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Abstract 14 

Anthropogenic climate change represents the greatest modern forcing on global river 15 

dynamics. Investigating the sensitivity of rivers to past climate in the geological record is thus 16 

crucial in understanding future landscapes in a warming world. The Sherwood Sandstone 17 

Group, UK, a unit of early-middle Triassic (c. 248-239 Ma) dryland fluvial deposits, records 18 

events during and after the Permo-Triassic Mass Extinction. We quantify the evolution of this 19 

fluvial system, exposed in the southwest UK, by combining facies-scale sedimentology with a 20 

numerical paleohydrologic workflow. We reconstruct key hydraulic and geomorphic 21 
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characteristics, showing that gravel-bed lower Triassic rivers had paleoslopes between 1.0 × 22 

10⁻³ and 2.0 × 10⁻³ m/m and bankfull water discharges of 760-810 m³/s. During the middle 23 

Triassic, rivers were sand-bedded, with paleoslopes between 8 × 10⁻⁴ and 5 × 10⁻⁴ m/m. 24 

Bankfull water discharges ranged between 380 and 480 m³/s: half those of the lower Triassic. 25 

This halving of bankfull discharge occurs despite an inferred eightfold increase in catchment 26 

area in the mid-Triassic and stable levels of long-term precipitation, indicating that catchments 27 

in the lower Triassic were generating highly intermittent, disproportionately large bankfull flow 28 

events. Coupled with the abnormally coarse grain size recorded in the Lower Triassic and 29 

regional stratigraphic correlations to similar deposits across NW Europe, we attribute this to a 30 

global hyperthermal event: the Late Smithian Thermal Maximum (c. 248 Ma). Rapid warming 31 

during a greenhouse interval triggered widespread landscape devegetation and bedrock 32 

erosion, and extreme, infrequent monsoonal precipitation. Our results demonstrate the ability 33 

of quantitative paleohydrology to produce numerically-informed depositional models, and 34 

identify the impacts of global warming during the greatest biotic-climatic turnover of the 35 

Phanerozoic. 36 

 37 

1. Introduction 38 

Fluvial stratigraphy provides a valuable archive of landscape response to 39 

environmental and tectonic forcings in the geological past (Armitage et al., 2011; Romans et 40 

al., 2016; Castelltort et al., 2023. Rivers are highly sensitive to climate change through their 41 

discharge regime (e.g. Larkin et al., 2020; Satoh et al., 2022; McLeod et al., 2024, Wang et 42 

al., 2024), so understanding how ancient fluvial systems responded to and recorded these 43 

drivers is of key importance for constraining the impact of future climate change, given that 44 

1.5-4.5°C of anthropogenic global warming is forecasted by 2100 (Meinshausen et al., 2011; 45 

Van Vuuren et al., 2026), Globally, drylands are the largest continental ecosystem by area, 46 

covering 40% of the Earth’s land surface, and support a third of the global population 47 



(Millennium Ecosystem Assessment, 2005; Safriel et al., 2005) so constraining the behaviour 48 

of dryland rivers in the geological record is particularly crucial for addressing landscape 49 

sensitivity to climate. 50 

Internationally, dryland fluvial deposits also serve as important reservoir units for 51 

geothermal energy and the geological storage of carbon dioxide, both key components of the 52 

energy transition (e.g. Schellschmidt et al., 2010; Mijnlieff, 2020; Hjelm et al., 2020; English et 53 

al., 2024; Gasanzade and Bauer, 2025). A better understanding of the dynamics of fluvial 54 

systems thus also allows us to build improved depositional models for these reservoirs (e.g. 55 

Lang et al., 2004; Menacherry et al., 2009; McKie, 2011; Morón et al., 2014; Newell and 56 

Shariatipour, 2016; Henares et al., 2020; Hossain et al., 2024). 57 

Facies-based sedimentological analysis can be an effective tool to understand the 58 

dynamics of past fluvial systems (e.g. Blum and Törnqvist, 2000; Miall, 2006; Colombera et 59 

al., 2013; Plink-Björklund et al., 2015; Fielding et al., 2018). However, dryland fluvial deposits 60 

are often biotically sparse or barren, limiting the availability of chronostratigraphic and climate 61 

proxy data, which is crucial in inferring external forcings. Yet, paleohydraulic methods, which 62 

use direct measurements of the preserved stratigraphic record, such as grain size and the 63 

thickness and distribution of cross-strata, can reconstruct fluvial behaviour, and have 64 

increasingly offered the potential to quantify river dynamics in the geological past (e.g.  Leclair 65 

and Bridge, 2001; Trampush et al., 2014; Bradley and Venditti, 2017; Long et al., 2021). In 66 

principle, these methods enable us to go further than insights from facies-based analyses 67 

alone, particularly when such approaches are combined carefully with descriptive and 68 

qualitative observations from stratigraphy (e.g. Bhattacharya et al., 2016; Lyster et al., 2021; 69 

Wood et al., 2022; 2025; Sharma et al., 2023; McLeod et al., 2023; 2025; Valenza et al., 2026). 70 

The Sherwood Sandstone Group (SSG) of the British Isles is a regionally significant 71 

unit of Triassic fluvial and aeolian sandstones, deposited in central Pangea at low latitudes in 72 

a dryland setting (fig. 1a, b) (c. 250 to 239.6 Ma, Yan et al., 2026). The SSG is a significant 73 

reservoir unit for geothermal energy (Downing et al., 1984; Moscardini et al., 2025; Brémaud 74 



et al., 2026), the geological storage of carbon dioxide (e.g. Chedburn et al., 2022; English et 75 

al., 2024; Hossain et al., 2024; Breeze et al., 2026) and groundwater resources in the UK (e.g. 76 

Plant et al., 1999; Newell and Smith, 2009; Medici et al., 2019). The SSG is also holds 77 

particular climatic significance, as it records the Permo-Triassic Mass Extinction and its 78 

aftermath (e.g. Bourquin et al., 2011; Radley and Coram, 2016; Newell, 2017b). The SSG 79 

hence serves both as a key unit of interest for the energy transition, as well as preserving a 80 

record of the most extreme climatic-biotic turnover of the Phanerozoic (Benton and Newell, 81 

2014; Radley and Coram, 2016; Newell, 2017a; b). 82 

 A complete section of the SSG crops out on the south coast of Devon in the southwest 83 

UK, at the western edge of the Wessex Basin (fig. 1b, c). Owing to the continuity and quality 84 

of outcrop, the SSG here has a long history of characterisation (e.g. Smith, 1990; Smith and 85 

Edwards, 1991; Hounslow and McIntosh, 2004; Morton et al., 2013; Newell, 2017b; Hounslow 86 

and Gallois, 2023). Thus, the Devon coastal section represents an ideal location to apply 87 

quantitative paleohydraulic methods to quantify the changing fluvial character of a dryland 88 

system through the lower to middle Triassic. 89 

 Here, we first reconstruct the paleohydraulic character of the rivers of the SSG using 90 

a quantitative palaeohydrological framework for the first time. Combined with the results of 91 

facies-based sedimentology, we derive parameters such as river paleoslope, planform, 92 

bankfull water discharge and bankfull sediment flux to produce updated, quantitatively 93 

informed depositional models, referenced against modern rivers. Secondly, we evaluate the 94 

climatic forcings behind the changing character of fluvial deposition in the SSG, especially in 95 

relation to the Permo-Triassic Mass Extinction and its recovery period. 96 

 97 

2. Geological and paleoclimatic setting 98 

The SSG was deposited in a series of linked, extensional basins formed during the 99 

initial phase of supercontinent breakup (e.g. Bourquin et al., 2011; McKie, 2017). The SSG 100 



overlies the existing Permian basin fill, and underlies the Mercia Mudstone Group, a unit of 101 

playa and lacustrine mudstones (e.g. Howard et al., 2008; Newell, 2024). The SSG is 102 

composed of the Chester Formation (CHF), the Wilmslow Sandstone Formation and the 103 

Helsby Sandstone Formation (HSF) (Ambrose et al., 2014). The CHF and HSF were deposited 104 

by two, long-distance, north-flowing river systems (fig. 1, e.g. Tyrrell et al., 2012; Morton et 105 

al., 2013; 2016; Franklin et al., 2020) with distinct source areas and sedimentological character 106 

(Morton et al., 2016, Yan et al., 2026). On the source-to-sink scale, the rivers of the CHF have 107 

previously been designated as the ‘Sherwood 1 River System’, and the rivers of the HSF 108 

designated as the ‘Sherwood-2 River System’ (Yan et al., 2026).  109 

 In Devon, the CHF is approximately 30 m thick and conglomeratic (Smith, 1990; Smith 110 

and Edwards, 1991). The HSF is approximately 200 m thick and is dominated by sandstone 111 

(Newell, 2017b). The CHF and HSF are separated by a paleosol horizon and an aeolian 112 

deflation surface (e.g. Leonard et al., 1982; Wright et al., 1991) which represents the Mid-113 

