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Biomineralised remains of trilobites provide important insight into the evolutionary history
of a wholly extinct group of diverse arthropods. Their exoskeletons are also ideal for
recording malformations, including evidence of repair. Re-examination of historic
collections and the study of new specimens is important for enhancing knowledge on
trilobite malformations across this diverse clade. To expand the records of these
abnormalities and present explanations for their formation, we document eight malformed
trilobite specimens, as well as one carcass, housed within the Commonwealth
Palaeontological Collection at Geoscience Australia in Canberra. We present examples of
Asthenopsis, Burminresia, Centropleura, Coronocephalus, Dolicholeptus, Galahetes,
Papyriaspis, and Xystridura from Cambrian, Ordovician, and Silurian deposits of Australia.
Most of the malformed specimens reflect injuries from either failed predation or
complications during moulting, and a mangled carcass is ascribed to either successful
predation or post-mortem scavenging. We also uncover examples of teratologies and
abnormal recovery from traumatic incidents, highlighting the range of morphologies that
can be derived from these processes.
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16 Abstract

17 Biomineralised remains of trilobites provide important insight into the evolutionary history of a 

18 wholly extinct group of diverse arthropods. Their exoskeletons are also ideal for recording 

19 malformations, including evidence of repair. Re-examination of historic collections and the study 

20 of new specimens is important for enhancing knowledge on trilobite malformations across this 

21 diverse clade. To expand the records of these abnormalities and present explanations for their 

22 formation, we document eight malformed trilobite specimens, as well as one carcass, housed 

23 within the Commonwealth Palaeontological Collection at Geoscience Australia in Canberra. We 

24 present examples of Asthenopsis, Burminresia, Centropleura, Coronocephalus, Dolicholeptus, 

25 Galahetes, Papyriaspis, and Xystridura from Cambrian, Ordovician, and Silurian deposits of 

26 Australia. Most of the malformed specimens reflect injuries from either failed predation or 

27 complications during moulting, and a mangled carcass is ascribed to either successful predation 

28 or post-mortem scavenging. We also uncover examples of teratologies and abnormal recovery 

29 from traumatic incidents, highlighting the range of morphologies that can be derived from these 

30 processes. 

31 Keywords: Malformations, Australia, trilobites, predator-prey systems, Palaeozoic
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33 Introduction

34 Specimens of extinct animals displaying malformations present important, and often 

35 unique insight into predation, pathological growths, and genetic abnormalities in the fossil record 

36 (Owen, 1985; Babcock, 1993, 2003, 2007; Kelley et al., 2003; Huntley, 2007; Klompmaker & 

37 Boxshall, 2015; Leung, 2017). Malformations have been documented in many fossil groups 

38 (Klompmaker et al., 2019) and are especially well known from the wholly extinct group of 

39 arthropods called trilobites (�najdr, 1978; Owen, 1983, 1985; Babcock, 1993, 2003; Fatka et al., 

40 2015, 2021; Bicknell et al., 2019; Bicknell & Holland, 2020; Zong, 2021b; Bicknell & Smith, 

41 2022). The extensive record of malformed trilobites is facilitated by their biomineralised 

42 exoskeleton (Babcock, 1993, 2003) that increased the preservational potential of specimens and, 

43 by extension, the ability to record abnormal structures (Bicknell et al., 2022c). Thus, trilobites 

44 represent an ideal group for understanding malformations in extinct arthropods. 

45 Geoscience Australia in Canberra hosts one of the largest reference collections of 

46 Australian fossil material and is home to the extensive Commonwealth Palaeontological 

47 Collection (CPC) (Schroeder & Laurie, 2023). Of particular note are the specimens documented 

48 in the seminal works of Armin Öpik, John Shergold, and Desmond Strusz that have major 

49 scientific and historical importance for our understanding of Australian trilobites. Some of these 

50 key publications include illustrations of malformed trilobites (Öpik, 1961; 1975; 1982, Strusz, 

51 1980), prompting us to revisit the Geoscience Australia collections (including the CPC) to see if 

52 new information can be uncovered. In doing so, we present eight malformed trilobite specimens 

53 and one possible carcass from Australian deposits ranging in age from the Cambrian 

54 (Miaolingian, Wuliuan) to the Silurian (Wenlock, Sheinwoodian to Homerian).

55
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56 Material and Methods

57 Trilobite material from Geoscience Australia (Canberra) was examined for malformations, 

58 including previously published specimens in the CPC (Öpik, 1961, 1975, 1982; Strusz, 1980) 

59 and unpublished material housed within the bulk collections. Specimens documented herein are 

60 from the Cambrian Arthur Creek and Beetle Creek formations and Devoncourt and V-Creek 

61 limestones in the Georgina Basin (Queensland and Northern Territory), the Ordovician Emanuel 

62 Formation in the Canning Basin (Western Australia), and the Silurian Walker Volcanics in the 

63 Lachlan Fold Belt (Australian Capital Territory); detailed locality and stratigraphic information 

64 is provided below. Specimens were coated in ammonium chloride sublimate and photographed 

65 under low angle LED light with a Canon EOS 5Ds using MP-E 65 mm 1�5× macro and 50 mm 

66 lenses at the University of New England (UNE), Armidale, Australia. Images were stacked using 

67 Helicon Focus 7 (Helicon Soft Limited) stacking software. Images were converted to greyscale 

68 after photography. When describing malformations, we follow terminology in Owen (1985),  

69 Babcock (1993), Bicknell & Pates (2019), Pates & Bicknell (2019), and Bicknell et al. (2022a) 

70 for injuries, and Strusz (1980), Howells (1982), Owen (1985), and Bicknell & Smith (2021, 

71 2022) for teratologies.

72 Geological Context

73 Beetle Creek Formation�Holotype CPC 10348 of Galahetes fulcrosus Öpik, 1975 (Fig. 

74 1A, B) was collected from a unit assigned to the Beetle Creek Formation in the southern part of 

75 the Burke River Outlier near Galah Creek at locality �D135� (approximately 21°57' S, 139°36' 

76 E) in the Georgina Basin, western Queensland (Öpik, 1975). Here the unit consists of several 

77 hundred metres of siliceous shale and chert with interbedded lenses of bituminous limestone 
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78 forming low cuestas and mesas in the landscape (Carter & Öpik, 1963). These fine-grained 

79 sediments, in addition to the presence of oryctocephalid trilobites and agnostids (including 

80 complete exoskeletons), all suggest that the unit was likely deposited below storm wave base at 

81 the outer shelf edge of a large epeiric sea (Fleming, 1977; Kruse, 2002). The unit at locality 

82 �D135� unconformably overlies the Thorntonia Limestone and is overlain conformably by the 

83 Inca Formation (Carter & Öpik, 1963; Southgate & Shergold, 1991; Dunster et al., 2007). The 

84 occurrence of Galahetes fulcrosus in the NTGS Elk 3 and Baldwin 1 drill cores of the southern 

85 Georgina Basin (Laurie, 2004; 2006a) suggest the taxon ranges from the Pentagnostus krusei 

86 Zone to the Pentagnostus praecurrens Zone. At locality �D135�, co-occurrence of both 

87 Oryctocephalites cf. gelasinus Shergold, 1969 and Sandoveria lobata Shergold, 1969 suggests an 

88 age within upper portion of this range. Both associated taxa are found at locality �N32� in the 

89 Northern Territory with Pentagnostus praecurrens (Westergård, 1936) (= �Pentagnostus rallus� 

90 of Öpik, 1979; see Laurie, 2004). Sandoveria lobata is also known to co-occur with 

91 Pentagnostus praecurrens (Westergård, 1936) in the informal �White Shale� member of the 

92 Coonigan Formation in the Mutawintji Ranges, western New South Wales (= �Pentagnostus 

93 veles� of Öpik, 1979; see Laurie, 2004). The Australian P. praecurrens Zone is equivalent to the 

