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Abstract  28 

The upper Stormberg Group (Elliot and Clarens formations) of the main Karoo Basin is well-known 29 

for its fossil vertebrate fauna, comprising early branching members of lineages including mammals, 30 

dinosaurs, and testudinates. Despite 150 years of scientific study, the upper Stormberg Group lacks 31 

radioisotopic age constraints and remains coarsely dated via imprecise faunal correlations. Here we 32 

synthesise previous litho- and magnetostratigraphic studies, and present a comprehensive 33 

biostratigraphic review of upper Stormberg fauna. We also present the results of the first 34 

geochronological assessment of the unit across the basin, using U-Pb dates derived from detrital 35 

zircons obtained from tuffaceous sandstones and siltstones, the youngest of which are considered 36 

maximum depositional ages. Our results confirm that the Elliot Formation contains the Triassic–37 

Jurassic boundary, making it one of the few fossiliferous continental units that records the effects of 38 

the end-Triassic Mass Extinction event. Our work suggests a mid-Norian–Rhaetian age for the lower 39 

Elliot Formation and a Hettangian–Sinemurian age for the upper Elliot Formation, although the 40 

precise stratigraphic position of the Triassic/Jurassic (Rhaetian/Hettangian) boundary remains 41 

somewhat uncertain. A mainly Pliensbachian age is obtained for the Clarens Formation. The new 42 

dates allow direct comparison with better-calibrated Triassic-Jurassic faunas of the Western 43 

Hemisphere (e.g., Chinle and Los Colorados formations). We show that sauropodomorph, but not 44 

ornithischian or theropod, dinosaurs were well-established in the main Karoo Basin ~220 million 45 

years ago, and that typical Norian faunas (e.g., aetosaurs, phytosaurs) are either rare or absent in 46 

the lower Elliot Formation, which is paucispecific compared to the upper Elliot. While this is unlikely 47 

the result of geographic sampling biases, it could be from historical sampling intensity differences.  48 

 49 

Keywords: U–Pb detrital zircon geochronology; main Karoo Basin; Elliot Formation; 50 

vertebrate biostratigraphy; early dinosaurs; magnetostratigraphy   51 
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Motto: 52 

"Africa presents incomparable opportunities for geological studies; the area is vast; the 53 

workers are comparatively few. The time has not yet arrived for extremely detailed studies 54 

[…] Consequently, a temptation to generalize is ever present; and it is certain that 55 

conclusions reached by workers of my and preceding generations will demand constant 56 

revision in the light of new knowledge.” Sidney Henry Haughton (1888—1982) [in Dunham, K.C., 1983. 57 

Sidney Henry Haughton, 7 May 1888—24 May 1982. https://doi.org/10.1098/rsbm.1983.0011] 58 

 59 

1. Introduction 60 

The Upper Triassic to Lower Jurassic upper Stormberg Group (Elliot and Clarens formations) in the 61 

main Karoo Basin (MKB) of southern Africa (Fig. 1) is rich in both vertebrate body and trace fossils 62 

and serves as a global standard for Triassic-Jurassic boundary (TJB) studies. This fossil record is 63 

critical for understanding Early Mesozoic terrestrial vertebrate evolution, and it includes remains of 64 

dinosaurs, pseudosuchians, lepidosaurs, stem-group turtles, temnospondyl amphibians, and later-65 

branching therapsids, as well as their tracks and trackways (e.g., Ellenberger et al., 1964; 66 

Ellenberger, 1970, 1972, 1974; Kitching and Raath, 1984; Knoll, 2004, 2005). Faunal and sedimentary 67 

facies changes informally divide the Elliot Formation (EF) into lower (lEF) and upper (uEF) sections 68 

(e.g., Ellenberger et al., 1964; Kitching and Raath, 1984; Bordy et al., 2004 a, b, c, d). Historically, the 69 

lEF and uEF were both considered to be Upper Triassic (e.g., Haughton, 1924), but more recent work 70 

based on intercontinental faunal correlations has proposed that they represent Late Triassic and 71 

Early Jurassic depositional ages, respectively (e.g., Olsen and Galton, 1984; Lucas and Hancox, 2001). 72 

If these correlations are correct, then the Elliot Formation is indeed one of the few fossiliferous 73 

continental deposits that spans the end-Triassic Mass Extinction event (ETME). This makes it crucially 74 

important for understanding shifts in the terrestrial ecosystems of southern Pangaea through the 75 

TJB interval. However, these age assessments have not been tested using geochronological methods 76 

and, instead, rely on low-precision ichno- and biostratigraphic correlations. This prevents the rich 77 

fossil record of the Elliot Formation from being fully used for studying the dynamics of extinction and 78 

recovery during the ETME. 79 

Determining the depositional age of clastic sedimentary rocks is challenging, particularly in the 80 

absence of widespread and age‐specific fossils or interbedded geochronologically datable primary 81 

volcanic tuff layers - the products of co-genetic volcanic events. Within the Karoo Supergroup in the 82 

main Karoo Basin (Figs. 1, 2), the Permo-Triassic Beaufort Group is a leading example of a 83 
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radioisotopically well-dated, highly fossiliferous stratigraphic unit (e.g., Rubidge et al., 2013; Viglietti 84 

et al., 2018a). In contrast, radioisotopic dates have not been used to constrain stratigraphic 85 

hypotheses for the overlying Stormberg Group, which encompasses the Molteno, Elliot and Clarens 86 

formations. Although both groups are globally recognised for their rich continental fossil 87 

assemblages and associated record of mass extinctions, the lack of a high-resolution chronology in 88 

the Stormberg Group limits its biostratigraphic utility. One reason for this is that the Stormberg 89 

Group archives ~50 million years of geological history in <1.3 km of maximum stratal thickness, 90 

whereas the Beaufort Group represents ~26 million years of geological history in >4.5 km of 91 

thickness in the central MKB (see the Karoo timewheel: Fig. 1c). Regardless of the resolution of the 92 

geological archive provided by the Stormberg Group, establishing a modern chronostratigraphic 93 

framework for the section that encompasses the TJB in southern Africa is long overdue (Figs. 1, 2; 94 

e.g., Porro et al., 2010; Sciscio et al., 2017a; McPhee et al., 2017). 95 

The depositional ages of the Stormberg Group formations (Fig. 2) are constrained to some extent by 96 

biostratigraphy and, to a lesser extent, magnetostratigraphy. The oldest Stormberg Group unit, the 97 

Molteno Formation, is assumed to be Carnian, an assignment based on its exceptionally well-98 

preserved and diverse plant fossil assemblages that are dominated by the seed fern Dicroidium (Figs. 99 

2, 3; Anderson and Anderson, 1970; Anderson et al., 1998; Knoll, 2004; Labandeira et al., 2018). 100 

Based on biostratigraphic correlations with better-dated global deposits, the two subdivisions of the 101 

unconformably overlying Elliot Formation, the lEF and uEF, are believed to be Norian–Rhaetian and 102 

Hettangian–Sinemurian, respectively (for lEF see e.g., Hopson, 1984; Gow and Hancox, 1993; Lucas 103 

and Hancox, 2001; Knoll 2004; McPhee et al., 2017; for the uEF see e.g., Olsen and Galton, 1984; 104 

Smith and Kitching, 1997; Lucas and Hancox, 2001; Knoll, 2005). The overall Norian–Sinemurian age 105 

for the Elliot Formation has been confirmed recently via magnetostratigraphy (Sciscio et al., 2017a). 106 

The youngest Stormberg Group unit, the Clarens Formation, contains a paucispecific assemblage 107 

composed of taxa similar or identical to those common in the underlying uEF, and is inferred to be 108 

Sinemurian–Pliensbachian. The age of the upper boundary of the Stormberg Group succession is 109 

provided by the conformably overlying, Toarcian-aged continental flood basalts, the outpouring of 110 

which terminated sedimentation of the Karoo Supergroup (Figs. 2, 3). Radioisotopic dating of these 111 

basalts indicates that the main pulse of this multi-peak volcanic event occurred between 181–183 112 

Ma (Duncan et al., 1997; Svensen et al., 2012; Sell et al., 2014; Moulin et al., 2017). Moreover, field 113 

and radioisotopic evidence indicate that the outpouring of the first lava flows, at least in the 114 

southern MKB, started a few million years earlier in the late Pliensbachian (at ~189 Ma; Fig. 2; 115 

Moulin et al., 2017).  116 
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Here we present the first chronostratigraphic framework for the upper Stormberg Group, using new 117 

age constraints (maximum depositional ages, MDAs) obtained from detrital zircons in tuffaceous 118 

sandstones and siltstones via U-Pb geochronological methods (CA‐ID‐TIMS, LA‐ICP-MS). We regard 119 

this initial, basin-wide chronostratigraphic framework as an important independent test of previous 120 

age determination methods, while acknowledging that it is but a first step in solving a temporally 121 

and geographically enormous problem. Our efforts to arrive at the most accurate age interpretations 122 

of these newly obtained geochronological dates are informed by our collective lithostratigraphic, 123 

sedimentologic, magnetostratigraphic, and biostratigraphic (including ichnologic) perspectives. 124 

Therefore, we also present a brief review of the unit on the basis of these multidisciplinary aspects 125 

and integrate the new dates into the overall stratigraphy of the Elliot and Clarens formations. While 126 

our dating results are circumscribed by the long duration and limited rock volume of the upper 127 

Stormberg Group, this synthesis allows us to infer that the duration of the Elliot depositional episode 128 

was middle Norian–Sinemurian, whereas the Clarens depositional episode was mostly Pliensbachian, 129 

and thus to evaluate paleobiogeographical signals at the onset and recovery from the ETME. 130 

Moreover, these new geochronological dates provide initial steps towards a more quantitative 131 

understanding of the rates of sediment preservation, basin evolution processes (e.g., sediment 132 

sources, dispersal patterns), paleogeographic/climatic changes, and major paleobiological events, 133 

including the tempo and mode of early dinosaur, crocodylomorph, testudinate and mammalian 134 

evolution in southern Pangea during the transition from the Late Triassic to the Early Jurassic. 135 
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136 
Figure 1. (A) Overview geological map of the upper Karoo Supergroup showing the geographic 137 

distribution of the 16 detrital zircon samples presented in this study (see Sections 3 and 4.1 for 138 

details). (B) Inset map of the MKB of South Africa and Lesotho showing the position of the Stormberg 139 

Group within it. (C) Karoo timewheel showing the relative length of geological time represented by 140 

each main stratigraphic unit in the Karoo Supergroup. [final size: full page width, portrait] 141 
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142 
Figure 2. The chronostratigraphy of the Upper Triassic–Lower Jurassic Stormberg and Drakensberg 143 

groups (Karoo Supergroup), with special focus on the magneto- and lithostratigraphy of the Elliot 144 

Formation, and the main body and trace fossil groups in the upper Stormberg Group. Radioisotopic 145 

dates are from this study for the upper Stormberg Group and Moulin et al. (2017; K-Ar, 40Ar/39Ar 146 

methods) for the Drakensberg basalts. Unless otherwise marked, the maximum depositional ages 147 

are based on the mean U-Pb detrital zircon dates of the youngest two or more grains with 148 

overlapping dates at 2σ (see Table 1). The less-than sign next to each MDA indicates that the age of 149 

the sample could be younger (i.e., the MDAs are only maximum constraints on the age of 150 

deposition). Geological time scale based on the International Chronostratigraphic Chart (v2018/08; 151 

ICS, 2018) and Cohen et al. (2013). The Triassic time scale shows both the ‘long Norian’ and ‘short 152 

Norian’ calibrations of the Late Triassic (see discussion in Lucas, 2018). Note that most 153 

lithostratigraphic boundaries are likely to be diachronous, i.e., they are time-transgressive laterally 154 

across the basin from south to north and likely from west to east as well. Stormberg Group sample 155 

locations are shown in Figure 1. For the complete geochronologic dataset, see Supplemental Text 1, 156 