Triassic Unconformity (sensu Newell, 2017b), and the Wilmslow Sandstone Formation is 114 

absent. In older, local lithostratigraphic nomenclature, the CHF is known as the Budleigh 115 

Salterton Pebble Beds, and the HSF as the Otter Sandstone (Ambrose et al., 2014). In Devon, 116 

the change in sediment routing between the Sherwood-1 (CHF) and Sherwood-2 river systems 117 

(HSF) manifests as a substantial expansion in catchment area for the rivers of the HSF 118 

compared to those of the CHF, inferred from quantitative provenance analysis (fig. 1b, Morton 119 

et al., 2013). This regional drainage reorganisation was likely driven by the Hardegsen tectonic 120 

event (Bourquin et al., 2011; von Eynatten et al., 2026). 121 

 Though not formally divided into lithostratigraphic members, the CHF can be divided 122 

into two architecturally distinct units, representing rivers of differing fluvial character (fig. 2; 123 

Smith, 1990; Smith and Edwards, 1991). The HSF has a well-defined lithostratigraphy, and is 124 

divided into four members. Each member is bounded by major erosion surfaces, and 125 

possesses distinct sedimentological, geochemical and heavy mineral characteristics (Morton 126 

et al., 2013; Newell, 2017b). The lowermost unit of the HSF is the 15 m thick aeolian West 127 



Down Member (fig. 2), which is restricted to the Devon coastal section (Smith and Edwards, 128 

1991; Newell, 2017b). The overlying succession is dominantly fluvial, and comprises the 129 

Otterton Ledge, Chiselbury Bay and Pennington Point members, which are c. 115 m, 50 m 130 

and 20 m thick, respectively (Newell, 2017b). Previous interpretations of fluvial planform have 131 

been made from sedimentary architectural analysis, suggesting that the majority of the SSG 132 

was deposited by braided rivers in accordance with the multistorey, multilateral channel-fill 133 

sandstone complexes which dominate the unit (e.g. Sellwood et al., 1984; Purvis and Wright, 134 

1991; Newell, 2017b; Coram et al., 2019). 135 

 Though the chronology of the CHF is not fully constrained, regional stratigraphic 136 

correlations suggest that the CHF is of Smithian Age in the Olenekian Stage of the lower 137 

Triassic (fig. 2, c. 250 – 248 Ma, Bourquin et al., 2011). During this time, continued activity 138 

from the Siberian Traps Large Igneous Province resulted in prolonged global climatic instability 139 

after the onset of the Permo-Triassic Extinction at 251.9 Ma (Ogg et al., 2020). This resulted 140 

in a fluctuating but consistently hyperthermal climate, as reflected in the global δ¹³C isotope 141 

record (fig. 2, Sun et al., 2012; Benton and Newell, 2014). The age of the CHF overlaps with 142 

the Late Smithian Thermal Maximum, the final and most extreme hyperthermal of the lower 143 

Triassic, with peak continental temperatures of 35-40°C (Sun et al., 2012), and significant 144 

perturbations to the global biosphere (Sun et al., 2012; Linström et al., 2019). Although climate 145 

in general has been suggested as a driver for the deposition of the CHF (Radley and Coram, 146 

2016; Newell, 2017a), alternate forcings, such as tectonic activity (Wills, 1956) and more 147 

proximal sediment sourcing (Wills, 1970; Burgess et al., 2025) have also been proposed to 148 

account for the coarse grain size of this unit. 149 

The chronology of the mid-Triassic HSF is well-constrained using magnetostratigraphy 150 

(fig. 2, Yan et al., 2026). The Otterton Ledge Member has a duration of 5.3 Ma (246.5-241.2 151 

Ma, including the West Down Member), the Chiselbury Bay Member spans 1 Myr (241.2-240.2 152 

Ma), and the Pennington Point Member represents 0.6 Myr (240.2-239.6 Ma) (fig. 2). By this 153 

time, the cessation of the Siberian Traps Large Igneous Province allowed the climate to 154 

stabilise and the biosphere to recover (fig. 2, Newell, 2017a), reflected in the abundance of 155 



vegetation, and the biotic diversity of fossils in the study area (Benton and Spencer, 1995; 156 

Newell, 2017b; Coram et al., 2019). 157 

The boundary between the HSF and the mid- to late-Triassic Mercia Mudstone Group 158 

is strongly diachronous across the British Isles (e.g. Hounslow and Gallois, 2023; Yan et al., 159 

2026). This diachroneity represents a north-to-south transgression of Mercia Mudstone Group 160 

playa lake facies and a resultant shortening of the Sherwood-2 River System, and coincides 161 

with a regional aridification coincident with the Muschelkalk transgression (Bourquin et al., 162 

2011; McKie, 2017; Newell, 2017a). 163 

 164 

3. Methods 165 

3.1. Overview of primary data collection and workflow 166 

Our data collection and workflow is summarised in fig. 3, with data and extended 167 

methods in Supplementary Material 1, 2. Primary field data for palaeohydrological analysis 168 

include dune-scale measurements of cross bedding, barform-scale architectural 169 

measurements, bar accretion direction (e.g. figs. 4, 5), and measurements of sediment grain 170 

size (e.g. figs. 6a, b). Field data were collected from a total of 16 localities in Devon (figs. 1c, 171 

2): 4 localities for the CHF (figs. 4a-f) and 12 localities for the HSF (figs. 5a-f), and are 172 

sedimentologically representative of each member of the SSG. The data collection approach 173 

and the paleohydraulic workflow used in this study build on those established by Ganti et al. 174 

(2019), Lyster et al. (2021), Wood et al. (2022), and McLeod et al. (2025). Here we 175 

contextualise these paleohydraulic data with outcrop-based observations of facies and 176 

architectural elements; these observations complement previous facies analyses (Smith, 177 

1990; Smith and Edwards, 1991; Lorsong and Atkinson, 1995; McKie and Williams, 2009; 178 

Newell, 2017b). 179 

Measurements were made of maximum dune-scale cross-set thickness (n = 377) and 180 

cross-set thickness distributions (n = 51, figs. 4f, 5h) as these measurements enable us to 181 



constrain typical subaqueous bedform sizes in the SSG, which can be quantitatively linked to 182 

palaeoflow depths. Measurements were also made of cross-set lee face dip and dip direction 183 

to constrain palaeocurrents (n = 231, figs. 4f; 5h). Cross-set thicknesses were measured to 184 

a precision of 10 mm, with thickness distributions containing ca. 10 evenly spaced 185 

measurements per cross-set. From cross-set distributions, the scaling relationship between 186 

mean and maximum cross-set thickness could then be derived. Maximum cross-set 187 

thicknesses were then transformed into synthetic mean thicknesses using this scaling factor, 188 

increasing the total number of mean thicknesses to n = 428. Mean thicknesses were then 189 

incorporated into the paleohydraulic workflow to calculate bankfull flow depths, using the 190 

scaling relationships of Leclair and Bridge (2001) and Bradley and Venditti (2017), with a 191 

Monte-Carlo approach to propagate uncertainty (c.f. Lyster et al., 2021) (fig. 3, Section 3.2).  192 

Architectural observations and measurements were made of fluvial bars and simple 193 

channel-fill elements. In the SSG, barforms are often laterally and vertically amalgamated 194 

(figs. 4a-d, 5a-e), but can be recognised by inclined, low-angle accretion surfaces, often with 195 

superimposed higher angle dune cross-bedding (figs. 4e, 5g, h). The maximum thicknesses 196 

of bars and channel-fill architectural elements (n = 41) provide an independent constraint on 197 

minimum bankfull flow depth. Bar and channel-fill thicknesses were also measured using 198 

published, interpreted architectural panels (Localities A, B in fig. 1a, 2, Lorsong and Atkinson, 199 

1995; Newell and Shariatipour, 2016), and from one cliff section at Danger Point (locality 7, 200 

fig. 1a). Measurements were also made of the dip and dip direction of barform accretion 201 

surfaces (n = 97). When combined with paleocurrent measurements, the accretionary style of 202 

bars (downstream, lateral and upstream) could be determined (c.f. Valenza et al., 2026). 203 

Rarely, the length of inclined, barform lateral-accretion surfaces could be traced laterally and 204 

measured (n = 2) to provide constraints on bankfull channel width (Greenburg et al., 2022). 205 

All barform-scale architectural-element measurements of thickness and length were made 206 

using a laser range finder to a precision of 0.1 m. 207 



Median grain size (D₅₀) was measured for both gravel-grade and sand-grade sediment 208 

(figs. 6a, b). For sandstone-dominated packages (D₅₀ < 2 mm), D₅₀ was measured using the 209 

grain-size classification of Wentworth (1922) (n = 67). For conglomeratic packages (D₅₀ > 2 210 

mm), D₅₀ was obtained by measuring the long axis of clasts using the method of Wolman 211 

