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ABSTRACT 10 

Alongside turbidites and debrites, hybrid event beds are now recognized as a common occurrence in 11 

deep-marine environments. Yet, many variations in the standard H1–H5 facies model of Haughton et 12 

al. (2009, Marine & Petroleum Geology, 26, 1900–1918) have been described since its introduction, 13 

with the role of transient-turbulent flows, i.e., flows that are transitional between fully turbulent 14 

turbidity currents and fully laminar debris flows, being particularly enigmatic.  15 

Based on a comprehensive dataset collected from the lobe fringe and distal fringe of a submarine fan 16 

(Silurian Aberystwyth Grits Group and Borth Mudstone Formation, West Wales, United Kingdom), 17 

transitional-flow signatures were integrated into the standard hybrid-event-bed model. These 18 

signatures include muddy sandstones and sandy mudstones with large ripples (formed by turbulence-19 

enhanced transitional flows), low-amplitude bed waves and heterolithic lamination (formed by 20 

turbulence-attenuated transitional flows), and banding (formed by turbulence-enhanced to 21 

turbulence-attenuated transitional flows).  22 

The field data reveal that: (a) H1-divisions are generated by turbulent flows that form not only massive, 23 

structureless facies but also plane-parallel-laminated and ripple-cross-laminated facies; (b) H2-24 
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divisions are formed by transitional flows that form banded facies, but also facies with large ripples 25 

and low-amplitude bed waves, as well as heterolithic facies; (c) H3-divsions are formed by laminar 26 

debris flows of varied rheology; (d) H4-divisions can form from both tractional turbulent and 27 

transitional flows; and (e) H5-divisions can be hemipelagic, deposited from the dilute tail of the flow 28 

or originate from cohesive freezing of a late-stage muddy debris flow. 29 

Based on embedded Markov-chain analysis, the vertical stacking of facies in the five principal hybrid-30 

event-bed divisions suggests a transformation from turbidity current via transitional flow to debris flow 31 

(H1 to H3), followed by a repetition of this transformation in the H4 and H5-divisions, but in overall 32 

finer-grained sediment. In addition to this complete extended facies model for hybrid event beds, 33 

three incomplete bed types could be defined: turbulent-flow-prone, transitional-flow-prone with a H3-34 

division, and transitional-flow-prone without a H3-division. 35 

The sedimentary successions in the study area reveal a basinward change from predominantly 36 

turbidites and turbulent-flow-prone hybrid event beds via a mixture of turbulent-flow and transitional-37 

flow signatures in hybrid events beds to H3-missing hybrid event beds with transitional-flow and 38 

muddy-debrite signatures. Hence, sediment gravity flows became increasingly muddy and cohesive 39 

from lobe fringe to lobe distal fringe.    40 

 41 

INTRODUCTION 42 

Bipartite beds bearing sedimentary characteristics of turbidites capped by debrites and tripartite beds 43 

consisting of debrites sandwiched by turbidites are known from depositional systems worldwide (e.g., 44 

Talling et al. 2004; Haughton et al. 2003, 2009; Davis et al. 2009; Kane and Pontén 2012; Talling 2013; 45 

Grundvåg et al. 2014; Fonnesu et al. 2015, 2016, 2018; Southern et al. 2017; Spychala et al. 2017; 46 

Kuswandaru et al. 2018; Pierce et al. 2018; Hansen et al. 2019; Baas et al. 2021; Brooks et al. 2022; 47 

Pszonka et al. 2023; Siwek et al. 2023). The most widely used facies model of these hybrid event beds 48 
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(Haughton et al. 2009) is composed of five divisions (Fig. 1): lower, structureless and dewatered 49 

sandstone (H1); banded sandstone (H2); muddy sandstone or sandy mudstone with sand patches, sand 50 

injections, outsized granules, and mud clasts (H3); plane-parallel and ripple-cross-laminated sandstone 51 

(H4); and upper pseudonodular or massive mudstone (H5). Idealized occurrences of full H1–H5 hybrid 52 

event beds in the sedimentary record have been interpreted to record changes in flow type from 53 

turbulent (H1: high-density turbidity current) through transitional (H2: transient-turbulent flow) to 54 

laminar flow (H3: debris flow), with turbulent flow in the final stage of deposition (H4 and H5: low-55 

density turbidity current followed by suspension settling). Generally, as with other facies models, the 56 

complete sequence of divisions is not always present (cf. Bouma 1962; Stow and Shanmugam 1980; 57 

Lowe 1982).  58 

The pervasiveness of hybrid event beds in core and outcrop supports their formation by flow 59 

transformation between turbidity current and debris flow, rather than the simultaneous occurrence 60 

of separate debris flows and turbidity currents in the same area (Haughton et al. 2003, 2009). Flow 61 

transformation starts with flow bulking by an erosive turbidity current, possibly with a debritic head 62 

(Baas et al. 2021) that rips up mud clasts from the substrate. These clasts at least partly disintegrate 63 

whilst moving to the rear of the flow, resulting in the turbidity current being followed by a clast-rich or 64 

muddy debris flow, in which cohesive forces outcompete turbulent forces (Baas and Best 2002; 65 

Haughton et al. 2003; Talling et al. 2004; Amy and Talling 2006; Baas et al. 2009, 2011). A muddy 66 

erodible substrate thus plays an important role as a source of the cohesive clay, although coarser, non-67 

cohesive sediment can also become incorporated in the debris flow. In addition to longitudinal 68 

segregation (Haughton et al. 2003; 2009; Kane and Pontén 2012), vertical segregation and a 69 

combination of both (Baas et al. 2011, 2021) have been proposed to explain the formation of hybrid 70 

event beds. Moreover, there has been debate on whether a turbidity current or debris flow forms at 71 

the front of the hybrid flow (Haughton et al. 2009; Talling 2013; Baas et al. 2021). Since Haughton et 72 

al. (2009) proposed their hybrid-event-bed model, complementary models have been proposed, based 73 

on facies-tract observations and spatio-temporal changes in vertical and longitudinal structure of the 74 
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hybrid flow (e.g., Kane and Pontén 2012; Talling 2013; Fonnesu et al. 2015, 2018; Kane et al. 2017; 75 

Southern et al. 2017; Pierce et al. 2018; Baas et al. 2021).  76 

Hybrid event beds have been described predominantly from the outer parts and lateral margins of 77 

submarine fans, specifically on distal and lateral fringes of depositional lobes and the basin floor 78 

beyond lobes (e.g., Talling et al. 2004, 2007; Barker et al. 2008; Davies et al. 2009; Haughton et al. 79 

2009; Hodgson 2009; Grundvåg et al. 2014; Southern et al. 2017; Spychala et al. 2017; Fonnesu et al. 80 

2018), and more rarely from proximal settings, such as the channel–lobe transition zone (Terlaky and 81 

Arnott 2014; Pierce et al. 2018; Baas et al. 2021; Mueller et al. 2021). Hybrid event beds have broad 82 

application (Haughton et al. 2003): (a) as a tool for predicting depositional setting and sedimentary 83 

process, marking changes in the equilibrium profile of the basin and recording the response of 84 

depositional systems to tectonic uplift and sea-level change; (b) as indicator of the influence of seafloor 85 

topography and basin confinement on flow transformation; and (c) as indicator of spatio-temporal 86 

flow evolution, contributing to a better understanding of the full spectrum of flow types between 87 

turbulent and laminar flow. Examples of their industrial application include carbon sequestration and 88 

hydrocarbon exploration, because of their ability to form low-permeability baffles and barriers to fluid 89 

flow in potential reservoir rocks. 90 

Despite extensive past research on hybrid flows, much remains to be explored. Deep-sea sedimentary 91 

systems are constructed by sediment gravity flows that involve a variety of sedimentary processes, 92 

often co-occurring in a single event (Haughton et al. 2009; Mulder 2011; Pickering and Hiscott 2015; 93 

Stow and Smillie 2020). This leads to a wide spectrum of possibilities for hybrid-flow evolution and 94 

their expression as hybrid event beds in the sedimentary record (Talling et al. 2004, 2007; Amy and 95 

Talling 2006; Kane and Pontén 2012; Patacci et al. 2014; Pierce et al. 2018; Peakall et al. 2020; Baas et 96 

al. 2021). Attention has focused on the role of turbidity currents and debris flows, as end members of 97 

flow behavior, in the evolution of hybrid flows (e.g., Haughton et al. 2009; Talling 2013; Fonnesu et al. 98 

2016, 2018). However, the precise role of transitional flows, with turbulence-enhanced and 99 
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turbulence-attenuated behavior (Baas and Best 2002; Baas et al. 2009, 2011), on the transfer and 100 

deposition of sediment is still largely unknown (Lowe and Guy 2000; Kane and Pontén 2012; Baker and 101 

Baas 2020). Herein, superbly exposed outcrops in the Silurian Aberystwyth Grits Group and Borth 102 

Mudstone Formation of west Wales, U.K., were analyzed to help fill this gap in knowledge. Almost 200 103 

hybrid event beds and co-occurring events beds were logged in the lobe-fringe region of the Silurian 104 

submarine fan, as defined by Baker and Baas (2020), with the aim to record mm and cm-scale 105 

sedimentary features related to laminar (i.e., turbulence-suppressed), transitional (i.e., turbulence-106 

modulated), and turbulent flows. This approach revealed a wide range of bipartite and tripartite hybrid 107 

event beds with internal structures that allowed reconstruction of the temporal and spatial evolution 108 

of the flows that formed these beds. Based on a comparison with contemporary hybrid-event-bed 109 

models, a more comprehensive facies model for hybrid event beds that extends evidence for 110 

deposition from transitional flows is proposed. 111 

 112 

GEOLOGICAL SETTING 113 

A 6.7-km long transect in the Silurian Aberystwyth Grits Group and Borth Mudstone Formation was 114 

studied. This exceptionally well-exposed continuous outcrop in coastal cliffs between Aberystwyth and 115 

Borth in west Wales, U.K. (Fig. 2), which was originally part of a deep-marine Cambrian–Silurian back-116 

arc basin, the Welsh Basin, is on the northern limb of an open, east–west striking, synclinal structure. 117 