Table S1 and Figure S1. For a key to the animal silhouettes and ichnites (mostly from Ellenberger 157 

1970), see Supplemental Text 1. [final size: full page width, landscape] 158 

 159 
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2. Stratigraphic background 160 

The ETME is one of the ‘Big Five’ biotic crises that are generally thought to have shaped large-scale 161 

patterns of Phanerozoic biodiversity, fundamentally reorganising the taxonomic compositions of 162 

both continental and marine biogeographic realms (e.g., Raup and Sepkoski, 1982). Studying the 163 

effects of this global event in continental ecosystems is difficult because fossiliferous deposits 164 

spanning the Late Triassic–Early Jurassic (specifically the post-Carnian to pre-Toarcian interval) are 165 

rare and generally poorly dated (e.g., Lucas, 2018). The Elliot and Clarens formations of southern 166 

Africa have rich records of tetrapod body and trace fossils resulting from over a century and a half of 167 

investigation (e.g., Owen, 1854; Haughton, 1924; Crompton and Jenkins, 1968; Ellenberger, 1970, 168 

1972, 1974; Kitching and Raath, 1984; Warren and Damiani, 1999; Yates and Kitching, 2003; Knoll, 169 

2004, 2005; Butler et al., 2007; Yates, 2007a, b; Yates et al., 2009; McPhee et al., 2014, 2015a, b; 170 

2017, 2018; Dollman et al., 2017). However, the current state of its chronostratigraphic framework 171 

leaves the quantification of geological and biological processes uncertain. The lack of absolute age 172 

control in the upper Stormberg Group hampers our ability to accurately and precisely correlate the 173 

changes that have already been observed in basin development, ancient landscapes, climate, and 174 

faunal assemblages with other global records, as well as with regards to the position of the ETME. In 175 

the following sections, we review these and additional limitations of the currently weak 176 

chronostratigraphic framework, and highlight the recent advancements in the various stratigraphic 177 

studies of the Elliot Formation, the unit that contains the Triassic-Jurassic boundary in southern 178 

Africa. 179 

 180 

2.1. Lithostratigraphy 181 

The first modern facies analysis study of the Elliot Formation confirmed that the informal 182 

lithostratigraphic subdivisions of the unit (lEF and uEF, respectively) are recognizable on a basinal 183 

scale (Figs. 2, 3; Bordy et al., 2004a, b, c, 2005). These studies also demonstrated mappable regional 184 

spatiotemporal changes in facies distribution, thickness, and sediment dispersal patterns (via 185 

provenance assessment of paleocurrents and source rock composition) in this fluvio-lacustrine 186 

succession. Although lithostratigraphic/sedimentary facies characteristics (summarized in Figure 3) 187 

assist in the straightforward separation of the lEF and uEF, the lateral variability of the stratigraphic 188 

architecture at outcrop scale is so high throughout the basin that robust correlation between facies 189 

associations is not feasible even in adjacent, high-quality outcrops. Although the correlation of 190 

fluvio-lacustrine strata is usually problematic (e.g., Miall, 2013, 2015, 2016), the absence of high-191 
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resolution subsurface data (e.g., seismic reflection studies, core data) for the entire Stormberg 192 

Group further compound these correlation difficulties.  193 

The lEF is generally characterised by heterogeneous red-purple (ranging from olive-grey to bluish-to-194 

purplish-red) mudstone units with rare colour mottling, and multi-storey, cliff-forming sandstone 195 

units with well-developed lateral accretion surfaces and irregular, erosive basal bounding surfaces 196 

(Fig. 3; Bordy et al., 2004b, d). The medium-grained, litho-quartzose sandstones in the lEF can be up 197 

to ~20 m thick, and have asymmetrical geometry in cross-section perpendicular to paleocurrent 198 

directions. The sandstones are often trough and planar cross-bedded and massive (structureless); 199 

low-angle cross-bedding and planar stratification (horizontal lamination) are rare. Ripple cross-200 

lamination, bioturbation structures and soft-sediment deformation features are all extremely rare. 201 

Well-defined, upward-fining successions often begin with mud-pebble conglomerate lags. The 202 

mudstones, which are 20–30 m thick on average, rarely display pedogenic alteration features (e.g., 203 

irregular mottles, desiccation cracks, carbonate nodules) in contrast to uEF mudstones.  204 
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 205 

Figure 3. Sedimentary facies characteristics and main depositional conditions of the Molteno, lEF, 206 

uEF and Clarens formations (Stormberg Group) in the main Karoo Basin of southern Africa. (Data 207 

sources: Ellenberger et al., 1964; Bordy et al., 2004a, b, c, d, 2005; Bordy and Head, 2018). [final size: 208 

full page width, portrait] 209 
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 210 

The majority of the uEF comprises very fine- to fine-grained, feldspatho-quartzose sandstones and 211 

pedogenically altered mudstones (mostly siltstones) (Fig. 3; Bordy et al., 2004b; McPhee et al., 212 

2018). The diagnostic sedimentary facies of the uEF are intraformational conglomerates, consisting 213 

mostly of reworked pedogenic nodules and bone fragments, and clast-rich, massive, silty, very fine-214 

grained sandstones (e.g., Bordy et al., 2004b: pp. 393, 395, 397; Bordy et al., 2017a: pp. 366, 369). 215 

The uEF sandstones are tabular, sheet-like bodies with thickness ranges of < 1–6 m that can extend 216 

laterally for several hundred metres (Fig. 3). The uEF sandstones contain planar stratification 217 

(horizontal lamination), ripple cross-lamination and, less commonly, planar cross-bedding. Soft 218 

sediment deformation and bioturbation structures are common. In the uppermost uEF, sandstones 219 

are slightly coarser, medium-grained and occur as channel-shaped bodies with rare lateral accretion 220 

beds that are up to 15 m in thickness, resulting in an overall upward-coarsening and upward-221 

thickening character. The uEF mudstones are brick-red, maroon to light pink in colour, and regularly 222 

show evidence for pedogenic overprinting (e.g., desiccation cracks, in-situ carbonate nodules, 223 

rootlets, colour mottling, bioturbation structures) in contrast to the lEF mudstones. Laminated 224 

mudstones, appearing dark grey to black, are also present in the uEF. They are rich in organic matter 225 

and some bear conchostracans in the uppermost uEF (e.g., Sciscio et al., 2017b; Rampersadh et al., 226 

2018).  227 

Sediment supply patterns prevailed from the south in the lEF but were replaced by transportation 228 

directions mainly from west and south-west in the uEF (Fig. 3). Simultaneously, with the 229 

reorganization of the sediment supply patterns, the source of the sandstones also shifted from a 230 

litho-quartzose provenance in the lEF to a feldspatho-quartzose one in the uEF. Both the lEF and uEF 231 

show a decrease in thickness from south to north within the MKB, especially over the southern 232 

margin of the Kaapvaal Craton. This south-to-north thinning is particularly distinct in the lEF, which is 233 

~300 m-thick near its type locality in the Barkly Pass, and <10 m-thick in the northernmost region of 234 

the basin (e.g., Bordy et al, 2004b, c; Bordy and Eriksson, 2015; McPhee et al., 2017). The uEF has a 235 

maximum thickness of ~255 m in the south and a minimum thickness of <30 m in the north.  236 

The marked differences in the architecture of the sedimentary facies (i.e., contrasting sandstone 237 

body geometries and associated facies assemblages), sediment supply pattern, petrological 238 

composition and thickness trends at the lEF-uEF contact are explained by changes in fluvial style and 239 

regional basin dynamics (Bordy et al., 2004a, b, c, d, 2005). The multi-storey, cliff-forming, 240 

asymmetrical channel-fill sandstones of the lEF are interpreted as deposits of a perennial fluvio-241 

lacustrine system that formed under humid to semi-arid climatic conditions. The moderately 242 
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meandering channels in the lEF were adorned by riparian forests separated from one another by 243 

extensive overbank floodplain areas. In contrast to the lEF, the low-energy depositional system in 244 

the uEF was prone to cycles of sudden flash flooding and prolonged desiccation under semi-arid 245 

climatic conditions. The multi-storey, mostly tabular sandstones in the uEF formed in ephemeral 246 

watercourses, which intermittently flowed on vast floodplains with abundant calcic paleosols and 247 

shallow, mostly ephemeral lakes. A long-term trend of aridification that started in the uEF (e.g., 248 

Bordy et al, 2004b; Bordy and Erikson, 2015; Sciscio and Bordy, 2016) continued during the 249 

deposition of the Clarens Formation (Figs. 2, 3), which is dominated by massive to large-scale, cross-250 

bedded sandstones that formed in wet and dry deserts with large, down-wind and eastward 251 

migrating sand dunes (e.g., Beukes, 1970; Visser, 1984; Eriksson, 1986; Bordy and Head, 2018).  252 

The contrast in fluvial style, provenance and thickness trends across the contact of the lEF and uEF 253 

was interpreted by Bordy et al. (2004a, b, c, d, 2005) as a basin-wide unconformity. The duration of 254 

this stratigraphic gap was sufficiently long to have allowed the reorganization of regional fluvial 255 

depositional style and drainage patterns. Neither the absolute time represented by this regionally 256 

mappable paraconformity (essentially a sequence boundary) nor its date of occurrence relative to 257 

the TJB have been quantified, mainly because the aforementioned lithostratigraphic and 258 

sedimentologic methods are unsuitable for age assessments, except for coarse inferences of relative 259 

rates of sediment preservation (e.g., mature paleosols develop during prolonged low rates of clastic 260 

sediment accumulation vs flash flood sediments representing sudden high rates of accumulation). 261 

 262 

2.2. Magnetostratigraphy 263 

Magnetostratigraphy is a stratigraphic correlation and relative dating tool that can provide an 264 

autonomous framework for delineating discrepancies between other stratigraphic correlation 265 

methods. However, in fluvio-lacustrine units (such as the Elliot Formation), magnetostratigraphy is 266 

fraught with uncertainty due to the inherently discontinuous nature and heterogenous stratigraphic 267 

architecture of such sedimentary rock successions (e.g., Miall, 2013). To minimize analytical and 268 

stratigraphic uncertainties, modern magnetostratigraphic approaches combine detailed litho- and 269 

biostratigraphic assessments with robust age constraints, which serve as stratigraphic calibration 270 

and anchoring points (e.g., Tauxe, 1998; Langereis et al., 2010). 271 

Paleomagnetic studies in the Mesozoic of southern Africa have relatively low resolution and mostly 272 

focus on the Permo-Triassic boundary and Toarcian continental flood basalts (e.g. de Kock and 273 

Kirsvinch, 2004; Lanci et al., 2013; Moulin et al., 2011, 2012, 2017). Magnetostratigraphic studies on 274 
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the upper Stormberg Group are less common (e.g., Opdyke, 1964; de Kock, 2003; Sciscio, 2016; 275 

Sciscio et al., 2017a), and use magneto- and biostratigraphic correlations to link this succession to its 276 

global counterparts in continental settings. For example, Sciscio et al. (2017a) built a 280-m-thick 277 

composite magnetostratigraphic section for the Elliot Formation by combining nine stratigraphic 278 

sections along a ~350-km-long transect in the MKB (Figs. 1, 2). This composite section comprises 279 

seven polarity pairs (EF2–EF8) and two single polarity intervals (EF1r and EF9n). The lEF contains four 280 

normal-reverse polarity intervals (EF2–EF5) and one reverse polarity zone (EF1r). The uEF has three 281 

normal-reverse polarity intervals (EF6–EF8) and one normal polarity zone (EF9n). The basal 282 

magnetostratigraphic tie is a single 40Ar-39Ar age of 215±3 Ma (Hälbich et al., 1983), which has been 283 

tentatively linked to a deformation event in the Cape Fold Belt (Catuneanu et al., 1998) and to the 284 

unconformable contact between the Molteno and Elliot formations (Bordy et al., 2005). This age has 285 

been debated by various authors (e.g., Duane and Brown, 1992; Hansma et al., 2015; Blewett and 286 