(1954). Measurements of gravel-grade sediment were made to a precision of 1 mm, both in 212 

the field and from outcrop photographs (n = 19, 100 measurements each). Median grain size, 213 

along with calculated bankfull flow depths, was incorporated into the paleohydraulic workflow 214 

to calculate paleoslope (Trampush et al., 2011) (fig. 3, section 3.3). 215 

 216 

3.2. Reconstruction of bankfull flow depth and slope 217 

Dune-scale cross-set and barform-scale architectural-element thickness data for the 218 

SSG were decompacted using the procedure of Long (2021), using a mean compaction factor 219 

of 1.16 calculated from 14 individual thin sections collected from the field area (Burley 1987). 220 

Grain size data, along with decompacted cross-set and architectural-element thickness data, 221 

were then grouped by lithostratigraphic division. This grouping allows temporal changes in 222 

paleohydraulic character to be appraised. 223 

For each lithostratigraphic division, dune-scale thickness, architectural-element-scale 224 

thickness and grain size data were passed through a series of scaling relationships to derive 225 

successive paleohydraulic parameters. Where relationships have stated uncertainties, a 226 

Monte Carlo uncertainty propagation was used to produce statistically robust results, with 10⁵ 227 

outcomes modelled with a rectangular distribution within the bounds of respective 228 

uncertainties. 229 

Firstly, original dune heights (hd) were calculated from mean decompacted cross-set 230 

thicknesses (hxs), using Equation 1 (Leclair and Bridge, 2001), where hd is a function of hxs. 231 

This equation is ultimately derived from the theoretical work of Paola and Borgman (1991), 232 



and is appropriate for bedforms migrating over random topography with a negligible angle of 233 

climb. 234 

ℎ𝑑 = (2.9 ± 0.7)ℎ𝑥𝑠 (1) 235 

Bankfull flow depths (H) were calculated the reconstructed dune heights using a 236 

compilation of flume tank and observational data from sand bed modern rivers (Equation 2) 237 

(Bradley and Venditti, 2017). 238 

𝐻 = (6.7−2.3
+3.4)ℎ𝑑 (2) 239 

H was also independently reconstructed from the maximum decompacted vertical thicknesses 240 

of accretionary barform and simple channel-fill architectural elements (hbar). Bars in the SSG 241 

are often vertically amalgamated and truncated, so values of H represent minimum estimates 242 

(fig. 4a-d, fig. 5a-e). The results of barform and dune-scale approaches were then compared 243 

to ensure that results were consistent and geologically reasonable. 244 

Paleoslopes (S, m/m) were calculated using the relationship of Trampush et al. (2014) 245 

(Equation 3), which in effectis a semi-empirical solution for bankfull Shields stress as a 246 

function of particle Reynolds number. Here, S is expressed a function of H and D50, with 247 

parameters derived using a global database of both sand- and gravel-bed modern rivers.  248 

log 𝑆 = (−2.08 ± 0.036) + (0.254 ± 0.016) log 𝐷50 + (−1.09 ± 0.044) log 𝐻 (3) 249 

 250 

3.3. Constraining fluvial planform and width 251 

Constraints on total active channel width, W, are important for the paleohydraulic 252 

workflow, as width is commonly used in interpreting channel planform (Parker, 1976; Ganti et 253 

al., 2019; Lyster et al., 2022; Wood et al., 2022; McLeod et al., 2025). W is also required to 254 

obtain total bankfull water and sediment flux values for sediment routing system 255 

reconstruction. However, W cannot be directly measured as the SSG is largely composed of 256 

channel-fill bodies that are incompletely preserved due to erosional truncation within 257 



multistorey, multilateral channel-fill complexes. Considering this uncertainty, we reconstruct 258 

fluvial planform from both paleohydraulic methods and from facies and architectural 259 

observations. We then reconstruct plausible values of W for each stratigraphic division of the 260 

SSG by comparing our interpreted fluvial planforms, bed grain size and paleohydraulic 261 

parameters H and S to similar modern rivers with known W/H ratios. The accuracy of W is 262 

further tested with reference to generalised, globally derived scaling relationships relating W 263 

and H (Galeazzi et al., 2021; Long et al., 2021; Greenberg et al., 2021). 264 

The first method to constrain planform was an evaluation of the bar-dune angular 265 

difference (Δdb, °) recorded by fluvial stratigraphy. This parameter discriminates between 266 

single-threaded and multi-threaded rivers (Valenza et al., 2026; McLeod et al., 2025), as multi-267 

threaded rivers are generally dominated by downstream accreting bars, while lateral accretion 268 

is prevalent in single-threaded river systems (Miall, 1994; 2006). Bar-dune angular difference 269 

is calculated for each bar accretion package as the angle between the mean bar accretion 270 

direction relative to dune paleoflows. For each stratigraphic division, bars are classified as 271 

downstream accreting (Δdb<45°), laterally accreting (45<Δdb<135°) or upstream accreting 272 

(135<Δdb<180°). Units mainly comprised of downstream accreting bars represent the deposits 273 

of low-sinuosity, multi-threaded rivers. Units mainly comprised of laterally accreting bars 274 

represent the deposits of high-sinuosity, meandering rivers. 275 

Low-sinuosity, multi-threaded rivers encompass both anastomosing and braided 276 

planforms (Nanson and Knighton, 1996; Lyster et al., 2022). These two planforms are 277 

morphodynamically distinct, and distinguishing them is important for creating accurate 278 

depositional models and evaluating the response of rivers to external forcings, such as climate 279 

and tectonics (e.g. Galeazzi, 2021; Lyster et al., 2022 Wood et al., 2025; Mcleod et al., 2025). 280 

Hence, our interpretations of fluvial planform were further refined using observations of facies-281 

scale and architectural-element scale sedimentology, allowing us to identify braided, 282 

anastomosing and meandering rivers. We recognise that planform definitions are inconsistent 283 

for anastomosing rivers (e.g. Nanson and Knighton, 1996; Makaske, 2001; Carling et al., 284 



2014). We identify anastomosing rivers using the discriminator of Lyster et al. (2022), in which 285 

they are defined as multi-threaded rivers with stable bars. 286 

 To derive W/H for each stratigraphic division, the rivers of the HSF are compared to a 287 

database of sand bed modern rivers in the Kati Thanda-Lake Eyre Basin, Australia, as these 288 

modern systems are argued to be sedimentologically and climatically analogous to the SSG 289 

and time-equivalent deposits across NW Europe (Brookfield, 2008; McKie, 2014; Morón et al., 290 

2014; English et al., 2024). For the CHF, we compare our results to the global modern dataset 291 

of Lyster et al. (2022), in the absence of recognised direct analogues. By identifying a suite of 292 

modern rivers with a comparable bed grain size, planform, H and S, we can extract 293 

geologically plausible values of W/H for the rivers of the SSG. 294 

 Where possible, we reference our resulting values of W/H to the globally generalised, 295 

combined scaling relations of Long (2021) and Galeazzi et al. (2021), and the scaling relation 296 

of Greenberg et al. (2022), applied to fully preserved laterally accreting bar surfaces. These 297 

scaling relations are detailed in Supplementary Material 1. 298 

 299 

3.4. Unit and bankfull water discharge and sediment flux 300 

  Firstly, flow velocity (U, m/s) was calculated using the equation of Manning et al. 301 

(1890) (Equation 4). U is a function of H, S, and the roughness coefficient n (Lyster et al., 302 

2021; Wood et al., 2022; Sharma et al., 2023; McLeod et al., 2025), commonly set as 0.03 303 

based on the work of Chow (1959). Although n in natural channels can vary to some extent 304 

(Chow, 1959), n = 0.03 is appropriate both for gravel-bed rivers and sand-bed rivers with 305 

abundant dunes, and as uncertainty in n is small compared to other uncertainties in the 306 

palaeohydrological workflow, the use of a constant n does not substantially influence our 307 

results. Unit water discharge (Qw, u, m²/s), water discharge per unit width, can then be 308 

calculated by multiplying U by H (Equation 5). 309 

𝑈 =
1

𝑛
𝐻1.5𝑆0.5 (4) 310 

𝑄𝑤,𝑢 = 𝑈𝐻 (5) 311 



Bankfull water discharge (Qw,bf, m³/s) is calculated by multiplying unit water discharge (Qw, u) 312 

by W. 313 

 Bankfull sediment flux, (Qw,bf, kg/s), is calculated from W and unit sediment flux (Qs, u, 314 

kg/m/s). Although there are numerous methods for calculating Qs, u (e.g. Barry et al., 2004; 315 

Jacobs, 2022; Martin-Moreta et al., 2023), we use the method of Meyer-Peter and Müller 316 

(1948), modified by Wong and Parker (2006) to calculate bedload transport, and the method 317 

of Engelund and Hansen (1967) for suspended bedload transport. These methods are 318 

appropriate because they incorporate our paleohydraulic parameters without additional inputs, 319 

and have been used effectively to calculate sediment flux in the geological past by Sharma et 320 

al. (2023) and McLeod et al. (2025). 321 

 The method of Meyer-Peter and Müller (1948), modified by Wong and Parker (2006) 322 

gives Qs, u for bedload transport as: 323 

𝑄𝑠,𝑢 = 𝜌𝑠(𝑔𝐷50
3∆𝜌)

