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Australian dinosaur research has undergone a renaissance in the last 10 years, with growing knowledge of mid-Cretaceous assemblages revealing an endemic high-paleolatitude Gondwanan fauna. One of its most conspicuous members is ankylosaurs, which are rare but nonetheless occur in most Australian dinosaur-bearing formations spanning the uppermost Barremian to lower Cenomanian. Here we describe a partial ankylosaur skull from the marine Toolebuc Formation exposed near Boulia in western Queensland, Australia. This skull represents the oldest ankylosaurian material from Queensland, predating the holotype of Kunbarrasaurus ieversi, which was found in the overlying Allaru Mudstone. The ankylosaur skull is encased in a limestone concretion with the maxillary tooth rows preserved only as impressions. Synchrotron radiation X-ray tomography was used to non-destructively image and reconstruct the specimen in 3D and facilitate virtual preparation of the separate cranial bones. The reconstruction of the skull revealed the vomer, palatines, sections of the ectopterygoids and maxillae, and multiple teeth. The palate has posteriorly positioned choanae that differs from the more anterior placement seen in most other ankylosaurians, but which is shared with K. ieversi, Akainacephalus johnsoni, Cedarpelta bilbeyhallorum, Gobisaurus domoculus, and Panoplosaurus mirus. Phylogenetic analyses place the new cranial material within the recently named basal ankylosaurian clade Parankylosauria together with K. ieversi. This result, together with the anatomical similarities to the holotype of K. ieversi, permits its referral to cf. Kunbarrasaurus sp. This specimen elucidates the palatal anatomy of Australian ankylosaurs and highlights one of the most ubiquitous components of Australian mid-Cretaceous dinosaur faunas.
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INTRODUCTION
Ankylosaurians are a rare component of Gondwanan Cretaceous terrestrial ecosystems with five described species: Antarctopelta oliveroi, Minmi paravertebra, Kunbarrasaurus ieversi, Spicomellus afer, and Stegouros elengassen (Molnar, 1980; Salgado and Gasparini, 2006; Leahey et al., 2015; Maidment et al., 2021; Soto-Acuña et al., 2021). A. oliveroi and M. paravertebra have been considered nomen dubia due to a perceived lack of autapomorphies (Leahey et al., 2015; Arbour and Currie, 2016). However, comparisons between M. paravertebra and K. ieversi support their differentiation and the specific validity (Leahey et al., 2015). Despite the currently limited taxonomic diversity of Gondwanan Cretaceous ankylosaurs, skeletal fragments ascribed to the clade are found throughout Argentina (Coria and Salgado, 2001; Murray et al., 2019), New Zealand (Molnar and Wiffen, 1994), and Madagascar (Russel et al., 1976), with further ichnological evidence from Bolivia (Apesteguía and Gallina, 2011; Riguetti et al., 2021), and Brazil (Francischini et al., 2018). These widespread occurrences demonstrate that ankylosaurs were a rare yet pervasive component of Gondwanan dinosaur faunas. In Australia, ankylosaurian occurrences include two named taxa, M. paravertebra (Molnar, 1980) and K. ieversi (Molnar, 1996; Leahey et al., 2015), along with footprints (Salisbury et al., 2016) and several isolated skeletal elements that span most Australian dinosaur-bearing formations (Molnar, 1996; Molnar, 2001; Barrett et al., 2010; Leahey and Salisbury, 2013; Leahey et al., 2015; Bell et al., 2018a).
Despite brief mentions in the literature for almost 40 years, ankylosaurs from the middle–upper Albian marine Toolebuc Formation of central Queensland have never previously been studied in detail (Molnar, 1996; Leahey and Salisbury, 2013; Leahey et al., 2015). Three specimens were previously reported from two localities, Julia Creek (QM F33286) and Hughenden (AM F35259, AM F119849), and all were tentatively referred to the genus Minmi (Figures 1A,B; Molnar, 1996). QM F33286 is a partially disarticulated ankylosaur comprising “thoracic and pelvic” elements associated with ventral or lateroventral dermal ossifications (Molnar, 2001; Leahey and Salisbury, 2013). A brief report mentioned that the dermal ossicles were tightly arranged as square tiles that presumably covered most of the neck and trunk (Molnar, 2001). AM F35259 includes only a series of incomplete ribs with ossicles. AM F119849 likewise comprises a single block with vertebrae, ribs, and dermal ossifications (Leahey and Salisbury, 2013).
[image: Figure 1]FIGURE 1 | Spatiotemporal context of the Eromanga Basin, Queensland, Australia. (A) Map of Australia with Eromanga Basin formations highlighted, based on Pentland and Poropat (2019). (B) Toolebuc Formation ankylosaur localities.1—SAMA P40536 location, near Boulia (this study); 2—QM F33286 location, near Julia Creek; 3—AM F35259 and AM F119849 location, near Hughenden. Ankylosaur locations based on Leahey et al. (2015). (C) Chronostratigraphy of the Eromanga Basin, highlighting the mid-Albian Toolebuc Formation (in white). Formation colors match (A) and (B), based on Cavin and Berrell (2019). Ankylosaur silhouette generated by Jagged Fang Designs and reused under Creative Commons licenses: Public Domain Dedication 1.0.
Here we provide the first comprehensive description of ankylosaur cranial remains recovered from the Toolebuc Formation based on a previously undocumented specimen, SAMA P40536, collected by BPK in 2005 from Warra Station near Boulia in western Queensland. SAMA P40536 is preserved within a series of yellow limestone concretions typical of the Toolebuc Formation (Kellner et al., 2010) but had eroded out and were dispersed throughout the blacksoil weathering residuum. The concretions contain remnants of the skull, pelvis, and limbs associated with isolated vertebrae, ribs, and dermal armor fragments. Our initial assessment of the remains focuses on the cranium and dentition, which are important because they represent only the second example of an ankylosaur skull recovered from Australia to date.