Part of the basin fill is exposed over a distance of c. 40 km between the villages of Cwmtydu in the 118 

south and Borth in the north (Fig. 2). The formation of the Aberystwyth Grits Group and Borth 119 

Mudstone Formation in the upper Llandovery is associated with the collision of the Avalonia 120 

microcontinent with Laurentia, which resulted in major uplift to the south of the study area, and a 121 

phase of extensional faulting that provided accommodation space for deposition of deep-marine 122 

sediment sourced from the orogeny (Cherns et al. 2006). The Welsh Basin thus formed has been 123 

described as a linear upper-crustal fault trough, tectonically constrained by the Bronnant Fault to the 124 
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east and south-east (Gladstone et al. 2018). The majority of the deposits in the Aberystwyth Grits 125 

Group were formed by sediment gravity flows on a submarine fan (Gladstone et al. 2018). In general, 126 

the deposits show textural and structural changes from more proximal at Cwmtydu to more distal at 127 

Borth (Davies et al. 1997; McClelland et al. 2011; Baker and Baas 2020; Baas et al. 2021). These changes 128 

include a basinward decrease in grain size, thinning of event beds and thickening of interbedded 129 

mudstones, and increase in mud content (Wood and Smith 1958; Wilson et al. 1992; Smith 2004; 130 

Talling et al. 2004; Cherns et al. 2006; McClelland et al. 2011).  131 

Deposits in the southern part of the Aberystwyth Grits Group are mostly represented by medium to 132 

thick-bedded, muddy sandstones and Bouma-type turbidite beds (Bouma 1962; Baas et al. 2021). 133 

Northwards, in the area between Aberarth and Clarach Bay (Fig. 2), the thick sandstones are replaced 134 

by thinner sandstones with a predominance of Tb–Te and Tc–Te turbidites and hybrid event beds (Talling 135 

et al. 2004; Baker and Baas 2020). Ultimately, near Borth in the north, the Borth Mudstone Formation 136 

is dominated by medium to thin-bedded Tc–Te turbidites, separated by thick-bedded mudstones, 137 

formed by hemipelagic deposition and muddy gravity flows (Baker and Baas 2020). Besides downslope 138 

fining and thinning of deposits, similar trends occur stratigraphically upward (McClelland et al. 2011). 139 

The study area represents a relatively distal sedimentary environment, interpreted as depositional 140 

lobe fringe (between Aberystwyth and Harp Rock) and distal fringe (between Harp Rock and Borth) 141 

(Fig. 2; Baker and Baas 2020). 142 

 143 

METHODOLOGY 144 

The sedimentological research in the study area comprised the collection of detailed, mm and cm-145 

scale, sedimentary logs, with a focus on sedimentary facies that record the depositional process of 146 

turbulent, transitional, and laminar-flow types. The area between Aberystwyth and Borth was 147 

subdivided into seven smaller areas (I–VII in Fig. 2B), based on changes in dominant type of deposit 148 

and characteristic landmarks. The approximate lengths of the areas I to VII were 1.2 km, 0.28 km, 0.31 149 
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km, 0.87 km, 0.35 km, 2 km and 1.43 km, respectively. The sedimentary logs document bed lithology, 150 

bed thickness, textural properties, primary depositional, erosional and deformational sedimentary 151 

structures, and descriptions of lower and upper surfaces, supplemented with digital photographs. The 152 

classification scheme of sedimentary facies and facies associations in the study area of Baker and Baas 153 

(2020) was adopted in the present study, but with some extensions to include different hybrid-event-154 

bed divisions, described below. The deposits recorded in the different areas were considered the 155 

spatial representation of a gradual shift in depositional environment from lobe fringe to distal fringe, 156 

in support of Baker and Baas (2020). Embedded Markov-chain analysis was used to establish vertical 157 

facies-transition trends separately in the hybrid event beds with division H3 (n = 99) and without 158 

division H3 (n = 81) (see Davis 2002 for details). The analysis started by counting each transition 159 

between event-bed divisions and the preparation of a transition-count matrix. Next, a transition-160 

probability matrix for the event-bed divisions was calculated by dividing the number of occurrences of 161 

a division transition by the sum of all the division transitions for that division. In the next step, an 162 

independent trials-probability matrix was prepared by dividing the number of occurrences of a 163 

particular division by the number of occurrences of all divisions different from this division. Finally, a 164 

difference matrix was created by subtraction of the transition-probability matrix from the independent 165 

trial-probability matrix.  166 

 167 

RESULTS 168 

Eight sedimentary facies were described in the study area and subsequently categorized in five facies 169 

associations, using Markov chain analysis, by Baker and Baas (2020; their figures 2 and 8). Below, these 170 

facies and facies associations are briefly described, and expanded by adding a nineth facies (Table 1, 171 

with facies codes given in Table 2). Novel data on facies associations 4 (clast-rich hybrid event beds) 172 

and 5 (transitional-flow deposits) are described in detail thereafter, based on the present field study. 173 

These descriptions focus on transitional-flow signatures in the H1–H5 divisions of hybrid event beds 174 



8 
 

(sensu Haughton et al. 2009) and in event beds that do not fit the Haughton et al. (2009) model, vertical 175 

facies transitions in the event beds, and longitudinal changes in bed types in the field area.   176 

 177 

Sedimentary Facies 178 

Massive sandstone.—The massive-sandstone facies consists of very-fine-grained to medium-grained, 179 

structureless sandstone with a light blue–grey color. Most sandstones lack vertical grading, and have 180 

sharp, flat bases and sharp tops. Some massive sandstones gradually fine upward or have wavy tops. 181 

The fining-upward massive sand was formed by rapid settling of suspended particles from high-182 

concentration, turbulent or transitional, sandy gravity flows (Arnott and Hand 1989; Kneller 1995; 183 

Kneller and Branney 1995; Baas et al. 2009, 2011; Talling et al. 2012), whereas the ungraded massive 184 

sand was more likely formed by en-masse cohesive or frictional freezing of sandy debris flows or high-185 

density turbidity currents (Shanmugam and Moiola 1995; Mulder and Alexander 2001; Talling et al. 186 

2012). The wavy tops of the massive-sandstone facies are attributed to post-depositional deformation, 187 

potentially involving dewatering after rapid deposition of the sand. 188 

Structured sandstone.—This facies consists of fine to medium-grained, structured sandstone with a 189 

low mud content and a light blue–grey color. Depositional structures include plane-parallel lamination, 190 

angle-of-repose ripple cross-lamination, and rare wavy lamination and convoluted lamination. The 191 

sandstone lacks vertical grading or shows normal grading; structured-sandstone facies with convolute 192 

lamination lack grading. Sandstone bases and tops are generally sharp and flat, but occasionally wavy. 193 

In some cases, the upper part of the structured sandstone gradually fines upward to mudstone.  194 

The primary current lamination in the structured sandstone facies indicates deposition from turbulent 195 

sandy gravity flows, with a lower rate of suspended-sediment settling than for the massive-sandstone 196 

facies. A wide spectrum of current velocities allowed formation of upper-stage plane beds and plane-197 

parallel lamination at high velocities and ripple cross-lamination at lower velocities (Allen 1982; Best 198 
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and Bridge 1992). Waning flow resulted in normally graded deposits, whereas ungraded deposits 199 

suggest a more constant flow velocity or settling of well-sorted sand. The wavy lamination observed in 200 

the structured-sandstone facies may have formed through soft-sediment deformation of plane-201 

parallel laminae. Some instances of wavy lamination resemble the "sinusoidal ripple lamination" or 202 

"draped lamination" described by Jopling and Walker (1968) and Ashley et al. (1982), which was 203 

experimentally demonstrated to develop under high rates of suspended-sediment settling onto 204 

inactive bedforms (Ashley et al. 1982). The convoluted laminae originated from sediment deformation 205 

during or shortly after deposition (Gladstone et al. 2018).  206 

Banded sandstone.—The banded very-fine to fine-grained sandstone facies is characterized by 207 

distinctive and closely spaced alternations of dark and light bands. The dark bands may contain small 208 

mud clasts and show higher proportions of mud reflected in a dark grey hue of the sandstone. The light 209 

bands consist of massive or structured sandstone, including planar-parallel lamination, ripple cross-210 

lamination and wavy lamination. Loading of the light bands into dark bands and other evidence for 211 

plastic deformation are frequent. Their thickness ranges from micro to mesobanding (sensu Lowe and 212 

Guy 2000). The proportion and thickness of the light and dark bands in this facies can be equal, or 213 

either can dominate.  214 

The banded-sandstone facies was formed under fully turbulent and tractional flow conditions, 215 

recorded in the light bands with structured sandstone (Allen 1982; Best and Bridge 1992), alternating 216 

with episodes of flow influenced by turbulence attenuation by cohesive mud, recorded in the dark 217 

bands. This facies is considered to represent transitional-flow deposits, reflecting depositional modes 218 

pulsating between turbulent and laminar flow (Lowe and Guy 2000; Lowe et al. 2003; Baas et al. 2009; 219 

Haughton et al. 2009; Stevenson et al. 2020; Łapcik 2023).  220 

Clast-rich sandstone.—The clast-rich-sandstone facies has a light blue–grey color and comprises very-221 

fine-grained to fine-grained matrix-supported sandstone with scattered clasts of black mudstone and 222 

light blue–grey, medium-grained sandstone. This facies is structureless and ungraded, with sharp, flat 223 
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bases and tops. The size of the clasts ranges from several millimeters to tenths of meters. The clasts 224 

are well-rounded and show preferred alignment parallel to the base of the sandstone.  225 

The clast-rich-sandstone facies resembles the deposit of a debris flow or an upper-transitional plug 226 

flow, where cohesive clay particles act as support for the sand grains and sand and mud clasts (Iverson 227 

1997; Baas et al. 2009, 2011; Talling et al. 2012). The ungraded and structureless nature of the mud-228 

clast-rich and matrix-supported-sandstone facies indicates en-masse cohesive freezing (Iverson 1997; 229 

