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Westbury Garden Cliff has been a noted site for Rhaetian bone beds for over a century. It is known especially as a
source of excellently preserved bones of the small marine reptile Pachystropheus as well as other reptiles, and
fishes. Further it is the type locality of the Westbury Formation, the lower half of the British Rhaetian (Penarth
Group). It was also featured in a debate over lateral equivalence of the basal Rhaetian bone bed, with supposedly
5–6mof pre-basal bonebed deposition.However, the bone beds at different localities are unlikely to be of exactly
the same age, and the succession atWestbury Garden Cliff lacks the erosive base of theWestbury Formation seen
elsewhere and so presumably started later, perhaps reflecting progressive inundation of the Welsh High, the
nearest land. However, the main bone bed occurs in lenses up to 20 cm wide, and may represent hummocky
cross stratification, evidence of storm bed deposition. Trace fossils in several sandstones include Selenichnites
and Crescentichnus, evidence of shallow-water limulids ploughing the sediment for food, Lockeia, the living bur-
rows of bivalves, and Chondrites burrow systems, suggesting subsequent stability of the sandstone beds.
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1. Introduction

The Rhaetian, the short final stage of the Triassic has attracted the at-
tention of geologists for many years, and a key section is at Garden Cliff,
Westbury. This was first reported in 1822, and subsequently described
in detail by many authors. Wright (1860, p. 377) said that it “affords
the best exposition of the Avicula contorta beds in Gloucestershire;
and as each stratum rises in succession by the river-bank, it can be ex-
amined and measured with great exactness.” Similarly, Etheridge
(1865, pp. 219–220) noted that “The whole valley of the Severn
abounds in features of high Geological interest,” of which the “bold es-
carpment of Garden Cliff” is one of the best. Richardson (1901, p. 154)
waxed lyrical, “When seen from a distance of two miles, and lit up by
the sun's rays, the cliff has a most picturesque appearance, on account
of the varied colouring of the beds composing it” (Fig. 1).

Westbury Garden Cliff is historically important as the source of the
term ‘Westbury Beds’ or Westbury Formation, the lower division of
the Penarth Group (Warrington et al., 1980, p. 55; Howard et al.,
2008). Various variants of the term had been used over the years, but
Richardson (1911, p. 5) suggested formalisation, “Westbury Beds.–
n).

by Elsevier Ltd. All rights reserved.
This term is suggested for use, as an alternative term to ‘Black Shales,’
etc.” Indeed, up to that point, dozens of different terms had been used,
some referring to key fossils, others to lithology, some from the UK
and some from Germany, and confusion arose in field descriptions be-
cause of so many semi-equivalent terms.

Portlock (1843, pp. 48–49) was first to identify the Avicula contorta
Zone in Northern Ireland, as the author of that species name, and the
term was widely adopted in continental Europe. Wright (1860) used
his studies at Westbury Garden Cliff to provide enthusiastic support
for the term, and to assign the whole unit we now call Rhaetian to the
Triassic. Moore (1861) took exception to some of Wright's comments
about the White Lias and showed that this was a distinct unit between
the Avicula contorta beds and the true Lias. This debate doubtless stim-
ulated Robert Etheridge (1819–1903), then Palaeontologist to the
Geological Survey of Great Britain, but from 1850 to 1857 curator of
the museum of the Bristol Institution, to revisit Westbury Garden Cliff
and make the first detailed study (Etheridge, 1865). Richardson (1901,
1906, 1911) later used the section as a key to unlock the detailed succes-
sion in the British Rhaetian elsewhere.

These early studies raised a key question about the identity of the
bone beds. Richardson (1901, 1904, 1905, 1906, 1911) noted that the fa-
mous basal bone bed of Aust Cliff, first reported in 1824 (Cross et al.,
2018), is in fact equivalent to a bone bed that occurs higher in the
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Fig. 1.ViewofWestburyGarden Cliff, from thewest end, showing the red beds of the BranscombeMudstone Formation (MerciaMudstone Group) in the foreground, dipping gently to the
SSE and showing younger beds of the Blue Anchor Formation and Penarth Group in the distance.
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Garden Cliff section, thus requiring the accumulation of over 2 m of
Westbury Formation black mudstones before deposition of the ‘basal’
bone bed (Guise, 1860; Wright, 1860; Etheridge, 1865). That view was
adopted enthusiastically by Richardson (1901, 1904, 1911) and was
voiced more recently (e.g., Kellaway and Welch, 1993, p. 140), but
was rejected by Reynolds and Vaughan (1904) and in recent overviews
(e.g., Warrington et al., 1980; Benton et al., 2002; Howard et al., 2008).
The location is designated as a Site of Special Scientific Interest by the
UK authorities, with appropriate legal protection from damage, because
of its national and international importance in stratigraphy, history of
sedimentary environments, and palaeontology (Benton et al., 2002,
pp. 237–241).

The bone beds at Westbury Garden Cliff have been described and
illustrated briefly by some authors (e.g., Richardson, 1901) and they
are one of the unique sources of the tiny marine reptile Pachystropheus
(von Huene, 1935; Storrs and Gower, 1993; Storrs, 1994; Storrs et al.,
1996). Yet, the fauna from these bone beds has never been investi-
gated comprehensively. Our aim is to do just that and place the
unique assemblage of marine vertebrates in context of a reconsider-
ation of how it relates to different phases of the Rhaetian marine
transgression.

1.1. Repository abbreviations

BRSMG Bristol Museum and Art Gallery, geology collection
BRSUG University of Bristol, School of Earth Sciences, geology

collection.

2. Geological setting

2.1. Location and previous literature

Westbury Garden Cliff is located on the western shore of the River
Severn, south-east of Westbury-on-Severn (UK Grid Reference SO
718128), and on the outside of a broad bend in the river (Fig. 2), so it
is subject to continuing erosion. The section is 1 km long, starting as a
cliff exposing 15 m of the Branscombe Mudstone Formation (part of
Mercia Mudstone Group) red and buff-coloured beds at the north-
western end, and dropping in height south-eastwards and becoming
more andmore overgrown (Fig. 1). Because of the southwards dip, suc-
cessive horizons through the upper Mercia Mudstone Group and
Penarth Group reach shore level in turn on walking south-eastwards
along the section. The Blue Anchor Formation and Penarth Group be-
come accessible from the shore about halfway along the section, and
this is where we made our logs (Fig. 3).

TheWestbury Garden Cliff section was first described by Conybeare
and Phillips (1822, p. 263),who provide a generalisedmeasured section
from the New Red Sandstone red marl at the base, through green, grey
and black mudstones to theWhite Lias at the top but make nomention
of fossils or the age of these units.

Fossils from Westbury Garden Cliff were first described in two pa-
pers in 1842. Brodie (1842) reported insects from a thin limestone
bed near the top of the section, identified as Etheridge's (1865) beds
17 and 18, just below the Ostrea Limestone, the uppermost unit of the
Cotham Member just below the White Lias. This information was re-
peated by Brodie (1845, p. 79). Owen (1842, pp. 159–160) mentioned
unidentified vertebrate fossils from Westbury Garden Cliff, when he
named the reptile Rysosteus, based on a single vertebra from Aust Cliff.
Owen (1842, p. 160) noted, “I have received other portions of Rysosteus
from the Bone-bed at Westbury Cliff, on the Severn, eight miles from
Gloucester”. Rysosteus was later recognised as undiagnosable (Storrs
and Gower, 1993), but possibly assignable to the aquatic reptile
Pachystropheus, whose type specimen and the bulk of the material
come from Westbury Garden Cliff (von Huene, 1935; Storrs and
Gower, 1993; Storrs et al., 1996). De la Beche (1846, p. 261) gave
some further information about the sections.

Two detailed accounts of the Westbury Garden Cliff section were
published in 1860. Guise (1860, pp. 188–190) presented a section
made by J. Jones and W.C. Lucy, identifying the 16 Rhaetian units re-
ported by others later. They noted black shales with coprolites and
fish teeth near the base (beds 1, 2) and 2.1 m (7 ft 1 in.; bed 2 is 5 in.,
not 5 ft) above the base, the famous lithified bone bed (bed 6), with py-
rites and ‘fine specimens of teeth, coprolites, palates bones, &c.’ Simi-
larly, Wright (1860, pp. 377–379), in company with the same Jones
and Lucy, noted coprolites, bones, scales and teeth of fishes in a thin
bed near the base, with ‘The Bone-bed’ located 2.2 m (7 ft 4 in.) above
the base of the black shales. This horizon yielded “Bones of Saurians
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Fig. 2.Geological map ofWestbury Garden Cliff, highlighting the locations of the cliff and the location where the sedimentary log was taken (red dot). TheMerciaMudstone Group (MM)
here is represented by the Branscombe Mudstone Formation. © Crown Copyright and Database Right 2017. Ordnance Survey (Digimap Licence).
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and Fishes, teeth of Reptiles, teeth of Fishes, as Saurichthys, Acrodus,
Hybodus, and Ceratoduswith many Coprolites”. Higher up, he identified
the Pecten Bed and the Estheria Bed of the Cotham Member. This was
part of his investigation of the marine sediments that lie between the
red beds of the British ‘Keuper’, now the Mercia Mudstone Group, and
the Lias (Lower Jurassic). He correlated the invertebrates with succes-
sions in Germany and used his findings at Garden Cliff and elsewhere
to show that they were identical to the ‘Schichten der Avicula contorta’
of Germany and definitively Triassic, and not Jurassic, in age because
the invertebrates and fishes showed more affinity to Triassic than
Jurassic fossils.

