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ABSTRACT 30 

Muddy subaqueous clinoforms are a common feature of many modern deltas, particularly those 31 

developed in basins with strong waves, tides or oceanographic currents. Ancient examples have only 32 

rarely been reported, implying that they are under-recognised. Herein, the sedimentological 33 

characteristics of muddy subaqueous-deltaic clinoforms from the Lower Jurassic Down Cliff Clay 34 

Member of the Bridport Sand Formation, Wessex Basin, UK are described and interpreted, as a 35 

reference to re-evaluate other ancient shallow-marine mudstone successions. 36 

 37 

Deposits below the Down Cliff Clay clinoforms consist of erosionally based, bioclastic sandy 38 

limestone beds intercalated with upward-thickening fossiliferous claystones and siltstones (facies 39 

association A), which record upward-increasing water depth under conditions of minor clastic 40 

sediment input and reworking by storm waves. These deposits are downlapped by foreset-to-toeset 41 

deposits of the subaqueous-deltaic clinoforms, which comprise claystones and siltstones that contain 42 

calcareous nodules and are variably bioturbated by a low-diversity trace fossil assemblages 43 

dominated by Chondrites (facies association B). These foreset-to-toeset deposits record slow deposition 44 

(undecompacted sediment accumulation rate of c. 4.4 m/Myr) from suspension fall-out and distal 45 

sediment gravity flows under conditions of intermittent and/or poor oxygenation of bottom waters. 46 

Clinoform foreset deposits dip paleoseaward at 2˚, and consist of siltstones and sandy siltstones that 47 

are moderately to completely bioturbated by a high-diversity trace fossil assemblage (facies 48 

association C). Thin (<1 cm), erosionally based, parallel-laminated and current-ripple cross-laminated 49 

siltstone and very fine-grained sandstone beds in the foreset deposits record episodic sediment 50 

gravity flows and tractional currents. Foreset deposits record relatively rapid deposition 51 

(undecompacted sediment accumulation rate of c. 194 m/Myr) above effective storm wave base in 52 

well-oxygenated, fully marine bottom waters. Clinoform topset deposits comprise iron-stained and 53 

chloritic siltstones that contain iron-stained and phosphatic ooids, phosphatic pebbles, and 54 

fragmented and abraded body fossils (facies association D); these deposits record prolonged physical 55 

reworking, winnowing and sediment bypass. The long-term progradation rate of the subaqueous-56 

deltaic clinoforms was c. 5.6 km/Myr (c. 6.7 km/Myr accounting for decompaction). The bed-scale 57 

sedimentologic characteristics of clinoform topsets, foresets and bottomsets are consistent with 58 

variations in sedimentation rate resolved in high-resolution biostratigraphic data and with seismic-59 

geomorphic relationships, and provide criteria to aid identification of other subaqueous deltaic 60 

clinoforms in the stratigraphic record. 61 

 62 

[end of abstract] 63 



 64 

INTRODUCTION 65 

Clinoforms are seaward-dipping stratal surfaces that characterise shoreface, delta-front and 66 

continental slopes (e.g. Rich 1951; Sangree and Widmier 1977). They have been widely documented 67 

and analysed in many modern and ancient examples of such settings, where they represent the 68 

dominant geomorphic landform and geometric stratal configuration, respectively. Many modern 69 

deltas have a compound clinoform morphology comprising an inner, subaerial clinoform with the 70 

shoreline at its topset-foreset break and an outer, subaqueous clinoform (Fig. 1) (e.g. Ganges-71 

Brahmaputra Delta, Michels et al. 1998; Po Delta and western Adriatic shelf, Cattaneo et al. 2003, 2007; 72 

Yellow River Delta, Liu et al. 2004; Yangtze River Delta, Liu et al. 2006). The two clinoforms are 73 

separated by a broad subaqueous platform characterised by sediment erosion, transport and bypass 74 

due to high bed shear stress resulting from large storm waves and/or strong tidal currents (Fig. 1) 75 

(Pirmez et al. 1998; Driscoll and Karner 1999; Swenson et al. 2005; Mitchell et al. 2012). 76 

 77 

Numerous examples of inner, subaerial deltaic clinoforms are described from ancient strata, but only 78 

a few examples of outer, subaqueous-deltaic clinoforms have been documented (Cretaceous 79 

“Kenilworth-Mancos Delta” and clinoforms in the Cody Shale, lower Pierre Shale, Tropic Shale, and 80 

Frontier Formation, Western Interior Basin, onshore USA, Asquith 1970; Leithold 1993, 1994; 81 

Vakarelov et al. 2005; Hampson 2010; Jurassic “Troll Delta”, North Sea Basin, offshore Norway, 82 

Patruno et al. 2015a, 2015b). The apparent scarcity of ancient subaqueous-deltaic clinoforms may in 83 

part reflect the mud-prone character and low-angle dips of many such subaqueus deltaic clinoforms, 84 

as typified by modern deltas (e.g. Patruno et al. 2015b), which makes them difficult to identify in the 85 

absence of dense, high-quality data that allow stratal geometries to be resolved (e.g. high-resolution 86 

seismic data or continuous, well-exposed outcrops). However, it can also be partly attributed to a lack 87 

of diagnostic sedimentologic criteria for their recognition in ancient successions. Modern subaqueous-88 

deltaic clinoforms are described from shallow cores that typically extend for only several metres 89 

below the surface (but in rare cases for several tens of metres; Sultan et al. 2008), and are characterized 90 

by thin (centimetre-scale) graded sand-silt beds, which contain cross-lamination and parallel 91 

lamination, intercalated with variably bioturbated, laminated silt-clay intervals (e.g. Michels et al. 92 

1998; Cattaneo et al. 2003, 2007; Liu et al. 2004, 2006). Short-term (<100 yr) sediment accumulation 93 

rates have been measured in these modern clinoforms using short-lived radionucleides (e.g. 210Pb; 94 

Michels et al. 1998; Cattaneo et al. 2003, 2007; Liu et al. 2004, 2006), and in some instances 95 

reconstructed over longer periods (100s-1000s yr) by integration of radiocarbon age, paleomagnetic 96 

and/or shallow, high-resolution seismic data (Cattaneo et al. 2004; Vigliotti et al. 2008). Ancient 97 



subaqueous-deltaic clinoforms from the Cretaceous Western Interior Basin are described from 98 

weathered outcrops, and are composed of variably bioturbated and laminated claystones and 99 

siltstones with thin (1-2 cm), planar-laminated and current-ripple cross-laminated sandstone beds 100 

(Leithold 1993, 1994; Hampson 2010). Although the durations of the regressive-transgressive cycles 101 

that contain these clinoforms are constrained by ammonite biostratigraphy and radiometric dating of 102 

bentonites, the rates of sediment accumulation and progradation of the clinoforms are essentially 103 

unknown because individual clinoforms are not dated (e.g. such that the method of Patruno et al. 104 

2015c cannot be applied). 105 

 106 

In this paper, we document the sedimentologic character in continuous core data of ancient muddy 107 

subaqueous-deltaic clinoforms that are recognised in seismic data on the basis of their geometric 108 

stratal configuration, using data from a shallow intracratonic seaway (Wessex Basin, onshore UK). 109 

The aims of the paper are threefold: (1) to describe the detailed sedimentologic character of ancient 110 

subaqueous-deltaic clinoforms in the Lower Jurassic Down Cliff Clay Member of the Bridport Sand 111 

Formation, (2) to interpret the processes responsible for sediment transport and clinoform 112 

accumulation, and (3) to infer long-term clinoform progradation rate from biostratigraphic data. The 113 

Down Cliff Clay Member clinoforms provide a reference with which the stratal geometries of other 114 

ancient shallow-marine mudstone successions can be re-evaluated. 115 

 116 

GEOLOGIC SETTING 117 

 118 

The Down Cliff Clay Member is a succession of claystones and siltstones up to 130 m thick that forms 119 

the lower part of the Bridport Sand Formation in the intra-cratonic Wessex Basin (Figs. 2A, 3; 120 

Buckman 1922; Howarth 1957; Cox et al. 1999; Morris et al. 2006; Hampson et al. 2015). The upper part 121 

of the Bridport Sand Formation is a gradationally based, intensely bioturbated, storm-dominated 122 

shoreface-shelf sandstone unit (Davies 1969; Bryant et al. 1988; Morris et al. 2006). In combination, the 123 

Down Cliff Clay Member and Bridport Sand Formation form an upward-coarsening, net-regressive 124 

interval of Toarcian (lower Jurassic) age that is overlain by the net-transgressive limestones of the 125 

Inferior Oolite Group (Fig. 3; Hesselbo and Jenkyns 1998). The Down Cliff Clay Member overlies the 126 