Mulder and Alexander 2001; Talling et al. 2012). The horizontal alignment of the clasts is further 230 

evidence for cohesive turbulence-suppressed flow. However, the flows may have initially exhibited 231 

turbulent behavior, resulting in disintegration and rounding of mud and sand clasts after substrate 232 

erosion (Fonnesu et al. 2018; Baker and Baas 2020).  233 

Structured muddy sandstone.—The structured-muddy-sandstone facies consists of mixtures of light 234 

blue–grey, very-fine-grained to fine-grained sandstone, darker blue–grey mixed sandstone–mudstone, 235 

dark blue–grey siltstone, and black mudstone. The sedimentary structures encompass asymmetrical 236 

large current ripples (>13 mm in height and >145 mm in length) with angle-of-repose cross-lamination 237 

and thin, elongated bedforms with low-angle cross-lamination (at c. 12° angle), i.e., low-amplitude bed 238 

waves (Baas et al. 2016; Baker and Baas 2020). The large current ripples are on average 8 mm higher 239 

and 133 mm longer than the ripples in the structured-sandstone facies, and they often exhibit 240 

supercritical climbing, thus preserving complete ripple profiles (Baker and Baas 2020). Coarsening-241 

upward siltstone and mudstone predominantly underlie the large ripples. Ripple troughs, crests, and 242 

stoss sides may include siltstone and mudstone drapes. The low-amplitude bed waves contain varying 243 

proportions of sand and mud and occasionally a muddy or silty base. The bases of the structured 244 

muddy sandstones are consistently sharp and mostly flat, some displaying undulations, whereas the 245 

tops are sharp or fining upward, and flat or wavy.  246 

The structured-muddy-sandstone facies was formed by deposition from rapidly decelerated 247 

turbulence-enhanced transitional flow or lower-transitional plug flow, in the case of large ripples, and 248 
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lower or upper-transitional plug flow, in case of low-amplitude bed waves (Baas et al. 2016; Baker and 249 

Baas 2020). The presence of a muddy or silty base as well as mud drapes are evidence for simultaneous 250 

bedform migration and suspension fallout of fine sediment (Baas et al. 2016). 251 

Heterolithic sandstone–mudstone.—This facies consists of alternations of fine-grained sandstone and 252 

mudstone organized in bands and laminae up to 4 mm thick. The bands show internal plane-parallel 253 

and wavy lamination. Upward-thickening mudstone bands and upward-thinning sandstone bands are 254 

common. The heterolithic sandstone–mudstone facies may include small bedforms with mud drapes 255 

that laterally transition into laminated mudstone. This facies has a higher mud content, thinner bands, 256 

and an overall smaller thickness than the banded-sandstone facies. Moreover, it occupies higher 257 

positions in the vertical sequence of divisions in event beds, thus forming later in the evolution of 258 

deposits than the banded sandstone. The base of the heterolithic sandstone–mudstones is flat and 259 

sharp or diffuse, and the top is predominantly flat and sharp. 260 

Several interpretations have been proposed for the formation of heterolithic sandstone–mudstones 261 

(Baker and Baas 2020): (i) phases of waxing and waning of mixed sand–mud gravity flows, where sand 262 

and mud are deposited at high and low velocity, respectively (Kneller 1995); (ii) alternations of 263 

deposition of sand from dilute turbidity currents and suspension settling of hemipelagic mud; (iii) 264 

rapidly decelerated and highly depositional transitional sand–mud gravity flows of constant velocity, 265 

involving cannibalization of bed material shortly after deposition as a result of reinstated turbulence 266 

at decreased flow density (Baas et al. 2016); (iv) a combination of slowly migrating, sandy low-267 

amplitude bed waves (Best and Bridge 1992) and continuous suspension settling of fine sediment (Baas 268 

et al. 2016); and (v) slurry flows that experience near-bed shear sorting (Lowe and Guy 2000). 269 

Siltstone.—The siltstone facies comprises dark blue–grey siltstone, either structureless or plane-270 

parallel-laminated. The siltstone facies is normally graded with gradual tops or ungraded with sharp 271 

tops. The base of the siltstone facies is sharp and flat and their top is flat.  272 



12 
 

The siltstone facies is formed by suspension fallout of silt grains from fully turbulent sediment gravity 273 

flows or lower-transitional plug flows (Baas et al. 2011), with tractional forces recorded in the plane-274 

parallel lamination (Piper et al. 1984; Talling et al. 2012). 275 

Silty mudstone.—This dark grey, near-black silty mudstone facies has intermediate silt–clay content 276 

compared to the siltstone and mudstone facies. The mudstone contains dispersed silt grains in an 277 

overall structureless matrix. The lower and upper facies boundaries are sharp. 278 

The silty mudstone is formed by fine-grained sediment gravity flows that are unable to efficiently 279 

segregate silt and clay particles, such as upper-transitional plug flows and quasi-laminar plug flows 280 

(Baas et al. 2011). 281 

Mudstone.—This facies comprises black, structureless mudstone with some color variation recorded 282 

in swirly textures, caused by coherent variations in silt content, directly above silty and sandy facies. 283 

The mudstones predominantly have a flat and sharp base and top. 284 

The mudstone facies can be formed by fine-grained components of sediment gravity flows and 285 

hemipelagic background sedimentation (Bouma 1962; Talling et al. 2012). The swirly textures are 286 

interpreted as the result of en-masse deposition of the plug region of mud-rich, turbulence-attenuated 287 

gravity flows (Baas et al. 2011; Stevenson et al. 2014). 288 

 289 

Facies Associations 290 

Five facies associations (FA1–FA5) were defined by Baker and Baas (2020), based on Markov chain 291 

analysis of vertical facies transitions.  292 

Facies Association 1 (FA1): Fine-grained thin-bedded turbidites and transitional-flow deposits.—293 

Facies association 1 (FA1) consists of isolated, thin-bedded (Tucker 1982) siltstone overlain by 294 

mudstone, interpreted as fine-grained turbidites. However, in the distal region near Borth (Fig. 2), the 295 
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presence of mudstone facies with swirly textures indicates transformation to cohesive flow. Therefore, 296 

FA1 may represent the deposits of fully turbulent and transitional, turbulence-attenuated, flows.  297 

Facies Association 2 (FA2): Sandy thin-bedded turbidites.—Facies association 2 (FA2) is composed of 298 

massive or structured sandstone with a mudstone or siltstone cap. FA2 also includes heterolithic 299 

sandstone–mudstone encased in mudstone. The massive and structured sandstone is formed by 300 

turbidity currents. The presence of heterolithic sandstone–mudstone may indicate transient 301 

turbulent–laminar flow behavior at a late stage of deposition (Łapcik 2023).  302 

Facies Association 3 (FA3): Medium-bedded turbidites.—Facies association FA3 comprises massive 303 

and structured-sandstone, heterolithic-sandstone–mudstone, siltstone, and mudstone facies from 304 

base to top. Their vertical order commonly resembles Bouma-type sequences of waning flow (Bouma 305 

1962) or, rarely, waxing flow (Kneller and Buckee 2000). Depending on the presence or absence of 306 

massive sandstone, FA3 represents high or low-density-turbidity-current deposits. The heterolithic 307 

sandstone–mudstone facies mostly occurs in Bouma Td-divisions, hence its inferred relation to a 308 

waning, fine-grained, cohesive, transitional flow (Baker and Baas 2020).  309 

Facies Association 4 (FA4): Clast-rich hybrid event beds.— Facies association 4 (FA4) is made up of 310 

various types of hybrid event bed, which may include full or incomplete H1–H5 sequences. These are 311 

the main topic of this paper, described in detail below. 312 

Facies Association 5 (FA5): Transitional-flow deposits.—Facies association 5 (FA5) comprises beds 313 

containing structured muddy sandstone, overlain by mudstone, siltstone, structured sandstone, and 314 

heterolithic sandstone–mudstone, in order of decreasing probability (Baker and Baas 2020). Some 315 

beds contain siltstone or mudstone facies below the structured muddy sandstone facies. Clast-rich 316 

sandstone facies is absent from FA5. FA5 is described in further detail below, based on new field 317 

observations. 318 

 319 
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Characteristics of H1–H5 Divisions of Hybrid Event Beds in the Study Area 320 

Division H1: High and low-density-turbidity-current deposits.—The lowermost H1-division of the 321 

hybrid event beds (FA4) in the study area consists mainly of fine to medium-grained sandstone and 322 

rare coarse-grained sandstone. The sandstone is graded to ungraded, with thicknesses of up to 0.30 323 

m. The H1-division may contain massive sandstone (H1m), 0.02–0.16 m thick, and structured 324 

sandstone, 0.01–0.19 m thick, with plane-parallel lamination (H1p), ripple cross-lamination (H1r), wavy 325 

lamination, and convolute lamination (Fig. 3). Bouma-type sequences of sedimentary structures are 326 

common in the H1-division. H1m and H1p may contain mm to dm-sized mudstone clasts, mostly 327 

concentrated near the top or base of the division (Fig. 3D). The base of H1-divisions is sharp, frequently 328 

showing a variety of trace fossils and sole marks, including groove marks, skim marks, and spindly and 329 

parabolic flute marks. Coarse sand fills some of the flute marks. A few H1-divisions have a highly 330 

uneven base with mud injections. The top of H1-divisions is sharp or gradually fining upward because 331 

of increasing mud content, and flat to wavy, rippled, or convoluted (Fig. 3). A H1-division is present 332 

above the base in 95% of all hybrid event beds, but not necessarily with H1m at its base, as in existing 333 

hybrid-event-bed models (e.g., Haughton et al. 2009). 334 

The H1-division is interpreted as the depositional product of a turbidity current, but not limited to a 335 

high-density-turbidity-current deposit formed by highly aggradational suspension settling and 336 

dampening of bed traction (Lowe 1982; Haughton et al. 2009; Talling et al. 2012). The presence of 337 

structured sandstone, in addition to massive sandstone, reveals a more varied origin of the H1-division 338 

that includes low-density turbidity currents (cf. Southern et al. 2017), as reflected in the documented 339 

