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19 Abstract: Early Carboniferous (Mississippian) permineralised woods from Australia with 

20 multiseriate rays have been customarily assigned or compared to the European genus Pitus, 

21 despite the absence of information on their primary vascular anatomy. In the context of 

22 continuing work on the diversity of Late Devonian and Mississippian floras of Gondwana, we 

23 studied new silicified woods with secondary xylem similar to that of Pitus (multiseriate rays, 

24 araucarioid radial pitting) from two sedimentary basins of Queensland, Australia. In the 

25 Drummond Basin, three morphotypes of wood of Viséan age can be distinguished based on 

26 ray size in tangential section. Although this variation is similar to that observed between the 

27 various European species of Pitus, information on the primary vascular anatomy of the trees 

28 provided by three incomplete specimens excludes an affinity with Pitus for at least two taxa. 

29 In the Yarrol Basin, two well-preserved late Viséan trunks also have characters similar to 

30 Pitus but can be distinguished from that genus and other previously described Mississippian 

31 trees, in particular by the anatomy of their primary vascular system and departing leaf traces. 

32 They are assigned to a new genus, Ninsaria. Collectively, the new specimens from 

33 Queensland show that wood traditionally referred to ‘Pitus’ from Australia actually belongs to 

34 several other types of trees that are not known from Europe or North America, indicating 

35 probable floristic provincialism between the Northern and Southern hemisphere floras at this 

36 time. These new fossils corroborate the existence of a global Mississippian diversification of 

37 (pro)gymnosperm trees already noted in Laurussia. They also indicate that the Mississippian 

38 floras of Australia were more diverse and complex than traditionally inferred. 

39

40 Key-words: Fossil wood; progymnosperms; gymnosperms; Tournaisian; Viséan; eastern 

41 Australia
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43 1. Introduction

44 This study is part of a continuing investigation of the Late Devonian and Early 

45 Carboniferous (Mississippian) floristic diversity of Gondwana, and comparison to floras of 

46 Laurussia. A significant diversification of ferns s.l. and lignophytes (progymnosperms and 

47 seed plants) during the Mississippian is suggested by anatomically preserved axes from 

48 Europe and North America (e.g., Galtier and Scott, 1985; Galtier, 1988; Dunn, 2006; Galtier 

49 and Meyer-Berthaud, 2006; Taylor et al., 2009). However, their pattern of diversification in 

50 other regions of the world remains obscure owing to the paucity of well-documented 

51 specimens from this period. For the supercontinent Gondwana, the most recent general 

52 synthesis (Anderson et al., 1999) suggested a significant delay in diversification of seed plants 

53 and ferns compared to the northern continents. However, recent studies suggest that these 

54 plant groups were present in Gondwana earlier than inferred, at least in the palaeotropics (see 

55 Prestianni et al., 2015 for a discussion of high-latitude floras). Australia constitutes a key-

56 region in these investigations, with a significant number of Mississippian anatomically 

57 preserved ferns and lignophytes discovered recently at localities in the northeastern part of the 

58 country (Hueber and Galtier, 2002; Galtier et al., 2007; Decombeix et al., 2011b). 

59 The presence of carbonised or permineralised gymnospermous wood of Mississippian age 

60 in Australia has been reported since at least the 19th century (e.g., Jack and Etheridge, 1892; 

61 Chapman, 1904; Walkom, 1928; Cook and Rozefelds, 2015). Most reported specimens occur 

62 in Viséan (Middle Mississippian) formations and have been assigned to Pitus, a genus 

63 represented in Europe by large trunks as much as 2 m in diameter and interpreted to have seed 

64 plant affinities (e.g., Long, 1979; Galtier, 2002). However, the anatomy of the primary 

65 vascular system of the Australian stems has not been described to date, and their assignment 

66 to Pitus is based solely on the occurrence of multiseriate rays in the secondary xylem. Using 

67 this character, Walkom (1928) erected the new species Pitys (=Pitus) sussmilchii for 
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68 permineralised woods found in coarse-grained sedimentary rocks of the ‘Kuttung Series’ 

69 (now Kuttung Formation; Mond, 1973) near Wallaroba, New South Wales (southeastern 

70 Australia). This decision was later criticised by Gordon (1935), who emphasised that the 

71 anatomical information available in Walkom's specimen was not sufficient to assign it to 

72 Pitus. Other woods subsequently documented at Viséan localities of New South Wales have, 

73 nevertheless, been assigned to Pitus sp. (e.g., Gould, 1975; McKelvey and McPhie, 1985; 

74 Morris, 1985). In Queensland (northeastern Australia), Mississippian permineralised woods, 

75 including complete trunks, also have been reported but without detailed descriptions or study 

76 of their affinities. Following two collecting trips in 2005 and 2008, the presence of three 

77 morphotaxa of lignophyte trees was documented in Lower Mississippian deposits of the 

78 Broken River Province and the Burdekin Basin, in northeastern Queensland (Fig. 1; 

79 Decombeix et al., 2011b). Two of these Tournaisian taxa have a wood anatomy very distinct 

80 from Pitus. They were assigned to the new genus Dameria and to Protopitys, a putative 

81 heterosporous progymnosperm also known from the Mississippian of Europe and North 

82 America (Walton, 1957; Galtier and Scott, 1990; Galtier et al., 1998; Falcon-Lang and 

83 Galtier, 2010; Decombeix et al., 2015). The third taxon has a wood anatomy similar to that of 

84 Pitus, with multiseriate rays and araucarioid radial and cross-field pitting. However, it differs 

85 significantly in its pattern of leaf trace emission and in its bark anatomy (Decombeix et al., 

86 2011b; Decombeix, 2013) and should be assigned to a new taxon when enough anatomical 

87 information is gathered to characterize it. 

88 Here, we describe slightly younger permineralised wood specimens collected in Middle 

89 Mississippian (Viséan) deposits of two other basins of eastern Queensland (Fig. 1). These 

90 specimens also have secondary xylem anatomy broadly similar to Pitus. From the Drummond 

91 Basin, three wood morphotypes can be recognised based on ray size in tangential section, a 

92 variation similar to that observed between European species of Pitus. In the Yarrol Basin, two 
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93 trunk fragments with Pitus-like anatomy were collected. We show, based on leaf traces, pith 

94 and primary xylem anatomy, that these woods differ from Pitus, and from all other 

95 contemporaneous taxa. We discuss their implications for understanding Mississippian floristic 

96 diversity in Australia.

97

98 2. Material and methods

99 2.1. Drummond Basin woods

100 The Upper Devonian to Mississippian Drummond Basin in central Queensland contains 

101 predominantly terrestrial sedimentary and volcanic rocks (Veevers et al., 1964; Olgers, 1972, 

102 Blake et al., 2012, Purdy et al., 2016), deposited in an extensional foreland basin located on 

103 the western margin of the New England Orogen (Fig. 1; Johnson and Henderson, 1991; Davis 

104 and Henderson, 1996; Henderson et al., 1998). Three depositional cycles can be recognised 

105 (Fig. 2). Cycle 1 (Upper Devonian to Mississippian) corresponds to a continental succession 

106 deposited close to a volcanic terrane and is essentially composed of lavas, pyroclastic deposits 

107 and richly volcaniclastic sedimentary rocks and sinter deposits, locally hosting permineralised 

108 plants (Walter et al., 1996, 1998). Cycle 2 (Mississippian) is represented chiefly by fluvial 

109 sandstones. Cycle 3 (Mississippian) is again dominated by felsic–intermediate volcanics and 

110 volcanigenic sedimentary rocks. The fossil woods described in this paper were collected from 

111 the Ducabrook Formation, within cycle 3. The Ducabrook Formation is more than 2 km thick 

112 and has been interpreted to represent fluvial and lacustrine deposits (Olgers, 1972), although 

113 shallow-marine incursions may have occurred locally (Veevers et al., 1964). The formation is 

114 famous for its middle to late Viséan freshwater fauna that includes the remains of sharks, 

115 acanthodians, rhizodonts, lungfishes, and the oldest tetrapod body fossil known thus far in 

116 Gondwana (e.g., Thulborn et al., 1996; Warren and Turner, 2004). The similarity of this 

117 assemblage to contemporaneous vertebrate assemblages from the Euramerican zone 
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118 (Thulborn et al., 1996) supports the idea of a continental connection between Laurussia and 

119 Gondwana during the Late Devonian and/or Mississippian.

120 Plant megafossils from the Ducabrook Formation include Lepidodendron and Stigmaria 

121 (Veevers et al., 1964; White, 1964, 1969, 1986), zygopterid fern stems (S. McLoughlin, 

122 unpub. data), and woody axes. This paper focuses on eleven wood specimens collected by the 

123 Geological Survey of Queensland at a locality about 120 km southwest of Clermont, in the 

124 southern Drummond Basin (coordinates 23°51'36"S, 147°2'24"E; Fig. 2) where fossil wood is 

125 relatively common. Palynological studies have indicated a middle to late Viséan age for the 

126 Ducabrook Formation (Playford, 1978, 1985; Jones, 1996; Jones et al., 2000). However, 

127 palynological sampling for these studies was undertaken relatively high in the >2-km-thick 

128 Ducabrook Formation. Both the conformably underlying Star of Hope Formation and the 

129 Ducabrook Formation are currently interpreted to be Viséan (Jell, 2013). The wood specimens 

130 were collected near the base of the formation whereas other studies were carried out near its 

131 top, but the exact age of the base of the Ducabrook Formation is very poorly constrained and 

132 we thus favour a general Viséan age for the new specimens. The wood fragments, with field 

133 numbers DBW1–DBW11, are strongly silicified and have been studied using classical thin-

134 sections and wafers (Hass and Rowe, 1999) prepared at the University of Queensland (and 

135 stored in the collections of the Queensland Museum), and at UMR AMAP, Montpellier.