Beacon Limestone Formation (Fig. 3), formerly referred to as the Junction Bed (e.g. Buckman 1922), 127 

which is locally subdivided into the Marlstone Rock Member and overlying Eype Mouth Limestone 128 

Member (Cox et al. 1999). The Beacon Limestone is interpreted as net-transgressive (Hesselbo and 129 

Jenkyns 1998). Ammonite faunas in the Jurassic strata of the Wessex Basin define biostratigraphic 130 

zones and subzones (Fig. 3A). Basin-wide diachroneity in deposition of the Bridport Sand Formation 131 



and Down Cliff Clay Member is resolved in the framework of these ammonite zones and subzones 132 

(Buckman, 1889) (Fig. 3B). 133 

 134 

During the early Jurassic, the Wessex Basin and adjacent areas underwent rifting across a series of 135 

west-east-trending extensional faults that bounded graben and half-graben depocentres, as well as 136 

regional subsidence (e.g. Jenkyns and Senior 1991; Hawkes et al. 1998). The thickness of the 137 

stratigraphic interval combining the Beacon Limestone Formation, Down Cliff Clay Member, Bridport 138 

Sand Formation, and Inferior Oolite Group is controlled by these fault-bounded depocentres, and 139 

reaches up to 270 m (Hawkes et al. 1998; Morris et al. 2006). In a regional context, the Wessex Basin 140 

and surrounding areas were occupied by a shallow seaway flanked by low-relief landmasses (inset 141 

map in Fig. 2A) at a paleolatitude of 30-40° N (e.g. Röhl et al. 2001). 142 

 143 

The Bridport Sand Formation and Down Cliff Clay Member both contain seismically resolved 144 

southward-dipping clinoforms that indicate overall progradation from north to south (Hampson et al. 145 

2015), consistent with biostratigraphic data that indicate southward-younging of the Bridport Sand 146 

Formation (Buckman 1889). However, eastward-dipping clinoforms that indicate local progradation 147 

from west to east are noted in the Wytch Farm oil field (Henk and Ward 2001; Morris et al. 2006) and 148 

at some outcrops (Ham Hill Quarry; fig. 16 in Morris et al. 2006). Bioclastic limestone units at specific 149 

levels in the Bridport Sand Formation mark transgressions and associated hiatuses in clastic sediment 150 

input (Knox et al. 1982; Morris et al. 2006), and bound clinoform sets in the Bridport Sand Formation 151 

(e.g. fig. 16 in Morris et al. 2006). Using the model of compound clinoforms outlined above (Fig. 1), 152 

Hampson et al. (2015) interpreted four subaqueous clinoform sets in the Down Cliff Clay Member 153 

using regional 2D seismic data, with set boundaries (shown in green in Fig. 2) marked by 154 

discordances in the apparent strike and progradation direction of clinoforms within sets (shown in 155 

orange in Fig. 2B), and coeval series of subaerial clinoform sets in the Bridport Sand Formation, with 156 

set boundaries marked by bioclastic limestone units. The petrography of the Bridport Sand Formation 157 

indicates that sediment was supplied from a southwestward-lying landmass in northwestern France 158 

(Boswell 1924; Davies 1969; Morton 1982), implying the existence of a tortuous sediment routing 159 

system from this landmass into the northwestern part of the Wessex Basin. Regional well data 160 

indicate that the Bridport Sand Formation pinches out to the east (Fig. 2A; Ainsworth et al. 1998; 161 

Hawkes et al. 1998). 162 

 163 

DATA AND METHODS 164 

 165 



This study builds on the previous work on the Bridport Sand Formation of Morris et al. (2006) and 166 

Hampson et al. (2015), who used a database of wireline log data from 126 wells distributed 167 

throughout the Wessex Basin, 400 km of 2D regional seismic lines, 150 km2 of 3D seismic data from 168 

the Wytch Farm Field, 650 m of core from 12 wells, and measured sections from inland and coastal 169 

outcrops (Figs. 2A, 4A). The outcrop and core data analysed by Morris et al. (2006) and Hampson et 170 

al. (2015) and corresponding data used in previous sedimentologic studies (Davies 1967, 1969; 171 

Hounslow 1987; Bryant et al. 1988; Pickering 1995) were collected from the upper, sandstone-rich part 172 

of the Bridport Sand Formation. In this paper, we focus on the Down Cliff Clay Member (i.e. the 173 

lower, sandstone-poor part of the Bridport Sand Formation) using a complete, continuously cored 174 

section from the Winterborne Kingston no. 1 well (Rhys et al. 1982), in the context of observations 175 

from 2D and 3D seismic data (Fig. 4A). The Winterborne Kingston no. 1 well is tied to the GC73-28 2D 176 

regional seismic line using checkshot data, which was acquired in 1973 and is publically available 177 

from the UK Onshore Geophysical Library (www.ukogl.org.uk). The 3D seismic dataset was 178 

produced in 1998 by merging older offshore and onshore surveys over the Wytch Farm Field, and the 179 

data have been depth migrated and tied to wells through the generation of synthetic wavelets from 180 

two wells. The Down Cliff Clay Member crops out in inaccessible and partly overgrown coastal 181 

exposures (Buckman 1922; Howarth 1957; Hesselbo & Jenkyns 1995; Fig. 4A), but inland outcrops are 182 

not exposed. 183 

 184 

Facies within the Down Cliff Clay Member were defined using a combination of conventional facies 185 

analysis and ichnofabric analysis of the core section. Facies analysis is based on observations of 186 

lithology, grain size and sorting, sedimentary structures, body fossils, and ichnofabrics. Ichnofabrics 187 

are modified from those documented by Morris et al. (2006) in the Bridport Sand Formation, and are 188 

defined using: (1) the intensity of bioturbation, as defined by the bioturbation index (BI) of Taylor and 189 

Goldring (1993); (2) the type, diversity and relative abundance of individual trace fossils; (3) cross-190 

cutting relationships between trace fossils; (4) sand, silt, and clay content; and (5) physical 191 

sedimentary structures, where preserved. Biostratigraphic data for, and zonation of, the Down Cliff 192 

Clay Member in the Winterborne Kingston no. 1 well have been documented by Ivimey-Cook (1982). 193 

 194 

COMPOUND CLINOFORMS IN THE BRIDPORT SAND FORMATION 195 

 196 

Clinoforms imaged in 3D seismic data, Wytch Farm oil field 197 

 198 



3D seismic data from the Wytch Farm oil field indicate that the Bridport Sand Formation and Down 199 

Cliff Clay Member contain clinoforms that dip at 2-3° towards the east and north-east (Henk and 200 

Ward 2001; Morris et al. 2006; Hampson et al. 2015) (Fig. 4B-E). In plan view, the clinoforms are gently 201 

curvilinear along depositional strike (Fig. 4B-C). Two distinct, vertically stacked clinoform sets are 202 

present in the Wytch Farm Field: the upper clinoform set occurs in the Bridport Sand Formation, and 203 

the lower clinoform set occurs in the Down Cliff Clay Member and downlaps on to the Beacon 204 

Limestone Formation (Fig. 4D-E). The contact between the two clinoform sets was originally 205 

interpreted as a flooding surface marked by downlap and an abrupt increase in water depth (e.g. 206 

Morris et al. 2006). More recently, some clinoforms in the two sets have been interpreted to be 207 

contiguous, such that they describe a “compound clinoform” geometry (e.g. “clinoform 2” in 4D-E) 208 

(Hampson et al., 2015). In this interpretation, the upper steeply dipping part of a compound clinoform 209 

defines a “subaerial clinoform” that comprises shoreface sandstones of the Bridport Sand Formation 210 

(cf. Fig. 6 of Morris et al. 2006), and the lower steeply dipping part of a compound clinoform defines a 211 

“subaqueous clinoform” in the Down Cliff Clay Member. The near-horizontal platform that separates 212 

these two steeply dipping parts of the compound clinoform is marked locally by toplap, offlap and 213 

downlap (e.g. “clinoforms 3-7” in 4D-E). 214 

 215 

Clinoforms imaged in regional 2D seismic data, Wessex Basin 216 

 217 

Regional 2D seismic data from parts of the Wessex Basin adjacent to the Wytch Farm field (Fig. 4A) 218 

also show distinct clinoform sets in the Down Cliff Clay Member and the Bridport Sand Formation. 219 

Clinoforms appear to dip at 1-5˚, although their morphology is less clearly imaged than in 3D seismic 220 

data from the Wytch Farm oil field (e.g. Fig. 5; Fig. 4B-F of Hampson et al. 2015). At any particular 221 

location, the Down Cliff Clay Member contains a single clinoform set that downlaps on to the Beacon 222 