Etheridge (1865) accepted the synonymy of these stratigraphic
terms used in Germany and theUK, the Avicula contorta Zone, Gervillien
Schichten, Kössener Schichten, Rhaetic Group, and Penarth Beds. While
in Bristol, he had made a special study of the Rhaetian at several loca-
tions, including Aust Cliff, Wainlode Cliff, Coombe, Penarth, Pyle Hill,
and Charlton. He claimed it, along with Aust, to be the clearest section
of the Rhaetic sediments. In his measured section (Fig. 3a), he identified
the lowest 4.9 m (16 ft) of red and grey marls as the ‘Tea Green Marls’
(Blue Anchor Formation). This was overlain by 5.3 m (17 ft 3 in.) of
harder white and grey marls, later identified as the ‘Sully Beds,’ and a
‘line of dark and rusty shale, one inch in thickness’ containing coprolites,
teeth and scales of fishes (his beds 2–4), all of which he assigns to the
‘Rhaetic series at Westbury’. This is followed by “the true Contorta
Zone or Black Shale series at Westbury Cliff, those beds known to
older Geologists as the ‘Bone Beds’”, his beds 5–20. Bed 5 is the first
bone bed, as noted by Wright (1860), a 13 cm (5 in.) sandstone with
scales of Gyrolepis albertii, teeth of Saurichthys apicalis, fragments of
enamelled teeth of Sargodon tomicus, small coprolites, and the bivalves
Pullastra arenicola and Avicula contorta. This is followed by 0.6 m (2 ft)
of dark grey shales with pyrite (bed 6) and 0.3 m (1 ft) of dark grey
micaceous sandstone full of bivalves, the Pullastra Bed (bed 7).
Then follows a black shale series, 2.6 m (8 ft 8 in.) thick (beds 8–10),
of which bed 9 is a ‘Bone breccia’ with Acrodus minimus, Gyrolepis
albertii, Nemacanthus, Saurichthys apicalis, and Pullastra arenicola, in its
lower portion. Above these units is a further 1.4 m (4 ft. 6 in.) of the
Westbury Formation, comprising black mudstones with fossil-rich
beds including the lower and upper Pecten beds. The uppermost 5.2 m
(17 ft) comprises limestones and sandstones of the Cotham Member,
including some fish remains reported in the upper half.

Other accounts of the geology of Westbury Garden Cliff (e.g., Brodie,
1845, 1858; Lobley, 1875) were brief and based on other, more detailed
work.

Important work on the Rhaetian of the area was done by Linsdall
Richardson (1881–1967), Director of Cheltenham School of Science
and Technology, beginning his extraordinary contributions at the age
of 20. Richardson (1901, pp. 154–165, Table 3) presented a very detailed
account of the Rhaetian at Westbury Garden Cliff, listing all previous
work and presenting his own measured section. He follows Etheridge
(1865, 1868) in correlating the indurated, sandy bone bed at Garden
Cliff (his bed 15) with the basal bone bed at Aust. He notes that the
infra-bone bed deposit at Garden Cliff is 2 m (6 ft 5 in.) thick, but only
0.6 m (2 ft) at Wainlode Cliff (SO 845257), 2.2 m (7 ft 2 in.) at Chaxhill
(SO 738143), and 0.6 m (2 ft) at Coombe Hill (SO 888271). Richardson
(1904) wrote in detail about these differences in the Mercia Mud-
stone–Penarth group contact, noting the additional pre-bonebed
Westbury Formation successions (0.6–2.2 m) in south Gloucestershire,
and their absence at Aust as well as different appearances, often lacking
bone remains, in north Gloucestershire, Worcestershire and Warwick-
shire. These differences he explained by differences in the relative
depths of the subsiding basins between the zones, with the deepest ba-
sins around Westbury Garden Cliff. He later (Richardson, 1905, p. 387)
made a similar interpretation of the Sully Beds, the grey calcareous
mudstones between the green–blue mudstones of the Blue Anchor For-
mation, and seen by him as basal Rhaetian, but now included as an
upper division of the Blue Anchor Formation (Warrington et al., 1980,
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Fig. 3. Logs of the sedimentary section ofWestbury Garden Cliff, (a) fromEtheridge (1865), and (b) recorded by us in 2021. Highlighted in the sections is themain bone bed (large star) as
well as two additional bone beds; four bone beds were noted by Richardson (1906). We identified bone beds at 1.4 m, 2 m, and 3.8 m above the base of the Westbury Formation.
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p. 55; theWilliton Member of Mayall, 1981). Finally, Richardson (1911,
pp. 5–6)named theWestbury Beds as a formal term for the Lower Rhae-
tian, making comparisons of sections throughout Somersetwith Garden
Cliff. Gallois (2009, p. 73) formalised the connection, proposing that
Westbury Garden Cliff should be regarded as the type section of the
Westbury Formation, orWestburyMudstone Formation as he termed it.

Sykes (1977, pp. 206, 209) indicated the bone bed at the base of the
succession, below the upper and lower ‘Pullastra’ beds, and described as
0.05 m thick, and comprising ‘coarse and fine sand, large and small fos-
sils including bones and coprolites, there are also patches of Tea Green
Marl’, implying that he might have used fallen blocks of bone bed for
the description, and placed it mistakenly lower than its true occurrence.

Trueman and Benton (1997) used rare earth element (REE) signa-
tures of fossils and sediment to show that the bone beds of Westbury
Garden Cliff and Aust likely came from similar source areas, but that
the former had been little transported, the latter much transported.
The REE signatures of fossil bones and sediment were similar at
Westbury Garden Cliff, but different from each other at Aust, indicating
different sources. This corresponds to the physical evidence whereby
the larger Aust fossils show evidence of abrasion and considerable
transport, whereas at Westbury Garden Cliff the fossils are generally
in excellent condition and not abraded.

Earlier workers had noted extensive trace fossils at certain levels
fromWestbury Garden Cliff, andWang (1993) described the xiphosurid
trace fossils on the base of the ‘Upper Sandstone’, equivalent to
Etheridge's Pullastra Bed. Allington-Jones et al. (2010) provided a
wider treatment of the trace fossils, reporting Chondrites, Lockeia,
Oniscoidichnus, Planolites beverlyensis and Rhizocorallium irregulare
from ten thin sandstone units through the succession. This ichnofauna
demonstrated a diverse, opportunistic community that was only pres-
ent in storm-deposited sandstones, demonstrating that the community
was never allowed to develop due to decreasing oxygen levels. Condi-
tions were mainly anoxic, as indicated by the black shales, but the thin
sandstone beds represent sporadic times of oxygenation, accompanied
by diverse benthic life as indicated by the trace fossils.

2.2. The bone beds do not correlate

There is a key question to be resolved about the succession of the
Westbury Formation atWestbury Garden Cliff, and thismatters because
the section is the type of the unit (Gallois, 2009): can the bone bed num-
bered ‘15’ by Richardson (1901, 1911) be equated with the basal con-
glomeratic bone bed at Aust and elsewhere, as suggested by him and
Etheridge (1865) or not, and if not, how do we explain the mis-
matches between the different successions?

Etheridge (1865, pp. 223–224) termed his bed 9 the ‘true Bone bed’
and equated it with the basal bone bed at Aust Cliff, but also south
through Somerset to Charlton in Dorset, and west to Penarth, noting
that “this chief Bone bed was synchronously deposited over the area it
now occupies.” It might seem surprising that Etheridge matched this
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bone bed, some 6–7 m above the base of theWestbury Formation, with
the basal bone bed at Aust, but his meaning is clear; he describes the
equivalent bone bed at Aust as up to 9 in. (23 cm) thick and containing
sub-angular pebbles of BlueAnchor Formation, and these characteristics
apply to the basal Westbury Formation bone bed there and in the
Sedbury Cliff exposure on the opposite bank of the Severn. In his de-
scription of the Aust Cliff section, Etheridge (1868, pp. 17–18) clarified
this, pointing out the absence of the Pullastra beds at the base, and
equating the two bone beds, but noting a key difference that the abun-
dance of Ceratodus lungfish teeth in the Aust basal bone bed contrasts
with their near absence at Westbury Garden Cliff.