136

137 2.2. Yarrol Basin trunks

138 The Yarrol Basin is a forearc basin formed during the Middle Devonian to early Permian 

139 (Cisuralian) on the eastern side of the New England Fold Belt (orogen), which developed 

140 along the active convergent margin of eastern Australia at that time (Figs 1, 3). It contains a 

141 thick succession of almost exclusively marine deposits (Murray et al., 1987). The lithological 

142 succession has been influenced strongly by contemporaneous felsic–intermediate volcanic 
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143 activity of varying intensity on the adjacent orogen (Maxwell, 1964). The thick succession of 

144 Mississippian marine clastic–volcaniclastic sediments contains sporadic carbonate units, 

145 including several coral-sponge-microbial reefs (Simpson et al., 2012). 

146 Two portions of decorticated trunks (field numbers YB1 and YB2) were collected in the 

147 northern part of the Yarrol Basin (23°22'45"S, 150°15'24"E) from an un-named unit in the 

148 Rockhampton Group in the original group type area (Fleming, 1967). The trunks occurred in 

149 poorly exposed calcareous siltstone and sandstone containing corals and bryozoans between 

150 the Lion Creek Limestone and a higher, unnamed limestone that is now known to contain 

151 coral faunule D corals equivalent to limestone FC5 of Webb (1990) rather than faunule C 

152 corals of the Lion Creek Limestone. The higher limestone was originally considered part of 

153 the Lion Creek Limestone faulted into its current position (Webb, 1990), but it is now 

154 considered a younger limestone beneath the Pennsylvanian~Cisuralian Lorray Formation (as 

155 defined by Murray et al., 2012) (Fig. 3). The Rockhampton Group is Mississippian, and the 

156 age of the unit yielding the wood specimens is constrained to the late Viséan based on coral 

157 and brachiopod biostratigraphy (i.e., between coral faunules C and D of Webb, 1990) placing 

158 it near the boundaries of the Rhipidomella fortimuscula and Marginirugus barringtonensis 

159 brachiopod zones (Roberts et al., 1993) and the Montognathus carinatus and Gnathodus 

160 texanus – Gn. bilineatus conodont zones (Jenkins et al., 1993; Denayer and Webb, 2015). 

161 YB1 was cut into 13 pieces labelled A to M at the University of Queensland and thin-sections 

162 were prepared from all portions. YB2 is 14.5  9 cm in diameter and allows observation of a 

163 whole trunk in cross-section. New thin-sections (Hass and Rowe, 1999) and acetate peels 

164 using HF (Galtier and Phillips, 1999) were also prepared at UMR AMAP, Montpellier on 

165 both YB1 A-M and YB2 to provide additional information. 

166

167 2.3. Methods
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168 Images were taken using Sony XCD-U100CR digital cameras attached to an Olympus SZX12 

169 stereomicroscope and to an Olympus BX51 compound microscope. Cropping, rotation, and 

170 adjustments of brightness and contrast of the digital images were applied using Photoshop 

171 CS5 version 12.0 (Adobe Systems Inc). Cell and tissue dimensions were measured using 

172 ImageJ version 1.45 (Rasband, 1997–2016). 

173 All specimens and slides are part of the collections of the Queensland Museum. Field 

174 numbers DBW- and YB- are used in this paper; museum registration numbers and fossil 

175 locality details are available upon request to the Geosciences Department of the Queensland 

176 Museum, Brisbane.

177

178 3. Woods from the Drummond Basin

179 3.1. Descriptions (Plates I–III)

180 All the specimens possess gymnospermous secondary xylem composed of tracheids and 

181 multiseriate parenchymatous rays (Plate I). Specimens DBW1–DBW3, DBW5, DBW7–

182 DBW8, DBW10 and DBW11 represent pieces of wood with no primary tissues preserved. 

183 DBW6 is a piece of wood containing vascular traces to lateral appendages. DBW4 

184 corresponds to the central part of an axis with a very compressed and poorly preserved stele 

185 surrounded by several centimetres of secondary xylem. DBW9 is also the central part of an 

186 axis but, in this case, with the pith and innermost secondary xylem preserved.

187 In the following description, we first document the wood anatomy for all specimens, then 

188 focus on those providing additional information (DBW4, 6, and 9).

189

190 3.1.1. Wood anatomy (all specimens) (Plate I; Fig. 4; Table 1)



9

191 With the exception of DBW4, DBW6 and DBW9, which represent the central portions of 

192 axes, all specimens correspond to fragments of wood 2–5 cm wide that incorporate parallel 

193 files of tracheids and are thus interpreted as representing the outer parts of large axes. 

194 In cross-section, the tracheids are rectangular, more rarely polygonal, with an average 

195 diameter of 40–50 µm between the specimens (maximum observed diameter 75 µm). All 

196 specimens incorporate changes in tracheid radial diameter that form more or less obvious 

197 growth rings (Plate I, 1, 4, 7). The preservation of the specimens does not, however, permit 

198 accurate measurement of the thickness of those rings, because some portions are considerably 

199 distorted. The best preserved examples are a few millimetres thick (e.g., 4 and 7 mm in 

200 DBW2). The multiseriate rays are long in transverse section, and separate 4–10 rows of 

201 tracheids (Plate I, 1, 4, 7) depending on the specimen and location within a single specimen.

202 In radial longitudinal section, the tracheid walls have 1–4, commonly two, rows of 

203 araucarioid pits that are 6–11 µm in diameter (Plate I, 3, 6, 9). The pit aperture is oval and 

204 oblique. In some sections, the pits cover the entire width of the radial wall (e.g., Plate I, 6), 

205 whereas in others they are more spaced (e.g., Plate I, 3, 9). In those specimens where cross-

206 field pitting is preserved, it is typically araucarioid, with numerous small crowded pits (arrows 

207 on Plate I, 3, 9). Ray cells are radially elongate, with vertical to oblique end walls, and many 

208 have dark contents. 

209 Although the type of radial pitting is similar in all the specimens, it is possible to 

210 distinguish three morphotypes based on ray size in tangential sections (Plate I, 2, 5, 8). A 

211 summary of the ray characteristics is given for the best preserved specimens of each type 

212 (Table 1) and their general aspect is illustrated (Fig. 4). All types show evidence of ray fusion 

213 in tangential longitudinal section.

214 The first morphotype is represented by a single specimen, DBW2. It is characterised by 

215 rays that are 1–3 cells wide (mean: 1.8) and 1–20 (mean: 6.2) cells high in tangential 
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216 longitudinal section (Plate I, 2). Ray cells are circular to rectangular in tangential section and 

217 have an average size of 22  31 µm. Ray density is 9 rays/mm2. 

218 The second morphotype is the most abundant, represented by specimens DBW3, DBW4, 

219 DBW6, DBW7, DBW10 and DBW11. Specimen DBW6, in which the best preservation of 

220 wood characters is found, is used to characterise that morphotype. Rays are 1–4 cells wide 

221 (mean 2.4) and 1–60 cells high (mean: 21.7) (Plate I, 5). Individual ray cells tend to be 

222 rectangular in tangential section and have an average size relatively similar to the previous 

223 type, 18  31 µm. Ray density is lower, at 5 rays/mm2.

224 Finally, the third morphotype, represented by DBW5 and DBW8, is characterised by rays 

225 that are 1–8 cells wide (mean 4.5) and 1–25 cells high (mean 11) (Plate I, 8). Ray cells in 

226 these specimens are much more circular in tangential section than in the two previous forms, 

227 and have average dimensions of 27  29 µm. Ray density is 6.5/mm2. 

