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Articulated hindlimb of a small-bodied ornithopod dinosaur from the
Cenomanian Griman Creek Formation of New South Wales, Australia

Phil R. Bell (®, Matthew C. Herne (®, Sienna A. Birch, Ralph E. Molnar and Elizabeth T. Smith

ABSTRACT

The mid-Cretaceous terrestrial deposits of southeastern Australia have yielded an unusual wealth
of small-bodied ornithopod remains. Despite their numerical abundance, particularly from the
Barremian-Cenomanian of New South Wales and Victoria, articulated remains are extremely
rare. Here, we describe the first articulated remains of a small-bodied ornithopod, consisting of
a partial hindlimb, from the Cenomanian Griman Creek Formation, which crops out in central-
northern New South Wales. The hindlimb includes a number of unusual features not found in
other small ornithopods, including a sharp supracondylar crest on the medial surface of the
femur and a notched proximal margin of the ascending process of the astragalus. Although this
combination of features appears to be unique, most known Australian taxa, including those
from the Griman Creek Formation, are known only from isolated craniodental remains, making
comparisons impossible. A phylogenetic analysis recovers the new specimen as an elasmarian
with possible close affinities to the South American species Isasicursor santacrucensis. As the
most complete small-bodied ornithopod yet recovered from the Griman Creek Formation, the
new specimen reinforces the elasmarian affinities of at least some Australian ornithopods but
also highlights the ongoing difficulties in attempting to resolve their diversity and relationships
based on a highly incomplete fossil record.
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SMALL-BODIED, BIPEDAL ornithopods (‘basal orni-
thopods’) are typically rare in Cretaceous assemblages
worldwide. The mid-Cretaceous exposures of south-
eastern Australia are a well-known exception to this
rule, where small ornithopods are found in abundance
in the Albian part of the Eumeralla Formation (Otway
Basin) and the wupper Barremian-lower
Wonthaggi Formation (upper Strzelecki Group,
Gippsland Basin) in Victoria (Rich & Vickers-Rich
1989, 1999, Herne et al. 2018, 2019, Poropat et al.
2018, Duncan et al. 2021) and the Cenomanian
Griman Creek Formation (Surat Basin) in New South
Wales (Molnar 1980, Molnar & Galton, 1986, Bell
et al. 2018). Five locally endemic species have been

Aptian

described from the Eumeralla Formation and its lateral
(but not entirely coeval) equivalent, the Wonthaggi
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Formation (Atlascopcosaurus loadsi Rich & Vickers-
Rich, 1989, Diluvicursor pickeringi Herne, Tait,
Weisbecker, Hall, Nair, Cleeland & Salisbury, 2018,
Galleonosaurus dorisae Herne, Nair, Evans & Tair,
2019, Leaellynasaura amicagraphica Rich & Vickers-
Rich, 1989, Qantassaurus intrepidus Rich & Vickers-
Rich, 1999) although there is disagreement as to the
validity of some of these taxa, in part owing to the
absence of overlapping material (Herne & Salisbury
2009, Agnolin et al. 2010, Rich et al. 2010, Poropat
et al. 2018, Duncan et al. 2021). Part of this disagree-
ment arises from the fact that most taxa were erected
based on isolated craniodental remains, and the assign-
ment of postcranial remains to the type series of
L. amicagraphica has been viewed as contentious by
some (Herne & Salisbury 2009; Herne et al. 2016). To
complicate matters further, D. pickeringi is known only
from a partial postcranial skeleton, although it repre-
sents one of the most complete skeletons of any
Australian ornithopod (Herne et al. 2018).

In the Griman Creek Formation (GCF), which
crops out near the town of Lightning Ridge in

central-northern New South Wales, at least two
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(possibly three) small-bodied ornithopods and a
larger-bodied forms are known from cranial and post-
cranial remains (Molnar & Galton 1986, Molnar 1996,
Bell et al. 2018, 2019a). The first taxon to be formally
described from the GCF was based on an isolated dis-
tal femur (NHMUK PV R3719, holotype of
Fulgurotherium australe von Huene, 1932). The
absence of autapomorphies in NHMUK PV R3719
led Agnolin et al. (2010) to consider the taxon a
nomen dubium and all materials assigned to F. aus-
trale, including those from the Wonthaggi and
Eumeralla formations of Victoria (Rich & Vickers-
Rich 1989, 1999), are now considered indeterminate
non-iguanodontian ornithopods (Agnolin et al. 2010).
More recently, Weewarrasaurus pobeni Bell, Herne,
Brougham & Smith, 2018 was named on the basis of
a partial dentary from the GCF (Bell et al. 2018), and
the associated remains of at least four individuals
from a monodominant assemblage have been assigned
to a second taxon, Fostoria dhimbangunmal Bell,
Brougham, Herne, Frauenfelder & Smith, 2019a (see
also Devereaux et al. 2024).

Despite the relative abundance of isolated small
ornithopod remains in the GCF (Bell et al 2018,
2019a), associated or articulated remains are exceed-
ingly rare. In fact, only two associated dinosaurs, or
accumulations, have been described from this interval
after more than a century of collecting (Bell et al
2016, Bell et al. 2019a). Two further undescribed
specimens, AM F106298 (a partial ornithopod crus)
and AM F127930 (a partial ornithopod hindlimb) are
also known but have yet to be described. Here, we
describe the best of these two specimens, AM
F127930, a well-preserved left femur, tibia and astrag-
alus of a small-bodied ornithopod, which was discov-
ered in an open-cut mine on the ‘Wyoming’ or “Ten
Mile’ opal field, approximately 10km to the northwest
of Lightning Ridge, by miners Bill and Yudi Kotru
probably sometime during the 1990s. Importantly, the
specimen was identified in situ and excavated by
hand by miners (as opposed to being haphazardly
exhumed by mining machinery, which is the typical
mode of recovery at Lightning Ridge), during which
process the femur and tibia were inadvertently bro-
ken. Whether or not the now-missing fibula was ori-
ginally present is unknown. The specimen was
acquired in 1999 by one of us (E.S.) and donated to
the Australian Museum where it is now curated. As
with all vertebrate remains from the GCF, AM
F127930 is preserved in opal (SiO,-nH,0), which, in
the present specimen, has obliterated details of the
bone microstructure and obviates histological analysis.