INSTITUTIONAL ABBREVIATIONS
QM, Queensland Museum, Brisbane, Queensland, Australia; SAMA, South Australian Museum, Adelaide, South Australia, Australia; AM, Australian Museum, Sydney, New South Wales, Australia.
METHODS FOR SYNCHROTRON SCANNING AND 3D MODELING
Microtomographic measurements of SAMA P40536 were performed using the Imaging and Medical Beamline (IMBL) at the Australian Nuclear Science and Technology Organisation’s (ANSTO) Australian Synchrotron, Melbourne, Victoria, Australia. For this investigation, acquisition parameters included a 40.29 × 40.29 μm pixel size, monochromatic beam energy of 70 keV, a sample–detector distance of 500 mm, and the “Ruby” detector. The latter consists of a PCO. edge sCMOS camera (16-bit, 2,560 × 2,160 pixels) and a Nikon Makro Planar 100 mm lens coupled with a 20 µm thick Gadox/CsI(Tl)/CdWO4 scintillator screen. As the height and width of the specimen exceeded the detector field-of-view, the specimen was aligned axially relative to the beam, its center of rotation shifted toward one edge of the detector. Twelve successive scans were required to cover the full specimen volume, each consisting of 1,500 equally spaced angle shadow radiographs with an exposure length of 0.35 s, obtained every 0.12° as the sample was continuously rotated 180° about its vertical axis. Horizontal translation of the specimen between tomographic scans was 80 mm, and 25 mm between vertical scans. One-hundred dark (closed shutter) and beam profile (open shutter) images were obtained for calibration before and after shadow-radiograph acquisition. The total time for the scan was 140 min.
The raw 16-bit radiographic series were normalized relative to the beam calibration files and stitched with the in-house software “IMBL-Stitch” to yield a 32-bit series with a 178 × 160 mm field-of-view. Reconstruction of the 3D dataset was achieved by the filtered-back projection method using the CSIRO’s X-TRACT (Gureyev et al., 2011). The image stack (Available on MorphoSource; ark:/87602/m4/392687) was segmented, and the volume data was rendered using Mimics Innovation Suite (v. 21.4; Materialise HQ, Leuven, Belgium). As various sections are preserved as bone impressions, with the original bone lost, thin surface models (∼0.8 mm thick) were added during segmentation to illustrate the relative placement of these bones. Finally, to create positive molds of the tooth row and properly study the dental anatomy, the negative left dentary tooth row impression was molded in Pinkysil® (fast set silicone) and cast in Easycast® (Rigid Polyurethane System). Manual preparation techniques using an air scribe (Paleotools® Micro Jack 3) were used to extract a single preserved tooth crown, subsequently scanned using the General Electric (GE) Phoenix V|tome|xs microCT scanner at the University of New England, Armidale. This tooth did not show in the original synchrotron scan.
SYSTEMATIC PALAEONTOLOGY

Dinosauria Owen, 1842
Ornithischia Seeley, 1888
Thyreophora Nopcsa, 1915
Ankylosauria Osborn, 1923
Kunbarrasaurus Leahey et al., 2015cf. Kunbarrasaurus sp.
Referred Material—SAMA P40536, a partial skull incorporating impressions of the left and right maxillae, the vomer, both palatines, the right (and part impression of the left) ectopterygoid, a possible right mandibular ramus, impressions of both maxillary tooth rows, and eight isolated teeth (Supplementary Materials S1, S2 available at figshare; https://figshare.com/articles/figure/3D_PDF_of_SAMA_P40536-_Frauenfelder_et_al_/16892908). Associated postcranial elements include parts of the pelvis, limb elements, vertebrae, ribs, scutes, and numerous dermal ossicles. However, much of the postcranial skeleton remains encased in limestone matrix and thus requires preparation before describing it.
Horizon and locality—The limestone concretions containing SAMA P40536 had weathered out of organic-rich marine shales that are lithostratigraphically representative of the Toolebuc Formation. This unit crops out over a vast area west of the township of Boulia in southwestern Queensland (Figure 1). The Toolebuc Formation strata around Boulia have long been recognized as abundant sources of vertebrate fossils with documented finds including chimaeroids, lamniform sharks, a diverse range of actinopterygians, ceratodont dipnoans (e.g., Lees, 1986; Rozefelds, 1992; Kemp, 1993; Bartholomai, 2004; Kear, 2007; Wilson et al., 2011; Bartholomai, 2012; Bartholomai, 2015a; Bartholomai, 2015b), marine reptiles incorporating elasmosaurid, polycotylid, and pliosaurid plesiosaurs, ophthalmosaurid ichthyosaurs and protostegid turtles (e.g., Kear, 2003; Kear, 2006; Kear and Lee, 2006; Zammit et al., 2010; Kear and Hamilton-Bruce, 2011; Kear, 2016; Kear et al., 2018), ornithocheiroid pterosaurs (Molnar and Thulborn, 1980; Molnar, 1987; Fletcher and Salisbury, 2010; Kellner et al., 2010, 2011; Pentland and Poropat, 2019), and enantiornithine birds (Molnar, 1986; Chiappe, 1996; Kurochkin and Molnar, 1997; Kear et al., 2003). These assemblages are associated with abundant pelagic cephalopod (ammonites, belemnites, and coleoids) and benthic invertebrate remains (as summarized in Henderson et al., 2000) that indicate a shallow off-shore marine setting subject to poorly oxygenated bottom water conditions (Henderson, 2004; Jiang et al., 2018). Chronostratigraphically, the Toolebuc Formation is correlated with the latest middle–upper Albian Coptospora paradoxa spore/pollen and Pseudoceratium ludbrookiae dinoflagellate zones (Figure 1C; McMinn and Burger, 1986; Moore et al., 1986).
DESCRIPTION
The skull of SAMA P40536 is incomplete and preserves a portion of the palatal region (Figure 2). The choanal width is 82 mm, similar to proposed values of 72 mm for K. ieversi (measured from Leahey et al., 2015 p. 22), suggesting a potential skull length of ∼270 mm and skull width of ∼280 mm. The holotype of K. ieversi was assumed to be near-mature to mature at the time of death based on its small size and lack of cranial fusion (Molnar, 1996; Leahey et al., 2015). Given the similarity in size, SAMA P40536 may have been of equivalent age.