Bouma-type sequences. These sequences denote waning high to low-density turbidity currents, if the 340 

H1-division starts with massive sandstone, or waning low-density turbidity currents, if the massive 341 

sandstone is absent directly above the base. The convolute lamination in the H1-division indicates 342 

dewatering and soft-sediment deformation after rapid aggradation and entrapment of pore water. The 343 

large variety of sole-mark types supports the complex origin of the H1-division, with, according to 344 
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Peakall et al. (2020), fully turbulent turbidity currents forming parabolic flute marks, transitional flows 345 

forming spindly flute marks and skim marks, and cohesive, turbulence-suppressed flows forming 346 

groove marks. However, some sole marks could have been generated by bypassing flows, unrelated to 347 

the formation of the H1-division (Peakall et al. 2020; Baas et al. 2021).  348 

The more complex structure of the H1-division compared to the hybrid-event-bed model of Haughton 349 

et al. (2009) matches observations in other hybrid event beds worldwide (Muzzi Magalhanes and 350 

Tinterri 2010; Tinterri and Muzzi Magalhanes 2011; Fonnesu et al. 2015, 2018; Southern et al. 2017; 351 

Bell et al. 2018). Here, division H1 is interpreted to represent deposition from turbulence-dominated 352 

flows, i.e., high and low-density turbidity currents, with a varied evolution of flow types reflected in 353 

the stacking of massive and structured-sandstone facies in the division. 354 

Division H2: Transitional-flow deposits.—Division H2 consists of very-fine to fine-grained sandstone 355 

with different proportions of siltstone and mudstone. Thicknesses ranges from 0.005 m to 0.155 m, 356 

and sedimentary facies include banded sandstone, heterolithic sandstone–mudstone and structured 357 

muddy sandstone. The H2-division generally grades upward, with increasing mud content at the 358 

expense of sand content. Ideal vertical sequences of facies and sedimentary structures, based on the 359 

vertical order of subdivisions in the logged beds, comprise banded facies (H2b) or structured muddy 360 

sandstone with large ripples (H2lr) to low-amplitude bed waves (H2bw; Fig. 3E) capped with 361 

heterolithic sandstone–mudstone (H2h). However, rarely more than two of these subdivisions were 362 

found in one bed. H2h is abundant in troughs of current ripples at the top of H1-divisions and in troughs 363 

of large ripples (Fig. 4A); H2h also partially drapes these bedforms. If H2h is present only in the troughs 364 

of ripples or large ripples, and these bedforms are immediately below division H3, the vertical 365 

sequences of facies change laterally from H1r–H2h–H3 and H2lr–H2h–H3 to H1r–H3 and H2lr–H3, 366 

respectively (Fig. 4A). Load structures are frequently developed on the contact surface between the 367 

sand-rich and mud-rich deposits, predominantly in divisions H2b and H2h (Figs. 3B, C). Division H2 is 368 

present in c. 55% of the hybrid event beds investigated in the field area. In some cases, the H2-division, 369 
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rather than the H1-division, is present at the base of hybrid event beds (Fig. 4F). Moreover, the banded-370 

sandstone, structured-muddy-sandstone and heterolithic-sandstone–mudstone facies commonly 371 

form beds without other divisions typical of hybrid event beds. These beds are described in detail 372 

below.  373 

The H2-division contains sedimentary structures typical of transient turbulent flows (sensu Baas et al. 374 

2009, 2011, 2016), including banded sandstone (Lowe and Guy 2000; Haughton et al. 2009; Stevenson 375 

et al. 2020), large ripples and low-amplitude bed waves (Baker and Baas 2020), and heterolithic 376 

sandstone–mudstone (Łapcik 2023). The abundant load structures in this division require a density 377 

difference between the muddy and sandy bands (Anketell et al. 1970), and the soft-sediment 378 

deformation may have been aided by overpressures generated by abrupt permeability gradients 379 

between the muddy and sandy bands. The H2-division presented herein is an extended version of the 380 

H2-division of Haughton et al. (2009) that includes the depositional properties of transitional flows 381 

observed in the study area. 382 

Division H3: Cohesive laminar-plug-flow deposits.—The H3-division consists of mudstone and 383 

sandstone rafts and intraclasts, and sandstone balls and pillows (detached load casts), floating in a 384 

muddy-sand to sandy-mud matrix. Thicknesses range from 0.01 m to 0.36 m. The H3-division was 385 

described by Baker and Baas (2020) as clast-rich sandstone; five further subfacies are distinguished 386 

here: a) muddy sandstone with large rafts (up to 1.05 m long) consisting of mudstone or heterolithic 387 

mudstone–siltstone (Fig. 3A); b) poorly mixed muddy sandstone with mudstone clasts and sandstone 388 

balls and pillows (Fig. 4D); c) muddy sandstone, lacking mudstone clasts, but with well-preserved 389 

sandstone pillows, present at all levels in the H3-division, even near the base (Fig. 3C); d) well-mixed 390 

muddy sandstone with small sandstone clasts (pseudonodules), sandstone balls and pillows, and small 391 

mudstone clasts (Fig. 3B, D, E); and e) sandy mudstone with streaks of mudstone, siltstone, and 392 

sandstone (Fig. 3G), similar to streaky mudstone observed in the H5-division (Baker and Baas 2020). 393 

The mudstone clasts appear scattered in the H3-division or concentrated near the top or base of 394 
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subdivision 1 and 2. Two or three subfacies may be present in a single H3-division, with sharp or gradual 395 

boundaries between these subfacies, thus giving the division a bipartite or tripartite appearance (Figs. 396 

3A, F, G, 4E). Bipartite or tripartite H3-divisions predominantly show an upward increase in mud 397 

content, with muddier subdivision resting on sandier and less well-mixed subdivisions. Some H3-398 

divisions show faint plane-parallel lamination caused by horizontal alignment of sandstone and 399 

mudstone clasts (Fig. 4E). 400 

In accordance with Haughton et al. (2009), the H3-division is interpreted as a debris-flow deposit 401 

formed by en-masse cohesive freezing of a laminar plug flow (Iverson 1997; Mulder and Alexander 402 

2001; Talling et al. 2012). The overall chaotic internal structure, with a poorly to well-mixed muddy to 403 

sandy matrix and a wide variety of floating clast sizes and distributions, attests to variations in rheology 404 

between and within the debris flows (Talling et al. 2012; Talling 2013). These variations are reflected 405 

particularly well in the bipartite and tripartite appearance of some H3-divisions (cf. Hussain et al. 2020; 406 

Dodd et al. 2022). The most viscous flows are represented by subfacies 1, where large rafts are 407 

suspended in the cohesive matrix (Talling et al. 2012). The large rafts may originate from seafloor 408 

delamination (Fonnesu et al. 2016). Depending on the rheology, buoyancy may push mud clasts 409 

towards the top of the debris flow, but the mud clasts may also concentrate near the base of the flow 410 

under their own weight. Mud clasts may experience internal shearing and injection of fine-grained 411 

matrix in the debris flow, resulting in clast disintegration reflected in downcurrent downsizing of mud 412 

clasts (Fonnesu et al. 2018). Internal shearing may further cause the horizontal alignment of the sand 413 

and mud clasts. Debris flows with a relatively poor cohesive-matrix strength allow the sand balls and 414 

pillows to occupy all levels in the H3-division. Moreover, the poorly mixed mudstone–sandstone with 415 

a variety of clasts of subfacies 2 is interpreted to denote a debris flow with a higher viscosity than the 416 

well-mixed muddy sandstone of subfacies 3 and 4. Late-stage loading can be responsible for the sharp 417 

boundaries between the load casts and debrite matrix. The balls and pillows may have formed and 418 

started to sink into the debris flow while the flow was still moving, especially in shear-thinning quasi-419 

laminar plug flows (Baas et al. 2011; Fig. 4D). The bipartite and tripartite appearance of H3-divisions 420 
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has been associated with longitudinal segregation and transformation of laminar-flow components 421 

(Haughton et al. 2009; Dodd et al. 2022).  422 

Division H4: Low-density-turbidity-current and transitional-flow deposits.—The H4-division of the 423 

hybrid event beds (FA4) is up to 0.09 m thick and consists of predominantly normally graded fine-424 

grained sandstone and siltstone. The sedimentary facies include structured sandstone and muddy 425 

sandstone with plane-parallel lamination (H4p), ripple cross-lamination (H4r) and low-amplitude bed 426 

waves (H4bw), and heterolithic sandstone–mudstone (H4h), which may be deformed as a result of 427 

fluid escape and loading into the underlying division (Fig. 3). The base of the H4-division is sharp and 428 

flat to strongly uneven and poorly defined because of the loading. At the top, the division gradually 429 

fines upwards into the mudstone facies of division H5. The H4-division is present in c. 45% of the hybrid 430 

event beds investigated in the field area.  431 

The H4-division is formed by low-density turbidity currents and transitional flows, based on the 432 

presence of sedimentary structures associated with turbulent and turbulence-modulated flows, 433 

respectively, as in the H1 and H2-divisions described above. Different H4-divisions record turbulent 434 

flow only (H4p and H4r), a gradual change from turbulent to transient turbulent–laminar flow (H4p, 435 

H4r, H4bw and H4h), and transitional flow only (H4bw and H4h). These flows could constitute the tail 436 

of the main core of the hybrid flow or form by mixing of ambient water with sediment from the upper 437 

part of the laminar debris flow of the H3-division. The H4-division presented herein is an extended 438 

version of the H4-division of Haughton et al. (2009) that was limited to low-density-turbidity-current 439 

deposits. We argue that division H4 may also include transitional-flow deposits, which agrees with the 440 

flow-evolution model for lobe distal fringes of Baker and Baas (2020).  441 

Division H5: Hemipelagic and transitional-flow deposits.—Division H5 comprises silty-mudstone and 442 

mudstone facies at the top of each hybrid event bed in the field area. Thicknesses range from c. 0.04 443 

to 0.38 m, and some of the mudstones show swirly or pseudonodular textures (Haughton et al. 2009; 444 