The relative age/maturity of the individual is therefore
unknown. Nevertheless, as the only articulated
remains of a small-bodied ornithopod yet known
from the GCF (the crus AM F106298 notwithstand-
ing), the new material offers important insights into
the anatomy and possible diversity of these animals,
which dominated the high-paleolatitude faunas of
southeastern Australia during the mid-Cretaceous.

Institutional abbreviations

AM, Australian Museum, Sydney, Australia; LRF,
Australian Opal Centre, Lightning Ridge, Australia;
NHMUK, Natural History Museum, London,
England; MCF-PVPH, Museo Municipal ‘Carmen
Funes’, Plaza Huincul, Neuquén, Argentina; MUCP,
Museo de la Universidad Nacional del Comahue,
Lago Barreales, Neuquén Province, Argentina; QM,
Queensland Museum, Brisbane, Australia.

Geological setting

The GCF (Rolling Downs Group, Surat Basin) is an
up to 345m thick sedimentary package that crops out
between the towns of Lightning Ridge (New South
Wales) and Surat (Queensland) to the north (Reiser
1970, Exon 1976, Green et al. 1997, Price 1997) (Fig.
1A, B). Exon (1976) and Green et al. (1997) inter-
preted these deposits as a relatively complex succes-
sion of initially regressive beach or nearshore marine
deposits, followed by paralic to deltaic conditions and
finally floodplain deposits in the upper part of the
sequence, that accumulated at or near the southeast-
ern margin of the epeiric Eromanga Sea (Bell et al.
2019b).

In the Lightning Ridge area, which exclusively con-
sists of the upper, terrestrial part of the succession,
the GCF is divided into two informal members, the
Wallangulla Sandstone Member and the overlying
Coocoran  Claystone Member (Moore 2002).
Commercial opals and opalized fossils, including AM
F127930, derive from the Wallangulla Sandstone
Member (up to 19 m thick), which comprises fine- to
medium-grained, locally cross-bedded kaolinitic sand-
stone and interbedded montmorillonite-rich claystone
lenses. These sediments were deposited at a palaeolati-
tude of ~60°S (Hay et al. 1999, Matthews et al. 2016)
and are therefore considered as high latitude.

The GCF at Lightning Ridge has been recently
reinterpreted as lower Cenomanian (100.2-96.6 Ma)
based on radiometric dates obtained from a reworked
ash horizon (Bell et al. 2019b). Outcrops of the lower,
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Fig. 1. Geographic and stratigraphic context of AM F127930. Map of the Lightning Ridge area in northern New South Wales (left)
showing the subsurface extent of the Griman Creek Formation (green) and the locality of ‘Wyoming’ where AM F127930 was
found. Chronostratigraphy of the Surat Basin (right). AM F127930 comes from the Cenomanian part of the Griman Creek
Formation (arrow). Geological map based on Meakin (2011). Dinosaur silhouette created by Caleb M. Brown and used under the
Creative Commons Attribution-ShareAlike 3.0 Unported licence made available through Phylopic. Chronostratigraphy based on Bell

et al. (2019b).

more marine-influenced section of the GCF, which
are exposed further to the north at Surat, were likely
considerably older, possibly upper Albian in age
(Raza et al. 2009). Exposures of the GCF at Lightning
Ridge (and, hence the fossils described here) are
therefore younger than the Eumeralla and Wonthaggi
formations (upper Barremian-lower Albian) in
Victoria to the south but temporally straddled by the
Winton Formation (upper Albian-Turonian) in
Queensland to the north.

Materials and methods

AM F127930 was surface scanned using a hand-held
Artec Space Spider and converted to .stl files in
MeshLab v.2020 (https://www.meshlab.net/). These
3D files are available from the authors. Descriptions
of the distal tibia and proximal astragalus were aided
by video footage taken by R.M. prior to the astragalus
being glued in place by museum technicians some-
time after 2000. Measurements of each element are
provided in Supplementary Data 1.

Description

Femur

The left femur consists of two non-contiguous pieces,
missing a section of the mid-shaft (Fig. 2). The overall
length of the femur is therefore unknown. Despite
this break, the femur is clearly bowed in lateral view

