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Abstract: 11 

The Leigh Creek Coal Measures incorporate unusually low-rank coals from the Upper Triassic 12 

of South Australia. Associated fluvio-lacustrine deposits contain well-preserved, partly 13 

mummified plant remains dominated by corystosperm seed ferns. The assemblage 14 

comprises seven species of Dicroidium, including D. odontopteroides, D. lineatum, D. 15 

dubium, D. zuberi, and Dicroidium spp. A, B and C, and associated reproductive organs, 16 

including various fragments of cupulate structures (Umkomasia sp. cf. U. quadripartita and 17 

Fanerotheca sp. cf. F. waldeckiformis) and pollen organs (Pteruchus africanus), all having 18 

excellent cuticle preservation. Based on a comprehensive analysis of more than 550 19 

individual specimens, we (1) document diagnostic epidermal and cuticular features for 20 

foliage and reproductive organs, (2) provide an identification key for the Dicroidium species 21 

present, and (3) infer affiliations between reproductive organs and particular leaf species 22 

based on correspondence in epidermal anatomy and cuticle micromorphology and on 23 

mutual-occurrence data. Collectively, the Leigh Creek material contributes towards a more 24 

robust and realistic systematic classification of Umkomasiaceae, offers a rare chance for 25 

whole-plant reassembly of individual species, and refines reconstruction of the Dicroidium-26 

dominated forest ecosystems in the middle to high latitudes of the Late Triassic greenhouse 27 

world. 28 

 29 
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1 Introduction 65 

Umkomasiales DOWELD 2001 (Corystospermales NĚMEJC 1968) is an extinct order of seed 66 

plants whose characteristic bifurcate leaves have been known from the fossil record for 67 

more than 150 years (MORRIS 1845). The taxon was established based on leaf compressions 68 

and associated reproductive organs from the Carnian of South Africa (THOMAS 1933) and was 69 

soon recognized as the most iconic and characteristic plant group of the Gondwanan 70 

Triassic. Fossils attributed to this group have been employed extensively for biostratigraphic 71 

subdivision and correlation of Triassic strata (e.g., RETALLACK 1977; RETALLACK 1980a), 72 

biogeographic evaluation of the Gondwanan flora (e.g., GOTHAN 1912; ANDERSON & ANDERSON 73 

1983), palaeoecological reconstructions of the austral vegetation (RETALLACK 1977), analyses 74 
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of plant-arthropod interactions in deep time (SCOTT et al. 2004; MCLOUGHLIN 2011; LABANDEIRA 75 

2013; LABANDEIRA et al. 2018; CARIGLINO et al. 2021), and they have been the topic of popular 76 

science articles relating to plant diversification and mass extinction (MAYS & MCLOUGHLIN 77 

2019). The distinctive bipartite Dicroidium GOTHAN 1912 leaves are among the most 78 

widespread, diverse, and abundant Triassic plant fossils from continental lowland habitats in 79 

middle to high southern palaeolatitudes (ANDERSON & ANDERSON 1983). They define a distinct 80 

Triassic Gondwanan phytogeographic province generally called the ‘Dicroidium flora’ (HIRMER 81 

1936; TOWNROW 1957; MCLOUGHLIN 2001). Dicroidium encompasses simple to tripinnate, 82 

bipartite leaves with a basal bifurcation (GOTHAN 1912) and with epidermal features typically 83 

including butterfly-shaped stomata with only lateral subsidiary cells (TOWNROW 1957; 84 

“pseudosyndetocheilic stomata” of RETALLACK 1977). Reproductive organs of these 85 

Gondwanan corystosperms comprise ovuliferous organs with recurved, usually uni-ovulate 86 

cupules (including Umkomasia H.H.THOMAS 1933, Fanerotheca FRENG. 1944a, and Axsmithia 87 

H.M.ANDERSON 2019) and simple forked to multi-pinnate pollen organs (Pteruchus 88 

H.H.THOMAS 1933) with circular to strongly elongate (linear) microsporophylls bearing dense 89 

clusters of pollen sacs over the entire abaxial surface. In addition, several types of 90 

permineralized and petrified wood have been associated with these various compression 91 

fossils, including unusual manoxylic stems with abundant parenchyma and wedge-shaped 92 

xylem segments (Rhexoxylon N.BANCROFT 1913) and pycnoxylic stems with prominent growth 93 

rings (e.g., Kykloxylon MEYER-BERTH. 1993; DECOMBEIX et al. 2014). 94 

Given the long history of research on this group, the abundant and widespread fossil 95 

occurrences, and the rich curated collections—some with very well-preserved material—it is 96 

surprising that a consistent and universally accepted systematic classification of these typical 97 

Gondwanan corystosperms has not been established. Today, two broad taxonomic 98 

approaches are applied to the group. One approach argues that various leaves with an 99 

overall similar bauplan and epidermal features but with different pinna or pinnule 100 

morphologies should be assigned to separate genera, including Johnstonia WALKOM 1925b, 101 

Harringtonia FRENG. 1942, Dicroidiopsis FRENG. 1943, Diplasiophyllum FRENG. 1943, Xylopteris 102 

FRENG. 1943, Zuberia FRENG. 1943, Tetraptilon FRENG. 1950, or Hoegia TOWNROW 1957 (see, 103 

e.g., FRENGUELLI 1942, 1943; ARTABE 1990; BARBONI et al. 2016; ANDERSON et al. 2019b). The 104 

second approach is to unite all such leaf forms under a single genus (Dicroidium) based on 105 

their consistent association with Umkomasia- and Pteruchus-type reproductive structures. 106 
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This issue is complicated by the uncertain diagnostic significance of macro- versus 107 

micromorphological features in those cases in which cuticles are preserved (see, e.g., THOMAS 108 

1933; JONES & DE JERSEY 1947; JACOB & JACOB 1950; TOWNROW 1957; ARCHANGELSKY 1968; 109 

ANDERSON & ANDERSON 1983; BOMFLEUR & KERP 2010; PATTEMORE 2016; MARTÍNEZ et al. 2020; 110 

DROVANDI et al. in press), and also by several cases of apparent hybridization between taxa 111 

(ANDERSON & ANDERSON 1983). Moreover, a well-resolved understanding of the biology and 112 

ecology of these plants has been hampered by the fact that almost all organs are preserved 113 

in isolation, in many cases in the form of mats of abundant abscised leaves interspersed with 114 

detached reproductive organs. Discoveries of different plant parts in organic connection are 115 

exceedingly rare, with less than a handful of cases preserving leaves in attachment to axes 116 

(ANDERSON et al. 2008; ANDERSON & ANDERSON 1983; AXSMITH et al. 2000). An especially 117 

informative occurrence of this fossil group is preserved in the silicified peat of the Fremouw 118 

Formation in the Transantarctic Mountains, which has yielded permineralized pollen organs, 119 

ovuliferous organs, leaves and stems (PIGG 1990; MEYER-BERTHAUD et al. 1993; YAO et al. 1995; 120 

KLAVINS et al. 2002; DECOMBEIX et al. 2014). Nevertheless, the anatomical data obtained from 121 

this deposit are difficult to integrate systematically into the group’s impression/compression 122 

fossil record. There have been only rare attempts to reconstruct umkomasialean plants as a 123 

whole (RETALLACK 1977; CRANE 1985; RETALLACK & DILCHER 1988; TAYLOR et al. 2006; 124 

BLOMENKEMPER et al. 2020). 125 

This rather diffuse knowledge about the typically Triassic Gondwanan Umkomasiaceae is  126 

beginning to gain greater significance with the increasing awareness that corystosperms 127 

were much more diverse, widespread, and longer-ranging in the stratigraphic record than 128 

previously thought. Recently, Umkomasiales have been described from uppermost Permian 129 

strata of Jordan and Pakistan (ABU HAMAD et al. 2008; SCHNEEBELI-HERMANN et al. 2014; 130 

BLOMENKEMPER et al. 2020) and the Jurassic of Antarctica, revealing a remarkable pattern of a 131 

tropical “cradle” and polar refugia for this group (BOMFLEUR et al. 2018). Furthermore, 132 

possible descendants have also been described from the Cretaceous of Mongolia (SHI et al. 133 

2016, 2019). Various other predominantly Gondwanan genera (e.g., Komlopteris BARBACKA 134 

1994, Rintoulia MCLOUGHLIN et NAGALINGUM 2002) of Jurassic to Eocene age have unforked 135 

but otherwise similar leaf forms, venation and cuticle morphology (MAHESHWARI 1986; 136 

MCLOUGHLIN et al. 2002, 2008), collectively attesting to a much greater stratigraphic range 137 

and significance of Umkomasiales in the Mesozoic vegetation than appreciated previously. 138 
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Moreover, there is mounting evidence that Umkomasiaceae are central to our 139 

understanding of seed-plant relationships and perhaps even the origin of angiosperms (SHI et 140 

al. 2016, 2019). Therefore, it is of crucial importance to resolve the taxonomic delimitation, 141 

the diagnostic value of macro- and micromorphological features, and the organ affiliations of 142 

this group to advance their application in phylogenetic analyses.  143 

Here, we present the first detailed cuticle analysis of a diverse assemblage of Dicroidium 144 

leaves and associated reproductive organs from South Australia. The exceptional 145 

preservation of fine details prompted us to apply novel preparation procedures with newly 146 

adapted laboratory methods. The systematic survey of hundreds of cuticle specimens 147 

investigated at the cellular level provided a robust basis to evaluate the diagnostic 148 

significance of macro- and micromorphological features in the group, which finally allowed 149 

us to distinguish seven Dicroidium species in the studied succession. In addition, the cuticle 150 

characters enabled us to link various leaf and reproductive organs into probable biological 151 

affiliations. 152 

 153 

2 Geological setting 154 

[half-column Text-fig. 1] 155 

The Leigh Creek Coal Measures, predominantly Late Triassic in age, are distributed across 156 

five small, isolated intramontane basins, lying within the Adelaide Geosyncline in the 157 

Flinders Ranges, 550 km north of Adelaide, South Australia (Text-figs 1.1, 1.2). The 158 

sedimentary basins at Leigh Creek subsided against reactivated Neoproterozoic basement 159 

faults (TOWNSEND 1979) during a phase of extensional tectonism affecting much of eastern 160 

Australia in the Late Triassic. A coeval plant-rich deposit occurs in the small Springfield Basin 161 

around 180 km south of Leigh Creek (JOHNSON 1960; AMTSBERG 1969). Several additional coal- 162 

and plant-bearing continental sedimentary units accumulated at this time along the eastern 163 

margin of Australia, e.g., in the Callide, Tarong, and Ipswich basins of Queensland and New 164 

South Wales (STAINES et al. 1985; JELL 2013; JELL & MCKELLAR 2013) and in the Tasmania Basin, 165 

Tasmania (BACON 1995). Western Australian Triassic strata have been sparsely surveyed for 166 

Upper Triassic plant remains (MCLOUGHLIN & HILL 1996; PEYROT et al. 2019), but a few records 167 

of Dicroidium have been noted in the epicratonic Canning Basin (ANTEVS 1913; WHITE & YEATES 168 

1976), and coeval strata in the rifted depressions of the Perth and Carnarvon basins are 169 

potentially prospective for floras of this age (COCKBAIN 1990; HOCKING 1990). During the 170 
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Triassic, South Australia was located at around 55° South, landlocked, with a low-relief 171 

topography and an alternating wet to dry climate, which led to widespread subaerial 172 

weathering and pedogenesis, and the accumulation of continental (freshwater) deposits at 173 

Leigh Creek and Springfield (ANDERSON & ANDERSON 1983; KRIEG 1995; SCOTESE 2001).  174 

The Telford Basin (also known locally as Lobe B) is by far the largest of the five basins in 175 

the Leigh Creek area. It is asymmetrically elliptical in plan view, covers an area of 34 km² and 176 

contains up to 1000 m of continental strata laid down during three depositional phases 177 

(Text-figs 1.2, 1.3, 2.1). The Triassic mud-, silt- and sandstones lie unconformably on 178 

Proterozoic Adelaide Fold Belt units (KWITKO 1995). The Triassic strata contain several coal 179 

seams, informally grouped into the ‘lower’, ‘middle’ and ‘upper series’ coals (PARKIN 1953), 180 

which were mined by open-cut methods from 1943 to 2015 (Text-figs 2.2, 2.3). The Triassic 181 

succession is locally overlain unconformably by a thin succession of basal Jurassic mudstones 182 

and siltstones (PLAYFORD & DETTMANN 1965; PARKER 1987, see also Text-figs 1.2, 1.3). The Leigh 183 

Creek Coal Measures have been interpreted as the deposits of swamp-, lake- and associated 184 

river systems laid down in a relatively warm and moist climate (KWITKO 1995). Rapid changes 185 

in these conditions are also documented by abundant siderite hard bands and fossils in 186 

siderite concretions (Text-figs 2.4, 2.5), which formed after rapid flooding that resulted in 187 

elevated water table and anoxic conditions (BOJANOWSKI et al. 2016). Freshwater conditions 188 

are also indicated by a modest fossil fauna of non-marine molluscs (LUDBROOK 1961), fish 189 

(WADE 1953; PLEDGE & BAULCH 2013; BERRELL et al. 2020), and amphibians (PLEDGE 2013). The 190 

Upper Triassic and Lower Jurassic strata were subject to subsequent gentle deformation and 191 

erosion (TOWNSEND 1979), resulting in the current bowl-shaped synclinal architecture of the 192 

basins, which probably represent remnants of a once more extensive Triassic sedimentary 193 

cover across the region (KWITKO 1995). Locally, the Leigh Creek Coal Measures and associated 194 

Jurassic strata are overlain unconformably by a thin veneer of Quaternary alluvial-plain 195 

deposits. 196 

The Leigh Creek Coalfield was discovered during railway construction in 1888 (BROWN 197 

1891). The first descriptions of fossil plants from these deposits were made by ETHERIDGE 198 

(1891, 1895). More comprehensive studies of fossil plants from the coal measures, originally 199 

collected by Dr Georgina Sweet, were described by CHAPMAN & COOKSON (1926) and partly 200 

revised by AMTSBERG (1969), including additional new findings. The most recent 201 

palaeobotanical fieldwork, conducted in 1997 (BARONE-NUGENT et al. 1997), resulted in a 202 
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publication on the morphology and cuticular characters of the petriellalean foliage 203 

Rochipteris R.HERBST, TRONCOSO et GNAEDINGER 2001 (BARONE-NUGENT et al. 2003). Fossil leaf 204 

cuticle from the Telford Basin was also used in the refinement of techniques for quantitative 205 

phase-amplitude optical microscopy (BARONE-NUGENT et al. 2002). Fossil plants are 206 

distributed throughout the Triassic deposits of the Telford Basin (BARONE-NUGENT et al. 2003). 207 

The extensive set of matted leaf accumulations recovered in 1997 probably represents the 208 

last productive palaeontological fieldwork in the basin, as mining operations declined in the 209 

early 21st Century and ceased in 2015 (FLINDERS POWER PARTNERSHIP 2017). At the time of 210 

writing, the only current extractive activity in the Telford Basin involves a pilot plant for in 211 

situ coal gasification and urea production operated by Leigh Creek Energy Limited. 212 

 213 

3 Material and methods 214 

[full page Text-fig. 2] [howsoever it fits Text-fig. 3] 215 

The material was collected during fieldwork in the formerly active open-pit mine of the 216 

Telford Basin, in 1997. Samples were taken from 14 stratigraphic levels at 22 individual 217 

sampling sites (see Table 1; Text-fig. 1.2, 2.1, 3). Eleven sample sites occur in a 60-m-thick 218 

profile through the ‘upper series’ in the centre of the Telford Basin mine (Text-fig. 3), at pit 219 

U26 of the local mine plan. Sample LC-21 also derives from the ‘upper series’ but from the 220 

uppermost carbonaceous siltstone exposed on the northwestern access ramp to pit U27 221 

(Text-fig. 1.2). Additional samples from the ‘middle’ and ‘lower series’ were collected from 222 

pits M13 and L7, respectively, of the local mine plan (Text-fig. 1.2). The material consists of 223 

mummified plant remains with well-preserved cuticles and charcoal layers in unconsolidated 224 

to weakly lithified mudstones and siltstones (Text-figs 2.6-2.16). The organic material is 225 

preserved at an overall very low-grade coal rank (lignite A to sub-bituminous C: SPRINGBETT et 226 

al. 1995). 227 

Macroscopic images were obtained using a Canon EOS 5D Mark IV camera with an 228 

oblique light source for untreated specimens and a light table for specimens fixed to 229 

permanent slides. Plant material was extracted from the sediment using a modification of 230 

the acid-free palynological processing method, including the use of sodium 231 

hexametaphosphate (NaPO3)6 (e.g., RIDING & KYFFIN-HUGHES 2004, 2011). Bulk samples (mainly 232 

mudstones) were submerged in a beaker with a 10% saturated solution of water and sodium 233 

hexametaphosphate and heated below the cooking temperature for a few hours on a hot 234 
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plate in order to deflocculate the clay matrix. Afterwards, the softened sediment could be 235 

sieved to extract plant material. This acid-free approach provided a much faster, cheaper, 236 

eco-friendly and less toxic extraction method enabling recovery of cuticles within hours. 237 

Disintegrated rock samples were first filtered using commercial sieves to recover all 238 

macrofossils from the sediment. Residues were then sieved using >250 µm nylon mesh to 239 

recover all mesofossil contents. If necessary, additional adhering sediment was removed by 240 

submerging extracted plant material in 40% hydrofluoric acid (HF) for about 24 hours. Prior 241 

to the acid extraction, some samples needed treatment with 40% hydrochloric acid (HCl) for 242 

48 h to remove adhering crusts of siderite and prevent the formation of potassium fluoride. 243 

Coalified mesophyll was removed using 25% nitric acid (HNO3) and potassium chlorate 244 

(KClO3) (Schulze’s reagent) for 72 hours with additional subsequent potassium hydroxide 245 

solution (KOH; 10%) treatment for up to 20 minutes (see KERP 1990). Depending on the 246 

opacity of the cuticles, additional bleaching was undertaken using a commercial chlorine 247 

detergent for a few minutes. Cuticles were mounted in glycerine jelly on slides for light 248 

microscopic (LM) analysis and were studied either with transmitted light (TL) or with 249 

epifluorescence light (RL) using a Leica DM5500 B. Photos of microscopic cuticle details were 250 

obtained using either the Leica DM5500 B or a Leica Diaplan microscope with Nomarski 251 

interference contrast, with a mounted Nikon DS-5M digital camera; many of the images 252 

were stacked and/or stitched from individual images taken at different focal planes to 253 

increase resolution and image quality (see, e.g., KERP & BOMFLEUR 2011). Selected cuticles 254 

were dehydrated in ethanol, mounted on aluminium stubs and coated with gold or iridium 255 

for scanning electron microscopy (SEM) images, using JEOL 6610/6510 LA microscopes. The 256 

material is housed in the collections of the Palaeobiology Department of the Swedish 257 

Museum of Natural History, Stockholm, Sweden, under the registration numbers NRM 258 

S089761–S089782. 259 

With respect to terminology, we aim to differentiate as clearly as possible between 260 

idiocuticular features—i.e., those related to the cuticular sheet itself (such as solid papillae 261 

or ‘leaf lenses’)—and epidermal features reflected in the cuticular morphology, such as 262 

cellular architecture of the stomata. 263 

[full column Table 1] 264 

 265 

4 Systematic Palaeontology 266 
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Order Umkomasiales DOWELD 2001 (Corystospermales NĚMEJC 1968) 267 

Family Umkomasiaceae PETRIELLA 1981 268 

Genus Dicroidium GOTHAN 1912 269 

Type species: Dicroidium odontopteroides (MORRIS 1845) GOTHAN 1912 270 

Type: original material of MORRIS (1845) reportedly lost (TOWNROW 1957); lectotype 271 

designated by TOWNROW (1966) is specimen no. 81932 in the collections of the Geology 272 