[image: Figure 2]FIGURE 2 | SAMA P40536 palatal region. (A) Dorsal view of the specimen. (B) Dorsal view of the 3D model. (C) Ventral (palatal) view of the 3D model. Skull schematic inset next to C is based on Kunbarrasaurus ieversi (modified from Leahey et al., 2015) to show the preserved portion of SAMA P40536 (highlighted in grey). Abbreviations: ch, choana; ec, ectopterygoid; m, maxilla pl, palatine; v, vomer. 3D models of bones based on impressions are denoted with an asterisk (*). See Supplementary Material S1 for interactive 3D PDF of SAMA P40536.
Although not described herein, a large bony fragment is preserved on the ventral and right lateral surfaces, with the lateral extent unknown due to erosion. The bone is mediolaterally compressed anteriorly and forms a ventrally projecting hook-like process. We tentatively identify this fragment as belonging to the dentary due to its position, ventral to the maxillary tooth row. The paired choanae of SAMA P40536 are separated medially by the posterior portion of the vomer (Figure 2). They are crescent-shaped, curving away from the midline posterolaterally, and are slightly wider than they are long. Anteriorly, the vomer, maxillary tooth roots, and maxillary bone impressions form the boundary of both choanae. Typically, the secondary palate separates the choana from the maxillary tooth row (Bourke et al., 2018); however, here, these elements form the choanal boundary due to mediolateral compression of the maxillary tooth row. The palatines form the posterior boundary of the choanae, medially, along with the ectopterygoid, laterally (Figure 2). The contribution of ectopterygoid to the choanal boundary suggests that a “posteroventral” secondary palate, which generally braces the palatine against the medial surface of the maxilla, may not have been present (Vickaryous et al., 2004; but see Bourke et al., 2018 for a new interpretation of this palatal structure). The choanae are posteriorly positioned, with their preserved anterior extent roughly in line with the middle of the maxillary tooth row. This condition is similar to that seen in K. ieversi but differs from that of ankylosaurids and nodosaurids (Lee, 1996; Godefroit et al., 1999; Carpenter, 2004; Kilbourne and Carpenter, 2005; Leahey et al., 2015; Kinneer et al., 2016).
Facial Bones
Maxilla—The right and left ventromedial surfaces of the maxilla are preserved as impressions on the block; a small bony fragment of the left maxilla is also present along the anterior choanal margin (Figures 2B,C). The maxillary impressions form an arcuate contact with the ectopterygoid posteriorly and medially (Figure 3D), together forming the lateral and posterolaterally margins of the choanae, respectively. Anteriorly, the impressions enclose the posterior portion of the exposed maxillary tooth roots. Right, and left maxillary tooth rows are partially preserved as impressions of their medial surfaces (Figure 3C). The left maxillary tooth row is 82 mm in length, whilst the right is 90 mm. The tooth rows are straight for approximately two-thirds of their length, diverging posteriorly. The final third of the tooth row curves laterally, producing an overall curved tooth row in palatal view. An impression of the alveolar margin occurs on the left side of the block; however, it is not preserved on the right. Approximately 20 tooth impressions are preserved on the right tooth row, with replacement teeth visible dorsal to the impressions of the erupted teeth (Figure 3C). There are at least 15 preserved alveolar positions on the left tooth row. As both tooth rows are preserved as incomplete impressions, the total number of teeth within the maxillae is a minimum count.
[image: Figure 3]FIGURE 3 | Posterior and right lateral regions of SAMA P40536 (A,B) Posterior view. (A) Actual specimen. (B) 3D reconstruction. (C,D) Right lateral view. (C) Actual specimen showing the outline of maxillary tooth row impressions, including the functional (black outline) and replacement (red) teeth. Abbreviations: ?d, possibly dentary; ec, ectopterygoid; m, maxilla; pl, palatine; v, vomer. 3D models of bones based on impressions are denoted with an asterisk (*).
Palatal Bones
Vomer—The vomer is an anteroposteriorly elongate and mediolaterally compressed bone; becoming dorsoventrally tall, posteriorly (Figure 4). Several portions of the nasal septum are missing, but this is likely due to poor mineralization (Witmer and Ridgley, 2008; Leahey et al., 2015). As a result, the dorsal and ventral extents of the vomer are unclear. The ventral nasal keel is partially preserved (Figure 4C). As observed in the CT scans, the anterior half of the vomer forms an elongate triangular process that tapers to a point anteriorly (Figure 4A). This process is dorsoventrally compressed (Figure 4C) with an inverted triangular cross-section and, unlike the posterior half, does not divide the nasal passage. At roughly its mid-point and the mediolateral choanal corner, the vomer mediolaterally expands and is bulbous in dorsal view (Figure 2C). A posterodorsally oriented groove is present on the left lateral surface of the expanded region. This groove is not present on the right lateral surface and is a notable asymmetrical feature (Figures 4C,D). Posterior to the posterodorsal groove, the vomer expands laterally, resulting in an hourglass shape in dorsal view (Figures 2B, 4A).
[image: Figure 4]FIGURE 4 | Three-dimensional models of SAMA P40536 vomer. (A) Dorsal view. (B) Ventral view. (C) Right lateral view. (D) Left lateral view. Arrow in (A–D) points towards anterior. Abbreviations: g, posterodorsal groove; nk, nasal keel; ns, nasal septum.