228

229 3.1.2. Compressed axis (DBW4) (Plate II, 1-4; Fig. 5)

230 This specimen is an axis 5.3  4.4 cm in diameter. The central zone, which corresponds to 

231 the pith and primary xylem, is 1.2  0.3 cm in cross-section; the oblong shape is probably due 

232 to strong compression of the axis (Fig. 5). Cells of the central zone have been replaced by 

233 crystals, so the anatomy of the pith and primary xylem remains unknown. However, several 

234 small vascular strands and traces to lateral appendages are evident at the periphery of this 

235 region (Fig. 5; Plate II, 1–4). Maturation appears to be endarch in most of the strands and in 

236 some of the traces as they depart from the stele (Plate II, 1). Further away, the traces have a 

237 more mesarch aspect with a small amount of parenchyma on their adaxial side (Plate II, 2). 

238 The departing traces are small (slightly less than 300 µm in diameter). The primary xylem 

239 tracheids of the traces are up to 60 µm in diameter. Up to nine of these vascular traces are 

240 evident on a single transverse section, indicating a compact organotaxis in this part of the 
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241 axis, and traces can be followed on successive sections 2 mm apart (Fig. 5). Their 

242 arrangement (Fig. 5A), suggests that they may have been produced in groups of three. 

243 However, the order of emission of the traces within each group is not obvious. No traces were 

244 observed further than 3 mm from the pith, which suggests that the vascularised organs were 

245 abscised early in the ontogeny of the axis.

246 The secondary xylem of the specimen is compressed and it is difficult to assess the 

247 presence of growth interruptions. Where they are well-preserved, the secondary xylem 

248 tracheids are square to rectangular in transverse section. Their radial walls have 1–3 rows of 

249 araucarioid pits with a small aperture. Rays are uni- to triseriate and high in tangential 

250 longitudinal section and correspond to those of the second wood morphotype described above. 

251

252 3.1.3. Wood with vascular traces to lateral appendages (DBW6) (Plate II, 5–6)

253 DBW6 is a piece of secondary xylem in which tracheid files tend to be strongly convergent 

254 indicating that the centre of the axis was very close to the preserved portion. In its most 

255 internal part, the wood contains a group of three small successive vascular traces that are very 

256 close to each other (Plate II, 5). Each trace contains a single strand of protoxylem and is 

257 accompanied by a very small amount of parenchyma on its abaxial side (Plate II, 6). The 

258 wood is of the same type (second morphotype) as the preceding specimen.

259

260 3.1.4. Central part of axis (DBW9) (Plate III)

261 This small specimen is 2.5 cm in diameter and corresponds to a piece of parenchymatous 

262 pith with a small portion of secondary wood preserved on one side (Plate III, 1). In addition to 

263 typical parenchyma cells, the pith also contains isodiametric cells with thicker walls that form 

264 0.5–1-mm-wide dark clusters (Plate III, 1–3). Because only the innermost part of the wood 

265 (<2 mm) is preserved, ray size is difficult to interpret but rays appear to be uni- to biseriate 
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266 and similar to the first or second wood morphotype (Plate III, 4). Limited information on the 

267 primary xylem and on a departing leaf trace is available from the small zone preserving the 

268 pith–secondary xylem boundary (Plate III, 1, 4, 5). All primary xylem strands appear to be in 

269 contact with the secondary xylem, i.e., no medullary or peri-medullary strands are evident 

270 (Plate III, 1, 4). The departing trace contains a single mesarch strand of primary xylem (Plate 

271 III, 5) and a small strand (not visible on the photo) appears to be lying in a radial to slightly 

272 oblique plane from the trace. Because the preservation of the pith–secondary xylem boundary 

273 is not only restricted to a small sector of the specimen but also to a very short vertical 

274 distance, the whole process of trace emission could not be investigated further.

275

276 3.2 Affinities

277 The new specimens from the Drummond Basin raise two main questions: (1) how many taxa 

278 are present? and (2) how do they compare to Pitus, the genus to which similar woods have 

279 traditionally been assigned in Australia? We will first discuss how the different morphotypes 

280 of wood found in the Ducabrook Formation answer these questions, then we will show the 

281 significant insights revealed by the specimens with a partly preserved primary vascular 

282 system. 

283

284 3.2.1. Do the different wood morphotypes represent different taxa?

285 When the average ray width and height of the three specimens representing the types are 

286 compared, T-test (95%) results indicate that DBW6 has significantly higher rays than DBW2 

287 and DBW5, and DBW5 has significantly broader rays than the two other specimens. 

288 However, when ray width and height is plotted, it is evident that there is some significant 

289 overlap in ray size for the small values between the different types (Fig. 6). Although the 

290 wood of the second (DBW6) and third (DBW5) morphotypes can contain respectively higher 
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291 and broader rays, it also includes rays of small size, similar to those of the first morphotype. It 

292 must be noted that all three morphotypes include at least one specimen with almost parallel 

293 files of tracheids, suggesting that they correspond to a relatively mature part of the wood, at 

294 considerable distance from the pith.

295 A similar type of variation in wood anatomy is known to occur in Pitus, which represents 

296 the best point of comparison despite the fact that the new specimens probably belong to a 

297 different genus (see next §). Gordon (1935) differentiated Pitus species by the width of their 

298 rays (maximum and average size) and the shape of the tracheids (straight or curved). He 

299 indicated that “beyond the immediate neighbourhood of the medulla” the rays in all species 

300 were relatively constant in width. Ray height in Pitus wood has also been observed at various 

301 distances from the pith in a trunk of P. withami from the Viséan of Scotland (Galtier and 

302 Scott, 1994). Although the maximum height increases toward the periphery of the trunk, the 

303 average ray height remains the same and was thus identified as a potentially useful taxonomic 

304 character within the genus. More recently, Henderson and Falcon-Lang (2011) conducted a 

305 principal component analysis on 34 Early Mississippian specimens of Pitus from Scotland to 

306 separate phylogenetic from ontogenetic variations in wood anatomy. The analysis included 

307 not only characters of the rays, such as height and width, cell dimension, and ray density, but 

308 also tracheid diameter and the number of rows of radial pits. It revealed the presence of six 

309 distinct wood morphotypes, which were interpreted by the authors as representing at least 

310 three biological taxa. On the basis of these previous works on Pitus, it seems questionable to 

311 consider that the three wood morphotypes from the Ducabrook Formation are simply 

312 ontogenetic variants of a single taxon, especially given the lack of information on the primary 

313 vascular anatomy corresponding to each type of wood. Thus, we propose that the three wood 

314 morphotypes be interpreted as evidence of the presence of three taxa.

315
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316 3.2.2. Mississippian taxa with similar types of wood (Table 2)

317 Several Mississippian taxa from Europe, North America, North Africa, and Australia have 

318 secondary xylem generally similar to the Drummond Basin specimens, with araucarian radial 

319 pitting, araucarioid cross-field pitting, and multiseriate parenchymatous rays. Isolated pieces 

320 of wood with this anatomy are assigned by some workers to the morphogenus Dadoxylon 

321 Endlicher—in contrast to similar woods with only uniseriate rays, which are assigned to 

322 Agathoxylon Hartig (= Araucarioxylon, see Rößler et al., 2014). At least eight Mississippian 

323 genera of stems with this type of wood anatomy have been recognised to date: Ahnetia 

324 (Decombeix and Galtier, 2017), Archaeopitys (Scott and Jeffrey, 1914), Cauloxylon (Cribbs, 

325 1939), Eristophyton (Scott, 1902; Lacey, 1953; Galtier and Scott, 1990; Decombeix et al., 

326 2007, 2008), Faironia (Decombeix et al., 2006), Megalomyelon (Cribbs, 1940), Picnoxylon 

327 (Cribbs, 1938) and Pitus (Gordon, 1935). Ray size in these taxa and in isolated pieces of 

328 wood, such as ‘Dadoxylon’ ambiguum and Paleoxylon bourbachensis, were compared to 

329 those of the specimens from the Ducabrook Formation (Table 2). DBW2, which has the 

330 lowest and narrowest rays, is most similar to the secondary xylem of Eristophyton fasciculare 

331 and of Dadoxylon ambiguum (Scott, 1902; Galtier and Scott, 1990; Galtier et al., 1998). 