Department of the University of Tasmania, Hobart, (Tasmania, Australia), collected from the 273 

bank of the Coal River about one kilometer E of Lowdina Homestead, Campania, Tasmania 274 

(presumed by Townrow to be the type locality also for Morris’ original material). 275 

 276 

[half-column text-fig. 4] 277 

 278 

Genera here considered synonymous: 279 

(=) Johnstonia WALKOM,  Pap. Proc. Royal Soc. Tasmania 1924: 79. 2 Mar 1925. 280 

(=) Harringtonia FRENG., Notas Mus. La Plata 7: 271. 30 Dec 1942. 281 

(=) Dicroidiopsis FRENG., Revista Mus. La Plata, Secc. Paleontol., Ser. 2, 2: 289. 30 Sep 1943. 282 

(=) Diplasiophyllum FRENG., Revista Mus. La Plata, Secc. Paleontol., Ser. 2, 2: 299. 30 Sep 283 

1943.  284 

(=) Zuberia FRENG., Revista Mus. La Plata, Secc. Paleontol., Ser. 2, 2: 308. 30 Sep 1943.  285 

(=) Xylopteris FRENG., Revista Mus. La Plata, Secc. Paleontol., Ser. 2, 2: 324. 30 Sep 1943.  286 

(=) Tetraptilon FRENG., Revista Asoc. Geol. Argent. 5(1): 15. 1950.  287 

(=) Hoegia TOWNROW, Trans. Geol. Soc. South Africa 60: 47. 1957. 288 

(=) Jordaniopteris H.M.ANDERSON, Alcheringa 44: 75. 10 July 2019. 289 

 290 

General description of the genus as circumscribed here.—Forked leaves with an acute 291 

bifurcation in basal third, with entire, pinnate, bipinnatifid to bipinnate or tripartite 292 

architecture and more or less obcordate outline (Text-fig. 4). Leaves small (<10 cm), medium 293 

(10–25 cm), large (25–50 cm) to very large (>50 cm, up to around 100 cm) long (see, e.g., 294 
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ANDERSON & ANDERSON 1983). Pinnae opposite to subopposite with largest and most complex 295 

pinnae in central portion of the leaf. Petiole base commonly with modified foliar basal 296 

elements, in many cases strongly lobed and differentiated from succeeding pinnules 297 

(BOMFLEUR et al. 2012). Below leaf bifurcation, pinnae simpler and clearly separated; towards 298 

apices of segments above bifurcation, pinnules become closer and more broadly attached to 299 

rachis. Pinnae shortened on inner leaf above furcation. Near the leaf apex, pinnae simpler 300 

and gradually fuse adjacent to rachis, until reaching the apex, where commonly three to five 301 

pinnae fuse together. Pinnae and pinnules contracted or broadly attached with obtuse 302 

apices. Pinna venation commonly pinnate-sphenopteroid, in pinnules typically 303 

odontopteroid, arising from the basiscopic portion of the leaflet, or alethopteroid (see Text-304 

fig. 5, on the left). 305 

Most leaves amphistomatic, with uneven stomatal density and orientation on adaxial 306 

versus abaxial surface and costal versus intercostal areas. Cuticles varying from thin and 307 

relatively featureless to thick and heavily modified (Text-fig. 5, to the right). Costal areas and 308 

rachis commonly with cells elongated and aligned parallel to vein course and with stomatal 309 

pores orientated mainly longitudinally or transversely; intercostal areas usually with cells 310 

more isodiametric and more irregularly arranged and with stomatal pores less clearly 311 

orientated. Most stomata orientated either longitudinally or transversely, with only lateral 312 

subsidiary cells clearly differentiated (typical ‘butterfly-shapes’), or irregularly orientated and 313 

with a complete or once-interrupted ring of subsidiary cells (see Fig. 5 of BOMFLEUR & KERP 314 

2010). Anticlinal cuticle flanges variable, ranging from smooth to granular to variably 315 

thickened or buttressed. Periclinal cuticle with variable cuticular features, including simple, 316 

solid or hollow papillae and more or less diffuse, lens-shaped thickenings of cuticle layer 317 

proper (see cuticle cross-section details in Text-fig. 5 and ‘leaf-lenses’ in BOMFLEUR & KERP 318 

2010). Some species with common bases of multicellular trichomes. 319 

Comparison & Remarks.—We follow the lines of arguments brought forward by, e.g., 320 

TOWNROW (1957), BONETTI (1966), ARCHANGELSKY (1968), ANDERSON & ANDERSON (1983, 2003) 321 

and BLOMENKEMPER et al. (2020), and regard the multiple leaf genera listed in the synonymy 322 

to be congeneric with Dicroidium. We cannot identify macro- or micromorphological 323 

characters that would consistently differentiate them at the generic level. 324 

In Australia, the stratigraphically lowest occurrence of Dicroidium is in the Lower Triassic, 325 

a short interval above the end-Permian extinction horizon (FIELDING et al. 2019; MAYS et al. 326 
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2020). The genus becomes a common element of fossil assemblages in Spathian strata 327 

(RETALLACK 1977; HOLMES & ASH 1979) and dominates floras in succeeding strata up to the –328 

end-Triassic extinction horizon (BALME et al. 1995). Dicroidium has its centre of distribution in 329 

the middle and high palaeolatitudes of Gondwana, with particularly large collections 330 

described from the Middle to Upper Triassic of South Africa (DU TOIT 1927; THOMAS 1933; 331 

ANDERSON & ANDERSON 1983), South America (FRENGUELLI 1943, 1944b; BORTOLUZZI & BARBERENA 332 

1967; ARCHANGELSKY 1968; PETRIELLA 1981; GUERRA-SOMMER & CAZZULO KLEPZIG 2000), Antarctica 333 

(TOWNROW 1967; BOUCHER et al. 1993; BOMFLEUR & KERP 2010; ESCAPA et al. 2011; BOMFLEUR et 334 

al. 2012), India (e.g., FEISTMANTEL 1879a; PAL et al. 2014; RAO & LELE 1962; SEWARD 1932), 335 

Australia (e.g., WALKOM 1917, 1925a, 1928; JONES & DE JERSEY 1947; TOWNROW 1957; HOLMES & 336 

ANDERSON 2005; PATTEMORE 2016), and New Zealand (e.g., ARBER 1913, 1917; RETALLACK 1980b). 337 

More recently, however, Dicroidium has also been described from the uppermost Permian of 338 

the palaeoequatorial regions (KERP et al. 2006; ABU HAMAD et al. 2008; SCHNEEBELI-HERMANN et 339 

al. 2014; BLOMENKEMPER et al. 2020) and from the Jurassic of Antarctica (REES & CLEAL 2004; 340 

BOMFLEUR et al. 2018). 341 

The occurrence of brachyparacytic, “butterfly-shaped” stomatal complexes with lateral 342 

subsidiary cells only (“pseudosyndetocheilic stomata” of RETALLACK 1977) is a typical feature 343 

of the genus. It is, however, not exclusive to Dicroidium; some cuticles of the superficially 344 

similar, yet unforked fronds of Kurtziana FRENG. 1942, for instance, have been described as 345 

having similar stomata (PETRIELLA & ARRONDO 1982; ARTABE et al. 1991), as do those of several 346 

other, typically Paleozoic seed-fern groups, including lyginopterids and medullosans (see, 347 

e.g., BARTHEL 1962). 348 

 349 

Dicroidium odontopteroides (MORRIS 1845) GOTHAN 1912 350 

Text-fig. 5.1, Pls 1–3 351 

Stratigraphic levels: LC-4, LC-5, LC-5/6, LC-9, LC-11, LC-12, LC-13, LC-14, U26 Highwall. 352 

Basionym: Pecopteris odontopteroides MORRIS 1845 in STRZELECKI, p. 249, pl. 6, figs 2–4. 353 

 354 

Selected references and synonyms: 355 

1912 Dicroidium odontopteroides (MORRIS) GOTHAN 1912, p. 75, pl. 15, fig. 4, pl. 16, fig. 5. 356 

1917 Thinnfeldia odontopteroides (MORRIS) WALKOM, p. 19, pl. 3, fig 1. 357 
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1957 Dicroidium odontopteroides (MORRIS) GOTHAN – TOWNROW, figs 3, 4, 5. 358 

1979 Dicroidium odontopteroides (MORRIS) GOTHAN – PETRIELLA, pl. I, 6, 9, pl. II, 1–2. 359 

1983 Dicroidium odontopteroides subsp. orbiculoides ANDERSON et ANDERSON, p. 98, p. 207, 360 

figs 1–6, p. 209, figs 1–6. 361 

2010 Dicroidium odontopteroides (MORRIS) GOTHAN – BOMFLEUR & KERP, figs 1–6, p. 74, figs 1–362 

3, p. 75, figs 1–9. 363 

2011a Dicroidium odontopteroides (MORRIS) GOTHAN – BOMFLEUR et al., fig. 4a, b. 364 

2018 Dicroidium odontopteroides (MORRIS) GOTHAN – BOMFLEUR et al., figs 1–12. 365 

 366 

Description.—Leaves bipartite (forked at 34–38°), small to medium in length (c. 10 cm), 367 

pinnate, with elongate obcordate outline (Pl. 1, Figs 1, 7). Pinnule size and shape highly 368 

variable between and within individual leaves (Pl. 1, Figs 1–4, 7, 8). Modified basal elements 369 

as long as wide, circular and finely lobed several times (Pl. 1, Fig. 5). Pinnules in proximal leaf 370 

portion attached oppositely, 5 mm long, equidimensional (square) to slightly trapezoid (Pl. 1, 371 

Fig. 3), constricted towards petiole, with odontopteroid venation. Pinnules above bifurcation 372 

attached in increasingly subopposite arrangement, rhombic (Pl. 1, Fig. 1) to elongate-373 

triangular (Pl. 1, Fig. 7), with shorter obovate to triangular pinnules in the inner portion of 374 

the bifurcation being slightly constricted or broadly attached at their base, with 375 

odontopteroid venation and acute to obtuse apices. Largest, most complex pinnae occurring 376 

in the central outer leaf portion, with trapezoid to elongate triangular pinnules (Pl. 1, Figs 2, 377 

4); more proximal pinnules short triangular with odontopteroid venation; more distal 378 

pinnules elongate-triangular with more alethopteroid venation (Pl. 1, Figs 2, 4). Apical 379 

pinnules broadly attached, strongly fused (Pl. 1, Figs 6, 9), subopposite, either short-380 

triangular (Pl. 1, Fig. 8) or obovate (Pl. 1, Fig. 9).  381 

Adaxial cuticle usually thicker than abaxial cuticle (Pl. 2, Figs 1, 2; Pl. 3, Figs 1, 2). 382 

Epidermal cell outlines square to rectangular, usually slightly (1.15 times) longer than wide, 383 

and slightly larger on the abaxial surface (av. 50 x 40 µm) than adaxial surface (av. 40 x 35 384 

µm). Epidermal cell pattern on both surfaces relatively uniform, without clear differentiation 385 

into costal and intercostal fields (Pl. 2, Figs 1, 2), except for the rachis (Pl. 3, Fig. 1). Periclinal 386 

cuticle wall thick, typically with 2–4 diffuse lens-like thickenings per cell (Pl. 3, Figs 2, 3). 387 
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Anticlinal wall flanges thick, straight, to slightly curved, with granular to buttressed 388 

ornamentation (Pl. 3, Fig. 3). Leaves amphistomatic, with densely, almost evenly distributed 389 

stomata on both surfaces; on upper surface, stomata slightly more numerous over rachis 390 

and primary veins (Pl. 2; Pl. 3, Fig. 1). Most stomata orientated parallel or transverse to 391 

venation (Pl. 2), paracytic or laterocytic, with 2–4 lateral subsidiary cells (Pl. 3, Figs 1, 2). 392 

Subsidiary-cell periclinal wall more weakly cutinized than that of regular epidermal cells (see, 393 

e.g., Pl. 3, Fig. 1), bearing concentric wrinkled ornamentation but lacking lens -like 394 

thickenings or papillae (Pl. 3, Figs 2–4), with straight polar wall flanges and convex lateral 395 

wall flange, thickened in distal portion (Pl. 3, Figs 6, 8). Guard cells flat, only slightly sunken, 396 

feebly cutinized, with distinct proximal thickening delimiting pore, lacking anticlinal wall 397 

flanges (Pl. 3, Figs 6–8). Hair bases not evident. Mesophyll containing oblate resin bodies 398 

(usually c. 70 µm in diameter) distributed evenly within the pinnules (see Pl. 1, Figs 7, 8; Pl. 3, 399 

Fig. 5). 400 

 401 

Comparison and Remarks.—This species can be clearly delimited and identified based on a 402 

characteristic combination of macromorphological and cuticular features. Dicroidium 403 

odontopteroides has widely variable gross morphology and especially pinna shapes (see Pl. 404 

1). This is also reflected in the complicated and inconsistent classification approaches 405 

applied to material from other localities. Whereas some authors recognise up to six 406 

intraspecific taxa (subspecies, varieties or formae; e.g., ANDERSON & ANDERSON 1983; RETALLACK 407 

1977) within D. odontopteroides, others assign some forms to separate species (e.g., 408 

ANDERSON et al. 2019b), and yet others use only a single, very broadly circumscribed species 409 

(e.g., PATTEMORE 2016) or species complex (HOLMES & ANDERSON 2005). All Leigh Creek 410 

specimens share a consistent combination of epidermal and cuticular features. Of special 411 

importance for the delimitation of (in a few cases) superficially similar leaves of D. lineatum 412 

(TEN.-WOODS) J.M.ANDERSON et H.M.ANDERSON 2003 is the occurrence of granular to 413 

buttressed anticlinal walls, of typically two to four lens-like thickenings, and of only slightly 414 

sunken guard cells.  415 

The cuticular morphology and epidermal anatomy of the studied material closely match 416 

those specimens described from other occurrences of the species in South Africa (GOTHAN 417 

1912; TOWNROW 1957; D. odontopteroides forma orbiculoides in ANDERSON & ANDERSON 1983), 418 

India (LELE 1962), Australia (TOWNROW 1966; see fig. 8A of PATTEMORE 2016), and Antarctica 419 
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(BOMFLEUR & KERP 2010; BOMFLEUR et al. 2018), which provides robust support for the 420 

diagnostic value of these features. With respect to the broad macromorphological 421 

circumscription of the species as applied by some authors, our material is most similar in 422 

pinna shape and venation to D. odontopteroides forma orbiculoides and with short-leafed 423 

forms of D. odontopteroides forma odontopteroides of ANDERSON & ANDERSON (1983). 424 

 425 

Dicroidium lineatum (TEN.-WOODS 1883) H.M.ANDERSON et J.M.ANDERSON 1970 emend. 426 

Text-fig. 5.2, Pls 4, 5 427 

Stratigraphic levels: LC-4, LC-5, LC-5/6, LC-6, LC-9, LC-11, LC-12, LC-13, LC-14, U26 Highwall. 428 

Basionym: Gleichenia lineata TEN.-WOODS 1883, p. 130, pI. 3, fig. 6, pI. 8, fig. 2. 429 

 430 

Selected references and synonyms: 431 

1898 Thinnfeldia indica var. falcata SHIRLEY, p. 21, pI. 7, fig. 2. 432 

1917 Thinnfeldia acuta WALKOM, p. 23, pI. 3, fig. 4. 433 

1970 Dicroidium lineatum (TEN.-WOODS) H.M.ANDERSON et J.M.ANDERSON, chart 9. 434 

1977 Dicroidium lancifolium var. lineatum (TEN.-WOODS) RETALLACK, microfiche frame H17. 435 

1983 Dicroidium odontopteroides subsp. lineatum (TEN.-WOODS) J.M.ANDERSON et 436 

H.M.ANDERSON, p. 101, pI. 64, figs 12–29, pI. 65, figs 1–3, pI. 79, figs 4, 6, pl. 108, fig. 1. 437 

1985 Dicroidium lancifolium var. lineatum (TEN.-WOODS) RETALLACK – ARTABE, pl. 3, fig. 5. 438 

1992 Dicroidium lancifolium (MORRIS) GOTHAN – TAYLOR et al., fig. 2. 439 

2001 Dicroidium lancifolium var. lineatum, GNAEDINGER & HERBST, fig. 2, A–E, fig. 3L. 440 

2005 ‘Dicroidium lineatum complex’ W.B.K.HOLMES & H.M.ANDERSON, p. 7, figs 10B, C; 11A, B, 441 

D; 12A–C. 442 

2011 Dicroidium lineatum (TEN.-WOODS) H.M.ANDERSON et J.M.ANDERSON – LUTZ et al., p. 574, 443 

figs 3.6, 5.7. 444 

Diagnosis (here emended).—Leaves of intermediate length (typically in the range of 10–20 445 

cm), pinnate, bipartite. Pinnules mostly separate. Fully developed pinnules in central leaf 446 

portion strongly elongate and narrow--triangular to lanceolate, typically about five times 447 
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longer than wide. Venation alethopteroid; primary vein straight, extending up to near 448 

pinnule apex; secondary veins dense, simple or dichotomising once. Periclinal cuticle with a 449 

single, central, diffuse lens-like thickening per cell. Anticlinal wall flanges straight to slightly 450 

curved and smooth. Leaves amphistomatic, with stomata distributed evenly across abaxial 451 

cuticle but concentrated mainly on primary and basal secondary veins on the adaxial cuticle. 452 

Subsidiary-cell cuticle similar to or slightly thinner than that of regular epidermal cells, 453 

smooth, lacking lens-like thickenings or papillae.  454 

Description.—Leaves of intermediate length (<15 cm), pinnate, bipartite with obcordate 455 

outline (Pl. 4, Figs 1, 2, 6). Pinnules in proximal leaf portion (sub-)opposite, clearly separate 456 

and attached at about right angles to rachis (Pl. 4, Figs 2, 5), distally becoming increasingly 457 

subopposite to alternate, more closely set to abutting, and attached at more acute angles 458 

(Pl. 4, Figs 1, 3). Leaf tips consisting of up to five increasingly fused pinnules (Pl. 4, Figs 4, 7). 459 

In central portion of frond (Pl. 4, Fig. 1), pinnules broadly attached, slightly constricted at 460 

base, lanceolate, typically about five times longer than wide (av. 30 x 6 mm); simpler 461 

pinnules near leaf base and on inner side immediately above bifurcation short, triangular to 462 

semicircular (Pl. 4, Figs 2, 3). Modified basal elements at petiole base roughly circular (as 463 

long as wide), three or more times lobed (Pl. 4, Fig. 8). Venation dense, alethopteroid; 464 

primary vein straight, extending to near the pinnule apex; secondary veins given off at 20–465 

40°, simple or dichotomising once before reaching the leaf margin (see, e.g., Pl. 4, Figs 1, 5, 466 

6). 467 

Adaxial and abaxial cuticle about equally thick (Pl. 5, Figs. 1, 2). Epidermal cells usually 468 

elongate-rectangular, orientated parallel to venation (c. 30 x 26 µm). Costal fields with 469 

longitudinally aligned and more strongly elongate cells compared to intercostal fields (Pl. 5, 470 

Figs 1, 2, 7). Periclinal cuticle with a single, central, diffuse lens-like thickening per cell (see, 471 

e.g., Pl. 5, Figs 2, 5). Anticlinal wall flanges straight to slightly curved and smooth (see, e.g., 472 

Pl. 5, Figs 1, 5, 7). Rachis with rectangular epidermal cells, orientated in growth direction (Pl. 473 

5, Fig. 3). Leaves amphistomatic, with stomata distributed evenly across abaxial cuticle but 474 

concentrated mainly on primary and basal secondary veins on the adaxial cuticle (see, e.g., 475 

Pl. 5, Figs 1, 2, 7). Stomata orientated usually parallel or transverse to venation, paracytic or 476 

laterocytic, with 2–4 lateral subsidiary cells and typically without polar subsidiary cells (Pl. 5, 477 