Palatines—The palatines form the posteromedial margins of the choanae and are preserved mostly as impressions, with the right preserving a fragment of bone (Figures 2C, 3B). The palatine is a thin, anteroventrally/posterodorsally angled element, similar to other ankylosaurs, such as Ankylosaurus magniventris and Gargoyleosaurus parkpinorum (Carpenter, 2004; Kilbourne and Carpenter, 2005). Together, the palatines form a U-shaped wall in posterior view that would have separated the palatal and orbital regions, similar to Pawpawsaurus campbelli (Figures 2C, 3B; Lee, 1996). Medially, the palatines contact the vomer. Examining the CT data and physical specimen, we cannot confirm if the palatines and vomer are fused (Figures 2B,C). The palatines extend posterior to the vomer, suggesting that they contacted each other for part of their length; however, the medial edges of the palatines are missing. Along the posterior margin of the choanae, the palatines contact the ectopterygoid along a straight suture that is angled ventrolaterally in posterior view, similar to Ankylosaurus (Figure 3B; Carpenter, 2004).
Ectopterygoid—A partial ectopterygoid is preserved as both bone and impression on the right lateral surface of the skull block, and the left ectopterygoid is partially preserved as an impression (Figures 2C, 3B). The ectopterygoid is sub-triangular in mediolateral view (Figures 5A,B), curved medially, with a concave dorsal margin forming the choanal posterolateral edge (Figures 2B, 5E). The ectopterygoid contacts the maxilla anteriorly, but the contact would have continued laterally to the ectopterygoid along a scarf joint (Figure 6). The ectopterygoid contacts the palatine medially, along the choanal posterior margin, and forms a straight joint angled ventrolaterally (Figure 6). The posteroventral corner is drawn out into a wedged-shaped process (as preserved) buttressed medially along its length (Figure 5).
[image: Figure 5]FIGURE 5 | Three-dimensional models of SAMA P40536 right ectopterygoid. (A) Lateral view. (B) Medial view. (C) Anterior view. (D) Posterior view. (E) Dorsal view. (F) Ventral view. Abbreviations: ec, ectopterygoid. 3D models of bones based on impressions are denoted with an asterisk (*).
[image: Figure 6]FIGURE 6 | Scarf joint between the right ectopterygoid and right maxilla of SAMA P40536. (A) Dorsolateral view of the physical specimen. (B) A line drawing showing the contact between the ectopterygoid and the maxilla. Abbreviations: ch, choanae; ec, ectopterygoid; m, maxilla; pl, palatine. Regions based on impressions are denoted with an asterisk (*).
Dentition
Eight isolated teeth are identified from the CT scans: one in situ left maxillary tooth crown and seven isolated teeth with roots of unknown position found “floating” within the matrix (Table 1; Supplementary Materials S1, S2). Of these, the in situ crown provides the best resolution and the basis for the following description (Figures 7H–J). The crown is asymmetrical in labial view and is labiolingually compressed (Figures 7I,J). The apex corresponds to the primary ridge/denticle (sensu Bell et al., 2018b) and is distally offset. The primary denticle is marginally larger than the remaining denticles and bears a shallow, mesiodistally oriented, and grooved wear facet on the apex. Two denticles are present distal to the primary denticle and three mesially. Denticles are apically pointed and curved away from the central tooth axis, giving the crown a fan-shaped appearance. Apicobasal grooves (or sulci) between denticles extend basally but do not appear to have reached the cingulum (Figure 7; the cingulum itself is only preserved on the more complete isolated teeth; see above). Individual denticles are difficult to identify on the isolated teeth due to the low resolution of the CT scans; however, small bumps on the crowns suggest five to seven denticles (including the primary denticle) were present per tooth (Figures 7A,E).
TABLE 1 | Measurements (in mm) of all preserved ankylosaur teeth in SAMA P40536.
[image: Table 1][image: Figure 7]FIGURE 7 | Three-dimensional models of select SAMA P40536 maxillary teeth. (A–C) Ex situ maxillary tooth in (A) lingual, (B) labial, and (C) distal views. (D–G) Ex situ maxillary tooth in (D) lingual, (E) labial, (F) mesial, and (G) basal views. (H–J) In situ (MicroCT) posterior maxillary tooth in (H) lingual, (I) labial, and (J) apical-mesial views. (A–G) Preserved within the block, extracted virtually. (H–J) Was manually prepared and subsequently, micro-CT scanned. Abbreviations: cg, cingula; r, root; rp, resorption pit (outlined in a dashed line in B); wf, wear facet. Tooth colors correspond to those in Table 1 and Supplementary Material S1 (ex situ) and Supplementary Material S2 (in situ).
The low denticle count is similar to K. ieversi and other nodosaurids but differs from the approximately 8–12 denticles per tooth seen in the upper Strzelecki group teeth (Molnar, 1996; Barrett et al., 2010; Leahey et al., 2015). The in situ crown is broken basally, and the presence of cingula are unknown; however, cingula are present on five isolated teeth. The lingual cingulum is prominent, forming a bulbous shelf, whereas the labial cingulum is less prominent and positioned apically (Figures 7A–F). Five teeth preserve large roots, two to three times taller than the crowns (Table 1), separated by a constriction. Roots are straight, bullet-shaped, and circular in cross-section, similar to other Australian ankylosaurian teeth (Figure 7G; Molnar, 1996; Barrett et al., 2010; Leahey and Salisbury, 2013). Two isolated teeth have partially resorbed roots, as the labial surface is either partially or completely missing (Figure 7B), suggesting root resorption proceeded in a labial–lingual direction. All tooth impressions from the right maxilla have prominent lingual cingula. Consistent with the in situ maxillary crown, tooth impressions have anywhere from five to seven denticles. Crowns of the 16 mesial-most teeth are fan-shaped, whereas the four distal-most teeth are more pointed (Figure 3C). The preserved crown impressions range from 4 to 6 mm wide and 5–8 mm long.