Baker and Baas 2020).  445 
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The H5-division may be formed by slow settling of hemipelagic sediment, gradual suspension settling 446 

of mud from the dilute tail of the hybrid flow (Haughton et al. 2009; Pierce et al. 2018);, updip 447 

remobilization of the top of the H3-division (Obradors-Latre et al. 2023) and rapid deposition from 448 

waning fine-grained cohesive flows (Baas et al. 2011). Baker and Baas (2020) showed that part of thick 449 

mud caps in the lobe distal fringe of the deep-marine system near Borth (Fig. 2) were deposited en-450 

masse from upper-transitional and quasi-laminar plug flows that bypassed more proximal areas or 451 

transformed from muddy suspensions up-dip.  452 

 453 

Deposits Other than Hybrid Event Beds and Bouma-Type Turbidites 454 

In the study area, transitional-flow deposits were previously recognized by Baker and Baas (2020) from 455 

the presence of large ripples and low-amplitude bed waves. The present field study found a greater 456 

variety of transitional-flow deposits, with sedimentological properties that are similar to the H1, H2, 457 

H4 and H5-divisions of the hybrid event beds. However, the transitional-flow deposits differ from the 458 

hybrid event beds in the lack of a H3-division, i.e., a debris-flow signature.  459 

If present, the H1-division of the transitional-flow deposits contains classic Bouma-type H1m, H1p and 460 

H1r facies (Fig. 5B, C, D, F). Division H2 bears sedimentary structures indicative of transitional flow, 461 

including H2b, H2lr, H2bw and H2h-facies. Rather than being capped by a H3-division, the H2-division 462 

of transitional-flow deposits is overlain by H4p and H4r-facies, formed by turbulent flows, H4bw and 463 

H4h-facies, formed by transitional flows, or directly by H5-mudstone facies (Fig. 5). The distinction 464 

between divisions H2 and H4 is straightforward if turbulent-flow facies separate transitional-flow 465 

facies, in which case the vertical sequence is limited to H2-transitional-flow facies – H4-turbulent-flow 466 

facies – H4-transitional-flow facies (Fig. 5D). However, in the absence of turbulent-flow facies, some 467 

features can be used to distinguish the H2 and H4-transitional-flow facies: 1) abrupt grain-size change 468 

from medium and fine-grained sand to very-fine-grained sand and silt without a change in sedimentary 469 

structure (Fig. 5F); 2) decrease in sand-to-mud ratio, increase in muddiness, and presence of mud 470 
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drapes and streaks (Fig. 5A); and 3) reduction in the wavelength and height of bedforms (Fig. 5F). 471 

Moreover, matching with the facies characteristics of the hybrid event beds described above, large 472 

ripples are limited to the H2-division.  473 

 474 

Markov-Chain Analysis of Vertical Transitions  475 

Hybrid event beds.—Embedded Markov-chain analysis was conducted to statistically capture the large 476 

variety of hybrid event beds (n = 99) and transitional-flow deposits (n = 81) in the study area (Figs. 3–477 

5). Figure 6 shows separate difference matrices for hybrid event beds (Fig. 6A) and transitional-flow 478 

deposits (Fig. 6B), plotted onto the original hybrid-event-bed model of Haughton et al. (2009). These 479 

matrices were used as a proxy for flow evolution by determining the most common single and multi-480 

level vertical transitions of sedimentary facies. Most hybrid event beds have a lowermost H1-division 481 

with a wide variety of facies transitions (Fig. 6A). H1m above the base of the H1-division mostly changes 482 

upward to H1p or H1r, reflecting a reduction in sediment-fallout rate and a shift to tractional transport 483 

in turbulent flow. The embedded Markov-chain analysis reveals that transitions from H1m to the 484 

banded division H2 in the study area are rare, and therefore show low statistical significance. This 485 

differs from the hybrid-event-bed model of Haughton et al. (2009), in which H1m to H2 is the only 486 

transition. Here, H1p and H1r commonly appear between H1m and H2, thus denoting a waning 487 

turbidity current before the H2-division is formed. Most common is an upward change from H1p to 488 

H1r, denoting a waning low-density turbidity current. Transitions from H1p to H2lr or H2b, denoting a 489 

temporal change to turbulence-enhanced transitional flow or lower-transitional plug flow, have the 490 

lowest probability. H1r shows a strong tendency to change upward to different H2-facies, i.e., H2b, 491 

H2bw and H2h, reflecting a gradual transformation from low-density turbidity current to turbulence-492 

modulated transitional flow. Direct transitions from H1r to H3 are the least probable, whereas direct 493 

transitions from H1p to H3 have a significantly higher probability. In summary, the Markov-chain 494 

analysis confirms the visual observations described above that division H1 was formed by classic, 495 
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Bouma-type, turbidity currents of low and high density (Bouma 1962; Lowe 1982; Southern et al. 2017) 496 

that transform into transitional flows or directly into laminar debris flow.  497 

In Figure 6A, H2b represents the lowermost part of the H2-division. H2b is equivalent to plane-parallel 498 

lamination under transitional plug flow (Stevenson et al. 2020) or signifies the migration of low-499 

amplitude bed waves, as in the experiments of Baas et al. (2016). The most common transitions in 500 

division H2 are from H2b, H2lr or H2bw directly to H2h. Vertical sequences that comprise three or four 501 

facies in division H2 are less likely, shown by the absence of H2b–H2lr transitions, and the low 502 

probabilities of H2b–H2bw and H2lr–H2bw transitions (Fig. 6A). The most probable transitions to 503 

division H3 are from H2bw and H2h. H2h fills the trough of ripples and low-amplitudes bed waves and 504 

drapes these bedforms before the debris flow arrives; H2h may thus signify near-laminar, upper-505 

transitional plug flow. Overall, division H2 shows a trend of transformation to progressively more 506 

cohesive flow as a result of increased mud concentrations and flow deceleration, which may have 507 

started in division H1 with the vertical sequence H1m–H1p–H1r. 508 

More than half of the clast-rich sandstone of the H3-division is capped by the mudstone of division H5 509 

(Fig. 6A). If there is an intercalated H4-division, the clast-rich sandstone transitions to structured 510 

sandstone of H4p or H4r, indicating a change from debris flow to low-density turbidity current, or to 511 

structured muddy sandstone of H4bw and H4h, signifying a change from debris flow to transitional 512 

flow (Fig. 6A). As mentioned above, these changes in flow type may denote the tail of the hybrid flow 513 

or mixing of ambient water with sediment from the upper part of the laminar debris flow of division 514 

H3.  515 

In division H4, H4p transitions rarely to H4r, and vertical changes from H4p to H4bw/h are statistically 516 

insignificant (Fig. 6A). In contrast, the probability of H4bw/h overlying H4r is high. This suggests that 517 

waning low-density turbidity currents are less common than transitional flows and low-velocity, low-518 

density turbidity currents transforming to transitional flows in this part of the basin. This 519 

transformation can be achieved by incorporation of sediment from division H3 below followed by flow 520 
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waning, thus promoting cohesion, or by supply of excess mud from the upstream tail of the flow. Figure 521 

6A shows a high probability that H4p, H4r and H4bw/h are overlain by H5, which may either represents 522 

hemipelagic deposition, dilute tail of hybrid flow or muddy-debris-flow freezing. It is most likely that 523 

the transition from H4p or H4r to H5 involves the progression from low-density-turbidity-current 524 

deposition to hemipelagic deposition, and the change from H4bw/h to H5 (possibly underlain by H4r) 525 

comprises the progression from transitional-flow deposition to muddy-debris-flow freezing (with a 526 

possible precursor of turbidity-current deposition).  527 

Transitional-flow deposits.—Figure 6B summarizes the embedded Markov-chain analysis for the 528 

transitional-flow deposits, which lack a H3-division. The transitions between subdivisions within and 529 

between the H1 and H2-divisions in the transitional-flow deposits are similar to those in the hybrid 530 

event beds, but there are notable differences in some of the transition probabilities. In the transitional-531 

flow deposits, transitions from H1m to H2b and H2lr are more common than transitions from H1m to 532 

H1p and H1r. This suggests that flow transformation from turbidity current to turbulence-modulated 533 

transitional flow commonly lacks a tractional phase. This contrasts with the hybrid event beds, in which 534 

the sequence H1m–H1p–H1r–H2 is most common (Fig. 6A). Moreover, the probability of transitioning 535 

from H1p to H2lr is higher than in the hybrid event beds, and H1r is overlain exclusively by H2bw, 536 

rather than by four different H2-subdivisions in the hybrid event beds (Fig. 6). These results imply a 537 

more abrupt turbulent to transitional-flow evolution, hence more rapid turbulence modulation, than 538 

in the hybrid events. Alternatively, the high probability of H1m–H2 transitions in the transitional-flow 539 

deposits may indicate that H1m resulted from rapid deposition of sand from a high-density transitional 540 

flow with limited turbulent support and some cohesive support (Baas et al. 2011; their figure 20).  541 

H2b and H2lr are common in the transitional-flow deposits, as expected, but H2bw is relatively rare. 542 

This scarcity may be linked to the missing laminar-flow division H3, since low-amplitude bed waves 543 

form in strongly turbulence-attenuated transitional flows (Baas et al. 2011). In contrast, H4bw is 544 

common in both hybrid event beds and transitional-flow deposits. In division H2, the highest variability 545 



23 
 

of facies transitions is recorded in H2b (Fig. 6B). It shows similar probability of transition to H2h, H4p, 546 

H4r, and H4bw/h. However, in contrast with the hybrid event beds, the highest transition probability 547 

is directly to H5 instead of to H2h.  548 

As in the hybrid event beds, H2lr most frequently passes into H2h. For the other H2-subdivisions, a 549 

direct transition to H5 has the highest probability (Fig. 6B), which renders paths of flow evolution 550 

simpler than for the hybrid event beds. Three main paths can be distinguished: (1) H2b–H2h–H5 or 551 