Figs 1, 5). Subsidiary-cell cuticle similar to or slightly thinner than that of regular epidermal 478 

cells, smooth, lacking lens-like thickenings or papillae, with straight polar wall flanges and 479 
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with convex lateral wall flange, being thickened distally. Guard cells sunken, feebly cutinized, 480 

with crescentic anticlinal flanges and distinct proximal thickening delimiting the pore (Pl. 5, 481 

Figs 5, 8). Mesophyll containing oblate resin bodies (about 100 µm in diameter) that are 482 

evenly distributed in the intercostal leaf areas (Pl. 4, Fig. 1; Pl. 5, Fig. 4). 483 

 484 

Comparison and Remarks.—This species is readily delimited from all co-occurring species 485 

based on the combination of strongly elongate, entire-margined pinnae, alethopteroid 486 

venation with acute-angled, simple or once-dichotomizing secondary veins, and the 487 

characteristic occurrence of just a single, diffuse lens-like thickening per regular epidermal 488 

cell. 489 

Based on macromorphology alone, leaf fragments may appear similar to other pinnate 490 

Dicroidium leaves with long, alethopteroid pinnae. Such leaf forms have been referred to 491 

various species and subspecies, including Dicroidium odontopteroides forma koningifolium 492 

J.M.ANDERSON et H.M.ANDERSON 1983 and D. odontopteroides subsp. hlatimbifolium 493 

J.M.ANDERSON et H.M.ANDERSON 1983 (ANDERSON & ANDERSON 1983), Dicroidium lancifolium 494 

(GOTHAN 1912; BOUCHER et al. 1993), Dicroidium dubium (FEISTM.) GOTHAN 1912 (e.g., ANDERSON 495 

& ANDERSON 1983) and Dicroidium pinnis-distantibus (KURTZ) FRENG. 1943 (see RETALLACK 1977). 496 

However, Dicroidium lineatum, as defined here, is unique among these forms in having 497 

closely set, relatively narrow (usually 2–4 mm wide), entire-margined pinnae with acute 498 

apices and with acute-angled, simple to once-forked secondary veins. In addition, the 499 

species has diagnostic epidermal and cuticular features that easily distinguish it from 500 

superficially similar forms, including the occurrence of just a single, diffuse, lens-like 501 

thickening per regular epidermal cell (unlike 2–4 in D. odontopteroides or 1–2 in D. dubium); 502 

the smooth and straight anticlinal walls (unlike the granular to buttressed walls in D. 503 

odontopteroides); and the lack of subsidiary-cell papillae (unlike D. dubium). 504 

 505 

Dicroidium dubium (FEISTM. 1878) GOTHAN 1912 506 

Text-fig. 5.3, Pls 6, 7. 507 

Stratigraphic level: LC-1, LC-2, LC-4, LC-5, LC-6, LC-9, U26 Highwall. 508 

Basionym: Gleichenia dubia FEISTM. 1878, p. 106, pl. 15, fig. 8. 509 

 510 
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Selected references and synonyms: 511 

1912 Dicroidium dubium (FEISTM.) GOTHAN, p. 78, pl. 15, fig. 3. 512 

1947 Sphenopteris bergina O.A.JONES et DE JERSEY, p. 31, pl. 4, figs 2–3, pl. 5, fig. 5, text-fig. 20. 513 

1977 Dicroidium dubium var. dubium RETALLACK, frame H9. 514 

1983 Dicroidium dubium subsp. dubium J.M.ANDERSON & H.M.ANDERSON, pl. 32, pl. 53, figs 15–515 

22, pl. 58, pl. 59, pl. 60, figs 1–5, pl. 99, pl. 108, fig. 2. 516 

1995 Dicroidium dubium (FEISTM.) GOTHAN – BOUCHER, figs 37–40. 517 

2005 Dicroidium dubium (FEISTM.) GOTHAN – HOLMES & ANDERSON, figs 13 A–C, 14 A–E. 518 

2012 Dicroidium dubium (FEISTM.) GOTHAN – BOMFLEUR et al., pl. III. 519 

2016 Dicroidium dubium (FEISTM.) GOTHAN – PATTEMORE, figs 9, 10. 520 

Description.—Fragments of medium-sized, bifurcate, bipinnatifid to incompletely bipinnate 521 

leaves (Pl. 6). Pinnule size and shape varying greatly within frond; smallest pinnules in 522 

proximal leaf portion and on inner sides above bifurcation <5 mm long and roughly 523 

equidimensional, rounded triangular to trapezoid, with odontopteroid venation (Pl. 6, Figs 1, 524 

2); larger pinnules more elongate lanceolate with alethopteroid venation (Pl. 6, Fig. 1); 525 

largest and most complex pinnules on outer side of central leaf portions narrowly lanceolate, 526 

about 5 mm broad and up to 35 mm long, with constricted base, distinctly dissected to lobed 527 

basal portion grading into narrow tongue-shaped pinnule apex, and with distinct midrib 528 

persisting near to pinnule apex giving off acute-angled, usually once- or twice-forked 529 

secondary veins that may form odontopteroid vein bundles in basal pinna lobes (Pl. 6, Figs 1, 530 

4, 5). Modified basal elements bipartite, basiscopic portion rounded triangular (similar basal 531 

leaf pinnules), separated by deep lobe from the acroscopic portion, which is strongly 532 

elongated and lobed at least once (Pl. 6, Fig. 3). 533 

Adaxial cuticle slightly thicker than abaxial cuticle. Cuticle on midrib thicker, both 534 

adaxially and abaxially. Adaxial pinna and pinnule lamina with weakly differentiated 535 

epidermal cells; abaxial pinna and pinnule lamina differentiated into more strongly cutinized 536 

costal fields with more elongate (50 x 20 µm), longitudinally aligned epidermal cells and 537 

thinner intercostal fields with shorter (35 x 25 µm), more randomly orientated cells (Pl. 7, 538 

Figs 1–3, 7). Periclinal cuticle smooth, usually with two (1–4) lens-like thickenings/papillae 539 
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per cell (Pl. 7, Figs 1–4). Anticlinal wall flanges thin, slightly thicker on lower leaf surface, 540 

slightly curved and with uneven “knobby” texture (see, e.g., Pl. 7, Figs 4, 7, 8).  541 

Leaves amphistomatic, with stomata distributed almost evenly over costal and intercostal 542 

areas on both leaf surfaces (Pl. 7, Figs. 1, 2), but with fewer stomata in costal fields of abaxial 543 

surface (Pl. 7, Figs 2, 3). Stomata orientated irregularly, usually with 2–4 lateral subsidiary 544 

cells. Subsidiary-cell cuticle similar to or slightly more strongly cutinized than regular 545 

epidermal cells, with granular lens-like thickening (Pl. 7, Fig. 4); on abaxial leaf surface 546 

sporadically forming a single, more or less pronounced solid lappet covering part of the 547 

stomatal pit (Pl. 7, Fig. 6). Guard cells sunken (Pl. 7, Fig. 5, 7), feebly cutinized (Pl. 7, Fig. 4), 548 

with more strongly cutinized crescentic anticlinal wall flanges and with distinct rounded 549 

proximal thickening delimiting the pore (Pl. 7, Figs 4, 8). Stomatal pore straight to spindle-550 

shaped. Mesophyll containing abundant oblate resin bodies distributed evenly throughout 551 

the leaf. 552 

 553 

Comparison and Remarks.—Apart from the characteristic bipinnatifid to incompletely 554 

bipinnate architecture, D. dubium is easily separated from co-occurring Dicroidium species 555 

by the presence of a solid, more or less pronounced thickening or lappet on the subsidiary-556 

cell cuticle. Isolated medium-sized pinnules may appear superficially similar to large pinnules 557 

of D. lineatum, but can be distinguished based on the typical number of lens-shaped 558 

thickenings per cell (usually two in D. dubium versus one in D. lineatum), the knobbly 559 

structure of the anticlinal-wall flanges, and the papillate subsidiary cells. These same 560 

features also serve to distinguish isolated short pinnules of D. dubium from those of D. 561 

odontopteroides. 562 

Dicroidium dubium was first described by FEISTMANTEL (1878) based on material from the 563 

Sydney Basin, New South Wales. Broadly similar bipinnatifid Dicroidium leaves vary widely in 564 

size and pinna and pinnule morphology, which has led some authors to distinguish either 565 

several intraspecific taxa (ANDERSON & ANDERSON 1983) or up to five species (ANDERSON et al. 566 

2019b) for such material. The present specimens, however, are concordant with the most 567 

typical leaf morphology—assigned either to D. dubium subsp. dubium (RETALLACK 1977; 568 

ANDERSON & ANDERSON 1983) or simply to D. dubium (ANDERSON et al. 2019b)—that are 569 

widespread throughout the Gondwanan Triassic (e.g., see RETALLACK 1977; FEISTMANTEL 1878; 570 

ANDERSON & ANDERSON 1983; HOLMES & ANDERSON 2005; BOMFLEUR et al. 2012; PATTEMORE 2016). 571 
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Specimens having the typical cuticle structure of the species (i.e., with the characteristic 572 

subsidiary-cell thickenings and papillae) were first described by JONES AND DE JERSEY (1947) 573 

under the name Sphenopteris bergina from the Carnian Ipswich Coal Measures, Australia. 574 

ANDERSON AND ANDERSON (1983) illustrated cuticles of two subspecies from the Molteno 575 

Formation, South Africa; their D. dubium subsp. dubium specimens provided only poorly 576 

preserved, thin cuticles, but they clearly possess the typical subsidiary-cell papillae arching 577 

over the stomatal pore (see Pl. 7, Figs 3, 5). The cuticles of D. dubium subsp. switzifolium 578 

J.M.ANDERSON et H.M.ANDERSON 1983—later considered to be a separate species by ANDERSON 579 

et al. (2019b)—appear very similar to those of the present specimens except for the much 580 

deeper pinnule dissection, the more buttressed anticlinal-wall flanges, and the common 581 

trichomes in the former (ANDERSON & ANDERSON 1983). BOUCHER (1995) also mentioned 582 

subsidiary-cell papillae as a diagnostic feature of this species. 583 

BOMFLEUR and KERP (2010) included leaves with similar-sized but essentially entire-584 

margined pinnules in D. dubium. However, based on macromorphological and 585 

micromorphological features, including the lack of subsidiary-cell papillae, these ought to 586 

remain assigned to a separate species, D. lancifolium (see also BOUCHER et al. 1993; BOMFLEUR 587 

et al. 2011b). 588 

 589 

Dicroidium zuberi (SZAJNOCHA 1888) S.ARCHANG. 1968 590 

Text-fig. 5.4, Pls 8, 9 591 

Stratigraphic levels: LC-1, LC-17, LC-18, Pit M13. 592 

Basionym: Cardiopteris zuberi SZAJNOCHA 1888, p. 233–234, pl. 2, fig. 1. 593 

 594 

Selected references and synonyms: 595 

1879a Thinnfeldia odontopteroides pro parte, FEISTMANTEL, pp. 165–169, pl. XI, fig. 1a, b. 596 

1888 (=) Cardiopteris zuberi SZAJNOCHA, pp. 233–234, pl. 2, fig. 1. 597 

1894 (=) Thinnfeldia feistmantelli [sic] R.M.JOHNST., p. 175. 598 

1912 (=) Dicroidium feistmanteli GOTHAN non (R.M.JOHNST.) GOTHAN, p. 78., pl. 16, fig. 1. 599 
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1926 (=) Thinnfeldia feistmanteli R.M.JOHNST. – CHAPMAN & COOKSON, pp. 167–168, pl. 20, fig. 600 

9, pl. 21, fig. 10. 601 

1933 Dicroidium sp. cf. D. feistmanteli (R.M.JOHNST.) GOTHAN – THOMAS, figs 50, 52(b). 602 

1943 (=) Zuberia zuberi (SZAJNOCHA) FRENG., pp. 300–310. 603 

1944b (=) Zuberia feistmanteli (R.M.JOHNST.) FRENG., pp. 3–9, Lámina I–III. 604 

1944b Zuberia zuberi (SZAJNOCHA) FRENG. – FRENGUELLI, pp. 9–19, Lámina IV–IX. 605 

1957 (=) Dicroidium feistmanteli (R.M.JOHNST.) GOTHAN – TOWNROW, pp. 42–48. 606 

1968 Dicroidium zuberi (SZAJNOCHA) S.ARCHANG., pp. 502–504, Plate 98, figs 1–2, text-figs 1a, 607 

2d, e. 608 

1983 Dicroidium zuberi (SZAJNOCHA) S.ARCHANG. – ANDERSON & ANDERSON, p. 108, pl. 61, 62, 609 

101, 102. 610 

2014 Dicroidium zuberi (SZAJNOCHA) S.ARCHANG. – PAL et al., p. 142–143, pl. 1, 3–6. 611 

 612 

Description.—Fragments of presumably large (>25 cm), bifurcate, bipinnate leaves (Text-fig. 613 

2.6). Largest primary pinnae in central leaf portion oblong to linear, up to c. 8 cm long and c. 614 

2 cm wide, tapering gently towards apex (Pl. 8, Figs 1, 3, 5, 7, 8), attached at angles of 80° to 615 

<45° with angles decreasing towards leaf apex. Pinnules arranged suboppositely, almost 616 

touching, broadly attached to rachis at about right angles, sporadically with slightly 617 

constricted bases, becoming progressively fused only in terminal portion of leaf (see, e.g., Pl. 618 

8, Fig. 8). Pinnules comparatively large, on average broader than 5 mm and stout (shorter 619 

than wide) to about equidimensional, of variable shape; some specimens with short, more or 620 

less rounded rectangular to rhombic pinnules (Pl. 8, Figs 1, 3), others with more 621 

equidimensional, rounded-triangular to tongue-shaped pinnules. 622 

Pinnule venation odontopteroid, with many evenly sized veins entering pinnule base, 623 

each dichotomizing up to twice and running nearly straight to leaf margins, collectively 624 

forming dense, near-parallel venation roughly perpendicular to pinna rachis (Pl. 8, Fig. 6, 7). 625 

Leigh Creek leaves represented by two distinct types of cuticle, each with a characteristic, 626 

consistent combination of cuticular and epidermal features. Cuticle type 1 (from sampling 627 

sites LC 17 and LC 18) very thick on both leaf surfaces, with strongly thickened anticlinal wall 628 
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flanges (Pl. 8, Figs 2, 4; Pl. 9, Figs 1, 2). Most (c. 80%) epidermal cells slightly elongated 629 

parallel to venation (c. 50 x 35 µm); costal fields in larger pinnules well-differentiated (Pl. 9, 630 

Figs 1, 2), with strongly elongated epidermal cells , especially on abaxial surface (c. 120 x 50 631 

µm compared to c. 55 x 35 µm on the adaxial surface). Periclinal walls bearing one to four 632 

(usually two) distinct papillae with fine radiating striae (Pl. 9, Figs 1, 5, 6, 8); periclinal cuticle 633 

unevenly thick across lamina, forming mosaic of more strongly and weakly (c. 5%) cutinized 634 

cells (see, e.g., Pl. 8, Fig. 4). Anticlinal wall flanges relatively straight to slightly wavy and 635 

strongly buttressed, thicker over rachis (Pl. 9, Figs 7, 9). Leaves unequally amphistomatic, 636 

with stomata concentrated mainly in intercostal fields of abaxial surface and on rachis and 637 

costal fields of adaxial surface (Pl. 8, Figs, 2, 4). Stomata orientated randomly, typically 638 

surrounded by an incomplete or complete ring of subsidiary cells consisting of two or more 639 

lateral subsidiary cells and up to two polar subsidiary cells (Pl. 9, Figs 7, 8, 9). Subsidiary cells 640 

more thinly cutinized than regular epidermal cells, lacking papillae, having concentric 641 

wrinkles parallel to stomatal pore, sporadically with a distinct thickening along the distal 642 

anticlinal wall (Pl. 9, Fig. 8). Anticlinal wall flanges of subsidiary cells straight, smooth, weakly 643 

cutinized, and lacking buttressed thickening. Guard cells exposed or slightly sunken, feebly 644 

cutinized, with thickened lip surrounding the pore (Pl. 9, Figs 7–9). Mesophyll containing 645 

oblate resin bodies (c. 80 µm in diameter, see Pl. 9, Fig. 10). Trichome bases rare (Pl. 9, Fig. 646 

11). 647 

Cuticle type 2 (from sampling levels LC22–24 in the ‘middle series’ of Pit M13, and LC 1 648 

and LC 17 in the ‘upper series’ of pit U26) with thick adaxial cuticle and very thin abaxial 649 

cuticle (Pl. 9, Figs 3, 4). Most epidermal cells (c. 60%) slightly elongated parallel to venation 650 

(50 x 33 µm), generally smaller on the abaxial cuticle (42 x 27 µm). Periclinal walls usually 651 

smooth with one diffuse, lens-like thickening (Pl. 9, Fig. 3). Anticlinal wall flanges rather 652 

straight to slightly wavy and delicately buttressed, thicker on rachis. Leaves mostly 653 

hypostomatic, with stomata distributed evenly across rachis and lamina on abaxial leaf 654 

surface but restricted to rachis on adaxial surface (i.e., upper lamina surface lacking 655 

stomata). Stomata randomly orientated, typically surrounded by an incomplete or complete 656 

ring of subsidiary cells consisting of two or more lateral cells and up to two polar cells (Pl. 9, 657 

Fig. 4). Subsidiary cells slightly more thickly cutinized than regular epidermal cells, with 658 

straight and smooth anticlinal wall flanges lacking buttressed thickenings. Guard cells 659 

exposed or slightly sunken, weakly cutinized. Abaxial epidermis with scattered hair bases (25 660 
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µm in diameter, see Pl. 9, Fig. 4). Mesophyll containing oblate resin bodies (c. 80 µm in 661 

diameter). 662 

 663 

Comparison and Remarks.—Dicroidium zuberi differs from the other co-occurring Dicroidium 664 

species in the combination of large bipinnate leaves with separate, short-triangular to 665 

square pinnules, strongly buttressed anticlinal cell-wall flanges and minimally sunken 666 

stomata. The type 1 cuticle has greater similarity to that of D. odontopteroides in its 667 

superficial stomata and anticlinal wall ornamentation but has much more distinct hollow 668 

papillae and has many fewer stomata on the adaxial leaf surface. The type-2 cuticle has 669 

superficial similarities to cuticles of D. lineatum in possessing a single lens-like thickening per 670 

cell but differs in its strongly buttressed anticlinal walls and in lacking papillae/lens -like 671 

thickenings on the adaxial lamina surface.  672 

The large to very large bipinnate-bifurcate leaves of this type now recognized to belong to 673 

Umkomasiaceae have been known from the Triass ic of Gondwana for more than a century 674 

(FEISTMANTEL 1879b; SZAJNOCHA 1888). Overall, these leaves can be highly variable in size, 675 

shape, pinnule morphology, and also epidermal details. As a result, their systematic 676 

classification and species delimitation remain problematic (DROVANDI et al. in press). Some 677 

authors emphasize differences in leaf architecture and morphology and recognize these 678 

leaves as belonging to the separate genus Zuberia with up to six species (ARTABE 1990). 679 

Others assign all such leaves to Dicroidium (BONETTI 1966; RETALLACK 1977), some to just a 680 

single, highly variable species D. zuberi (ARCHANGELSKY 1968; ANDERSON & ANDERSON 1983; 681 

ANDERSON et al. 2019b), which is also followed here. We note, however, that this broadly 682 

defined concept encompasses a great variety of leaves with contrasting sizes and shapes 683 

(FRENGUELLI 1944b), pinnule morphologies (e.g., SEWARD 1932; ARTABE 1990), and epidermal 684 

details (see, e.g., TOWNROW 1957; ANDERSON & ANDERSON 1983; MARTINEZ et al. 2020; DROVANDI 685 

et al. in press).  686 

In general, the morphological diversity apparent within D. zuberi is akin to the 687 

intraspecific variation evident in the dissected foliage of many extant dicot angiosperms, 688 

especially among large tree species where leaf form varies according to tree maturity, 689 

hydraulic resistance, and exposure to sunlight, among other environmental variables (JENSEN 690 