Phillips, 2016; Blewett et al., 2019), and is generally considered to be unreliable. The uppermost tie 287 

point is the radioisotopic age and magnetostratigraphy established for the Toarcian continental 288 

flood basalts (e.g., Duncan et al., 1997; Moulin et al., 2011, 2012, 2017). Augmented with 289 

biostratigraphic proxies, Sciscio et al. (2017a) also attempted a global correlation of the Elliot 290 

Formation to continental sections in the North American Newark APTS, Hartford Basin, Chinle and 291 

Moenave formations of the Colorado Plateau (e.g., Nevada, Utah, northern Arizona, western New 292 

Mexico), the Argentinian Ischigualasto–Villa Union Basin, and the European St Audrie's Bay (UK) and 293 

Paris Basin (France) (e.g., Moreau et al., 2002; Donohoo-Hurley et al., 2010; Olsen et al., 2010; 294 

Zeigler and Geissman, 2011; Hüsing et al., 2014; Kent et al., 2014).  295 

Sciscio et al. (2017a) emphasized that the magnetozones have an inconsistent thickness between 296 

sections given isopach changes across the basin, which are due to the variable sedimentation rates 297 

and the erosional events typical in fluvio-lacustrine environments. Although the basin-wide 298 

unconformity between the lEF and uEF is of unknown duration, it has been recognized to have 299 

impacted the magnetostratigraphic correlations. Moreover, the main caveat of Sciscio et al. (2017a) 300 

is the need for reliable radioisotopic calibration points, and a revision of the current biostratigraphic 301 

framework of the Elliot Formation. Therefore, the reliability of the composite magnetostratigraphic 302 

section is expected to increase with the addition of new multi-disciplinary datasets. 303 

 304 

  305 
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2.3. Biostratigraphy  306 

The Elliot Formation preserves a series of exemplary Late Triassic–Early Jurassic continental faunas 307 

(Fig. 2) that have been the subject of several in-depth reviews (e.g., Haughton, 1924; Ellenberger, 308 

1970; Kitching and Raath, 1984; Knoll, 2004, 2005; McPhee et al., 2017; Viglietti et al., in press a, b). 309 

We summarize these below and present the preliminary findings of a quantitative investigation into 310 

the geospatial and stratigraphic distributions of upper Stormberg Group vertebrate taxa in Sections 311 

3.2 and 4.2 (see also Viglietti et al., in press a, b).  312 

The lEF is similarly fossiliferous, but less taxonomically diverse than the uEF, and is dominated by 313 

early branching sauropodomorph dinosaurs (Fig. 2). Following McPhee et al. (2017), this assemblage 314 

includes the following valid sauropodomorph genera: Plateosauravus (Haughton, 1924; Yates, 2003), 315 

Eucnemesaurus (Van Hoepen, 1920; Yates, 2007a; McPhee et al., 2015a), and Blikanasaurus (Galton 316 

and Van Heerden, 1985). Melanorosaurus is provisionally retained as a fourth valid sauropodomorph 317 

taxon on the basis of its syntype material (Haughton, 1924; Galton et al., 2005; Yates, 2007b; PMB 318 

and JNC, unpublished results), although its taxonomic validity and the referral of key specimens have 319 

been questioned (McPhee et al., 2015a, b, 2017). It is clearly in need of substantial revision and this 320 

work is currently in progress (PMB and JNC, unpublished results). Additionally, although the recently 321 

named Sefapanosaurus (Otero et al., 2015) and Meroktenos (Gauffre, 1993; de Fabrègues and Allain, 322 

2016) have poor provenance data, these might also represent valid lEF taxa. As concluded by 323 

McPhee et al. (2017), determining clear morphological boundaries between lEF sauropodomorphs is 324 

far from straightforward, with all known taxa possessing medium-to-large bodied, variably robust 325 

phenotypes that are currently distinguished by subtle postcranial features (cranial remains are 326 

currently unknown for all named species). Although tridactyl theropod trackways are well-known in 327 

the lEF (see Section 2.4), the only body fossil evidence for theropods thus far comes from isolated 328 

teeth (e.g., Ray and Chinsamy, 2002), which are very difficult to distinguish from those of 329 

carnivorous pseudosuchians. There are currently no ornithischian dinosaurs in the lEF (see 330 

comments on Eocursor, below and Section 5.4.3).  331 

Therapsids in the lEF are represented by the traversodontid cynodont Scalenodontoides 332 

macrodontes (Crompton and Ellenberger, 1957), the youngest known traversodontid occurrence in 333 

Gondwana (Abdala and Gaetano, 2018). Recent work added the tritheledontid cynodont 334 

Elliotherium kersteni (Sidor and Hancox, 2006) and a possible diademodontid cynodont (Abdala et 335 

al., 2007) to this list. However, the diademodontid site has been reassigned to the uEF (Bordy et al., 336 

2017a) and we consider it very likely that the Elliotherium kersteni is from a bed in the lower uEF as 337 

this taxa is associated with other fossils and rock types that are typical in the uEF (EMB and PAV, 338 
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unpublished results). Although the ichnofossil record has hinted at the presence of large 339 

dicynodonts in the lEF (see Bordy et al., 2017b for a summary), this was only confirmed recently with 340 

the description of Pentasaurus goggai (Kammerer, 2018), and the discovery of new, currently 341 

unpublished fragmentary dicynodont material from Eastern Cape Province (JNC, PAV, LS, 342 

unpublished data).  343 

Pseudosuchian archosaurs have an enigmatic presence within the lEF. Previous reports of aetosaurs 344 

(e.g., Kitching and Raath, 1984) have been shown to be spurious (Tolchard et al., 2019). Maxillary 345 

and dentary fragments of likely two species of ‘rauisuchians’ (i.e., non-crocodylomorph 346 

pseudosuchians branching later than aetosaurs) were recently identified by Tolchard et al. (2019), 347 

but their exact provenance is unknown. It is possible that isolated occurrences of serrated, recurved 348 

teeth indicates the presence of carnivorous pseudosuchians, such as poposauroids or non-349 

crocodylomorph loricatans (e.g., ‘Basutodon’, Huene, 1932; see also Tolchard et al., 2019) but, as 350 

noted above, a possible theropod identity cannot be discounted. Although never adequately 351 

studied, some of the material collected as part of the ‘Aliwalia rex’ (Galton, 1985) assemblage is 352 

possibly non-crocodylomorph pseudosuchian in origin, and could explain why material otherwise 353 

referable to Sauropodomorpha might have been incorrectly interpreted as a ‘herrerasaurid 354 

theropod’ (see Yates, 2007a).     355 

The final major tetrapod group within the lEF is temnospondyl amphibians. This fauna was most 356 

recently reviewed by Warren and Damiani (1999) who noted the presence of several indeterminate 357 

stereospondyls all referable to chigutisaurids, which discounts evidence of capitosaurids from the lEF 358 

(Kitching and Raath, 1984). Based on our recent field investigations and consultation with the 359 

original collector (B. Battail, personal communication, 2018), we confirm that the stratigraphic 360 

position of a gigantic brachyopid stereospondyl mentioned by Steyer and Damiani (2005) originated 361 

from the lower uEF near Alwyns Kop in Lesotho.    362 

In contrast to the lEF, the uEF and Clarens Formation sauropodomorph assemblage is 363 

morphologically and taxonomically diverse (Fig. 2), and contains the following valid genera: 364 

Massospondylus (Cooper, 1981; Gow et al., 1990; Yates and Barrett, 2010; Chapelle and Choiniere, 365 

2018; Barrett et al., 2019), Antetonitrus (Yates and Kitching, 2003; McPhee et al., 2014), Aardonyx 366 

(Yates et al., 2010), Pulanesaura (McPhee et al., 2015b; McPhee and Choiniere, 2017), Ngwevu 367 

(Chapelle et al., 2019) and Ledumahadi (McPhee et al., 2018). Together these taxa comprise a 368 

diverse fauna ranging from gracile massospondylids to multi-tonne lessemsaurids, signalling 369 

disparate feeding ecologies supported by distinct biomechanical strategies (McPhee et al., 2015b, 370 

2017, 2018). The discovery of Pulanesaura also indicates the presence of the earliest branching 371 
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sauropods (McPhee et al., 2015b). Two other genera, Arcusaurus (Yates et al., 2011) and 372 

Ignavusaurus (Knoll, 2010) have also been named from the uEF in recent years, but their validity has 373 

been questioned (e.g., Yates et al., 2011; McPhee et al., 2017). 374 

Theropod dinosaurs in the uEF and Clarens Formation are represented by fragmentary remains 375 

attributed to the southern African coelophysid Megapnosaurus rhodesiensis (formerly Syntarsus 376 

rhodesiensis and Coelophysis rhodesiensis, see below; Kitching and Raath, 1984; Smith and Kitching, 377 

1997; Munyikwa and Raath, 1999; Bristowe and Raath, 2004). A larger theropod species, 378 

Dracovenator regenti, was named from partial cranial material and is possibly related to the North 379 

American taxon Dilophosaurus (Yates, 2005). Several genera of basal ornithischian dinosaur have 380 

been named from the uEF, including some of the earliest global occurrences of the group. 381 

Lesothosaurus diagnosticus (e.g., Galton, 1972; Butler, 2005; Porro et al., 2015; Barrett et al., 2016; 382 

Baron et al., 2016, 2017a; Sciscio et al., 2017c) represents the most abundant form (Stormbergia 383 

dangershoeki is currently thought to be a junior synonym of this taxon: e.g., Baron et al., 2017a; 384 

Sciscio et al., 2017c). Several heterodontosaurids are also known (Porro et al., 2010), including: 385 

Heterodontosaurus tucki (e.g., Crompton and Charig, 1962; Norman et al., 2011; Sereno, 2012), 386 

Abrictosaurus consors (Thulborn, 1974; Sereno, 2012), Lycorhinus angustidens and 387 

Pegomastax africanus (Butler et al., 2008; Sereno, 2012). Eocursor parvus, originally described as a 388 

lEF taxon (Butler et al., 2007), has recently been reinterpreted as coming from the uEF (Olsen et al., 389 

2010; McPhee et al., 2017).  390 

The most abundant uEF taxa after dinosaurs are cynodonts, of which both non-mammaliaforms and 391 

mammaliaforms are present. Following the recent review of Abdala and Gaetano (2018), the former 392 

includes the tritheledontid taxa Tritheledon, Diarthrognathus and Pachygenelus, and the 393 

tritylodontids Tritylodontoideus and Tritylodon. Mammaliaformes are represented by the 394 

morganucodontids Megazostrodon and Erythrotherium.  395 

The diverse uEF crocodylomorph fauna was recently reviewed by Dollman et al. (2017), with the 396 

following taxa recognised currently: the non-crocodyliform crocodylomorphs Sphenosuchus acutus 397 

and Litargosuchus leptorhynchus; and the crocodyliform ‘protosuchids’ Protosuchus haughtoni, 398 

Notochampsa istedana and Orthosuchus stormbergi. Dollman et al. (2017) noted that the majority of 399 

crocodylomorph occurrences are restricted to the upper half of the uEF. Non-archosaurian reptiles 400 

are represented by the early turtle Australochelys africanus (Gaffney and Kitching, 1994) and a 401 

specimen of the rhynchocephalian Clevosaurus sp. (Sues and Reisz, 1995). As with the lEF, the 402 

temnospondyl record of the uEF is restricted to mostly indeterminate remains of chigutisaurid 403 
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stereospondyls (Warren and Damiani, 1999), one of which is the largest brachyopid stereospondyl 404 

documented to-date (Steyer and Damiani, 2005), as noted above.   405 

2.3.1 Biostratigraphic correlations  406 

Global biostratigraphic correlations for Stormberg Group vertebrate faunas are based on weak 407 

evidence. Many rely on broad faunal similarities, or ‘stage of evolution’ arguments, rather than the 408 

presence of shared index taxa, leading to low precision, issues of replicability between different 409 

workers, and decreased confidence in their results (e.g., Olsen and Sues, 1986; Lucas, 1998; see 410 