0.5
𝐶(𝜏∗𝑏 − 𝜏∗𝑐)𝛼 (6) 324 

In Equation 6, ρs is the density of sediment, 2600 kg/m³, g is gravitational acceleration, 325 

9.81m/s², and Δρ is the dimensionless submerged specific gravity of sediment, 1.6. Constants 326 

C and α are 4.93 and 1.6 respectively. τ*c is the dimensionless critical shear stress, given as a 327 

range between 0.03 and 0.06, reflecting measurements taken from modern gravel-bed rivers 328 

(Peitit et al., 2015). τ *c is the dimensionless bed shear stress, and is given as: 329 

𝜏∗𝑏 =
𝐻𝑆

∆𝜌𝐷50
 (7) 330 

The method of Engelund and Hansen (1967) gives Qs, u for the suspended part of the 331 

bedload as: 332 

𝑄𝑠,𝑢 = 𝜌𝑠(𝑔𝐷50
3∆𝜌)

0.5
𝑞∗𝑡 (8) 333 

In Equation 8, q*t is the dimensionless Einstein number, which relates shear stress and bed 334 

friction. For an extended methodology, see Supplementary Material 1. For sand bed rivers, 335 

we calculate sediment flux using Equation 6. For gravel-bed rivers, we calculate sediment 336 

flux by summing the results of Equation 6 and Equation 8. 337 



 338 

4. Results 339 

4.1. Sedimentology and sedimentary architecture 340 

 Studies of the SSG (Smith, 1990; Smith and Edwards, 1991; McKie and Williams, 341 

2009; Newell, 2017b), have documented facies associations and sedimentary architecture of 342 

these deposits in some detail. We do not repeat this work here: instead we concentrate on 343 

key sedimentary observations that we contextualise with respect to our quantiative 344 

paleohydrological analyses. 345 

In the outcrops studied, the upper and lower CHF are both composed of horizontally 346 

and vertically amalgamated, channelised conglomeratic bodies (figs. 4a-d). Texturally, 347 

conglomerates are structureless or imbricated. (fig. 4e-f, 6a). Clasts are dominantly rounded 348 

to well-rounded, are composed mainly of quartzite, and are of pebble to cobble grade in a 349 

matrix of coarse-grained sandstone (fig. 4e-f, 6a). Two scales of hierarchically arranged 350 

inclined strata are observed. The smaller scale of cross-strata are between 3 and 10 cm thick, 351 

and are interpreted as dune deposits. Dune cross-stratification is comparatively rare due to 352 

the coarse grain size. Where present, dune deposits are arranged within thicker, shallowly 353 

inclined to subhorizontal cosets, 0.5-4.0 m thick, bounded by more laterally extensive 354 

boundaries; these are interpreted as bar deposits (fig. 4a-d). Bar deposits are either 355 

structureless, or show well-developed bar-scale stratification, with each bar set showing 356 

normal grading. The CHF also contains a subset of sandy barforms, with grain sizes between 357 

fine- and coarse-grained sandstone, and containing stringers and lag deposits of small 358 

pebbles (figs. 4a-d). The sedimentary architecture of the lower and upper CHF are notably 359 

different. Conglomeratic barforms in the lower CHF are laterally extensive (>30 m), with 360 

steeply inclined bar accretion surfaces and channel cuts suggesting deep, confined channels 361 

(fig. 4a, b). In contrast, bars in the upper CHF are thinner, channel cuts are shallower in angle 362 

and depth, and sandstone facies are more common (fig. 4c, d). Clast size distributions are 363 

similar for the lower and upper CHF. Both units have a D₅₀ of 40 mm. The lower CHF has a 364 



D₁₆ and D₈₄ of 19 mm and 85 mm respectively, whereas the upper CHF has a D₁₆ of 20 mm, 365 

and a D₈₄ of 95 mm. 366 

 The HSF is mainly composed of laterally and vertically amalgamated sandstone bodies 367 

(fig. 5a-d). Each sandstone body generally fines upwards from 0.05-0.2 m thick basal gravel 368 

lags into medium-grained sandstones 0.3-3.9 m thick, which are locally capped by mudstone-369 

dominated strata (fig. 5c, d). Conglomerates are dominantly granule- and pebble-grade, and  370 

are cross-stratified. Conglomerates are composed of intraclasts of rhizocretions and 371 

mudstone, and extraclasts of vein quartz, quartzite and fine-grained volcanics. Sandstones 372 

frequently show two hierarchical scales of cross-stratification. Smaller-scale cross-sets are 373 

interpreted as dune deposits, and are 0.03-0.12 m thick. Dune cross-sets are arranged in 374 

shallowly inclined to subhorizontal bar-scale cosets, 0.3-3.9 m thick, bounded by more laterally 375 

extensive channelised boundaries (fig. 5a-d). The Otterton Ledge Member is composed of 376 

simple sheet-like amalgamated channels with typical architectures as described above (fig. 377 

5a, b). The Chiselbury Bay Member is composed of amalgamated channel sandstones with 378 

thicker, wider, and more architecturally diverse barforms. For example, bars often show well 379 

developed, convex lower bounding surfaces >5 m wide, with 1.5-4 m of erosional relief, which 380 

are interpreted as channel cuts (fig. 5c, d). Bars with gently dipping bounding surfaces and 381 

inclined, large-scale cosets oriented perpendicular to dune-scale cross-bedding are 382 

interpreted as laterally accreting bar packages. In the Pennington Point Member, isolated, 383 

laterally accreting sandstone bodies, showing the typified fining-upward succession, are 384 

encased within structureless to laminated mudstone and heterolithic strata, which are 385 

interpreted as overbank facies associations (fig. 5e, f). Throughout the HSF, the upper parts 386 

of barform-accretion and channel-fill elements are commonly overprinted by horizons of 387 

subvertical pedogenic rhizocretions: calcite nodules precipitated by phreatophytic vegetation 388 

(fig. 6c, d). Reworked rhizocretions also occur in lag deposits at the base of channelised 389 

bodies (fig. 6e, f). They are found in all three studied units; however they are most extensive 390 

in the Otterton Ledge Member (fig. 6c). In situ rhizocretions have maximum lengths of 1-2 m 391 

(fig. 6c), but are recorded to reach several metres (Purvis and Wright, 1991). Overall, 392 



sedimentological and architectural observations are consistent with those of previously 393 

published studies (Purvis and Wright, 1991; Lorsong and Atkinson, 1995; Svendsen and 394 

Hartley, 2001; Hounslow and McIntosh, 2003; Newell, 2017b). 395 

 In the SSG, dune paleoflow data record north- and northeast-directed paleocurrents 396 

(Supplementary Material 1). These measurements build on previously collected paleocurrent 397 

data (Sellwood et al., 1984; Smith and Edwards, 1991; Benton et al., 1993; Lorsong and 398 

Atkinson, 1995; Newell, 2017b), but increase the volume of data reported for  the CHF by a 399 

factor of >8 (Smith and Edwards, 1991; Supplementary Material 1), and increase the spatial 400 

range of data in the HSF (Newell, 2017b). The collection of new paleocurrent data also allows 401 

dune paleoflows to be linked with bar accretion direction, in order to appraise Δdb, a key 402 

parameter for inferring river planform. 403 

 404 

4.2. Bankfull flow depths 405 

 From our dune-scale cross-set distributions (Section 4.1), the relationship between 406 

maximum cross-set height and mean height in the SSG is linear with a coefficient of 0.6 and 407 

a coefficient of determination (r²) of 0.962 (fig. 7a). This relationship compares well with the 408 

results of previous studies (Lyster et al., 2021; Wood et al., 2022; Mcleod et al., 2025), 409 

suggesting that our cross-set scaling method is reliable. A Cumulative Distribution Function of 410 

reconstructed mean cross-set heights for the CHF is presented in Figure 7b. Median 411 

reconstructed cross set heights are 0.066 m for the lower CHF, and 0.072 m for the upper 412 

CHF (n = 23 and 25 respectively, fig. 7b). In the HSF, median cross set heights are 0.060 m 413 

for the Otterton Ledge Member, 0.075 m for the Chiselbury Bay Member, and 0.089 m for the 414 

Pennington Point Member (n = 114, 156 and 110 respectively, fig. 7c). These values imply 415 

that, for a bedform preservation ratio of 0.34 ± 0.067 (Leclair and Bridge, 2001), subaqueous 416 

dunes on the base of rivers had median heights of 0.19 ± 0.05 m in the lower CHF, and median 417 

heights of 0.21 ± 0.05 m in the upper CHF (fig. 7b). In the HSF, subaqueous dunes had median 418 



heights of 0.17 ± 0.04 m in the Otterton Ledge Member, 0.22 ± 0.05 m in the Chiselbury Bay 419 