332 DBW6, representing the most abundant morphotype among the Ducabrook specimens, is 

333 most similar to Paleoxylon bourbachensis. This species has been compared to Pitus withami 

334 by Galtier et al. (1998) but on average its rays are slightly taller and broader. Finally, DBW5 

335 and DBW8, characterised by very wide rays, are most similar to the wood of Pitus dayi 

336 (Gordon, 1935). The only taxon with wood similar to some of the Drummond Basin 

337 specimens described in detail from Australia (MSM11) has a ray size similar to specimens of 

338 the DBW6 type (Decombeix et al., 2011b, see also below). 

339

340 3.2.3. Importance of the specimens preserving vascular traces to lateral appendages
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341 Specimens DBW4, DBW6, and DBW9 are the only specimens providing information on 

342 the primary structure of some of the lignophyte trees preserved in the Ducabrook Formation. 

343 How do their features compare to those of previously described Mississippian arborescent 

344 lignophytes?

345 The primary vascular structure of DBW4 is characterised by a stele with numerous, small, 

346 endarch to mesarch primary xylem strands and departing leaf traces. Because the pith is not 

347 preserved, it is not possible to exclude the presence of medullary and/or peri-medullary 

348 primary vascular strands. There is also no way to document with certainty the presence of 

349 reparatory stands near or facing the departing traces. However, the endarch maturation of 

350 some visible strands and departing leaf traces is a notable difference from several arborescent 

351 Mississippian genera, including Pitus (Scott, 1902; Gordon, 1935; Long, 1979), Archaeopitys 

352 (Scott and Jeffrey, 2014), Megalomyelon (Cribbs, 1940) and Faironia (Decombeix et al., 

353 2006), which all have a strictly mesarch maturation. Two other European genera, 

354 Eristophyton and Bilignea, have a maturation that changes from endarch to mesarch at the 

355 nodes (Scott, 1924; Decombeix et al., 2007 and references therein); a similar pattern 

356 apparently occurs in Pycnoxylon from the Tournaisian of Missouri (Cribbs, 1938). This does 

357 not seem to be the case in the Australian specimen (DBW4). In Ahnetia from the Tournaisian 

358 of Algeria (Decombeix and Galtier, 2017), maturation in the largest strands is mesarch, 

359 whereas the smallest strands consist only of a few tracheids and maturation is difficult to 

360 assess. Genera that have a strictly endarch maturation include Endoxylon (Scott, 1924; Lacey, 

361 1953) and Cauloxylon (Cribbs, 1939). Endoxylon can be distinguished from DBW4 by the 

362 stele containing only a few large primary xylem strands. In Cauloxylon, primary xylem 

363 strands are typically in a peri-medullary position, separated from the wood by several layers 

364 of parenchyma. However, we should consider that such strands may not have been preserved 

365 in DBW4 and that only strands departing as traces are visible. In Cauloxylon, however, the 
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366 departing trace very quickly shows two radially aligned poles of protoxylem, which 

367 distinguish this genus from DBW 4, in which only one pole is evident.

368 Sections of DBW4 show, at the same vertical level, groups of closely spaced vascular 

369 traces departing to lateral organs (Fig. 5). Superficially, this might suggest an artefact due to 

370 compression of the axis and might be a deformation of the central part. However, that this 

371 pattern might relate to the true organotaxis is supported by the existence of two other 

372 specimens showing a similar organisation, one from the same locality (DBW6) and one 

373 described previously from Lower Mississippian strata of the nearby Burdekin Basin 

374 (Decombeix et al., 2011b; see Fig 1). These two specimens have a secondary xylem anatomy 

375 similar to that of DBW4. DBW6 is a wood fragment that, in its most internal part, has a group 

376 of three small vascular traces that are very closely spaced (Plate II, 5). The secondary xylem 

377 surrounding these traces shows no significant deformation and there is no doubt that the close 

378 arrangement of the traces is not an artefact. This supports the contention that groups of traces 

379 are emitted in some of the woody plants from the Ducabrook Formation. The specimen from 

380 the Burdekin Basin (MSM11 of Decombeix et al., 2011b) has a preservation similar to DBW 

381 6, i.e., its central part is present but not preserved. It also shows the emission of closely 

382 located traces at some levels and its secondary xylem anatomy is similar to that of DBW4 (see 

383 Table 2). Based on this evidence, two hypotheses need to be considered: (1) that these plants 

384 had a complex organotaxis with multiple spirals, or (2) that several vascular traces supplied a 

385 single lateral organ. The vascularisation of a single lateral organ by multiple traces is 

386 documented in several Mississippian (pro)gymnosperm taxa. The non-arborescent 

387 calamopityalean seed ferns Diichnia (Beck et al., 1992) and Triichnia (Galtier and Beck, 

388 1992), respectively, have double and triple vascular traces to their leaves. Similarly, Faironia, 

389 which has characters of both arborescent (e.g., Pitus) and non-arborescent (e.g., 

390 Calamopityales) Mississippian taxa, produced pairs of traces that divided and vascularised a 
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391 single petiole in the cortex (Decombeix et al., 2006). Cauloxylon, Picnoxylon and 

392 Megalomyelon, three (pro)gymnosperms trees from the Early Mississippian of Missouri, also 

393 have vascular traces apparently emitted in pairs (Cribbs, 1938, 1939, 1940). Because these 

394 traces were rapidly occluded in the wood of the trunks, it is uncertain whether they 

395 vascularised a single organ. With the exception of the calamopityean Triichnia, which has a 

396 very different wood from the Ducabrook Formation specimens (Galtier and Beck, 1992), 

397 Megalomyelon is the only taxon in which some groups contain more than two traces (Cribbs, 

398 1940). However, it differs from the Australian specimens by its mesarch maturation and its 

399 mostly uniseriate to partly biseriate rays. Thus, the information available from DBW4 and 

400 DBW6 does not allow their confident assignment to any previously described taxon of 

401 Mississippian (pro)gymnosperm.

402 The third specimen providing information on the primary vascular structure of the trees 

403 from the Ducabrook Formation is DBW9. The lack of immersed strands either in the 

404 medullary or peri-medullary regions of its pith rules out an affinity with Ahnetia, 

405 Archaeopitys, Cauloxylon, Eristophyton waltonii, Faironia, Megalomyelon, Picnoxylon or 

406 Pitus (Scott and Jeffrey, 1914; Cribbs, 1939, 1939, 1940; Lacey, 1953; Decombeix et al., 

407 2006; Decombeix and Galtier, 2017). The lack of tracheids in the pith also distinguishes it 

408 from Bilignea (Scott, 1924). Moreover, the small size of the primary xylem strands 

409 distinguishes it from Endoxylon and from Eristophyton fasciculare, E. beneirtianum and E. 

410 feisti. Such very small strands occur in E. waltonii and Ahnetia but, as mentioned above, other 

411 characters including the location of the strands rule out any affinity with these taxa. Thus, the 

412 information available on the primary vascular anatomy indicates that DBW9, like DBW4 and 

413 DBW6, is both distinct from Pitus and not assignable with confidence at this stage to any 

414 other previously described Mississippian lignophyte genus.

415
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416 3.2.4. Summary

417 Woods from the base of the Ducabrook Formation in the Drummond Basin can be assigned to 

418 three morphotypes based on ray size. Some information on the primary vascular structure is 

419 available for one of these morphotypes and possibly a second. No primary vascular 

420 information is available for the morphotype with very broad rays. The specimens have a 

421 secondary xylem anatomy similar to that of some coeval arborescent lignophytes reported 

422 previously from Europe and North America, such as Eristophyton and Pitus, but the 

423 information available on their primary anatomy does not permit their assignment to 

424 established species. At this stage, we do not formalise new taxa for the woody plants from the 

425 Ducabrook Formation, because we consider that additional axes with more anatomical 

426 characters preserved are required to fully circumscribe their features.

427

428 4. Trunks from the Yarrol Basin

429 4.1. Descriptions

430 The two available specimens appear similar for all observed characters and are thus 

431 described together. In cross-section, the centre of the trunks is composed of a broad 

432 parenchymatous pith (Fig. 7) with numerous small primary xylem strands distributed in a 

433 peri-medullary position. The preserved secondary xylem is up to 5.5 cm thick. Tissues 

434 centrifugal to the secondary xylem are not preserved.

435

436 4.1.1. Pith (Plate IV; Fig. 7)

437 The pith is elliptical, about 30  25 mm in YB1 and 35  25 mm in YB2, and its tissues are 

438 extremely well-preserved. It is composed of parenchymatous cells, some with a conspicuous 

439 dark content (Plate IV, 1, 2). The parenchyma cells are polygonal, with an average diameter 

440 of 151 μm (84–229 μm). Most are slightly elongate radially except in the center of the pith 
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441 where they are isodiametric. The cells with dark content are distributed randomly within the 

442 pith and represent about 1/25 of the pith cells. In some cases, the content appears as a 

443 reticulum slightly detached from the cell walls (Plate IV, 2). Many of the dark cells show 

444 evidence of derivation from a common mother cell and occur in pairs (Plate IV, 2). The 

445 divisions appear to occur variably in the radial or tangential plane. 