Rayfield at al., 2009 for a critique of this approach). No species-level taxa in the Stormberg Group are 411 

shared with non-African faunas, only four genera are shared, and phylogenies including Stormberg 412 

taxa at the species level are either labile, weakly supported, or have not been performed.  413 

The poorly known lEF fauna has been biostratigraphically correlated, often tentatively, with Norian–414 

Rhaetian faunas such those from the ‘Middle Keuper’ of Germany, the Los Colorados Formation of 415 

Argentina, and the Chinle Formation of the USA (Lucas and Hancox, 2001; Knoll, 2004; McPhee et al., 416 

2017). However, the absence of shared index taxa does not allow for a precise correlation with these 417 

deposits. The fauna of the uEF and Clarens Formation has been correlated with Early Jurassic faunas, 418 

such as the Lower Lufeng Formation of China, the Glen Canyon Group of the USA, and the McCoy 419 

Brook Formation of Canada (Olsen and Galton, 1984; Smith and Kitching, 1997; Lucas and Hancox, 420 

2001; Knoll, 2005) and, in this case, some potentially useful shared taxa are present. For example, 421 

the close similarity of species within the crocodyliform genus Protosuchus from the uEF (P. 422 

haughtoni), the Moenave Formation of the Glen Canyon Group, Arizona (P. richardsoni: Clark, 1986), 423 

and the McCoy Brook Formation, Nova Scotia (P. micmac: Sues et al., 1996) does suggest that these 424 

deposits are approximately contemporaneous. These North American strata are currently regarded 425 

as Hettangian in age on the basis of a radioisotopic date recovered from basalts underlying the 426 

McCoy Brook Formation (Sues and Olsen, 2015) and detrital zircon dating of the Moenave Formation 427 

(Suarez et al., 2017). Correlation with the McCoy Brook Formation is further supported by the shared 428 

genera Pachygenelus (a trithelodontid cynodont: Shubin et al., 1991) and Clevosaurus (a 429 

rhynchocephalian lepidosauromorph: Sues and Reisz, 1995), both of which are absent from the 430 

depauperate fauna of the Moenave Formation. The absence of these same genera from the diverse 431 

fauna of the Kayenta Formation, which overlies the Moenave Formation, suggests that the fauna of 432 

the uEF is older than that of the Kayenta Formation, which has been dated with detrital zircons as no 433 

older than late Pliensbachian (Marsh and Rowe, 2018). Protosuchus has been reported from the 434 

Hettangian of Poland (Gierlinksi and Potemska, 1985), providing a potential European correlation, 435 

but the latter requires confirmation given the similarities of this material to other ‘protosuchian’ 436 
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genera. More promisingly, Clevosaurus has been recorded from several other Early Jurassic faunas, 437 

including the Hettangian of the UK (Evans and Kermack, 1994) and the Early Jurassic of China (Luo 438 

and Wu, 1994), extending its potential use in global correlations. However, the stratigraphic range of 439 

Clevosaurus also extends into the Late Triassic, based on abundant material from the UK, Belgium, 440 

Luxembourg and Brazil (Fraser, 1988; Godefroit and Sigogneau-Russell, 1995; Hsiou et al., 2015, 441 

2019). Although these Late Triassic occurrences might offer some support for the proposed Rhaetian 442 

age inferred for the lower uEF on the basis of magnetostratigraphy (Sciscio et al., 2017a), it is more 443 

likely that they represent species that are temporally distinct (Hsiou et al., 2019), although the 444 

monophyly of Clevosaurus has recently been questioned (Herrera-Flores et al., 2018; Hsiou et al., 445 

2019). Finally, coelophysoid theropods have been identified in both the Late Triassic (Norian) Chinle 446 

Formation of the USA (Coelophysis bauri; Colbert, 1989) and the uEF (Megapnosaurus rhodesiensis; 447 

Munyikwa and Raath, 1999; as ‘Syntarsus’ rhodesiensis and as ‘Coelophysis’ rhodesiensis in previous 448 

works), although with distinct species in each region. However, anatomically similar coelophysoids 449 

are also known from other Lower Jurassic deposits such as the Lufeng Formation of China (You et al., 450 

2014) and the Kayenta Formation of North America (e.g., Rowe, 1989). The inclusion of M. 451 

rhodesiensis within Coelophysis was proposed by Bristowe and Raath (2004), and could potentially 452 

indicate correlation with the Chinle Formation. However, recent phylogenetic studies question that 453 

assignment (e.g., Ezcurra and Brusatte, 2011; Griffin and Nesbitt, 2019; Wang et al., 2017), and we 454 

regard the occurrence of coelophysoids in the uEF as consistent with an either Late Triassic or Early 455 

Jurassic age (also see Martínez and Apaldetti, 2017). 456 

Biostratigraphic correlations between other Karoo-aged basins in southern and eastern Africa are 457 

also weakly supported due to the absence of shared genus- and species-level taxa. Currently, no lEF 458 

vertebrate taxa are known outside the main Karoo Basin. However, Megapnosaurus rhodesiensis has 459 

been identified in the uEF and the Forest Formation of Zimbabwe (e.g., Raath, 1969; Munyikwa and 460 

Raath, 1999), along with more taxonomically tentative records of Clevosaurus (Gow, 1977) and 461 

Notochampsa (Raath, 1981). Moreover, occurrences of the basal sauropodomorph dinosaur 462 

Massospondylus have been reported in several Zimbabwean basins (e.g., the Mid-Zambezi, Mana 463 

Pools, and Tuli basins: Attridge, 1963; Raath et al., 1970; Bond, 1973; Cooper, 1981; Munyikwa, 464 

1997; Rogers et al., 2004) and might provide a direct faunal link, but the material reported from the 465 

Zimbabwean localities requires taxonomic reassessment to confirm these proposals (Barrett et al., 466 

2019). A tentative link between the uEF and Karoo-aged strata in the Luangwa Basin of Zambia has 467 

been posited on the basis of taxonomically indeterminate sauropodomorph material (Choiniere and 468 

Barrett, 2015), but requires additional support. 469 
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 470 

2.4. Vertebrate ichnology  471 

The Stormberg Group, and in particular its upper part (Fig. 2), contains a diverse and globally 472 

important trackway record, with an abundant assemblage of ichnites attributable to herbivorous 473 

and carnivorous dinosaurs, dicynodonts, cynodonts, amphibians, crocodylomorphs, and 474 

mammaliaforms (e.g., Ellenberger et al., 1964; Ellenberger 1970, 1972, 1974; Raath et al., 1990; 475 

Smith et al., 2009; Wilson et al., 2009; Marsicano et al., 2014; Sciscio et al., 2016, 2017c; Abrahams 476 

et al., 2017; Bordy et al., 2017b; Rampersadh et al., 2018). 477 

Paul Ellenberger conducted the pioneering work on this record, erecting a great diversity of tetrapod 478 

ichnogenera and ichnospecies in addition to establishing an ichnostratigraphic subdivision for the 479 

southern Africa Upper Triassic to Lower Jurassic (e.g., Ellenberger, 1970, 1972, 1974). This work 480 

introduced the first biozonation scheme for the Stormberg Group (e.g., lEF includes zones A1 – A6; 481 

uEF and the Clarens Formation zones A7, B1– B7) and underscored the division of the regional 482 

ichnofaunas into two broad biozones that reflect a faunal change equivalent to the turnover in 483 

skeletal remains both locally and globally during the Late Triassic to Early Jurassic. Ellenberger’s 484 

seminal work was revised some 35 years ago by Olsen and Galton (1984), who significantly reduced 485 

the number of ichnotaxa through synonymization. While this ichnotaxonomic revision was valuable 486 

for pointing out several nomina dubia, it also lumped some valid ichnotaxa, which had the 487 

unfortunate corollary of decreasing confidence in the value of the southern African ichnofossils for 488 

global correlation and regional biodiversity assessments. The shortcomings of this alternative 489 

ichnologic framework have to some extent been rectified subsequently by, for example, Lockley et 490 

al. (1996, 2004, 2006), Rainforth (2003), Lockley and Gierlinski (2006), D’Orazi Porchetti and Nicosia 491 

(2007), and D’Orazi Porchetti et al. (2015, 2017, 2018). Based on these revisions, the currently 492 

accepted tetrapod ichnofaunal list for the Upper Triassic lEF includes Tetrasauropus, ?Lavinipes 493 

jaquesi, and Pseudotetrasauropus (quadrupedal and bipedal sauropodomorph dinosaurs), Grallator 494 

(theropod dinosaur), Pentasauropus (dicynodont), Sauropodopus (probable rauisuchians, with 495 

similarities to Chirotherium), Paratetrasauropus (crocodylomorph) and cf. Brachychirotherium 496 

(archosauromorph), whereas for the Lower Jurassic uEF and Clarens Formation contains Episcopopus 497 

(amphibian), Batrachopus (crocodylomorph), Moyenisauropus and Trisauropodiscus (ornithischians), 498 

Ameghinichnus (tritylodontid cynodonts), a great variety of ichnotaxa on the Grallator-Eubrontes 499 

plexus and Kayentapus (theropods) as well as tentative Brasilichnium-like (mammaliaforms, 500 

?synapsids) tracks. This list is far from complete, and our ongoing ichnologic work is aimed at 501 
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updating and refining the Stormberg Group ichnostratigraphic scheme to better reflect the true 502 

ichnofaunal diversity and the degree of trackmaker endemism within the Stormberg Group (EMB, 503 

unpublished results; Sciscio et al., 2016, 2017c; Abrahams et al., 2017; Bordy et al., 2017b, 2020; 504 

Rampersadh et al., 2018). 505 

The vertebrate track record of the Stormberg Group, based on shared ichnofauna elements, has 506 

been linked to Late Triassic to Early Jurassic tracks on all continents except Antarctica (for relevant 507 

reviews see Olsen and Galton, 1984; D’Orazi Porchetti and Nicosia, 2007; Lucas, 2007; Klein and 508 

Lucas, 2010; D’Orazi Porchetti et al., 2015; Citton et al., 2018; Hunt et al., 2018 and references 509 

therein). However, the coarse temporal and stratigraphic resolution of the tetrapod footprint record 510 

in the upper Stormberg Group, in addition to an outdated regional ichnotaxonomy, limits its utility 511 

for fine-scale regional or global correlations, despite the great abundance of ichnites within the 512 

succession. As mentioned above, this shortcoming is being addressed systematically by our ongoing 513 

research program, and a major review of the upper Stormberg track assemblages, augmented by 514 

refined stratigraphic data on existing ichnofossil sites and additional collecting, will be 515 

forthcoming. Because the current ichnozonation is in flux, this topic is not discussed further herein. 516 

 517 

3. Methodology 518 

3.1 Detrital zircon U-Pb geochronology  519 

Given the dearth of prior radioisotopic constraints for the Stormberg Group, due to the lack of 520 

obvious primary volcanic lithologies amenable to radioisotopic dating, we have taken the approach 521 

of seeking juvenile zircons from volcanoclastic lithologies. Juvenile zircons, those that show 522 

morphological evidence for limited reworking within a sedimentary system, and return ages that are 523 

‘close’ to the true depositional age (TDA), have been used in similar continental sedimentary rock 524 