94 lower Templetonian Stage in Australia, which partly equates to the Wuliuan Stage in the global 

95 Cambrian timescale (Sundberg et al., 2016; Peng et al., 2020 and references therein).

96 Arthur Creek Formation�Xystridura altera Öpik, 1975 specimen CPC 10407 (Fig. 

97 1C, D)�previously illustrated by Öpik (1975, pl. 30, fig. 7) as Xystridura remorata Öpik, 1975 

98 (see Laurie 2006a)�was collected from float at locality �N37� in the Sandover River, near 

99 Argadargada Station, Northern Territory, which is attributed to the �Sandover Beds� (now part of 

100 the Arthur Creek Formation, sensu Stidolph et al. 1988) in the Georgina Basin. Since the 
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101 specimen was found in river gravels, it is difficult to assess the original depositional 

102 environment. However, more generally, the Arthur Creek Formation (= �Sandover Beds�) in the 

103 Elkedra 200,000 km map sheet area represents a restricted, subtidal environment just above wave 

104 base (Stidolph et al., 1988). This is similar to the Beetle Creek Formation, although likely more 

105 proximal to a shelf edge of the large epeiric sea (Dunster et al, 2007). Xystridura altera is known 

106 to co-occur with Pagetia prolata Jell, 1975 in the Wonarah Formation at site �N25B�, 5 km 

107 northwest from Alexandria Homestead, Northern Territory. Pagetia prolata also occurs in the 

108 Arthur Creek Formation in the Baldwin 1 core, which contains assemblages that range from the 

109 early Templetonian Pentagnostus anabarensis Zone to the Floran Euagnostus opimus Zone 

110 (Laurie, 2006a; 2012). A similar age range is observed for X. altera in the Jigaimara Formation 

111 on Howard Island, Northern Territory (Laurie, 2006b). Here, X. altera co-occurs with Itagnostus 

112 sp., which is similar to (and likely synonymous with) �Peronopsis� normata (Whitehouse, 1936). 

113 Hence, X. altera ranges from the P. praecurrens Zone (based on the Beetle Creek Formation 

114 type section) to the Acidusus atavus Zone. Therefore, in combining these ranges, the �N37� 

115 material has an age somewhere between the Pentagnostus shergoldi Zone and Acidusus atavus 

116 Zone. This is equivalent to the late Templetonian and early Floran in the Australian Cambrian 

117 Stage scheme, or Wuliuan to Drumian stages in the global timescale (Peng et al., 2020 and 

118 references therein).

119 V-Creek Limestone�Paratype CPC 18907 of Dolicholeptus licticallis Öpik, 1982 (Fig. 

120 2E) was collected from locality �M41� in the lower V-Creek Limestone within a creek channel 

121 along Old Burketown Road (approximately 19°27.5' S, 138°37' E), Georgina Basin, Queensland. 

122 Likewise, the paratype CPC 18897 of Dolicholeptus ansatus Öpik, 1982 (Fig. 2D) was collected 

123 from the same unit at locality �M54� in Douglas Creek, south of Undilla Homestead 
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124 (approximately 19°37'S, 138°38'E), Queensland (Öpik, 1979). An unpublished specimen of 

125 Papyriaspis lanceola Whitehouse, 1939 (CPC 44539; Fig. 2A, B) was also collected from the V-

126 Creek Limestone at locality �M418�, ~3.5 km southeast of Douglas Creek, next to an unnamed 

127 dirt track (approximately 19°27.5' S, 138°33' E), Queensland. Finally, an unpublished specimen 

128 of Asthenopsis sp. (CPC 44540; Fig. 2C) from the V-Creek Limestone was found in the bulk 

129 collections at Geoscience Australia, but was not associated with locality information; lithological 

130 characteristics of the matrix suggest that the specimen may be from (or near) locality �M418�. 

131 The lithologies of all localities of the V-Creek Limestone are remarkably consistent, comprising 

132 primarily of irregular, nodular grey marly limestone (Öpik, 1979) that is typically conformably 

133 overlain by the Inca Formation (Dunster et al., 2007). Presence of finely laminated sediments, 

134 common sponge spicules, as well as a diverse assemblage of agnostids and trilobites, of which 

135 many specimens are articulated (Öpik et al., 1959; Öpik, 1970, 1979, 1982; Jell, 1978; Paterson, 

136 2005), suggest that the unit was likely deposited in a quiescent shallow marine environment 

137 (Henderson & Dann, 2010). Locality �M41� contains the co-occurring agnostid Ptychagnostus 

138 punctuosus (Angelin, 1851), firmly placing it in the lower Undillan stage of the Australian 

139 scheme. Locality �M54� contains the agnostids Doryagnostus incertus (Brøgger, 1878) and 

140 Hypagnostus parvifrons (Linnarsson, 1869) (Öpik, 1979), suggesting an age somewhere between 

141 the Ptychagnostus punctuosus to Goniagnostus nathorsti zones (Peng & Robison, 2000). The 

142 presence of Dolicholeptus ansatus Öpik, 1982 in the �Amphoton Band� of the Knowsley East 

143 Formation, Victoria, along with Hypagnostus parvifrons (Linnarsson, 1869) and Nepea nans 

144 (Öpik, 1970), indicates a potentially older Euagnostus opimus Zone age (Jell, 2014). Occurrence 

145 of Goniagnostus nathorsti (Brøgger, 1878) at locality �M418� indicates an age within the 

146 eponymous zone of the upper Undillan stage. In summary, all three V-Creek Limestone localities 
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147 generally fall within the range of the Undillan that is equivalent to the upper Drumian in the 

148 global timescale (Peng et al., 2020 and references therein).

149 Devoncourt Limestone�Paratype CPC 3494 of Centropleura phoenix Öpik, 1961 (Fig. 

150 3A, B) was collected from site �D16�, which Öpik (1961) placed in the lower part of the 

151 Devoncourt Limestone in the Georgina Basin. The specimen is from a shallow pit near small 

152 hills of limestone along the Cloncurry-Duchess Road (approximately 21°20' S, 140°03' E) in the 

153 Selwyn Range, Burke River area, western Queensland (Öpik, 1961). Here the outcrop is a grey, 

154 sandy, f1aggy foetid limestone; it is conformably underlain by the Roaring Siltstone and 

155 conformably overlain by the Selwyn Range Limestone (Öpik, 1961). The sedimentological and 

156 palaeontological characteristics of the unit (see Dunster et al. 2007) suggest an intertidal to 

157 shallow subtidal marine ramp (Shergold & Druce, 1980; Southgate & Shergold, 1991), with 

158 occasional dysoxia (Shergold et al., 1976). Co-occurrence of C. phoenix and Lejopyge laevigata 

159 (Dalman, 1828) at the �D7/15� and �D13A� sites within the Devoncourt Limestone, suggest an 

160 age within the eponymous zone of the latter taxon. Following the Australian Stage scheme, this 

161 would place the material in the lower Boomerangian, which is equivalent to the lower 

162 Guzhangian in the global timescale (Peng et al., 2020 and references therein).

163 Emanuel Formation�Paratype CPC 31981 of Burminresia prima Laurie & Shergold, 

164 1996b (Fig. 3C, D) was collected from horizon 705/131 in the Emanuel Formation at its type 

165 section along Emanuel Creek (approximately 18°39'29.8" S 125°54'29.1" E), Lennard Shelf, 

166 Canning Basin, Western Australia (Laurie & Shergold, 1996a). Here the unit is 435 m thick and 

167 consists of three informal members: (1) a poorly exposed basal member (142 m) of thin beds of 

168 limestone, shale and siltstone; (2) a middle member (143 m) with prominent light grey limestone 