H2lr–H2h–H5, signifying a gradual change to weaker and muddier transitional flow, ending in laminar 552 

mud flow or hemipelagic deposition; (2) H2b–H4p–H5 or H2b–H4r–H4bw/h–H5, indicating an increase 553 

in turbulence in the late stages of the flow — in the turbulent tail of the flow or due to admixture of 554 

ambient fluid on top of the transitional flow or a bypassing debris flow — and possibly followed by a 555 

final return to strongly cohesive and turbulence-attenuated or laminar flow upon flow deceleration; 556 

and (3) direct transition from the H2-subdivisions to the H5-division, which most likely represents a 557 

change from transitional flow to quasi-laminar flow and deposition of fluid mud.  558 

The transition probabilities within division H4 and from division H4 to H5 in the transitional-flow 559 

deposits are similar to those in the hybrid event beds, except for a statistically insignificant transition 560 

from H4r to H5 in the transitional-flow deposits (Fig. 6). This transition is replaced by a more common 561 

H4r–H4bw/h transition, which signifies a slight shift away from the evolution of turbulent flow to 562 

hemipelagic deposition towards the evolution from turbulent to transitional, and possibly laminar, 563 

flow in divisions H4 and H5.  564 

Integrated hybrid event beds and transitional-flow deposits.—Informed by the key finding that the 565 

hybrid event beds and transitional-flow deposits share common sedimentological features, have the 566 

same subdivisions, and their flow-evolution trees complement each other to a large degree (Fig. 6), 567 

separate embedded Markov-chain analysis was conducted by integrating the datasets for both these 568 

facies associations (Fig. 6C). This analysis aimed to find support for the hypothesis that the transitional 569 
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flows are a subset of a wider spectrum of hybrid flows that include quasi-laminar and laminar-flow 570 

regimes.  571 

Figure 6C shows that divisions H1, H2, H4 and H5 preserve most of the evolution of deposition from 572 

the transitional flows and hybrid events, with transition probabilities similar to or intermediate 573 

between those shown in Fig. 6A and B. Notable deviations are a shift from H1p–H2lr to H1p–H3 in 574 

transition probability, as well as a lack of statistically significant H2b–H3, H2b–H4p and H2bw–H3 575 

transitions, in the integrated dataset. These deviations suggest that H2-divisions are more common in 576 

transitional-flow deposits than in hybrid event beds and they match the absence of the banded H2-577 

division in many hybrid event beds of the Haughton et al. (2009) type elsewhere (Tinterri and Muzzi 578 

Magalhaes 2011; Patacci et al. 2014; Southern et al. 2017; Fonnesu et al. 2018; Pierce et al. 2018; 579 

Stevenson et al. 2020; Baas et al. 2021). The integrated flow-evolution tree of Fig. 6C agrees with the 580 

trees for transitional-flow deposits and hybrid event beds in H2h being the most important subdivision 581 

in H2; H2h thus provides a central link between turbulent flow (H1), transitional flow (H2 and H4), and 582 

laminar flow (H3 and H5). In H4 and H5, the integrated flow-evolution tree (Fig. 6C) more closely 583 

matches the evolution tree of hybrid events (Fig. 6A) than that of transitional flows (Fig. 6B). This is 584 

inevitable, because the integrated-flow and hybrid-event-evolution tree both have a H3-division, but 585 

the close link between all three trees after removal of transitions to and from H3, together with the 586 

overall small number of deviations, described above, provides strong evidence that the transitional-587 

flow-evolution tree shown in Fig. 6B is a subset of the flow evolution trees shown in Fig. 6A, C.  588 

 589 

Terminology Update and New Hybrid-Event-Bed Model 590 

The field data presented herein, along with the statistically significant results (based on χ2 tests) of the 591 

embedded Markov-chain analysis, reveal a close relationship between hybrid event beds and 592 

transitional-flow deposits. This leads us to propose a new terminology for hybrid event beds. From this 593 

point onward, the term ‘hybrid event bed’ refers to beds with any mixture of turbulent, transitional 594 
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and laminar-flow H-divisions. Hence, all three bed types in Fig. 6, with or without a H3-division, are 595 

considered to be hybrid event beds. Based on the frequency of occurrence in the study area, ‘hybrid 596 

event beds’ can take three different forms: turbulent-flow-prone beds (Fig. 7B), transitional-flow-597 

prone beds with a H3-division (Fig. 7C), and transitional-flow-prone beds without a H3-division (Fig. 598 

7D). Moreover, ‘turbulent-flow deposits’, ‘transitional-flow deposits’ and ‘laminar-flow deposits’ refer 599 

to divisions and subdivisions, i.e., facies, in hybrid event beds with turbulent, transitional, and laminar-600 

flow signatures, respectively. Figure 7 also shows a full facies model (Fig 7A) that summarizes all 601 

subdivisions in hybrid event beds in the statistically significant vertical order (based on Chi2 test) 602 

specified by the embedded Markov-chain analysis and original Haughton et al. (2009) hybrid-event-603 

bed model. The proposed extended hybrid-event-bed model is described and interpreted in the 604 

Discussion section below.  605 

 606 

Longitudinal Changes in Hybrid-Event-Bed Properties Between Aberystwyth and Borth 607 

The most proximal part of the study area, north of Aberystwyth (Area I; Fig. 2) is dominated by Bouma-608 

type turbidites (Bouma 1962) and fewer, relatively thin, transitional-flow deposits (Fig. 8) with 609 

structured-muddy-sandstone and heterolithic-sandstone–mudstone facies that exhibit upward 610 

increasing mud content (Table 3; Fig. 9A). The lowermost division of most hybrid event beds with 611 

division H3 in Area I consists of H1p or H1r, whereas similar amounts of transitional-flow-prone hybrid 612 

event beds without division H3 commence with H1–H2 or H2-subdivision sequences (Table 3). The vast 613 

majority of the hybrid event beds lack a H3-division, but, if present, the sand and mud in the H3-division 614 

are well mixed, exhibiting swirly textures. Convolute lamination is abundant in Area I. Almost all hybrid 615 

event beds in Area I have a H2-division and 70% of H4-divisions contain only H4p and H4r (Table 3). 616 

Flute marks are the most common type of sole mark in Area I (Table 3).   617 

The proportion of hybrid event beds with a central H3-division increases from Area I to Areas II and III, 618 

both near Clarach Bay, at the expense of transitional-flow-prone hybrid event beds without a H3-619 
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division (Fig. 9A). In Area III, the hybrid event beds reach a mean thickness of 0.37 m, compared to 0.19 620 

m in Area II and 0.14 m in Area I (Fig. 8A), with H3-divisions contributing most to the bed thickness (Fig. 621 

8B). This rapid downflow increase in bed thickness is caused mainly by thickening of H3 and H5-622 

divisions, but division H4 is also relatively thin in Area I (Fig. 8). Lowermost H1-divisions with Bouma-623 

type sequences (Fig. 9B, C) were observed in most hybrid event beds, whereas H2-divisions are less 624 

common than in Area I (Table 3). Despite the overall dominance of hybrid event beds with a H1-divison, 625 

equal numbers of transitional-flow-prone beds without a H3-division start with H1 and H2-divisions. 626 

H4-divisions, predominantly with plane-parallel lamination and ripple-cross lamination, are common 627 

in hybrid event beds with a H3-division, but almost absent in beds without a H3-division. As in Area I, 628 

flute marks outnumber groove marks and discontinuous tool marks (skim and prod marks) in Area III. 629 

In contrast, the hybrid event bed in Area II have more tool marks than flute marks (Table 3).   630 

Area IV, halfway between Clarach Bay and Wallog (Fig. 2), is characterized by a mixture of hybrid-event-631 

bed types, with transitional-flow-prone beds without a H3-division outnumbering beds with a H3-632 

division (Table 3; Fig. 9A). Average hybrid-event-bed thickness is higher than in Area I, but lower than 633 

in Area III, caused by a large decrease in thickness of H3 and H5-divisions and a smaller decrease in the 634 

thickness of most other divisions (Fig. 8). The mixed nature of bed properties is further reflected in 635 

that: (a) Bouma-type sequences are common in division H1; (b) the lowermost division of transitional-636 

flow-prone beds without a H3-division can consist of H1 or H2 (Fig. 9B); (c) approximately half of the 637 

beds with division H3 also contain division H2; (d) the vast majority of H4-divisions have H4bw and 638 

H4h; and (e) the number of flute marks and tool marks are evenly spread (Table 3). In Area IV, bipartite 639 

and tripartite subdivisions begin to make up a significant proportion of H3-divisions, which was also 640 

observed in Areas VI and VII.   641 

Area V and VI, between the cliffs south of Wallog and Harp Rock (Fig. 2), have the highest proportions 642 

of hybrid event beds with a H3-division (Fig. 9A; Table 3). At these locations, most hybrid event beds 643 

show a full spectrum of H1–H5 divisions, and their mean thickness is somewhat larger than in Area IV, 644 
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with relatively thick H1-divisions in Area V (Fig. 8). Lowermost H1-divisions that form Bouma-type 645 

sequences dominate; fewer hybrid event beds commence with H2lr (Fig. 9B, C). Despite the dominance 646 

of full H1–H5-sequences, H4-divisions were not observed in the hybrid event beds of Area V. In Area 647 

VI, 30% of H4-divisions contain only H4p and H4r; the remaining H4-divisions have H4bw/h (Table 3). 648 

H3-divisions often consist of well-mixed sand and mud with swirly textures (Area VI) or small mud 649 

clasts and pseudonodules (Area V). Area V differs from Area VI in that the base of hybrid event beds in 650 

Area V is dominated by skim, prod and groove marks, whilst in Area VI flute marks are more common 651 

than tool marks (Table 3).  652 

The proportion of hybrid event beds with a H3-division in the most distal Area VII, near Borth, is much 653 

lower than in Areas V and VI (Fig. 9A); this was also recognized by Baker and Baas (2020). Instead, H3-654 

missing transitional-flow-prone hybrid event beds composed of structured muddy sandstone with 655 

large current ripples and low-amplitude bed waves capped by mudstone with swirly textures (cf. Baker 656 

and Baas 2020) are abundant (Fig. 9B, C). These beds consist of H2–H4–H5 and H4–H5-sequences (Fig. 657 