(e.g., Ramezani et al., 2011) to provide useful maximum age constraints on the timing of sediment 525 

accumulation, aiding  the revision of the chronostratigraphic frameworks. Detrital zircons were 526 

successfully extracted and dated from 16 rock samples taken from the Elliot and Clarens formations 527 

in South Africa and Lesotho (Supplemental Table S1). Because primary volcanic tuff layers (i.e., 528 

pyroclastics) were not identified in the studied succession, the sampled rocks are exclusively 529 

tuffaceous sandstones and siltstones.  530 

Zircons were separated using a modified standard method described by Tucker et al. (2013), which 531 

includes rock crushing, panning, and magnetic and heavy liquid separation of minerals. Zircons from 532 
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each sample were inspected under optical microscopy and showed mixed morphology ranging from 533 

rounded, indicating reworking in a sedimentary environment, to acicular and faceted, with medial 534 

melt inclusions, typical of volcanic zircon that has not undergone significant reworking.  Zircons were 535 

then mounted in resin for laser ablation inductively coupled plasma ionization mass spectrometry 536 

(LA-ICP-MS) U-Pb dating, with a subset of samples undergoing LA-ICP-MS mounted on tape. The 537 

grains from the youngest population were removed for subsequent high-precision chemical abrasion 538 

thermal ionization mass spectrometry (CA-ID-TIMS) U-Pb dating (Supplemental Text 1 and Table S1). 539 

Both of these geochronological methods have their advantages, as the LA-ICP-MS method allows for 540 

a large number of grains to be analysed, increasing the probability of finding the youngest grains, 541 

and the CA-ID-TIMS allows for high-precision analyses and treatment for open-system behavior. We 542 

have therefore attempted to take advantage of both these methods.   Laser ablation spots were 543 

selected after the careful consideration of inclusions, textural features, and cracks within the imaged 544 

zircon grains. The geochronological dating procedures are further detailed in Supplemental Text 1. 545 

 546 

3.2. Biostratigraphic methods 547 

We collated, to the best of our ability, all metadata relating to fossil collections of upper Stormberg 548 

tetrapods including both South African (e.g., Iziko Museum, Evolutionary Studies Institute, Albany 549 

Museum, National Museum) and international repositories (e.g., London Natural History Museum, 550 

Muséum National d’Histoire Naturelle Paris, Naturhistorisches Museum Wien Vienna) using a 551 

combination of publications, online databases, and collections records and archives of field notes 552 

obtained directly from museum collections. We cleaned these data (e.g., removing spelling errors in 553 

taxon names) using automated means where possible. Geospatial positions and stratigraphic 554 

provenance of specimen occurrences were validated by cross-referencing Google Earth, GIS 555 

software, field notes, personal measurements of stratigraphic sections at historic fossiliferous sites, 556 

and the collection of new, well-georeferenced fossil material. Collation of this large historic dataset 557 

resulted in over 1400 records, about 20% of which are georeferenced with high credibility, and 558 

located across the northern, eastern, southern, and western extent of the Elliot and Clarens 559 

formations in the MKB (see Data Availability section). 560 

  561 
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4. Results  562 

4.1. Appraisal of the detrital zircon U-Pb geochronology methods 563 

To constrain the maximum depositional age (MDA) of the samples from the Elliot and Clarens 564 

formations (Table 1), we explore a range of different age calculations for the data obtained from the 565 

analysed detrital zircons in order to assess the sensitivity of the age constraints to our chosen 566 

interpretive framework. The complete dataset of geochronological measurements is provided in 567 

Supplemental Table S1. The relevant measurements for each sample are illustrated in Figures 2, 4, 568 

and 5, and in Supplemental Figure S1. The latter provides, for each sample, the relative-age-569 

probability plots (or probability density plots; PDPs) for zircons < 500 Ma, concordance diagrams for 570 

zircons younger than ~250 Ma and plots of the weighted mean dates (at 95% confidence) for zircons 571 

younger than ~250 Ma. The sample-by-sample appraisal of the detrital zircon U-Pb geochronology 572 

dates and the justification of the preferred MDAs and true depositional ages (TDAs) are in 573 

Supplemental Text 1. 574 

 575 

Table 1. Summary of the results from the different age estimating methods used in constraining the 576 

maximum depositional age (MDA) of the samples from the Elliot and Clarens formations in the upper 577 

Stormberg Group. For spatiotemporal distribution of the samples, see Figures 1, 2, 4, and 5. 578 

Abbreviations: lEF – lower Elliot Formation; uEF – upper Elliot Formation; tsa – tuffaceous sandstone; 579 

tsi – tuffaceous siltstone; um – uppermost; σ – internal error. Ages and errors are in millions of years 580 

(Ma). Strike-through indicates that the MDA is too young based on stratigraphic constraints. For 581 

justification of the preferred MDAs, see Supplemental Text 1. 582 

 583 
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584 
Figure 4. Distribution of the calculated weighted mean dates of the youngest detrital zircon 585 

populations (at 95% confidence level) in the analysed samples from the Elliot (15) and Clarens 586 

formations (1). Unless otherwise stated on the figure, all ages shown are our preferred MDAs (see 587 

Table 1). The arrow pointing forward in time on each MDA line indicates that the age of the sample 588 

could be younger (i.e., the MDAs are only maximum constraints on the age of deposition). Bar 589 

heights depict 2σ internal analytical uncertainty for each sample. Only detrital zircon dates used in 590 

the MDA calculation are depicted; older zircon grain dates are not shown, however, each sample is 591 

further illustrated in Supplemental Figure S1. For the complete analytical dataset, see Supplemental 592 

Text 1, Table S1 and Figure S1. Sample locations are shown in Figure 1 and corresponding 593 

stratigraphic logs are in Figure 5. [final size: full page width, ?portrait] 594 
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 595 

Figure 5. Simplified stratigraphic sections showing the detrital zircon sample position within the local 596 

succession. Sections are arranged from north to south (see inset map for locations). Question marks 597 

at the stratigraphic contact of the lEF-uEF indicate a <10 m thick zone where lack of outcrops 598 

obscure the position of the contact. The uncertain position of the TJB is emphasised by the grey 599 

band. The less-than sign next to each MDA indicates that the age of the sample could be younger 600 

(i.e., the MDAs are only maximum constraints on the age of deposition). For the complete analytical 601 

dataset, see Supplemental Text 1, Table S1 and Figure S1. [final size: full page width, landscape] 602 

Our preferred method for estimating the MDA (Table 1) is the weighted mean of the youngest 603 

cluster comprised of two or more grains overlapping with the youngest one at 2σ internal error 604 

(YC2σ[2+]). Using two or more analyses instead of the single youngest analysis reduces the chance 605 

that the MDA will be younger than the TDA (e.g., as a consequence of Pb-loss; see below). 606 

Furthermore, our use of CA-ID-TIMS analyses for a subset of the samples helps deal with this issue – 607 

the use of chemical abrasion pre-treatment means that Pb-loss is effectively eliminated, and the 608 

higher-precision of the data allow for a more robust assessment of Pb-loss via discordance. Although 609 
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somewhat subjective, the use of the YC2σ(2+) metric resulted in the MDA calculations being more 610 

consistently compatible with other stratigraphic considerations in the study area. The considerations 611 

that are used to constrain our age interpretations include: the stratigraphic context of the sample 612 

(i.e., its position relative to key stratigraphic contacts and other dated samples in the same section 613 

to which a sample must obey the law of superposition); the location of the sample within the Karoo 614 

foreland basin; lithostratigraphic characters of the host rocks (i.e., lEF, uEF); and the body and 615 

ichnofossil content of the adjacent strata. In several samples, the youngest single grain method 616 

(YSG) seems to be the least representative of the TDA, because the measured dates of the youngest 617 

grain often seem younger than the expected TDA than what would be anticipated from other 618 

stratigraphic considerations (e.g., samples BH-15, LGT). This is likely due to Pb-loss as explained 619 

further in the Supplementary Text 1 (as well as in e.g., Dickinson and Gehrels, 2009; Corfu, 2013; 620 

Andersen et al., 2019; Gehrels et al., 2019; Herriott et al., 2019; Rossingnol et al., 2019). To put it 621 

differently, the YSG method is statistically the least robust, because it focuses on a single data point 622 

that is often not reproducible in detrital zircon samples. The MDA calculations based on age clusters 623 

are more robust than the YSG because they incorporate multiple data points and account for 624 

internal analytical error and the external error of the population (e.g., Dickenson and Gehrels, 2009; 625 

Gehrels et al., 2019; Herriott et al., 2019). Although YC2σ(3+) is the second most quoted MDA metric 626 

in the literature (e.g., Coutts et al., 2019), our preferred method for interpreting MDA is its modified 627 

version, the YC2σ(2+) metric as explained above. Contrary to the YSG metric, the weighted mean 628 

calculated from the youngest grain cluster composed of three or more grains that overlap at 2σ 629 

uncertainty (YC2σ[3+]) often appears to be too conservative, yielding older dates (early Middle 630 

Triassic – Ordovician) than the currently accepted age estimates of Late Triassic – Early Jurassic for 631 

the upper Stormberg Group (e.g., samples HB-15, LK-17). In these cases, it is likely that the measured 632 

dates are significantly older than the TDA, because near-depositional-age zircons were not captured 633 

in the sediment during deposition or are too few in the sample for this date-calculation method 634 

(e.g., Andersen et al., 2016). For more comprehensive discussions on the various MDA calculations 635 

used, including their relative merits, the readers are referred to Dickinson and Gehrels (2009), 636 

Andersen et al. (2019), Coutts et al. (2019), Gehrels et al. (2019), Herriott et al. (2019), Johnstone et 637 

al. (2019), and Rossignol et al. (2019). 638 

 639 

4.2. Biostratigraphic results 640 

Several clear patterns emerge from our database of upper Stormberg tetrapod occurrences (Fig. 6). 641 

There is a pronounced turnover across the lEF/uEF contact. No currently valid tetrapod genera cross 642 



26 
 

this boundary, and although it is possible that the dipnoan Ceratodus is present in the lEF ('EMB, 643 

unpublished material')  and uEF (Kitching and Raath, 1984), this genus is temporally wide-ranging 644 

and the upper Stormberg material is in need of revision. Family level or higher boundary crossers 645 

include Sauropodomorpha, Cynodontia, and Chigutisauridae.  646 

Lower Elliot Formation tetrapod occurrences, in general, are as geographically widespread as those 647 

in the uEF (Fig.7), but the lEF has many fewer well-georeferenced records for valid taxa. For 648 

example, in the lEF, only Scalenodontoides, Eucnemesaurus, and possibly Melanorosaurus have 649 

representative occurrences approximating the geographic range of the overall fossil sample, 650 

whereas the uEF has at least five such taxa (Heterodontosaurus, Lesothosaurus, Massospondylus, 651 

Protosuchus, Tritylodon). In addition, poor taxonomic data for many lEF tetrapod occurrences lead to 652 

insufficient ability to infer stratigraphic ranges for most lEF taxa, with the notable exception of 653 

Scalenodontoides (Viglietti et al., in press a). This traversodontid cynodont is the only lEF tetrapod 654 

taxon that is currently taxonomically valid,  easy to identify in the field, and known from multiple 655 

specimens with well-constrained provenance from several lEF localities across the basin (unlike any 656 

of the lEF dinosaur taxa - see e.g., McPhee et al., 2018). In contrast, the uEF is rich in well-657 

georeferenced fossil taxa, providing detailed information for the stratigraphic ranges of most uEF 658 

fossil vertebrate lineages (Fig. 7). We also observe a similar trend to that noted by Kitching and 659 