169 beds, plus green-grey siltstone and shale containing interbedded limestone nodules; and (3) a 
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170 poorly exposed upper member (150 m) with shale, and siltstone interbedded with smaller 

171 limestone nodules which decrease in abundance up section (Nicoll et al., 1993; Shergold et al., 

172 1995; Laurie & Shergold, 1996a). The unit overlies the Kudata Dolostone and is conformably 

173 overlain by the Gap Creek Formation in nearby Gap Creek (Laurie & Shergold, 1996a). It has 

174 been suggested that the Emanuel Formation was likely deposited in a relatively deep water, mid-

175 outer shelf environment (Zhen & Nicoll, 2009). The stratigraphic occurrence of B. prima in the 

176 Emanuel Creek type section between 131.5�152.8 m places the species between the Paroistodus 

177 parallelus and Prioniodus oepiki�Serratognathus bilobatus conodont zones (Zhen & Nicoll, 

178 2009), equivalent to the Paroistodus proteus Zone in Baltica (Percival et al. 2023, and references 

179 therein). This suggests a late Lancefieldian (La3) to early Bendigonian (Be1) age (VandenBerg, 

180 2018; Zhen et al., 2021), corresponding with the early Floian in the global Ordovician timescale 

181 (Bergström et al. 2009 and references therein).

182 Walker Volcanics�Paratype CPC 18440 of Coronocephalus urbis Strusz, 1980 (Fig. 4) 

183 was collected from �locality 101� within the upper Walker Volcanics in the Lachlan Fold Belt, at 

184 a site on top of a scarp on the bank of Molonglo River (approximately 35°16'30.0" S 

185 149°01'08.9" E), Canberra, Australian Capital Territory (Strusz, 1980). Here the unit is a 5-m-

186 thick sequence of siltstone and limestone underlain by thick beds of felsic volcanics and overlain 

187 by an eroded cover of calcareous and tuffaceous shale of the same unit (Strusz, 1980; Abell, 

188 1982). The fossiliferous sediments were likely deposited in a quiet marine setting during 

189 quiescent periods in-between pyroclastic flows (possibly as part of an island arc setting; Abell, 

190 1991; Pickett et al., 2000). Unfortunately, no age-diagnostic faunas are known from �locality 

191 101�. However, the Walker Volcanics is generally thought to stratigraphically underlie the 

192 Silverdale Formation and Laidlaw Volcanics regionally (Abell, 1982; 1991), which Simpson 
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193 (1995) argued were Homerian (mid-Silurian) in age. An older age for the Walker Volcanics was 

194 suggested more recently with the description of the spiriferid brachiopod Hedeina oepiki Strusz, 

195 2010, as it also occurs in the Canberra Formation. The latter unit is more reliably dated by the 

196 graptolite Monograptus flemingii (Salter, 1852), indicating a maximum age within the 

197 Pristiograptus dubius to Cyrtograptus lundgreni zones (Perrier et al., 2015). Therefore, the 

198 fossiliferous horizons within the Walker Volcanics were likely deposited during early Wenlock 

199 (Sheinwoodian) times in the Silurian (Perrier et al., 2015; Bicknell & Smith, 2021).

200 Results

201 Malformations

202 Galahetes fulcrosus Öpik, 1975, CPC 10348, holotype, Cambrian (Miaolingian, 

203 Wuliuan), Beetle Creek Formation, Queensland, Australia (Fig. 1A, B): Mostly complete 

204 exoskeleton consisting of a partial cranidium, thorax, and partial pygidium, with a total sagittal 

205 body length of 27.8 mm. Thoracic pleurae 12 and 13 on the right pleural lobe are malformed. 

206 These pleurae are fused on the inner portions between the axial rings and the fulcra. The anterior 

207 boundary of the 13th pleura is observed, but poorly defined compared to other thoracic segments 

208 (Fig. 1B, black arrows). The 13th right pleura is truncated (relative to the 12th pleura) with a 

209 rounded tip. The 11th and 12th axial rings on the thorax also appear to be medially fused.

210 Xystridura altera Öpik, 1975, CPC 10407, Cambrian (Miaolingian, Wuliuan to 

211 Drumian), Arthur Creek Formation, Northern Territory, Australia (Fig. 1C, D): Incomplete 

212 exoskeleton consisting of a partial thorax and pygidium that are slightly disarticulated. The 

213 specimen has a total sagittal length of 29.5 mm, including displacement. The pygidium has a 

214 large W-shaped indentation on the right side. The indentation is 13 mm long and truncates the 
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215 distal pygidial posterior marginal spine. This spine is showing evidence of recovery (Fig. 1D, 

216 black arrow).

217 Papyriaspis lanceola Whitehouse, 1939, CPC 44539, Cambrian (Miaolingian, Drumian), 

218 V-Creek Limestone, Queensland (Fig. 2A, B): Partial exoskeleton consisting of an incomplete 

219 cranidium, thorax, and pygidium that has a total sagittal body length of 43.9 mm. Thoracic 

220 pleurae 11�14 on the left pleural lobe show an L-shaped indentation that is 5.9 mm long and 

221 truncates the left pleural lobe by 1.7 mm when compared to the right side of the thorax. The 

222 malformed pleurae show rounding, wrinkling, and pinching at the tips (Fig. 2B). This 

223 malformation may have extended anteriorly, but this cannot be confirmed as CPC 44539 is 

224 broken along the rock edge in this exoskeletal region.

225 Dolicholeptus ansatus Öpik, 1982, CPC 18897, paratype, Cambrian (Miaolingian, 

226 Drumian), V-Creek Limestone, Queensland, Australia (Fig. 2D): Pygidium that is 4.1 mm long 

227 (sag.) and 7.5 mm wide (tr.). Öpik (1982) had proposed that the pygidium shows evidence for a 

228 previous moult located on the posteriormost region of the axial lobe (Fig. 2D, white arrows).

229 Dolicholeptus licticallis Öpik, 1982, CPC 18907, paratype, Cambrian (Miaolingian, 

230 Drumian), V-Creek Limestone, Queensland, Australia (Fig. 2E): Pygidium that is 4.4 mm long 

231 (sag.) and 8.8 mm wide (tr.). The pygidium is asymmetrical, with the posterior region of the 

232 axial lobe deflected to the right, the second axial ring is shorter (exsag.) on the right side than the 

233 left side, and the right posterior margin is slightly thicker compared to the left side.

234 Centropleura phoenix Öpik, 1961, CPC 3494, paratype, Cambrian (Miaolingian, 

235 Guzhangian), Devoncourt Limestone, Australia (Fig. 3A, B): Partial cranidium that has a sagittal 

236 length of 34.0 mm. The specimen displays a U-shaped indentation on the left corner of the 

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



237 anterior border (Fig. 3B), deflecting the anterior border furrow adjacent to it. This indentation is 

238 2.7 mm long, extending 1.4 mm inwards towards the anterior border furrow and is not observed 

239 on the right side of the cranidium.

240 Burminresia prima Laurie & Shergold, 1996b, CPC 31981, paratype, Emanuel 

241 Formation, Ordovician (early Floian), Western Australia, Australia (Fig. 3C, D): Pygidium that 

242 is 15.2 mm long (sag.) and 20.1 mm wide (tr.). The pygidium has a large U-shaped indentation 

243 on the left side that is 6.9 mm long and extends 0.6 mm inwards from the posterior margin (Fig. 

244 3D). A narrow (ca. 1 mm wide) strip of the dorsal surface adjacent to the U-shaped indentation 

245 appears to be smooth, in contrast to the fine terrace ridges that extend to the pygidial margin on 

246 the right side.