Limestone Formation (or an associated reflector). However, several laterally offset clinoform sets of 223 

different age have been interpreted over the Wessex Basin as a whole (“subaqueous clinoform sets 1-224 

4” in Fig. 2A), recording the punctuated progradation of the Down Cliff Clay Member towards the 225 

south (Hampson et al. 2015). Clinoform set boundaries within the Down Cliff Clay Member (shown in 226 

green in Fig. 2) are marked by discordances in the strike orientation and local progradation direction 227 

of clinoforms within sets (shown in orange in Fig. 2B; Hampson et al., 2015). Clinoforms within the 228 

Bridport Sand Formation are thinner, and at any particular location occur either as a single set or 229 

multiple sets that exhibit some degree of vertical stacking (e.g. Fig. 5). Clinoform set boundaries are 230 

interpreted to be marked by bioclastic limestones, which formed during periods of condensed clastic 231 

sedimentation (Morris et al. 2006; Hampson et al. 2015). 232 



 233 

In the vicinity of the Winterborne Kingston no. 1 well, clinoform geometries imaged in the Down Cliff 234 

Clay Member in 2D seismic data (Fig. 5) are corroborated by high-resolution dipmeter measurements, 235 

which indicate a consistent 2˚ dip towards the southeast in much of the unit (1026-1088 m; Knox et al. 236 

1982; Rhys et al. 1982). Dipmeter measurements in the overlying Bridport Sands and underlying 237 

Middle Lias siltstones and sandstones record highly variable dips and azimuths, probably as a result 238 

of intense bioturbation and carbonate-cemented nodules obscuring primary bedding. 239 

 240 

FACIES ANALYSIS AND FACIES SUCCESSION 241 

 242 

Eight facies have been distinguished in the cored section. The characteristics of these facies are 243 

summarised in Table 1. Facies are grouped into four facies associations that are described below. The 244 

facies succession in the Winterborne Kingston core is summarised in Figure 6. 245 

 246 

Facies Association A: downlapped substrate 247 

 248 

Description.--- Facies association A is composed of beds of bioclastic sandy limestones (facies 1; Table 249 

1) intercalated with thin (0.1 m) intervals of fossiliferous claystones and siltstones (facies 2; Table 1). 250 

Sandy limestones consist of upward-fining beds that are 0.1-0.4 m thick, some of which have coarse-251 

grained lags, and which are stacked into units 0.5-2.5 m thick (Fig. 6). Bed bases are erosional, and 252 

many are associated with unlined, passively filled Thalassinoides burrows. Bioclasts are transported 253 

and commonly fragmented, and include ammonites, belemnites, crinoids, brachiopods, and bivalves 254 

(Figs. 6, 7A-B). Fine sand grains are also abundant in the lower part of the succession, and are similar 255 

in grain size and texture to sand in the directly underlying Middle Lias Silts and Sands succession 256 

(Fig. 6). Bioclastic sandy limestones (facies 1) are sparsely to completely bioturbated (BI: 1-6) by 257 

Terebellina, Thalassinoides, Planolites, Palaeophycus, and small Arenicolites (Fig. 7A-B). Thin (0.1-0.2 m) 258 

intervals of moderately to highly bioturbated (BI: 3-4, by Chondrites), fossiliferous claystones and 259 

siltstones (facies 2) are intercalated between limestone units (Fig. 7C). Lithological contacts between 260 

the bioclastic sandy limestones (facies 1) and fossiliferous claystones and siltstones (facies 2) are 261 

commonly nodular or diffuse in character (Fig. 7A-B), and are marked by pronounced differential 262 

compaction of the claystones and siltstones. 263 

 264 

Interpretation.--- The abundance of transported and fragmented bioclasts in facies association A 265 

implies energetic physical reworking under conditions of low siliciclastic sediment supply. The body 266 



fossil assemblage constitutes a fully marine nektos (ammonites, belemnites) and benthos (crinoids, 267 

bivalves, brachiopods) (Ivimey-Cook 1982). Fine sand grains in the lower part of facies association A 268 

were probably reworked from the underlying Middle Lias Silts and Sands succession, consistent with 269 

the erosional base of the facies association. Erosionally based, upward-fining, sandy limestone beds 270 

are interpreted to record episodic depositional events, and the unlined, passively filled Thalassinoides 271 

burrows at bed bases are interpreted to constitute Glossifungites ichnofacies developed in erosionally 272 

exhumed, firmground substrates (MacEachern et al. 1992). Bioturbation in these sandy limestone beds 273 

records biogenic sediment reworking in between depositional events. The high diversity trace fossil 274 

assemblage in these beds (facies 1) constitutes a mixture of Cruziana and Skolithos ichnofacies 275 

(MacEachern & Bann 2008), indicating shallow, fully marine conditions. Fossiliferous claystone and 276 

siltstone intervals (facies 2) record deposition of clay under more quiescent conditions. Nodular and 277 

diffuse bed boundaries between bioclastic sandy limestones (facies 1) and fossiliferous claystones and 278 

siltstones (facies 2) result from early calcite cementation, as indicated by differential compaction 279 

across the boundaries. 280 

 281 

Overall, the succession represented by facies association A is characterised by upward-fining in grain 282 

size, increasing-upward preservation of depositional event beds and intervening claystones and 283 

siltstones, and an upward decrease in the proportion of benthic body fossils (brachiopods, bivalves) 284 

relative to nektonic body fossils (ammonites, belemnites) (Fig. 6). These characteristics indicate that 285 

the succession is net-transgressive and records an upward increase in water depth. 286 

 287 

Facies Association B: subaqueous clinoform foreset-to-toeset transition 288 

 289 

Description.--- Facies association B consists predominantly of non- to highly bioturbated claystones 290 

and siltstones (facies 3; Table 1) that contain nodular, calcareous claystones and siltstones (facies 4; 291 

Table 1) (Fig. 7D-F). Nodular, calcareous claystones and siltstones decrease in abundance from base to 292 

top of the association (Fig. 6). The lowermost part of the facies association comprises a thin (0.2 m) 293 

interval of fossiliferous claystones and siltstones (facies 2; Table 1), and the upper part of the 294 

association contains rare, thin (0.1 m) intervals of moderately to completely bioturbated siltstones 295 

(facies 5; Table 1) (Fig. 6). The intensity of bioturbation varies from absent to high (BI: 0-4), and is 296 

characterised by Chondrites with less abundant Planolites and Thalassinoides in much of the facies 297 

association (facies 2, 3, 4) (Fig. 7D-F). Claystones and siltstones contain parallel lamination where 298 

physical structures are not obscured by bioturbation (Fig. 7E), and calcite-cemented nodules are 299 

associated with differential compaction of surrounding claystones and siltstones (Fig. 7D-E). Body 300 



fossils are sparse, but include ammonites, belemnites, brachiopods, bivalves, and fragmented 301 

bioclasts (Figs. 6, 7D-E). Moderately to completely bioturbated siltstones (facies 5) are more intensely 302 

bioturbated (BI: 3-6) by Terebellina (sensu lato), Helminthopsis, small Teichichnus, Chondrites, Planolites, 303 

and Anconichnus, and contain only rare belemnites. 304 

 305 

Facies association B corresponds to the toesets of the Down Cliff Clay clinoforms (Fig. 5), which 306 

downlap onto the underlying Beacon Limestone Formation (or an associated reflector). The facies 307 

association is associated with variable dips and azimuths in the high-resolution dipmeter log, 308 

reflecting the irregular boundaries of carbonate-cemented nodules (Knox et al. 1982; Rhys et al. 1982). 309 

  310 

Interpretation.--- The fine-grained, predominantly siliciclastic character of facies association B implies 311 

a high supply of clay and silt relative to facies association A. Primary sedimentary structures are only 312 

sparsely preserved, due to overprinting by bioturbation and nodular calcite cementation, but parallel 313 

lamination is attributed to deposition from suspension fall-out and from distal sediment gravity flows 314 

(cf. Bouma d-e sequences in turbidite beds, or b-c units in wave-enhanced sediment gravity flow 315 

beds; Macquaker et al. 2010). Bioturbation is generally low in diversity (facies 3, 4; Table 1), and 316 

locally monospecific (facies 2; Table 1), implying persistent physico-chemical stress during deposition 317 

(e.g. MacEachern and Bann 2008; Gingras et al. 2011). Body fossil assemblages indicate a consistently 318 

fully marine nektos (ammonites, belemnites) and benthos (bivalves, brachiopods) (Ivimey-Cook 319 