Raath (1984), where a sudden increase in the relative abundance of fossils occurs above the lower 660 

quarter of the uEF and at the contact of the uEF and Clarens Formation.  661 

Dinosaur lineage diversity increases markedly in the uEF (Fig. 6). Sauropodomorpha are present and 662 

relatively abundant in both the lEF and uEF (Fig. 8), although more species are currently known from 663 

the uEF. In contrast, ornithischians and non-dental theropod remains are absent from the lEF, 664 

indicating that they were either rare or absent. Both groups have their first definite occurrences low 665 

in the uEF. Many other tetrapod lineages also make their first appearance in the uEF, with the first 666 

crocodylomorphs, probainagnathians (including trithelodontids and tritylodontids), and testudinates 667 

appearing relatively low in the uEF and the first mammaliaforms definitively appearing closer to the 668 

contact of the uEF and Clarens Formation (Fig. 6).  669 

 670 



27 
 

 671 

Figure 6. Revised vertebrate biostratigraphy of the Elliot and Clarens formations (upper Stormberg 672 

Group) in the MKB. Stratigraphic positions of tetrapod taxa are shown using relative position 673 

notation (%) to account for the variable thicknesses of the lower and upper Elliot and Clarens 674 

formations. Where poor provenance data is available, the stratigraphic distribution is shaded and 675 

identified with a question mark. [final size: full page width, landscape] 676 

 677 
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Figure 7. Distribution maps of the dominant vertebrate genera in the lEF (lower four panels), and 678 

uEF and Clarens formations (upper four panels) in the MKB. Grey circles show the distribution of all 679 

known fossil taxa for each unit. Grid system and scale shown for Massospondylus applies to all maps. 680 

[final size: full page width, landscape] 681 

 682 

Figure 8. Proportional representation of the key vertebrate taxa in the lEF (left), and uEF and Clarens 683 

formations (right) in the MKB. These relative abundances only show occurrences that are identified 684 

at genus level. [final size: full page width, portrait] 685 

 686 

5. Discussion 687 

5.1. Detrital zircon U-Pb geochronology  688 

In continental rock successions that are lacking pyroclastics (i.e., primary volcaniclastic rocks), 689 

utilizing the U-Pb radioisotopic dates from detrital zircons is an effective approach for inferring the 690 

maximum depositional ages (MDAs) of strata (e.g., Dickinson and Gehrels, 2009; Ramezani et al., 691 

2011; Coutts et al., 2019; Rossignol et al., 2019). It should be emphasized that the ages of the 692 

youngest detrital zircons in any given sedimentary rock sample only provides a maximum constraint 693 

on the depositional age; the sample will be younger than the MDA if the detrital zircons are recycled 694 

from older sediment sources. The extent to which the youngest detrital zircons provide precise 695 
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estimates of the true depositional age (TDA) depends on the availability of syn-depositional zircons 696 

in the depositional system, typically supplied via windblown volcanic ash or from erosion of active 697 

volcanic sources. In some cases, MDA calculations can be older than the TDA even in volcaniclastic 698 

sediment due to the presence of antecrystic, epicrystic, and xenocrystic zircon that formed prior to 699 

the most recent eruption (Rossignol et al., 2019).  700 

Our detrital zircons were recovered from sandstones and tuffaceous siltstones, and both lithologies 701 

show evidence of reworking. In this context, the extent to which detrital zircons provide meaningful 702 

age constraints depends on: (1) the extent to which autocrystic (syn-eruptive) zircon is present, and 703 

(2) the time lag between the zircon crystallisation in the original magma chamber and final 704 

deposition in the upper Stormberg Group (e.g., Spencer et al., 2016; Andersen et al., 2019; Gehrels 705 

et al., 2019; Herriott et al., 2019; Rossignol et al. 2019). Given that both assumptions cannot be 706 

independently constrained, we assume that all zircon is recycled and that MDA calculations provide 707 

only a maximum constraint on the TDA (i.e., the TDA is younger or equal to the MDA). By integrating 708 

MDA calculations with existing age constraints from bio-, litho-, and magnetostratigraphic 709 

considerations, we show that, in many cases, the youngest detrital zircons provide meaningful age 710 

constraints on the age of the upper Stormberg Group. In the following sections, we discuss the 711 

implications of the new detrital zircon U-Pb ages for the geological history of the TJB-bearing Elliot 712 

Formation in southern Africa from various from litho-, magneto- and biostratigraphic aspects.  713 

 714 

5.2 New radioisotopic dates and basin evolution  715 

5.2.1 Lithostratigraphic considerations 716 

Based on our new geochronological dataset, obtained from U-Pb radioisotopic dates of detrital 717 

zircons in the Elliot and Clarens formations (Figs. 1, 2, 4), the upper Stormberg Group probably spans 718 

~40 Ma, and we infer that this represents a sedimentation record from the middle Norian to early 719 

Toarcian. In particular, the TJB-bearing Elliot Formation represents a ~30-million-year-long 720 

depositional episode (from ~220 to ~190 Ma ago), of which the lEF and uEF account for ~20 and ~10 721 

Ma, respectively. 722 

These new age-constraints help us understand the resolution and completeness of the geological 723 

history captured in the late stages of MKB evolution. The completeness of the depositional record is 724 

variable across the MKB, as evidenced by the fact that the Elliot Formation, which was deposited in 725 

~30 million years, is ~500-m-thick in the south and less than 30-m-thick in the north. Assuming that 726 
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the unit’s stratigraphic contacts are isochronous across the MKB, the ~30 Ma worth of rock record of 727 

the Elliot Formation can imply that this unit: (1) was deposited under low sediment preservation 728 

conditions (i.e., accumulation rates of ~1.5-27.5 m/Ma), (2) contains cryptic stratigraphic gaps, which 729 

are possibly long but rarer in the south, and short but more abundant in the north of the basin, and 730 

(3) is separated from the underlying Carnian Molteno Formation by a regional stratigraphic gap of 731 

~6–7 Ma. In foreland basins, low sediment preservation conditions are normally favourable for 732 

mature paleosol development (e.g., DeCelles, 2012; Miall, 2016), whereas regional unconformities 733 

are typically associated with flexural tectonics driven largely by mountain building events (e.g., 734 

Catuneanu et al., 1998; Catuneanu, 2004; Bordy et al., 2004a, 2005). Moreover, the newly obtained 735 

dates also suggest that: (1) the relative resolution of the rock record is higher in the uEF compared 736 

to the lEF (Fig. 1c); and (2) the overall resolution of the Elliot rock record is modest to very low, 737 

especially in the northern part of the basin, where the thickness of the Elliot Formation is rarely >100 738 

m. 739 

Our radioisotopic age estimates are an important critical test of previous assessments based on 740 

relative chronostratigraphy. Nevertheless, they largely uphold those previous assertions, albeit with 741 

more nuance. While the results currently lack the spatial resolution required to precisely identify the 742 

position of the TJB at the sampling sites and for the entire basin, both vertically and laterally, these 743 

new results nonetheless support previous proposals that the TJB is close to the geological transition 744 

from lEF to uEF facies, and lay the foundation for quantifying the vertical distance between these key 745 

chrono- and lithostratigraphic boundaries (Fig. 3).  746 

Determining the position of the TJB relative to this major stratigraphic contact will require much 747 

denser sampling of radioisotopic ages in multiple vertical sections throughout the basin. In addition 748 

to maximum depositional ages from juvenile detrital zircons, radioisotopic dating of authigenic 749 

mineral phases (e.g., feldspars, phosphates, carbonates, especially from the abundant pedogenic 750 

carbonates in the uEF) may provide useful minimum depositional ages (e.g., Wang et al. 1998; Tabor 751 

and Meyer, 2015).  Such high-density geochronological sampling campaign at selected sites could 752 

also assist in reliably answering key geological questions, such as: (1) how much time is represented 753 

by the unconformity currently thought to separate the lEF from the uEF; (2) whether this 754 

stratigraphic gap is diachronous or isochronous across the basin (i.e., are there lateral changes in the 755 

size of the gap at regional and subregional scales); (3) what is the frequency and magnitude of 756 

smaller stratigraphic gaps in the lEF and uEF; and (4) what were the regional depositional dynamics 757 

in the late foreland basin history of the MKB (i.e., differential sedimentation/preservation rates from 758 

site-to-site across the basin; residence time of zircons in the dynamic fluvial setting of the Elliot 759 
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depositional episode). Establishing a higher resolution age framework in the Elliot Formation could 760 

refine the depositional history of this unit, placing its high lateral facies variability into context. It 761 

would also facilitate judicious short-range, local correlation of strata (see section 2.1, above). The 762 

latter, in turn, could also assist with robust answers to key paleobiological questions, many of which 763 

have global relevance (see section 5.4, below).  764 

  765 

5.2.2 Sediment provenance considerations 766 

Primary volcanic tuff layers (i.e., pyroclastics) that are suitable for robust chronostratigraphic age 767 

determinations remain elusive in the studied part of the MKB upper Stormberg succession. Such 768 

non-recycled air-fall tuffs are also commonly lacking in other Upper Triassic–Lower Jurassic 769 

continental deposits worldwide (e.g., Lucas, 2018). In the MKB, we tentatively attribute the lack of 770 

primary volcaniclastics to a combination of geological processes: (1) sediment recycling and other 771 

dynamics of continental sedimentation in foreland basins, where deep lakes, similar to those in the 772 

extensional Fundy (Canada) and Newark (USA) basins, are lacking; and (2) a potential volcanic ash 773 

fall gap in the rocks due to either a) relative inactivity or dormancy of the regional volcanic arcs in 774 

the Late Triassic to Early Jurassic or b) the site of continental deposition in the final stages of the 775 

MKB evolution was distal to major, contemporaneous volcanic eruption centres, i.e., the primary 776 

source of datable, syn-sedimentary zircon grains were located in faraway sectors of the incipiently 777 

fragmenting Pangean supercontinent (e.g., Pankhurst et al., 2006, 2014; Schiuma and Llambías, 778 

2008; Muravchik et al., 2011; Spikings et al., 2016).               779 

Notwithstanding the lack of primary ash fall deposits (i.e., pyroclastics), the newly acquired dataset 780 

of the detrital zircons, especially the older part of the age spectra in each sample, provides new 781 

avenues for interpreting the difference in provenance characteristics of the lEF vs uEF, and thus the 782 

depositional history of the Elliot Formation in the MKB. By tapping into this dataset, a deeper 783 

understanding of the sedimentary recycling regime and detrital zircon budget of southern Africa in 784 

the Mesozoic may be achieved, especially if this is thoughtfully combined with documented (and 785 

newly measured) sediment transport directions within the Stormberg Group (e.g., Bordy et al., 786 

2004c, d, 2005). The most notable difference (Supplemental Table S1) between the detrital zircon 787 

populations of the lEF and uEF is that Neoproterozoic grains (~35%) are the dominant single 788 

population in the lEF, whereas Palaeozoic grains are the dominant single population in the uEF 789 

(49%), and the single Clarens Formation sample included in this study (59%). The lEF detrital zircon 790 

signature is expected from the recycling of rocks in the south from the Cape Fold Belt as well as the 791 
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lower Karoo rocks (Dwyka and Ecca groups; Fig. 1). The uEF detrital zircon signature, sourced from 792 

the west and south and dominated by Palaeozoic grains, suggests a proximal source area of mostly 793 

pre-Stormberg Karoo and Cape Fold Belt rocks (Fig. 1), with little or no input from older Precambrian 794 

terranes (e.g., western Kaapvaal Craton).    795 

 796 

5.3 New radioisotopic dates and implications for magnetostratigraphy 797 

Using paleomagnetic and the close phylogenetic affinities of several prosauropod dinosaurs, Sciscio 798 

et al. (2017a) correlated the lowermost lEF to the Los Colorados Formation (Kent et al., 2014). Given 799 

the detrital zircon ages herein (Figs. 2, 4, 5), the basal magnetozone EF1r in the lEF (Fig. 2) can now 800 

be more firmly tied to the LC5r magnetozone in the Los Colorados Formation. Maximum 801 

depositional ages from the lowermost lEF, specifically samples PHU, HB-15, SUB (<219.6, <218.2, and 802 