Richardson (1901, 1905, 1911) supported Etheridge's viewwith en-
thusiasm and indeed made the key bone bed at each Rhaetian site his
‘bed 15,’ which in some cases (e.g., Aust) marks the erosive base of the
Westbury Formation succession, and at Westbury Garden Cliff and
other localities in South Wales, is located some distance up in the
Westbury Formation succession. This view seems to persist in the
most recent detailed account by the British Geological Survey of the
Bristol district: Kellaway and Welch (1993, p. 140; https://pubs.bgs.ac.
uk/publications.html?pubID=B01779) note that the Westbury
Formation shows the ‘Pullastra’ sandstones at Westbury Garden Cliff,
as in the South Wales locations, but that at Aust Cliff “the sandstones
are very thin or absent, as in many other sections near Bristol.” And
yet other recent authors (e.g., Sykes, 1977; Warrington et al., 1980;
Swift, 1999; Benton et al., 2002, pp. 237–241; Gallois, 2009) make no
mention of the presence or absence of black shales and sandstones of
the Westbury Formation below the basal bone bed.

The solution comes in a footnote by Reynolds and Vaughan (1904,
p. 200), when they explored correlations between levels within the
Penarth Group of multiple sections around Bristol and South Wales:
“Wehave ventured to dissent somewhat fromMr. Richardson's correla-
tion of the beds at Garden Cliff: Seeing that Avicula contorta and
Schizodus occur plentifully below his Bone-Bed (Bed 15), it does not ap-
pear to us that this bed can be considered to be on the same horizon as
that at Sodbury, which is well below the level at which these mollusca
commence to occur in any abundance. It seems more probable that
the section at Garden Cliff is one of the numerous instances which illus-
trate the great variability of the position of the Bone-Bed.”

Indeed, at the same time Wickes (1904) also expressed strong dis-
sent with the Etheridge–Richardson view, when he commented that
the “Bone Bed not only declined to fit in with preconceived ideas, but
also obstinately refused tofit inwith itself!” (Wickes, 1904, p. 214). Not-
ing that bone beds of varying thicknesses and lateral extents occurred at
multiple levels in the same section, he concluded that “the old idea of
the Bone Bed being a definite bed, occupying a definite position, is un-
tenable” and that “the only solution apparent is that the Bone Bed is
not a regular or persistent bed, but consists of a number or series of
thin sheets (or lenticules) of greater or less extent, coming in at various
levels in the Lower Rhaetics, and having no connexion with each other”
(Wickes, 1904, p. 216).

These direct critiques of Richardson's endeavour to identify named
marker beds through the whole of the Rhaetian arose from efforts by
Reynolds and Vaughan (1904, pp. 198–201) andWickes (1904) to cor-
relate the Rhaetian. They found that there are repeated and correlatable
units in the upper part of theWestbury Formation and the Lilstock For-
mation, but identifying such widespread units becomes impossible in
the lower parts. The key reason that they note is thatmany of the fossils
used to designate particular beds actually occur throughout the whole
succession, and even their peak abundances are very variable through
the sequence at different localities. As an example, it is likely that the
distinctive shark faunas of the basal bone bed and the higher ‘bed 9’
seen at Hampstead Farm (Mears et al., 2016) do not occur widely.

A second problem is that the sediment types reflect facies, not single
events, and mudstones, bone beds, sandstones of theWestbury Forma-
tion likely vary by location, dependent on palaeotopography (Ronan
et al., 2021; Lovegrove et al., 2021). For example, bone beds are detected
at sites thatwere close to palaeoshorelines, and even show amix of ma-
rine and terrestrial elements (Nordén et al., 2015),whereas others, such
as Stowey Quarry, were several kilometres offshore. Further, as sea
levels rose episodically through the Rhaetian, new parts of the land
were flooded, and the Mesozoic sediments sit on basement of different
ages, but also commence at different points. Around the present Bristol
Channel, Mesozoic deposition began earlier in the Late Triassic, and the
Penarth Group sediments are preceded by varying thicknesses ofMercia
Mudstone Group red bed successions, as at Westbury Garden Cliff and
Aust (Cross et al., 2018). Around theMendip palaeoisland,Mesozoic de-
position began later, in the Rhaetian, Early, Middle or Late Jurassic, and
even Cretaceous (Ronan et al., 2021), with the Mesozoic sediments de-
posited directly on the Carboniferous limestone. This means the com-
mencement and thickness of the Penarth Group depend on the
balance between topographic level, synsedimentary faulting and basin
deepening, and sea level fluctuation. Indeed, Kellaway and Welch
(1993, p. 140) noted that the sandy and conglomeratic Ceratodus bone
bed at Aust and Filton is widely present around Bristol but absent at
Henleaze and Southmead. Further, although the Ceratodus bone bed
sits directly on the Blue Anchor Formation at Aust, Kellaway and
Welch (1993, p. 140) note that in the Filton railway cutting “the bone
bed is underlain by 11½ ft [3.5 m] of black shales resting on the Tea
Green Marl; these may represent the Grey Marls previously thought to
be absent in this area.”

2.3. Sedimentary succession at Westbury Garden Cliff

The section (Figs. 1, 3b) begins with 20–25 m of Branscombe
Mudstone Formation (formerly termed regionally the Twyning Mud-
stone Formation, now an obsolete term; BGS Lexicon), followed by the
Blue Anchor Formation, both upper divisions of the Mercia Mudstone
Group. The former ismostly dull red in colour, with occasional interbed-
ded white layers; this transitions to the blue grey of the Blue Anchor
Formation (BAF), which exhibits the characteristic blocky, marl-like
texture.

The Westbury Formation (WF) is characterised by its usual thinly
laminated, shaley appearance and a generally black or dark grey colour
(Fig. 4a). The contact with the BAF (Fig. 4b, c) is abrupt, and laterally
varies in height, lying from 90 to 120 cm below the level of the Pullastra
Sandstone, showing that the WF cuts down into the BAF, even though
the contact is locally sharp and notmarked by direct evidence of erosion
such as a detrital bedwith pebbles or other shoreface sediments or trace
fossils. Etheridge (1865) recorded fossils of coprolites, teeth and scales,
but we observed little (Fig. 3b). The basal unit is not a conglomerate or
sandstone, as it is elsewhere, and the first beds of the WF are black,
shale-like mudstones resting more or less conformably on the Blue
Anchor Formation, the contact marked by a rusty papery shale lamina
rich in iron (Fig. 4b, c). The dark colour of the shale transitions upwards
to a light-yellow colour, indicative of the presence of sulphur. There is a
thin sandstone bed at 0.7 m, also seen in Etheridge's section (Fig. 3a, b).

A major sandstone bed, the Pullastra Bed of earlier authors, projects
distinctly at 1.4m above the base of theWF (Fig. 3b) bearingwell devel-
oped Chondrites, Thalassinoides and Selenichnites trace fossils on the
base, and above is an indistinct bone bed. This sandstone layer shows
clear wave ripples on the surface. The bed was also documented by
Etheridge (1865), who notes that it is commonly strewn across the
beach at the base of the cliff. Since this is where the BRSUG 29954 sam-
ples were found, it is possible that they originated from this horizon.

The major bone bed, to which Etheridge (1865) afforded particular
attention, is located at 2 m above the base of the Westbury Formation
(Figs. 3b, 4d). This 2.5 cm sandstone layer contains abundant pyrite
crystals as well as fossils, although not quite as many as the samples
found loose on the beach. The bone bed is discontinuous, occurring as
lenticular blocks from 10 to 30 cmwide, and showing evidence of ripple
cross-lamination and mud drapes over ripples. The lenticular mode of
occurrence explains why fallen blocks often have thin margins, rather
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Fig. 4.Westbury Garden Cliff Site Images. (a) Photograph of Westbury Formation, demonstrating the fissile nature of the mudstones. (b, c) Contact between the Blue Anchor Formation
(below) andWestbury Formation black shales above, beginningwith a rusty brown papery thin shale layer. (d) Themain bone bed at 2.8m. Inmost images, the iron staining is ferruginous
seepage from joints at the lithological change. Scale indicated by shovel (handle is 4 cm in diameter) or pen (1 cm diameter).
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than breaks, showing that they naturally divide along pinched margins
of the lenses. They can be discriminated readily from other fallen blocks
by the abundance of bones over the surface and the presence of pyrite
(Fig. 6).

Another fossiliferous horizon, 4 m above this bone bed, is a thin
sandstone containing bivalves and Selenichnites trace fossils on the un-
derside. Unfortunately, this was inaccessible in situ. Allington-Jones
et al. (2010) documented trace fossils such as Selenichnites,
Rhizocorallium, and Radichnus on the top surface of the sandstone layers,
and some can be observed as infilled casts on the undersides of sand-
stone blocks on the beach.

The sedimentary succession atWestbury Garden Cliff shows evidence
of cyclicity in the shallowing upwards sequences characteristic of episodic
storms (Allington-Jones et al., 2010). This cyclicitywas similarly observed
byMander et al. (2008) who suggested the facies distribution was due to
fluctuations in relative sea level. Additionally, other structures such as
intraformational conglomerates and shell beds are evidence of numerous
flooding events (MacQuaker, 1999; Slater et al., 2016).
3. Materials and methods

The fossil vertebrate remains from Westbury Garden Cliff consist of
macro (>1 mm) and micro (<1 mm) fossils. The BRSUG 29953 fossils
were collected in December 1992 by Glenn Storrs, and BRSUG 29954
in June 2021 by the authors. The BRSMG samples are part of the Nick
Large collection donated to the museum in 1974.