1982), although the latter may have been transported from shallower water depths, which implies 320 

that chemical stress arose from intermittent and/or poor oxygenation of bottom waters. Similar low-321 

diversity trace fossil assemblages dominated by Chondrites are common in successions deposited 322 

under largely dysoxic conditions (e.g. Bromley and Ekdale 1984; Savrda and Bottjer 1989; MacQuaker 323 

and Gawthorpe 1993; Ghadeer and MacQuaker 2011). Bed-scale variations in bioturbation intensity 324 

may reflect variable sedimentation rate (e.g. MacQuaker and Howell 1999; Ghadeer and MacQuaker 325 

2011; Gingras et al. 2011). This interpretation is supported by similar bed-scale variations in bioclast 326 

abundance and associated early-diagenetic calcite cement, which also probably result from variable 327 

suspension fall-out and/or (bioclastic) sediment transport rates. Bioturbation diversity and intensity 328 

increase in the upper part of the succession (facies 5, containing the Helminthopsis and Anchonichnus 329 

motting ichnofabrics of Morris et al. 2006; Table 1), indicating more consistent oxygenation of bottom 330 

waters. 331 

 332 

Facies Association C: subaqueous clinoform foreset 333 

 334 



Description.--- Facies association C comprises moderately to completely bioturbated siltstones (facies 335 

5; Table 1) and moderately to intensely bioturbated, sandy siltstones (facies 6; Table 1). Bioturbation 336 

intensity varies from moderate to complete (BI: 3-6), and is characterised by Terebellina (sensu lato), 337 

Helminthopsis, Zoophycos, Asterosoma, small Teichichnus, Chondrites, Planolites, and Anconichnus (Fig. 338 

7G-I). Subtle variations in grain size and bioturbation intensity define remnant centimetre-scale 339 

bedding. Where preserved, physical structures include erosional scours at the base of thin (<1 cm) 340 

siltstone and very fine-grained sandstone beds, parallel lamination, and rare current-ripple cross-341 

lamination (Figs. 6, 7J-N). The tops of some beds contain mottling by Anconichnus traces (Fig. 7J). Rare 342 

belemnites are the only body fossils present. 343 

 344 

Facies association C corresponds to the foresets of the Down Cliff Clay clinoforms (Fig. 5), and 345 

contains consistent dips of 2° towards the southeast in the high-resolution dipmeter log (Knox et al. 346 

1982; Rhys et al. 1982). 347 

 348 

Interpretation.--- The siltstone-dominated character of facies association C, abundance of centimetre-349 

scale remnant bedding, and paucity of body fossils imply rapid sedimentation and a high supply of 350 

silt, relative to underlying facies association B. Thin siltstone and very fine-grained sandstone beds 351 

record episodic influxes of silt and sand. The erosional bases of these beds and the occurrence of 352 

parallel lamination and current-ripple cross-lamination within them indicate that they record erosion 353 

and subsequent deposition by waning, unidirectional tractional currents. The waning-flow beds are 354 

interpreted as distal turbidites (cf. Bouma b-e and c-e sequences) and/or wave-enhanced sediment 355 

gravity flow beds (a-c units of Macquaker et al. 2010). These event beds may have been triggered by 356 

storm waves and/or river floods, as noted in similar successions (e.g. Bentley and Nittrouer 2003; 357 

Ghadeer and MacQuaker 2011; Plint 2014); however, the former appears the more likely mechanism, 358 

given the storm-dominated character of deposition in the overlying shoreface sandstones of the 359 

Bridport Sand Formation (Morris et al. 2006). The high diversity of trace fossil assemblages in the 360 

facies association implies deposition in well-oxygenated, fully marine bottom waters that lacked 361 

significant physico-chemical stress (e.g. MacEachern and Bann 2008; Gingras et al. 2011), most likely 362 

reflecting “background” sedimentation between event-bed deposition (i.e. Helminthopsis and 363 

Terebellina 1 ichnofabrics of Morris et al. 2006). This interpretation is consistent with deposition 364 

above effective storm wave base, above which the water column was mixed by storms, but below 365 

fairweather wave base. Anconichnus traces at the tops of some event beds are interpreted to reflect 366 

opportunistic colonization of the sea bed after storm events (i.e. Anchonichnus motting ichnofabric of 367 

Morris et al. 2006). 368 



 369 

Facies Association D: subaqueous clinoform topset 370 

 371 

Description.--- Facies association D consists of a thin (0.7 m) interval of iron-stained, oolitic siltstones 372 

(facies 7; Table 1) and chloritic siltstones (facies 8; Table 1), which occurs within moderately to 373 

completely bioturbated siltstones (facies 5; Table 1) and moderately to intensely bioturbated, sandy 374 

siltstones (facies 6; Table 1) of facies association C. Red, iron-stained and phosphatic ooids, phosphate 375 

pebbles, and fragmented and abraded body fossils are common and characteristic of facies association 376 

D. These clasts occur within a siltstone and sandy siltstone matrix (Fig. 7O-P). Body fossils include 377 

ammonites, belemnites, bivalves, and gastropods (Figs. 6, 7O-P). Siltstones are either red or green in 378 

colour (in facies 7 and 8, respectively), the latter due to a high chlorite content (Knox 1982). 379 

Bioturbation varies from low intensity (BI: 2) by monospecific Chondrites, to high intensity (BI: 4) by 380 

Terebellina (sensu lato), Helminthopsis, Zoophycos, Asterosoma, small Teichichnus, Chondrites, and 381 

Planolites. 382 

 383 

Facies association D occurs in the topsets of the Down Cliff Clay clinoforms (Fig. 5). The facies 384 

association lacks consistent dips and azimuths in the high-resolution dipmeter log (Knox et al. 1982; 385 

Rhys et al. 1982). 386 

 387 

Interpretation.--- Iron-stained and phosphatic ooids, phosphate pebbles, and abraded body fossils in 388 

facies association D all indicate extended physical reworking of these grains. The shape and internal 389 

structure of the phosphatic ooids implies that they were originally composed of chamosite (Knox et 390 

al. 1982), while the high chlorite content of associated siltstones is interpreted as the product of 391 

alteration from chamosite (Knox 1982; Knox et al. 1982). Chamosite precipitation would have required 392 

a relatively high supply of iron via input of terrigenous clays into a warm shallow-marine 393 

environment, together with siliciclastic sediment starvation to allow iron enrichment (Young 1989). 394 

Extended physical reworking of chamosite ooids and other grains was most likely due to waves, 395 

given the abundance of wave-generated structures in the overlying Bridport Sands Formation (Morris 396 

et al. 2006), but the occurrence of these grains in a siltstone matrix suggests that they were reworked 397 

and transported. The facies association is therefore interpreted to represent condensed sedimentation 398 

under energetic conditions. Variation in the diversity of bioturbation implies a variable physico-399 

chemical stress (e.g. MacEachern and Bann 2008; Gingras et al. 2011), possibly due to temporal 400 

changes in oxygenation of bottom waters. 401 

 402 



Facies succession and sequence stratigraphy 403 

 404 

Description.--- The lower part of the studied facies succession comprises limestone-rich deposits of 405 

facies association A overlain by an interval of facies association B that is rich in nodular, calcareous 406 

claystones and siltstones (facies 4) (1102-1118 m in Fig. 6). This part of succession also contains 407 

abundant biozones (e.g. labelled “T1” to “T5” in the lower Down Cliff Clay Member; 1102-1115 m in 408 

Fig. 6). 409 

 410 

The upper part of the facies succession comprises a carbonate-poor interval of facies association B that 411 

passes gradationally upwards into facies association C and is then truncated by facies association D 412 

(1016-1102 m in Fig. 6). This part of the succession comprises the upper Down Cliff Clay Member and 413 

overlying deposits of the Bridport Sand Formation, and contains few biozones (labelled “T6” to “T9”; 414 

Fig. 6). The thin (0.2-0.3 m) interval of facies association D that caps the studied facies succession 415 

contains one biozone (“T10”; Fig. 6). 416 

 417 

Interpretation.--- The lower part of the studied facies succession records an overall upward increase 418 

in water depth, from an agitated, well-oxygenated sea floor that lay above fairweather wave base 419 