<216.4, respectively; Figs. 2, 4, 5), increase the credibility of tying the lEF (EF1r) to the Los Colorados 803 

Formation (LC5r). By extension, these new maximum depositional ages further support correlation 804 

to the radiometrically dated upper Blue Mesa and lower Sonsela members in the Chinle Formation in 805 

the USA (Ramezani et al., 2011, 2014; Kent et al., 2018), although recycling of older detrital zircons in 806 

these members has been reported by Gehrels et al. (2019) and Kent et al. (2019). The correlation 807 

does still serve to reduce the uncertainty of the most likely basal age of the lEF to within ~3 million 808 

years, and places it into the early middle Norian (i.e., within the Adamanian holochron, which has an 809 

estimated age range between ~224–215 Ma in the USA; Martz and Parker, 2017). Correlation of the 810 

Newark-Hartford APTS E11r–E12r, lower Chinle PF7r–PF6r and associated relative ages (~221.47 and 811 

219.29 Ma, respectively; Kent et al., 2017; 2019) with the magnetozone LC5 of the Los Colorados 812 

Formation (Kent et al., 2014) and therefore EF1r of the lEF complements the above statements. 813 

Biostratigraphically, magnetozones EF2 and EF3 of the middle lEF (Fig. 2) can be correlated to the 814 

upper third of the Los Colorados Formation (~La Esquina assemblage), with magnetozone EF2n tied 815 

to LC8n (Sciscio et al., 2017a). This, in turn, links EF2 to Newark APTS E15/E16 at ~213–212 Ma (Kent 816 

et al., 2017; 2018). Furthermore, correlation of the upper Chinle Formation chronostratigraphy 817 

(Ramezani et al., 2011; 2014; Gehrels et al., 2019; Kent et al., 2018; 2019) to the middle lEF and the 818 

upper Los Colorados Formation suggest that the EF2 may be correlated with upper Sonsela and 819 

lower Petrified Forest members. This is corroborated by the middle lEF maximum depositional ages, 820 

which range from <215.4 to <211.5 Ma (samples MAP, GV-14 and QSS1 Figs. 2, 4, 5). In 821 

contextualising the EF2 magnetozone, EF3 is likely younger than ~210 Ma, and the lEF maximum 822 

depositional ages suggest an age range between <209.6 and <207 Ma (samples HAF, LGT, LK-17) for 823 

EF3. Thus, a more meaningful approximation can be made between the magnetostratigraphic and 824 
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depositional ages of the Petrified Forest/Painted Desert and Owl Rock members (particularly PF2r, 825 

PF1r: 210.08±0.22 Ma -<207.8 Ma; Ramezani et al., 2011; 2014; Kent et al., 2018; 2019) relative to 826 

the lEF EF2 and EF3 magnetozones. While the maximum depositional ages across this lEF interval 827 

improve and support previous assertions of Sciscio et al. (2017a), they do not firmly constrain this 828 

interval beyond <210–~205 Ma, which approximates the age of the Revueltian holochron estimated 829 

by Martz and Parker (2017). 830 

Elliot Formation magnetochrons EF4 –EF9n (Fig. 2) are more difficult to correlate globally based on: 831 

(i) poorly constrained taxon range zone(s), (ii) lack of shared and/or diagnostic taxa with global 832 

sections, and (iii) limited radioisotopic ages (see Section 5.2). The interval of the lEF represented by 833 

the EF5–EF6.2n magnetozones yielded one datable sample (BH-15) with a maximum depositional 834 

age of <204.9 Ma (Figs. 2, 4, 5). Based on this age and the magnetostratigraphic correlation of Sciscio 835 

et al. (2017a), it is possible that lEF EF4–EF6.1r magnetozones straddle the Norian-Rhaetian 836 

boundary at ~205.7 Ma (Wotzlaw et al., 2014; Maron et al., 2015), and the Newark magnetozones 837 

E20r.2r, E21n and E21r.1r (and their relative ages at ~206.03 Ma, 204.65 Ma, ~204.12 Ma, 838 

respectively; Kent et al., 2017). It should be noted that the lEF sample BH-15 is from a single locality 839 

in the northern part of the basin, and the Newark ages are inferred from astrochronology 840 

cyclostratigraphy.  841 

In refining the placement of the TJB in the Elliot Formation, the current maximum depositional ages 842 

for the uEF do not improve upon previous evidence from bio- and magnetostratigraphy. Sciscio et al. 843 

(2017a) considered it plausible that the TJB may lie within the lower uEF, either within the normal 844 

polarity chron EF6.2n or higher in the Elliot magnetostratigraphic composite sequence (i.e., within 845 

EF7n; Fig. 2). The Upper Triassic-Lower Jurassic Moenave Formation was previously correlated with 846 

the Elliot EF4–EF8 magnetozones based on bio- and magnetostratigraphy, and suggests an Early 847 

Jurassic age for the EF7 magnetozone (EF7 = M3 magnetozone; Donohoo-Hurley et al., 2010; 848 

Whiteside et al., 2011; Kirkland et al., 2014; Martz and Parker, 2017). Magnetozones EF5–EF6 have 849 

not been sampled for detrital zircon-bearing samples in this study, and therefore the radioscopic age 850 

of this interval remains uncertain. However, because of the occurrence of Protosuchus in the lower-851 

middle uEF (Dollman et al., 2017) shared with the lower Dinosaur Canyon Member (Moenave 852 

Formation, USA; Suarez et al., 2017) and the Rhaetian McCoy Brook Formation (Nova Scotia, 853 

Canada) could suggest that magnetozones EF5–EF6  may be latest Triassic in age, could straddle the 854 

ETE, and be a reflection of the Apachean holochron (Martz and Parker, 2017).Thus, the first lower 855 

Jurassic rocks of the Elliot Formation may be, potentially, within the EF7 magnetozone, and 856 

therefore above the lEF/uEF boundary. However, this correlation is only weakly supported by a 857 
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single uEF sample (MAF) with a maximum depositional age of <201 Ma (Figs. 2, 4, 5). The pattern 858 

and number of the polarity pairs in the uppermost uEF (EF7, EF8 and EF9n; Fig. 2) are not distinctive 859 

enough for firm magnetostratigraphic correlations to other basins. Based on biostratigraphic 860 

argument alone, Sciscio et al. (2017a) tied these magnetochrons to the Hartford H24r–H27 and the 861 

St Audrie’s Bay/East Quantoxhead composite AQ1r–AQ3r providing a Hettangian-Sinemurian age for 862 

the upper half of the uEF. The new maximum depositional ages in this study do not assist in 863 

validating this correlation, because of the limited number of productive detrital zircon-bearing 864 

samples in the uEF (e.g., Q6: <191.9 Ma; LEP: <197.3 Ma, LMO: <199.9 Ma, MAF: <201 Ma; Figs. 2, 4, 865 

5).  866 

 867 

5.4. New radioisotopic dates and implications for biostratigraphy 868 

5.4.1 Biostratigraphic discussion 869 

The striking differences in tetrapod diversity between the uEF and lEF have long been noted but 870 

have been relatively understudied. The geospatial studies undertaken here show that species-area 871 

effects (Close et al., 2017) are a poor explanatory model for this difference in diversity, as the 872 

geographic spread of lEF and uEF localities is nearly identical (Fig. 7). Sampling intensity may provide 873 

a partial explanation, because the uEF has many more collections records than the lEF. Our database 874 

currently contains 128 generically-determined records of lEF vertebrate body fossils, of which 42 875 

have precise stratigraphic occurrence data, compared to 618 from the uEF (131 with precise 876 

stratigraphic data). In the case of sauropodomorphs, a number of well-provenanced records in the 877 

lEF are confounded by taxonomic uncertainty, and continued revision of lEF taxa will undoubtedly 878 

improve our knowledge of the stratigraphic distributions of those dinosaurs. However, a sufficient 879 

sample exists in the lEF to infer that theropod and ornithischian dinosaurs, as well as 880 

crocodylomorphs, later-branching cynodonts, and turtles must have been rare components of 881 

Norian-Rhaetian ecosystems in the MKB. This contrasts with the presence and abundance of these 882 

groups in the uEF, and is suggestive of a marked faunal change during the Triassic–Jurassic 883 

transition. 884 

Our chronostratigraphic data show that the thicker lEF represents a longer period of time than the 885 

thinner uEF (Fig. 1, 2, 4; see section 5.1), meaning that it had longer periods of non-deposition or 886 

more frequent/longer periods of erosion. This likely has the effect of compressing the vertical range 887 

of lEF taxa, confounding our efforts to establish meaningful biozonation. However, recent 888 

biostratigraphic investigations (Viglietti et al., in press a) suggest that lEF taxa, particularly 889 
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Scalenodontoides, have a fairly wide stratigraphic distribution at least in the lower parts of the lEF, 890 

especially in the southern part of the basin (Fig. 7). This may reflect heterogeneity in depositional 891 

rates or in basinal subsidence patterns, or possibly an abnormally long duration of that genus. 892 

Targeted future collection efforts are necessary to test these hypotheses. In addition, the strong 893 

thickness variation of the lEF (see section 5.1; Bordy et al., 2004a, b, d; Bordy and Eriksson, 2015) 894 

may indicate that significant parts of the section are missing in different portions of the basin, 895 

providing fewer options to sample the entire lEF record for its tetrapod diversity.  896 

 897 

5.4.2 Taxon sampling in the Norian–Rhaetian lEF 898 

Our new age assessment of the Elliot and Clarens formations provides more robust temporal 899 

correlations with increasingly well-dated vertebrate faunas in the Western Hemisphere (e.g., Langer 900 

et al., 2018). In particular, we can more confidently state that the lEF overlaps in time with the well-901 

studied faunas of the Chinle and Los Colorados formations, potentially including those from famous 902 

localities like the Placerias and Hayden Quarries and the La Esquina fauna. 903 

Given that we can now confirm a Late Triassic (Norian–Rhaetian) age for the lEF, it is surprising that 904 

this unit has not yielded body fossils of the many diverse terrestrial tetrapod taxa present in other 905 

Late Triassic faunas worldwide. Representatives of small-bodied lineages that are known from Late 906 

Triassic deposits globally are absent, including mammaliaforms, rhynchocephalians, 907 

drepanosauromorphs, recumbirostrans, and pterosaurs. These absences are most likely explained by 908 

taphonomic or collector biases, which are currently uncharacterised and unexplained. However, it is 909 

unlikely that small-bodied vertebrates were actually absent from the fauna. Absences of larger-910 

bodied groups that are widespread in other Late Triassic assemblages are more likely to reflect 911 

genuine absence, or rarity, including those from phytosaurs and several pseudosuchian lineages 912 

(such as poposauroids; see review in Knoll, 2004).  913 

In the case of the aquatic phytosaurs, it had been suggested that their absence from southern Africa 914 

might be due to a clade-specific paleotropical preference, as all known localities were situated 915 

between ~30°N and ~30°S (Olsen and Galton, 1984; Shubin and Sues, 1991). However, discoveries of 916 

phytosaur material in the Baltic region of Europe (approximately 45° N during the Late Triassic: 917 

Brusatte et al., 2013) and in the Tashinga Formation of the Mid-Zambezi Basin, Zimbabwe 918 

(paleolatitude of approximately 40°S: Barrett et al., 2020) demonstrate conclusively that they were 919 

not constrained to the paleotropics. Although phytosaurs would have been confined to regions with 920 

perennial lakes or rivers, placing limits on their geographic range (Buffetaut, 1993), lEF 921 
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paleoenvironments were seasonally wet and supported large, permanent rivers (e.g., Smith et al., 922 

1993; Bordy et al., 2004b, d), so their absence from the MKB remains unexplained. Interestingly, 923 

phytosaurs are also absent from the La Esquina fauna of the Los Colorados Formation. 924 

