosaurs. Thalattosuchian crocodylians do exhibit cyc-
lical growth marks like those in NMS G.2023.19.1, but even the
largest teleosaurids exhibit predominantly lamellar or parallel-
fibred bone matrices (de Buffrénil er al. 2021), not the well-
developed woven-parallel bone matrix present throughout the
cortex of NMS G.2023.19.1. Thus, the bone microstructure of
NMS G.2023.19.1 differs fundamentally from those of contem-
porary large-bodied marine animals, but it is entirely within the
range of variation for a dinosaur.

Due to the highly fragmentary state of preservation of the spe-
cimen, further determination of the affinities of the specimen is
difficult and must be considered tentative. The microstructure
of NMS G.2023.19.1 is reminiscent of a contemporary Scottish
dinosaur from the nearby Isle of Eigg (Panciroli et al. 2020a).
Both specimens show a woven-parallel bone matrix with well-
developed cyclical growth marks and high rates of remodelling
(Fig. 7). Neither shows evidence of an open medullary cavity,
as would be expected of a theropod, and so in general they are
more consistent with an ornithischian or sauropod identity.

Given the age of the specimen, the relatively simple structure
of the neural arch, if correctly identified, tends to favour an inter-
pretation of ornithischian affinities. By the Middle Jurassic, saur-
opods had evolved extensive pneumaticity of the axial skeleton,


https://doi.org/10.1017/S1755691024000148

10 ELSA PANCIROLI ET AL.

and their vertebrae tend to be characterised by a network of well-
developed and extensive laminae (e.g., Wedel 2003; Yates et al.
2012). In contrast, laminae in ornithischian dinosaurs are
much more simple and generally poorly developed. In particular,
the bifurcating postzygodiapophysial and posterior centrodiapo-
physeal laminae identified on the neural arch of NMS
G.2023.19.1 are reminiscent of those on some contemporary ste-
gosaurs (e.g., Stegosauria indet. OUMNH J69710; Adratiklit,
Maidment et al. 2020) and some later ornithopods (e.g., Tenon-
tosaurus, Forster 1990; Camptosaurus, Carpenter & Galton
2018; Cumnoria, Maidment et al. 2023). Eurypodan thyreophor-
ans (stegosaurs and ankylosaurs) are characterised by the posses-
sion of ribs with a “T’-shaped cross-section (Vickaryous et al.
2004; Maidment et al. 2021), although this is not always fully
developed in the distal parts of the rib shafts. The lack of a
‘T’-shaped cross-section in NMS G.2023.19.1 could be inter-
preted to suggest that this specimen is not a eurypodan
thyreophoran.

If correctly identified, the transversely compressed morph-
ology of the ilium is also inconsistent with a thyreophoran iden-
tification for the specimen, because the ilia of all except the most
basal thyreophorans (which tend to be smaller than this speci-
men, e.g., Scutellosaurus; Breeden et al. 2021) are transversely
expanded along the dorsal margin. Conversely, the ilia of early-
diverging neornithischians, cerapodans and non-hadrosauriform
ornithopods are transversely compressed (Butler ez al. 2008).
Notably, the pitted surface texture of the feature identified here
as the ischiadic peduncle and the ridge extending around its mar-
gin are both observed in the early-diverging iguanodontian Cum-
noria from the Late Jurassic of the UK (Maidment et al. 2023).
Although the highly fragmentary state of NMS G.2023.19.1 pre-
cludes definitive identification, we suggest that the specimen
represents a basal cerapodan or ornithopod, and perhaps even
an iguanodontian, given its size and similarity to Cumnoria.

The oldest definitive ornithopod is the iguanodontian Callovo-
saurus leedsi, a femur from the Callovian Oxford Clay Formation
of the UK (Ruiz-Omeiiaca et al. 2007). However, relatively large
tridactyl footprints attributed to ornithopods (probably iguano-
dontians) are known from other Bathonian localities in the UK
and Morocco (Romano & Whyte 2003; Klein ez al. 2023; Oussou
et al. 2023), including Skye (Delair & Sarjeant 1985; dePolo et al.
2020), and indicate that iguanodontians had probably evolved by
this time. It is possible that NMS G.2023.19.1.1-7 could
represent the world’s oldest ornithopod and perhaps even igua-
nodontian body fossil.

5.2. Ontogeny and growth

Osteohistological maturity signals (Lee et al. 2013) indicate that
this individual was growing actively, but relatively slowly. The
presence of at least eight cyclical growth marks indicates a min-
imum age of eight years (Kohler ez al. 2012), but it is highly likely
that more growth marks were present in the densely remodelled
inner cortex, and have been lost from the delaminating periosteal
surface. Growth marks are spaced relatively evenly, and there is
no external fundamental system (Woodward et al. 2011) that
would indicate a growth asymptote.

However, if substantial bone was indeed lost from the perios-
teal surface, it could have included the external fundamental sys-
tem, making this assertion ambiguous. Nevertheless, vascular
and bone matrix signals indicate a decrease in growth towards
the end of life (Castanet et al. 2000; de Margerie et al. 2002;
de Margerie 2004), suggesting that this was an individual that
was probably nearing adult body size. Likewise, high rates of
remodelling throughout the bone are consistent with somewhat
advanced age, as remodelling tends to progress from the endo-
steal region towards the periosteum over the course of life (De
Buffrénil & Quilhac 2021). Overall, the combination of growth
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signals in NMS G.2023.19.1, as preserved, is most consistent
with a subadult or young adult individual.

6. Conclusions

The Middle Jurassic of Scotland is increasingly well represented
by the fossil discoveries from the Kilmaluag Formation, making
it of global importance in our knowledge of this time period in
tetrapod evolution. The partial skeleton NMS G.2023.19.1 is
the first defnite dinosaur body fossil discovered from Scotland,
having been found in 1973, but not collected until 45 years
later. It is also the most complete definite dinosaur known
from Scotland, despite being broken into fragments, with a par-
tial ilium, neural arch and portions of ribs and other pieces of
larger elements.

If NMS G.2023.19.1 does represent an ornithischian, as tenta-
tively suggested from the partial ilium and histological section-
ing, it represents the geologically youngest known occurrence
in Scotland, and first from the Kilmaluag Formation.
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