(Fig. 2G, H) as in other small-bodied ornithopods
(Norman et al. 2004). When the femoral shaft is ori-
ented vertically, the proximal end of the femur is
medially inclined (Fig. 2A, B), unlike the straight (in
anterior view) proximal femur of most other neorni-
thischians (e.g., Anabisetia saldiviai Coria & Calvo,
2002 [MCF-PVPH-074], Haya griva Makovicky,
Kilbourne, Sadleir & Norell, 2011, Jeholosaurus shang-
yuanensis Xu, Wang & You, 2000 [Han et al. 2012];
Notohypsilophodon  comodorensis Martinez, 1998,
Orodromeus makelai Horner & Weishampel, 1988
[Scheetz 1999]) and more derived iguanodontians. A
similar medially inclined proximal femoral shaft is
present in NMV P186326 (originally referred to
Fulgurotherium australe by Rich & Vickers-Rich
1999) and possibly Changchunsaurus parvus Zan,
Chen, Jin & Li, 2005 (Butler et al. 2011, Fig. 6),
although the femur of that taxon is incompletely pre-
served. Viewed anteriorly, the proximal surface of the
greater trochanter is higher than the femoral head.
The lateral surface of the greater trochanter is mark-
edly convex in proximal view (Fig. 2I, J), similar to
another femur from the GCF (QMF10220), some
Victorian femora (e.g, NMV P186326, NMV
P199146) and Dysalotosaurus lettowvorbecki Virchow,
1919 (BMNH R6861). In other taxa, this surface is
flat (e.g., Hypsilophodon foxii Huxley 1870 [Galton
1974]; O. makelai [Scheetz 1999]; Parksosaurus war-
reni Parks, 1926 [Brown et al. 2013, Sues et al. 2023];
Thescelosaurus spp. [Brown et al. 2013]; Zalmoxes
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Fig. 2. Left femur of AM F127930. Photographs and interpretive illustrations in A, B, anterior, C, D, posterior, E, F, medial, G, H,
lateral, I, J, proximal and K, L, distal views. Scale bar increments equal 1cm. Abbreviations: 4t, fourth trochanter; fo, foramen; ft,
fossa trochanteris, gt, greater trochanter; h, femoral head; Ic, lateral condyle; Icd, lateral condylid; It, lesser trochanter; mc, medial
condyle; mcl, scar for m. caudofemoralis longus; s, shelf; sc, arcing ridge (=supracondylar ridge).



robustus Nopcsa, 1900 [BMNH R3834]; N. comodor-
ensis) or sinuous (e.g., A. saldiviai [Coria & Calvo
2002]; Gasparinisaura cincosaltensis, [Coria & Salgado
1996]; Morrosaurus antarcticus Rozadilla, Agnolin,
Novas, Rolando, Motta, Lirio & Isasi, 2016). Only the
broken base of the lesser trochanter is preserved,
therefore its overall shape can not be determined. The
anterolateral edge of the greater trochanter (i.e., where
the lesser trochanter would have been) is smooth and
unbroken, suggesting that it was completely separated
from the lesser trochanter and not fused to it as it is
in G. cincosaltensis, O. makelai and P. warreni
(Norman et al. 2004). At the broken base of the lesser
trochanter, a strong anterolaterally situated ridge
extends the length of the shaft, twisting to a more
anterior position distally (Fig. 2B), as in Victorian
Hypsilophodontid Femur Type 2 (Herne 2013, fig.
E6.1). The femoral head forms a ~110° angle with
the femoral shaft, similar to A. saldiviai, G. cincosal-
tensis, O. makelai, N. comodorensis and some
Victorian femora (e.g, NMV P186326) but unlike
other basally branching ornithopods (e.g., H. foxii) in
which the femoral head is oriented at ~90° (Norman
et al. 2004). In proximal view (Fig. 2I, J), the femoral
head is centrally located with respect to the greater
trochanter as in many Victorian femora (e.g., NMV
P186326), QM F10220, D. lettowvorbecki (BMNH
R6861) and H. foxii (BMNH R196), but differing
from A. saldiviai (Coria & Calvo 2002), M. antarcticus
(Rozadilla et al. 2016), N. comodorensis (Martinez
1998), G. cincosaltensis (Salgado et al. 1997) and
Kangnasaurus coetzeei Haughton, 1915 (Cooper 1985)
in which the femoral head is posteriorly offset. A
deep, angular fossa trochanteris separates the femoral
head from the lateral trochanters in anterior/posterior
view. The posterior surface of the femoral head is
excavated by an inverted teardrop-shaped depression
that marks the insertion for the M. iliotrochantericus
(Maidment & Barrett, 2011).

The fourth trochanter is placed posteromedially on
the shaft and, although the femur is broken, clearly
proximally situated (Fig. 2C, D), as is characteristic of
non-styracosternan ornithopods (Norman et al. 2004).
The fourth trochanter is mediolaterally compressed
and triangular in lateral outline. The dorsal margin is
sinuous in posterior and, to a lesser extent, medial/lat-
eral views and the ventral margin is oriented nearly
perpendicular to the long axis of the shaft (Fig. 2C-H).
A pendant morphology (typical of non-iguanodontian
ornithopods; Norman et al. 2004) can not be con-
firmed, as the distal tip of the trochanter is broken;
however, it was clearly better developed than the low,
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triangular fourth trochanter seen in Iguanodon bernis-
sartensis Boulenger, 1881 and more derived
Hadrosauriformes (Norman 2004). Laterally, at the
base of the fourth trochanter, the femoral shaft is
pierced by a small elliptical foramen (Fig. 2C, D). A
similar foramen, albeit more proximally situated, has
been figured for a variety of ornithopods (e.g., Gilmore
1915, Han et al. 2012, Brown et al. 2013) and probably
represents the femoral nutrient foramen (Seymour
et al. 2012). A large ovoid depression at the base of the
fourth trochanter (Fig. 2E, F) on the medial side marks
the attachment for M. caudofemoralis longus (Galton
1974). Unlike dryosaurids and A. saldiviai, the scar is
not separated from the base of the fourth trochanter.
The length of this scar is approximately equal to the
proximodistal length of the fourth trochanter.