Member, and 0.26 ± 0.06 m in the Pennington Point member (fig. 7c). 420 

 Bankfull flow depths (H) obtained using our bedform-based approach (equations 1, 2) 421 

range between 0.5 and 4.0 m (fig. 8). Significantly, for each stratigraphic division except the 422 

lower CHF, bedform-derived values of H are similar to values of H obtained from the 423 

thicknesses of bar-accretion architectural elements. This confirms that the two methods are 424 

generally compatible and that bedform- and barform-based approaches are consistent in their 425 

estimates of palaeo-flow depths (fig. 8). The dominantly conglomeratic lower CHF is an 426 

exception: H calculated from the bedform-based approach ranges between 0.8-2.8 m, 427 

whereas H calculated from the barform-based approach ranges between 2.1-4.6 m (fig. 8). 428 

This discrepancy is because, for coarse gravel bed rivers such as the CHF, flow conditions 429 

and grain size lie at the margins of the dune stability field (Dade and Friend, 1998). 430 

Consequently, dunes in the CHF are often absent and those observed are unlikely to record 431 

flow conditions in the largest channel threads. 432 

 Accordingly, for the lower CHF, values of H derived from the barform-based approach 433 

are propagated into the Monte Carlo workflow using a triangular distribution (n = 10⁵) with a 434 

minimum of 2 m, a maximum of 6 m, and a mode of 2.5 m. For all other units, our statistically 435 

robust bedform-based results are propagated. 436 

 Bankfull flow depths (p₁₀, p₉₀) in the Olenekian-aged CHF are initially 2.4-4.8 m, with 437 

a median of 3.4 m (fig. 9a). Flow depths decrease to 1.2-2.0 m with a median of 1.7 m in the 438 

upper half of the unit. In the Anisian-Ladinian aged HSF (246.5-236.9 Ma, Yan et al., 2026), 439 

flow depths appear to increase over time. For the Otterton Ledge Member, which represents 440 

much of the temporal range of the HSF (246.5-241.2 Ma, fig. 9a), estimated flow depths are 441 

1.0-2.0 m, with a median of 1.4 m. In the Chiselbury Bay Member (241.2-240.2 Ma), bankfull 442 

flow depths then increase to 1.2-2.5 m, with a median of 1.8 m. In the Pennington Point 443 

Member, reconstructed flow depths are 1.4-3.0 m, with a median of 2.1 m (fig. 9a, 240.2 – 444 

239.6 Ma). 445 

 446 



4.3. Grain size and paleoslope 447 

In the conglomeratic CHF, the D50 grain size of clasts is 40 mm for both intervals. 448 

Sandstones in the HSF are dominantly medium- and coarse-grained (fig. 6b), with granule 449 

and pebble-grade lag deposits locally observed (fig. 6e, f). Overall, median grain sizes are 450 

0.43 mm for the Otterton Ledge Member, 0.35 mm for the Chiselbury Bay Member, and 0.34 451 

mm for the Pennington Point Member.  452 

Calculated paleoslopes (S) are a function of bankfull flow depths (fig. 9a) and d50 grain 453 

size (Equation 3, Trampush et al., 2011). In the CHF, the median paleoslope was initially 1.0 454 

× 10⁻³ m/m (i.e. 0.1%), and doubled to 2.0 × 10⁻³ m/m in the upper half of the unit (fig. 9b). In 455 

contrast, in the HSF, median paleoslopes progressively decreased through time (fig. 9b): 456 

slope was initially 7.8 × 10⁻⁴ m/m in the Otterton Ledge Member (246.5-241.2 Ma), then 5.8 × 457 

10⁻⁴ m/m in the Chiselbury Bay Member (241.2-240.2 Ma), and finally 5.0 × 10⁻⁴ m/m (i.e. 458 

0.05%) in the Pennington Point Member (240.2-239.6 Ma). 459 

 460 

4.4. Fluvial planform 461 

Fluvial planform is first inferred from the angular difference between bar accretion 462 

direction and dune migration direction (Δdb). In the HSF, median values of Δdb are 34° for the 463 

Otterton Ledge Member, 33° for the Chiselbury Bay Member, and 86° for the Pennington Point 464 

Member (fig. 10a). These values indicate the lower two studied units of the HSF likely 465 

represent low-sinuosity, multithreaded rivers, whereas the uppermost unit represents a high 466 

sinuosity, meandering river system. An increase in the interquartile range of Δdb is observed, 467 

from 48° in the Otterton Ledge Member to 75° Chiselbury Bay Member (fig. 10a). This change 468 

suggests that channel sinuosity increased between these two units. The abundance of  469 

pedogenic rhizocretions in the HSF, which are formed by living plants, indicate that bars were 470 

highly vegetated and likely stable (section 4.4, figs 6a-f). Modern calcretes require a 471 

minimum of hundreds of years to form (Candy et al., 2005; Alonso-Zarza, 2018) and provide 472 



a quantitative estimate of the timescales of barform stability. These observations strongly 473 

indicate that the multithreaded, low sinuosity rivers of the Otterton Ledge and Chiselbury Bay 474 

Members were anastomosing, and that the Pennington Point Member represents meandering 475 

river deposits. 476 

In the conglomeratic CHF, a paucity of observed dunes prevents a full statistical 477 

analysis of data. However, Δdb ranges from 1-108° in the lower CHF, and 1-115° in the upper 478 

CHF (fig. 10a). The spread of values observed, including very low angular differences, 479 

strongly suggests that both downstream and lateral accreting bars are preserved, indicating 480 

that the rivers of the CHF were low sinuosity and multithreaded. Detailed sedimentological 481 

and architectural evidence presented by Smith (1990) and Smith and Edwards (1991) suggest 482 

that the lower CHF was deposited by wandering rivers, and so are most consistent with an 483 

anastomosing planform, whereas the architecture of the upper CHF matches well with the 484 

Donjek River in Canada (Smith, 1990; Smith and Edwards, 1991), an exemplar braided river 485 

(Miall, 2006). 486 

 487 

4.5. Total active channel width 488 

 For each stratigraphic division of the SSG, interpreted planform (braided, 489 

anastomosing, meandering), bed grain size (sand, gavel), bankfull flow depth (H) and slope 490 

(S) were compared with modern rivers to find appropriate analogues. Values of W/H recorded 491 

for these modern rivers can be used to estimate total active bankfull channel width (W) for the 492 

SSG. 493 

 Rivers of the CHF are compared against the global modern dataset of Lyster et al. 494 

(2022). For the lower CHF, the most similar modern gravel-bed rivers are between 1.6 and 6.8 495 

m deep, and have slopes of 0.00035 - 0.0012 m/m (fig. 11a). For the upper CHF, similar 496 

gravel-bed rivers are between 0.52 and 1.9 m deep, and have slopes of 0.0015 - 0.0046 m/m 497 

(fig. 11b). 498 



 For the anastomosing Otterton Ledge and Chiselbury Bay members, comparable 499 

transects of the Marshall and Diamantina Rivers (Tooth and Nanson, 2004; Brunner, 2013; 500 

Nanson and Huang, 2017) contain reaches with median bankfull depths of 0.64-2.6 m, and 501 

slopes of 0.0013 and 0.00020 m/m (fig. 11c, d). For the meandering Pennington Point 502 

Member, comparable reaches of the Diamantina River have bankfull depths of 4.1-4.2 m, and 503 

slopes of 0.00020 m/m (fig. 11e). 504 

 From these modern river analogues, W/H ratios were obtained. For the lower CHF, 505 

comparable gravel-bed anastomosing rivers have a median W/H of 97. For the upper CHF, 506 

comparable gravel-bed braided rivers have a median W/H of 217 (fig. 12). For the Otterton 507 

Ledge and Chiselbury Bay members of the HSF, the median W/H of comparable sand-bed 508 

anastomosing rivers is 223 (fig. 12). For the Pennington Point Member of the HSF, the median 509 

W/H of comparable sand-bed meandering rivers is 24 (fig. 12). 510 

 W/H results for gravel-bed anastomosing rivers, gravel-bed braided rivers, and sand-511 

bed meandering rivers were validated by using the scaling relationships of Galeazzi et al. 512 

(2021) and Long (2021) (Supplementary Material 1). This method produces a median W/H 513 

value of 76 for the lower CHF, 203 for the upper CHF, and 24 for the Pennington Point Member 514 

of the HSF (fig. 12), consistent with the results above. For sand-bed meandering rivers of the 515 

Pennington Point Member, values of W/H derived by the architecturally-based scaling 516 

relationship of Greenberg et al. (2021) (Supplementary Material 1) also fall within the range 517 

of values observed in comparable modern systems (fig. 12). Furthermore, interpreted 518 

planforms and corresponding values of W/H for the SSG correspond well with the W/H 519 

planform stability criterion taken from the global modern dataset of Lyster et al. (2022), which 520 

discriminates between single and multi-threaded rivers (fig. 12). 521 

In summary, all methods of estimation suggest that median W/H ratios derived from 522 

comparable modern rivers for the SSG are geologically realistic. When combined with our 523 

results for H for the SSG, these W/H values can be confidently used to estimate W. Median 524 

values of W in the lower and upper Chester Formation are 330 m and 370 m, respectively. For 525 



the HSF, median W is 320 m in the Otterton Ledge Member, 400 m in the Chiselbury Bay 526 