Larger fossils were generally studied in situ in blocks of the bone bed
lying on the foreshore, whereas the microvertebrate remains were ex-
tracted from the sediment using standard methods described by Cross
et al. (2018). Small pieces of bone-rich sediment were processed for
48 h in a combined mixture of 5% acetic acid and 2 l of water, with 1 g
calcium carbonate and 0.5 g tri-calcium di-orthophosphate to act as
buffer. Once the reaction was completed, undigested material was tem-
porarily removed. Digested material, on the other hand, was filtered
through diminishing sieve sizes, 2.0 mm, 500 μm, and 180 μm, allowing
material to be separated into sediment grain gradings of granules,
coarse sand, and fine sand respectively. Using a beaker lined with

Image of Fig. 4
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filter-paper, each grade of sediment was individually filtered, encour-
aged by a hose and squirt bottle. The material was then allowed to
drain for 24 h.

The previously removed undigested material was soaked for a fur-
ther 72 h before being subjected to the acid and filtering process again
and then air dried. This cycle of acid digestion was repeated until a suf-
ficient quantity of each sediment grade had been collected.

It was now possible to begin identifying and classifying microfossils
from the processedmaterials using an optical microscope. Each grade of
sediment was studied for the presence of complete and incomplete fos-
sils. Those that were identifiable were classified into appropriate taxa,
sometimes as far as genus or species level. To obtain relative abun-
dances that were comparable, specimens were counted using the
methods of preceding papers (Cross et al., 2018). Although somemicro-
fossils were arguably identifiable, they were not counted unless they
met the established criteria.

For chondrichthyan teeth, we looked first for central cusps con-
nected to either lateral cusps or roots. The most common and well-
preserved tooth, Rhomphaiodonminor, was only counted when a single,
central cusp was attached to the root. Often, lateral cusps were also
present, aiding identification. Lissodus minimus was only counted if the
central cuspwas present andwhole attached to a labial peg, a small pro-
trusion on the labial side of the tooth. These samples were often
fragmented along the line of weakness between the crown and root,
therefore only 8% of the total number of specimens could be included
in statistical analysis. Rarer teeth, such as Pseudodalatias barnstonensis
are not included in the statistical analysis because no complete crowns
were found for comparison. Hybodus cloacinus was unique in the fact
that fourteen samples were identified, but none met the standard
criteria of a complete cusp connected to a root. Therefore, this taxon
could not be included either. Slightly different criteria were applied to
the actinopterygians. For both Gyrolepis albertii and Severnichthys
types, the criterion was for the shaft to be attached to a complete
enamel cap. Other specimens, such as fin spines, scales, coprolites, and
unidentified bones, were counted disregarding criteria as these are not
used in the statistical analysis.

Themost complete example of eachmorphotypewas photographed
using a Leica DFC425 Camera, connected to an optical microscope. The
fossils were placed under the microscope, and a multi-image stacking
application was used to take 10–20 images through the focal range,
and combine these, layering them, to improve focus and reduce
depth-of-field effects. These digital images were further improved
using the application GNU Image Manipulation Programme (GIMP) ©.
Aspects such as colour ratio and backgrounds were altered to attain
the greatest clarity.

4. Systematic palaeontology

4.1. Chondrichthyans

We identifyfive taxa of chondrichthyans, theusual Lissodusminimus,
Hybodus cloacinus, and Rhomphaiodon minor, based on teeth,
Nemacanthus monilifer based on fin spines, as well as the rather rare
Pseudodalatias barnstonensis from a single tooth. We also identify
many tiny placoid denticles, hybodont scales, hemicentra, and
ctenacanthid scales.

4.1.1. Lissodus minimus (Agassiz, 1839)
In total, there were 219 identifiable specimens of Lissodus minimus,

of which only 23 could be counted because it was rare to find intact
teeth in either collection. Generally, only the bulky central cusp is pre-
served, with the lateral portions missing, and indeed the central cusp
is often broken along the mesiodistally bisecting occlusal crest. Four
morphotypes are identified, with 40% being unassignable. These four
morphotypes correspond to the lateral, anterior, anterolateral and pos-
terolateral teeth (Duffin, 1999, pp. 199–201).
Morphotype 1, the posterolateral teeth, makes up 10% of the total
count. They are large, with a labial protuberance pointing downwards
away from the bulbous, flat, smooth central cusp (Fig. 5a–d). Some
teeth feature faint, vertical striations radiating from the apex of the cen-
tral cusp. Any lateral cusplets that have been preserved share similar
morphology to the central cusp, being smooth and rounded. This mor-
phology indicates durophagy.

Morphotype 2, anterior teeth, is less bulky (Fig. 5e–h) and made up
20%. The crown ismore elongated, curving lingually, and although it still
exhibits a central, bulging cusp, the mesial and distal ends taper to
narrower, rounded points. The central cusp does not exhibit any ridges,
demonstrating a much smoother exterior.

Morphotype 3 is the most common at 24%, identified as the lateral
teeth. They are less rounded and bulky, exhibiting a blockier nature
and pointed lateral cusp (Fig. 5i–j). One example (Fig. 5k) has been ten-
tatively assigned to thismorphotype, although it exhibits heavier ridges
on its central cusp.

Finally, morphotype 4, the anterolateral teeth, is the rarest, making
up 6% of the total. They exhibit more pronounced lateral and central
cusps, a flat base and a smooth exterior (Fig. 5l).

4.1.2. Hybodus cloacinus Quenstedt, 1858
Of this taxon, many of the teeth are fragmentary, with none pre-

served complete. Fourteen examples were identified, with none meet-
ing the counting criteria as they all lack a connection to root
components and whole central cusps.

They are characterised by a bulging central cusp that features dis-
tinct, bifurcating ridges from apex to base (Fig. 5m, n). Despite the ro-
bust appearance, they have been fragmented multiple times, often
only leaving a section of the central cusp.

4.1.3. Rhomphaiodon minor (Agassiz, 1837)
Rhomphaiodon minor was one of the more common teeth with 139

examples identified: from collection BRSUG 43, there were 108; from
BRSUG 29954, 31. They are often well preserved, with little abrasion
and loss of lateral cusplets (Fig. 5o–r), with 34% of samples meeting
the counting criteria.

These teeth are often simple to identify, with a curved central cusp
that has heavy ridges radiating downwards from the apex to the base
of the central cusp. Up to three pairs of minor lateral cusplets may be
present, although more commonly there is only one or two. These
cusplets also exhibit ridges but are more often smooth as they were
more susceptible to abrasion.

The root is bulky and somewhat D-shaped in basal view, sometimes
curving slightly labially in certain samples. The roots are oftenwell pre-
served, displaying clear vascular foramina equally spaced along the
bulging lip of the root. The samples also vary in colour, and some are
amber instead of the typical, phosphate-rich black.

4.1.4. Pseudodalatias barnstonensis (Sykes, 1971)
This species is rare, being reported from many Rhaetian bonebeds

around Europe, but usually in small numbers (Nordén et al., 2015;
Cross et al., 2018). We found only one example, but it is heavily
fragmented. It is likely to be an upper jaw tooth (Cross et al., 2018), de-
fined by a central, conical cusp that has no serrations. An example from
the collection of BRSMG (Fig. 6a) is better preserved. It was featured by
Sykes (1974, pl. 2, Fig. 3), and has a blade-like triangular shape, tapering
to a point at the apex. Vertical striations are absent but are easily con-
fused with cracks in the surface enameloid, and the cutting edges of
the tooth are bounded in serrations, demonstrating that it is from the
lower jaw (Cross et al., 2018).

4.1.5. Fin spines
Multiple specimens of shark fin spines have been identified,many of

them large, but 12 were among the microfossils. These are elongated,
cylindrical fossils, often fragmented, that feature vertical striations.



Fig. 5. Chondrichthyan teeth. (a–d) Lissodus minimus posterolateral teeth BRSUG 29953-10 in lingual (a), occlusal (b), and labial (c), and lingual (d). (e–h) Lissodusminimus anterior teeth
BRSUG 29954-16 in labial (e, g) and lingual (h, f) view. (i–j) Lissodus minimus lateral teeth, BRSUG 29953-7 in labial (i) and lingual (h) view. (k) Likely a Lissodus minimus tooth BRSUG
29954-19, but with unusual ridges. (l) Lissodus minimus anterolateral tooth, BRSUG 29953-9 in occlusal view. (m–n) Hybodus cloacinus lateral cusps, BRSUG 29953-3. (o–p)
Rhomphaiodon minor, BRSUG 29953-2 lingual (o) and labial (p) view. (q–r) Rhomphaiodon minor, BRSUG 29954-4 in lingual (q) and labial view (r). Scale bar equivalent to 1 mm.
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Macro-sized hybodont fin spine samples are most common in the
BRSMG collection. Multiple large samples are seen in BRSMG Ce17771
(Fig. 6b) and a single one in BRSUG 29954 (Fig. 6d). Both are elongated,
laterally compressed and taper to a rounded point at the tip. They fea-
ture characteristic striations, or costae, that run parallel to the vertical
axis of the spine. Their small size suggests that they may pertain to
Lissodus, however more articulated specimens would be required for a
certain identification.