The distal end of the femur is mediolaterally and
anteroposteriorly expanded into two condyles
(Fig. 2K, L). The medial condyle is approximately
twice as mediolaterally wide as the lateral condylid. The
medial condyle and lateral condylid extend posteriorly
to approximately the same level (in distal view), which
differs from O. makelai (Scheetz, 1999) where they are
unequal in length. The lateral condylid is incompletely
preserved in NHMUK PV R3719 (holotype of
‘Fulgurotherium australe’), M. antarcticus, N. comodor-
ensis (Cambiaso 2007). It also differs from some speci-
mens of D. lettowvorbecki (NHMUK PV RI12277),
Trinisaura santamartaensis Coria, Moly, Reguero,
Santillana & Marenssi, 2013 and orodromines (Brown
et al. 2013) in which the medial condyle and lateral
condylid form relatively low eminences. The medial
condyle is approximately hemispherical in distal aspect
and slightly expanded laterally to partially enclose the
posterior intercondylar groove, similar to A. saldiviai
and G. cincosaltensis, but contrasting with Fostoria
dhimbangunmal (LRF 3050), Muttaburrasaurus lang-
doni Bartholomai & Molnar, 1981 (QM F6140) and
many Dryomorpha where the medial expansion of the
medial condyle is more strongly developed (see also
Dieudonné et al. 2016). The medial surface of the med-
ial condyle is flat, proximal to which the femoral shaft
forms a distinct obliquely sloping shelf in anteroposter-
ior view (Fig. 2A, B). This shelf is separated from the
medial condyle by an arcing ridge (supracondylar ridge
of Molnar 1980) that becomes vertically inclined and
sharp-edged on the anteromedial part of the distal fem-
oral shaft (Fig. 2A, B, E, F). This ridge and its associ-
ated surfaces can not be confidently associated with any
musculature (e.g., Maidment & Barrett 2011), nor is the
ridge the result of diagenetic crushing. Molnar (1980)
identified a weak supracondylar ridge in NHMUK PV
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R3719 (holotype of ‘F. australe’) and several other iso-
lated femora from the GCF (accession numbers not
given by Molnar [1980] but present in QM F10220
based on plate 1 in Molnar and Galton [1986]). A simi-
lar ridge appears in J. shangyuanensis (Han et al. 2012);
however, in all cases, these ridges are best described as
incipient in comparison with AM F127930. This ridge
is absent in other neornithischians, including A. saldi-
viai (MCF-PVPH-74); G. cincosaltensis (MUCPv 208);
H. griva (Makovicky et al. 2011, fig. 5); O. makelai
(MOR 1692) and Thescelosaurus assiniboiensis Brown,
Boyd & Russell, 2011 (Brown et al. 2011, fig. 20) and
therefore appears unique to AM F127930. The lateral
condylid is only slightly inset from the lateral margin
of the lateral condyle, forming a shallow groove for
attachment of the M. iliofibularis, similar to some non-
iguanodontian ornithopods (e.g., A. saldiviai, O. make-
lai, J. shangyuanensis). In contrast, most iguanodontians
(except rhabdodontids; Dieudonné et al. 2016), includ-
ing F. dhimbangunmal, have a strongly inset lateral
condylid forming a deep L-shaped notch in distal
aspect for the m. iliofibularis. The anterior intercondy-
lar groove is shallow, similar to NHM R3719,
Thescelosaurus spp. (Brown et al. 2013) and T. santa-
martaensis (Coria et al. 2013) but unlike the relatively
deep groove in iguanodontians.

Tibia

The left tibia is broken into three non-contiguous
pieces (Fig. 3). The proximal end is mediolaterally
and anteroposteriorly expanded, and forms a horizon-
tal proximal articular surface, as in Orodromeus make-
lai (Scheetz 1999), Talenkauen santacrucensis Novas,
Cambiaso & Ambrosio, 2004 (Cambiaso 2007, fig. 35)
and NMVUK PV P186047 (Herne 2013, p. 221), but
contrasting with the posteroventrally sloping proximal
surface in Albertadromeus syntarsus Brown, Evans,
Ryan & Russell, 2013, Gasparinisaura cincosaltensis
and some specimens of Hypsilophodon foxii (Brown
et al. 2013). The cnemial crest projects anterolaterally,
exceeding the length of the medial condyle (in prox-
imal view; Fig. 3E, M), similar to Anabisetia saldiviai,
A. syntarsus and Thescelosaurus assiniboiensis, but dif-
fering from G. cincosaltensis and O. makelai in which
the cnemial crest is shorter than the medial condyle,
and Jeholosaurus shangyuanensis (Han et al. 2012) in
which the cnemial crest and medial condyles are sub-
equal in length. The lateral condyle is bilobed as in
most basally branching ornithopods (Brown et al
2013), forming a posterior condylid and an anterolat-
erally directed epicondyle separated by a well-
developed popliteal groove (Fig. 3E, M). The posterior

condylid is larger and more bulbous than the epicon-
dyle, as in A. saldiviai. The epicondyle is relatively
narrow, forming a deep groove between it and the
cnemial crest. This contrasts with basally branching
ornithopods such as G. cincosaltensis, H. foxii and
non-ornithopodan neornithischians, such as A. syn-
tarsus, ]. shangyuanensis, Thescelosaurus neglectus
Gilmore, 1913 in which this groove is comparatively
shallow and open. The medial and lateral condyles
are separated by a deep groove, which forms an
acute angle in proximal view, similar to A. syntarsus,
G. cincosaltensis and T. neglectus. This differs from
H. foxii and O. makelai, in which this angle approaches
90° (Galton 1974, fig. 56; Scheetz 1999, fig. 29).
Extending from the proximal end, the shaft
becomes roughly teardrop shaped in cross-section for
the first third of its (preserved) length, becoming tri-
angular near the mid-shaft (Fig. 30). Much of the
distal portion of the tibia is reniform in cross-section,
the concavity corresponding to a broad and proximo-
distally extensive fossa on the anterior surface of the
distal tibia. The distal end is transversely expanded
and mediolaterally concave on its anterior surface.
The posterior inter-malleolar ridge is centrally posi-
tioned and strongly developed (more so than in
Diluvicursor pickeringi: Herne et al. 2018), terminating
in a distinct, distally projecting spur (Fig. 3B, ]).
Salgado et al. (1997, p. 937) commented on a
‘protuberance’ at the distal tip of the posterior inter-
malleolar ridge in G. cincosaltensis; however, first-
hand observations of these specimens (MUCPv 212,
MUCPv 213) show that this protuberance does not
extend distally beyond the posterodistal margin of the
tibia and can not be considered equivalent to that of
AM F127930. This spur therefore appears to be a
unique feature of AM F127930, but its function is
unknown. Medial to the inter-malleolar ridge, the
posterior surface of the tibia is mediolaterally convex,
whereas lateral to it, the surface is concave. The lat-
eral and medial malleoli are subequal in mediolateral
width and have gently rounded terminations,
although the lateral malleolus extends further distally.
In distal aspect, the two malleoli are linked by a
transverse ridge, posterior to which the distal articular
surface for the astragalus is gently concave and rises
posterodorsally towards the inter-malleolar ridge.