247 Coronocephalus urbis Strusz, 1980, CPC 18440, paratype, Walker Volcanics, Silurian 

248 (Wenlock, Sheinwoodian or early Homerian), Australian Central Territory, Australia (Fig. 4A, 

249 B): Partial pygidium that is 8.2 mm long (sag.) and 7.6 mm wide (tr.). The second to last pygidial 

250 rib on the right side bifurcates 1.3 mm from the axial furrow, forming a V-shaped abnormality 

251 (Fig. 4B, white arrows). 

252 Carcass

253 Specimen CPC 44540 is an incomplete exoskeleton of Asthenopsis sp. consisting of a 

254 partial thorax and pygidium that has a sagittal length of 29.4 mm (Fig. 2C). Substantial sections 

255 of the axial and right pleural lobes in the posterior region of the thorax have been removed and 

256 broken segments of the left pleural lobe have been partly displaced. This specimen contrasts the 

257 nicely articulated preservation of larger trilobites from the V-Creek Limestone (Öpik, 1961, 

258 1982; Jell, 1978, 1989).
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259 Discussion

260 Injuries

261 Observed malformations on Galahetes fulcrosus, Xystridura altera, Papyriaspis lanceola, 

262 Burminresia prima, and Centropleura phoenix (Figs 1A�D, 2A, B, 3A�D) are comparable to 

263 previously documented examples of injured Cambrian (Rudkin, 1979; Babcock, 1993, 2007; 

264 Pates et al., 2017; Bicknell & Pates, 2020; Zong, 2021a, b; Bicknell et al., 2022c) and 

265 Ordovician (Ludvigsen, 1977; Babcock, 2007; Zong, 2021b; Bicknell et al., 2022b, c) trilobites. 

266 Given these similarities, we suggest these examples likely record evidence for failed predation or 

267 complications due to moulting. 

268 The Galahetes fulcrosus specimen (Fig. 1A, B) illustrates a combination of malformations 

269 from an injury � fused posterior thoracic segments and a truncated right pleura on the 13th 

270 segment. The extent of these malformations indicates that this was the result of failed predation, 

271 and the attack was severe enough to impact the axial region of the exoskeleton. Despite the axial 

272 lobe housing musculature, the digestive system, and other important soft tissues (Whittington, 

273 1993; Lerosey-Aubril et al., 2011, 2012; Wang et al., 2018), this individual survived the 

274 predation attempt. The fusion of the posterior regions demonstrates that the abnormal 

275 morphologies that arose through injury recovery were propagated through subsequent moulting 

276 events (Conway Morris & Jenkins, 1985). Furthermore, the near bilateral expression of the 

277 exoskeleton suggests that the specimen may have experienced multiple moults after the attack 

278 (McNamara & Tuura, 2011; Pates et al., 2017; Zong & Bicknell, 2022).

279 The injured Xystridura altera with W-shaped indentation on its pygidial margin is 

280 comparable to injuries attributed to predation on other trilobites (Owen, 1985; Bicknell et al., 
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281 2022a). Importantly, the injury has evidence of a regenerating pygidial spine (Fig. 1D), 

282 demonstrating that the individual survived the attack and had subsequently moulted. Although 

283 we can only assess one moult stage, it seems likely that the spine recovery process was similar to 

284 the repair sequence for trilobite thoracic pleural spines (Pates et al., 2017). 

285 Two of the trilobites from the V-Creek Limestone documented here exhibit clear signs of 

286 damage caused by predators and/or scavengers (Fig. 2A�C). The specimen of Papyriaspis 

287 lanceola has an L-shaped injury to the thorax, with pleural tips showing deformation and 

288 recovery (Fig. 2A, B). This type of malformation is similar to rare predation injuries on 

289 Redlichia takooensis Lu, 1950 and R. rex Holmes et al., 2020 from the Emu Bay Shale 

290 (Cambrian Stage 2, Series 4) (Bicknell et al., 2022a). Another previously documented specimen 

291 of P. lanceola from the V-Creek Limestone with a large U-shaped indentation on the thorax 

292 ((Jell, 1989, fig. 6) was attributed to failed predation or accidental tearing of the poorly 

293 reinforced exoskeleton through mating (Jell, 1989). As L- and U-shaped injuries showing signs 

294 of recovery are considered evidence for failed predation (Rudkin, 1979; Bicknell & Paterson, 

295 2018; Bicknell et al., 2022a), we propose that these P. lanceola individuals were attacked by 

296 predators, but subsequently survived. Conversely, the highly disrupted exoskeleton of 

297 Asthenopsis sp. (Fig. 2C) is suggestive of either a lethal attack by a durophagous predator or 

298 post-mortem scavenging (Bicknell & Paterson, 2018; Bicknell et al., 2022a, 2023). 

299 Ordovician asaphid pygidia have been documented with U-, V-, and W-shaped indentations 

300 that have been attributed to failed predation (�najdr, 1979; Rudkin, 1985; Babcock, 1993; 

301 Bicknell et al., 2022b; Bicknell & Kimmig, in press) or moulting complications (Wandås, 1984; 

302 Bicknell & Kimmig, in press). In the case of the injured Burminresia prima (Fig. 3C), the cause 

303 is ambiguous, but the shape and extent of the injury is suggestive of failed predation. 
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304 Nevertheless, the lack of fine terrace ridges immediately adjacent to the injury shows that some 

305 exoskeletal morphology�in this case, surface ornamentation�could not be regenerated after a 

306 traumatic event.

307 Cephalic injuries are rare in Cambrian trilobites, a record that contrasts evidence from 

308 younger Paleozoic deposits (see Resser & Howell, 1938; Alpert & Moore, 1975; Cowie & 

309 McNamara, 1978; Owen, 1985; Skinner, 2004; Fatka et al., 2015; Bicknell & Paterson, 2018; 

310 Bicknell et al., 2018). Due to this rarity, the Centrapleura phoenix specimen displaying a U-

311 shaped injury in the cephalic region (Fig. 3A, B) is important. As the cephalon housed vital 

312 organs, major damage to this region was likely fatal (Babcock, 1993; Whittington, 1997; 

313 Bicknell & Paterson, 2018). However, given the small size of the injury in this specimen, it was 

314 likely to be non-lethal and rounding of the indented margin demonstrates the individual moulted 

315 at least once. It is possible that the indentation reflects failed predation or accidental trauma 

316 during a soft-shelled stage (Rudkin, 1985).

317 Teratologies

318 While asymmetrical pygidia are often associated with abnormal recovery from injuries 

319 (�najdr, 1981a; Owen, 1985), teratological explanations have also been presented (Lee et al., 

320 2001; Kandemir & Lerosey-Aubril, 2011). We propose that the Dolicholeptus licticallis 

321 pygidium (Fig. 2E) records a genetic malfunction of the second axial ring. Indeed, the axial ring 

322 asymmetry is comparable to abnormal rings in Sceptaspis lincolnensis (Branson, 1909) (Rudkin, 

323 1985) and Ditomopyge? sp. (Kandemir & Lerosey-Aubril, 2011) that were ascribed to 

324 developmental malfunctions. The thicker pygidial margin on the right side also requires 

325 explanation. We suggest that either the specimen was injured and recovered with a thicker 

326 border, or produced a thicker border associated with the asymmetry. Either possibility is 
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327 plausible, representing the complex interplay and overlap between teratologies and possible 

328 injuries (Owen, 1985).

329 Öpik (1982) proposed that the Dolicholeptus ansatus pygidium re-illustrated here (Fig. 

330 2D) shows evidence in the terminal region of the axis for an incompletely discarded moult. 

331 However, re-examination of the specimen highlights that it may simply represent partial collapse 

332 of the axis during compaction.

333 The Coronocephalus urbis pygidium with a bifurcated rib (Fig. 4A, B) is similar to other 

334 examples of abnormally divergent ribs (�najdr, 1981a; �najdr, 1981b; Owen, 1985; Nielsen & 

335 Nielsen, 2017; Bicknell & Smith, 2021). These structures are generally associated with genetic 

336 malfunctions that propagated through subsequent moults (Owen, 1985; Bicknell & Smith, 2021). 