BRSMG Ce16900 (Fig. 6e) is a well preserved Nemacanthus monilifer
(Agassiz, 1837) fin spine. This is also elongate, tapering and bears verti-
cal striations, but also shows enamelled tubercules that increase in
number towards the apex of the spine that are a characteristic trait.
Most have been abraded to half spheres, although some still demon-
strate a hook. These hooks are rarely seen in other specimens.

4.1.6. Denticles

4.1.6.1. Placoid denticles. There are seven morphotypes of placoid
chondrichthyan denticles, but only 42% could be assigned to a
morphotype because of damage. Themost commonmorphotype in col-
lection BRSUG 29953 is type 1, while in collection BRSUG 29954 it is
type 4.

Morphotype 1 (Fig. 7a) is characterised by bearing three ridges, with
the rounded crown attached to the basal structure by a narrow pedicle.
The largest, central ridge extends the length of the pedicle and crown,
while the two minor, lateral ridges either side do not reach as far.
They can commonly feature additional ridges between these three
dominant ones. The crown is commonly bent at a 90–120° angle poste-
riorly. This is comparable tomorphotype 1 of Cross et al. (2018, Fig. 8b).
Morphotype 2 is delicate and curved, with the crown varying from
round to tear-drop shaped (Fig. 7b). Like type 1, the crown is also con-
nected to the base via a narrow pedicle and tends to be about double
the area of the base. It exhibits a smooth capped surface but is heavily
ornamented with vertical ridges around the rim and pedicle. It is com-
parable to morphotype 2 of Cross et al. (2018, Fig. 8c).

Morphotype 3 (Fig. 7c) is more robust. The basal plate is rhomboid,
connected to the crown by a shorter pedicle than in types 1 and 2.
Ridges run from the base, up the pedicle and across the surface of the
crown, although this can sometimes be abraded making the central
ridges appear flatter. This is most like morphotype 3 of Landon et al.
(2017, Fig. 5f).

Morphotype 4 is robust and heavily ornamented, displaying vertical
ridges from pedicle to crown, but rarely exhibiting a basal plate
(Fig. 7d). The top surface is smooth and bulbous, comparable to
morphotype 4 of Landon et al. (2017, Fig. 5g).

Morphotype 5 is distinct in exhibiting a completely smooth, round,
bulbous head (Fig. 7e). The basal plates vary in shape and are much
smaller than the head, with the pedicles exhibiting faint, vertical stria-
tions. This type is comparable to Morphotype 2 of Landon et al. (2017,
Fig. 5c)who suggested that it resembled a denticle of the Lower Jurassic
synechodontiform sharks (Duffin and Ward, 1993, Fig. 12e).

4.1.6.2. Hybodont scales. Two morphotypes of hybodont scales were
identified. The first is distinct from other scales in the collection, with
a circular flat base and a central cusp that is heavily ridged in a radial
pattern (Fig. 7f–g). Only three scales of this type were identified in our
samples, but all are well preserved, likely due to their robust nature.
They are like examples in Cross et al. (2018, Fig. 8e).

Image of Fig. 5


Fig. 6. Examples of the basal bone bed, mainly fallen blocks from the beach. (a) Pseudodalatias barnstonesis tooth, BRSMG Cb4876. (b) Non-uniform distribution of fossils within one bone
bed: coprolites, fin spines, Pachystropheus bones, teeth and microfossils (BRSMG Ce17771). (c) Lateral view of BRSMG Ce17771 highlighting colour variation within a single coprolite.
(d) Fin spine (BRSUG 29954). (e) Nemacanthus monilifer fin spine as well as possible dinosaur bone (BRSMG Ce16900). Scale bars are 1 cm.
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Morphotype 2 (Fig. 7g) has a rounded base that narrows to a fairly
smooth pedicle. The head is slightly bulbous, but smaller than the
base, ornamented with vertical ridges radiating from a central bulge.
This protuberance is circular and completely smooth.

4.1.6.3. Hemicentra. Four examples of hemicentra were identified. They
are characterised by their curved nature with a rounded tip (Fig. 7h)
with a smooth exterior.

4.1.6.4. Ctenacanthid scales. Four examples of these scales were found
distributed between the two collections. These scales are more robust
than their hybodont and placoid counterparts, featuring a roughly rect-
angular basal plate, a wide pedicle and three semi-identical cusps
(Fig. 7i–j). These cusps are roughly the same size and are connected lat-
erally, curving towards the base of the scale.

4.2. Actinopterygians

Bony fishes are represented in the collections by typical Rhaetian
forms such as Severnichthys (both the Birgeria and Saurichthys longidens
types), Gyrolepis albertii, osteichthyan jaws, Sargodon tomicus, and
ganoin-covered, rhomboid scales.

4.2.1. Severnichthys
Severnichthyswas named by Storrs (1994) as a new genus of Rhae-

tian fish that exhibited two tooth morphotypes, those earlier named
Birgeria acuminata and Saurichthys longidens, but which were identified
as sufficiently similar to presumably belong to a single taxon. However,
Diependaal and Reumer (2021, pp. 5–7) argue that this combination of
the blunt-snouted, heavily-built Birgeria with the slender-jawed
Saurichthys cannot be sustained and they argue for separation of the
taxa, as before. Here, we retain the Severnichthys concept, but recognise
that it may be incorrect.

4.2.1.1. ‘Birgeria’ type. Of the Birgeria teeth (Fig. 8a), ten were identified
from collection BRSUG 29954 and 107 from BRSUG 29953. Birgeria
teeth are characterised by their conical, squat shape and distinct ridge
that separates the enamel-covered, apical cap from the shaft. Striations
on the shaft run parallel to the vertical axis of the tooth. In some

Image of Fig. 6


Fig. 7. Chondrichthyan placoid denticles. (a) Placoid denticle morphotype 1, BRSUG 29953-17; BRSUG 29954-5. (b) Placoid denticle morphotype 2, BRSUG 29953-32; BRSUG 29954-13.
(c) Placoid denticlemorphotype 3, BRSUG 29953-33; BRSUG 29954-14. (d) Placoidmorphotype 4, BRSUG 29953-34; BRSUG 29954-15. (e) Placoid denticlemorphotype 5, BRSUG 29953-
35. (f–g) Hybodont scales, (f) morphotype 1 in occlusal view BRSUG 29953-31, (g) morphotype 2, BRSUG 29953-37. (h) Hemicentrum, BRSUG 31. (i–j) Ctenacanthid scale in anterior
(i) and posterior (j) view, BRSUG 29953-24. Scale bar is 0.5 mm.
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examples, the enamel extends down the shaft of the tooth from the
apex, preserving it in better condition.

A jaw fragment of Severnichthys from Westbury Garden Cliff was
also identified in BRSMG Ce17771 (Fig. 6b), with a ‘Birgeria’ type tooth
still attached.

4.2.1.2. ‘Saurichthys’ type. The Saurichthys teeth tend to be more elon-
gated and can sometimes occur with a slightly sigmoidal flexure
(Fig. 8b). The apical enamel cap is small on these teeth, taking up less
than 10% of the total length, and is very smooth. The shaft itself is
heavily ridged, but there is little distinction between the shaft and the
cap itself.

4.2.2. Gyrolepis albertii Agassiz, 1835
Gyrolepis albertii is one of the best-preserved species of teeth, with

over 50% of the 63 specimens meeting the counting criteria. The teeth
are simple to identify from their characteristic morphology: an elon-
gated, slender shaft capped by an enamel, transparent point (Fig. 8c).
An increase in tooth circumference towards the base creates a conical
shape that is often sigmoidal or curving slightly. The enamelled cap
varies in size, rarely measuring more than a third of the total tooth
height. It is also smooth and unornamented. In comparison, the shaft
of the tooth has fine striations running parallel to the vertical axis of
the tooth.
4.2.3. Jaws
Two examples of unidentified fish jaw remains were found, with

several teeth still attached (Fig. 8d). These could be useful in
understanding the morphology of the jaw, but unfortunately cannot
be identified.
4.2.4. Sargodon tomicus Plieninger, 1847
These teeth were not identified within the BRSUG 29953 and 29954

collections. BRSMG Ce10813 (Fig. 8e) has a well-preserved tooth that
exhibits the characteristic small, round, perfectly smooth and circular
tooth crown, typical of its durophagous adaptation.

Image of Fig. 7


Fig. 8.Osteichthyan teeth. (a) Severnichthys ‘Birgeria’ type, BRSUG29953-5; BRSUG29954-
6. (b) Saurichthys ‘longidens’ type, BRSUG 29953-6; BRSUG 29954-6. (c) Gyrolepis albertii,
BRSUG 29953-4; BRSUG 299534-8. (d) Fish jaw with attached teeth, BRSUG 29953-21.
(e) A loose Sargodon tomicus tooth, BRSMG Ce10813.
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4.2.5. Osteichthyan scales
Overall, 125 specimens of osteichthyan scales were identified, some

well preserved, but many incomplete. This means that not all scales
could be assigned to a morphotype. In the BRSUG 29953 collection, 69
examples (58%) were assigned a morphotype and in the BRSUG 29954
collection, 42%.