1990; KLEINSCHMIT 1993; VISCOSI et al. 2012; RAMIREZ et al. 2020). Nevertheless, our 691 

observations of the epidermal and cuticular features lead us to suspect that there are, in 692 
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fact, at least two separate forms within Dicroidium zuberi that should probably be resolved 693 

into separate species. Unfortunately, many of the earlier, potentially typifying descriptions 694 

of superficially similar (FEISTMANTEL 1879b; SZAJNOCHA 1888), large and bipartite leaves are 695 

inconsistent or incompatible with observed or illustrated macromorphological features 696 

(DROVANDI et al. in press), and it remains impossible at present to resolve this issue. Notably, 697 

ANDERSON & ANDERSON (1983) likewise observed two distinctive cuticle types (similar to the 698 

Leigh Creek types 1 and 2) in their material of Dicroidum zuberi from South Africa. One of 699 

those types was described as being multi-papillate and amphistomatic (from assemblage 700 

Hla211) and the other as being unipapillate and hypostomatic (from assemblage Lit111), 701 

which the authors interpreted to reflect ecologically driven phenotypes of the same species. 702 

As with other taxa in the Leigh Creek material (e.g., Dicroidium odontopteroides and 703 

Dicroidium lineatum), we assume that two species may be represented among these 704 

specimens based on the very clear differentiation into two distinct cuticle types. By analogy, 705 

the similarly bipinnate Dicroidium leaves from the Permian of Jordan proved to be easily 706 

separable into three species based on macroscopic and microscopic characters 707 

(BLOMENKEMPER et al. 2020), and consistent differences in epidermal and cuticular features 708 

are apparent also among the many examples of bipinnate Dicroidium fronds from South 709 

America (see ARCHANGELSKY 1968; MARTÍNEZ et al. 2020; DROVANDI et al. in press).  710 

For reasons outlined above, and because the present material is strongly fragmented, we 711 

refrain from a more detailed formal taxonomic treatment for the moment. Future research 712 

should focus on two aspects for explicit species diagnoses of bipinnate-bifurcate specimens: 713 

comparison of large Early Triassic leaves (e.g., from Argentina) and small leaves from the 714 

Late Triassic (e.g., Australia, South Africa) applying detailed analyses of the leaf morphology, 715 

pinna sizes, shape and margins, and the cuticle structure with precise measurements of 716 

epidermal cell size, number and shape of papillae, and stomatal distribution on the adaxial 717 

and abaxial leaf surfaces. 718 

In conclusion, some of the large bipartite Dicroidium leaves from the Gondwanan Triassic 719 

cannot yet be adequately separated into more than one species on the basis of existing 720 

diagnoses. As a result, we provisionally use the oldest valid name, Dicroidium zuberi, for 721 

large bipartite leaves in the Leigh Creek material. 722 

 723 
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Dicroidium sp. A 724 

Text-fig. 5.5, Pls 10, 11  725 

Stratigraphic level: LC-5, LC-14, LC-18. 726 

Possible previous records: 727 

1927 Stenopteris densifolia A.L.DU TOIT, p. 364, text-fig. 14 a, b. 728 

1947 Stenopteris spinifolia (TEN.-WOODS) A.C.SEWARD – JONES & DE JERSEY, p. 28, text-figs 17, 18, 729 

pl. 3, figs 2–4. 730 

1965 Xylopteris spinifolia (TEN.-WOODS) FRENG. – HILL, PLAYFORD & WOODS, p. 10, pl. 5, fig. 7. 731 

1980 Xylopteris spinifolia (TEN.-WOODS) FRENG. – BALDONI, p. 150, fig. 2. 732 

1983 Dicroidium elongatum forma remotipinnulium J.M.ANDERSON et H.M.ANDERSON, p. 117, 733 

pl. 48, figs 24–32. 734 

1983 Dicroidium elongatum forma rotundipinnulium J.M.ANDERSON et H.M.ANDERSON, p. 115, 735 

pl. 38, figs 19–28, pl. 107, figs 5–8. 736 

2006 Xylopteris remotipinnulia (J.M.ANDERSON et H.M.ANDERSON) OTTONE, p. 479, fig. 2A. 737 

2016 Xylopteris remotipinnulia (J.M.ANDERSON et H.M.ANDERSON) OTTONE – BARBONI et al., p. 738 

617, fig. 8, 4–5. 739 

2016 Xylopteris spinifolia (TEN.-WOODS) FRENG. – BARBONI et al., p. 611, fig. 7, 1–4. 740 

 741 

Description.—Leaves small (<10 cm long), bipartite, pinnate to bipinnate, with V-shaped 742 

outline. Bipinnate branching evident in proximal portion of the frond (Pl. 10, Fig. 6). Pinnae 743 

(sub-)opposite, distant, attached at about 45° to the rachis (Pl. 10, Figs 3, 6–8); becoming 744 

increasingly subopposite to alternate towards apex (Pl. 10, Fig. 6), attached at more acute 745 

angles, progressively fusing with rachis (see, e.g., Pl. 10, Fig. 7); apices formed by several (2–746 

3) fused pinnae (Pl. 10, Fig. 4). Central pinnae broadly attached, 3–16 mm long, needle-like 747 

and of uniform (c. 0.8 mm) width (Pl. 10, Figs 3, 6, 7), shorter and more strongly fused 748 

pinnules (3–5) towards base (Pl. 10, Figs 1, 2), especially basal pinnules (Pl. 10, Fig. 8) and 749 

basal elements below furcation. Venation simple, single central veins in pinnules, covering 750 

central 25% of lamina, extending to apical margin (see, e.g., Pl. 10, Figs 4, 5). 751 

Adaxial and abaxial cuticle of equal thickness (Pl. 10, Figs 1, 2; Pl. 11, Figs 1, 2). Epidermal 752 

cells usually rectangular (22 x 45 µm) and aligned parallel to veins. Costal fields on abaxial 753 
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surface with more clearly elongate and slender (narrowly rectangular: 17 µm x 70 µm) cells 754 

(Pl. 11, Fig. 2, 3); adaxial leaf surface lacking differentiated costal and intercostal fields (Pl. 755 

11, Fig. 1). Periclinal cuticle smooth and usually with two (up to four) diffuse lens -like 756 

thickenings per cell (see, e.g., Pl. 11, Figs 1, 5), in some cases associated with radial wrinkles. 757 

Anticlinal wall flanges straight to slightly wavy and clearly buttressed (Pl. 11, Figs 5, 8). 758 

Leaves amphistomatic; stomata distributed evenly on leaf, with slightly higher density on 759 

abaxial surface (Pl. 10, Figs 1, 2, Pl. 11, Figs 1, 2). Stomata usually orientated parallel or, more 760 

rarely, transverse to venation, usually with two to four lateral subsidiary cells and no clearly 761 

differentiated polar subsidiary cells. Subsidiary cells cutinized to same degree as regular 762 

epidermal cells; cuticle smooth, lacking periclinal ornamentation. Guard cells sunken (see Pl. 763 

11, Fig. 5), strongly cutinized, with crescentic anticlinal wall flanges and striae orthogonal to 764 

pore (Pl. 11, Figs 5, 6, 8). Stomatal pit slightly sunken (Pl. 11, Fig. 7), weakly cutinized, with 765 

straight pore (10–15 µm) having strongly cutinized ledges (Pl. 11, Fig. 8). Mesophyll 766 

containing oblate resin bodies (c. 100 µm in diameter) evenly distributed in intercostal areas 767 

(Pl. 10, Figs 4, 5; Pl. 11, Fig. 4). 768 

 769 

Comparison and Remarks.—Dicroidium sp. A is easily distinguishable from other species in 770 

the Leigh Creek assemblage by its needle-like pinnae, the intermediate cuticle thickness, 771 

amphistomatic cuticles with 2–4 lens-like thickenings, buttressed anticlinal epidermal walls, 772 

and the crescentic anticlinal wall flanges of the guard cells. Superficially, it is similar to 773 

Dicroidium sp. B, which also has fragmentary needle-like pinnules but has much higher 774 

variability in pinnule morphology and differs in its thicker cuticle with notably more deeply 775 

sunken and more complex stomatal apparatuses (see Dicroidium sp. B, Text-fig. 5). The 776 

cuticles of Dicroidium sp. A strongly resemble those of Dicroidium odontopteroides, having 777 

small epidermal cells bearing two or more lens-like thickenings and with slightly buttressed 778 

and wavy walls. However, Dicroidium sp. A differs by its more complex (crescentic anticlinal 779 

wall flanges) and more deeply sunken stomatal apparatuses (see Text-fig. 5). 780 

Species assignment of these specimens remains problematic for several reasons. First, 781 

most pinnae have short, widely spaced pinnules that may be basally fused and bear multiple 782 

veins—features that are different from those of the more typical simple, needle-like and 783 

single-veined segments of Dicroidium elongatum (CARRUTH.) S.ARCHANG. 1968. Moreover, the 784 

cuticle of D. elongatum is thicker, has larger, more elongated and regularly orientated cells 785 
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with simple, straight cell walls and with more strongly cutinized subsidiary cells (see, e.g., 786 

JONES & DE JERSEY 1947; ANDERSON & ANDERSON 1983; BOMFLEUR & KERP 2010). Second, the leaf 787 

fragments of Dicroidium sp. A differ from the more complex leaves of Dicroidium spinifolium 788 

(TEN.-WOODS) J.M.ANDERSON et H.M.ANDERSON 1983, which also has a much smoother cuticle 789 

lacking papillae/lens-like thickenings and has straight simple cell walls (ANDERSON & ANDERSON 790 

1983; BOMFLEUR & KERP 2010). Thirdly, Dicroidium sp. A. has distinctive cuticle features that 791 

are more congruent with those of particular leaves described as D. elongatum forma 792 

rotundipinnulium and D. elongatum forma remotipinnulium (ANDERSON & ANDERSON 1983) and 793 

simpler leaves described as Xylopteris spinifolia by JONES AND DE JERSEY (1947) and BALDONI 794 

(1980). These findings highlight the divergent interpretations of needle-like Umkomasiales 795 

leaves—some authors splitting them into multiple species of Xylopteris (=Dicroidium) (e.g., 796 

RETALLACK 1977; BARBONI et al. 2016), others merging them into one or only a few species with 797 

several forms or morphotypes (ANDERSON & ANDERSON 1983; ANDERSON et al. 2019b). 798 

Based on differences in cuticle morphology, we assume that Dicroidium leaves with 799 

needle-like pinnules can be classified into at least three species: a second with larger, 800 

straight, particularly elongate leaves, strong cutinization, and elongate rectangular 801 

epidermal cells (D. elongatum type); one with architecturally more complex and more 802 

morphologically diverse leaves, with thinner cutinization, inverse amphistomatic (stomata 803 

confined to adaxial costal fields and abaxial intercostal fields) stomatal arrangement, and an 804 

absence of papillae/lens-like thickenings (D. spinifolium type); and a third type with 805 

intermediate pinna complexity, shorter pinnules, amphistomatic leaves with thin cuticle, 806 

isodiametric epidermal cells, and several lens-like thickenings per cell (D. remotipinnulium, 807 

D. rotundipinnulium, and D. tripinnatum (O.A.JONES et DE JERSEY) J.M.ANDERSON et 808 

H.M.ANDERSON 1970 type). Dicroidium sp. A appears to fit in this third category, but since the 809 

present material is fragmentary, we refrain from a formal assignment. Very similar material 810 

has been described from South Africa (e.g., DU TOIT 1927; ANDERSON & ANDERSON 1983), South 811 

America (e.g., BALDONI 1980; BARBONI et al. 2016) and Australia (e.g., JONES & DE JERSEY 1947; 812 

HILL et al. 1965). 813 

 814 

Dicroidium sp. B 815 

Text-fig. 5.6, Pl. 12, 13. 816 

Stratigraphic level: LC-18, LC-19, LC-21. 817 
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Possible previous records: 818 

1957 Dicroidium superbum (SHIRLEY) TOWNROW, p. 43, text-figs 7E–G; 8A, 10A, B. 819 

1977 Dicroidium townrovii RETALLACK, frame I13. 820 

1982 Dicroidium shirleyi W.B.K.HOLMES, pp. 11–12, figs 5E, 6B. 821 

1983 Dicroidium superbum forma townrovii (RETALLACK) J.M.ANDERSON & H.M.ANDERSON, p. 822 

110, pl. 50, 1–16. 823 

1983 Dicroidium superbum forma superbum (SHIRLEY) TOWNROW – J.M.ANDERSON & 824 

H.M.ANDERSON, p. 111, pl. 49, 15–19, pl. 86, 11. 825 

 826 

Description.—Only frond fragments recovered; however, fronds inferred to be bipartite 827 

based on pinna shape and orientation on rachis (Pl. 12). Two macroscopically different frond 828 

and pinna types recovered. Pinnule type one (Pl. 12, Figs 5–12) arranged suboppositely, 829 

clearly separated and attached broadly at almost right angles to rachis, typically as long as 830 

wide (c. 4.5 x 4.5 mm), trapezoid to square (Pl. 12, Figs 9, 10), with rounded apex; additional 831 

isolated pinnules oval with constricted base (Pl. 12, Figs 11, 12), possibly deriving from basal 832 

leaf portions; venation odontopteroid, with veins dichotomizing up to three times at acute 833 

angles, with lateral veins running straight and almost parallel towards margin. Pinnule type 834 

two (Pl. 12, Figs 1–4) narrow to needle-shaped (c. 1 x 2–10 mm), with rounded segment 835 

apices, oppositely to suboppositely arranged, clearly separated, broadly attached to rachis at 836 

acute angles (<45°); leaf apices consisting of three strongly fused segments; venation 837 

consisting of single central vein per segment. 838 

Epidermal anatomy and cuticle micromorphology consistent among different pinnule 839 

forms (Pl. 13). Adaxial cuticle thicker than abaxial cuticle (Pl. 13, Figs 1, 2). Two thirds of the 840 

epidermal cells slightly elongated parallel to venation, other cells isodiametric. Costal fields 841 

with longitudinally aligned and narrower, strongly elongated cells (about 15 x 50 µm) 842 

compared to intercostal fields (around 22 x 40 µm). Periclinal cuticle with single discrete 843 

papilla per cell on the adaxial cuticle (Pl. 13, Figs 1, 4, 9) and much more diffuse thickening 844 

on the abaxial cuticle (Pl. 13, Figs 2, 3). Anticlinal wall flanges straight to slightly curved, 845 

thickly cutinized and strongly buttressed (Pl. 13, Figs 3–6). Leaves amphistomatic, with 846 

stomata distributed evenly in intercostal fields on adaxial and abaxial leaf surface (Pl. 13, Figs 847 
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1, 2). Stomata orientated mostly parallel to venation, with two to four lateral subsidiary cells 848 

(Pl. 13, Figs 3–6). Subsidiary-cell cuticle equivalent in thickness to that of regular epidermal 849 

cells but lacking papillae (Pl. 13, Figs 3, 4). Guard cells narrowly rectangular (Pl. 13, Figs 3–6), 850 

with thickly cutinized distal anticlinal flanges, sunken deeply in cuticle (Pl. 13, Fig. 9), covered 851 

by distinctly cutinized oval Florin ring, with long axis transverse to the pore’s direction (Pl. 852 

13, Figs 3, 4). Some leaves with moderately common trichomes (Pl. 13, Fig. 7). Mesophyll 853 

containing long resin canals (diameters c. 35 µm, see Pl. 13, Fig. 8) probably extending 854 

throughout the entire pinnule, but generally disintegrating during maceration (Pl. 13, Fig. 8). 855 

 856 

Comparison and Remarks.—Based on gross morphology alone, type 1 pinnules of this 857 

species are very similar to those of Dicroidium zuberi and type 2 pinnae are similar to those 858 

of Dicroidium sp. A. The cuticles, however, can be clearly distinguished from the other 859 

species by their overall thickness and their thick, straight, slightly buttressed anticlinal walls, 860 

usually one papilla per cell, deeply sunken stomata and resin canals. 861 

This complement of typical cuticular features also serves as our basis to assign these 862 

various frond and pinna morphologies to the same species. On balance, the spectrum of 863 

macromorphological features is somewhat reminiscent of relatively complex leaves with 864 

polymorphic pinnules of the Dicroidium superbum complex (see, e.g., TOWNROW 1957; 865 

RETALLACK 1977; HOLMES 1982; ANDERSON & ANDERSON 1983). 866 

Cuticles similar to those described here as Dicroidium sp. B have been documented from 867 

the Ipswich Coal Measures (TOWNROW 1957). These were described as tough, with a thicker 868 

adaxial cuticle of isodiametric cells and a thinner abaxial cuticle having elongated 869 

(rectangular) cells in the costal fields, with straight to finely sinuous (probably buttressed) 870 

anticlinal walls and distinct small papillae. Stomata were said to be deeply sunken, with 871 

subsidiary cells covering parts of the guard cells (TOWNROW 1957). 872 

 873 

Dicroidium sp. C 874 

Text-fig. 5.7, Pl. 14. 875 

Stratigraphic level: LC-13. 876 

Possible previous records: 877 

1947 ?Neuropteridium sp. O.A.JONES et DE JERSEY, pp. 33–34, Text-figs 21, 22. 878 

1967 Johnstonia trilobita (JOHNST.) O.A.JONES et DE JERSEY 1947 – TOWNROW, p. 466, Fig. 2D. 879 
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1983 Dicroidium crassinerve (GEINITZ) J.M.ANDERSON et H.M.ANDERSON forma trilobitum 880 

(JOHNST.) J.M.ANDERSON et H.M.ANDERSON pro parte, p. 95, pl. 85, figs 33, 38–40. 881 

 882 

Description.—Fragments of pinnate fronds; pinnules attached suboppositely and clearly 883 

separated (Pl. 14, Figs 1–3). In proximal leaf portion, pinnules broadly attached at about 884 

right angles; towards apex becoming slightly constricted at base and attached at more acute 885 

angles (Pl. 14, Fig. 1). In central leaf portion, pinnules around two to three times longer than 886 

wide (c. 10 x 4 mm). Pinnules near leaf base and on the inner side immediately above the 887 

bifurcation short (Pl. 14, Figs 1, 2), triangular, and about as long as wide (3.5 x 3 mm). 888 

Pinnule margins shallowly and smoothly dentate to crenate throughout frond. Modified 889 

basal elements have not been recovered. Venation density moderate; in short pinnules 890 

odontopteroid (Pl. 14, Figs 2, 3), in elongate pinnules more alethopteroid with primary vein 891 

extending close to pinnule apex, but dichotomizing once before reaching apex (Pl. 14, Fig. 1). 892 

Secondary veins given off at 20–30°, dichotomizing once before reaching margin. 893 

Adaxial and abaxial cuticles equally thin. Epidermal cells (Pl. 14, Figs 4, 5, 6) slightly 894 

elongated (rectangular) and typically either orientated parallel or transverse to venation (35 895 

x 25 µm), less commonly square (30 x 30 µm). Epidermal cells of costal fields on abaxial leaf 896 

surface longitudinally aligned and more strongly elongated (15 x 55 µm). Cuticle over 897 

periclinal walls with one diffuse lens-like thickening per cell (Pl. 14, Figs 5, 6). Anticlinal walls 898 

thin, straight to very slightly curved and smooth. Leaves unevenly (inverse) amphistomatic 899 

with stomata distributed regularly across abaxial surface but located only on rachis of adaxial 900 

surface. Stomata orientated either parallel or transverse to venation (Pl. 14, Fig. 4), slightly 901 

sunken in lamina (Pl. 14, Fig. 6). Guard cells narrow, more thickly cutinized than subsidiaries, 902 

surrounding a straight pore (Pl. 14, Fig. 4). Mesophyll containing oblate resin bodies of varied 903 

size (50–120 µm in diameter) distributed evenly across pinnules (Pl. 14, Figs 1–4). 904 