446

447 4.1.2. Primary vascular anatomy and vascular traces to lateral organs (Plate IV, V; Fig. 7, 8)

448 The contact zone between the pith and the secondary xylem is not preserved throughout the 

449 circumference of the specimens (e.g., Fig. 7; Plate IV, 1) so the complete architecture of the 

450 primary vascular system could not be reconstructed. However, observations of the best 

451 preserved parts of YB1 and YB2 provide valuable information on the primary xylem and 

452 departing leaf traces. Primary xylem strands form a ring in the outermost part of the pith (Fig. 

453 8; Plate IV, 3). About 35–40 strands are distributed around the circumference of the pith in 

454 YB1. Given the existence of non-preserved zones, the original number is estimated to be 

455 closer to 50. Primary xylem strands are positioned 1–2 mm apart (Fig. 8; Plate IV, 3). Their 

456 size and shape are highly variable, as is their distance to the secondary xylem and to adjacent 

457 strands (Fig. 8; Plate IV, 3–5). This variability is probably due to significant changes in strand 

458 size, location, and number in the zones of incipient leaf trace emission. The smallest strands 

459 are composed of a few tracheids and are about 100 µm wide or less. They are typically 

460 separated from the secondary xylem by 5–7 parenchyma cells (Plate IV, 3, 4). The largest 

461 strands are about 200 µm in diameter (Plate IV, 5, 6). There is some evidence of strand 

462 division. Some primary xylem strands have 1–3 tracheids of smaller diameter interpreted as 

463 protoxylem tracheids, and the maturation in most cases appears to be endarch (Plate IV, 4), 

464 although some of the largest strands have a more mesarch appearance. In other strands, it is 

465 impossible to clearly identify the protoxylem. 
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466 Several vascular traces departing to lateral organs are evident in the peels and thin-sections 

467 (Plate IV, 5; Plate V; Fig. 7; Fig. 8). A general view of the trunk YB2 shows two relatively 

468 close traces in the wood (Fig. 7, arrows top left). Two other, much less advanced, departing 

469 traces are visible in the right part of the specimen and form a 140° angle with the previous 

470 two. The distance between two traces of a pair is about 5 mm and a closer examination shows 

471 that one of the two traces is slightly more advanced than the other. The other regions of the 

472 pith-secondary xylem boundary are not well preserved; thus, it is impossible to follow leaf 

473 trace emission on that specimen. Investigation of YB1 provides crucial additional 

474 information. Several leaf traces at different stages of emission can be seen on a given cross-

475 section. They are usually 4–6 mm apart and separated by a few very small strands composed 

476 of a few tracheids (Fig. 8). The occurrence of pairs of traces noted on YB2 is supported by the 

477 presence of ‘successive’ traces at a relatively similar stage of emission (T1, T2 in Fig. 8B). 

478 However, it is not entirely certain that this is a consistent pattern owing to the incompleteness 

479 of the primary xylem zone around the circumference of the pith in both specimens. 

480 Although some features are not entirely clear, general stages of leaf trace emission can be 

481 recognised from the observation of several sections. The first recognizable stage of leaf trace 

482 production is the enlargement and division of an immersed primary xylem strand. This leads 

483 to the formation of a larger, broadly triangular strand that moves closer to the secondary 

484 xylem (Fig. 8; Plate V, 1). Files of secondary xylem tracheids take on a curved aspect where 

485 the leaf trace is going to be emitted. At a more advanced stage, the strand divides radially and 

486 a complex of primary xylem strands is formed in the zone facing the location of the leaf trace 

487 departure (Fig. 8; Plate V, 2, 3, 5, 6, red arrowheads). There is a conspicuous neighbour strand 

488 about 100 µm wide orientated slightly obliquely about 1 mm from the trace (Fig. 8; Plate V, 

489 1, 2, 3, yellow arrowheads). A group of a few tracheids is also present on the other side of the 

490 incipient leaf trace but it is much less conspicuous and not visible in all cases (Fig. 8; Plate V, 
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491 3). At an even more advanced stage, the departing leaf trace contains three radially aligned 

492 protoxylem strands protruding through the secondary xylem (Fig. 8; Plate IV, 5; Plate V, 4, 

493 7). The trace is then about 1.2  0.5 mm in major dimensions, much larger than the largest 

494 primary xylem strands (Plate IV, 5; Plate V, 4). As the leaf trace departs, the neighbor strand 

495 moves a little more to the side but remains clearly present, and the small strands of primary 

496 xylem composed of a few tracheids that were facing the trace (Plate V, 2, 5) apparently 

497 disappear (Plate V, 4). Although a lateral strand located about 1 mm from the site of the leaf 

498 trace emission is a constant feature in all departing traces that we observed, its origin and 

499 relation to the leaf trace remains uncertain. It is present in the earliest stages of leaf trace 

500 emission and it is unclear whether it (1) results from a division of the large strand that gives 

501 off the trace (reparatory strand), (2) results from the increase in size of a previously non-

502 detected strand composed of a few tracheids, or (3) arises de novo.

503

504 4.1.3. Secondary xylem (Plate VI)

505 The secondary xylem consists of tracheids and multiseriate parenchymatous rays (Plate VI, 

506 1–3). In cross-section, the wood shows some growth ring boundaries (Plate VI, 3). The best 

507 preserved rings are 3–7 mm in width. False rings, characterised by 3–5 rows of tracheids with 

508 a reduced radial diameter, are also present sporadically. The secondary xylem tracheids are 

509 polygonal in cross-section and 17–75 µm in diameter. The rays are long; some cross the entire 

510 wood cylinder. They separate 2–10 files of tracheids and are expanded in the pith region by 

511 enlargement of the cells (Plate VI, 1–3). 

512 Tracheids are not pitted on their tangential walls. The rays are 2–5 cells wide in tangential 

513 section and up to 60 cells high (Plate VI, 4–5). The average size for 100 measured rays is 2.7 

514 cells wide and 14 cells high. Ray cells are circular to polygonal in tangential longitudinal 

515 section, with variable sizes. They are 32 (16–53) µm wide and 55 (30–79) µm high. 
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516 In radial longitudinal section, tracheid walls bear 1–4 rows of pits that are hexagonal to 

517 circular (Plate VI, 6–7). The pits cover the entire width of the radial walls. Almost 80% of 

518 tracheids have two or three rows of pits, which are always arranged alternately. They measure 

519 14 µm (10–20 µm, n=30) in diameter and have an oblique, slit-like to oval aperture (Plate VI, 

520 7). Ray cells are 81–257 µm long with vertical walls. There are no ray tracheids. Cross-fields 

521 bear araucarioid pitting, with 6–12 crowded oval to circular pits (Plate VI, 8). 

522

523 4.2. Affinities

524 The Yarrol Basin trunks are characterised by (1) a large parenchymatous pith, (2) 

525 numerous small primary xylem strands in a peri-medullary position, (3) leaf traces probably 

526 emitted in pairs, much larger than the primary xylem strands, and containing three radially 

527 aligned protoxylem strands as they depart from the stele, and (4) secondary wood with 

528 multiseriate rays, araucarian radial pitting and araucarioid cross-field pitting. Ahnetia 

529 (Decombeix and Galtier, 2017), Archaeopitys (Scott and Jeffrey, 1914), Cauloxylon (Cribbs, 

530 1939), Eristophyton waltonii (Lacey, 1953; Galtier and Scott, 1990), Faironia (Decombeix et 

531 al., 2006), Megalomyelon (Cribbs, 1940), Picnoxylon (Cribbs, 1938) and Pitus (Gordon, 

532 1935) share with the new trunks the presence of a parenchymatous eustele with numerous 

533 small primary xylem strands in a peri-medullary position. Two main characters distinguishing 

534 the Australian trunks from Archaeopitys, Faironia, Megalomyelon and Pitus are the presence 

535 of endarch maturation in most strands and the presence of several radially aligned strands in 

536 the departing vascular trace to lateral appendages. An additional difference from Archaeopitys 

537 and Pitus is the lack of true medullary strands in the Australian trunks; however, although this 

538 condition has been recorded in all species of Pitus, it is not necessarily represented in all 

539 specimens of that genus (Gordon, 1935). Both Picnoxylon and Eristophyton waltonii have a 

540 maturation that changes from endarch between nodes to mesarch at the nodes (Cribbs, 1938; 
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541 Lacey, 1953). Although this is more similar to the maturation in the Yarrol Basin trunks, the 

542 latter can again be distinguished by their more complex leaf traces. 