Morphotype 1 (Fig. 9a) is represented by 24 examples. They are
rhombohedral in shape, smooth on the inside, and ornamentedwith di-
agonal ridges on the outer surface preserved by the ganoine layer. A
characteristic of this morphotype is the ridges on the ventral surface
that end in a distinct, narrow protuberance. This morphotype is compa-
rable to morphotype 1 of Landon et al. (2017, Fig. 6j).

Morphotype 2 (Fig. 9b) is very similar to the first. It is also rhombohe-
dral, with diagonal ridges on the outer surface preserved in ganoine. How-
ever, it lacks the distinctive protuberance that characterises type 1. This
morphotype is represented by 19 examples, similar to morphotype 2 of
Landon et al. (2017, Fig. 6k). Both morphotypes 1 and 2 likely belonged
to Gyrolepis albertii, as suggested by Mears et al. (2016, Fig. 10a, b).

Morphotype 3 is represented by only five examples (Fig. 9c), and
they are more abraded because of their thinner layer of enamel that
was readily abraded (Landon et al., 2017; Cross et al., 2018). The scale
shows concentric rhombic layers that represent increments of growth;
doubtless the other scale morphotypes show such growth rings, but
they are concealed by the external ganoine layer.

Lastly, morphotype 4 is represented by 24 examples. They exhibit
similar enamel morphology to types 1 and 2 but tend to be smaller
(Fig. 9d). They maintain a rough rhombohedral shape but are more
elongated with rounded corners, from abrasion.

4.3. Reptiles

4.3.1. Pachystropheus rhaeticus von Huene, 1935
First documented as Rysosteus oweni (Owen, 1842), and later named

Pachystropheus by von Huene (1935), this small reptile is nearly unique
to theWestbury Garden Cliff bone bed (Storrs and Gower, 1993). Storrs
and Gower (1993) and Storrs et al. (1996) classified Pachystropheus as a
choristodere, and so shifted the date of origin of this small clade of
Middle Jurassic to Miocene aquatic, superficially crocodile-like preda-
tors. Renesto (2005), on the other hand, suggested that Pachystropheus
is a thalattosaur, a group that was prevalent in the Middle and Late Tri-
assic. The problem of identification is that very little of the skull of
Pachystropheus is known, and yet the diagnostic characters of
Choristodera occur mainly in the skull. On the other hand, Renesto
(2005) noted several shared features in the postcranial skeleton be-
tween Pachystropheus and the thalattosaur Endennasaurus.

We did not find any examples of Pachystropheus in the BRSUG29953
and 29954 collections, but there are abundant examples in existing col-
lections, and we show a selection of typical examples from the BRSMG
collection. These include disassociated limb bones as well as ribs and
other bone fragments. The limb bone samples are relatively well pre-
served, despite being broken (Fig. 10). This makes identification diffi-
cult, but one specimen (Fig. 10a) looks like a small femur, another
(Fig. 10c) like the distal end of a femur (cf., Storrs and Gower, 1993,
Fig. 2B), another (Fig. 10d) a possible humerus, and another (Fig. 10e)
a left humerus in posteroventral view (cf., Storrs and Gower, 1993,
Fig. 2A). The other limb bones are more difficult to identify (Fig. 10b,
f). BRSMG Ce17771 (Fig. 6b) exhibits a variety of rib fragments, while
BRSMG Ce16900 (Fig. 6e) shows limb bones and a large vertebra.

4.3.2. Ichthyosaurus
Ichthyosaurus teeth are rare in the collections. On the microscale, of

six possible samples, only two are whole tips, fragmented from the
rest of the tooth a maximum of 3 mm from the tip. They demonstrate
a conical shape, with faint vertical striations from the fragmented base
to halfway up the tooth and a smooth tip.

Among the macrofossils of the BRSUG 29953 collection, an ichthyo-
saur tooth lacks its tip. Another specimen (Fig. 10g) also lacks the tip of
the crown and was presumably originally 50–60mm long; it shows the
characteristic vertical striation patterns, with a zone of strong vertical
ridges on the root that reflect the plicidentine (distinctively folded den-
tine) structure beneath, and narrower, more shallow striations on the
crown. Other ichthyosaur teeth from Westbury Garden Cliff are larger
and can be interpreted as replacement teeth because they have a basal
resorption pit on the labial side.

4.4. Trace fossils

4.4.1. Chondrites
An imprint of Chondrites was identified on a single surface of one

hand specimen (Fig. 11a). It shows an extensive series of intense,
branch-like burrows no thicker than 1 mm that diverge between 30°
and 40°. This branching is characteristic of Chondrites; they typically di-
vide between 30° and 56° and measure an average length of nine times
their width (Baucon et al., 2020). Although it has been noted that Chon-
drites can branch upwards and downwards in the third dimension
(Baucon et al., 2020), this was not observed here.

Image of Fig. 8


Fig. 9. Osteichthyan scales. (a) Morphotype 1 scale, BRSUG 29953-11; BRSUG 29554-9. (b) Morphotype 2 scale, BRSUG 29953-12. (c) Morphotype 3 scale, BRSUG 29953-13;
(d) Morphotype 4 scale, BRSUG 29953-14; BRSUG 29954-18.
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Chondrites in the Triassic tended to be small, but their tubewidth in-
creased through the Jurassic and Cretaceous, suggesting the maker was
becoming larger. Themakers and functions are uncertain, being either a
worm-like animal that was searching for food through organic-rich
patches, or a bivalve thatwas using the burrow systems to cultivate bac-
teria or gather nutrients as food. Chondrites trace fossils occur in all
water depths, and often associated with low-oxygen conditions
(Baucon et al., 2020).

4.4.2. Bivalve traces
Bivalve traces were found on an exposed lamination beneath the

Chondrites surface. The surface was dappled with almond-shaped de-
pressions of similar dimensions but with no dominant orientation
(Fig. 11b). These are identified as the bases of bivalve escape structures,
and they are usually seen as positive epireliefs, concave structures rep-
resenting the traces on a bed bottom. However, our examples are con-
vex epireliefs, so presumably the moulds of such sole markings on the
top of the underlying bed and marking the level at which the bivalves
bottomed out their burrows, perhaps because of a change in the sub-
strate less conducive to burrowing. Therefore, the traces can be termed
Lockeia, even though most examples of Lockeia are convex not concave.

More typical Lockeia, concave epireliefs, are seen in BRSMG Cd5331
which shows several partially abraded, almond-shaped bulges on the
surface (Fig. 11b). Such bivalve traces occur in all environmental set-
tings in which bivalves can form their living burrows.

4.4.3. Selenichnites hundalensis (Romano and Whyte, 1987)
Observed and identifiedon site atWestburyGardenCliffwere a variety

of horseshoe crab (limulid) traces showingmoderate abrasion. These have
been assigned to Selenichnites, and some to Crescentichnites (Romano and
Whyte, 2015).Wenoted in situ specimens of S. hundalensis, which shows a
curved, semi-circular shape with additional protruding ridges radiating
from the central bulge.

4.4.4. Crescentichnites antarcticus (Weber and Braddy, 1994)
C. antarcticus, is a curved semi-circle of heaped sediment radiating

outwards from a central bulge. Allington-Jones et al. (2010) suggested
that this trace could be the result of static-build up or forward motion
through water filled sediment. Romano and Whyte (2015) confirm
that it was also produced by a horseshoe crab. Both types of limulid
prints indicate foraging behaviour, as the animal pushed its head shield
through the sediment seeking food. Such behaviour usually takes place
in shallow water near the edge of the ocean, or even on the beach be-
tween low and high tide levels.

4.4.5. Coprolites
Overall, the microscale coprolites were poorly preserved and diffi-

cult to identify. In previous papers (Cross et al., 2018; Cueille et al.,
2020), coprolite morphotypes were recognised, but our specimens are
too abraded to allow that. Most examples were identified from their
roughly oblong shape and dappled depressions on the surface. They
were all black, typically preserved in apatite.

The macroscale coprolites (Figs. 6b, c) are better preserved and eas-
ier to identify. These vary in colour from black to brown, possibly
reflecting varying sources for the fossils. One sample (Fig. 6c) exhibits
these two colourswithin one coprolite fossil, possibly a result of varying
levels of oxidation.
4.5. Other fossilised remains

There were a great number of unidentified fossilised remains from
both collections on both the macro- and micro-levels. Of the microfos-
sils, 66% were unidentifiable specimens, made up of a combination of
fish scales and teeth, shark teeth and bone fragments.

There is also an unidentified fossil specimen BRSMG Ce17771
(Fig. 6b). It is elongated with the surface of the fossil dappled with de-
pressions, and there is a flattened end that can be seen in cross section.