PHYLOGENETIC ANALYSIS
Methods
SAMA P40536 was scored into two phylogenetic datasets (Supplementary Material S3): Arbour and Currie (2016) (Modified from Thompson et al., 2012; Arbour and Currie, 2013; Arbour et al., 2014a; Arbour et al., 2014b) and Soto-Acuña et al. (2021) (Modified from Arbour and Currie, 2016; Arbour et al., 2016). The Arbour and Currie (2016) matrix consists of 178 characters and 45 ingroup taxa, including SAMA P40536 (scores provided in Table 2) and the non-ankylosaurian outgroup taxa Lesothosaurus diagnosticus, Sceliosaurus harrisonii, and Huayangosaurus taibaii. In this matrix, we updated the terminal taxon designation from Minmi sp. to Kunbarrasaurus ieversi, and “Zhejiangosaurus lishuiensis” replaced the incorrectly identified “Zhejiangosaurus luoyangensis” (Lü et al., 2007; Leahey et al., 2015). The Soto-Acuña et al. (2021) matrix consists of 190 characters and 66 ingroup taxa, including SAMA P40536 (scores provided in Table 2) and the non-ankylosaurian outgroup taxa Lesothosaurus diagnosticus, Scelidosaurus harrisonii, and members of Stegosauria (Huayangosaurus taibaii, Paranthodon africanus, and Stegosaurus stenops). Here, we updated the terminal taxon designation from Sauropelta edwardsi to Sauropelta edwardsorum, and “Argentinian ankylosaur” replaced the “Salitral Moreno ankylosaur” for consistency between matrices.
TABLE 2 | Characters coded for the phylogeny of SAMA P40536.
[image: Table 2]To incorporate additional palatal variations noted in SAMA P40536, K. ieversi, and other ankylosaurians, we added a new character (178 in Arbour and Currie, 2016; and 190 in Soto-Acuña et al., 2021) that describes the position of the choanae within the palate relative to the maxillary tooth row: choanae with their anterior margins inline or within the anterior third of the maxillary tooth row (178/190:0); choanae posteriorly situated with their anterior margins at least mid-way along the tooth row (178/190:1). Ankylosaurians were scored from the literature (Eaton Jr, 1960; Sereno and Zhimin, 1992; Lee, 1996; Godefroit et al., 1999; Carpenter et al., 2001a, 2008, 2011; Vickaryous et al., 2001; Hill et al., 2003; Carpenter, 2004; Kilbourne and Carpenter, 2005; Parsons and Parsons, 2009; Arbour and Currie, 2013; Arbour et al., 2014a; Leahey et al., 2015; Kinneer et al., 2016; Arbour and Evans, 2017; Yang et al., 2017; Bourke et al., 2018; Paulina-Carabajal et al., 2018; Wiersma and Irmis, 2018; Norman, 2020; Park et al., 2020); however, we could not adequately code the outgroup taxon Huayangosaurus taibaii because the condition of its choanae is unknown. Character polarity was therefore determined from Hesperosaurus mjosi (Maidment et al., 2018) and a 3D cranial model of Stegosaurus armatus (specimen number; UMNH VPC 44, sketchfab. com/ivlpaleontology), which preserve the choanae approximately in line with the anterior-most maxillary tooth (Sereno and Zhimin, 1992; Carpenter et al., 2001b; Chengkai et al., 2007; Mateus et al., 2009). The anterior extent of the choanae in Lesothosaurus diagnosticus is likewise not directly observable. Nonetheless, the maxillae are mediolaterally compressed and unlikely to have formed a bony palate as in many ankylosaurs (Porro et al., 2015). Consequently, we interpret the anterior margins of the choana as probably being anteriorly placed. Finally, the choanae of Scelidosaurus harrisonii end anteriorly relative to the anterior-most maxillary tooth (Norman, 2020). Character 31 was recoded as “?” for K. ieversi in both matrices because the placement of the ectopterygoid cannot be adequately interpreted from the physical specimen or 3D tomographic renderings (Leahey et al., 2015). Moreover, given the absence of a “caudoventral” secondary palate in SAMA P40536, it is doubtful that such as structure was present in K. ieversi.
The updated character-taxon matrices were compiled using Mesquite version 3.61 (Maddison and Maddison, 2019) and analyzed in TNT version 1.5 (Goloboff and Catalano, 2016). All characters were assumed unordered and of equal weight, with Lesothosaurus diagnosticus designated the most distant outgroup taxon in both matrices. Both matrices were subjected to a phylogenetic analysis involving 1,000 replicates of a “traditional” search using random addition sequence starting trees and the Tree Bisection Reconnection (TBR) branch swapping algorithm. Following the initial search, we performed another round of branch swapping on the set of most parsimonious trees (MPTs) using TBR to more fully explore the tree space. We used iterative PCR to identify wildcard taxa that could be pruned to improve resolution in the strict consensus of the final set of MPTs (Pol and Escapa, 2009), while retaining SAMA P40536. Nodal supports for the resulting reduced strict consensus tree from each matrix were calculated from 1,000 bootstrap resampling replicates using the same initial “traditional” tree search strategy. Clade frequencies were summarised using the Groups present/Contradicted (GC) metric.
Results
The phylogenetic analysis of Arbour and Currie (2016) returned 1,630 MPTs of 423 steps [Consistency Index (CI): 0.536, Retention Index (RI): 0.704, Rescaled Consistency Index (RC): 0.377] from the initial tree search, and over 10,000 additional trees of equal length after another round of branch swapping. Sixteen wildcard taxa were identified for removal by iterative PCR: Aletopelta coombsi, Antarctopelta oliveroi, Bissektipelta archibaldi, Dongyangopelta yangyanensis, Glyptodontopelta mimus, Gobisaurus domoculus, Liaoningosaurus paradoxus, Minmi paravertebra, Pawpawsaurus campbelli, Sauroplites scutiger, Scolosaurus cutleri, Shamosaurus scutatus, Stegopelta landerensis, Taohelong jinchengensis, Zhejiangosaurus lishuiensis, and Zipaleta sanjuanensis. The reduced strict consensus tree is almost completely resolved (Figure 8A); Ankylosauridae is fully resolved, whilst Nodosauridae contains one polytomy (Sauropelta edwardsorum, Tianchisaurus nedegoapeferima, and the Argentinian ankylosaur). SAMA P40536 was recovered as the sister of K. ieversi, which together form the sister clade to Mymoorapelta maysi + Ankylosauridae + Nodosauridae (Figure 8A). Kunbarrasaurus ieversi and SAMA P40536 share two autapomorphies: the maxillary tooth row is medially convex (28:1), and the choanae are posteriorly placed approximately mid-way along the maxillary tooth row (178:1). As M. paravertebra was removed by IterPCR, the relationship with SAMA P40536 is currently unknown; however, when the analysis was run with M. paravertebra included, the tree collapsed into a large polytomy (results not included).