9), with all beds exhibiting H4bw/h and only 38% of beds exhibiting H2-subdivisions (Table 3). Only one 658 

hybrid event bed starts with a H1-division, i.e., H1m (Fig. 9B; Table 3). The mean thickness of hybrid 659 

event beds and their H-divisions is small and comparable to those in Area I, except for a relatively thick 660 

H5-division (Fig. 8). Sole marks are rare in Area VII, but mostly comprise skim marks and groove marks 661 

(Table 3).  662 

The size of mud clasts was measured in H1–H3 divisions in Areas I–VI, subdivided into four size classes: 663 

<40 mm, 40–99 mm, 100–200 mm, and >200 mm (Fig. 9D). The proportion of the smallest mud clasts 664 

generally increases downcurrent at the expense of larger clasts, as previously determined by Baker 665 

and Baas (2020). All mud clasts with a size >40 mm are significantly more common in Areas I–IV than 666 

in Areas V–VII. Together with an abrupt increase in the proportion of mud clasts <40 mm between 667 

Area IV–V, this suggests a sudden disintegration of mud clasts between these areas, possibly at the 668 

transition from the proximal to distal lobe fringe. Area VII in the most distal part of the lobe fringe lacks 669 
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macroscopic mud clasts altogether; presumably all mud clasts were disintegrated between Areas VI 670 

and VII.  671 

 672 

DISCUSSION 673 

Extended Hybrid-Event-Bed Model — Rationale 674 

The hybrid-event-bed model of Haughton et al. (2009) describes beds that contain evidence for 675 

deposition from turbidity currents and debris flows, but it does not include the role of transient-676 

turbulent flows (sensu Baas and Best 2002). More recent research on turbulence-modulated flows 677 

(e.g., Baas et al. 2009, 2011, 2016; Stevenson et al. 2020; Łapcik 2023) revealed that the spectrum of 678 

deposits formed by hybrid events can be much larger, thus justifying the need for expanding the 679 

Haughton et al. (2009) model by incorporating more complex depositional processes that leave a 680 

record in hybrid event beds. The new field data show that transitional flows can be common in deep-681 

marine environments and they are an integral part of the wide spectrum of sediment gravity flows 682 

between turbulent and laminar end members. On the basis of the field data and statistical analysis 683 

presented in this study, a more universal facies model that integrates this wider suite of hybrid flows 684 

is introduced (Fig. 7). This extended model presents the original hybrid-event-bed model of Haughton 685 

et al. (2009) as an end member. Our data suggest that the flow evolution stored in hybrid event beds 686 

is more gradual than in the Haughton et al. (2009) model, encompassing a complete, ideal, vertical 687 

sequence of turbulent–transitional–laminar–turbulent–transitional–laminar flow–hemipelagic settling 688 

(full facies model in Fig. 7), as well as allowing for the formation of incomplete sequences resulting 689 

from different flow-evolution paths. Thus, the model distinguishes turbulent-flow-prone hybrid event 690 

beds and transitional-flow-prone hybrid event beds with and without evidence for fully laminar-flow 691 

conditions in the form of H3- and H5-type debris flows (Fig. 7; Pierce et al. 2018; Hussain et al. 2020), 692 

informed by the embedded Markov-chain analysis (Fig. 6). It should be emphasized that, as with any 693 

facies model, the extended hybrid-event-bed model is based on a reductionistic approach, and 694 
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significant deviations from the model are possible, depending on autogenic and allogenic forcings on 695 

flow behavior and depositional processes. 696 

 697 

Extended Hybrid-Event-Bed Model — Description 698 

In the Haughton et al. (2009) model, the hybrid event beds start with division H1, composed of graded 699 

to ungraded, dewatered sandstone, with mud clasts in the upper part of the division. In case of high 700 

concentrations of these mud clasts, Fonnesu et al. (2015) defined an additional H1-subdivision (their 701 

H1b). These properties are characteristic of rapid sedimentation from non-cohesive high-density 702 

turbidity currents. However, more recent literature data (e.g., Muzzi Magalhanes and Tinterri 2010; 703 

Tinterri and Muzzi Magalhanes 2011; Fonnesu et al. 2015, 2018; Southern et al. 2017; Bell et al. 2018), 704 

as well as data from the study area (Figs. 3–5), indicate a more complex internal character of division 705 

H1 (Fig. 7), with sedimentary structures typical of less rapid deposition, including plane-parallel 706 

lamination (H1p) and ripple cross-lamination (H1r). These tractional structures may occur above 707 

massive sandstone (H1m) or replace it. The formation of division H1 may therefore involve a wide 708 

range of low-density to high-density turbidity currents (Talling et al. 2012), thus reflecting the classical 709 

turbidite models of Bouma (1962) and Lowe (1982), formed by turbulence-dominated flows (Fig. 7). 710 

However, massive sandstone, here H1m, has also been associated with turbulence-attenuated and 711 

non-turbulent, cohesive or non-cohesive flows (e.g., Kneller and Branney 1995; Ilstad et al. 2004; 712 

Breien et al. 2010; Baas et al. 2011; Hussain et al. 2020). 713 

The facies model depicted in Fig. 7 expands division H2 from banded sandstone (H2b) only (Haughton 714 

et al. 2009) to a wider range of facies that indicate deposition from transitional flow (Fig. 7). These 715 

facies include large current ripples (H2lr), low-amplitude bed waves (H2bw) (Baas et al. 2016; Baker 716 

and Baas 2020) and sandstone–mudstone heterolithics (H2h) (Łapcik 2023), where the large current 717 

ripples in the study area are unique to division H2. The wide range of sedimentary structures typical of 718 

turbulence-modulated flow in division H2 allows for a more detailed interpretation of the depositional 719 



30 
 

processes and a more precise determination of flow evolution (e.g., Baas et al. 2011, 2016; Baker and 720 

Baas 2020; Stevenson et al. 2020), i.e., from turbulence-dominated (H1) via transitional-flow 721 

dominated (H2) to laminar-flow dominated (H3) in the full sequence (Fig. 7). Given that the clay 722 

content usually increases from H1 to H3, the gradual change from turbulent via transitional to laminar 723 

flow is interpreted to be dominated by a gradual temporal increase in the cohesive clay content in 724 

these flows. The new facies model reveals the complex nature of division H2, where the vertical 725 

stacking of its subdivisions can vary depending on the initial flow conditions and show more diverse 726 

evolutionary paths than division H1. However, these variations remain predictable and are limited to 727 

the omission of certain subdivisions, rather than random transitions between these subdivisions (Fig. 728 

6).  729 

Hussain et al. (2020) divided division H3 into a relatively sandy lower subdivision, H3a, and a muddier 730 

upper subdivision, H3b. In H3a, sand injections and water-escape structures evidence the interaction 731 

of the debris flow with previously deposited sand of division H1. H3b represents a more cohesive part 732 

of the debris flow that does not interact with the substrate. Dodd et al. (2022) distinguished three 733 

subdivisions, H3a–H3c, interpreted as the product of separate flow components formed through 734 

rearward longitudinal-flow transformation from weaker cohesive, quasi-laminar plug flow to stronger 735 

cohesive, fully laminar plug flow. Differences in flow cohesion were also recognized in the study area 736 

based on the five H3-subdivisions (Fig. 7), which show different mud content, size of clasts and degree 737 

of internal mixing. However, these subdivisions cannot easily be compared with the facies models of 738 

Hussain et al. (2020) and Dodd et al. (2022), because the assumption that “more sand equals less 739 

cohesive flow and more clay equals more cohesive flow“ is oversimplified, as sand can make flows 740 

more cohesive, especially for high-density turbidity currents and debris flows (Baker and Baas 2023). 741 

Moreover, the fact that division H4 can load into the top of division H3, as observed in the study area, 742 

means that the upper part of H3 need not represent deposits of highly cohesive flows. Instead, the 743 

presence of the load structures suggests that the underlying H3-subdivision can be formed by a weakly 744 
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cohesive laminar flow with rheological properties resembling a fluid mud. This suggests that the spatio-745 

temporal behavior of the debris flows in the studied part of the Welsh Basin was more complex than 746 

in the models of Hussain et al. (2020) and Dodd et al. (2022), with evidence in the stacked H3-747 

subdivisions for increasing or decreasing cohesive-matrix strength of the debris flow. The field data 748 

confirm previous observations of decreasing mud clast size in a downflow direction in division H3 (cf. 749 

Fonnesu et al. 2018). The widespread occurrence of a wavy top of divisions H1 and H2 on the fringe 750 

and distal fringe of lobes in the study area is associated with the preservation of original current-ripple 751 

surfaces (cf. Fonnesu et al. 2015), thus suggesting a negligible erosional potential of the debris flows 752 

that form division H3. On the other hand, the common convolutions and load structures in divisions 753 

H1 and H2 are likely associated with a rapid increase in pore pressure by the sudden emplacement of 754 

the debris of division H3 on the previously deposited H1 and H2-divisions. 755 

Division H4 is expanded to incorporate sedimentary structures that evidence turbulence-modulated 756 

flow, i.e., low-amplitude bed waves (H4bw) and sandstone–mudstone heterolithics (H4h), above 757 

sedimentary structures formed by turbulent flow. i.e., plane-parallel lamination (H4p) and ripple cross-758 

lamination (H4r) (Fig. 7). The extended facies model thus covers different late-stage evolutionary paths 759 

of the hybrid flow, where the flow may be represented not only by a low-density turbidity current 760 