A fossil of particular interest is BRSMGCe16900 (Fig. 6e). It is a dom-
inating fossil, described as a neural spine piece, possibly belonging to a
dinosaur, although the piece is too abraded to be certain. BRSMG
Ce17771 (Fig. 6b) demonstrates the turbulent mixture of fragmented
bones of this bone bed, highlighting the difficulty in identifying bone
fragments.

Image of Fig. 9


Fig. 10. Reptile fossils, including Pachystropheus limb bones (a–f) and an ichthyosaur tooth (g). (a) Possible small femur, BRSMG Ce17774. (b) Uncertain limb element, BRSMG Ce17775.
(c) Distal end of femur, BRSMG Ce17776. (d–e) Two humeri, BRSMG Ce17778 (d) and BRSMG Ce17779 (e). (f) Unidentified limb fragment, BRSMG Ce17773. Scale bar is 1 cm.
(g) Ichthyosaur tooth, BRSMG Cg3025. Scale bar is 1 cm.
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4.5.1. Invertebrates
The key invertebrate fossils are bivalves, present in BRSUG 29953,

BRSUG 29954 and BRSMG specimens. In the two former samples, the
shells are poorly preserved, often heavily abraded to the extent where
only their outline is visible. Some samples show only moulds of the in-
terior or exterior of the valve, with no trace of the shell material.

Image of Fig. 10


Fig. 11. Trace fossils. (a) Chondriteswith bivalve traces, BRSUG 29953. (b) Lockeia, BRSMG
Cd5331.
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BRSMG Cf8854 displays Protocardia rhaetica on a surface covered
with a multitude of randomly oriented shells. This comes from one of
the other fossiliferous horizons, and not the bone bed.
5. Discussion

5.1. Sedimentary environments

The Westbury Formation was deposited in broadly anoxic condi-
tions, as indicated by the black colour of most of the sediments, and
the rich occurrence of pyrite at certain levels, notably in the main
bone bed atWestbury Garden Cliff. Pyrite does not occur in all Rhaetian
bone beds, or at least not commonly as large cubic iron sulphide crystals
and occasional pyritohedra, as in the Westbury main bonebed. These
crystals can reach 2 cm (Wings, 2004), and so indicate rather extreme
anoxia. The pyrite growth at Westbury Garden Cliff required anoxia
and supplies of iron, sea water sulphate and organic carbon. Pyrite
growth can be limited by the concentration of metabolisable organic
carbon (Berner, 1984), and the bacterial breakdown of organic matter
can be important in stimulating regeneration of phosphate in the sea-
bed sediments (Tuweni and Tyson, 1994; Suan et al., 2012).

The Westbury Formation comprises generally an intercalation of
black shales and sandy interbeds, documenting a mixture of deep-
water, slow accumulation of the finer-grained mudstones, interspersed
by storm events that were responsible for deposition of the various
sandstone beds, often containing evidence of turbulent transport and
winnowing of pebbles, coprolites, shells, bones and teeth (Macquaker,
1999; Allington-Jones et al., 2010; Suan et al., 2012). The mix of
shallow- and deep-water deposition is confirmed by the trace fossil ev-
idence here, as well as geochemistry (Fischer et al., 2012) and bio-
marker evidence (Jaraula et al., 2013).

As established earlier (Section 2.2), the ‘main’ bone bed atWestbury
Garden Cliff is not equivalent to the basal bone bed at Aust and other lo-
cations around Bristol but occurs higher in the sequence (Fig. 3). Fur-
ther, it is not a uniform, laterally continuous unit, but rather occurs as
lenses, up to 2.5 cm thick and 10–30 cm laterally. These lenses may re-
flect the lateral extent of hummocky cross stratification of the storm-
deposited conglomeratic bone bed.

The shelly fossils, coprolites, fish and reptile remains in the bone bed
and other sandy horizons comprise a mix of autochthonous and alloch-
thonous elements. Some of the bivalves, ophiuroids (Richardson, 1901)
and other invertebrate fossils may represent animals that lived in or on
the sandy beds, whereas others were washed in from shallower waters.
Likewise, the sharks, bony fish and reptiles are likely a mix of nektonic
forms that were either swimming directly above the spot where their
remains are currently found, or most likely, further inshore, and their
remains were caught up in the storm surge ebb as it rushed back off
the shore following a storm and then deposited in deeper water.

Many of the sandstone beds include trace fossils (Richardson, 1901;
Wang, 1993; Allington-Jones et al., 2010), mostly indicating gentle-
water conditions after deposition of a storm-transported sandstone.
The limulid traces Selenichnites and Crescentichnus document shallow-
water arthropods ploughing the sediment for food, and Lockeia show
the living burrows of bivalves that were residing and filter-feeding,
while protected in the sand from predators. The Chondrites burrow sys-
tems suggest longer-term stability of the sandstone beds, able to retain
quite complex branching burrows that were possibly used by their
makers over some span of time.

Overall, the fossiliferous sandstones provide excellent evidence of
substantial, sea level transgressions (deep, anoxic, pyrite-bearing sedi-
ments) and regressions (shoreline sediments with limulid trails and bi-
valve burrows). There isminimally the initial transgression between the
Blue Anchor Formation and the Westbury Formation, followed by gen-
erally deep-water conditions during the deposition of the 5–10 m of
the Westbury Formation, with shallowing towards the top and into
the overlying Cotham Member (Hesselbo et al., 2004, Fig. 4). The
model for formation of the fossiliferous units (MacQuaker, 1994; Suan
et al., 2012) involves shallow water at the time of accumulation of
shell beds on the shelf, and then deepening during bone bed formation.
The bone beds comprise fossils from fishes and reptiles living above,
mainly autochthonous remains, and then winnowed through one or
more cycles of flooding in places, thereby removing finer sediment
and concentrating the phosphate-rich debris – teeth, bones, and copro-
lites. Mudstoneswithout fossils indicate longer-termprocesses of depo-
sition in anaerobic conditions and associatedwith relative shallowing of
the seas.

The Rhaetian Sea across the UK and central Europe mainly showed
brackish salinity levels, with mean oxygen isotope values less than
20‰ as seen in the open oceans to west and south (Fischer et al.,
2012, Fig. 7). Shark teeth from Westbury Garden Cliff, and other
Rhaetian bonebeds in the UK showed oxygen values of 17.8–18.8 ‰,
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matching values from the southern part of the Rhaetian Sea in France
and Luxembourg, but higher than values of 15.5–16.8 ‰ in southern
Germany, marking deltaic inputs of fresh water on the eastern margin
of the sea (Fischer et al., 2012). The brackish nature of the sea at
Westbury Garden Cliff is partly a result of the fact that the Rhaetian
Sea was enclosed, with two exit gates, the Western Gate down the
line of the current English Channel opening to the nascent North
Atlantic, which connected across the Iberian Peninsula to the Tethys
Ocean, and which provided full-salinity mixing with the Rhaetian Sea
through the Burgundy–Allemanic Gate, located east of the modern
Massif Central in France (Fischer et al., 2012, Fig. 7).

The fact that the Westbury Formation succession at Westbury
Garden Cliff lacks the basal bone bed seen at Aust and elsewhere to
the south, probably relates to its inshore location, close to the Welsh
High and its variable topography. As sea levels rose through the
Rhaetian, the Welsh High was progressively inundated (Wilson et al.,
1990, Fig. 8; Hesselbo et al., 2004, Fig. 2). Westbury Garden Cliff was
at the edge of the basin, and so deposition of the Westbury Formation
perhaps began a little later than at Aust.

Some of the sandstones noted by Etheridge (1865), Richardson
(1901) and others, may mark the distal expressions of the continental
clastics that rimmed the Welsh High all along the South Wales palaeo-
shoreline from Bridgend through Penarth and petering out towards
Westbury Garden Cliff (Hesselbo et al., 2004, Fig. 2; Fischer et al.,
2012). These continental clastics are most substantially developed
around Bridgend in South Wales, where they comprise the ‘Lower
Sandstone’ and ‘Upper Sandstone’ (Francis, 1959; Wilson et al., 1990,
pp. 23–29) that grade laterally into more typical black mudstone facies
of theWestbury Formation. A conglomeratic bone bed lies on top of the
Lower Sandstone. Hesselbo et al. (2004, p. 369) interpret the ‘Upper
Sandstone’ as having been deposited on a prograding shoreface, as
indicated by the gradational contact above black mudstones, and
interbedded sandstones, siltstones and shales with flaser and linsen
bedding, followed by medium-grained sandstones with low-angle and
hummocky cross-stratification and conglomerate lags, and an upper
unit of structureless sandstone with thin shale interbeds and shelly
Fig. 12. Comparison pie charts of faunal diversity of Stowey Quarry (Cavicchini et al., 2018); Ham
Aust Cliff (Cross et al., 2018); Manor Farm Quarry (Allard et al., 2015). With Westbury Garden
accumulations. The Bridgend succession occurs WNW of the Welsh
High, and so is separated topographically from Westbury Garden Cliff
to the ESE, but marine sandstones perhaps equivalent to the ‘Upper
Sandstone’ occur east of the Welsh High (Wilson et al., 1990,
pp. 23–29; Hesselbo et al., 2004, Fig. 2).