[image: Figure 8]FIGURE 8 | Results of the phylogenetic analyses. (A) Reduced strict consensus of 1,630 MPTs of 423 steps (CI: 0.536, RI: 0.704, RC: 0.377) recovered after inclusion of SAMA P40536 into the character-taxon matrix of Arbour and Currie (2016), (B) Reduced strict consensus of the 20 MPTs of 696 steps (CI: 0.359, RI: 0.653, RC: 0.234) recovered after inclusion of SAMA P40536 into the character-taxon matrix of Soto-Acuña et al. (2021). Node labels indicate GC bootstrap support values above 20. Bootstrap values for all nodes are provided in Supplementary Material S3 (Figures S3.1 and S3.2). All Gondwanan taxa are highlighted in red. The extent of Parankylosauria is highlighted in yellow, Ankylosauridae in blue, and Nodosauridae in pink.
The initial search of Soto-Acuña et al. (2021) returned 20 MPTs of 693 steps (CI: 0.359, RI: 0.653, RC: 0.234). More than 10,000 trees of equal length were found after another round of branch swapping. Seven wildcard taxa were identified for removal by iterative PCR: Ahshislepelta minor, Denversaurus schlessmani, Donyangopelta yangyanensis, Hylaeosaurus armatus, Sauroplites scutiger, Taohelong jinchengensis, and Zhejiangosaurus lishuiensis. Both Ankylosauridae and Nodosauridae are well resolved in the resulting reduced strict consensus tree (Figure 8B), each containing one polytomy (Ziapelta sanjuanensis and Anodontosaurus lambei, and all three Struthiosaurus, respectively). Parankylosauria is monophyletic but unresolved, recovered as the sister-taxon to Ankylosauridae, Nodosauridae, and a clade formed by Cedarpelta bilbeyhallorum, Chuanqilong chaoyangensis, and Liaoningosaurus paradoxus. Parankylosauria contains Stegouros elengassen, K. ieversi, and A. oliveroi, as in Soto-Acuña et al. (2021), along with SAMA P40536.
DISCUSSION
Comparisons with Kunbarrasaurus ieversi
SAMA P40536 shares five features with Kunbarrasaurus ieversi: a sinuous maxillary tooth row, posteriorly placed choanae, asymmetric tooth crowns, and tooth crown striations that are both confluent with the denticles and extend to the cingulum (Table 2 for clarification on matrix assignment). In addition, SAMA P40536 and K. ieversi share teeth with low denticle counts, cylindrical tooth roots, and both lingual and labial cingula (Molnar, 1996). Unfortunately, none of the K. ieversi autapomorphies identified on the holotype (QM F18101; Leahey et al., 2015) are preserved in SAMA P40536, precluding unambiguous referral. Nevertheless, their dental and choanal similarities are sufficient to recover both specimens as sister-taxa (Figure 8A) and within Parankylosauria with the added tooth characters (Figure 8B). Combined with their spatiotemporal proximity (Figure 9), we provisionally refer SAMA P40536 to cf. Kunbarrasaurus sp. pending further preparation and description of the postcranial skeletons.
[image: Figure 9]FIGURE 9 | Biostratigraphic and palaeobiogeographic context of mid-Cretaceous Australian ankylosaurs. (A) Simple biostratigraphy of ankylosaurs from the Surat Basin (Molnar, 1980; Bell et al., 2018a), Eromanga Basin (Molnar, 1996; Leahey and Salisbury, 2013; Leahey et al., 2015), Gippsland and Otway Basins (Barrett et al., 2010), and Canning Basin (Salisbury et al., 2016). Chronostratigraphy data was compiled from Salisbury et al. (2016); Bell et al. (2019); Wagstaff et al. (2020); and Cooling et al. (2021). Dashed lines represent geological unconformities, whilst dotted lines represent gradational boundaries (B) Palaeobiogeography and the fossil record of Australian ankylosaurs from 11 sites, modified from Leahey et al. (2015). Ankylosaur silhouette generated by Jagged Fang Designs and reused under Creative Commons licenses: Public Domain Dedication 1.0.
Although our taxonomic assignment is tentative, the palatal osteology of SAMA P40536 fills anatomical gaps not observable in QM F18101 (Leahey et al., 2015). For example, the palatines of SAMA P40536 are vertically positioned and separate the palatal and orbital regions. Although the posterior extent of the palatines is not preserved, vertical sutures along the posterior margins of the choanae represent the contacts between the palatines and the ectopterygoids (Figures 3A,B). This arrangement indicates that the ectopterygoid forms the posterolateral margin of the choana, as in Edmontonia longiceps (Vickaryous et al., 2004). Furthermore, the palatines did not contact the maxillae along the choanal margin as reconstructed by (Leahey et al., 2015). The ectopterygoid contacts are unknown in K. ieversi due to poor preservation and encasing matrix (Leahey et al., 2015) but differ from the interpretation of (Leahey et al., 2015, p. 22, Figure 6), who placed the ectopterygoid more posteriorly between the maxilla and pterygoids.