337 It is possible that bifurcated ribs can reflect the teratological recovery of a minute injury (Nielsen 

338 & Nielsen, 2017). However, there is no exoskeletal deformation around the teratology to support 

339 this possibility. The fossil record of bifurcated ribs on pygidial regions also suggests that this 

340 region of the exoskeleton may have been more prone to genetic or developmental complications.

341 Acknowledgements

342 We thank Natalie Schroeder for assistance with the CPC and bulk collection at Geoscience 

343 Australia.

344 References

345 Abell RS. 1982. Canberra, New South Wales and Australian Capital Territory, Sheet 8727. 

346 Australian 1:100 000 geological map series, preliminary edition. Canberra: Bureau of 

347 Mineral Resources, Geology & Geophysics.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



348 Abell RS. 1991. Geology of the Canberra 1:100 000 Sheet area, NewSouth Wales and Australian 

349 Capital Territory. Bulletin of the Bureau of Mineral Resources, Geology & Geophysics 

350 233: 1�116.

351 Alpert SP, Moore JN. 1975. Lower Cambrian trace fossil evidence for predation on trilobites. 

352 Lethaia 8 (3): 223�230.

353 Angelin NP. 1851. Palaeontologia Suecica, Pars 1. Iconographia crustaceorum formationis 

354 transitionis. Fasc. 1. Lund: Weigel.

355 Babcock LE. 1993. Trilobite malformations and the fossil record of behavioral asymmetry. 

356 Journal of Paleontology 67 (2): 217�229.

357 Babcock LE. 2003. Trilobites in Paleozoic predator-prey systems, and their role in 

358 reorganization of early Paleozoic ecosystems. In: Kelley P, Kowalewski M, and Hansen 

359 TA, eds. Predator-Prey interactions in the Fossil Record. New York: Springer, 55�92.

360 Babcock LE. 2007. Role of malformations in elucidating trilobite paleobiology: a historical 

361 synthesis. In: Mikulic DG, Landing E, and Kluessendorf J, eds. Fabulous Fossils�300 

362 Years of Worldwide Research on Trilobites. New York: University of the State of New 

363 York, State Education Dept., New York State Museum, 3�19.

364 Bergström SM, Chen X, Gutierrez‐Marco JC, Dronov A. 2009. The new chronostratigraphic 

365 classification of the Ordovician System and its relations to major regional series and 

366 stages and to δ13C chemostratigraphy. Lethaia 42 (1): 97�107.

367 Bicknell RDC, Paterson JR. 2018. Reappraising the early evidence of durophagy and drilling 

368 predation in the fossil record: implications for escalation and the Cambrian Explosion. 

369 Biological Reviews 93 (2): 754�784.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



370 Bicknell RDC, Pates S, Botton ML. 2018. Abnormal xiphosurids, with possible application to 

371 Cambrian trilobites. Palaeontologia Electronica 21 (2): 1�17.

372 Bicknell RDC, Paterson JR, Hopkins MJ. 2019. A trilobite cluster from the Silurian Rochester 

373 Shale of New York: predation patterns and possible defensive behavior. American 

374 Museum Novitates 39 (3937): 1�16.

375 Bicknell RDC, Pates S. 2019. Abnormal extant xiphosurids in the Yale Peabody Museum 

376 Invertebrate Zoology collection. Bulletin of the Peabody Museum of Natural History 60 

377 (1): 41�53.

378 Bicknell RDC, Holland B. 2020. Injured trilobites within a collection of dinosaurs: Using the 

379 Royal Tyrrell Museum of Palaeontology to document Cambrian predation. 

380 Palaeontologia Electronica 23 (2): a33.

381 Bicknell RDC, Pates S. 2020. Exploring abnormal Cambrian-aged trilobites in the Smithsonian 

382 collection. PeerJ 8: e8453.

383 Bicknell RDC, Smith PM. 2021. Teratological trilobites from the Silurian (Wenlock and 

384 Ludlow) of Australia. The Science of Nature 108: 25.

385 Bicknell RDC, Holmes JD, Pates S, García-Bellido DC, Paterson JR. 2022a. Cambrian 

386 carnage: Trilobite predator-prey interactions in the Emu Bay Shale of South Australia. 

387 Palaeogeography, Palaeoclimatology, Palaeoecology 591 (2022): 110877.

388 Bicknell RDC, Smith PM. 2022. Examining abnormal Silurian trilobites from the Llandovery 

389 of Australia. PeerJ 10: e14308.

390 Bicknell RDC, Smith PM, Bruthansová J, Holland B. 2022b. Malformed trilobites from the 

391 Ordovician and Devonian. PalZ 96: 1�10.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



392 Bicknell RDC, Smith PM, Howells TF, Foster JR. 2022c. New records of injured Cambrian 

393 and Ordovician trilobites. Journal of Paleontology 96: 921�929.

394 Bicknell RDC, Holmes JD, García-Bellido DC, Paterson JR. 2023. Malformed individuals of 

395 the trilobite Estaingia bilobata from the Cambrian Emu Bay Shale and their 

396 palaeobiological implications. Geological Magazine 160: 803�812.

397 Bicknell RDC, Kimmig J. in press. Clustered and injured Pseudogygites latimarginatus from 

398 the late Ordovician Lindsay Formation, Canada. Neues Jahrbuch für Geologie und 

399 Paläontologie: 

400 Branson EB. 1909. The fauna of the residuary Auburn chert of Lincoln County, Missouri. 

401 Transactions of the Academy of Science of St Louis 18 (4): 39-52.

402 Brøgger WC. 1878. Om paradoxidesskifrene ved Krekling. Nyt Magazin for 

403 Naturvidenskaberne 24: 18�88.

404 Carter EK, Öpik AA. 1963. Duchess, Qld - 4-mile geological series sheet, F154-6. Bureau of 

405 Mineral Resources, Geology & Geophysics, Explanatory Notes 23: 1�29.

406 Conway Morris S, Jenkins RJF. 1985. Healed injuries in early Cambrian trilobites from South 

407 Australia. Alcheringa 9 (3): 167�177.

408 Cowie J, McNamara KJ. 1978. Olenellus (Trilobita) from the Lower Cambrian strata of north-

409 west Scotland. Palaeontology 21 (3): 615�634.

410 Dalman JW. 1828. Nya Svenska Paleader. Arsberattelser om Vetenskapernas Framsteg Afgivne 

411 af Kongl Vetenskaps-Academiens Embetsman: 1-138.

412 Dunster JN, Kruse PD, Duffett ML, Ambrose GJ. 2007. Geology and resource potential of 

413 the southern Georgina Basin. Northern Territory Geological Survey, Digital Information 

414 Package DIP007 (October 2007), CD-ROM: 

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



415 Fatka O, Budil P, Grigar L. 2015. A unique case of healed injury in a Cambrian trilobite. 

416 Annales de Paléontologie 101 (4): 295�299.

417 Fatka O, Budil P, Zicha O. 2021. Exoskeletal and eye repair in Dalmanitina socialis 

418 (Trilobita): An example of blastemal regeneration in the Ordovician? International 

419 Journal of Paleopathology 34: 113�121.

420 Fleming PJG. 1977. Faunas, lithologies, and the origin of phosphorites in parts of the Middle 

421 Cambrian Beetle Creek Formation of northwest Queensland. Geological Survey of 

422 Queensland Publication 364: 21.

423 Henderson RA, Dann AL. 2010. Substrate control of benthos in a Middle Cambrian near-shore, 

424 epeiric palaeoenvironmental setting. Palaeogeography, Palaeoclimatology, 

425 Palaeoecology 292 (3-4): 474�487.

426 Holmes JD, Paterson JR, García-Bellido DC. 2020. The trilobite Redlichia from the lower 

427 Cambrian Emu Bay Shale Konservat-Lagerstätte of South Australia: systematics, 

428 ontogeny and soft-part anatomy. Journal of Systematic Palaeontology 18 (4): 295�334.