Astragalus

The astragalus of AM F127930 is distinctive. Unlike,
Orodromeus makelai (Scheetz 1999), Zephyrosaurus
schaffi ~ Sues, 1980 (Scheetz 1999), possibly
Muttaburrasaurus langdoni (Molnar 1980) and some
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Fig. 3. Left tibia and astragalus of AM F127930. Photographs and interpretive illustrations in A, I, anterior, B, J, posterior, C, K,
medial, D, L, lateral, E, M, proximal and F, A, distal views. G, H, two views of the intervening tibial shaft fragment. O, distal view
of the proximal portion of the tibia showing cross-section (grey) of the shaft. Scale-bar increments equal 1cm. Abbreviations: a,
astragalus; cn, cnemial crest; e, epicondyle; fo, fossa; mc, medial condyle; pc, posterior condyle; pr, posterior medial malleolar
ridge; s, ‘spur’; t, tibia.
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(but not all) specimens of Anabisetia saldiviai, it is
not fused to the calcaneum. Anteriorly, the ascending
process is low, mediolaterally broad and asymmetrical
(the apex is laterally offset). Lateral to the ascending
process is a distinct notch in the dorsal margin (Fig.
3A, 1; 4 A). As a result of this notch, the dorsolateral
corner of the astragalus (in anterior view) is tabular
and well separated from the ascending process. The
presence of a notch that separates the ascending pro-
cess from the dorsolateral ‘process’ (described as a
‘forked’ ascending process by Scheetz 1999, p. 70)
occurs in O. makelai (Scheetz 1999) and some speci-
mens of Dryosaurus altus (Galton 1981, fig. 18), but
not in Diluvicursor pickeringi (Fig. 4). Anteriorly, this
notch is associated with a broad, well-developed fossa
that extends across the base of the ascending process
for nearly half the width of the astragalus (Fig. 3A, 1).
This broad fossa is widely found among ornithopods,
including A. saldiviai, D. altus, Jeholsaurus shangyua-
nensis and M. langdoni, but is lacking in D. pickeringi
(Herne et al. 2018; Fig. 4). There is no transverse
groove on the anterior surface of the astragalus as
occurs in Haya griva (Makovicky et al. 2011) and
J. shangyuanensis (Han et al. 2012). The proximal sur-
face of the astragalus is anteroposteriorly concave to
receive the distal end of the tibia. On this proximal
surface, roughly in line with the fossa on the anterior
surface, a low ridge extends posteriorly from the
anterior margin and becomes less pronounced

A B (@

s dRadw

.

posteriorly. This ridge separates the contact surfaces
for the medial and lateral malleoli of the tibia,
respectively. In distal view, the astragalus is roughly
trapezoidal and slightly rugose, suggesting the pres-
ence of a cartilaginous bursa (Fig. 3F, N). The medial
surface is crescentic. The posterior part of this cres-
cent corresponds to the posterior ascending process,
which forms a low spur in posterior view. In contrast,
the low posterior ascending process in D. pickeringi is
broadly rounded. The spur-like posterior ascending
process locates in a notch on the distal tibia, medial
to the inter-malleolar ridge. Medial offset of the pos-
terior ascending process relative to the inter-malleolar
ridge appears to be natural rather than caused by
post-mortem displacement and differs from other
ornithopods where the process typically aligns with
the inter-malleolar ridge (Fig. 3B, J). The proximal
height of the posterior ascending process is similar to
a range of basally branching neornithischians (A. sal-
diviai, Agilisaurus louderbacki Peng, 1990, O. makelai,
G. cincosaltensis, ]. shangyuanensis, Thescelosaurus
spp.) and some basally branching iguanodontians
(M. langdoni, Tenontosaurus tilletti Ostrom, 1970),
but unlike that of Talenkauen santacrucensis in which
the posterior ascending process is particularly tall, or
Hypsilophodon foxii, Notohypsilophodon comodorensis
and Parksosaurus warreni in which it is virtually
absent (Cambiaso 2007).

D F

Fig. 4. Comparison of ornithopod crura. A, AM F127930; B, Diluvicursor pickeringi (redrawn and reversed from Herne et al. 2018);
C, NMV P186047 (redrawn and reversed from Herne et al. 2018); D, Muttaburrasaurus langdoni (redrawn from Herne et al. 2018);
E, Gasparinisaura cincosaltensis (redrawn and reversed from Salgado et al. 1997); F, Anabisetia saldiviai (redrawn from Herne et al.
2018); G, Hypsilophodon foxii (redrawn from Galton 1974); H, Jeholosaurus shangyuanensis (redrawn from Han et al. 2012); |,
Thescelosaurus neglectus (redrawn and reversed from Gilmore 1915); J, ‘Nanosaurus agilis’ (=Drinker nisti) (redrawn from Bakker
et al. 1990); K, Orodromeus makelai (redrawn from Scheetz 1999); L, Dryosaurus altus (redrawn from Herne et al. 2018).
Abbreviations: a, astragalus; ap, ascending process; ¢, calcaneum; f, fibula; n, notch; t, tibia.