Implications of Choanal Variation in Ankylosaurs
The palatal choanae form part of the nasal passages and are the boundary between the internal cranial nasal passages and the buccal region (Bourke et al., 2018). Therefore, it may be expected that choanal variations reflect the complexities of ankylosaurian nasal passages, such as mineralised soft tissue creating convoluted nasal passages and the paranasal sinus system formed by an extensive set of air sacs surrounding the nasal airways. (Brown and Kaisen, 1908; Vickaryous et al., 2004; Vickaryous, 2006; Witmer and Ridgley, 2008; Leahey et al., 2015; Paulina-Carabajal et al., 2016; Bourke et al., 2018). Surprisingly, the palate remains an anatomically under-sampled component of ankylosaur phylogenies. Indeed, only five of the 178 and 190 characters employed in both matrices capture palatal morphologies. We found notable variation in the relative placement of the choana within the palate. The majority of ankylosaurians display choanae that span most of the palatal region, and the anterior choanal margins are either in line with the anterior-most maxillary tooth (e.g., Pawpawsaurus campbelli; Paulina-Carabajal et al., 2016 p. 5) or within the anterior third of the tooth row (e.g., Ankylosaurus magniventris; Carpenter, 2004). As we used the literature to code most ankylosaurian taxa, we simplified the previous conditions into a single character relative to the outgroup (Sereno and Zhimin, 1992; Porro et al., 2015; Maidment et al., 2018; Norman, 2020), indicating that anteriorly placed choanae are primitive for ankylosaurs. By contrast, SAMA P40536 and K. ieversi exhibit a derived condition whereby the choanae are relatively posterior within the palate. The other parankylosaurian Stegouros ellengassen may also exhibit this derived condition, as the secondary palate that marks the anterior extent of the choanae extends posteriorly to approximately the mid-point of the preserved tooth row (Soto-Acuña et al., 2021). Unfortunately, the maxillary tooth row is incomplete posteriorly and so we cannot confirm its condition at this time, and it was coded as “?”. The derived condition stabilizes SAMA P40536 within both trees but otherwise does not dramatically affect the phylogenetic placements of other ankylosaurians. Without this character, the trees collapse into a large polytomy with virtually no basal resolution (results not provided). It is worth noting that if future postcranial observations of SAMA P40536 support an assignment to K. ieversi, this character may represent a new autapomorphy for K. ieversi.
Presently, only the ankylosaurids Cedarpelta bilbeyhallorum, and Gobisaurus domoculus (Vickaryous et al., 2001; Carpenter et al., 2008) exhibit posteriorly positioned choanae comparable to K. ieversi (Leahey et al., 2015) and SAMA P40536. The ankylosaurid Akainacephalus johnsoni and the nodosaurid Panoplosaurus mirus show the most extreme condition, whereby the anterior choanal margins are approximately in line with the posterior-most maxillary tooth (Bourke et al., 2018; Wiersma and Irmis, 2018). These occurrences suggest that posteriorly located choanae evolved independently at least four times: once before the Nodosauridae + Ankylosauridae split, once in nodosaurids, and at least twice in ankylosaurids. Note that there is currently no resolution on the relationships of C. bilbeyhallorum and G. domoculus in Arbour and Currie (2016) and that our safe taxonomic reduction analysis of their matrix excluded G. domoculus. However, our analysis of the Soto-Acuña et al. (2021) matrix places C. bilbeyhallorum outside of Ankylosauridae + Nodosauridae (Figure 8B), which would incur a more complex evolutionary path for the character. However, we refrain from over interpreting this tree given its labile nature (See next Section).
The phylogenetic placement of SAMA P40536 as an early-branching ankylosaurian has implications for interpreting choanal and palatal variations in ankylosaurs. The bones forming the choanal margins are often difficult to discern due to a tightly sutured or fused nature. The preserved palatal bones of SAMA P40536 are not fused, and contacts are visible. The choanal margins are formed by four bones, the maxilla, vomer, ectopterygoid, and palatines (Figure 2). Given that the ectopterygoid contributes to the choanal margin, the palatines were excluded from contacting the maxilla, suggesting that SAMA P40536 did not have a “posteroventral” secondary palate (Vickaryous et al., 2004) or lamina transversa (Bourke et al., 2018); these contacts are unknown in K. ieversi (Leahey et al., 2015). Therefore, our results indicate that the ankylosaurian lamina transversa evolved later in ankylosaur evolution, perhaps due to modifications to the nasal passages (Bourke et al., 2018). Functionally, the lamina transversa separates the olfactory and nasal regions and is associated with a heightened sense of smell (Bourke et al., 2018). Therefore, its absence in SAMA P40536 suggests that a more basic sense of smell was primitive for ankylosaurians.
Implications for Australian Ankylosaur Diversity
Australia has the largest abundance of Gondwanan ankylosaurs and species-level diversity documented from the mid-Cretaceous (Figure 9; Molnar, 2001; Barrett et al., 2010; Leahey and Salisbury, 2013; Leahey et al., 2015; Salisbury et al., 2016; Bell et al., 2018a). Occurrences include ankylosaur footprints from the Valanginian–Barremian Broome Sandstone of Western Australia (Salisbury et al., 2016), isolated skeletal elements from the uppermost Barremian–lower Aptian “Wonthaggi formation” strata of the upper Strzelecki Group in Victoria, Minmi paravertebra from the lower Aptian Bungil Formation of Queensland, Kunbarrasaurus ieversi from the upper Albian Allaru Mudstone of Queensland, and other indeterminate bones and teeth from the uppermost Albian–lower Cenomanian Mackunda and Griman Creek formations of Queensland and New South Wales, respectively (Molnar, 2001; Barrett et al., 2010; Leahey and Salisbury, 2013; Leahey et al., 2015; Bell et al., 2018a). Historically, all Australian ankylosaur fossils were referred to the genus Minmi (Molnar, 1980, 1996); however, the re-classification of K. ieversi (previously Minmi sp.; Leahey et al., 2015) as a separate genus and species implicates greater intra-clade diversity. Our attribution of SAMA P40536 to cf. Kunbarrasaurus sp. further extends the stratigraphical range of this taxon into the lower–upper Albian and evinces a novel sampling occurrence some ∼550 km to the SW of other earlier discoveries.