(facies 1) to an intermittently and/or poorly oxygenated sea floor that lay at or below effective storm 420 

wave base (facies 3, 4) (Table 1; Fig. 6). This lower part of the succession also contains an upward 421 

decrease in the proportion of benthic body fossils (brachiopods, bivalves) relative to nektonic body 422 

fossils (ammonites, belemnites) (Fig. 6). The lower 2 m of the succession is marked by erosion and 423 

reworking of sand grains from the underlying Middle Lias Silts and Sands (facies 1). In combination, 424 

these characteristics indicate that the lower part of the studied succession is net transgressive, as 425 

interpreted by Hesselbo and Jenkyns (1998), with a transgressive erosion surface at its base and a 426 

maximum flooding surface at its top. The maximum flooding surface is interpreted to be downlapped 427 

by seismically imaged clinoforms in the Down Cliff Clay Member (Fig. 5). 428 

 429 

The upper part of the facies succession records upward shallowing from an intermittent and/or 430 

poorly oxygenated sea floor below effective storm wave base (facies 3, 4) to a sea floor that aggraded 431 

via intermittent deposition from sediment gravity flows and tractional currents above effective storm 432 

wave base (facies 5, 6) (Table 1; Fig. 6). This interval is interpreted to correspond to seismically 433 

imaged clinoforms in the Down Cliff Clay Member (Fig. 5), consistent with the 2˚ dip towards the 434 

southeast noted in high-resolution dipmeter measurements (1026-1088 m in Fig. 6; Knox et al. 1982; 435 

Rhys et al. 1982). The succession is regressive, as interpreted by Hesselbo and Jenkyns (1998), and is 436 



truncated by erosionally based, winnowed lag deposits that record extended physical reworking 437 

(facies 7, 8) (Table 1; 1016 m in Fig. 6). Previously, such lag deposits have been interpreted as 438 

transgressively reworked sequence boundaries (Morris et al. 2006; their figure 13), but this 439 

interpretation is contradicted by the absence of a facies dislocation across the lag (i.e. intercalated 440 

successions of facies 5 and 6 lie above and below the lag; Fig. 6). In the context of the “compound 441 

clinoform” interpretation of the Bridport Sand Formation proposed by Hampson et al. (2015; their 442 

figure 5A), the lag represents the near-horizontal subaqueous platform that separates the “subaerial 443 

clinoform” of the Bridport Sand shoreface sandstones from the “subaqueous clinoform” of the Down 444 

Cliff Clay Member. The winnowed character of the lag is consistent with sediment bypass across this 445 

near-horizontal subaqueous platform (cf. Swenson et al. 2005; Mitchell 2012). 446 

 447 

DISCUSSION 448 

 449 

Sediment transport along Down Cliff Clay Member clinoforms 450 

The facies interpretations presented above are synthesised into a model of the Down Cliff Clay 451 

Member subaqueous clinoforms (Fig. 8). Components of this model are described below. 452 

 453 

Facies association B represents the toeset and lower foreset of the subaqueous clinoform, as indicated 454 

by high-resolution dipmeter data (1086-1102 m in Fig. 6), where deposition occurred principally from 455 

suspension fallout of clay and silt below effective storm wave base (facies 3, 4). The sea floor was 456 

intermittently and/or poorly oxygenated, perhaps reflecting only rare mixing of the deep part of the 457 

water column by storms. Subaqueous clinoform toeset and lower foreset deposits record 16 m of 458 

vertical sediment accumulation in 3.3 Myr, based on biozone occurrence (“T5” to “T8” in Fig. 6) 459 

calibrated to the age model of Ogg and Hinnov (2012) (Fig. 3A), giving a mean sediment 460 

accumulation rate of 4.4 m/Myr. This rate does not account for decompaction. 461 

 462 

Facies association C represents the steeply paleoseaward-dipping (2° eastward-dipping; Figs. 5, 6) 463 

subaqueous clinoform foreset (1016-1086 m in Fig. 6), where deposition of silt and very fine sand 464 

occurred from intermittent sediment gravity flows and tractional currents above effective storm wave 465 

base (facies 5, 6). The overlying Bridport Sands Formation contains abundant evidence for storm 466 

wave action (Morris et al. 2006), implying that storms were the most likely trigger for the sediment 467 

gravity flows and tractional currents, although river floods and strong, episodic tidal currents and 468 

geostrophic oceanographic currents cannot be discounted. Additional silt was supplied by suspension 469 

fallout. The near-linear planform geometry of the subaqueous clinoforms (Fig. 4B-C) implies a strong 470 



component of shore-parallel sediment transport (cf. Cattaneo et al. 2003). In the northerly 471 

paleolatitudes of the Wessex Basin (30-40° N; e.g. Röhl et al. 2001), cyclonic circulation during storms 472 

would have been counter-clockwise, due to deflection by Coriolis force, thus providing a mechanism 473 

for southwestward-directed, shore-parallel sediment transport on Down Cliff Clay clinoform foresets 474 

developed along the western margin of the Wessex Basin. Subaqueous clinoform foreset deposits 475 

record 70 m of vertical sediment accumulation in 0.4 Myr, based on biozone occurrence (“T8” to 476 

“T10” in Fig. 6) calibrated to the age model of Ogg and Hinnov (2012) (Fig. 3A), giving a mean, 477 

undecompacted sediment accumulation rate of 194 m/Myr (Fig. 9C). 478 

 479 

Facies association D records sediment bypass and winnowing of the subaqueous clinoform topset, as 480 

indicated by iron-stained and phosphatic ooids, phosphatic pebbles, and fragmented and abraded 481 

body fossils (facies 7, 8). Winnowing of the topset is interpreted to record high bed shear stresses, 482 

which exceeded the local threshold of motion for very fine sand, during major storms (e.g. Mitchell et 483 

al. 2012). High bed shear stresses were also potentially augmented by tides. In this interpretation, the 484 

near-horizontal subaqueous platform that forms the winnowed topset of the Down Cliff Clay 485 

clinoforms approximates the inner, sandy part of a wave-graded shelf (Johnson 1919). The shoreface 486 

sandstones of the Bridport Sand are interpreted to form the subaerial clinoform (cf. Morris et al. 2006). 487 

The shoreface is interpreted to have been supplied by fluvial sediment influx that was dispersed by 488 

longshore currents, which were generated by the oblique approach of fairweather waves and/or by 489 

tidal currents. Subaqueous clinoform topset deposits record <1 m of vertical sediment accumulation 490 

in a single biozone (“T10” in Fig. 3B), such that a mean sediment accumulation rate cannot be 491 

calculated. However, the three overlying, vertically stacked subaerial clinoform sets in combination 492 

with the subaqueous clinoform topset deposits record 88 m of vertical sediment accumulation in <0.2 493 

Myr, based on biozone occurrence (“T10” to “T11” in Fig. 3B) calibrated to the age model of Ogg and 494 

Hinnov (2012) (Fig. 3A), giving a mean, undecompacted sediment accumulation rate of 489 m/Myr. 495 

 496 

Comparison with modern subaqueous-deltaic clinoforms 497 

The processes interpreted in the Down Cliff Clay Member subaqueous clinoforms (Fig. 8) are similar 498 

to those documented or inferred in modern subaqueous-deltaic clinoforms. In both modern deltas 499 

and the Down Cliff Clay Member, deposition on the subaqueous clinoform foreset is largely via 500 

intermittent sediment gravity flows and/or tractional currents that result from sediment bypass due 501 

to waves, tides or other oceanographic currents that sweep across the clinoform topset (Fig. 8). The 502 

palaeogeographic context of the Down Cliff Clay Member is unclear, and a major fluvial source(s) of 503 

sediment to the coeval shoreline has not been identified. Instead, the Bridport Sand Member 504 



represents a wave-dominated shoreface with localised, subordinate tidal influence (Davies 1969; 505 

Hounslow 1987; Morris et al. 2006). As a result, we infer that fluvial sediment influx to the Bridport 506 

Sand Member and Down Cliff Clay Member was probably via a number of minor rivers, such as the 507 

Apennine rivers that act as a “line source” for the western Adriatic subaqueous clinoform (Cattaneo 508 

et al. 2003, 2007). 509 

 510 

The geometry of the Down Cliff Clay Member subaqueous clinoforms differs from those of well-511 

documented, modern subaqueous-deltaic clinoforms (e.g. Ganges-Brahmaputra Delta, Michels et al. 512 

1998; Po Delta and western Adriatic shelf, Cattaneo et al. 2003, 2007; Yellow River Delta, Liu et al. 513 

2004; Yangtze River Delta, Liu et al. 2006). The modern subaqueous-deltaic clinoforms have a 514 

comparable height (30-70 m) to the Down Cliff Clay Member subaqueous clinoforms (c. 80 m 515 

compacted thickness, and c. 100 m decompacted thickness using the shaly sand curve of Sclater and 516 

Christie 1980). However, the Down Cliff Clay Member subaqueous clinoforms dip at 2-3° after 517 

compaction (2-4° if decompacted), whereas modern subaqueous-deltaic clinoforms dip at 0.1-0.5° 518 

prior to compaction (Michels et al. 1998; Cattaneo et al. 2003, 2004, 2007; Liu et al. 2004, 2006; Fig. 9). 519 