543 Ahnetia from the Mississippian of Algeria (Decombeix and Galtier, 2017) has some 

544 similarities with the specimens from the Yarrol Basin, including the presence of small peri-

545 medullary primary xylem strands, a complex production of leaf traces, and a wood with rays 

546 that are 1–5 cells wide and 1–50 cells high. On the other hand, Ahnetia differs significantly 

547 from the new specimens by the greater distance between strands (about 6 mm), and its smaller 

548 leaf traces with a single protoxylem strand. There is also no evidence of pairs of traces in 

549 Ahnetia. It is notable, however, that the stages of primary xylem strand changes leading to 

550 leaf trace production in Ahnetia are quite similar to those of the new specimens, including the 

551 formation of a large triangular primary xylem strand with several protoxylem poles and the 

552 presence of a conspicuous lateral strand, whose origin in Ahnetia remains unclear.

553 Finally, Cauloxylon from the late Tournaisian of Missouri (Cribbs, 1939) shares some 

554 important characters with the new specimens, including much reduced primary xylem strands 

555 (2–4 tracheids in some cases), endarch maturation even in some large strands, complex 

556 branching of strands prior to leaf trace departure, the occurrence of paired traces separated by 

557 a few small strands, and the presence of more than one protoxylem strand in the departing 

558 trace. The secondary xylem of Cauloxylon is also broadly similar to that of the Australian 

559 trunks, but the rays are a larger (1–7) and taller (commonly 30–40 cells tall versus an average 

560 of 14 for the Australian trunks). However, Cauloxylon also differs from the Australian trunks 

561 by several characters, including the presence of sclerotic nests in the pith, the presence of two 

562 radially aligned poles of protoxylem in the departing trace, versus three in the Australian 

563 trunks, and smaller traces (200–400 µm).

564 Although the new trunks from the Yarrol Basin share several significant characters with 

565 arborescent lignophytes from Europe, North America and North Africa they do not appear to 
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566 fit the diagnosis of any genus described previously. They might, however, belong to a group 

567 of Mississippian trees with a complex primary vascular architecture that includes taxa such as 

568 Cauloxylon or Ahnetia from the late Tournaisian of USA and Algeria, respectively. It is 

569 interesting to note that this type of complex primary vascular organisation has not been 

570 described previously in Viséan taxa.

571 It should be noted that although Carboniferous woody axes with a preserved pith and 

572 primary vascular system have been reported in South America, they are younger than the 

573 other taxa mentioned here (Late Mississippian or Pennsylvanian) and typically comprise 

574 wood with uniseriate rays and a much more simple organization of the primary xylem and leaf 

575 traces (e.g., Pujana, 2005; Pujana and Césari, 2008).

576 Cells with marginally contracted dark contents (Plate IV, 2), commonly in the form of a 

577 three-dimensional filamentous reticulum, have been noted from a diverse range of woods and 

578 rhizomes of Carboniferous to Cretaceous age in several earlier studies (e.g., Andrews and 

579 Lenz, 1943; Smoot and Taylor, 1983; Tidwell and Herbert, 1992; Weaver et al., 1997; Strullu-

580 Derrien et al., 2012; McLoughlin and Strullu, 2016; Krings et al., 2017). Their filamentous 

581 character is reminiscent of fungal hyphae, but they may alternatively represent biomimetic 

582 mineral precipitates (Klymiuk et al., 2013), some of which may have been mediated by 

583 various bacterial groups during early diagenesis (Konhauser, 1997; Baumgartner et al., 2006; 

584 Krings et al., 2017). They appear to have no significance for systematic placement of the 

585 Yarrol Basin woods.

586

587 4.3. Systematic palaeobotany

588 Unranked clade: Lignophytia Kenrick and Crane 1997.

589 Class, order and family: Incertae sedis.

590 Ninsaria Decombeix, Galtier, McLoughlin, Meyer-Berthaud gen. nov.
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591 Type species: Ninsaria australiana Decombeix, Galtier, McLoughlin, Meyer-Berthaud sp. 

592 nov. (here designated).

593 Generic diagnosis: Stem with primary and secondary vascular tissues. Eustele consisting of 

594 numerous small discrete strands of primary xylem at the periphery of a broad parenchymatous 

595 pith. Primary xylem strands in peri-medullar position, composed of a few tracheids. Leaf trace 

596 emission starting with two divisions of a primary xylem strand and formation of an arc-

597 shaped group of three strands that progresses towards the secondary xylem. Departing leaf 

598 trace much larger than axial strands, with three radially aligned protoxylem strands. Leaves 

599 arranged in a complex spiral. Secondary xylem tracheids with multiseriate araucarioid 

600 bordered pits on radial walls. Cross-field pitting araucarioid. Rays multiseriate, of medium 

601 height. 

602 Etymology: After Ninsar, the Sumerian goddess of plants.

603 Ninsaria australiana Decombeix, Galtier, McLoughlin, Meyer-Berthaud sp. nov

604 Holotype: YB1, Plates IV, V (2–7), VI.

605 Paratype: YB2, Plate V(1).

606 Stratigraphic and geographic occurrence: Unnamed bed within the Rockhampton Group 

607 between the Lion Creek Limestone and Lorray Formation; from exposures between localities 

608 UQL4887 and UQL4981 of Webb (1990). 

609 Age: late Viséan.

610 Etymology: After Australia, reflecting the geographic origin of the specimens.

611 Specific diagnosis: Stem with a 20–30 mm wide eustele, composed of 40–50 axial strands and 

612 incipient leaf traces. Pith of polygonal parenchyma cells, some with dark reticulate content. 

613 Primary xylem strands peri-medullar, separated from the secondary xylem by several layers of 

614 parenchyma cells. Distance between strands 1–2 mm. Primary xylem strands small, typically 

615 <200 μm in diameter, and usually consisting of a few tracheids. Xylem maturation endarch in 
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616 small strands. Leaf trace about 1.2  0.5 mm. Tracheids of secondary xylem rectangular to 

617 polygonal, with average diameter equal to, or slightly larger than, the metaxylem tracheids. 

618 Rays up to five cells wide, up to 60 cells in height. 

619

620 5. (Pro)gymnosperm trees in the Mississippian of Australia

621 The present work has shown that several taxa with Pitus-like wood, i.e., with araucarian 

622 pitting and multiseriate rays, are present in Mississippian deposits of Australia. Specimens 

623 from the Viséan of the Drummond Basin, like middle Tournaisian specimens reported 

624 previously from the Burdekin Basin (Decombeix et al., 2011b) differ from Pitus at least by 

625 their phyllotaxis. Trunks from the Yarrol Basin also differ from Pitus, in this case by several 

626 characters of their primary vascular architecture and leaf trace anatomy. All these new 

627 specimens appear to be different from previously described species of Mississippian 

628 lignophytes. In summary, these examples of taxa with ‘Pitus-like wood’ from Australia: (1) 

629 are actually distinct from Pitus; (2) correspond to more than one taxon; and (3) differ in 

630 characters of their primary vascular organisation from Mississippian taxa with a similar wood 

631 anatomy currently known from Europe, North America and North Africa (Galtier and Meyer-

632 Berthaud, 2006). These results do not imply the absence of Pitus in the Mississippian of 

633 Australia, because other specimens with a similar type of wood have been reported for which 

634 the anatomy of the primary vascular system remains unknown. However, the specimens from 

635 the Drummond and Yarrol basins reveal that the taxonomic diversity of trees with this general 

636 type of wood in Australia is higher than initially suspected. This diversity supports previous 

637 observations that eastern Australia saw a change in lignophyte tree diversity around the 

638 Devonian–Carboniferous boundary similar to that recorded in Laurussia, with the extinction 

639 of the arborescent progymnosperm Archaeopteris that dominated Late Devonian forests and 



27

640 the diversification of new taxa of (pro)gymnosperm trees during the Early and Middle 

641 Mississippian (Decombeix et al., 2011a). 

642 The occurrence of at least one arborescent species, the progymnosperm Protopitys both in 

643 Australia and Europe during the middle Tournaisian (Decombeix et al., 2011b, 2015) provides 

644 palaeontological evidence of floristic exchange between Gondwana and Laurussia around the 

645 Devonian–Mississippian transition. Anatomically preserved plants of smaller size from the 

646 locality of Ruxton (northeastern Queensland) also reveal some similarities at least at the 

647 generic level between Australian and European taxa (Galtier et al., 2007). There are, however, 