Phylogenetic analysis

The phylogenetic position of AM F127930 was eval-
uated by including it in the phylogenetic matrix of
Fonseca et al. (2024). The resulting matrix consisted
of 173 taxa and 943 characters (Supplementary Data 2).
The matrix was subjected to a parsimony analysis
under both equal and implied weighting strategies
using TNT 1.6 (Goloboff & Morales 2023). Following
the analyses of Fonseca et al. (2024), 55 characters
were treated as ordered (12, 63, 99, 160, 177, 197,
202, 203, 238, 258, 261, 331, 375, 410, 414, 427, 439,
446, 452, 462, 481, 500, 502, 503, 506, 513, 528, 536,
537, 539, 558, 560, 586, 588, 608, 612, 621, 622, 642,
678, 686, 688, 708, 724, 742, 744, 752, 762, 785, 795,
833, 838, 849, 866 and 909). Tree searching used a
driven search strategy consisting of three replicates,
each with 10 rounds of ratcheting, fusing and drifting.
Searching was stopped when the same result was
obtained three times. A further round of branch
swapping with tree-bisection and reconnection was
performed on the most parsimonious trees (MPTs)
returned from the driven search to find more trees of
equal length. Preliminary analyses under equal
weighting found that the consensus topology con-
tained a large polytomy of early branching ornitho-
pods including AM F127930. Therefore, iterative PCR
was applied to the MPTs to identify taxa that could
be excluded from consensus calculations to improve
resolution. This was also applied to the implied
weighting strategies. Implied weighting was performed
with four different values for the concavity parameter
k (k=3, 6, 10 and 20) to assess the effects of down-
weighting homoplasy to different extents. Support sta-
tistics for the summary reduced consensus trees with
the exclusion of taxa identified by iterative PCR from
each search were calculated by symmetric resampling
(Goloboff et al. 2003) and branch supports (Bremer
1994). Symmetric resampling analyses were calculated
using 1000 random resamples of the original
character-taxon matrix, which were subjected to the
aforementioned driven search strategy to obtain a set
of MPTs. Node supports were reported in terms of
both absolute frequencies (i.e., the proportion of times
a group from the summary tree appeared in a
resampled tree set) and relative frequencies (i.e., the
difference in frequency between a group and the most
common contradictory group, Goloboff et al. 2003).
Branch supports were calculated by using branch
swapping to sample suboptimal trees up to 10 steps
longer from each set of MPTs. The mean resampling
values for both relative and absolute frequencies were
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calculated for all reduced consensus trees as a proxy
for the strength of support for each topology.

All summary statistics for the strict consensus trees
obtained from both equal and implied weighting
searches, lists of taxa identified for exclusion by itera-
tive PCR and complete phylogenetic topologies of the
reduced topologies are provided in
Supplementary Data 2. The results of the phylogenetic
analyses show AM F127930 nesting with other early
branching Gondwanan ornithopods to form a mono-
phyletic Elasmaria (Fonseca et al. 2024) regardless of
character weighting (Fig. 5; Supplementary Data 3).
In all reduced consensus topologies, AM F127930 is
identified as a member of Elasmaria and forms suc-
cessive clades with the South American species
Isasicursor santacrucensis Novas, Agnolin, Rozadilla,
Aranciaga-Rolando, Brissén-Eli, Motta, Cerroni,
Ezcurra, Martinelli D’Angelo, Alvarez-Herrera,
Gentil, Bogan, Chimento, Garcia-Marsa, Lo Coco,
Miquel, Brito, Vera, Loinaze, Fernandez & Salgado
2019 and either Trinisaura santamartaensis or
Morrosaurus antarcticus, both from Antarctica, under
equal and implied weighting respectively.

The composition and topology of Elasmaria are
identical among the implied weighting reduced con-
sensus trees where the concavity parameter for the
analysis is 6, 10 and 20. In these, four Australian taxa
were selected for removal from the consensus top-
ology: Atlascopcosaurus loadsi, Galleonosaurus dorisae,
Leaellynasaura  amicagraphica and  Qantassaurus
intrepidus (Supplementary Data 3). The remaining
implied weighting tree differs only in the additional
exclusion of Sektensaurus sanjuanboscoi; otherwise,
the topology resembles the results from the other
implied weighting analyses (Supplementary Data 3).
In comparison, most taxa identified as elasmarians
under implied weighting were selected for exclusion
by iterative PCR under equal weighting, leaving only
six elasmarian taxa (Supplementary Data 3).

The phylogenetic hypothesis resulting from the
three implied weighting analysis where the concavity
parameter for the analysis is 6, 10 and 20 (Fig. 5) is
favoured for assessing the position of AM F127930
over any of those from the remaining analyses
because of the stability of Elasmaria in the reduced
strict consensus trees (Supplementary Data 3) and the
comparatively higher mean resampling support
(Supplementary Data 3). Resampling support values
for nodes in Elasmaria are low compared with other
ornithopod clades, regardless of weighting strategy.
This is likely an artefact of the incompleteness of
many elasmarian specimens, which complicates efforts

consensus
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Fig. 5. Time-calibrated reduced strict consensus tree resulting from the analysis of the modified Fonseca et al. (2024) matrix under
implied weighting, where the concavity parameter k was 6, 10 and 20. The position of AM F127930 within Elasmaria is high-
lighted. Node labels represent (1) Euiguanodontia and (2) Elasmaria. The complete trees are provided in Supplementary Data 2.

to resolve the ingroup relationships of the clade as
demonstrated in recent studies (e.g., Herne et al
2019, Fonseca et al. 2024).

There is a single apomorphy diagnosing the clade
consisting of AM F127930 and I. santacrucensis: the
absence of an anterior (extensor) intercondylar groove
on distal end of the femur (824:0).