The latter generally occur as part of continent-scale sediment routing systems associated with some of 520 

the world’s major rivers, with correspondingly large sediment discharges (Milliman and Meade 521 

1983). The size of the Bridport Sand Formation and Down Cliff Clay Member sediment routing 522 

system is less clear, although provenance analysis implies a sediment source from a low-relief 523 

landmass in northwestern France (Boswell 1924; Davies 1969; Morton 1982) and a relatively small, 524 

tortuous sediment routing system. The steep dips of the Down Cliff Clay Member subaqueous 525 

clinoforms may reflect a lower rate of sediment supply than for the modern subaqueous-deltaic 526 

clinoforms. However, they may also reflect the prevalence of early-diagenetic carbonate cementation, 527 

in the form of concretionary horizons, which stabilised the Down Cliff Clay Member subaqueous 528 

clinoforms, and thus allowed steep clinoform foresets to be constructed and maintained. 529 

 530 

Sediment accumulation rates are also very different on the foresets of the Down Cliff Clay Member 531 

subaqueous clinoforms (0.02 cm/yr measured over 100 kyr time scale) and modern subaqueous-532 

deltaic clinoforms (0.6-6.8 cm/yr measured over 0.1 kyr time scale, and 0.08-0.2 cm/yr measured over 533 

1 kyr time scale; Michels et al. 1998; Cattaneo et al. 2003, 2004, 2007; Vigliotti et al. 2008) (Fig. 9). 534 

Compaction plays only a minor role in this discrepancy. Instead, the 1-2 order-of-magnitude 535 

difference in sediment accumulation rates can largely be attributed to the 2-3 order-of-magnitude 536 

difference in timescales over which they have been measured (Sadler 1981), although differences in 537 

sediment supply between the Bridport Sand Formation and Down Cliff Clay Member sediment 538 



routing system and its modern counterparts cannot be ruled out. Cattaneo et al. (2003) and Vigliotti et 539 

al. (2008) noted pronounced variability in the Holocene western Adriatic shelf subaqueous clinoform 540 

set, with condensed deposition alternating with increments of enhanced progradation, such as that 541 

for which recent sediment accumulation rates have been measured. Such variations in short-term in 542 

sediment accumulation rate are averaged to give a much slower long-term sediment accumulation 543 

rate. 544 

 545 

Clinoform progradation rate 546 

Using the estimated mean sediment accumulation rate of 194 m/Myr (after compaction) and dip angle 547 

of 2° for the foreset of the Down Cliff Clay Member subaqueous clinoforms, and assuming a 548 

horizontal clinoform trajectory in the direction of clinoform-foreset dip (cf. shoreline trajectory) that is 549 

consistent with the very slow vertical accumulation of the clinoform topsets and toesets, the long-550 

term progradation rate of the clinoforms intersected by the Winterborne Kingston no. 1 well was c. 5.6 551 

km/Myr (c. 6.7 km/Myr accounting for decompaction). Based on regional mapping constrained by 552 

ammonite biozones, which were calibrated to the age model of Ogg and Hinnov (2012), Hampson et 553 

al. (2015) estimated that each subaqueous clinoform set had a c. 0.5 Myr duration and represents 6-42 554 

km of progradation (e.g. Fig. 2). Shorter progradation distances occur in fault-bounded grabens, such 555 

as the Winterborne Trough that contains the Winterborne Kingston no. 1 well (cf. the extent of 556 

“subaqueous clinoform set 3” in Fig. 2A; Hampson et al. 2015). These grabens contain thickened 557 

successions of lower Jurassic strata and underwent relatively rapid subsidence (Hawkes et al. 1998). 558 

The estimated durations, progradation distances and long-term progradation rates given above are 559 

consistent, at least as first-order approximations. It is also clear that subaerial clinoforms migrated 560 

more quickly than subaqueous clinoforms, because they are associated with a faster mean sediment 561 

accumulation rate (e.g. 489 m/Myr in the Winterborne Kingston no. 1 well, after compaction), and 562 

multiple, vertically stacked subaerial clinoform sets are developed coeval with a single subaqueous 563 

clinoform set (Hampson et al. 2015; see also “subaqueous clinoform set 4” and “subaerial clinoform 564 

sets 4” in Fig. 3B). Thus, the shoreline, as represented by subaerial clinoforms, was more mobile and 565 

underwent more frequent regressive-transgressive transits than the subaqueous clinoforms. 566 

 567 

Implications for recognition of ancient muddy subaqueous-deltaic clinoforms 568 

The relative scarcity of muddy subaqueous-deltaic clinoforms interpreted in the stratigraphic record, 569 

compared to the abundance of their modern counterparts, implies that they are under-recognised. 570 

The Down Cliff Clay Member meets the five diagnostic criteria suggested by Cattaneo et al. (2003) for 571 

ancient subaqueous-deltaic clinoforms, based on the Holocene western Adriatic shelf subaqueous 572 



clinoform set, because it contains: (1) low-angle clinoform foresets (Figs. 4D-E, 5); (2) offlap breaks at 573 

the clinoform topset-to-foreset transition that lie seaward of the coeval shoreline; (3) laterally 574 

extensive, linear-to-gently-curved clinoforms in plan view (Figs. 2B, 4B-C); (4) fully marine facies and 575 

fauna in the clinoform topsets (1015-1017 m in Fig. 6; Fig. 7O-P); and (5) has relatively uniform grain 576 

size (Fig. 6). Clinoform foresets in the Down Cliff Clay Member are much steeper than their modern 577 

counterparts (Fig. 9), such that they can be imaged in dipmeter logs (Knox et al. 1982; Rhys et al. 1982) 578 

as well as in seismic data, and they are probably unusual in this regard (Patruno et al. 2015b). 579 

 580 

Continuous core through the Down Cliff Clay Member allows these diagnostic criteria to be refined 581 

by the addition of more detailed sedimentologic characteristics. Subaqueous-deltaic clinoform 582 

foresets have rapid sedimentation rates, relative to overlying and underlying mud-prone successions 583 

that represent clinoform topsets and bottomsets, respectively. Variations in sedimentation rate 584 

between clinoform topsets, foresets and bottomsets are recorded by high-resolution biostratigraphic 585 

data, where available, and by bed-scale sedimentologic observations in outcrop and core. Clinoform-586 

topset deposits contain winnowed bypass surfaces and lags. Clinoform foresets accumulated by 587 

deposition from episodic waning tractional currents, such as distal turbidites and wave-enhanced 588 

sediment gravity flows. Clinoform toeset deposits record mainly condensed pelagic sedimentation. 589 

 590 

CONCLUSIONS 591 

 592 

The Lower Jurassic Down Cliff Clay Member of the Bridport Sand Formation, Wessex Basin, UK 593 

contains seismically imaged examples of muddy subaqueous-deltaic clinoforms, which are a common 594 

feature of modern deltas but are only rarely documented in ancient strata. The Down Cliff Clay 595 

subaqueous-deltaic clinoforms are contiguous with, and occur beyond the palaeoseaward limit of, 596 

coeval subaerial(?) deltaic clinoforms in the stratigraphically higher, shoreface sandstones of the 597 

Bridport Sand Formation. In combination, the clinoforms in the Down Cliff Clay Member and 598 

Bridport Sand Formation define a compound clinoform morphology. 599 

 600 

Facies analysis of continuous core data through the Down Cliff Clay subaqueous-deltaic clinoforms 601 

and related strata indicates that they consist of four facies associations, A-D, from base to top of the 602 

succession: 603 

• Facies association A consists of erosionally based, bioclastic sandy limestone beds intercalated 604 

with upward-thickening fossiliferous claystones and siltstones, and contains trace fossil 605 

assemblages that constitute a mixture of Cruziana and Skolithos ichnofacies. The facies 606 



association records an upward increase in water depth under conditions of minor clastic 607 

sediment input and reworking by storm waves. These deposits are downlapped by the 608 

subaqueous-deltaic clinoforms. 609 

• Facies association B comprises non- to highly bioturbated, variably laminated claystones and 610 

siltstones that contain calcareous nodules, and is characterised by low-diversity trace fossil 611 

assemblages dominated by Chondrites. The facies association records slow, episodic 612 

deposition from suspension fall-out and distal sediment gravity flows under conditions of 613 

intermittent and/or poor oxygenation of bottom waters. These deposits represent the foreset-614 

to-toeset transition of the subaqueous-deltaic clinoforms. 615 

• Facies association C consists of moderately to completely bioturbated siltstones and 616 

moderately to intensely bioturbated, sandy siltstones, both of which contain a high-diversity 617 

trace fossil assemblage. Where preserved, thin (<1 cm), erosionally based siltstone and very 618 

fine-grained sandstone beds contain parallel lamination and rare current-ripple cross-619 

lamination. The facies association records episodic deposition by sediment gravity flows and 620 

tractional currents (e.g. distal turbidites, wave-enhanced sediment gravity flows) above 621 

effective storm wave base in well-oxygenated, fully marine bottom waters. These deposits 622 

represent the foresets of the subaqueous-deltaic clinoforms, which dip paleoseaward at 2˚. 623 