 905 

Comparison and Remarks.—Pinnules of this species closely resemble Dicroidium lineatum 906 

from Leigh Creek, in having a lanceolate shape, alethopteroid venation, and simple 907 

epidermal cells with straight anticlinal walls, one weak lens-like thickening and slightly 908 

sunken stomata. However, they are clearly differentiated based on their unequal (inverse) 909 

stomatal distribution on the adaxial and abaxial leaf surfaces, shallowly dentate to crenate 910 
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leaf margins and much more weakly cutinized leaves. The pinnule dimensions are generally 911 

most similar to D. odontopteroides. 912 

Only three incomplete leaf fragments were recovered. The species is similar to a 913 

specimen illustrated by ANDERSON & ANDERSON (1983) as Dicroidium crassinerve forma 914 

trilobitum, in having short rhombic, triangular or oblong pinnules with characteristic dentate 915 

to crenate pinnule margins. ANDERSON &ANDERSON (1983) included such specimens within a 916 

broader morphological spectrum encompassing also short and apically three-lobed pinnules 917 

(e.g., their pl. 68, figs 26–30), which have been described from various locations across 918 

southern Gondwana (FEISTMANTEL 1889; ANTEVS 1914; JONES & DE JERSEY 1947; TOWNROW 1966; 919 

BOUCHER et al. 1995; NIELSEN 2005). We regard these leaves with lobed and crenate to 920 

dentate pinnules illustrated by ANDERSON AND ANDERSON (1983) and the specimens here 921 

described from Leigh Creek as possibly belonging to a distinct species separate from the 922 

typical D. crassinerve in general and also from D. trilobitum (JOHNST.) ANTEVS 1914 in 923 

particular. JONES AND DE JERSEY (1947) described a similar forked leaf with rhombic to oblong 924 

pinnules and a lobed margin from the Ipswich Coal Measures (Australia) under the name 925 

Neuropteridium sp., but did not give any information about the cuticle. 926 

The Leigh Creek species differs from Dicroidium trilobitum and from the various other 927 

forms of D. crassinerve (to which this leaf morphology has been referred) in having an 928 

extremely thin cuticle and in being mostly hypostomatic with only a few stomata on the 929 

upper leaf surface (TOWNROW 1966; ANDERSON & ANDERSON 1983; CANTRILL et al. 1995; 930 

BOMFLEUR & KERP 2010). These cuticle details, together with the typical crenate to dentate 931 

pinnule margin, may delimit a previously undescribed species, but owing to the sparse and 932 

incomplete material, we refrain from formally establishing a new taxon for these specimens.  933 

 934 

Fertile organs 935 

Residues of bulk-macerated shales and siltstones throughout the section have also yielded 936 

abundant fragments of Umkomasiaceae reproductive organs. In addition to the taxa 937 

described in detail below, most samples have also yielded small fragments of pollen sacs 938 

with bisaccate pollen but without any further diagnostic features. 939 

 940 

Genus Umkomasia H.H.THOMAS 1933 941 

Type species.—Umkomasia macleanii H.H.THOMAS 1933 942 
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Type: The holotype of U. macleanii is specimen V23360 (U11) in the collections of the 943 

Natural History Museum, London, collected from the Carnian Molteno Formation exposed at 944 

the Waterfall locality in Umkomaas Valley, Karoo Basin, South Africa (THOMAS 1933, p. 203, 945 

text-figs 1–4, pl. 23, fig. 56).  946 

 947 

Umkomasia sp. cf. U. quadripartita J.M.ANDERSON et H.M.ANDERSON 2003 948 

Pl. 15–17. 949 

Stratigraphic levels: LC-5, LC-20. 950 

Reference 951 

2003 Umkomasia quadripartita J.M.ANDERSON et H.M.ANDERSON, p. 247, pls 84, 85. 952 

 953 

Description.—Isolated cupules ovoid, 7–9 mm long and 4–7 mm wide, preserved either in 954 

lateral or in dorsiventral compression, split open about halfway into two almost 955 

hemispherical lobes, with pedicel attached broadly along distal cupule surface, recurved and 956 

extending downwards from between lobes along dorsal cupule surface (Pl. 16, Figs 1–7; Pl. 957 

17, Figs 1, 2). 958 

Proximal pedicel cylindrical, about 1 mm wide, and with similar cuticle thickness, 959 

epidermal cell pattern, and stomatal density over entire surface (Pl. 15, Fig. 1; Pl. 17, Figs 1, 960 

2); distally (towards the cupule), pedicel becoming flattened, broadening to about 2.5 mm 961 

width (see, e.g., Pl. 16, Fig. 3; Pl. 17, Fig. 2), with epidermis becoming increasingly 962 

differentiated into abaxial pedicel surface similar to inner cupule surface (see Pl. 17, Figs 1, 963 

5, compare to Pl. 15, Fig. 3) and adaxial pedicel surface more similar to outer cupule surface 964 

but with more strongly elongate cells (Pl. 16, Fig. 3; Pl. 17, Figs 2, 3).  965 

Outer cupule surface with isodiametric cells (c. 27 µm in diameter), thick and evenly 966 

cutinized periclinal surface and anticlinal wall flanges, and evenly distributed stomata (Pl. 15, 967 

Figs 2, 4, 6, 7; Pl. 17, Figs 4, 6); inner cupule surface with elongate, longitudinally aligned cells 968 

(about 45 µm long and 20 µm wide), with thin periclinal and anticlinal wall cuticle, and 969 

lacking stomata or hair bases (Pl. 15, Figs 2, 3, 5). Stomata orientated randomly (see Pl. 16), 970 

typically with two to four subsidiary cells and lacking polar subsidiary cells (Pl. 15, Figs 6, 7). 971 

Subsidiary cells with concentric wrinkles and commonly with more or less distinct papilla -like 972 

thickening on periclinal surface. Guard cells slightly sunken (see Pl. 17, Fig. 6), surrounded by 973 
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strongly cutinized walls forming an almost circular pit around the pore; pore delimited by 974 

thickened lips.  975 

 976 

Comparison and Remarks.—Incorporating observations of diverse epidermal (cuticle) 977 

features, THOMAS (1933) established three genera with fourteen species to contain the 978 

various types of cupulate organs associated with Dicroidium foliage from the Triassic 979 

Molteno Formation, South Africa. However, since cuticle features of the genus have only 980 

rarely been studied since then, all these species were later placed into synonymy of just a 981 

single species, Umkomasia macleanii (e.g., ANDERSON & ANDERSON 2003; ANDERSON et al. 982 

2019c). The isolated cupules described here are assigned to Umkomasia based on the 983 

characteristic epidermal architecture together with the size, the recurved orientation, and 984 

the deep median splitting of the cupule into two hemispherical halves (see, e.g., ANDERSON & 985 

ANDERSON 2003). They are, however, significantly larger (about twice the diameter) of any 986 

specimens described in Thomas’ original publication. In size, shape, and lobing, the cupules 987 

conform with two species from the Molteno Formation that have medium-sized cupules split 988 

into two lobes, i.e., U. bracteolata J.M.Anderson et H.M.Anderson 2003 and U. quadripartita 989 

J.M.Anderson et H.M.Anderson 2003 (ANDERSON et al. 2019c). The two species are 990 

distinguished from one another primarily by the average number of cupules per 991 

megasporophyll unit—a feature that cannot be resolved in our fragmented material. We 992 

note, however, that the likely affiliation with Dicroidium dubium (see discussion) provides 993 

circumstantial evidence for an at least tentative assignment to U. sp. cf. U. quadripartita; the 994 

reference assemblage for U. quadripartita (Mat111 in the Molteno Formation) is dominated 995 

by this leaf species (see ANDERSON & ANDERSON 1983, 2003). 996 

 997 

Genus Fanerotheca Freng. 1944a emend. J.M.Anderson et H.M.Anderson 2003 998 

Type species: Fanerotheca exstans FRENG. 1944a emend. Bodnar, Morel, Coturel et Ganuza 999 

2020 1000 

Type: FRENGUELLI (1944a) did not designate a holotype for the type species; recently, BODNAR 1001 

et al. (2020) proposed specimen no. LPPB 10258, 10259 (counterpart) from Frenguelli’s 1002 

original material to serve as lectotype, housed in the palaeobotanical collections the Museo 1003 

de La Plata, La Plata, Argentina, collected from the type bed EPI, of the upper section of the 1004 
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Carnian Potrerillos Formation, exposed at Puesto Mínguez, Cacheuta Hill, in Mendoza 1005 

Province, Argentina (BODNAR 2020, p. 7, Fig. 3 A & B). 1006 

 1007 

Fanerotheca sp. cf. F. waldeckiformis J.M.Anderson et H.M.Anderson 2003 1008 

Pl. 18, 19. 1009 

Stratigraphic levels: LC-5, LC-11, LC-13, U26 Highwall. 1010 

Possible previous records: 1011 

1927 Sagenopteris sp. DU TOIT, p. 399, pl. 29, fig. 3. 1012 

1944a Fanerotheca exstans FRENG., p. 393, pl. 1, fig. 2, pl. 2, fig. 1. 1013 

1960 Antevsia extans (FRENG.) TOWNROW, pp. 350–352, text-fig. 9G, pl. 9A–D. 1014 

2003 Fanerotheca waldeckiformis J.M.ANDERSON et H.M.ANDERSON, p. 276, pls 100–101. 1015 

2003 Fanerotheca cruciformis J.M.ANDERSON et H.M.ANDERSON, p. 277, pl. 102, figs 1–4. 1016 

 1017 

Description.—Isolated cupules, split open and flattened symmetrically into cross -shaped 1018 

structures with four even-sized, ovate or lanceolate to rounded-triangular lobes radiating 1019 

out from cupule centre; lobes 3–5 mm long and 2–3 mm in maximum width, divided about 1020 

50–75% from tip to cupule centre (Pl. 18, Figs 1–4; Pl. 19, Figs 1–3), commonly with 1021 

longitudinal folding along the free lateral margins (see, e.g., Pl. 18, Fig. 4; Pl. 19, Fig. 3). 1022 

Pedicels about 500 µm wide, attached to centre of cupule base and arising in a way 1023 

suggestive of originally right-angled attachment (i.e., not incurved or confluent with cupule 1024 

surface; see, e.g., Pl. 19, Figs 1–3).  1025 

Cupule cuticle very thin throughout; outer surface of central cupule partly verrucose, 1026 

shrivelled, more strongly cutinized (Pl. 19, Figs 1, 2); area of seed attachment in inner cupule 1027 

centre without cuticle and instead commonly with remnants of coalified material (see, Pl. 18, 1028 

Fig. 1; Pl. 19, Fig. 3). 1029 

Epidermal cells on outer surface of central cupule part near-isodiametric (about 30 µm in 1030 

diameter, see Pl. 18, Fig. 6; Pl. 19, Fig. 4), towards margin and into lobes becoming more 1031 

clearly elongate (c. 25 µm wide and c. 72 µm long, see Pl. 19, Figs 3, 5). Periclinal walls with 1032 

subtle, diffuse central thickening (only visible under UV fluorescence, see Pl. 19); anticlinal 1033 

walls thin, straight to slightly curved (Pl. 19, Figs 4–6). Cupules amphistomatic. Stomata 1034 

orientated randomly, distributed mainly over central lamina and central parts of the 1035 
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individual lobes. Guard cells sunken more deeply into cuticle, anticlinal wall flanges more 1036 

thickly cutinized, in some cases creating a ring around the pore (see Pl. 18, Fig. 7; Pl. 19, Figs 1037 

5, 6). Stomatal pore straight to spindle-shaped; ledges slightly thickened. Cupules bearing 1038 

conspicuous oblate resin bodies 100–400 µm (av. 220 µm, see Pl. 18, Figs 5, 6) in diameter 1039 

distributed evenly between cuticles, mainly in cupule centre and in basal and central 1040 

portions of lobes (see Pl. 18, Figs 1–3). 1041 

 1042 

Comparison and Remarks.—Although only isolated fragments have been recovered, the 1043 

cupules can be readily assigned to Fanerotheca based on the straight, perpendicular 1044 

attachment of the pedicel in the cupule centre (as opposed to the recurved orientation and 1045 

confluent pedicel attachment in Umkomasia cupules), the deep splitting of the cupule into 1046 

four even-sized lobes, and the characteristic epidermal architecture. The genus is apparently 1047 

widespread and surprisingly common in the Triassic of Gondwana (ANDERSON & ANDERSON 1048 

2003). In addition to the systematic descriptions of Fanerotheca from South America 1049 

(FRENGUELLI 1944a; BODNAR et al. 2020) and South Africa (ANDERSON & ANDERSON 2003), similar 1050 

cupules have been reported under various names by other authors from South Africa (DU 1051 

TOIT 1927; TOWNROW 1960), Australia (WALKOM 1915), Antarctica (BOMFLEUR et al. 2014), and 1052 

South America (TOWNROW 1960; JAIN & DELEVORYAS 1967). Five species are currently 1053 

recognized (BODNAR et al. 2020). Since many of the specific diagnostic characters relate to 1054 

features of the cupule-bearing branching system, the isolated cupules reported here cannot 1055 

be assigned to any particular species with certainty. We note, however, that in size and 1056 

shape of the cupule lobes and in pedicel dimensions, our material is particularly similar to 1057 

Fanerotheca cruciformis and F. waldeckiformis from the Molteno Formation of South Africa 1058 

(ANDERSON & ANDERSON 2003); by analogy with the South African assemblages, similar co-1059 

occurrence and inferred affiliation with the same Dicroidium leaf type leads us to tentatively 1060 

assign these specimens to Fanerotheca sp. cf. F. waldeckiformis (see discussion). 1061 

 1062 

Dispersed Umkomasiaceae seeds 1063 

Text-fig. 2.8. 1064 

Stratigraphic levels: LC-4, LC-14, U26 Highwall. 1065 

Selected references: 1066 

1933 Isolated corystospermous seeds, THOMAS, fig. 33, pl. 24, figs 67–69. 1067 
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2003 Umkomasia monopartita J.M.ANDERSON et H.M.ANDERSON pro parte (isolated seeds 1068 

only), pl. 87, figs 10–13. 1069 

 1070 

Description.—Isolated seeds were recovered from several beds, including two charcoalified 1071 

specimens and several cuticle fragments. Seeds elongate cordate (2.5–4.5 mm long and 2–1072 

3.4 mm wide), with gently (c. 45°) curved, bifid micropylar extension (Text-fig. 2.8), central 1073 

bifurcation covered with clusters of bisaccate Alisporites DAUGHERTY 1941/Falcisporites 1074 

LESCHIK 1956-type pollen. Seed bases slightly depressed. Cuticles thick; epidermal cells square 1075 

to slightly rectangular with strongly cutinized periclinal and anticlinal walls. No stomata 1076 

observed. 1077 

 1078 

Remarks.—The curved, bifid micropylar extension of these seeds indicate affinities with 1079 

Umkomasiaceae; the specimens most closely resemble the dispersed seeds of Umkomasia 1080 

organs (see, e.g., THOMAS 1933: figs 67–69) since they lack the prominent wing typical of 1081 

Feruglioa FRENG. 1944a, the seed type produced in Fanerotheca (e.g., ANDERSON & ANDERSON 1082 

2003; BODNAR et al. 2020). 1083 

 1084 

Genus Pteruchus H.H.THOMAS 1933 emend. H.M.ANDERSON 2019 1085 

Type species: Pteruchus africanus H.H.THOMAS 1933 emend. H.M.ANDERSON 2019 1086 

Type: Holotype of the type species is specimen V23384 (U244) in the collections of the 1087 

Natural History Museum, London, collected from the Carnian Molteno Formation exposed at 1088 

the Waterfall locality in Umkomaas Valley, Karoo Basin, South Africa (THOMAS 1933, p. 212, 1089 

text-figs 34, 35, pl. 24, figs 71, 72). 1090 

  1091 

Pteruchus africanus H.H.THOMAS 1933 emend. H.M.ANDERSON 2019 1092 

Pl. 20. 1093 

Stratigraphic levels: LC-12, LC-13. 1094 

Selected references and synonyms: 1095 

1933 Pteruchus africanus H.H.THOMAS, p. 212, text-figs 34, 35, pl. 24, figs 71, 72. 1096 

1933 (=) Pteruchus papillatus H.H.THOMAS, p. 237, text-figs 36, 37. 1097 

1933 (=) Pteruchus peltatus H.H.THOMAS, p. 238, text-figs 38, 39. 1098 
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1933 (=) Pteruchus hoegi H.H.THOMAS, p. 239, text-figs 40, 41, pl. 24, fig. 75. 1099 

1933 (=) Pteruchus stormbergensis H.H.THOMAS, p. 241, text-fig. 43. 1100 

1933 (=) Pteruchus dubius H.H.THOMAS, p. 241, text-figs 44, 45. 1101 

1933 (=) Pteruchus minor H.H.THOMAS, p. 242, text-figs 46, pl. 24, fig. 76. 1102 

1962 Pteruchus africanus H.H.THOMAS – TOWNROW, fig. 1A–D, F, fig. 2D–G, fig. 8B, C, fig. 9A–1103 

D, pl. 24, fig. 4, pl. 25, figs 1, 2. 1104 

 1105 

Description.—Only incomplete fructifications recovered; microsporophylls consisting of a 1106 

slender (700 µm wide) stalk terminating in simple, dorsiventral microsporophyll lamina (Pl. 1107 

20, Figs 1, 2). Microsporophyll lamina oval (c. 6 x 4.5 mm); margin finely sinuate forming 1108 

about ten even-sized lobules (Pl. 20, Fig. 1), covering pollen sacs almost entirely except for c. 1109 

0.5-mm-wide fringe of protruding pollen-sac apices (overall dimensions including protruding 1110 

microsporangia up to 7 x 5.5 mm). Abaxial lamina surface bearing 14–24 fusiform, straight to 1111 

slightly twisted pollen sacs, each about 1500 µm long and 600–650 µm wide, broadly 1112 

attached, arising more or less perpendicular to lamina surface, and showing fine, gently 1113 

helical longitudinal striations (Pl. 20, Figs 2, 3, 7). 1114 

Cuticle of adaxial microsporophyll lamina thick. Epidermal cells in central lamina portion 1115 

roughly isodiametric (30–40 µm long) and irregularly orientated (Pl. 20, Figs 4–6); periclinal 1116 

cell walls with 2–4 small papillae, anticlinal walls straight and slightly buttressed. Towards 1117 

lamina margin, epidermal cells becoming more elongate (30 µm wide, 44 µm long) 1118 

perpendicular to margin; periclinal walls thinner and lacking papillae; anticlinal walls thin and 1119 

straight. Stomata orientated randomly on adaxial surface, usually with two (to four) lateral 1120 

subsidiary cells (see, e.g., Pl. 20, Fig. 6). Subsidiary cells less cutinized than regular epidermal 1121 

cells, lacking papillae. Guard cells simple, faintly cutinized and flush with epidermis.  1122 

Pollen sacs with simple, narrowly rectangular epidermal cells (c. 135 µm long and 40 µm 1123 

wide, see Pl. 20, Fig. 3), orientated longitudinally; periclinal walls thin and lacking 1124 

ornamentation; anticlinal walls thin and straight (Pl. 20, Fig. 7). Most sacs containing masses 1125 

of bisaccate non-taeniate pollen grains of Alisporites/Falcisporites type (Pl. 20, Figs 8, 9). 1126 

 1127 
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Comparison and Remarks.—These pollen organs can be placed with certainty into the 1128 

broadly defined species Pteruchus africanus as emended by H.M. Anderson in H.M. ANDERSON 1129 

et al. (2019a), based on the size, shape, and lobate margin of the microsporophyll lamina, 1130 

the number of pollen sacs, and the distinctive stomatal architecture (see also TOWNROW 1131 

1962; ANDERSON & ANDERSON 2003). Cuticle details of Pteruchus were originally described by 1132 

THOMAS (1933) from the Molteno Formation, South Africa, but these related mainly to the 1133 

rather uniform and meagerly informative cuticle of the stalk instead of the microsporophyll 1134 

lamina. TOWNROW (1962) described the cuticles of the lamina as bearing irregular lumps 1135 