Discussion

A number of small-bodied ornithopods are known
from southeastern Australia, most of which come
from the Eumeralla (upper Aptian-upper Albian;
Otway Group) and the Wonthaggi (upper Barremian-
lower Aptian, upper Strzelecki Group) formations,
which crop out along the Victorian coastline.
Although articulated material in these deposits is rare
(Herne et al. 2018; Poropat et al. 2018), a diversity of
jaw morphotypes—with corresponding dentition—
have led to the formalization of several taxa, including
Atlascopcosaurus loadsi, Leaellynasaura amicagraphica,
originally from the Eumeralla Formation, and
Galleonosaurus dorisae and Qantassaurus intrepidus
originally from the Wonthaggi Formation, but nearly
all of which (except L. amicagraphica) are now known
from both formations (Duncan et al. 2021, Poropat
et al 2023). Two of these taxa (A. loadsi,

L. amicagraphica) were named, in part, on the basis
of maxillae—although additional cranial material per-
tains to the holotype of L. amicagraphica—whereas
Q. intrepidus was erected on the basis of an isolated
dentary. The original assignment of a partial postcra-
nial skeleton (NMV P185992/P185993) to the holo-
type individual of L. amicagraphica and a second
partial skeleton (NMV P186047) to the same taxon
(Rich & Vickers-Rich 1989, Rich et al. 2010) has been
questioned (Herne et al. 2016) and currently all post-
cranial materials previously referred to L. amicagraph-
ica are considered inconclusive (Herne et al. 2016; for
a detailed summary, see Poropat et al. 2023).

A fifth taxon, Diluvicursor pickeringi, was described
from articulated postcranial remains from the
Eumeralla Formation (Herne et al. 2018), but whether
or not this material in fact pertains to one of the
named or unnamed jaw morphotypes from Victoria
has been questioned (Duncan et al 2021, Poropat
et al. 2023). Although the precise stratigraphic rela-
tionships between the Victorian taxa are yet to be
determined, D. pickeringi and A. loadsi are roughly
coeval and stratigraphically lower/older than the holo-
type of L. amicagraphica within the Eumeralla
Formation (Herne et al. 2018). However, a recently
referred specimen of L. amicagraphica from close to
the D. pickeringi holotype locality hints at a wider


https://doi.org/10.1080/03115518.2025.2537025

stratigraphic range for the former (Duncan et al.
2021).

Within the GCF, there are only two named orni-
thopods (both recovered as elasmarians by Fonseca
et al 2024) currently considered as valid:
Weewarrasaurus pobeni, based on a partial dentary
and a second referred specimen (also a dentary; Bell
et al. 2018), and the relatively large-bodied form
Fostoria dhimbangunmal based on associated bonebed
material (Bell et al. 2019a). ‘Fulgurotherium australe’
is widely considered an indeterminate
iguanodontian ornithopod (e.g., Agnolin et al. 2010;
Bell et al. 2018; Duncan et al. 2021; Poropat et al.
2023). Whether or not the present specimen (AM
F127930) pertains to W. pobeni must await the dis-
covery of more complete, overlapping specimens.
Further complicating this is the recognition of at least
two (possibly three) small-bodied forms from the
GCF based on craniodental remains (Bell et al. 2018)
that can not be compared with AM F127930.

In summary, only the postcranial skeleton of D.
pickeringi (NMV P221080) can be confidently com-
pared with AM F127930 among the named Australian
taxa, although the two Victorian postcrania (NMV
P185992/P185993 and NMV P186047) and NHMUK
PV R3719 (holotype of ‘F. australe’) are also consid-
ered here. Herne (2013) regarded NMV P185992/
P185993 and NMV P186047 as closely related but
separate morphotypes/taxa, which he assigned as
Victorian Ornithopod Postcranium Type [VOPC] I
and VOPC II, respectively. Subsequently, Poropat
et al. (2018) suggested that they might both pertain to
L. amicagraphica based largely on their close associ-
ation with the holotype cranium (NMV P185991).
Brief comparisons with the Australian iguanodon-
tians, Muttaburrasaurus langdoni and F. dhimbangun-
mal, are also warranted.

AM F127930 displays at least one feature that is
unique: a distal femur with an obliquely sloping,
channel-like shelf proximal to the medial condyle,
bordered anteriorly by an anteroposteriorly com-
pressed supracondylar ridge. This prominent ridge is
also absent from all previously described ornithopod
femora from the GCF, including the holotype of ‘F.
australe (NHMUK PV R3719; Molnar 1980, Molnar
& Galton 1986). The shape of the astragalus—particu-
larly the combination of a low, laterally offset anterior
ascending process and a tabular dorsolateral
‘process’—is also unusual, although variations of this
condition are more widely occurring among early
branching ornithopods. In addition to these

non-
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characteristics, AM F127930 can be distinguished
from D. pickeringi in having a tibia with a strongly
developed posterior medial malleolar ridge with a
prominent distal ‘spur’. With regard to the astragalus,
the notched proximal margin of the anterior ascend-
ing process and the presence of a deep fossa at the
base of the ascending process in AM F127930 are
unlike the symmetrical, arched proximal margin of
the anterior ascending process and shallow fossa in
D. pickeringi.

The proximal femur of NMV P185992/P185993 is
obscured by matrix; however, it is visible in a referred
specimen, NMV P186326 (Herne 2013). The fossa
trochanteris in AM F127930 is distinctly deeper and
more angular in anterior view compared with the
relatively shallow, saddle-shaped fossa in NMV
P186326. The tibia and astragalus are too poorly pre-
served in NMV P185992/P185993 to permit compari-
sons. The other Victorian postcranial skeleton, NMV
P186047, is most obviously distinguished from AM
F127930 in having a distal tibia that is only weakly
mediolaterally expanded (a peculiar feature of NMV
P186047) and in having a hook-shaped anterior
ascending process of the astragalus. The femur of
NMV P186047 is diagenetically deformed (mediolat-
erally compressed and longitudinally sheared between
left and right sides), although it too appears to differ
from AM F127930 in having an anteriorly expanded
medial condyle and a more proximally positioned
depression for the m. caudofemoralis longus.