• Facies association D consists of iron-stained, oolitic siltstones and chloritic siltstones that are 624 

characterised by iron-stained and phosphatic ooids, phosphatic pebbles, and fragmented and 625 

abraded body fossils. The facies association records extended physical reworking, winnowing 626 

and sediment bypass. These deposits represent the topset of the subaqueous-deltaic 627 

clinoforms, which formed at the paleo-water depth at which the local threshold of motion for 628 

very fine sand was exceeded by bed shear stresses during major storms. 629 

 630 

High-resolution biostratigraphic data calibrated to a globally standard age model indicate that mean, 631 

undecompacted sediment accumulation rates on the toeset and foreset of the Down Cliff Clay 632 

subaqueous-deltaic clinoforms were c. 4.4 m/Myr and 194 m/Myr, respectively. These long-term rates 633 

are consistent with those measured at centennial timescales in modern subaqueous-deltaic 634 

clinoforms, and imply a long-term clinoform progradation rate of c. 5.6 km/Myr (c. 6.7 km/Myr 635 

accounting for decompaction). 636 

 637 

The facies model developed herein for the Down Cliff Clay Member, together with interpreted 638 

sediment transport mechanisms and long-term depositional rates, can potentially be applied to other 639 

ancient shallow-marine mudstone successions. This application may aid identification of subaqueous-640 



deltaic clinoforms and compound clinoform morphologies, which are common in modern deltas, in 641 

the stratigraphic record. 642 
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TABLE AND FIGURE CAPTIONS 889 

 890 

Table 1 891 

Summary of sedimentary facies. Intensity of bioturbation is described using the bioturbation index of 892 

Taylor and Goldring (1993), and ichnofabrics are taken from Morris et al. (2006). 893 

 894 

Figure 1 895 

Schematic morphology in shoreline-perpendicular cross-section of deltaic compound clinoforms, 896 

which comprise a subaerial clinoform and a subaqueous clinoform separated by a broad subaqueous 897 

platform that is characterised by sediment bypass (e.g. Pirmez et al. 1998; Driscoll and Karner 1999; 898 

Swenson et al. 2005; Mitchell et al. 2012). The subaqueous clinoform typically extends for large 899 

distances (10s-100s km) out of the plane of cross-section, as a result of advective, shore-parallel 900 

sediment transport (Cattaneo et al. (2003). Such compound clinoform morphologies are common in 901 

modern tide- and wave-dominated deltas. Two compound clinoforms with a progradational 902 

architecture are sketched; note that the thickest sediment accumulations occur on the clinoform 903 

foresets. 904 

 905 

Figure 2 906 



(A) Map showing interpreted orientation, extent and distribution of subaqueous clinoform sets in the 907 

Down Cliff Clay Member (after Hampson et al., 2015). Jurassic extensional faults (after Hawkes et al., 908 

1998) and the depositional limits of the Bridport Sand Formation in the subsurface Wessex Basin are 909 

shown (after Ainsworth et al., 1998; Hawkes et al., 1998). Inset map shows Toarcian palaeogeography, 910 

with landmasses shaded gray (redrawn from Röhl et al. 2001). (B) More detailed map of interpreted 911 

clinoform orientation, extent and distribution in subaqueous clinoform sets 3 and 4 of the Down Cliff 912 

Clay Member (Fig. 2A), based on apparent and true clinoform orientations observed in 2D and 3D 913 

seismic data (e.g. Figs. 4, 5) (Hampson et al., 2015). Subaqueous clinoforms defining clinoform-set 914 

boundaries are shown in green, and subaqueous clinoforms within sets are shown in orange. 915 

 916 

Figure 3 917 

(A) Tethyan ammonite zones and subzones of the Toarcian and early Aalenian strata that contain the 918 

Bridport Sand Formation and Down Cliff Clay Member in the Wessex Basin, showing interpolated 919 

absolute ages for the ammonite zones (Ogg and Hinnov, 2012; their Table 26.3). Selected subzone 920 

boundaries are labelled “T1” to “Aa3”. (B) Chronostratigraphic summary of the Bridport Sand 921 

Formation and Down Cliff Clay Member in selected locations in the Wessex Basin; the Winterborne 922 

Kingston no. 1 well, the Wytch Farm Field, and the Dorset coastal cliff outcrops (Fig. 4A) (after 923 

Ivimey-Cook, 1982; Penn, 1982; Callomon and Cope, 1995; Hesselbo and Jenkyns, 1995; Ainsworth et 924 

al., 1998). The interpreted subaqueous clinoform sets of Hampson et al. (2015) are shown by triangles 925 

in the Down Cliff Clay Member for each location (cf. Fig. 2), as are thinner, stacked subaerial 926 

clinoform sets in the Bridport Sand Formation. 927 

 928 

Figure 4 929 

(A) Map showing the distribution of 2D and 3D seismic data used to map subaqueous clinoforms and 930 

clinoform sets in the Down Cliff Clay Member (Fig. 2B). The map locates the Winterborne Kingston 931 

no. 1 well and the 2D seismic line that intersects it (Fig. 5), the Wytch Farm Field (Fig. 4B-E), and the 932 

Dorset coastal cliff outcrops (Fig. 3B). (B-E) Seismic-stratigraphic and seismic-geomorphic 933 

relationships in the Down Cliff Clay Member and Bridport Sand Formation, as imaged in 3D seismic 934 

data from the “central terrace” area of the Wytch Farm Field (after Morris et al., 2006; Hampson et al., 935 

2015) (Figs. 2B, 4A). (B) Uninterpreted and (C) interpreted timeslice, and (D) uninterpreted and (E) 936 

interpreted cross-section of lower to middle Jurassic strata. The timeslice is taken at 800 ms, over a 937 

window of 780-820 ms, and is annotated to show the position of wells, the oil-water contact (OWC), 938 

post-depositional faults (black) and mapped clinoform surfaces (orange, numbered 1, 2, 3, 4, 6 and 7 939 

as labeled in Fig. 4C, E). The cross-section is annotated to show clinoforms arranged in two sets 940 



(clinoforms 3-5 in lower set and clinoforms 6-7 in upper set) each of which records progradation. 941 

Clinoform surfaces 1 and 2 can be traced contiguously between the two sets, implying an overall 942 

“compound clinoform” geometry (cf. Fig. 1). None of the wells contain core from the Down Cliff Clay 943 

Member. 944 

 945 

Figure 5 946 

Seismic-stratigraphic and seismic-geomorphic relationships in the Down Cliff Clay Member, Bridport 947 

Sand Formation and Inferior Oolite Group, as imaged in (A) uninterpreted and (B) interpreted section 948 

of regional 2D seismic line GC73-28 (Fig. 4A). The section is annotated to show clinoforms arranged 949 

in one set in the Down Cliff Clay Member, and at least two aggradationally-to-progradationally 950 

stacked sets in the Bridport Sand Formation. Subaerial and subaqueous clinoform-set boundaries in 951 

the Down Cliff Clay Member and Bridport Sand Formation, respectively, are shown in green, and 952 

subaerial and subaqueous clinoforms within sets are shown in orange. 953 

 954 

Figure 6 955 
Core log and selected wireline logs (gamma ray, GR; density, RHOB; neutron porosity, NPHI) 956 
through the Winterborne Kingston no. 1 well, illustrating the facies and facies associations in the 957 
succession (Table 1). Lithostratigraphic formations in the well are highlighted in the gamma ray track, 958 
while selected ammonite subzone boundaries (labelled “T1” to “T10”, cf. Fig. 3) are indicated with a 959 

sequence stratigraphic interpretation (after Hesselbo and Jenkyns, 1998). See Figures 4A and 5 for 960 

well location and link to seismic-stratigraphic and seismic-geomorphic relationships. 961 

 962 

Figure 7 963 

Photographs illustrating facies characteristics (Table 1) in core from the Winterborne Kingston no. 1 964 

well. (A, B) Sandy bioclastic limestones (facies 1) containing crinoids, ammonites (am), belemnites 965 

(be), bivalves (bi) and brachiopods (br). Nodular calcite cementation, highlighted by pale coloration, 966 

overprints the lower, coarse-grained part of depositional event beds that are variably bioturbated. (C) 967 