648 also several examples of Tournaisian plant genera known only from Australia, such as the 

649 arborescent zygopterid fern Symplocopteris (Hueber and Galtier, 2002) and the ovulate organ 

650 Ruxtonia (Galtier et al., 2007). For the Viséan, the trees with Pitus-like wood from the 

651 Drummond and Yarrol basins represent new examples of plants that are presently documented 

652 only in Australia. In this context, it is interesting to note that eastern Australia saw a change 

653 from more cosmopolitan conodonts in the Tournaisian to more endemic conodonts in the 

654 Viséan, whereas the Viséan corals are clearly endemic; other Viséan marine taxa are, 

655 however, considered more cosmopolitan (e.g., Jones et al., 2000; Webb, 2000; Denayer and 

656 Webb, 2015)

657 Morris (1985) considered that, during the Viséan, Pitus-like trees formed ombrophile 

658 forests with a tree-fern understorey and that this indicated a more humid climate in eastern 

659 Australia than during the Tournaisian. This interpretation was based on (1) the association of 

660 “Pitus” and the zygopteridalean tree-fern Austroclepsis australis (Sahni, 1932) in the Viséan 

661 of New South Wales, and (2) the fact that tree rings in known specimens of ‘Pitus’ were 

662 either indistinct or completely absent. The co-occurrence of lignophyte trees with a Pitus type 

663 of wood and zygopteridalean tree ferns has now also been documented in the middle 

664 Tournaisian locality of Dotswood in the Burdekin Basin (Hueber and Galtier, 2002; 
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665 Decombeix et al., 2011b) and these ferns are also present in the Drummond Basin (S. 

666 McLoughlin, unpub. data). This association can thus be found earlier than the Viséan and is 

667 not typical of that age, although the respective taxa of ferns and lignophyte trees might differ 

668 between assemblages. No arborescent fern (Zygopteridales or other) is known in the 

669 Mississippian of Laurussia, so this association appears to be distinctive to eastern Australia. 

670 Regarding growth parameters, woods from both the Ducabrook Formation (Viséan) and 

671 the Yarrol Basin (late Viséan) have distinct growth ring boundaries, which implies that their 

672 growth was seasonal. This is particularly interesting when compared to the older specimens 

673 from the middle Tournaisian of the Burdekin Basin in which growth rings are much more 

674 subtle (Decombeix et al., 2011b; Laloux, unpub. data). This difference could be due to the 

675 combined effect of (1) the southward movement of Australia during the Mississippian from 

676 tropical to temperate latitudes, and (2) the onset of the Late Paleozoic Ice Age in western 

677 Gondwana during the Viséan (e.g., Caputo et al., 2008; Gulbranson et al., 2010). However, 

678 only small portions of wood are known from the Drummond and Yarrol basins and, in some 

679 cases, they represent the inner part of the trunk, a region for which growth ring anatomy 

680 might reflect developmental processes in addition to cambial reaction to environmental 

681 constraints. Thus, it is difficult to analyze the possible climatic information provided by those 

682 rings in more detail. A warm Viséan interval in Australia has been suggested based on several 

683 proxies including compression/impression floras (Iannuzzi & Pfefferkorn, 2002) and reef 

684 history (Webb, 2002). The apparently more seasonal growth of the Viséan trees compared to 

685 the Tournaisian ones might thus also be linked to a different biology and/or to a different 

686 habitat of origin, as the trunks are not found in situ.

687

688 6. Conclusions
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689 New permineralised plants with a Pitus type of wood are described from the Drummond and 

690 Yarrol basins of Queensland, Australia. The woods represent several distinct morphotaxa and 

691 the available information on their primary vascular system indicates that they differ from 

692 Pitus and from other previously described taxa of Mississippian lignophytes. These new 

693 specimens increase the known diversity of woody plants in Australia during the Mississippian 

694 and show that the floras of the region at this time were more complex than is usually 

695 interpreted based on compression/impression specimens. 

696
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954 Figure legends

955 Fig. 1. General geological map of Queensland showing the location of the Drummond and 

956 Yarrol basins and the fossil wood localities.

957

958 Fig. 2. Detail of the geology of the Drummond Basin.

959

960 Fig. 3. Detail of the geology of the Yarrol Basin.

961 A. Map showing the location of the basin and the various deposits. The star indicates the 

962 fossil wood locality.

963 B. More detailed map showing location of poorly exposed strata containing fossil wood 

964 between the outcrops of the Lion Creek Limestone (coral faunule C) and a younger unnamed 

965 limestone (coral faunule D), thus constraining the age to the latest Viséan (modified from 

966 Krosch and Kay 1977 and Webb 1990).

967

968 Fig. 4. Camera lucida drawing of ray outlines on representative tangential sections of wood in 

969 specimens DBW2 (A), DBW6 (B), and DBW5 (C) showing ray size and density in the three 

970 morphotypes.

971

972 Fig. 5. Camera lucida drawings of two successive transverse sections of specimen DBW4 

973 showing the compressed pith (P) and numerous vascular traces (arrows) departing from the 

974 same level. (A) DBW4-1, (B) DBW4-2; vertical distance between the two sections is 2 mm.

975

976 Fig. 6. Ray height and width in the three wood morphotypes from the Drummond Basin 

977 showing the absence of clearly distinct size groups. Stars: morphotype 1 (DBW2; n=47), 

978 triangles: morphotype 2 (DBW6; n=49), squares: morphotype 3 (DBW5; n=50).
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979

980 Fig. 7. General aspect of a trunk from the Yarrol Basin in cross-section showing the large 

981 parenchymatous pith (P), secondary xylem (x2) and vascular traces (arrows). Drawn from 

982 peel #YB2-s1.

983

984 Fig. 8. Camera lucida drawings of details of primary strand distribution and leaf trace 

985 emission in YB1. Scale bars = 1 mm.

986 A. General view of the best preserved part of the pith-secondary xylem boundary showing 

987 numerous peri-medullary primary xylem strands, two departing leaf traces (T1 and T2) and 

988 the location of other traces at a different level of emission ((T)). In the zones facing T1 and 

989 T2, the primary xylem contains several radially aligned protoxylem poles. The zones noted α 

990 and β are interpreted to represent earlier stages of leaf trace production, β being a more 

991 advanced stage than α. Slides YB1-A0 + YB1-B0.

992 B. Detail of the pair of traces (T1–T2) illustrated in A. Note the radially aligned protoxylem 

993 strands facing the departing traces. Slides YB1-A0.

994

995
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997 Plate legends

998 Plate I. Wood morphotypes from the Drummond Basin. 

999 1. Morphotype I in transverse section showing two rays (R). Note a change in tracheid radial 

1000 diameter (arrow). Slide DBW2-CT.

1001 2. Morphotype I in tangential longitudinal section with straight tracheids and relatively low 

1002 rays. Slide DBW2-CL.

1003 3. Morphotype I in radial longitudinal section showing the araucarian pitting on the tracheid 

1004 walls and araucarioid cross-field pitting (arrows). Slide DBW2-CR (focused stack).

1005 4. Morphotype II in transverse section showing multiseriate rays (R). Slide DBW6-CT.

1006 5. Morphotype II in tangential longitudinal section, with low to high multiseriate rays. Slide 

1007 DBW6-CL.

1008 6. Morphotype II in radial longitudinal section showing the araucarian pitting on the tracheid 

1009 walls. Slide DBW4-CR (focused stack). 

1010 7. Morphotype III in transverse section with two large rays (R) and a zone of reduced tracheid 

1011 radial diameter (arrow). Slide DBW8-CT.

1012 8. Morphotype III in tangential longitudinal section showing very broad rays. Slide DBW5-

1013 CL.

1014 9. Morphotype III in radial longitudinal section showing the araucarian radial pitting of the 

1015 tracheids and the araucarioid cross-field pitting (arrows). Slide DBW8-CR (focused stack). 

1016 Scale bars: 1, 2, 4, 5, 7, 8 = 100 µm; 3, 6, 9 = 50 µm. 

1017

1018 Plate II. Primary vascular structures in specimens DBW4 (1–4) and DBW6 (5–6) from 

1019 the Drummond Basin
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1020 1. View of the periphery of the pith (P) in DBW4 showing a small conspicuous departing 

1021 vascular trace (arrow) with a more or less endarch maturation. A possible small strand is 

1022 indicated by an arrowhead on the right. Slide DBW4-CT1.

1023 2. Zone of the stele in immediate continuity with that illustrated in 1, showing another 

1024 vascular trace (arrow), which is located slightly further from the pith and appears to have a 

1025 more mesarch maturation. A small strand at the pith periphery is indicated by an arrowhead. 