Member, and 50 m in the Pennington Point Member (Supplementary Material 1). 527 

 528 

4.6. Water and sediment discharge 529 

Median unit water discharge (Qw, u) is estimated at 7.8 m²/s for the lower CHF, and 3.7 530 

m²/s for the upper CHF (fig. 13a). In the HSF, Qw, u increased over time. Median Qw, u was 531 

initially 1.8 m²/s in the Otterton Ledge Member (246.5-241.2 Ma), increasing to 2.1 m²/s in the 532 

Chiselbury Bay Member (241.2-240.2 Ma), and further increasing to 2.6 m²/s in the Pennington 533 

Point Member (240.2-239.6 Ma, fig. 13a). 534 

Bankfull water discharges (Qw, bf) are calculated from Qw, u and W. Overall, median 535 

values of Qw, bf are substantially higher for the CHF than the HSF. Median Qw, bf was 760 m³/s 536 

in the lower CHF, and 810 m³/s for the upper CHF (fig. 14a). In the HSF, median Qw, bf was 537 

380 m³/s for the Otterton Ledge Member (246.5-241.2 Ma), and 480 m³/s for the Chiselbury 538 

Bay Member (241.2-240.2 Ma). Qw, bf was substantially lower in the Pennington Point Member, 539 

at 64 m³/s (240.2-239.6 Ma, fig. 14a). 540 

 Unit sediment fluxes (Qs, u) are consistent throughout the SSG. Median values of Qs, u 541 

in the conglomeratic CHF are 11.9 kg/m/s for the lower part of the unit, and 12.1 kg/m/s for 542 

the upper part of the unit (fig. 14a). In the HSF, a median Qs, u, of 11.5 kg/m/s is recovered for 543 

the Otterton Ledge Member, and a median Qs, u of 11.7 kg/m/s is recovered for both the 544 

Chiselbury Bay and Pennington Point Members (fig. 14a). 545 

Bankfull sediment fluxes (Qs, bf) are calculated from Qs, u and W. Median values of Qs, 546 

bf are 3940 kg/s for the lower CHF and 4530 kg/s for the upper CHF (fig. 14b). Median values 547 

of Qs, bf are 3670 kg/s for the Otterton Ledge Member (246.5 - 241.2 Ma), and 4670 kg/s for 548 

the Chiselbury Bay Member (241.2-240.2 Ma, fig. 14b). Qw, bf is substantially lower for the 549 

Pennington Point Member, at 603 kg/s (240.2-239.6 Ma, fig. 14b). 550 

 551 



5. Discussion 552 

5.1. Changing fluvial character in the Lower and Middle Triassic 553 

Through our paleohydraulic workflow, we quantitatively reconstruct changing values of 554 

bankfull flow depth, slope, planform and water and sediment discharge for the SSG over time 555 

(fig. 15). Overall, the SSG can be divided between the gravel-bed CHF, and the sand-bed 556 

HSF.  557 

Rivers in the lower CHF had median bankfull flow depths of 3.4 m and slopes of 1.0 × 558 

10⁻³ m/m. These rivers likely had an anastomosing planform, with bankfull water discharges 559 

of ca. 760 m³/s and sediment fluxes of up to 4000 kg/s (fig. 15). The rivers which deposited 560 

the upper CHF had median bankfull flow depths of 1.7 m and slopes of 2.0 × 10⁻³ m/m. These 561 

systems were likely braided, with bankfull water discharges of ca. 800 m³/s and bankfull 562 

sediment fluxes of 4530 kg/s (fig. 15). Previous assessments of flow depth, derived from 563 

architectural observations, suggest that bankfull depths were 2-6 m in the CHF (Smith, 1990; 564 

Smith and Edwards, 1991), consistent with our quantitative paleohydraulic results (fig. 9a). 565 

Our results further show that the CHF, which had previously been considered a single 566 

lithostratigraphic unit, is best considered as having been deposited by two distinct types of 567 

river with differing sedimentary architecture, bankfull flow depths, paleoslopes and planforms. 568 

However, both have a similar gravel grain-size distribution (section 4.1) and comparable 569 

bankfull water and sediment discharges (fig. 14b; 15b), suggesting that rivers had similar 570 

hydraulic conditions. The similarity of grain size and bankfull discharge, but difference in 571 

paleoslope and planform suggests the change in fluvial style between the lower and upper 572 

CHF may have had a tectonic origin. However a climatic origin, such as a change in bankfull 573 

discharge frequency, cannot be excluded. This peturbation is likely recorded downstream of 574 

the Wessex Basin: a regional bipartite division of the CHF is also observed in the Worcester 575 

Graben and the Midlands Basins, 200-300 km north of the Wessex Basin (fig. 1c, Newell, 576 

2017a). 577 



In the HSF, the Otterton Ledge Member record rivers with a median bankfull flow depth 578 

of 1.4 m and slopes of 7.8 × 10⁻⁴ m/m. These rivers had an anastomosing planform, with 579 

bankfull water discharges of 380 m³/s and sediment fluxes of up to 3670 kg/s (fig. 15). The 580 

rivers of the Chiselbury Bay Member had median depths of 1.8 m, slopes of 5.8 × 10⁻⁴ m/m. 581 

These rivers were also anastomosing, had bankfull water discharges of 480 m³/s, and bankfull 582 

sediment fluxes of 4670 kg/s (fig. 15). The rivers of the Pennington Point Member had median 583 

depths of 2.1 m and slopes of 5.0 × 10⁻⁴ m/m. These rivers were meandering, with water 584 

discharges of ca. 645 m³/s, and sediment fluxes of ca. 600 kg/s (fig. 15). For the Chiselbury 585 

Bay Member of the HSF, Lorsong and Atkinson (1995), and McKie and Williams (2009) 586 

estimated bankfull flow depths from facies and architectural observations, yielding values of 587 

4-5 m and 3 m respectively. Our estimates of bankfull flow depth for this member range 588 

between 1.2 and 2.5 m (p₁₀ and p₉₀ respectively, fig. 8), which we systematically reconstruct 589 

from both bedform and architectural-scale measurements. We thus highlight the value of using 590 

quantitative approaches in accurately reconstructing channel hydraulics (Wood et al., 2025). 591 

Within the HSF, a general proximal-distal transition is observed, with rivers showing 592 

decreasing grain size, decreasing slope and increasing sinuosity from base to top of the 593 

formation (section 4.3; figs. 9b, 10). These trends illustrate the shortening of the Sherwood-594 

2 River System in response to the Muschelkalk transgression and coincident aridification 595 

(Bourquin et al., 2011; McKie, 2017; Newell, 2017a; Yan et al., 2026). Our results further 596 

suggest that rivers in the Chiselbury Bay Member records a brief (c. 1 Ma) time interval when 597 

rivers were deeper, more sinuous and had greater bankfull discharges than the rivers in the 598 

Otterton Ledge Member. A decrease in the abundance and size of pedogenic rhizocretions in 599 

the Chiselbury Bay Member may indicate a higher water table and increased precipitation. 600 

These interpretations are consistent with the depositional model of Newell (2017b), which 601 

suggested that this unit represented a brief humid period during the middle Triassic. Finally, 602 

the rivers of the Pennington Point Member record an abrupt eightfold decrease in bankfull 603 

water discharge and sediment flux (fig. 15). These rivers, which we interpret as meandering 604 



in line with previous architectural interpretations (Lorsong and Atkinson, 1995; Svendsen and 605 

Hartley, 2001; Newell and Shariatipour, 2016), likely record the distal segment of the fluvial 606 

system. The decreases in bankfull water discharge and sediment flux observed likely originate 607 

from the transmission loss of water, and the division of the trunk system into several active 608 

distributary branches (fig. 15, 16c, Lang et al., 2004) where the Helsby Sandstone fluvial 609 

system discharged into the playa lake facies represented by the Mercia Mudstone Group 610 

(Howard et al., 2008).  611 

Significantly, our paleohydraulic and sedimentological observations suggest that the 612 

HSF is temporally dominated by anastomosing rivers (fig. 15). This contrasts with previous 613 

interpretations of these units as braided river deposits (Sellwood et al., 1984; Purvis and 614 

Wright, 1991; Lorsong and Atkinson, 1995; Newell, 2017b; Coram et al., 2019). Although our 615 

paleohydraulic data confirm that rivers in the Otterton Ledge and Chiselbury Bay Members 616 

were low-sinuosity and multithreaded, the abundance of pedogenic rhizocretions suggests 617 

that these rivers had vegetated, stable bars (Section. 4.4, fig. 15). Estimated values of flow 618 

depth, slope, grain size and planform further suggest that these rivers are comparable to 619 

modern dryland anastomosing rivers in Australia (figs. 11c-e, 16a, b). These systems are 620 

sedimentologically and morphodynamically different from their humid counterparts (Nanson 621 

and Knighton, 1996; North et al., 2007). Humid zone anastomosing rivers comprise isolated 622 

sandstone channel-fill bodies encased within fine-grained floodplain deposits (Nanson and 623 