429 Howells Y. 1982. Scottish Silurian trilobites. Monograph of the Palaeontographical Society 135: 

430 1�70.

431 Huntley JW. 2007. Towards establishing a modern baseline for paleopathology: trace-producing 

432 parasites in a bivalve host. Journal of Shellfish Research 26 (1): 253�259.

433 Jell PA. 1975. Australian Middle Cambrian eodiscoids with a review of the superfamily. 

434 Palaeontographica Abteilung A 150: 1�97.

435 Jell PA. 1978. Asthenopsis Whitehouse, 1939 (Trilobita, Middle Cambrian) in northern 

436 Australia. Memoirs of the Queensland Museum 18: 219�231.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



437 Jell PA. 1989. Some aberrant exoskeletons from fossil and living arthropods. Memoirs of the 

438 Queensland Museum 27 (2): 491�498.

439 Jell PA. 2014. Cambrian trilobites of Heathcote District, central Victoria, Australia. Acta 

440 Palaeontologica Sinica 53: 452�485.

441 Kandemir R, Lerosey-Aubril R. 2011. First report of a trilobite in the Carboniferous of Eastern 

442 Pontides, NE Turkey. Turkish Journal of Earth Sciences 20 (2): 179�183.

443 Kelley P, Kowalewski M, Hansen TA. 2003. Predator-prey interactions in the fossil record: 

444 Springer Science & Business Media.

445 Klompmaker AA, Boxshall GA. 2015. Fossil crustaceans as parasites and hosts. In: Littlewood 

446 DTJ, and De Baets K, eds. Advances in Parasitology: Elsevier, 233�289.

447 Klompmaker AA, Kelley PH, Chattopadhyay D, Clements JC, Huntley JW, Kowalewski 

448 M. 2019. Predation in the marine fossil record: Studies, data, recognition, environmental 

449 factors, and behavior. Earth-Science Reviews 194: 472�520.

450 Kruse PD. 2002. Biostratigraphic potential of Middle Cambrian hyoliths from the eastern 

451 Georgina Basin. Alcheringa 26 (3): 353�398.

452 Laurie JR, Shergold JH. 1996a. Early Ordovician trilobite taxonomy and biostratigraphy of the 

453 Emanuel Formation, Canning Basin, western Australia. Part 1. Palaeontographica 

454 Abteilung A 240: 65�103.

455 Laurie JR, Shergold JH. 1996b. Early Ordovician trilobite taxonomy and biostratigraphy of the 

456 Emanuel Formation, Canning Basin, western Australia. Part 2. Palaeontographica 

457 Abteilung A 240: 105�144.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



458 Laurie JR. 2004. Early Middle Cambrian trilobite faunas from NTGS Elkedra 3 corehole, 

459 southern Georgina Basin, Northern Territory. Memoirs of the Association of Australasian 

460 Palaeontologists 30: 221�260.

461 Laurie JR. 2006a. Early Middle Cambrian trilobites from Pacific Oil & Gas Baldwin 1 well, 

462 southern Georgina Basin, Northern Territory. Memoirs of the Association of Australasian 

463 Palaeontologists 32: 127�204.

464 Laurie JR. 2006b. Early Middle Cambrian trilobites from the Jigaimara Formation, Arafura 

465 Basin, Northern Territory. Memoirs of the Association of Australasian Palaeontologists 

466 32: 103�126.

467 Laurie JR. 2012. Biostratigraphy of the Arthur Creek Formation and Thorntonia Limestone, 

468 Georgina Basin. In: Ambrose GJ, and Scott J, eds. Proceedings of the Central Australian 

469 Basins Symposium 3, Alice Springs, 16�17 July, 2012. Darwin: Northern Territory 

470 Geological Survey.

471 Lee JG, Choi DK, Pratt BR. 2001. A teratological pygidium of the Upper Cambrian trilobite 

472 Eugonocare (Pseudeugonocare) bispinatum from the Machari Formation, Korea. Journal 

473 of Paleontology 75 (1): 216�218.

474 Lerosey-Aubril R, Hegna TA, Olive S. 2011. Inferring internal anatomy from the trilobite 

475 exoskeleton: the relationship between frontal auxiliary impressions and the digestive 

476 system. Lethaia 44 (2): 166�184.

477 Lerosey-Aubril R, Hegna TA, Kier C, Bonino E, Habersetzer J, Carré M. 2012. Controls on 

478 gut phosphatisation: the trilobites from the Weeks Formation Lagerstätte (Cambrian; 

479 Utah). PLoS ONE 7 (3): e32934.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



480 Leung TLF. 2017. Fossils of parasites: what can the fossil record tell us about the evolution of 

481 parasitism? Biological Reviews 92 (1): 410�430.

482 Linnarsson JGO. 1869. Om Vestergötlands Cambriska och Siluriska aflagringar. Kongliga 

483 Svenska Vetenskaps-Akademien Handlingar 8: 1�89.

484 Lu Y. 1950. On the genus Redlichia with description of its new species. Geological Review 15: 

485 157�170 (In Chinese).

486 Ludvigsen R. 1977. Rapid repair of traumatic injury by an Ordovician trilobite. Lethaia 10 (3): 

487 205�207.

488 McNamara KJ, Tuura ME. 2011. Evidence for segment polarity during regeneration in the 

489 Devonian asteropygine trilobite Greenops widderensis. Journal of Paleontology 85 (1): 

490 106�110.

491 Nicoll RS, Laurie JR, Roche MT. 1993. Revised stratigraphy of the Ordovician (Late 

492 Tremadoc-Arenig) Prices Creek Group and Devonian Poulton Formation, Lennard Shelf, 

493 Canning Basin, Western Australia. AGSO Journal of Australian Geology and Geophysics 

494 14 (1): 65�76.

495 Nielsen ML, Nielsen AT. 2017. Two abnormal pygidia of the trilobite Toxochasmops from the 

496 Upper Ordovician of the Oslo Region, Norway. Bulletin of the Geological Society of 

497 Denmark 65: 171�175.

498 Öpik AA, Carter EK, Noakes LC. 1959. Mount Isa 4-mile geological series Sheet F54/1. 

499 Bureau of Mineral Resources, Geology & Geophysics, Explanatory Notes 140: 1�37.

500 Öpik AA. 1961. The geology and palaeontology of the headwaters of the Burke River, 

501 Queensland. Bulletin of the Bureau of Mineral Resources, Geology & Geophysics 53: 1�

502 249.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



503 Öpik AA. 1970. Nepeid trilobites of the Middle Cambrian of northern Australia. Bulletin of the 

504 Bureau of Mineral Resources, Geology & Geophysics 113: 1�48.

505 Öpik AA. 1975. Templetonian and Ordian xystridurid trilobites of Australia. Bulletin of the 

506 Bureau of Mineral Resources, Geology & Geophysics 121: 1�84.

507 Öpik AA. 1979. Middle Cambrian agnostids: systematics and biostratigraphy. Bulletin of the 

508 Bureau of Mineral Resources, Geology & Geophysics 172: 1�188.

509 Öpik AA. 1982. Dolichometopid trilobites of Queensland, Northern Territory, and New South 