1026 Slide DBW4-CT1.

1027 3. and 4. View of another relatively well-preserved area of the pith (P) and innermost 

1028 secondary xylem (X2) showing another conspicuous vascular trace departing (arrow). The 

1029 location of putative small strands of primary xylem is indicated by two arrowheads. Slide 

1030 DBW4-CT1.

1031 5. General view of specimen DBW6 in transverse section, with a group of three small 

1032 vascular traces to lateral appendages (t1–t3) visible in the wood. DBW6-CT

1033 6. Detail of one of the three traces in 5. DBW6-CT. 

1034 Scale bars: 1, 2, 3, 4 = 100 µm; 5 = 1.5 mm; 6 = 250 µm. 

1035

1036 Plate III. Primary vascular structures in specimen DBW9 from the Drummond Basin

1037 1. General view of the part of the specimen with the preserved pith–secondary xylem 

1038 boundary in transverse section showing the parenchymatous pith (P) with cluster of dark cells 

1039 (*) and a departing vascular trace (arrow). Slide DBW9-A.

1040 2. View of the pith in longitudinal section showing the clusters of dark cells (*). Slide DBW9-

1041 B.

1042 3. Detail of a cluster in the pith showing the thickened walls of the cells. DBW9-A. 
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1043 4. Pith-secondary xylem boundary in transverse section, showing the apparent lack of 

1044 immersed primary strands in the pith (P) and the inner wood (X2) with uni- to biseriate rays. 

1045 Slide DBW9-A.

1046 5. Detail of the departing vascular trace illustrated in 1. Slide DBW9-A.

1047 Scale bars: 1 = 500 µm; 2, 4, 5 = 250 µm; 3 = 100 µm; 

1048

1049 Plate IV. Trunks from the Yarrol Basin (Ninsaria gen. nov.): pith and primary xylem 

1050 strands.

1051 1. General view of the periphery of the pith (P) and inner wood (X2) in transverse section. A 

1052 departing leaf trace (T) is visible on the right. Slide YB1-E0.

1053 2. Detail of pith cells with a dark content. Slide YB1-E0.

1054 3. General view of the periphery of the pith in transverse section showing four very small 

1055 peri-medullary primary xylem strands composed of a few tracheids (yellow arrowheads). 

1056 Note enlarged rays in the innermost secondary xylem (X2). This region corresponds to the 

1057 zone between the traces T1 and T2 on Fig. 8. Slide YB1-A0.

1058 4. Detail of the small peri-medullary primary xylem strand indicated by an asterisk on the 

1059 previous view. Note the endarch maturation. Slide YB1-A0.

1060 5. General view of the periphery of the pith in transverse section showing part of a departing 

1061 leaf trace (T) and three peri-medullary strands (arrowheads), two small (left arrowheads) and 

1062 a larger one (right arrowhead). Note the considerable difference in size between the strands 

1063 and the trace. Slide YB1-E2.

1064 6. Detail of the large peri-medullary primary xylem strand indicated by an asterisk on the 

1065 previous view. Slide YB1-E2. 

1066 Scale bars: 1 = 2 mm; 2 = 50 µm; 3, 5 = 500 µm; 4, 6 = 100 µm.

1067
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1068 Plate V. Trunks from the Yarrol Basin (Ninsaria gen. nov.): leaf trace production.

1069 1. Early stage of leaf trace (red arrowhead) production, with a large triangular strand 

1070 transitioning closer to the pith-secondary xylem boundary. Secondary xylem files are starting 

1071 to curve. A small strand composed of a few tracheids is visible on one side of the future trace 

1072 (yellow arrowhead). Peel YB2-s1.

1073 2 and 3. Two examples of a more advanced stage of leaf trace production showing the 

1074 production of additional protoxylem strands in a radial plane (red arrowheads). Two small 

1075 strands composed of a few tracheids are present, one on each side of the future trace (yellow 

1076 arrowheads). 2: Slide YB1-A0, corresponding to trace T2 on fig. 8; 3: Slide YB1-E0.

1077 4. Later stage of leaf departure showing the large departing trace with radially aligned 

1078 protoxylem strands. Slide YB1-E1.

1079 5–7: details of the primary xylem strands seen in 2, 3, and 4.

1080 Scale bars: 1, 2, 3, 4 = 500 µm; 5, 6, 7 = 100 µm.

1081

1082 Plate VI. Trunks from the Yarrol Basin (Ninsaria gen. nov.): secondary xylem.

1083 1. Innermost wood showing enlarged rays at the contact with the pith (P). Slide YB1-E2

1084 2. Typical wood in transverse section showing multiseriate rays (R). Slide YB1-E2.

1085 3. Detail of a zone showing variations in tracheid shape, size, and wall thickness. Slide YB1-

1086 E2.

1087 4. General view of the multiseriate rays in tangential section. Slide YB1-H. 

1088 5. Detail of 4 showing a biseriate and two triseriate rays. Slide YB1-H.

1089 6. General view in radial longitudinal section showing rays (R) and radial pitting of the 

1090 tracheids. Slide YB1-I.

1091 7. Detail of tracheid walls in radial longitudinal section showing multiseriate alternate circular 

1092 pits with an oblique aperture. Slide YB1-H.
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1093 8. Detail of cross-field with numerous small crowded pits. Slide YB1-H.

1094 Scale bars: 1, 2, 5, 6 = 100 µm; 4 = 250 µm; 7, 8 = 50 µm. 

1095
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1097 Table legends

1098

1099 Table 1. Ray anatomy in tangential longitudinal section for the different morphotypes of 

1100 wood from the Drummond Basin. All measurements are for n = 50 rays. DBW9 is not 

1101 included because only the innermost part of its wood is preserved. W: width; H: height.

1102

1103 Table 2. Comparison of ray size in woods from the Ducabrook Formation and Yarrol Basin 

1104 with other Mississippian arborescent taxa with multiseriate rays from Europe, North Africa, 

1105 North America and Australia.

1106

1107

1108































type Ray width Ray height Ray cells (µm) Ray density Similar specimens

DBW2

Morphotype 1

Cells: 1–1.8–3

Max: 86 µm

Cells:1–6.2–20

Max: 598 µm

W: 12–22–33 

H: 20–31–57

(rectangular)

9 rays/mm2 __

DBW5

Morphotype 3

Cells: 1–4.5–8

Max: 183 µm

Cells: 1–11–25

Max: 1295 µm

W: 15–27–41 

 H: 19–29–43

(rounded)

6.5 rays/mm2 DBW8

DBW6

Morphotype 2

Cells: 1–2.4–4

Max: 116 µm

Cells: 1–21.7–60

Max: 2092 µm

W: 12–18–28 

H: 14–31–45

(rectangular)

5 rays/mm2 DBW3, DBW4, 

DBW7,

DBW10, DBW11

Table 1. 



Taxon/morphotype References Occurrence Width (cells) Height (cells)

DBW2 _ Australia 1–1.8–3 1–6.2–14

DBW5 _ Australia 1–4.5–8 1–11–24

DBW6 _ Australia 1–2.4–4 1–21.7–56 (100)

Yarrol trunk - Australia 1–2.7–5 1–14–50

Ahnetia conradii Decombeix and Galtier, 2017 North Africa 1–2 (5) 1–(10–20)–50

Archaeopitys eastmanii Scott and Jeffrey, 1914 North America 1–6 1–many (1 mm)

Cauloxylon ambiguum Cribbs, 1939 North America 1– (3-4) –7 1–(30–50) –92

Dadoxylon ambiguum Frentzen, 1931 in Galtier et al., 1998. Europe 1–1.5–3 1–(1–10)–35

Eristophyton waltonii Lacey, 1953 Europe 1–2–5 1–(5-10)–50

E. fasciculare Scott, 1902; Galtier and Scott, 1990, 

1994.

Europe 1–1.5–3 1–7-22

Faironia difasciculata Decombeix et al., 2006 Europe 1-1.5-4 1-6.5-28

Megalomyelon myriodesmon Cribbs, 1940 North America 1–3 1– (30–50) –90

Picnoxylon leptodesmon Cribbs, 1938 North America 1–3 1– (10–15) –50

Pitus antiqua Gordon, 1935 Europe 2–3–5 1-70

P. withamii Gordon, 1935 Europe 1–1.7–4 2–14–78

P. primaeva Gordon, 1935 Europe 8–10–15 1-60



P. dayi Gordon, 1935 Europe 4–5-6 1-36

Pitus sussmilchii Walkom, 1928 Australia 1-4 1-24

MSM11 Decombeix et al., 2011b Australia 1–2.2–6 1–17.7–50

Table 2. 