Knighton, 1996; North et al., 2007; Wood et al., 2022; McLeod et al., 2025). In contrast, dryland 624 

anastomosing rivers are sand-dominated, contain complex anabranches and have wide 625 

channel belts (fig. 16a, b, Tooth and Nanson, 1999; Lang et al., 2004; North et al., 2007). 626 

These attributes appear consistent with our observations of the Otterton Ledge and Chiselbury 627 

Bay Members, indicating that the HSF records a compelling example of dryland anastomosing 628 

rivers in the geological record. 629 

 630 



5.2. Climate as a driver of river behaviour in the Sherwood Sandstone Group 631 

Both the CHF and HSF were deposited in a climatically and tectonically dynamic 632 

setting (e.g. Bourquin et al., 2011; Radley and Coram, 2016; Newell, 2017a; b; Yan et al., 633 

2026). In particular, the CHF is notable for its widespread distribution of conglomeratic facies 634 

(Radley and Coram, 2016). Conglomeratic facies persist into the British Midlands c. 300 km 635 

north of the Devon coastal section, and c. 400 km north of their source area (fig. 1c, e.g. Buist 636 

and Thompson, 1982; Steel and Thompson, 1983; Rees and Wilson, 1998). In contrast, similar 637 

source-to-sink systems draining from the Variscan mountains during the mid-Triassic and 638 

upper Carboniferous are sand bedded throughout (Hallsworth et al., 2000; Wood et al., 2022; 639 

Yan et al., 2026). Any sediment sourcing control on the coarse grain size of this unit is unlikely: 640 

the well-rounded, dominantly quartzite clasts abundant in the CHF likely originate from the 641 

Gallic Massif in north France (fig. 1a; Plant et al., 1999; Sendino, 2012; Radley and Coram, 642 

2015) rather than more proximal, local sources, where the pre-Triassic basement is largely 643 

sedimentary (fig. 1c, Yan et al., 2026).  644 

The magnitude of hydrological change between the CHF and the HSF becomes 645 

apparent when our paleohydraulic results are combined with catchment reconstructions and 646 

paleoclimate constraints. Quantitative provenance analysis suggests that drainage length 647 

scales doubled to quadrupled between the CHF and HSF, from c. 100 km to 200-400 km 648 

(Morton et al., 2013), corresponding with a regional drainage organisation triggered by the 649 

Hardegsen tectonic event (e.g. Bourquin et al., 2011; von Eynatten et al., 2026). Using the 650 

geomorphic scaling relation of Nyberg et al. (2018), catchment areas are inferred to be c. 1600 651 

km² for the CHF, and 5800 – 20,000 km² for the HSF: increasing by a  factor between 4 and 652 

12. These contrast with our paleohydraulic results, which show that bankfull water discharges 653 

in the CHF were double those of the HSF, and that sediment fluxes were comparable for both 654 

units. Effective daily precipitation, calculated from the bankfull water discharges and the 655 

catchment areas of these systems,  are c. 40 mm/day in the CHF, and ca. 2-6 mm/day in the 656 

HSF, suggesting that precipitation driving these discharge events was 7 to 20 times more 657 



intense in the early Triassic than the middle Triassic.  However, the climate was semiarid for 658 

both intervals: long-term runoffs of approximately 130 mm/y are reconstructed for the early 659 

Triassic (Ravida et al., 2021), and 100-250 mm/y for the middle Triassic, inferred from the 660 

presence of calcretes (fig. 6c-f, Eide et al., 2018). These findings suggest that bankfull 661 

discharge events in the lower Triassic CHF were generated by intense but infrequent 662 

precipitation events which mobilised large amounts of gravel grade material. 663 

Climate change affects both the hydraulic regime of fluvial systems and the grain size 664 

of exported sediment (e.g. Armitage et al., 2011; McLeod et al., 2024). Hyperthermal events 665 

in particular are associated with widespread landscape devegetation, bedrock erosion and 666 

changes in preciptiation regime. Rapid global warming of 5 °C over c. 270 kyr (Inglis et al., 667 

2020; Piedrahita et al., 2025) during the Paleocene-Eocene Thermal Maximum is well 668 

documented to have produced a coarsening of fluvial grain size, as well as extreme bankfull 669 

discharges from an intensified precipitation (e.g. Schmitz and Pujalte, 2007; Foreman et al., 670 

2012; Carmichael et al., 2017; Van Praagh et al., 2024; Prieur et al., 2025; Willard et al., 2026). 671 

Accordingly, we suggest the sedimentological and paleohydraulic character of the CHF is 672 

indicative of an analogous lower Triassic hyperthermal. Based on regional stratigraphic 673 

correlation, the CHF is suggested to be of Smithian Age in the Olenekian Stage (Bourquin et 674 

al., 2011). This interval coincides with the Late Smithian Thermal Maximum (LSTM, Sun et al., 675 

2012; Lindström et al., 2019; Du et al., 2022; Armores et al., 2025). The LSTM was a c. 0.5 676 

My-long hyperthermal triggered by activity from the Siberian Large Igneous Province (Du et 677 

al., 2022), where terrestrial temperatures, already elevated in the early Triassic, reached 35-678 

40°C (Sun et al., 2012). These extreme conditions triggered mass landscape devegetation at 679 

low latitudes (Sun et al., 2012; Linström et al., 2019) and caused severe perturbations in the 680 

global hydrological cycle (Linström et al., 2019). These effects are consistent with the bedrock 681 

erosion required to generate the abnormally coarse grain size of the CHF, as well as the highly 682 

perturbed hydraulic regime observed. Infrequent but extreme rainfall is argued to have been 683 

generated by enhanced Tethyan monsoons passing north over the remnant Variscan 684 



mountain belt (fig. 1a; e.g. McKie, 2014; Ravida et al., 2021): monsoonal weather systems 685 

are known to be highly sensitive to climate change (Loo et al., 2015; Meijer et al., 2024). 686 

Although tectonic forcings can also change the grain size profile of rivers (e.g. Duller et al., 687 

2010; Armitage et al., 2011; Whittaker et al., 2011; Hampson et al., 2014; Reynolds, 2024), it 688 

is unlikely that substantial tectonic activity contributed to the sedimentological-paleohydraulic 689 

changes observed in the CHF: paleoslopes for this unit (c. 1.0 × 10⁻³ m/m) are generally 690 

similar to the HSF (c. 7.8 × 10⁻⁴ m/m, fig. 9b), and to paleoslopes recovered for the 691 

Carboniferous rivers of the Variscan foreland (c. 4.5 × 10⁻⁴, Wood et al., 2022). 692 

Our findings provide empirical, quantitative evidence that the LSTM may have been 693 

the driver of the low frequency, high-discharge hydraulic regime previously proposed for the 694 

lower Triassic (e.g. Gallois, 2014; Radley and Coram, 2016; Newell, 2017a). More broadly, 695 

the LSTM represents an isolated, intense episode of fluvial activity within a generally arid lower 696 

Triassic interval (e.g. Bourquin et al., 2011; Newell, 2017b). Sustained fluvial activity was only 697 

later established during the mid-Triassic (fig. 15; e.g. Ambrose et al., 2014; Newell, 2017a; b), 698 

with rivers being sourced by regular precipitation under a relatively stable climate, evidenced 699 

by the abundance of vegetation (section 4.4, 5.1) and diverse biosphere (Benton et al., 2002; 700 

Dunhill et al., 2013; Coram et al., 2019).  701 

Regionally, the CHF has multiple stratigraphic equivalents around northwest Europe 702 

(Bourquin et al., 2011). These deposits consist of stratigraphically confined, texturally and 703 

compositionally mature conglomerate sheets, often capped by a ventifact surface (e.g. Ramos 704 

and Sopena, 1989; Durand et al., 2006; Bourquin et al. 2006; 2007; Costamagna, 2012). The 705 

association of these deposits with the LSTM may not only provide a key stratigraphic 706 

constraint in the typically barren lower Triassic, but record the continental response to a global, 707 

early Triassic hyperthermal which has hitherto proved difficult to identify and correlate. 708 

 709 

6. Conclusions 710 



The lower-to-middle Triassic Sherwood Sandstone Group, UK, comprises the deposits 711 

of dryland river systems which serve as a reservoir unit crucial for the energy transition, and 712 

record landscape evolution during and after the Permo-Triassic extinction. Through 713 

quantitative paleohydrology and facies-based sedimentological observations of a complete 714 

section of the Sherwood Sandstone Group in Devon, southwest UK, we quantitatively 715 

reconstruct paleoslopes, planforms, bankfull water discharge and bankfull sediment fluxes for 716 

these ancient rivers. In the conglomeratic Chester Formation, rivers were firstly anastomosing 717 

and subsequently braided. Paleoslopes were c. 1.0-2.0 × 10⁻³ m/m, bankfull water discharges 718 

were 760-810 m³/s, and bankfull sediment fluxes were 3940-4530 kg/s. For most of the Helsby 719 