5.2. Faunal composition and comparison

Here, we compare the microvertebrate fauna of the Westbury
Garden Cliff site with those from comparable locations: Stowey
Quarry (Cavicchini et al., 2018); Hampstead Farm Quarry (Mears
et al., 2016); M4/M5 motorway junction (Slater et al., 2016); Aust
Cliff (Cross et al., 2018); and Manor Farm Quarry (Allard et al.,
2015).

We consider only the chondrichthyan and osteichthyan teeth, to
make results comparable, and follow the standard counting criteria as
explained earlier. It is important to note that the proportions of counted
taxa may not reflect the true nature of the palaeoenvironment, as both
chondrichthyans and osteichthyans have multiple teeth that can be
lost and, in the case of the chondrichthyans, regularly replaced. Preser-
vation potential also plays a role; teeth that are easier to identify as they
are more resistant to abrasion and therefore preserved better will be
overcounted compared to others.

The pie charts of relative abundances of taxa (Fig. 12) do not show
any close similarity between the Westbury Garden Cliff assemblage
and any other. The dominance by species of Severnichthys is replicated
as Stowey and Hampstead Farm, but the rich occurrences of
Rhomphaiodon and Gyrolepis are replicated at similar levels at Aust
and the M4/M5 sites. The significant, but not dominant, occurrences of
Lissodus are seen at Stowey andManor Farm, beingmuch less abundant
than at the M4/M5 sites and Aust. Rarer taxa, such as Sargodon,
Pseudodalatias, Pseudocetorhinus and Hybodus cloaciunus are also pres-
ent at many sites. Additionally, we note even scarcer taxa such as
Nemacanthus monilifer which is only present at M4/M5 Junction, or
Parascylloides turnerae of Aust Cliff, only its second recorded presence
in the UK (Cross et al., 2018).
pstead FarmQuarry (Mears et al., 2016); M4/M5motorway junction (Slater et al., 2016);
Cliff.
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Westbury Garden Cliff is one of themore diverse sites, dominated by
osteichthyan remains, comprising 57% of the total fauna (Table 1), in-
cluding Severnichthys, Gyrolepis albertii, and Sargodon tomicus as well
as scales. In comparison, chondrichthyan teeth such as Lissodus
minimus, and Rhomphaiodon minor as well as denticle remains make
up 40%.

Stowey Quarry and Manor Farm are also dominated by
osteichthyans. In comparison, Aust Cliff, the M4/M5 junction and
Hampstead Farm have a greater number of chondrichthyans. There
are a number of factors that could affect the variation of osteichthyan
and chondrichthyan proportions.

When compared to the palaeogeographical map of Lovegrove et al.
(2021), there is little relationship between biodiversity of sites and
their proximity to palaeoislands. Aust Cliff, Manor Farm, and Stowey
Quarry occur in open seas, whereas Hampstead Farm and the M4/M5
boreholes are closer to palaeoislands. Westbury Garden Cliff was lo-
cated close to the Welsh High landmass, made up of substantial
Carboniferous and Devonian uplands. In terms of spatial distribution
of sites, there are some patterns. For example, Aust Cliff and the M4/
M5 junction demonstrate similar diversities, reflecting their spatial
proximity. However, also within the vicinity is Hampstead Farm,
which is dominated by a large proportion of Rhomphaiodon. Another
pattern involves the distribution of Severnichthys which is more preva-
lent at the northern and southern sites than central localities.

It is likely that we are confounding several variables in making such
comparisons between bone bed assemblages. Not only might there be
biological signals in the relative abundances, reflecting the ecology
and possibly the water depths or distances from shore, but we are com-
paring bone beds of somewhat different ages, truly basal Westbury
Formation bone beds at most sites mentioned with the higher-
occurring bone bed at Westbury Garden Cliff. At some sites, such as
Manor Farm (Allard et al., 2015) and Hampstead Farm (Mears et al.,
2016),we have documented clear differences in proportions of different
fishes, perhaps reflecting evolution and the passage of time, but those
various bone beds scattered through the Westbury Formation, and
Table 1
Final counts of the major taxa identified from theWestbury Garden Cliff microfossil sam-
ples. Included are the total counts of each taxa as well as the number of samples counted
according to the criteria of Section 3 – Materials and methods.

Total Counted

Chondrichthyan remains
Lissodus minimus 224 23
Pseudodalatias barnstonensis 1 0
Hybodus cloacinus 14 0
Rhomphaiodon minor 139 47
Fin spines 11 11
Hemicentra 4 4

Denticles
Morphotype 1 placoid scales 47 47
Morphotype 2 placoid scales 17 17
Morphotype 3 placoid scales 34 34
Morphotype 4 placoid scales 10 10
Morphotype 5 placoid scales 4 4
Hybodont scale morphotype 1 3 3
Hybodont scale morphotype 2 1 1
Ctenacanthid scale 3 3

Osteichthyan remains
Gyrolepis albertii 63 32
Severnichthys ‘Birgeria’ type 118 34
Severnichthys ‘longidens’ type 76 34
Osteichthyan morphotype 1 23 23
Osteichthyan morphotype 2 19 19
Osteichthyan morphotype 3 5 5
Osteichthyan morphotype 4 23 23

Coprolites
Coprolite 7 7
some in the overlying Cotham Member, presumably cannot be identi-
fied as identical event beds, as Richardson (1911) might have hoped,
but are sporadic and local event beds. Further, as noted many times be-
fore (Short, 1904; MacQuaker, 1994, 1999; Trueman and Benton, 1997;
Suan et al., 2012), the bone bedsmay containmixtures of locally derived
elements with others sourced from some distance, and perhaps multi-
ply eroded and re-transported.

5.3. Wider events

The initial Rhaetian transgression, marking the contact of the Blue
Anchor and Westbury formations is widespread, occurring throughout
Europe, but independent evidence for perfect temporal correlation is
lacking (Suan et al., 2012). Later sedimentological shifts, and peaks in
carbon and phosphorus contents of the sediments coincide with phases
of eruption of the Central Atlantic Magmatic Province (CAMP; Suan
et al., 2012). The initial carbon isotope excursion (CIE) is around the
middle of the Cotham Member (Hesselbo et al., 2004), and this corre-
sponds to a substantial extinction event among bivalves (Wignall and
Atkinson, 2020). The time duration between the Westbury Formation
bonebeds and this level is uncertain, however, because there are two
significant sedimentary breaks, the first above theWestbury Formation,
and the second above the lower part of the Cotham Member (Gallois,
2009). Further, the initial CIE apparently falls during this second break
in sedimentation of the Penarth Group.

Wignall andAtkinson (2020, Fig. 6) identify thismid-Cothamextinc-
tion pulse as international, occurring throughout Europe, North
America, Argentina, Tibet and Japan, with major losses of bivalves, bra-
chiopods, corals, and radiolarians, and equal or greater in magnitude to
the extinction at the Triassic–Jurassic boundary when conodonts finally
disappeared, but bivalves, radiolarians and calcareous nannofossils also
showed significant levels of extinction. The sedimentological and chem-
ical perturbations throughout the deposition of the Westbury
Formation (Hesselbo et al., 2004; Fischer et al., 2012; Suan et al., 2012;
Jaraula et al., 2013) were replicated throughout Europe, and perhaps
worldwide, and terminated in the first major pulse of CAMP eruption
and step 1 of a 2-step end-Triassic mass extinction.

Rigo et al. (2020) point to a definite extinction peak earlier, at ex-
actly the Norian–Rhaetian boundary, when ammonoids, bivalves, radio-
larians, and conodonts show significant extinctions, and fishes, reptiles
and reef-builders show turnovers. These correspond to a marked CIE
that indicates sharp input of carbon-12, either from CAMP volcanic
eruptions, an asteroid impact, or some other causes, dated at 205.7
Ma, the beginning of the Rhaetian. Rigo et al. (2020) make no mention
of the coeval Rhaetian transgression occurring throughout southern
UK and central Europe, but they discriminate this CIE and extinction
from the first CAMP eruptions, which were equated with the mid-
Cotham Member CIE described by Atkinson and Wignall (Wignall and
Atkinson, 2020).

Ruhl et al. (2020) count amuch shorter Rhaetian, with theWestbury
Formation dated around 201.7 Ma, only 200,000 years older than the
Triassic–Jurassic boundary, at 201.5 Ma. These dates coincide with sev-
eral CIEs and the onset of CAMP volcanism (Dal Corso et al., 2014), al-
though Larina et al. (2021, Fig. 2) suggest the precursor CIE could be
unrelated to the onset of CAMP volcanism at 201.51 Ma. There is
much work to be done to date the phases of CAMP eruption and
match them to CIEs, and to determine whether extinctions through
the Rhaetian match those CIEs and how these correspond to the sharp
switches in sedimentation mode through Blue Anchor Formation and
Penarth Group deposition.
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