A general explanation for the scarcity of pseudosuchians in the Elliot Formation might relate to 925 

latitudinal temperature gradients. This group, which includes extant crocodylians, has well-defined 926 

pattern of high abundance and diversity at low latitudes, and low abundance or absence at high 927 

latitudes, and has done since its origin in the Triassic (Markwick, 1998; Mannion et al., 2015). The 928 

MKB represents a relatively high paleolatitude assemblage at approximately 50° south, and this 929 

potentially explains both the relatively low abundance of pseudosuchians in the lEF, and the under-930 

representation of pseudosuchian clades (other than crocodylomorphs). Nevertheless, this does not 931 

provide a good explanation of the abundance of crocodylomorphs in the uEF. 932 

Until recently, dicynodont synapsids were considered to be absent from the lEF fauna (although 933 

possible trackways had been reported: Ellenberger, 1955, 1970, 1972; Ellenberger and Ellenberger, 934 

1958; Bordy et al., 2017b), but their presence has now been demonstrated with the description of 935 

Pentasaurus, which also records the first known association of large-bodied dicynodonts with 936 

sauropodomorph dinosaurs from anywhere in the world (Kammerer, 2018). This occurrence 937 

provides additional evidence that placeriine dicynodonts had a Pangean distribution (Kammerer, 938 

2018), contrary to earlier paleobiogeographic hypotheses (Kammerer et al., 2013).  939 

 940 

5.4.3 Implications for the early evolution of Dinosauria 941 

Revisions to the stratigraphy and age of key upper Stormberg Group vertebrate localities have major 942 

implications for our understanding of early dinosaur evolution, and particularly for understanding 943 

the diversification of Ornithischia. The early ornithischian dinosaur Eocursor was originally reported 944 

as from the lEF and thus of Late Triassic (Norian) age (Butler et al., 2007). Late Triassic ornithischian 945 

material has been considered to be very rare (Irmis et al., 2007) and this taxon was therefore 946 

important in calibrating divergence times within ornithischian phylogeny and in elucidating the 947 

nature of the early ornithischian bauplan. However, more recent work at the Eocursor type locality 948 

demonstrated that this material pertains to the uEF and is more likely earliest Jurassic in age (Olsen 949 

et al., 2010; McPhee et al., 2017). This revision, alongside stratigraphic and taxonomic revisions of 950 

other purported Late Triassic ornithischians, has now removed all known evidence for Late Triassic 951 

ornithischians from the global record (e.g. Irmis et al., 2007; Olsen et al., 2010; Irmis, 2011; Agnolín 952 

and Rozadilla, 2017; Baron et al., 2017a, b; Baron, 2019). This leaves an extensive ghost lineage 953 
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between the earliest confirmed ornithischians from the earliest Jurassic and their Late Triassic sister-954 

group (either Theropoda or Saurischia; compare phylogenies of Baron et al., 2017b; Langer et al., 955 

2017), which suggests that their early history took place in a currently unsampled area. Alternatively, 956 

this ‘ornithischian gap’ might represent a genuine absence that could indicate a relatively late 957 

derivation of ornithischians from within Theropoda (Padian, 2013; Baron, 2019), although this idea 958 

has not gained wide acceptance. Nevertheless, the uEF currently provides the best available window 959 

on early ornithischian evolution, possessing not only a diversity of taxa from across the tree 960 

(Abrictosaurus, Eocursor, Heterodontosaurus, Lesothosaurus, Lycorhinus), but an abundance of 961 

material for functional and paleoecological, as well as phylogenetic, analysis (e.g., Butler, 2005, 962 

2010; Butler et al., 2007, 2008; Knoll, 2008; Knoll et al., 2010; Maidment and Barrett, 2011; Porro et 963 

al., 2010, 2015; Norman et al., 2011; Sereno, 2012; Galton, 2014; Barrett et al., 2016; Baron et al., 964 

2017a, b; Sciscio et al., 2017c). The presence of a diverse ornithischian fauna in the uEF coincides 965 

with their widespread appearance in the global fossil record at this time (e.g., Irmis, 2011; Barrett et 966 

al., 2014; Raven et al., 2019; earliest Jurassic of China, Venezuela, the UK, and USA) and clear 967 

evidence of phenotypic divergence in body size, stance, and dental morphology (Benson et al., 2014; 968 

Benson, 2018). Taken together, these observations demonstrate that ornithischians radiated rapidly 969 

in the wake of the ETME. 970 

Our results also enhance the understanding of the early evolution of sauropodomorph dinosaurs. 971 

Abundant fossil discoveries from the Elliot Formation have been central to the development of 972 

knowledge on early sauropodomorph evolution, and complement the rich record found elsewhere, 973 

particularly that from South America. Sauropodomorphs are by far the dominant vertebrate taxa in 974 

our collection records for the Norian–Rhaetian lEF (Fig. 8), echoing their relative abundances in the 975 

penecontemporaneous and latitudinally nearly equivalent Los Colorados Formation of South 976 

America (Martinez et al., 2015). During this time, sauropodomorphs underwent key morphological 977 

transitions, including the evolution of giant body size (Apaldetti et al., 2018) and the first instances 978 

of quadrupedalism (McPhee et al., 2018) and much of our understanding of these transitions results 979 

from the systematic study of the uEF body fossil record (e.g., Huxley, 1867; Haughton, 1924; Galton 980 

and Van Heerden, 1985; Yates and Kitching, 2003; Bonnan and Yates, 2007; Yates 2007b; Yates et al., 981 

2010; McPhee et al., 2015, 2017, 2018). Body fossil specimens of sauropodomorphs from the lEF are 982 

generally less complete, and have yielded fewer direct insights into sauropodomorph evolution. For 983 

example, although limb proportions within the problematic Plateosauravus syntype (Haughton, 984 

1924; Yates, 2003; McPhee et al., 2017) are suggestive of a quadrupedal locomotor habit for that 985 

taxon, unequivocally quadrupedal sauropodomorphs have yet to be identified from the lEF—despite 986 

their presence in Norian deposits of South America (Riojasaurus, Bonaparte, 1969; Lessemsaurus 987 
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and Ingentia, Apaldetti et al., 2018). Nonetheless, quadrupedal trackways (i.e., Paratetrasauropus 988 

seakensis, Sauropodopus antiquus, ?Lavinipes jaquesi, Tetrasauropos unguiferus, Ellenberger, 1970, 989 

1972; D’Orazi Porchetti and Nicosia, 2007) are common in the lEF (fig. 2). Some of these trackways 990 

are attributed to quadrupedal sauropodomorphs, and are present within the first 15 m of the lEF 991 

(e.g., at our PHU sample site), and continue throughout that section (for example, at our MAP and 992 

HAF sample sites with MDAs 215.4 and 209.6 Ma, respectively; Figs. 4, 5). Moreover, some 993 

quadrupedal trackways (e.g., ?Lavinipes jaquesi - D’Orazi Porchetti and Nicosia, 2007) occur 994 

alongside the bipedal sauropodomorph trackway Pseudotetrasauropous bipedoida, Ellenberger, 995 

1970, 1972; D’Orazi Porchetti and Nicosia, 2007) at our PHU sample site (Fig. 5), which has a MDA of 996 

219.6 Ma. Therefore, we confidently infer the presence of quadrupedal sauropodomorphs in 997 

southern Africa by between ~220 and ~216 Ma. The first known multi-tonne Elliot sauropodomorphs 998 

only appear in the lower part of the uEF (Ledumahadi; McPhee et al 2018), postdating their first 999 

appearance in South America (Apaldetti et al., 2018). However, undescribed specimens of lEF 1000 

sauropodomorphs in the South African collections record are of enormous size. Future research will 1001 

likely show that both gigantic body size and quadrupedalism appeared at similar times in 1002 

sauropodomorphs of the Norian of South America and southern Africa. 1003 

Mass accumulations of vertebrate fossil material have great potential to improve our knowledge of 1004 

lEF faunas, especially those in the middle Norian. To-date, two major bone beds have been 1005 

documented from the lower lEF, both occurring within 50 m of the lower contact of the unit. The 1006 

first one, containing abundant sauropodomorph remains, was discovered in the 1950s at 1007 

Maphutseng (Lesotho) (e.g., Ellenberger, 1955; Ellenberger and Ginsburg, 1966), and is located <20 1008 

m below our sample MAP (with an MDA of 215.4 MA; Figs. 4, 5). The second, found <20 km south of 1009 

the Maphutseng site, is a recent discovery made by the local community near Qhemegha, a village in 1010 

Eastern Cape Province, South Africa and is a multi-taxic assemblage including dinosaurs, 1011 

dicynodonts, cynodonts, and possibly other taxa (JNC, PMB, RBJB, PAV, LS, EMB, unpublished 1012 

results). Moreover, with one exception, all other significant lEF sauropodomorph taxa that were 1013 

provenanced by McPhee et al. (2017; see their fig. 5) occur within the first ~50 m of the lEF. 1014 

Considering the MDAs of strata from adjacent beds in the lEF, the two major lEF bone beds and 1015 

other sauropodomorph-bearing strata in the lowermost lEF appear to have formed in the middle 1016 

Norian (i.e., between ~216 and ~220 Ma), in the first 6–7 Ma after the end of the Carnian (Fig. 2).  1017 

 1018 

 1019 
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6. Concluding remarks  1020 

The increasing sophistication (i.e., accuracy, precision) and affordability of modern dating 1021 

techniques, combined with more systematic and higher density sampling efforts, will profoundly 1022 

improve our understanding of the geological history of the upper Stormberg Group, a key Mesozoic 1023 

terrestrial succession in the upper Karoo Supergroup of South Africa. In turn, this will increase its 1024 

utility for decoding not only southern Pangean paleogeographic and ecological changes during the 1025 

final stages of MKB development, but will also enhance its impact on studies of the ETME and 1026 

ensuing global biodiversity changes. 1027 

Our study, which contains the first-ever and long-overdue radioisotopic assessment of the upper 1028 

Stormberg Group, provides a solid initial framework for these future efforts. However, some 1029 

important questions remain unanswered at this time, such as the length of the depositional hiatus 1030 

between the lEF and the uEF and the stratigraphic position of the TJB and ETME. This is largely due 1031 

to our relatively low number of analysed samples and applied radioisotopic methods, which were 1032 

dictated by the rock types suitable for age dating and resources available to us as a group of 1033 

multidisciplinary researchers, mostly based in the Global South. Nonetheless, our basin-wide study 1034 

of the upper Stormberg Group gives a clear exposition of the status quo, whilst also substantially 1035 

advances knowledge on the age, litho-, magneto- and biostratigraphy of this important unit. Future 1036 

efforts must, therefore, focus on obtaining high-precision dates for stratigraphic sections that 1037 

traverse the lEF–uEF boundary, using an intensive, densely spaced sampling regime and high-1038 

precision geochronological methods like CA-ID-TIMS. Ideally, these focus areas should be in places 1039 

with abundant vertebrate fossils.  1040 

By expanding our chronostratigraphic research to potentially correlatable continental successions in 1041 

southern Africa (e.g., the mid-Zambezi Basin), we will gain a better understanding of geographic 1042 

controls on Triassic–Jurassic biodiversity in southern Africa. Indeed, work in that area is already 1043 

underway (Viglietti et al., 2018b; Barrett et al., 2020), but more comprehensive surveys, with 1044 

integrated sedimentology, biostratigraphy, magnetostratigraphy, and absolute dating methods, are 1045 

needed of all upper Karoo units across southern Africa. 1046 

Finally, by integrating stable isotope geochemistry in this research (e.g., C-isotope excursions), we 1047 

can potentially link major climatic changes with faunal differences on an absolute timescale – and in 1048 

doing so help set a world standard for understanding landscape changes and basin development in 1049 

southwestern Gondwana during the Late Triassic and Early Jurassic.  1050 

 1051 
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