AM F127930 clearly differs from NHMUK PV
R3719 (holotype of ‘F. australe’) in having a distal
femur with a much larger lateral condylid that is
medially inset and a medial condyle that is laterally
expanded to partially enclose the posterior intercon-
dylar groove. Molnar (1980) indicated the presence of
a supracondylar crest—such as that described here for
AM F127930—on NHMUK PV R3719; however, re-
inspection of the specimen shows it to be poorly
developed compared with AM F127930. The latter
also differs from ‘typical® large-bodied iguanodontians,
including M. langdoni (QM F6140) and F. dhimban-
gunmal (LRF 3050), in having a proximally positioned
fourth trochanter (not observable in F. dhimbangun-
mal) and distal femur with a relatively shallow anter-
ior intercondylar groove and a less well inset lateral
condylid. In distal view, the lateral condylid of AM
F127930 forms a concave depression for the attach-
ment of the m. iliofibularis, whereas it is deep and L-
shaped in M. langdoni and F. dhimbangunmal. The
shape of the medial edge of the medial condyle in the
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latter two taxa is strongly convex in distal aspect,
whereas it is nearly straight in AM F127930. The dis-
tal tibiae of M. langdoni and F. dhimbangunmal lack
the deep anterior concavity and a the ‘spur’ on the
posterior medial malleolar ridge, both of which are
present in AM F127930. Bartholomai & Molnar
(1981) also indicated that the astragalus and calca-
neum of M. langdoni are fused, whereas they were
clearly separate in AM F127930. To what extent
fusion between the astragalus and calcaneum is onto-
genetically controlled has yet to be tested. The prox-
imal tarsals of F. dhimbangunmal are unknown.

The GCF at Lightning Ridge represents a fresh-
water lowland floodplain environment that was situ-
ated at a palaeolatitude of ~60°S (Matthews et al.
2016) close to the southeastern margin of the
Eromanga Sea (Bell et al. 2019b). This differs from
the volcaniclastic floodplains  within the
Australian—Antarctic rift valley where the majority of
named Australian ornithopods (A. loadsi, D. picker-
ingi, G. dorisae, L. amicagraphica, Q. intrepidus)
would have lived at a palaeolatitude of ~68°S
(Matthews et al. 2016) in present-day Victoria (Rich
& Vickers-Rich 1989, Dettmann et al. 1992, Herne
et al. 2018). Small-bodied ornithopods from penecon-
temporaneous strata in Queensland, to the north, are
exceedingly rare (Hocknull & Cook 2008, White
et al, 2022) although trackways in the Winton
Formation hint at the hidden abundance of these ani-
mals (Thulborn & Wade 1979, 1984, Romilio et al.
2013, Poropat et al. 2021). The diversity and abun-
dance of small-bodied ornithopods in the southeast-
ern part of the country have been well established
largely on the basis of the Victorian sample (Rich
et al. 1988, Rich & Vickers-Rich 1989, 1999, Vickers-
Rich & Rich 1997) and have been postulated to be
the result of their preadaptation to high-latitude con-
ditions (Vickers-Rich & Rich 1997). With an esti-
mated height at the hip of ~30cm and a body mass
of approximately 10-11kg (based on a femoral cir-
cumference of ~50mm and the equation for body
mass estimates in bipeds given by Campione et al.
2014), AM F127930 would have been incapable of
long-distance migration (Bell & Snively, 2008) and
was likely a year-round resident. Although ontogeny
and taphonomic filters must also be considered
(Vickers-Rich & Rich 1997), the distinctiveness of
AM F127930 underscores the diversity of small-
bodied ornithopods in mid-Cretaceous Australia and
lends further support to the notion that both the GCF
and Victorian localities harboured diverse, yet distinct
ornithopod faunas (Bell et al. 2018).

river

Conclusions

Articulated dinosaur remains, especially those of
small-bodied forms, are exceedingly rare in the
Cretaceous of Australia. AM F127930, an articulated
hindlimb (femur, tibia, astragalus), represents the first
articulated postcranial remains and the best-
represented small ornithopod currently known from
the GCF of New South Wales. AM F127930 can not
be compared with most of the named (craniodental-
based) ornithopods from the Australian Cretaceous
but is distinguishable from those for which hindlimb
material is confidently known (Diluvicursor pickeringi,
Fostoria dhimbangunmal, Muttaburrasaurus langdoni).
Whether AM F127930 represents a new taxon or per-
tains to Weewarrasaurus pobeni or any of the
unnamed morphotypes currently recognized from the
GCF is uncertain. Although size-related differences
can not be accounted for, particularly between AM
F127930, F. dhimbangunmal and M. langdoni, several
features appear to be unique to AM F127930. The
new specimen highlights the ongoing challenges faced
especially in Australia where fragmentary craniodental
remains have often been used as the basis for estab-
lishing taxonomic diversity. Although rarer, more
complete postcranial remains (such as AM F127930
and the Victorian specimens NMV P186047, NMV
P185992/P185993, NMV P221080 [holotype of D.
pickeringi]) are potentially more anatomically inform-
ative, unless more complete ‘Rosetta Stone’ specimens
are recovered, they are unlikely to help resolve the
phylogenetic relationships of named taxa because of
the lack of overlapping elements. Nevertheless, the
new material contributes novel information on the
distinctiveness of the ornithopods from southeastern
Australia and further supports their elasmarian
affinities.
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