(compare Pl. 20, Figs 1, 3, 5) with obtusely to non-buttressed anticlinal walls and only slightly 1136 

sunken stomata with exposed pits, which agrees with our findings. Slightly helical 1137 

organization of cells in the pollen sac wall is common in several other extinct gymnosperm 1138 

groups—e.g., in Antevsia (Peltaspermales: ANDERSON & ANDERSON 2003, pl. 48), Arberiella 1139 

(Glossopteridales: MCLOUGHLIN & PREVEC 2021, fig. 3D), and Stachyopitys (Hamshawviales: 1140 

ANDERSON & ANDERSON 2003, pl. 74, fig. 13). This cell organization might represent an 1141 

adaptation to torsional splitting with hydration/desiccation to facilitate pollen release.  1142 

 1143 

5 Discussion 1144 

Although plant fossils have been recorded from the Leigh Creek Coal Measures for more 1145 

than 100 years (ETHERIDGE 1891), the richness, diversity and quality of the fossil material has 1146 

never been fully explored. The low degree of compaction and weak cementation of the host 1147 

deposits, coupled with the limited alteration and low coalification rank of the buried organic 1148 

matter, provides an exceptional source of new information for palaeobotanical 1149 

investigations. The exquisite preservation state allowed us to modify conventional 1150 

processing methods to obtain large sample volumes and optimal preparation results in a 1151 

short time and at low laboratory costs. Moreover, the individually adapted workflow 1152 

enabled us to obtain particular states of preservation for specific scientific questions. The 1153 

minimal alteration of the cuticles offered a unique opportunity to critically evaluate the 1154 

significance of cuticle features for species delimitation and whole-plant re-assembly in 1155 

Umkomasiales. The composition of distinct taphocoenoses also provides an exceptionally 1156 

detailed insight into the palaeoecology of Dicroidium plants and the continental middle- to 1157 

high-latitude palaeoenvironments of Triassic Gondwana. 1158 

 1159 
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Comments on chemical extraction and preparation procedures 1160 

The diverse forms of plant-fossil preservation in the Leigh Creek Coal Measures include 1161 

mummified lignitic remains (most with well-preserved cuticle and leaf resins, some with 1162 

preserved vascular bundles and even the remains of mesophyll tissues), charcoalified 1163 

fragments, and variable types of naturally macerated specimens, all in varying degrees of 1164 

fragmentation that range from mats of near-complete leaves to accumulations of strongly 1165 

comminuted debris. Some associated woody stems are preserved by siliceous and sideritic 1166 

permineralization. Since most fossils in these deposits are preserved in weakly consolidated 1167 

mudstone and siltstone, we adapted various traditional and novel methods of extraction and 1168 

preparation for the study of the material. The use of sodium hexametaphosphate for 1169 

sediment disaggregation enabled us to obtain large quantities of plant material in a very 1170 

short time and without the application of harmful chemicals. This method is limited to 1171 

weakly or unconsolidated sediments and only separates mineral matter from the organic 1172 

material; it does not chemically dissolve the sediment, resulting in less pristinely cleaned 1173 

samples compared to HF treatment, which is still needed for SEM preparation. After 1174 

extraction of the fossils, it was necessary to undertake detailed screening of the materia l, 1175 

using a stereo microscope and fluorescence microscope, to recover fossils that would 1176 

otherwise be disintegrated in the following chemical preparation. Carbonized plant 1177 

fragments (seeds, bark, reproductive organs) and naturally macerated leaves were isolated 1178 

to observe the venation and distribution of resin bodies or evidence of plant-insect 1179 

interactions (e.g., galling, mining, leaf-margin feeding). Subsequent chemical maceration was 1180 

undertaken either for bulk assemblages or isolated specimens; iteratively, the concentration 1181 

of 25% cold nitric acid for several days was found to be most effective—depending on the 1182 

degree of prior natural maceration of the fossils. A second bulk material screening was 1183 

carried out to recover all new and unusual fossils for further microscopic analysis, including 1184 

additional cuticles, material with cellular preservation (vascular bundles, mesophyll), 1185 

charcoalified fossils, and arthropod remains. Subsequently, additional oxidation of the fossils 1186 

was carried out when necessary using chlorine-bleach to remove amorphous mesophyll 1187 

from between the cuticles or to further bleach very opaque cuticles for optimal observation 1188 

using light microscopy or SEM. Following this workflow enabled us to recover the maximum 1189 

information from these uniquely well preserved matted leaf layers, containing diverse and 1190 

detailed macro-, meso-, and microfossil taphocoenoses. 1191 
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 1192 

Cuticular analysis as a tool in corystosperm taxonomy 1193 

The value of cuticle analysis for the taxonomy of fossil seed plants had already been 1194 

recognized in the 19th century (e.g., WESSEL & WEBER 1855; BORNEMANN 1856). Epidermal and 1195 

cuticular features have proven especially useful for the discrimination of pteridosperm 1196 

foliage at various taxonomic ranks (e.g., GOTHAN 1916; HARRIS 1932a, b; FLORIN 1933; BARTHEL 1197 

1961, 1962; KRINGS 1997; KERP & KRINGS 2003). Umkomasiaceae in particular have early on 1198 

been recognized as having distinctive epidermal anatomy (GOTHAN 1912; THOMAS 1933; 1199 

TOWNROW 1957; ARCHANGELSKY 1968), but the taxonomic significance of cuticle features in the 1200 

group has also been questioned (e.g., ANTEVS 1914; PATTEMORE 2016). 1201 

Our results clearly demonstrate cuticular analysis to be a highly useful tool for the 1202 

identification and delimitation of Umkomasiaceae fossils. Almost every Dicroidium species in 1203 

the assemblage can be characterized by a consistent set of diagnostic cuticular and 1204 

epidermal features, except for the few poorly preserved fragments of Dicroidium sp. C. The 1205 

diagnostic significance of such features can be assessed (1) due to the large sample size 1206 

(>550 microscopic slides with many more samples observed without mounting); (2) in the 1207 

consistency with which they occur across several stratigraphic levels and within laterally 1208 

correlative assemblages (i.e., LC12–14); and (3) from the comprehensive observations via 1209 

various analytical techniques (see methods; LM, TM, SEM). 1210 

Our results also highlight, however, that the taxonomic utility of cuticle features should 1211 

be evaluated critically for the studied plant group (see, e.g., BARCLAY et al. 2007; BOMFLEUR & 1212 

KERP 2010). The material should provide information both on macroscopic and on 1213 

microscopic features in order to render taxonomic results that are applicable to material 1214 

lacking preserved cuticles. Moreover, sufficient quantities of material are required to 1215 

account for the intraspecific variability in each taxon. Ideally, material from different beds or 1216 

from laterally separate samples is needed to exclude site-specific environmental influences 1217 

on cuticular morphology (see, e.g., BARCLAY et al. 2007). The observation of details from the 1218 

central lamina, on both adaxial and abaxial surfaces, and in both costal and intercostal fields 1219 

is required to effectively circumscribe each taxon. The cuticles of the petiole, rachis and 1220 

lamina margins commonly show fewer features and are less differentiated—and thus less 1221 

informative—for Dicroidium species demarcation. 1222 
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Features that proved to be most diagnostic for the delimitation of Dicroidium species 1223 

were (1) stomatal distribution, (2) anticlinal wall course and ornamentation; (3) periclinal 1224 

wall thickness and structure; (4) the differentiation of subsidiary cells compared to regular 1225 

epidermal cells; and (5) regular epidermal cell size, shape and orientation. Numbers and 1226 

configuration of subsidiary cells and the resulting overall structure of the stomatal 1227 

apparatus, by contrast, proved to be remarkably consistent across most species observed 1228 

(see also BOMFLEUR & KERP 2010). A notable exception is the more common occurrence of 1229 

cyclocytic stomata with a complete ring of subsidiary cells in Dicroidium zuberi, as observed 1230 

by previous authors (see also, e.g., TOWNROW 1957; ANDERSON & ANDERSON 1983). Based on 1231 

the results of our analysis, we provide an identification key for Dicroidium species from Leigh 1232 

Creek that we anticipate will prove applicable to other Dicroidium cuticle assemblages (Text-1233 

fig. 5). If a large number of cuticle specimens is available, micromorphological details offer a 1234 

very important source of information for precise species circumscription. This is especially 1235 

crucial in cases where evidence from gross morphology alone is ambiguous, either because 1236 

two species appear similar in macromorphology—as the two distinct cuticle types of 1237 

Dicroidium zuberi-like fronds reported here might indicate—or because a single species has 1238 

highly variable frond morphology (see Dicroidium sp. A).  1239 

 1240 

Whole-plant reconstruction 1241 

Given the ubiquity and abundance of corystosperm fossils in the Triassic of Gondwana, it is 1242 

surprising how few affiliations between species of leaves and reproductive organs have been 1243 

established thus far (BLOMENKEMPER et al. 2020). The extraordinary preservation of the Leigh 1244 

Creek material offers a rare opportunity to contribute towards reconstructing whole-plant 1245 

species of Dicroidium. Based on mutual-occurrence data (Table 1) and similarities in 1246 

epidermal and cuticle features, all identified taxa of reproductive organs, including 1247 

Umkomasia sp. cf. U. quadripartita, Fanerotheca sp. cf. F. waldeckiformis, and Pteruchus 1248 

africanus, can be linked to particular Dicroidium foliage species. 1249 

The complement of cuticle features of Umkomasia sp. cf. U. quadripartita is fully 1250 

consistent with that observed in Dicroidium dubium. Of particular importance is the 1251 

differentiation of subsidiary cells with the sporadic occurrence of a single solid thickening or 1252 

papilla in Umkomasia sp. cf. U. quadripartita; among the studied leaf species, this feature is 1253 

unique to Dicroidium dubium, which strongly favours its affiliation with the aforementioned 1254 
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reproductive organ. Additional evidence comes from co-occurrence data in that the common 1255 

occurrence of isolated Umkomasia sp. cf. U. quadripartita cupules is restricted to a single 1256 

bed in which D. dubium is also common (Table 1). Notably, the type material of Umkomasia 1257 

quadripartita in the Molteno Formation (ANDERSON & ANDERSON 2003) derives from an 1258 

assemblage that is also dominated by (and served as the reference assemblage for) 1259 

Dicroidium dubium (ANDERSON & ANDERSON 1983). 1260 

The ovule-bearing Fanerotheca, associated with Dicroidium foliage at many localities 1261 

(FRENGUELLI 1944a; TOWNROW 1962; ANDERSON & ANDERSON 2003; ANDERSON et al. 2019c; BODNAR 1262 

et al. 2020), can be correlated with the leaf species D. lineatum based on corresponding 1263 

cuticle features (see systematic description). In addition, Fanerotheca occurs in assemblages 1264 

in which D. lineatum is abundant or even dominant (Table 1). In South Africa, the various 1265 

species of Fanerotheca co-occur with several species of Dicroidium foliage, mainly D. 1266 

crassinerve, D. odontopteroides, D. elongatum and D. lineatum (ANDERSON & ANDERSON 1983, 1267 

2003). Particularly informative is assemblage Wal111, where Dicroidium lineatum (there 1268 

classified as D. odontopteroides subsp. lineatum) is the only Dicroidium species present, 1269 

makes up more than 90% of the recovered fossils, and is associated with abundant 1270 

reproductive organs securely referable to Fanerotheca waldeckiformis. 1271 

The pollen organ Pteruchus africanus can be linked to Dicroidium odontopteroides. Based 1272 

on cuticle features, the central lamina of Pteruchus africanus resembles that of D. zuberi and 1273 

D. odontopteroides in having small, sub-isodiametric epidermal cells, shallow stomatal 1274 

complexes without the deeper crescentic anticlinal wall flanges of the guard cells, and the 2–1275 

4 papillae or lens-like thickenings per cell. Compared to these two foliage species, it is 1276 

especially similar to D. odontopteroides in having rather smooth (as opposed to strongly 1277 

buttressed) anticlinal flanges and in showing mostly laterocytic stomata with only lateral 1278 

subsidiary cells. Moreover, well-preserved Pteruchus africanus specimens have been 1279 

recovered from only two assemblages, both of which contain D. odontopteroides as common 1280 

or dominant elements and in which D. zuberi is absent (Table 1). There is strong evidence to 1281 

suggest that at least some of the small-laminar Pteruchus africanus pollen organs were 1282 

borne on plants with D. odontopteroides foliage. This is supported by co-occurrence data 1283 

from South Africa (TOWNROW 1962; RETALLACK & DILCHER 1988; ANDERSON & ANDERSON 2003), 1284 

Australia (TOWNROW 1962) and Antarctica (AXSMITH et al. 2000). However, 1285 

macromorphologically similar Pteruchus organs also occur with other Dicroidium species, 1286 
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including narrow-leafed D. elongatum-like forms (e.g., TOWNROW 1962). We suggest that 1287 

future studies should aim to resolve the broadly defined Pteruchus africanus as emended by 1288 

Anderson (ANDERSON et al. 2019c) into more narrowly circumscribed species (see THOMAS 1289 

1933, TOWNROW 1962). However, this should be informed especially by studying the 1290 

diagnostic cuticle features of the microsporophyll lamina, which appear to be most 1291 

informative for organ affiliation (BLOMENKEMPER et al. 2020; this study). 1292 

Collectively, our results highlight the significance of cuticular analyses as a tool for whole 1293 

plant reconstruction in Umkomasiales (see BLOMENKEMPER et al. 2020), whereby we link 1294 

Fanerotheca sp. to Dicroidium lineatum, Umkomasia sp. cf. U. quadripartita to D. dubium 1295 

and Pteruchus africanus to D. odontopteroides based on their strong resemblances in 1296 

cuticular features.  1297 

 1298 

Palaeoenvironment/Palaeoecology of the Leigh Creek Flora 1299 

In the Late Triassic, Leigh Creek was situated at around 55° South, in a perhumid climate 1300 

with warm summers and mild, frost-free winters during a period of globally elevated 1301 

temperatures (ANDERSON & ANDERSON 1983; SCOTESE et al. 1999, 2001, 2021). In the Leigh 1302 

Creek area, the flora thrived under humid conditions, documented by swamp-, lake- and 1303 

river- deposits with thick peat accumulations (TOWNSEND 1979; KWITKO 1995; Text-figs 2, 3). 1304 

No detailed sedimentary facies analysis has been carried out on the Leigh Creek Coal 1305 

Measures. However, representative measured sections in mine pits exposing the ‘middle 1306 

and upper series’ coals (see Text-fig 2, 3) and embracing the intervals sampled for this study 1307 

reveal predominantly mudrock-dominated lithologies bracketing coals and sparse, thin 1308 

sheet-like sandstones. The representative sedimentary structures (flat and wavy 1309 

laminations) generally indicate low-energy conditions. Numerous sideritic and pyritic 1310 

concretions indicate regularly anoxic reducing conditions. Various root-rich and burrowed 1311 

layers also attest to periodic exposure and immature palaeosol development. The 1312 

preservation of freshwater molluscs and fish in the ‘lower series’ indicates episodic 1313 

development of more oxygen-rich environments during deposition of that interval (WADE 1314 

1953; LUDBROOK 1961; PLEDGE & BAULCH 2013; BERRELL et al. 2020). Algal palynomorphs 1315 

recovered from the succession also attest to oxygenated surface waters (PLAYFORD AND 1316 

DETTMANN 1965; MAYS et al., 2021). Collectively, the sedimentological and palaeontological 1317 
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features of the succession indicate deposition within predominantly lacustrine and paludal 1318 

environments with only minor contributions of fluvially transported sands. 1319 

The Leigh Creek fossil assemblages record typical diversity levels of Dicroidium-dominated 1320 

plant communities from Upper Triassic strata of southern Gondwana (RETALLACK 1977, 1980b; 1321 

ANDERSON & ANDERSON 1983, 2003; PAL 1984; GUERRA-SOMMER & CAZZULO KLEPZIG 2000; ESCAPA et 1322 

al. 2011; HOLMES & ANDERSON 2013; PATTEMORE 2016). Altogether, the recorded Dicroidium 1323 

species all seem to be common and widely distributed representatives of the genus. This 1324 

applies most obviously to the type species D. odontopteroides and the other well-known 1325 

species D. zuberi and D. dubium (ANDERSON & ANDERSON 1983); however, the narrow-leafed 1326 

forms that we distinguish as a separate species D. lineatum are also rather common 1327 

throughout Gondwana, and even the three unassigned species (D. sp. A, D. sp. B and D. sp. 1328 

C) have macromorphological features that correspond superficially to those of other widely 1329 

distributed forms, including D. elongatum, D. spinifolium, D. superbum and D. crassinerve 1330 

(see, e.g., ANDERSON & ANDERSON 1983). 1331 

Notably, the species compositions of the individual Dicroidium assemblages from 1332 

particular sampled layers are very distinct (Table 1). Most assemblages contain only two or 1333 

three Dicroidium species; this low diversity is remarkable given that the analysed sample 1334 

material from each bed usually comprised hundreds of cuticle fragments derived from 1335 

multiple hand specimens, some of these taken from within metre-thick intervals and over 1336 

lateral distances of several meters (compare, e.g., positions of samples levels LC12-14 in 1337 

Text-Fig. 3). Together with abundant rooting structures and overall intact preservation of 1338 

leaves, this consistently low diversity indicates more-or-less autochthonous deposition with 1339 

negligible transport and mixing. Therefore, we interpret the taxonomic composition of the 1340 

individual Dicroidium assemblages to accurately reflect the original species composition of 1341 

the local vegetation. As a result, we recognise three different types of Dicroidium 1342 

assemblages; (1) an assemblage type from the lower series (samples LC-17–20) dominated 1343 

by D. zuberi; (2) one from the upper series (LC-1–9) characterized by common to dominant 1344 

D. dubium; and (3) a third from the upper series (LC-11–14) composed almost entirely of D. 1345 

odontopteroides and D. lineatum. 1346 

Similar Dicroidium communities, especially a local dominance of either D. 1347 

odontopteroides and D. lineatum versus D. zuberi, have also been reported from the Upper 1348 

Triassic of South Africa (ANDERSON & ANDERSON 1983), Australia (RETALLACK 1977; HOLMES & 1349 
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ANDERSON 2005), and Argentina (see, e.g., ARTABE et al. 2001). These different species 1350 

compositions likely reflect local gradients in site-specific habitat conditions, such as water 1351 

availability and soil parameters. Dicroidium zuberi, for instance, is commonly interpreted to 1352 

have grown preferably on better-drained and more exposed sites (see, e.g., RETALLACK 1977; 1353 

DROVANDI et al. in press). Dicroidium dubium, by contrast, apparently preferred more water-1354 

logged conditions in peat-forming overbank environments; in the present collections, 1355 

occurrences of this species are closely associated with coal deposits (Text-fig. 3), and the 1356 

corresponding permineralized taxon D. fremouwense is dominant in silicified peat deposits 1357 

from Antarctica (PIGG 1990). Taken together, we interpret these different Dicroidium 1358 

assemblages from the various stratigraphic levels to reflect a mosaic of heterogenous plant 1359 

communities in a well-structured environment at a given time, rather than evolutionary 1360 

changes to plant lineages or significant changes in the climatic regime. 1361 

In general, approximately 95% of the Leigh Creek fossil plant assemblage consists of 1362 

umkomasialean plants fragments, which have been reconstructed as tree stratum 1363 

components of the ecosystem (RETALLACK 1977; PETRIELLA 1978; CÚNEO et al. 2003). Large 1364 

sideritized logs and stumps (Text-fig. 2.4) are co-preserved with the Dicroidium-dominated 1365 

leaf beds at Leigh Creek. These are accompanied by conifer trees, denoted by Heidiphyllum 1366 

elongatum and Rissikia media (CHAPMAN & COOKSON 1926; BARONE-NUGENT et al. 2003). The 1367 

herbaceous stratum of the palaeovegetation was composed of equisetaleans (CHAPMAN & 1368 

COOKSON 1926), some Petriellales (BARONE-NUGENT et al. 2003), and several fern species of 1369 