Previous phylogenies treated K. ieversi (QM F18101) and M. paravertebra (QM F10329) as a generic hypodigm, recovering it as either a sister to all other ankylosaurians (Kirkland, 1998; Carpenter, 2001) or ankylosaurids (Sereno, 1999; Hill et al., 2003; Vickaryous et al., 2004; Ősi, 2005; Burns et al., 2011; Thompson et al., 2012). However, K. ieversi is now considered an early-branching ankylosaurian outside of both Ankylosauridae and Nodosauridae (Arbour and Currie, 2016). Recently, the discovery of Stegouros ellengassen introduced a new phylogenetic hypothesis, whereby K. ieversi, S. ellengassen, and Antarctopelta oliveroi form a Gondwanan ankylosaur clade, Parankylosauria, which would have diverged before the Ankylosauridae + Nodosauridae split (Soto-Acuña et al., 2021). In testing the phylogenetic position of SAMA P40536, we were unable to reproduce the same tree from Soto-Acuña et al. (2021), even when the aforementioned specimen was removed. Our replication attempt produced 20 MPTs and contained several differences in the strict consensus, such as a polytomy outside of Ankylosauridae + Nodosauridae containing Chuanqilong chaoyangensis, Lianingosaurus paradoxus and Cedarpelta bilbeyhallorum, and slightly better resolution within Ankylosauridae and Nodosauridae (Supplementary Material S3; Supplementary Figure S3.2). Furthermore, an additional round of branch swapping on the initial 20 MPTs produced over 10,000 MPTs with considerably reduced resolution in the strict consensus. For instance, there was no clear split between Ankylosauridae and Nodosauridae and most ingroup taxa were reduced to a polytomy (Supplementary Material S3; Supplementary Figure S3.3). The reason for the difference in phylogenetic hypothesis observed in our replication of Soto-Acuña et al. (2021) is unclear; however, it likely stems from the overall poorly supported nature of ankylosaur phylogenetics. Fortunately, these broader differences had no effect on the phylogenetic placement of SAMA P40536 and Parankylosauria was nonetheless recovered in all analyses, supporting the existence of an early-branching, exclusively Gondwanan ankylosaurian clade. Given the placement of SAMA P40536 as the sister taxon of K. ieversi in the Arbour and Currie (2016) phylogeny, it is not surprising that it is also occurs within Parankylosauria. All four terminal units share four dental features: asymmetric tooth crowns, striations confluent with the denticles and extend to the cingula, and cingulum present on either maxillary or dentary teeth. Of note, the first three features are also present in the Argentinian ankylosaur (Coria and Salgado, 2001), although current hypotheses place it deep within Nodosauridae (Figure 8).
Previous studies hypothesized that Australian ankylosaurians evolved independently from the Late Cretaceous ankylosaurs found elsewhere in Gondwana (i.e., A. oliveroi and the Argentinian ankylosaur), which were previously considered to be more closely related to Laurasian nodosaurids (Figure 8A; Coria and Salgado, 2001; Salgado and Gasparini, 2006; Arbour and Currie, 2016; Arbour et al., 2016). However, the proposed existence of Parankylosauria suggests that most Gondwanan ankylosaurs are more closely related to each other than to those found elsewhere (Soto-Acuña et al., 2021). The only current exception is the Argentinian ankylosaur, a nodosaurid (Figure 8) that appeared in Gondwana following dispersal events from Laramidia during the Campanian–Maastrichtian, a pattern also observed among hadrosaurids and titanosaurs (Brett-Surman, 1979; Coria and Salgado, 2001; Prieto-Márquez, 2010; Arbour and Currie, 2016; Ibiricu et al., 2021). Given the mid–upper Albian ages of Australian ankylosaurs, the Gondwanan dispersal of Parankylosauria considerably predated those of the latest Cretaceous (Arbour and Currie, 2016; Kubo, 2020; Soto-Acuña et al., 2021). Interestingly, the recent identification of the putative ankylsoaur Spicomellus afer from the mid-Jurassic of Morocco (Maidment et al., 2021) hints at an initial, more ancient global diversification of Ankylosauria (Gibbons et al., 2013; Arbour and Currie, 2016; Arbour et al., 2016; Maidment et al., 2021; Soto-Acuña et al., 2021).
CONCLUSION
Here, we described the second Australian ankylosaur cranium and the first ankylosaurian remains from the Toolebuc Formation. Its conferral to Kunbarrasaurus is based on palatal and dental similarities. However, without extensive overlapping anatomy, an unambiguous referral is currently not possible. Nonetheless, several skull elements unknown in the holotype of K. iveresi can be inferred by SAMA P40536, notably the position and morphology of the palatines and their relation to the ectopterygoids. The future examination of SAMA P40536’s postcranial skeleton with those of K. ieversi and Minmi paravertebra will elucidate its taxonomic affinities, further testing the phylogenetic affinities of Australian and Gondwanan ankylosaurs. The exploration of palatal morphology uncovered a new phylogenetic character, and highlights the importance of this anatomical region in resolving ankylosaur phylogenetic relationships.
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‘SAMA P40536 character states

1-Maxillary tooth row is medially convex

0-Caudoventral secondary palate absent

1-Cingulum on maxillary and/or dentary teeth is present
0-Maxillary and/or dentary tooth crown shape is pointed
0-Maxillary ancl/or dentary tooth denticles <13 denticles

1-The choanae are posteriorly placed approx. mid-way along the
tooth row

0-Tooth crowns are asymmetric

1-Tooth crown striations extend to cingulum

1-Tooth crown striations are confluent with denticles

Information on characters 1-177 is available in Arbour and Currie (2016), whilst
information on characters 178189 are available in Soto-Acunia et al. (2021,
Supplementary Figure S6). Character 178/190 on the choanae is discussed within
text. All characters denoted with an asterisks (") are only in the modified Soto-Acuiia et al.
(2021) matrix. See matrices in Supplementary Material $3 for all character codes.
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root length; R/L, right or leftjaw. Tooth idlis based on the name and color used/in the 3D
models as seen in Supplementary Materials S1, S2.
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