510 Wales. Bulletin of the Bureau of Mineral Resources, Geology & Geophysics 175: 1�85.

511 Owen AW. 1983. Abnormal cephalic fringes in the Trinucleidae and Harpetidae (Trilobita). 

512 Special Papers in Paleontology 30: 241�247.

513 Owen AW. 1985. Trilobite abnormalities. Transactions of the Royal Society of Edinburgh: 

514 Earth Sciences 76 (2-3): 255�272.

515 Paterson JR. 2005. Systematics of the Cambrian trilobite family Nepeidae, with revision of 

516 Australian species. Palaeontology 48 (3): 479�517.

517 Pates S, Bicknell RDC, Daley AC, Zamora S. 2017. Quantitative analysis of repaired and 

518 unrepaired damage to trilobites from the Cambrian (Stage 4, Drumian) Iberian Chains, 

519 NE Spain. Palaios 32 (12): 750�761.

520 Pates S, Bicknell RDC. 2019. Elongated thoracic spines as potential predatory deterrents in 

521 olenelline trilobites from the lower Cambrian of Nevada. Palaeogeography, 

522 Palaeoclimatology, Palaeoecology 516 (2019): 295�306.

523 Peng S, Robison RA. 2000. Agnostoid biostratigraphy across the middle�upper Cambrian 

524 boundary in Hunan, China. Journal of Paleontology 74: 1�104.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



525 Peng S, Babcock LE, Ahlberg P. 2020. The Cambrian Period. In: Gradstein FM, Ogg JG, 

526 Schmitz MD, and Ogg GM, eds. Geologic Time Scale 2020. Amsterdam: Elsevier, 565�

527 629.

528 Percival IG, Zhen YY, Normore L. 2023. The Ordovician System in Australia and New 

529 Zealand. Geological Society, London, Special Publications 533 (1): SP533�2022.

530 Perrier V, Siveter DJ, Williams M, Strusz DL, Steeman T, Verniers J, Vandenbroucke 

531 TRA. 2015. Myodocope ostracods from the Silurian of Australia. Journal of Systematic 

532 Palaeontology 13 (9): 727�739.

533 Pickett JW, Burrow CJ, Holloway  DJ, Munson  TJ, Percival IG, Rickards RB, Sherwin L, 

534 Simpson AJ, Strusz DL, Turner S, Wright AJ. 2000. Silurian palaeobiogeography of 

535 Australia. Memoirs of the Association of Australasian Palaeontologists 23: 127�165.

536 Resser CE, Howell BF. 1938. Lower Cambrian Olenellus Zone of the Appalachians. Geological 

537 Society of America Bulletin 49 (2): 195�248.

538 Rudkin DM. 1979. Healed injuries in Ogygopsis klotzi (Trilobita) from the Middle Cambrian of 

539 British Columbia. Royal Ontario Museum, Life Sciences Occasional Paper 32: 1�8.

540 Rudkin DM. 1985. Exoskeletal abnormalities in four trilobites. Canadian Journal of Earth 

541 Sciences 22 (3): 479�483.

542 Salter JW. 1852. Description of some graptolites from the south of Scotland. Quarterly Journal 

543 of the Geological Society 8 (1-2): 388�392.

544 Schroeder NI, Laurie JR. 2023. Treasures from the crypt � Geoscience Australia�s untapped 

545 fossil resources. Palaeo Down Under 3, 10�14 July 2023, Australasian Palaeontologists, 

546 Perth, Western Australia, Abstract Book and Conference Guide. p 94.

547 Shergold JH. 1969. Oryctocephalidae (Trilobita: Middle Cambrian) of Australia.  104: 1�66.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



548 Shergold JH, Druce EC, Radke BM, Draper JJ. 1976. Cambrian and Ordovician stratigraphy 

549 of the eastern portion of the Georgina Basin, Queensland and eastern Northern 

550 Territory. XXV International Geological Congress, Sydney, Excursion Guide 4C.

551 Shergold JH, Druce EC. 1980. Upper Proterozoic and Lower Palaeozoic rocks of the Georgina 

552 Basin. In: Henderson RA, and Stephenson PJ, eds. The Geology and Geophysics of 

553 Northeastern Australia. Brisbane: Geological Society of Australia, Queensland Division, 

554 149�174.

555 Shergold JH, Laurie JR, Nicoll RS. 1995. Biostratigraphy of the Prices Creek Group (Early 

556 Ordovician, late Lancefieldian-Bendigonian), on the Lennard Shelf, Canning Basin, 

557 Western Australia. In: Cooper JD, Droser ML, and Finney SC, eds. Ordovician Odyssey: 

558 short papers for the Seventh International Symposium on the Ordovician System. 

559 Fullerton: Society for Sedimentary Geology, 93�96.

560 Simpson A. 1995. Silurian conodont biostratigraphy in Australia: a review and critique. Courier 

561 Forschungsinstitut Senckenberg 182: 325�345.

562 Skinner ES. 2004. Taphonomy of Exceptionally Preserved Fossils from the Kinzers Formation 

563 (Cambrian), Southeastern Pennsylvania. PhD thesis from Ohio State University.

564 �najdr M. 1978. Anomalous carapaces of Bohemian paradoxid trilobites. Sborník Geologických 

565 Věd Paleontologie 20: 7�31.

566 �najdr M. 1979. Patologicke exoskeletony dvou Ordovickych trilobitu z Barrandienu. Časopis 

567 Národního muzea v Praze 148: 173�176.

568 �najdr M. 1981a. Bohemian Proetidae with malformed exoskeletons (Trilobita). Sborník 

569 Geologických Věd Paleontologie 24: 37�61.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



570 �najdr M. 1981b. Ontogeny of some representatives of the trilobite genus Scharyia. Sborník 

571 geologickćh věd Paleontologie 24: 7�35.

572 Southgate PN, Shergold JH. 1991. Application of sequence stratigraphic concepts to Middle 

573 Cambrian phosphogenesis, Georgina Basin, Australia. BMR Journal of Australian 

574 Geology and Geophysics 12 (2): 119�144.

575 Stidolph PA, Bagas L, Donnellan N, Walley AM, Morris DG, Simons B. 1988. Elkedra 

576 SF53-7: 1: 250, 000 geological map series�Explanatory notes. Northern Territory 

577 Geological Survey, 1:250,000 Geological Map Series, explanatory notes: 1�54.

578 Strusz DL. 1980. The Encrinuridae and related trilobite families, with a description of Silurian 

579 species from southeastern Australia. Palaeontographica Abteilung A 168: 1�68.

580 Strusz DL. 2010. Silurian brachiopod distribution in strata of the Canberra-Yass region, 

581 southeastern Australia. Memoirs of the Association of Australasian Palaeontologists (39): 

582 147�158.

583 Sundberg FA, Geyer G, Kruse PD, McCollum LB, Pegel TV, Zylinska A, Zhuravlev AY. 

584 2016. International correlation of the Cambrian Series 2-3, Stages 4-5 boundary interval. 

585 Australasian Palaeontological Memoirs 49: 83�124.

586 VandenBerg AHM. 2018. Revision of zonal and related graptolites of the Lancefieldian�

587 Bendigonian (early Floian) graptolite sequence in Victoria. Proceedings of the Royal 

588 Society of Victoria 129 (2): 39�74.

589 Wandås BTG. 1984. The Middle Ordovician of the Oslo Region, Norway. 33. Trilobites from 

590 the lowermost part of the Ogygiocaris Series. Norsk Geologisk Tidsskrift 63 (4): 211�

591 267.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



592 Wang P, Fatka O, Sun Z, Budil P, Gao J. 2018. Fossilized gut of the trilobite Lioparia bassleri 

593 and the distribution of exceptional preservation in the Cambrian Stage 4�Drumian Manto 

594 Formation of North China. Bulletin of Geosciences 93 (4): 491�498.

595 Westergård AH. 1936. Paradoxides oelandicus beds of Oland, with the account of a diamond 

596 boring through the Cambrian at Mossberga. Sveriges Geologiska Undersökning, Series C 

597 394: 1�66.