Sandstone Formation (c. 246.5-240.6 Ma), rivers were anastomosing, and were active under 720 

a stable, semiarid climate, with clear evidence of paleosols and vegetated, stable bars. 721 

Bankfull water discharges were 380-480 m³/s, and bankfull sediment fluxes were 3670-4670 722 

m³/s. 723 

From the base to the top of the Helsby Sandstone Formation, a clear proximal-to-distal 724 

transition is observed. Paleoslope progressively decreases through time, from 7.8 × 10⁻⁴ m/m 725 

in the Otterton Ledge Member to 5.0 × 10⁻⁴ m/m in the Pennington Point Member, 726 

accompanied by an increase in channel sinuosity. Furthermore, the paleohydrology and 727 

sedimentology of the meandering Pennington Point Member, in which an abrupt, eightfold 728 

decrease in bankfull water discharge and bankfull sediment flux is observed, is consistent with 729 

depositional models for a terminal splay system. Overall, these proximal-to-distal 730 

paleohydraulic and sedimentological trends were most likely caused by the Muschelkalk 731 

marine transgression and synchronous regional aridification. The sedimentology, climate and 732 

paleohydrology of anastomosing and meandering rivers of the Helsby Sandstone Formation 733 

indicate that they were comparable with modern dryland rivers of the Kati Thanda-Lake Eyre 734 

Basin, Australia. These systems may serve as suitable depositional analogues for sand-735 

bedded rivers in the Sherwood Sandstone Group. 736 



When the paleohydrology of the Chester Formation and the Helsby Sandstone 737 

Formation are integrated with catchment and paleoclimate constraints, we show that 738 

precipitation during the lower Triassic was likely 7-20 times more intense than that in the mid-739 

Triassic. However, long-term average precipitation remained comparatively constant 740 

throughout, implying that changes in the frequency and magnitude of extreme rainfall events 741 

may have influenced deposition in the lower Triassic CHF. The hydraulic characteristics and 742 

coarse grain size of this unit suggest a perturbed hydrological cycle and widespread landscape 743 

devegetation, and are consistent with the effects of hyperthermal climatic events. Existing 744 

stratigraphic constraints suggest  the c. 0.5 Myr-long Late Smithian Thermal Maximum (c. 248 745 

Ma) is a plausible driver behind the deposition of the Chester Formation, as well as equivalent 746 

units across NW Europe. We thus demonstrate the value of quantitative paleohydraulic 747 

methods, which use direct measurements of preserved fluvial stratigraphy, in reconstructing 748 

climate signals in a paleontologically barren, continental setting. 749 
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 1232 

Figure 1: a) Paleogeography of NW Europe during the early to mid-Triassic (adapted from 1233 
McKie, 2017; Yan et al., 2026). b) early to mid-Triassic sediment routing across north France 1234 
and the British Isles (Burgess et al., 2025; Yan et al., 2026). c) Field localities and distribution 1235 
of the Sherwood Sandstone Group at outcrop in the Devon study area. Locality A: Lorsong 1236 
and Atkinson (1994), B: Newell and Shariatipour, 2016. CM: Cornubian Massif, EISB: East 1237 
Irish Sea Basin, WB: Wessex Basin. c) Geological Map Data BGS © UKRI 2025.1238 



 1239 

Figure 2: Lithostratigraphy (Smith and Edwards, 1991; Newell, 2017b) and chronostratigraphy 1240 
(Hounslow and McIntosh, 2003; Hounslow et al., 2017; Hounslow and Gallois, 2023; Yan et 1241 
al., 2026) for the Devon coastal outcrop section, plotted with the global δ¹³C isotope curve 1242 
(Sun et al., 2012; Ogg et al., 2020). LSTM: Late Smithian Thermal Maximum, MTU: Mid-1243 
Triassic Unconformity, VPDB: Vienna Peedee Belemnite. Localities are the same as in fig. 1c. 1244 



 1245 

Figure 3: Data analysis flowchart showing the relationship between primary field data and the 1246 
derivation of key results. 1247 

 1248 



 1249 

Fig. 4: Representative outcrop photographs of the a, b) lower and c, d) upper Chester 1250 
Formation at localities 1 and 4, respectively (fig. 1c), with interpreted architectural elements. 1251 
Note the change in scale. e, f) cross-sets in the Chester Formation showing measured height 1252 
distributions. 1253 



 1254 

Fig. 5: Representative outcrop photographs of the Helsby Sandstone Formation (HSF) for the 1255 
a, b) Otterton Ledge Member, c, d) Chiselbury Bay Member, and e, f) Pennington Point 1256 
Member at localities 6, 10 and 15, respectively (fig. 1c), with interpreted architectural 1257 
elements. Note the changes in scale. g, h) cross-sets in the HSF showing measured height 1258 
distributions. For clarity, not all cross-sets are annotated. See fig. 3 for key. 1259 



 1260 

Figure 6: Representative grain size in the a) conglomeratic Chester Formation, b) sandstone-1261 
dominated Helsby Sandstone Formation (HSF) at localities 1 and 8, respectively (fig. 1c). In-1262 
situ rhizocretions in the c) Otterton Ledge Member, and d) Chiselbury Bay Member of the HSF 1263 
at localities 6 and 11, respectively (fig. 1c). Rhizocretions reworked and deposited as gravel 1264 
lags in the e) Chiselbury Bay Member, and f) Pennington Point Member of the HSF at localities 1265 
11 and 13, respectively (fig. 1c). 1266 

1267 



 1268 

Figure 7: (a) Relationship between mean and maximum cross-set height for measured cross-1269 
sets in the Sherwood Sandstone Group. Trend line is derived from linear regression through 1270 
point (0, 0). Cumulative frequency distribution of mean cross-set heights for the (b) Chester 1271 
Formation, (c) Helsby Sandstone Formation. 1272 

 1273 



 1274 

Figure 8: Bankfull flow depth for each lithostratigraphic member of the Chester Formation and 1275 
Helsby Sandstone Formation, reconstructed by bedform and barform approaches. 1276 

 1277 



 1278 

Figure 9: Temporal evolution of a) estimated bankfull flow depth, b) estimated slope. CB: 1279 
Chiselbury Bay Member, PP: Pennington Point Member. 1280 

 1281 



 1282 

Figure 10: Plot of dune-bar angular difference, a planform-diagnostic parameter, plotted for 1283 
the Sherwood Sandstone Group.  1284 



 1285 

Figure 11 (a-e): Estimated values of slope and channel depth plotted for each stratigraphic 1286 
division of the SSG (n = 10⁵), compared to equivalent parameters in modern rivers of the same 1287 
bed grain size and planform (Tooth and Nanson, 2004; Brunner, 2013; Nanson and Huang, 1288 
2017; Lyster et al., 2022). 1289 



 1290 

Figure 12: Inferred channel width/depth ratios (W/H) for each division of the Sherwood 1291 
Sandstone Group, derived using three approaches. W/H is plotted for gemorphically similar 1292 
modern rivers, which are identified using data in fig. 11. Scaling relationships of Long (2021) 1293 
and Galeazzi (2022) are compiled from global datasets of channel height-width relationships, 1294 
and channel count, respectively. The scaling relationship of Greenberg et al. (2022) uses 1295 
laterally accreting bars. These data are compared to a global dataset of modern multithreaded 1296 
and single-threaded rivers (Lyster et al., 2022). The grey dashed line correctly classifies 82% 1297 
of modern single-threaded rivers, and 84% of modern multi-threaded rivers. 1298 



 1299 

Figure 13: Temporal evolution of a) unit and b) bankfull water discharge. CB: Chiselbury Bay 1300 
Member, PP: Pennington Point Member. 1301 



 1302 

Figure 14: Temporal evolution of a) unit and b) bankfull sediment flux. CB: Chiselbury Bay 1303 
Member, PP: Pennington Point Member. 1304 



 1305 

Figure 15:  Block diagrams illustrating the temporal evolution of paleoslope, planform, 1306 
architectural character, bankfull water discharge and bankfull sediment flux in rivers of the 1307 
SSG in the Dorset coastal outcrops. 1308 
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 1310 

Figure 15: Climatically and geomorphically comparable modern river systems for the Helsby 1311 
Sandstone Formation. (a) aerial and (b) satellite (-22.9078° S, 136.0472° E) views of the 1312 
anastomosing, sand-bed Marshall River, Australia. c) satellite view of the sand-bed 1313 
meandering distributary channels of the Diamantina River, Australia (-26.5672° S, 139.2516° 1314 
E). a) from Tooth and Nanson (2000), b) and c) from Google imagery. 1315 
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