Dipterideaceae and Cyatheales that are preserved in cuticle and charcoal macerates (Text-1370 

fig. 2.14—2.16). This is supported by a diverse array of dispersed spores of ferns, lycopsids 1371 

and bryophytes (PLAYFORD & DETTMANN 1965). Ground-cover species of isoetaleans have been 1372 

identified by the abundant occurrence of megaspores in palynological assemblages 1373 

(DETTMANN 1961). In addition, we observed sporadic cuticles of less well-documented 1374 

gymnosperms belonging to Kurtziana and Sphenobaiera, for which whole-plant 1375 

reconstructions are not yet available but which possibly belonged to the tree canopy layer. 1376 

Altogether, the Leigh Creek Lagerstätte derives from well-stratified forest vegetation, with 1377 

umkomasialeans being the dominant floral component in the canopy layer. This accords with 1378 

reconstructions of Gondwanan Triassic peat-forming vegetation by others (e.g., RETALLACK 1379 

1977; RETALLACK & DILCHER 1988; BOMFLEUR et al. 2014: fig. 7). The common occurrence of 1380 

umkomasialean leaf mats (Text-fig. 2.13) at Leigh Creek supports the inferred deciduous 1381 
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habit of this group and its adaptation to seasonality and dark winters in higher latitudes 1382 

(MEYER-BERTHAUD et al. 1993; BOMFLEUR & KERP 2010). 1383 

This environmental setting is also reflected in functional-morphological features of the 1384 

Dicroidium cuticles. Thin amphistomatic leaves with densely distributed, superficial or little-1385 

sunken stomata on both sides indicate high conductance to CO2 and H2O and strong 1386 

photosynthetic capacity (PARKHURST 1978; MOTT et al. 1982) under negligible limitations in 1387 

the water supply. Among extant plants, such a complement of features is further indicative 1388 

of short leaf-lifespan (ONODA et al. 2012 and references therein), consistent with the inferred 1389 

seasonal deciduousness of Dicroidium plants (MCLOUGHLIN 2001; BOMFLEUR & KERP 2010; 1390 

BOMFLEUR et al. 2012). Another characteristic feature of Dicroidium cuticles that may have 1391 

aided photosynthetic performance is the lens-shaped thickenings of the periclinal cuticle 1392 

layer. Unlike the more typical leaf papillae, which project from the cuticle exterior and are 1393 

generally thought to increase the protective leaf boundary layer, these lens-shaped 1394 

thickenings are more or less diffuse and form only low topography on the cuticle surface. It 1395 

can further be expected that these structures in themselves are too large to have had any 1396 

major effect on water-repellence properties, as has been suspected for certain microreliefs 1397 

on fossil cuticles (e.g., POTT et al. 2007). We suspect that these structures instead functioned 1398 

as leaf ‘lenses’ that collect and direct light into chloroplast-rich tissue to maximize light 1399 

harvest (HABERLANDT 1905, 1914; MARTIN & JUNIPER 1970; see also BOMFLEUR & KERP 2010). 1400 

At Leigh Creek, all investigated Dicroidium species and the Fanerotheca species feature 1401 

oblate resin bodies or resin channels between the veins, so far documented only as 1402 

secretory structures in permineralized umkomasialeans from Antarctica (PIGG 1990; YAO et 1403 

al. 1995; KLAVINS et al. 2002). Although these findings might be due to the exceptional 1404 

preservation of the material, comparable amounts of resin bodies have not been observed in 1405 

cuticular analyses of corystosperms elsewhere (e.g., JONES & DE JERSEY 1947; JACOB & JACOB 1406 

1950; ANDERSON & ANDERSON 1983; ABU HAMAD et al. 2008; BOMFLEUR & KERP 2010). In modern 1407 

plants, such resin bodies result from sequestration of secondary metabolites and are 1408 

considered to provide defences against herbivory, reduce transpirational water loss, and aid 1409 

wound healing (FAHN 1988; KRINGS 2000 and references therein). KLAVINS et al. (2002) 1410 

hypothesized the large number of secretory structures to be a by-product of the higher 1411 

metabolic rates that corystosperms in Antarctica required to proliferate in the short growing 1412 

seasons at high latitudes and to provide defence against herbivores that foraged more 1413 
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intensely in those short seasons. Detailed analysis of Dicroidium cuticles from the Triassic of 1414 

Timber Peak in Antarctica, however, did not identify any resin bodies, despite the 1415 

occurrence of D. odontopteroides cuticles conforming in all other respects precisely to those 1416 

found in this study (see BOMFLEUR & KERP 2010). Among the Leigh Creek specimens, we 1417 

observed extensive herbivory (approximately 5–10% of specimens), including leaf margin 1418 

feeding, leaf mining, and piercing and sucking (see Text-figs 2.11, 2.12), indicating that 1419 

herbivory was a strong, prevalent stressor to plant growth in this environment; enhanced 1420 

resin production could thus be a response against arthropod herbivores. It is notable, 1421 

however, that leaves of other gymnosperm groups at Leigh Creek also contain abundant 1422 

resin products, including resin canals in Heidiphyllum, Kurtziana and ginkgophyte leaves 1423 

(UNVERFÄRTH, personal observation 2021) and individual secretory cells in Rochipteris leaves 1424 

(BARONE-NUGENT et al. 2003; UNVERFÄRTH, personal observation 2021). Regardless of the 1425 

botanical affinity of the individual plants, this seemingly ubiquitous resin production may 1426 

instead indicate a different cause for elevated stress in the vegetation. A recent review of 1427 

the occurrence of Late Triassic amber linked resin production to environmental stress during 1428 

the Carnian Pluvial Event, including wetter conditions, increased CO2, acid rain and frequent 1429 

wildfires (see SEYFULLAH et al. 2018 and references therein). Evidence for regular wildfire 1430 

activity, in particular, is the presence of prominent charcoal layers at Leigh Creek with well-1431 

preserved fern-fragments (Text-figs 2.14, 2.15, 2.16), indicating recurring understory forest 1432 

fires. Charcoal bands have also been reported from other Upper Triassic southern 1433 

Gondwanan deposits (see ABU HAMAD et al. 2012 and reference herein), but quantitative 1434 

evaluation of charcoal occurrences from the fossil record for the interpretation of wildfire 1435 

frequency is notoriously difficult (BATTEN 1998; FIGUEIRAL & WILLCOX 1999; MAYS & MCLOUGHLIN, 1436 

in press) so whether this interval experienced an elevated fire regime remains uncertain. 1437 

Further geochemical investigation of the resin might shed light on its purpose. 1438 

 1439 

6 Summary 1440 

We describe the first cuticle details of umkomasialeans (corystosperms) from the Leigh 1441 

Creek Coal Measures, South Australia, including seven foliage species (Dicroidium), two 1442 

ovuliferous organs (Umkomasia and Fanerotheca) and one pollen organ (Pteruchus). We 1443 

adapted novel extraction methods for the weakly compacted mudrocks with exceptionally 1444 

well preserved, mummified plant preservation (lignite A to sub-bituminous C rank coals), 1445 
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which can easily be performed in other studies with similar preservation. Our material 1446 

facilitated detailed analysis of an extensive assemblage of plant remains, which led to a 1447 

deeper understanding of cuticle features, diagnostic characters for recognising 1448 

umkomasialean species, and the intraspecific variability of the leaves. Although cuticles may 1449 

not be preserved in every fossil deposit containing Umkomasiales, the detailed analysis of 1450 

the Leigh Creek material provides an essential benchmark for validating existing species 1451 

diagnoses and highlighting shortcomings in existing species concepts. We identified 1452 

diagnostic cuticle traits and defined areas of the cuticle that are suitable for robust species 1453 

delimitation. The excellent cuticle preservation and co-occurrence of taxa based on isolated 1454 

organs provides an important tool to link dispersed foliage and reproductive structures at 1455 

the species level and contributes to whole-plant reconstructions. Beyond its contribution 1456 

towards more precise species and generic circumscriptions and for whole-plant re-assembly, 1457 

we anticipate that cuticular analysis of corystosperm foliage and reproductive organs will 1458 

also prove informative for inferring broader phylogenetic relationships among seed plants, 1459 

which are still not satisfactorily resolved (see CRANE 1985; COIRO et al. 2018 and references 1460 

therein). 1461 

The Leigh Creek flora is dominated by umkomasialean species that are typical of Late 1462 

Triassic assemblages of middle- to high-latitude Gondwana. The assemblages are mainly 1463 

dominated by smaller, architecturally complex leaves with shorter, elliptical pollen organs. 1464 

The common mass accumulation of well-preserved leaves into mats, the presence of resin 1465 

bodies, plant-insect interactions (feeding, mining, piercing and sucking) and the 1466 

micromorphological characters (paracytic stomata, predominantly amphistomatic 1467 

distribution, common papillae and lenticular thickenings on epidermal cells) give important 1468 

insights into these peat-forming wetland ecosystems that developed under strongly seasonal 1469 

climates that prevailed throughout the Triassic at high southern latitudes. 1470 
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 1989 

Text-figure captions 1990 

 1991 

Text-fig. 1 (half column) Geography and geology of the Leigh Creek Coal Measures (South 1992 

Australia). 1 – Australia with major Mesozoic sedimentary basins and an asterisk marking the 1993 

Leigh Creek basins. 2 – Leigh Creek sedimentary basins, with the studied Telford Basin (Lobe 1994 

B) in the centre. Fieldwork sampling sites marked with flags. 3 – Geological profile of the 1995 

sedimentary Leigh Creek succession with pollen zones (Text-figs 2 and 3 modified after 1996 

KWITKO 1995). 1997 

 1998 

Text-fig. 2 (full column) Photographic images of the Telford Basin and the modes of 1999 

preservation of the fossil plants. 1 – Satellite image of the Telford basin (Lobe B) with the 2000 

three sampling areas; A: Pit U26 and adjacent U27 (‘Upper Series’). B: Pit M13 (‘Middle 2001 

Series’). C: Pit L7 (‘Lower Series’). 2 – Central Telford Basin excavation site of the Upper 2002 

Series Coal looking eastward. 3 – Highwall profile outcrop with the Triassic–Cenozoic 2003 

disconformity in the upper part. 4 – Sideritized tree trunk within the Upper Series. 5 – 2004 

Siderized hardgrounds within the Upper Series. 6 – Large bipartite Dicroidium zuberi 2005 

(SZAJNOCHA) S.ARCHANG. 1968 leaf fragment on mudstone from the pit M13. Scale bar = 5 cm. 2006 
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7 – Thin and brittle fern foliage imprints on unconsolidated mudstone. Scale bar = 5 mm. 8 – 2007 

Charcoalified Umkomasia H.H.THOMAS 1933 seeds from the Upper Series. Scale bars = 1 mm. 2008 

9 – Dicroidium GOTHAN 1912 leaf litter on unconsolidated mudstone from the Upper Series. 2009 

Scale bar = 4 cm. 10 – Loose Dicroidium GOTHAN 1912 leaf litter from the Upper Series. Scale 2010 

bar = 5 cm. 11 – Leaf margin feeding on Dicroidium lineatum (TEN.-WOODS) H.M.ANDERSON et 2011 

J.M.ANDERSON 1970 leaf fragment. Scale bar = 1 cm. 12 – Leaf mining in a Dicroidium GOTHAN 2012 

1912 pinna fragment. Scale bar = 3 mm. 13 and 14 – Unconsolidated mudstone with leaf 2013 

litter layers from the Upper series. 14 - 16 – Charcoalified fern fragments from the Upper 2014 

Series. Scale bars = 1 mm. 2015 

 2016 

Text-fig. 2 (as it fits) Lithological profile of the ‘upper series’ with the sampled (LC-) section in 2017 

pit U26. 2018 

 2019 

Text-fig. 3 (half column) General schematic Dicroidium GOTHAN 1912 leaf with terminology 2020 

aspects. 2021 

 2022 

Text-fig. 4 (half column) Schematic key to the Dicroidium GOTHAN 1912 taxa. On the left: 2023 

shape and venation of the pinnules. On the right: Corresponding cuticle with diagnostic 2024 

features on internal view and cross-section of the periclinal wall ornamentation (inset). 2025 

 2026 

Table 1 Sampled stratigraphic levels with (co-)occurring foliage and fertile organs highlighted 2027 

in light grey. +++ abundant, ++ common, + rare, +- very rare, ? uncertain findings. Samples 2028 

LC-12, LC-13 and LC-14 are laterally correlative assemblages from the same stratigraphic 2029 

level. 2030 

 2031 

Plates 1-20 and explanations of plates 2032 

 2033 

Plate 1 – Macroscopic images of Dicroidium odontopteroides (MORRIS) GOTHAN 1912 cuticles 2034 

extracted from the Leigh Creek Coal Measures (South Australia), Upper Triassic. Figs 1–4 only 2035 

cleaned from the sediment with no further chemical treatment. Figs 5–9 cleaned and 2036 

macerated samples.  2037 
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Fig. 1 Furcate frond, simple pinnate with rhombic, (sub-opposite) pinnules, shorter 2038 

inner and larger outer pinnules above furcation, typical odontopteroid 2039 

venation, non-macerated. NRMS089772-27. Scale bar = 5 mm. 2040 

Fig. 2 Pinnules attached to rachis with elongated triangular shape, mixed 2041 

odontopteroid/alethopteroid venation and lobation in the middle of the lower 2042 

leaf margin, resin bodies preserved between the nerves. NRMS089772-41. 2043 

Scale bar = 5 mm. 2044 

Fig. 3 Basal leaf portion, widely spaced, rectangular and in the upper third lobed 2045 

pinnules. NRMS089772-07. Scale bar = 5 mm. 2046 

Figs 4 Elongated triangular, minor lobed pinnules of more spacious outer leaf 2047 

portions. NRMS089772-18. Scale bar = 5 mm. 2048 

Fig. 5 Modified basal element, rounded and strongly undulose margin. 2049 

NRMS089772-133. Scale bar = 2 mm. 2050 

Figs 6, 9 Apical pinnules roundly fused, single cuticle layers. Fig. 7 apex probably still 2051 

juvenile and with stronger fused lobes and meristem in the uppermost 2052 

pinnule portion. NRMS089772-154, NRMS089772-135. Scale bars = 2 mm. 2053 

Figs 7, 8 Simple pinnate leaf portions with narrow triangular pinnules shapes and small 2054 

resin bodies between upper and lower leaf’s cuticle. NRMS089772-128, scale 2055 

bar = 3 mm. NRMS089772-127, scale bar = 5 mm. 2056 

 2057 

Plate 2 – Upper and lower cuticle of Dicroidium odontopteroides (MORRIS) GOTHAN 1912 leaf 2058 

portion. Scale bar = 1 mm 2059 

Fig. 1 Upper cuticle. NRMS089772-125. 2060 

Fig. 2 Lower cuticle. NRMS089772-125. 2061 

 2062 

Plate 3 – Transmitted light micrographs of Dicroidium odontopteroides (MORRIS) GOTHAN 1912 2063 

cuticles from the Upper Triassic Leigh Creek Coal Measures (South Australia). 2064 

Fig. 1 Epidermal cell pattern of intercostal field (left) and costal field (right). 2065 

NRMS089772-125. Scale bar = 100 µm. 2066 

Fig. 2 Epidermal details of the cuticle with focus plane on the typical two to four 2067 

lens-like papillae per regular epidermal cell. NRMS089771-48. Scale bar = 100 2068 

µm. 2069 
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Fig. 3 Cuticle details with closer view on leaf lenses and slightly knobbed or 2070 

“buttressed” anticlinal cell walls. NRMS089772-100. Scale bar = 50 µm. 2071 

Fig. 4 Cuticle details with strong Nomarski interference contrast, focussing on the 2072 

buttressed anticlinal walls. NRMS089772-152. Scale bar = 50 µm. 2073 

Fig. 5 Detail of the spherical resin body, preserved in the mesophyll. NRMS089772-2074 

96. Scale bar = 50 µm. 2075 

Fig. 6 Stomata complex details with thin cutinized guard cells, shallow stomata and 2076 

subsidiary cells with strong cutinized distal anticlinal walls. NRMS089771-60. 2077 

Scale bar = 10 µm. 2078 

Fig. 7 Secondary electron microscopic (SEM) image with details of the slightly 2079 

buttressed cells walls and the shallow stomata complex with the differently 2080 

cutinized subsidiary cells. NRMS089772-175-01. Scale bar = 50 µm. 2081 

Fig. 8 SEM image with details of the stomata complex. Note the shallow and thin 2082 

guard cells the thicker cutinized pore and the subsidiary cell’s thick cutinized 2083 

distal anticlinal walls. NRMS089772-176-02. Scale bar = 10 µm. 2084 

 2085 

Plate 4 – Macroscopic images of Dicroidium lineatum (TEN.-WOODS) H.M.ANDERSON et 2086 

J.M.ANDERSON 1970 leaf fragments from the Leigh Creek Coal Measures (South Australia). 2087 

Figs. 1-4 and 8 only cleaned from the sediment, figs. 6 and 7 also macerated. If not otherwise 2088 

stated, scale bars = 5 mm. 2089 

Fig. 1 Two leaf portions above the bifurcation. Pinnules fully grown, spacious 2090 

suboppositely attached with resin bodies covering the whole leaf. 2091 

NRMS089773. 2092 

Fig. 2 Portion of a bifurcating leaf segment. Note the opposite attached pinnules 2093 

below the furcation and the strongly reduced pinnules on the inner leaf above 2094 

the furcation. NRMS089765. 2095 

Fig. 3 Leaf segment above the furcation, with short pinnules on the lower left. 2096 

EBN5A. 2097 

Fig. 4 Apical leaf segment with three fused pinnules at the apex (probably with leaf 2098 

margin feeding). NRMS089773. 2099 

Fig. 5 Leaf segment below the furcation with shorter pinnules and constricted bases. 2100 

NRMS089773-11. 2101 
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Fig. 6 Cuticle segment with furcation in the upper rachis. Note the top segment with 2102 

upper cuticle removed. NRMS089772-159. 2103 

Fig. 7 Cuticle of a leaf apex, with three apical pinnules fused and resin bodies 2104 

preserved in the lamina. NRMS089773-59. 2105 

Fig. 8 Basal pinnule with rectangular shape and lobation on the apical leaf margin. 2106 

NRMS089765. Scale bar = 3 mm. 2107 

 2108 

Plate 5 – Transmitted light micrographs of Dicroidium lineatum (TEN.-WOODS) H.M.ANDERSON 2109 

et J.M.ANDERSON 1970 cuticles from the Upper Triassic Leigh Creek Coal Measures (South 2110 

Australia). 2111 

Fig. 1 Lower cuticle with main nerve parallel to the lower image margin and sub-2112 

nerves running at 45° from lower left to upper right corner of the image. Note 2113 

the single lens-like thickening per cell and the thinner cutinisation compared 2114 

to Pl. 5, Fig 2. NRMS089765-59. Scale bar = 200 µm. 2115 

Fig. 2 Upper cuticle corresponding to Pl. 5, Fig .1 and with identical orientation. 2116 

NRMS089765-59. Scale bar = 200 µm. 2117 

Fig. 3 Cuticle of the rachis. Note the rectangular cells orientated in rows with 2118 

relative thick cutinized anticlinal walls. NRMS089772-159. Scale bar = 100 µm. 2119 

Fig. 4 Details of the spherical resin bodies preserved between D. lineatum cuticles. 2120 

NRMS089771-65. Scale bar = 50 µm. 2121 

Fig. 5 Cuticle details with strong Nomarski interference contrast, highlighting the 2122 

relief, the shallow lens-like papillae, the slightly sunken stomata and the more 2123 

or less straight and smooth anticlinal walls. EBN5-B15. Scale bar = 50 µm. 2124 

Fig. 6 Stomatal details displayed with Nomarski interference contrast. Note the 2125 

slightly sunken pore and the batwing-shaped anticlinal wall flanges of the 2126 

guard cells. NRMS089765-59. Scale bar = 20 µm. 2127 

Fig. 7 SEM image of epidermal cell pattern with main nerve running from left to 2128 

right in the upper half of the picture. NRMS089772-181. Scale bar = 100 µm. 2129 

Fig. 8 SEM image with stomatal details. Note the deeper sunken stomatal complex 2130 

with the batwing-shaped anticlinal wall flanges. NRMS089772-181. Scale bar = 2131 