598 Whitehouse FW. 1936. The Cambrian faunas of north-eastern Australia. Part 1, stratigraphic 

599 outline; Part 2, Trilobita (Miomera). Memoirs of the Queensland Museum 11 (1): 59�112.

600 Whitehouse FW. 1939. The Cambrian faunas of north-eastern Australia. Part 3, the polymerid 

601 trilobites. Memoirs of the Queensland Museum 21: 179�282.

602 Whittington HB. 1993. Anatomy of the Ordovician trilobite Placoparia. Philosophical 

603 Transactions of the Royal Society of London Series B: Biological Sciences 339 (1287): 

604 109�118.

605 Whittington HB. 1997. Abnormalities of the exoskeleton. In: Whittington HB, ed. Treatise on 

606 Invertebrate Paleontology, Part O, Arthropoda 1 Trilobita (Revised): Geological Society 

607 of America.

608 Zhen YY, Nicoll RS. 2009. Biogeographic and biostratigraphic implications of the 

609 Serratognathus bilobatus fauna (Conodonta) from the Emanuel Formation (Early 

610 Ordovician) of the Canning Basin, Western Australia. Records of the Australian Museum 

611 61 (1): 1�30.

612 Zhen YY, Percival IG, Gilmore P, Rutledge J, Deyssing L. 2021. Conodont biostratigraphy of 

613 Ordovician deep-water turbiditic sequences in Eastern Australia�A new biozonal 

614 scheme for the open-sea realm. Journal of Earth Science 32 (3): 486�500.

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



615 Zong R-W. 2021a. Injuries and molting interference in a trilobite from the Cambrian 

616 (Furongian) of South China. PeerJ 9: e11201.

617 Zong R-W. 2021b. Abnormalities in early Paleozoic trilobites from central and eastern China. 

618 Palaeoworld 30: 430�439.

619 Zong R, Bicknell RDC. 2022. A new bilaterally injured trilobite presents insight into attack 

620 patterns of Cambrian predators. PeerJ 10: e14185.

621

PeerJ reviewing PDF | (2023:09:90736:0:1:NEW 19 Sep 2023)

Manuscript to be reviewed



622 Figure captions

623 Figure 1. Injured xystridurine trilobites. (A, B) Galahetes fulcrosus Öpik, 1975, CPC 

624 10348, holotype, from the Cambrian (Miaolingian, Wuliuan) Beetle Creek Formation, 

625 Queensland. (A) Entire specimen. (B) Close up of malformed region showing fused thoracic 

626 pleurae (on T12 and T13) and axial rings (on T11 and T12); black arrows indicate the poorly 

627 defined anterior boundary of the 13th pleura. (C, D) Xystridura altera Öpik, 1975, CPC 10407, 

628 Cambrian (Miaolingian, Wuliuan to Drumian) Arthur Creek Formation, Northern Territory. (C) 

629 Entire specimen. (D) Close up of W-shaped indentation on right side, with evidence of spine 

630 recovery (black arrow). 

631 Figure 2. Malformed trilobites and a carcass from the Cambrian (Miaolingian, Drumian) 

632 V-Creek Limestone, Queensland. (A, B) Papyriaspis lanceola Whitehouse, 1939, CPC 44539. 

633 (A) Entire specimen. (B) Close up of malformed region showing L-shaped injury and deformed 

634 pleural tips (white arrows). (C) Asthenopsis sp. CPC 44540. Possible carcass showing removal of 

635 large thoracic regions and displacement of broken pleurae on the left side of the thorax, likely the 

636 result of predation or post-mortem scavenging. (D) Dolicholeptus ansatus Öpik, 1982, CPC 

637 18897, paratype. Specimen shows putative evidence for the previous exoskeleton (white arrows). 

638 (E) Dolicholeptus licticallis Öpik, 1982, CPC 18907, paratype. Asymmetrical pygidium showing 

639 the axis deflected to the right side.

640 Figure 3. Injured trilobites from the Cambrian Devoncourt Limestone and Ordovician 

641 Emanuel Formation. (A, B) Centropleura phoenix Öpik, 1961, CPC 3494, paratype, from the 

642 Cambrian (Miaolingian, Guzhangian) Devoncourt Limestone, Queensland. (A) Entire specimen. 

643 (B) Close up of malformed region showing U-shaped indentation on anterior cranidial border 
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644 (white arrow). (C, D) Burminresia prima Laurie & Shergold, 1996b, CPC 31981, paratype from 

645 the Ordovician (early Floian) Emanuel Formation, Western Australia. (C) Entire specimen. (D) 

646 Close up of malformed region showing U-shaped indentation on left side and a lack of 

647 exoskeletal ornament about the injury.

648 Figure 4. Teratological pygidium of Coronocephalus urbis Strusz, 1980 from the Walker 

649 Volcanics, Silurian (Wenlock, Sheinwoodian or early Homerian), Australian Capital Territory. 

650 (A, B) Latex cast of CPC 18440. (A) Entire specimen. (B) Close up showing bifurcation of 

651 pleural rib (white arrows). 
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Figure 1
Figure 1. Injured xystridurine trilobites.

(A, B) Galahetes fulcrosus Öpik, 1975, CPC 10348, holotype, from the Cambrian (Miaolingian,
Wuliuan) Beetle Creek Formation, Queensland. (A) Entire specimen. (B) Close up of
malformed region showing fused thoracic pleurae (on T12 and T13) and axial rings (on T11

and T12); black arrows indicate the poorly defined anterior boundary of the 13th pleura. (C,

D) Xystridura altera Öpik, 1975, CPC 10407, Cambrian (Miaolingian, Wuliuan to Drumian)
Arthur Creek Formation, Northern Territory. (C) Entire specimen. (D) Close up of W-shaped
indentation on right side, with evidence of spine recovery (black arrow).
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Figure 2
Figure 2. Malformed trilobites and a carcass from the Cambrian (Miaolingian, Drumian)
V-Creek Limestone, Queensland.

(A, B) Papyriaspis lanceola Whitehouse, 1939, CPC 44539. (A) Entire specimen. (B) Close up
of malformed region showing L-shaped injury and deformed pleural tips (white arrows). (C)

Asthenopsis sp. CPC 44540. Possible carcass showing removal of large thoracic regions and
displacement of broken pleurae on the left side of the thorax, likely the result of predation or
post-mortem scavenging. (D) Dolicholeptus ansatus Öpik, 1982, CPC 18897, paratype.
Specimen shows putative evidence for the previous exoskeleton (white arrows). (E)

Dolicholeptus licticallis Öpik, 1982, CPC 18907, paratype. Asymmetrical pygidium showing
the axis deflected to the right side.
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Figure 3
Figure 3. Injured trilobites from the Cambrian Devoncourt Limestone and Ordovician
Emanuel Formation.

(A, B) Centropleura phoenix Öpik, 1961, CPC 3494, paratype, from the Cambrian
(Miaolingian, Guzhangian) Devoncourt Limestone, Queensland. (A) Entire specimen. (B)

Close up of malformed region showing U-shaped indentation on anterior cranidial border
(white arrow). (C, D) Burminresia prima Laurie & Shergold, 1996b, CPC 31981, paratype
from the Ordovician (early Floian) Emanuel Formation, Western Australia. (C) Entire
specimen. (D) Close up of malformed region showing U-shaped indentation on left side and a
lack of exoskeletal ornament about the injury.
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Figure 4
Figure 4. Teratological pygidium of Coronocephalus urbis Strusz, 1980 from the Walker
Volcanics, Silurian (Wenlock, Sheinwoodian or early Homerian), Australian Capital
Territory.

(A, B) Latex cast of CPC 18440. (A) Entire specimen. (B) Close up showing bifurcation of
pleural rib (white arrows).
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