Fossiliferous claystones and siltstones (facies 2) containing ammonites (am) and belemnites (be). (D, 968 

E) Dark-colored, non- to highly bioturbated claystones and siltstones (facies 3) intercalated with pale-969 

colored, nodular, calcareous claystones and siltstones (facies 4). Bioturbation is dominated by 970 

Chondrites (Ch). Variations in bed geometry and burrow thickness indicate significantly more 971 

compaction in non-calcareous claystones and siltstones. (F) Non- to highly bioturbated claystones and 972 

siltstones (facies 3). Highly bioturbated interval containing Chondrites (Ch) and Thalassinoides (Th) is 973 

overlain by sparsely bioturbated interval. (G) Moderately to completely bioturbated siltstones (facies 974 



5), containing Chondrites (Ch), Planolites (Pl), and Terebellina (sensu lato) (Te). (H, I, J, K, L, M, N) 975 

Moderately to intensely bioturbated, sandy siltstones (facies 6), containing Chondrites (Ch), 976 

Anconichnus (An), Teichichnus (T), Planolites (Pl), Asterosoma (As), Terebellina (sensu lato) (Te), and 977 

escape traces (fugichnia, fu). Primary physical structures are preserved within thin, parallel-978 

laminated sandstone beds with erosionally scoured based (Fig. J, K) and current-ripple cross-979 

laminated sandstone lenses (Fig. 7L, M, N). (O) Chloritic siltstones (facies 8) containing phosphatic 980 

pebbles (pp) and belemnites (be). (P) Iron-stained, oolitic siltstones (facies 7). Photographs in Figure 981 

7A-P are taken from 1116.3 m, 1115.6 m, 1117.5 m, 1107.5 m, 1105.8 m, 1086.9 m, 1076.6 m, 1076.8 m, 982 

1018.4 m, 1042.8 m, 1052.3 m, 1059.4 m, 1046.1 m, 1023.8 m, 1016.0 m, and 1015.8 m, respectively (Fig. 983 

6). 984 

 985 

Figure 8 986 

Model illustrating compound clinoform morphology, distribution of facies associations (Table 1), and 987 

sediment transport processes interpreted for the Bridport Sand Formation and Down Cliff Clay 988 

Member, based on seismic data (Figs. 4, 5) and core data from the Winterborne Kingston no. 1 well 989 

(Figs. 6, 7) (partly after Morris et al. 2006; Hampson et al. 2015). The upper part of the Bridport Sand 990 

Formation corresponds to the subaerial deltaic clinoform (labelled “shoreface”), and the Down Cliff 991 

Clay Member corresponds to the subaqueous deltaic clinoform (labelled “facies associations B, C and 992 

D”). 993 

 994 

Figure 9 995 

Subaqueous clinoform geometry and vertical sediment accumulation rates in the clinoform foresets of 996 

(A) the modern Ganges-Brahmaputra Delta (Michels et al. 1998), (B) modern western Adriatic shelf 997 

(Cattaneo et al. 2003, 2007), and (C) the Toarcian Down Cliff Clay Member (this paper). Note that 998 

vertical sediment accumulation rates are shown at different scales in each of the three examples, and 999 

that clinoform geometry and vertical sediment accumulation rate do not take decompaction into 1000 

account for the Down Cliff Clay Member. 1001 



Facies Lithology and Sedimentary Structures Ichnology Thickness Interpretation
1: sandy bioclastic 
limestones 

Variably laminated and variably bioturbated 
bioclastic grainstone composed of thin (5-40 cm), 
erosionally based, upward-fining beds. Some bed 
boundaries are modified by nodular calcite 
cementation. Abundant bioclasts (notably crinoid 
ossicles, but also variably fragmented ammonites, 
belemnites, brachiopods, bivalves) and fine-
grained quartz sand grains. 

BI: 1-6 (Terebellina, Thalassinoides, 
Planolites, Palaeophycus, small 
Arenicolites). Unlined, passively filled 
Thalassinoides at erosional bed 
boundaries. 

0.5-2.5 m Siliciclastic sediment starvation and episodic 
erosional reworking. Abundant benthic and 
nektonic body fossils and diverse trace fossil 
assemblage imply deposition in a shallow, 
fully marine environment, potentially above 
fairweather wave base. 

2: fossiliferous 
claystones and 
siltstones 

Variably laminated and variably bioturbated 
claystones and siltstones. Abundant body fossils 
(ammonites, belemnites, brachiopods, bivalves). 

BI: 3-4 (Chondrites). 0.1-0.2 m Condensed deposition of clay and silt from 
suspension, below effective storm wave base. 
Monospecific trace fossil assemblage implies 
intermittent oxygenation of bottom waters. 

3: non- to highly 
bioturbated 
claystones and 
siltstones 

Variably bioturbated claystones and siltstones. 
Parallel laminated where not overprinted by 
bioturbation. Sparse, partly fragmented body 
fossils (ammonites, belemnites, brachiopods, 
bivalves). 

BI: 0-4 (Chondrites, Planolites, 
Thalassinoides). 

0.0-5.0 m Deposition of clay and silt from suspension 
and/or intermittent sediment gravity flows 
and tractional currents. Restricted trace fossil 
assemblage implies intermittent and/or poor 
oxygenation of bottom waters. 

4: nodular, 
calcareous 
claystones and 
siltstones 

Bioturbated, calcareous claystones and siltstones. 
Bed boundaries are modified by nodular calcite 
cementation and associated differential 
compaction. Sparse to abundant body fossils 
(ammonites, belemnites, brachiopods, bivalves). 

BI: 2-4 (Chondrites, Planolites, 
Thalassinoides). 

0.0-0.2 m Local diffusion of bioclast-sourced calcium 
carbonate and related calcite cementation 
during early diagenesis, prior to deep burial. 
Restricted trace fossil assemblage implies 
intermittently poor oxygenation of bottom 
waters. 

5: moderately to 
completely 
bioturbated 
siltstones 

Bioturbated siltstones with rare, thin (<1 cm), 
erosionally based siltstone and very fine-grained 
sandstone beds. Parallel laminated where not 
overprinted by bioturbation. Very sparse body 
fossils (belemnites). 

BI: 3-6 by Helminthopsis and 
Anchonichnus motting ichnofabrics of 
Morris et al. (2006): Terebellina (sensu 
lato), Helminthopsis, small Teichichnus, 
Chondrites, Planolites, Anconichnus. 

0.0-8.4 m 
 

Deposition of predominantly silt from 
intermittent sediment gravity flows and 
tractional currents, with a minor contribution 
from suspension, above effective storm wave 
base and below fairweather wave base. 

6: moderately to 
intensely 
bioturbated, sandy 
siltstones 

Bioturbated sandy siltstones with thin (<1 cm), 
erosionally based, very fine-grained sandstone 
beds containing variably preserved parallel 
lamination and current-ripple cross-lamination. 
Body fossils are absent. 

BI: 3-5 by Terebellina 1 and 
Anchonichnus motting ichnofabrics of 
Morris et al. (2006): Terebellina (sensu 
lato), Helminthopsis, Zoophycos, 
Asterosoma, small Teichichnus, 
Chondrites, Planolites, Anconichnus. 

0.1-4.5 m Deposition of silt and very fine sand from 
intermittent sediment gravity flows and 
tractional currents, with a minor proportion 
of silt deposited from suspension, above 
effective storm wave base and below 
fairweather wave base. 

7: iron-stained, 
oolitic siltstones 

Red siltstones and sandy siltstones containing 
abundant matrix-supported, iron-stained and 
phosphatic ooids. Abundant fragmented and 

BI: 4 by Terebellina 1 ichnofabric of 
Morris et al. (2006): Terebellina, 
Helminthopsis, Zoophycos, Asterosoma, 

0.3 m Deposition of transported clasts that record 
extended physical reworking and siliciclastic 
sediment starvation. 



abraded body fossils (ammonites, belemnites, 
bivalves, gastropods). 

small Teichichnus, Chondrites, Planolites. 

8:  chloritic 
siltstones 

Structureless green siltstone containing 
phosphatic pebbles and rare, iron-stained, 
fragmented body fossils (ammonites, belemnites). 

BI: 2 (Chondrites). 0.2 m 
 

Deposition of transported clasts that record 
extended physical reworking and siliciclastic 
sediment starvation. Monospecific trace fossil 
assemblage implies intermittently poor 
oxygenation of bottom waters. 

 
Table 1 
Summary of sedimentary facies. Intensity of bioturbation is described using the bioturbation index of Taylor and Goldring (1993), and ichnofabrics are taken from Morris et 
al. (2006). 
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