10 µm. 2132 

 2133 
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Plate 6 – Macroscopic images of non-macerated Dicroidium dubium (FEISTM.) GOTHAN 1912 2134 

from the Upper Triassic Leigh Creek Coal Measures (South Australia). Scale bars = 2 mm. 2135 

Fig. 1 Leaf segment probably including the furcation, evident by the upper right 2136 

short and trapezoid pinna, typical for the inner leaf above the furcation. 2137 

NRMS089765. 2138 

Fig. 2 Short trapezoid pinnules with odontopteroid venation. NRMS089765. 2139 

Fig. 3 Basal pinna deeply lobed in two with alethopteroid venation in each segment. 2140 

NRMS089765. 2141 

Figs 4, 5 Elongated pinnae with alethopteroid venation and lobed leaf margins. Both 2142 

specimens show blotch mines and impressions of roots. NRMS089765. 2143 

 2144 

Plate 7 – Microscopic images of macerated Dicroidium dubium (FEISTM.) GOTHAN 1912 cuticles 2145 

from the Upper Triassic Leigh Creek Coal Measures (South Australia). 2146 

Figs 1, 2 Upper (1) and lower (2) cuticle, with undifferentiated costal and intercostal 2147 

fields in the upper cuticle and more elongated and aligned costal fields in the 2148 

lower cuticle. NRMS089761-12. Scale bars = 200 µm. 2149 

Fig. 3 Cuticle of the upper rachis, with differentiated costal fields and more strongly 2150 

swollen papillae. NRMS089765-111. Scale bar = 200 µm. 2151 

Fig. 4 Stomatal details with usually two papillae per cell, straight to delicately 2152 

undulose, the typical thickenings on the subsidiary cells and a thin thickening 2153 

of the guard cells. NRMS089761-12. Scale bar = 50 µm. 2154 

Fig. 5 SEM image with papillate cuticle in external view (left) and smooth cuticle in 2155 

internal view (right). Arrows indicating stomatal pits and stomatal complexes. 2156 

NRMS089765-135-02. Scale bar = 200 µm. 2157 

Fig. 6 Details of a cuticle with strongly swollen papillae arching over the stomatal 2158 

pit. NRMS089765-116. Scale bar = 25 µm. 2159 
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Fig. 7 SEM image showing the inner surface of cuticle with aligned epidermal cells in 2160 

costal area on the left and randomly orientated stomata in intercostal area on 2161 

the right. NRMS089765-135-02. Scale bar = 100 µm. 2162 

Fig. 8 SEM image of internal cuticle surface showing a stomatal complex. 2163 

NRMS089765-135-02. Scale bar = 20 µm. 2164 

 2165 

Plate 8 – Transmitted light microscopic and macroscopic images of macerated Dicroidium 2166 

zuberi (SZAJNOCHA) S.ARCHANG. 1968 leaves from the Upper Triassic Leigh Creek Coal Measures 2167 

(South Australia). Scale bar of images = 2 mm, unless otherwise stated. 2168 

Fig. 1 Leaf fragment with short, trapezoid and slightly lobed pinnules. NRMS089776-2169 

09. 2170 

Figs 2, 4 Microscopic image of pinna with upper (2) and lower (4) cuticle type 1, with 2171 

amphistomatic leaves. NRMS089776-04. Scale bar = 1 mm. 2172 

Fig. 3 Leaf fragment with larger pinnules, slightly lobed in the middle, with upper 2173 

cuticle removed on the lower left pinnule. NRMS089776-07. 2174 

Fig. 5 Leaf fragment with elongated and rounded-trapezoid pinnules. NRMS089775-2175 

13. 2176 

Fig. 6 Non-macerated pinna fragment with parallel dichotomizing venation. 2177 

NRMS089765-89. 2178 

Fig. 7 Large triangular to trapezoid leaf fragment with upper cuticle removed on the 2179 

lower half. NRMS089776-07. 2180 

Fig. 8 Apical leaf fragment with three fused pinnules. NRMS089776-23. 2181 

 2182 

Plate 9 – Transmitted light micrographs of Dicroidium zuberi (SZAJNOCHA) S.ARCHANG. 1968 2183 

from the Upper Triassic Leigh Creek Coal Measures (South Australia). 2184 

Figs 1, 2 Upper (1) and lower (2) cuticle type 1, with fewer stomata on the more 2185 

strongly cutinized upper cuticle. NRMS089775-09. Scale bars = 100 µm. 2186 
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Figs 3, 4 Upper (3) and lower (4) cuticle type 2, without stomata on the more strongly 2187 

cutinized cuticle, a faintly cutinized lower cuticle with stomata and trichome 2188 

bases. NRMS089761-03. Scale bars = 100 µm. 2189 

Fig. 5 Enlargement of the distinct papillae in D. zuberi. NRMS089776-08. Scale bar = 2190 

50 µm. 2191 

Fig. 6 SEM image from the outer cuticle surface illustrating the papillae. 2192 

NRMS089776-28. Scale bar = 50 µm. 2193 

Fig. 7 SEM image of the inner cuticle with strongly buttressed anticlinal cell walls. 2194 

NRMS089776-28. Scale bar = 50 µm. 2195 

Fig. 8 Stomatal details with non-papillate, non-buttressed anticlinal walls and with 2196 

striated subsidiary cells, and with more thinly cutinized and shallow guard 2197 

cells. NRMS089775-15. Scale bar = 25 µm. 2198 

Fig. 9 SEM image of a stoma. NRMS089776-28. Scale bar = 25 µm. 2199 

Fig. 10 Cuticle with preserved spherical resin bodies. NRMS089775-15. Scale bar = 2200 

100 µm. 2201 

Fig. 11 Trichome base from the lower cuticle type 2. NRMS089775-09. Scale bar = 50 2202 

µm. 2203 

 2204 

Plate 10 – Macroscopic images of Dicroidium sp. A cuticle fragments from the Upper Triassic 2205 

Leigh Creek Coal Measures (South Australia). Scale bars = 2 mm if not stated otherwise. 2206 

Figs 1, 2 Upper (1) and lower (2) cuticle of a leaf segment with very short triangular 2207 

pinnules. NRMS089773-66. 2208 

Fig. 3 Leaf segment with strongly elongated pinnules. NRMS089773-62. 2209 

Fig. 4  Apex with three strongly fused pinnules. NRMS089773-84. Scale bar = 1 mm. 2210 

Fig. 5 Non-macerated pinna fragment with clear main nerve and oblate resin bodies. 2211 

NRMS089773-23. 2212 
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Fig. 6 Pinnate leaf segment connecting to the rachis at the base, with gradually 2213 

shortened and more strongly fused pinnules. NRMS089773-64. 2214 

Fig. 7 Apical leaf segment with slightly longer finite pinnule segments.  2215 

NRMS089773. 2216 

Fig. 8 Leaf segment with short, triangular and strongly fused pinnules. 2217 

NRMS089773. 2218 

 2219 

Plate 11 – Transmitted light micrographs of Dicroidium sp. A from the Upper Triassic Leigh 2220 

Creek Coal Measures (South Australia). 2221 

Figs 1, 2 Upper (1) and lower (2) cuticles of an elongated pinna segment. Note the 2222 

elongated and aligned cells in the central costal fields and the 2–4 lens-like 2223 

thickenings per cell. EBN14-B14. Scale bars = 200 µm. 2224 

Fig. 3 Cuticular details of the rachis from the specimen figured on Pl. 1 Fig. 1. Note 2225 

the costal field in the centre of the image. NRMS089773-59. Scale bar = 200 2226 

µm. 2227 

Fig. 4 Non-macerated pinna (Plate 8, Fig. 4) with details of the coalified nerve in the 2228 

centre and two spherical resin bodies to the left and right. NRMS089773-23. 2229 

Scale bar = 200 µm. 2230 

Fig. 5 Cuticle details with slightly buttressed cell walls, lens-like periclinal wall 2231 

thickenings and crescent-shaped anticlinal walls of the stomatal guard cells. 2232 

NRMS089773-66. Scale bar = 50 µm. 2233 

Fig. 6 Cuticular details of the stomatal complex with a ring of four subsidiary cells 2234 

and concentric striae on the guard cells around the spindle-shaped pore. 2235 

NRMS089773-68. Scale bar = 20 µm. 2236 

Fig. 7 SEM image of the outer (lower image) and inner cuticle (upper image). Note 2237 

the outer cuticle with papillate surface and the arrows, pointing to the 2238 

stomata pits. Note the inner cuticle with buttressed cell walls, the papillae 2239 
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markings on the periclinal walls and the distinct anticlinal walls of the guard 2240 

cells. NRMS089773-88-01. Scale bar = 100 µm. 2241 

Fig. 8 SEM image of the stomatal complex with crescentic guard cells and thicker 2242 

cutinisation around the pore. NRMS089773-88-02. Scale bar = 10 µm. 2243 

 2244 

Plate 12 – Macroscopic and transmitted-light microscopic images of Dicroidium sp. B from 2245 

the Upper Triassic Leigh Creek Coal Measures (South Australia). 2246 

Figs 1, 2 Adaxial (1) and abaxial (2) cuticle of a leaf segment with very short and 2247 

slender pinnules. NRMS089779-13. Scale bar = 1 mm. 2248 

Figs 3, 4 Adaxial (3) and abaxial (4) cuticle of an elongate pinna fragment. 2249 

NRMS089779-21. Scale bar = 2 mm. 2250 

Figs 5, 6 Adaxial (5) and abaxial (6) cuticle of a short and oval pinna fragment. 2251 

NRMS089779-02. Scale bar = 5 mm. 2252 

Figs 7, 8 Adaxial (1) and abaxial (2) cuticle of a leaf fragment with oval pinna. 2253 

NRMS089779-17. Scale bar = 2 mm. 2254 

Figs 9, 10 Adaxial (9) and abaxial (10) cuticle of a leaf fragment with two sub-opposite 2255 

rectangular to rhombic pinnules. NRMS089779-01. Scale bar = 2 mm. 2256 

Figs 11, 12 Adaxial (11) and abaxial (12) cuticle of a round pinnules. NRMS089779-03. 2257 

Scale bar = 2 mm. 2258 

 2259 

Plate 13 – Microscopic images of Dicroidium sp. B from the Upper Triassic Leigh Creek Coal 2260 

Measures (South Australia). 2261 

Figs 1, 2 Adaxial (1) and abaxial (2) cuticle with dichotomizing costal fields in the 2262 

centre. NRMS089779-01. Scale bar = 100 µm. 2263 

Fig. 3 Cuticle details with deeply sunken stomatal complexes, orientated in growth 2264 

direction. NRMS089779-01. Scale bar = 50 µm. 2265 
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Fig. 4 Stomatal details with strongly cutinized florin ring. NRMS089779-08. Scale bar 2266 

= 25 µm. 2267 

Fig. 5 SEM image of the internal cuticle with thick anticlinal walls and large and 2268 

deeply sunken guard cells. NRMS089779-29. Scale bar = 50 µm. 2269 

Fig. 6 SEM image of the stomatal complex with the large and broad guard cells. 2270 

NRMS089779-29. Scale bar = 20 µm. 2271 

Fig. 7 Cuticle with elongate oval trichomes. NRMS089779-02. Scale bar = 50 µm. 2272 

Fig. 8 Disintegrated resin channels within the cuticles. NRMS089779-08. Scale bar = 2273 

100 µm. 2274 

Fig. 9 SEM image with the outer (left) and inner (right) cuticle surface. Note the 2275 

papillate surface and the arrows, indicating the stomatal pits. NRMS089779-2276 

28. Scale bar = 100 µm. 2277 

 2278 

Plate 14 – Macroscopic and microscopic images of non-macerated Dicroidium sp. C specimen 2279 

from the Upper Triassic Leigh Creek Coal Measures (South Australia). 2280 

Fig. 1 Leaf fragment with short triangular pinnules with odontopteroid venation at 2281 

the base and oblong pinnules with alethopteroid venation at the top. Note the 2282 

dentate to crenate leaf margins and the small oblate resin bodies within the 2283 

leaves. NRMS089772-26. Scale bar = 2 mm. 2284 

Fig. 2 Leaf fragment with leaf damage on the two pinnules at the lower left. 2285 

NRMS089772-24. Scale bar = 2 mm. 2286 

Fig. 3 Leaf fragment with triangular pinna. NRMS089772-25. Scale bar = 2 mm. 2287 

Fig. 4 Transmitted light micrograph with rachis to the right and resin bodies in the 2288 

central upper half of the image. Note the strongly cutinized anticlinal walls of 2289 

the guard cells. NRMS089772-24. Scale bar = 200 µm. 2290 

Fig. 5 Fluorescence microscopic image of the cuticle exterior, showing epidermal 2291 

cells with straight anticlinal walls, one lens-like thickening per cell and slightly 2292 
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sunken stomata with strongly cutinized guard cells. NRMS089772-25. Scale 2293 

bar = 100 µm. 2294 

Fig. 6 External fluorescence microscopic image of a stoma. NRMS089772-24. Scale 2295 

bar = 50 µm. 2296 

 2297 

Plate 15 – Micrographs of Umkomasia sp. cf. U. quadripartita J.M.ANDERSON et H.M.ANDERSON 2298 

2003 from the Upper Triassic Leigh Creek Coal Measures (South Australia). NRMS089765-2299 

122. 2300 

Fig. 1 Complete cupule with petiole attached, inner cuticle partly removed. Scale 2301 

bar = 1 mm. 2302 

Fig. 2 Detail of the inner cuticle with epidermal cells in rows and lacking any 2303 

stomata. Scale bar = 200 µm. 2304 

Fig. 3 Cupule margin with inner cuticle still attached on the left-hand side of the 2305 

image. Scale bar = 200 µm. 2306 

Fig. 4 Details of the outer cuticle with randomly and isodiametric epidermal cells 2307 

and numerous stomata in random orientation. Scale bar = 200 µm. 2308 

Fig. 5 Inner cupule with rows of epidermal cells, with thick anticlinal walls. Scale bar 2309 

= 100 µm. 2310 

Figs 6, 7 Inner cuticle with details of the stomata. Note the strongly cutinized guard 2311 

cells and the papillate subsidiary cells. Scale bars = 50 µm. 2312 

 2313 

Plate 16 – Fluorescence micrographs of cupules of Umkomasia sp. cf. U. quadripartita 2314 

J.M.ANDERSON et H.M.ANDERSON 2003 from the Upper Triassic Leigh Creek Coal Measures 2315 

(South Australia). Scale bars = 1 mm. 2316 

Figs 1, 2 Cupule in lateral view with the two hemispherical halves. NRMS089765. 2317 

Figs 3, 4 Cupule in dorsal (3) and ventral (4) view. Note the petiole merging in the 2318 

upper part with the cupule. NRMS089765. 2319 
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Fig. 5 Cupule in ventral view. NRMS089765. 2320 

Fig. 6 Cupule in lateral view. NRMS089765. 2321 

Fig. 7 Cupule in lateral view. NRMS089765. 2322 

 2323 

Plate 17 – Fluorescence micrographs of an Umkomasia sp. cf. U. quadripartita J.M.ANDERSON 2324 

et H.M.ANDERSON 2003 cupule from the Upper Triassic Leigh Creek Coal Measures (South 2325 

Australia). NRMS089765, if not stated otherwise. 2326 

Figs 1, 2 One hemisphere of a cupule with dorsal (1) and ventral (2) view. Scale bars  = 2327 

100 µm. 2328 

Fig. 3 Outer petiole epidermal cell details. Scale bar = 200 µm. 2329 

Fig. 4 Central cupule lamina surface in external view. Scale bar = 200 µm. 2330 

Fig. 5 Inner petiole epidermal details. Scale bar = 200 µm. 2331 

Fig. 6 Central cupule epidermal details from inside. NRMS089765-122. Scale bar = 2332 

200 µm. 2333 

 2334 

Plate 18 – Macroscopic and microscopic images of Fanerotheca sp. cf. F. waldeckiformis 2335 

J.M.ANDERSON et H.M.ANDERSON 2003 from the Upper Triassic Leigh Creek Coal Measures 2336 

(South Australia). 2337 

Fig. 1 Cupule, opened and with pedicel attached, partly disintegrated. 2338 

NRMS089772-57. Scale bar = 1 mm. 2339 

Fig. 2 Closed cupule with numerous resin bodies preserved. NRMS089765. Scale bar 2340 

= 1 mm. 2341 

Fig. 3 Cupule, macerated, opened and attached with the pedicel attached to the 2342 

peduncle. Note the large resin bodies. NRMS089772-162. Scale bar = 1 mm. 2343 

Fig. 4 Cupule fragment. NRMS089770. Scale bar = 1 mm. 2344 
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Fig. 5 Resin bodies preserved between the cuticle of the specimen in Fig. 5. 2345 

NRMS089772-32. Scale bar = 200 µm. 2346 

Fig. 6 Cuticle of a macerated cupule with oblate resin bodies in the top and 2347 

collapsed and partly folded lamina. NRMS089765-123. Scale bar = 200 µm. 2348 

Fig. 7 Stomatal details with thick anticlinal wall flanges of the guard cells and slightly 2349 

sunken stoma. NRMS089772-162. Scale bar = 20 µm. 2350 

 2351 

Plate 19 – Fluorescence microscopic images of Fanerotheca sp. cf. F. waldeckiformis 2352 

J.M.ANDERSON et H.M.ANDERSON 2003 from the Upper Triassic Leigh Creek Coal Measures 2353 

(South Australia). 2354 

Fig. 1 Complete cupule with four lobes. Note the strongly cutinized and wrinkled 2355 

central lamina attached to the petiole. NRMS089770. Scale bar = 1 mm. 2356 

Figs 2, 3 Open cupule in dorsal (2) and ventral (3) view. Note the petiole in the central 2357 

lamina pointing upwards and the coaly remains of the seeds ’ vascular supply 2358 

in ventral view. NRMS089770. Scale bars = 1 mm. 2359 

Fig. 4 Cuticle details of the central lamina. Note the isodiametric cell outlines, the 2360 

single thickening per cell and the slightly sunken stomata. NRMS089770. Scale 2361 

bar = 100 µm. 2362 

Fig. 5 Cuticle of the apical lobes. Note the elongated epidermal cells. NRMS089770. 2363 

Scale bar = 100 µm. 2364 

Fig. 6 Stomatal details. NRMS089770. Scale bar = 50 µm. 2365 

 2366 

Plate 20 – Fluorescence micrographs of Pteruchus africanus H.H.THOMAS 1933 emend. 2367 

H.M.ANDERSON 2019 from the Upper Triassic Leigh Creek Coal Measures (South Australia). 2368 

Figs 1, 2 Fertile head in dorsal (1) and ventral (2) view. Note the lobed and strongly 2369 

cutinized lamina in dorsal view and the pedicel at the base. NRMS089772. 2370 

Scale bar = 1 mm. 2371 
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Fig. 3 Fertile head laterally flattened and pollen sacci facing to the top. 2372 

NRMS089772. Scale bar = 500 µm. 2373 

Fig. 4 Central lamina cuticle. NRMS089772. Scale bar = 200 µm. 2374 

Fig. 5 Central lamina details. Note the several discrete papillae per epidermal cell. 2375 

EBN13A-P2D. Scale bar = 200 µm. 2376 

Fig. 6 Central lamina cuticle details with sunken stomata. NRMS089772. Scale bar = 2377 

100 µm. 2378 

Fig. 7 Pollen sac with bisaccate pollen grains inside. NRMS089771-69. Scale bar = 2379 

500 µm. 2380 

Fig. 8 Light microscopic image inside a pollen sac with bisaccate pollen. 2381 

NRMS089771-69. Scale bar = 50 µm. 2382 

Fig. 9 Light microscopic image of a bisaccate Alisporites/Falcisporites pollen grain. 2383 

NRMS089771-69. Scale bar = 20 µm. 2384 
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