(Haughton et al. 2009), but also by transitional flows that becomes increasingly cohesive with time, i.e. 761 

from lower to upper-transitional plug flow. Baker and Baas (2020) attributed this increase in cohesion 762 

to decreasing flow velocity, rather than increasing clay concentration, as in the H1–H3-sequence. The 763 

increase in cohesion continues into the H5-division, following the evidence for deposition of silt and 764 

clay from quasi-laminar plug flow. However, this does not exclude the formation of division H5 by the 765 

dilute tail of the hybrid flow or by hemipelagic sedimentation, especially if H4bw and H4h are absent 766 

below the H5-division. An additional mechanism for the formation of increasingly cohesive transitional 767 

flow at the late stage of hybrid flow may be the inclusion of mud through interfacial shear between 768 

the laminar debris flow (or H3 deposit) and the overriding flow. This mixing process could also have 769 
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led to weakening of the cohesive forces in the upper part of division H3, thus promoting partial or full 770 

loading of H4 sand into H3 mud. 771 

Determining the mode of deposition of mudstones in deep-marine environments based on 772 

macroscopic properties has been a major challenge. Understanding the relationship between the 773 

sediment below the mudstones and the mudstones themselves, as in this study, can be the key to 774 

understanding their depositional conditions. Previous studies have suggested that thick mudstone 775 

covers in the distal part of the basin (Borth Mudstone Fm) do not originate from hemipelagic 776 

sedimentation (Baker and Baas 2020; Wang et al. 2024, in review). The present study extends this by 777 

linking the deposition of mudstone to turbulent low-density turbidity currents in the case of underlying 778 

subdivision H4p and H4r, and to transitional flow or quasi-laminar flow in the case of underlying 779 

subdivision H4bw/h. 780 

The new hybrid-event-bed model presented here extends the range of textural and structural 781 

properties of hybrid event beds, which translates into a better understanding of the spatio-temporal 782 

evolution of mixed sand–clay sediment gravity flows and their preservation in the sedimentary record. 783 

Despite the increased number of facies types, the vertical order of subdivisions in the facies model 784 

remains predictable and informed by gradually changing flow conditions. The turbulence-modulated 785 

conditions preserved in divisions H2 and H4 often record gradual flow transformation in the study area, 786 

thus serving as a bridge between turbulent and laminar conditions, which is likely applicable also to 787 

other sedimentary basins. However, incomplete sequences are numerous, reflected not only in 788 

turbulent-flow-prone and transitional-flow-prone beds with and without evidence for laminar flow 789 

(Fig. 7), but also in more complex beds that are a reflection of the complex history of flow events. This 790 

complex history may involve, amongst others, variations in cohesive clay and non-cohesive sand 791 

content, variations in rates of sediment deposition and erosion, flow deceleration and acceleration, 792 

and turbulent modulation. Absolute values of flow velocity and suspended-sediment concentration 793 

and relative percentages of suspended clay and sand are key controls on degree of turbulence 794 
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modulation (e.g., Baker et al. 2017; Baker and Baas 2023), and high rates of change of sediment 795 

concentration and flow velocity are expected to hinder the preservation of certain flow types in the 796 

hybrid event beds (e.g., de Vet et al. 2023). In other words, hybrid events need not comprise all three 797 

basic flow types, i.e., turbulent, transitional and laminar, on their way into sedimentary basins or, if 798 

they do, signatures of these flow types may not be preserved as a division or subdivision in the final 799 

deposit. Examples are: (a) the lack of a H3-division in hybrid event beds because turbulent and 800 

transitional-flow behavior dominated at the depositional site, as dispersed clay concentrations were 801 

too low to induce laminar flow; (b) the direct transition from H1m to H3, as in the Haughton et al. 802 

(2009) model, because rates of deposition were too high to induce transitional flow and the 803 

transformation from high-density turbidity current to debris flow was too short to preserve 804 

transitional-flow structures; and (c) the lack of a distinct H4-division, because of co-depositional or 805 

post-depositional loading into the underlying H3-division.  806 

 807 

Longitudinal Trends in Hybrid Event Beds 808 

 809 

The overall basinward transition from dominantly turbidites near Cwmtydu and New Quay to 810 

dominantly hybrid event beds between Clarach Bay and Borth (Fig. 2) is supported by the field data 811 

from Areas I to VII over a distance of 6.7 km. This gradual change in flow type from turbulent to 812 

transitional and laminar is recorded in the bed properties, which includes a decrease in the amount of 813 

turbidites and a simultaneous increase in the amount of hybrid event beds with transitional-flow 814 

signatures in divisions H2 and H4 and laminar-flow signatures in divisions H3 and H5 (Fig.9).  815 

Figure 9 and Table 3 show that there are no simple longitudinal trends in the relative percentages of 816 

hybrid-event-bed type. Turbulent-flow-prone hybrid event beds are most common in Area III, 817 

transitional-flow-prone hybrid event beds with a H3-division dominate Areas V and VI, and transitional-818 

flow-prone hybrid event beds without a H3-division are present mainly in Areas I, II, IV and VII (Fig. 9). 819 
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This may not be surprising, given the many autogenic and allogenic forcings on flow behavior, such as 820 

initial flow mobility, flow density and suspended sand–clay ratio, and changes in these parameters 821 

between Areas I and VII as a function of changes in slope gradient, bed erodibility, and contrasting 822 

rates of deposition of sand and clay. Nonetheless, the sedimentological data collated in Table 3 reveal 823 

trends in the relative contributions of turbidity currents, transitional flows and debris flows to the 824 

sedimentary successions between Areas I and VII. 825 

Areas I, II and III are dominated by turbulent-flow deposits, although the evidence for low and high-826 

density-turbidity-current deposition varies in these areas. The number of turbidite beds in Area I is 827 

higher than in all other areas, turbulent-flow-prone hybrid event beds are common in Areas II and III, 828 

most hybrid event beds have a lowermost H1-division formed by low and high-density turbidity 829 

currents, and many H4-divisions only have plane-parallel lamination and ripple cross-lamination (Table 830 

3). Moreover, Areas I and III predominantly exhibit flute marks at the base of beds, which are formed 831 

by turbulent and turbulence-enhanced transitional flows (Peakall et al. 2020). Despite the dominance 832 

of turbulent-flow signatures in Areas I–III, there is also evidence for a downflow increase in the 833 

proportion on transitional and laminar-flow phases, i.e. from an increasing percentage of beds with H2 834 

and H3-divisions, respectively (Table 3). However, the proportion of H3-missing transitional-flow-835 

prone hybrid event beds shows an opposite basinward trend, decreasing from 84% in Area I to 21% in 836 

Area III. The large thickness of hybrid event beds in Area III, and to a lesser degree in Area II (Fig. 8), 837 

suggests that these areas form a depocenter, possibly related to a decrease in slope gradient between 838 

Areas I and II. This would lead to flow deceleration and bulking and promote cohesive freezing of debris 839 

flows, thus explaining the relatively large thickness of the H3-divisions in hybrid event beds (Fig. 8). 840 

Alternatively, the presence of mudstone rafts in H3-divisions in Areas II and III, and their absence in 841 

Area I, may indicate flow bulking by local scouring and delamination of the seabed, followed by 842 

cohesive freezing of debris flows (Fonnesu et al. 2016).     843 
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The increasing importance of transitional flow inferred for Area I to III continues into Areas IV and V. 844 

Turbulent, transitional, and laminar-flow signatures are equally common in the hybrid event beds in 845 

Area IV, and transitional and laminar-flow signatures are more common than turbulent-flow signatures 846 

in Area V. Area V has a large proportion of transitional-flow-prone hybrid event beds mainly with a H3-847 

division, the vast majority of these beds have H2 and H3-divisions, and sole marks mainly comprise 848 

skim, prod and groove marks, formed by upper-transitional plug flows and quasi-laminar and fully 849 

laminar plug flows (Peakall et al. 2020). It is inferred that relatively dilute flows, including low-viscosity 850 

debris flows, were able to escape deposition in Areas II and III and continued as a mixture of turbulent, 851 

transitional and laminar flows to Area IV, and then as predominantly transitional and laminar flows to 852 

Area V. This progressive shift from turbulent to cohesive flow behavior, may have been caused by flow 853 

deceleration and increasing flow viscosity, following deposition of sand and silt, as proposed by Baker 854 

and Baas (2020). The maintenance of a gentle slope gradient after the inferred decrease in slope 855 

gradient between Areas I and II would have helped this process.        856 

The dominance of transitional and laminar flows further increases from Area V to VII, but this trend is 857 

interrupted by a return to a larger proportion of turbulent-flow signatures, combined with frequent 858 

laminar-flow and common transitional-flow signatures, in Area VI (Table 3). This may indicate a local 859 

increase in slope gradient, thus temporarily causing the flows to accelerate and regain some of the 860 

turbulence lost in Area IV and V. It is unlikely that this resulted from a decrease in suspended clay 861 

concentration, because there is no evidence in the sedimentary successions that the flows lost 862 

significantly more cohesive clay in Area VI than in Area V. Turbulent-flow signatures are rare in Area 863 

VII. Instead, transitional-flow-prone hybrid event beds are numerous, mostly without a H3-division, 864 

but with common evidence for thick H5-divisions formed by mud-rich flows, as well as thin H2lr, H2bw, 865 

and H4bw/h subdivisions (cf. Baker and Baas 2020). Sole marks are rare in Area VII, but mainly 866 

comprise skim and groove marks, formed by upper-transitional plug flows and quasi-laminar and fully 867 

laminar debris flows (Peakall et al. 2020). When arriving in Area VII, the hybrid flows had deposited 868 

most of their sandy and silty suspended load, mud clasts had fully disintegrated, and the flows were 869 
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probably thin, slow moving and rich in suspended clay and therefore turbulence-attenuated and 870 

strongly cohesive. 871 

 872 

CONCLUSIONS 873 

Detailed sedimentological observations in submarine lobe fringe and distal fringe deposits of the 874 

Aberystwyth Grits Group and Borth Mudstone Formation, Wales, U.K., reveal a large facies variability 875 

in complex beds, deposited under changing conditions from turbulent through transitional to laminar 876 

flow. Basinward, the deposits change from predominantly turbidites and turbulent-flow-prone hybrid 877 

event beds via a mixture of turbulent and transitional-flow-prone hybrid event beds to H3-missing 878 

hybrid event beds with transitional-flow and muddy-debrite signatures. Moreover, the observation, 879 

confirmed by embedded Markov-chain analysis, that turbulent-flow-prone hybrid event beds and 880 

transitional-flow-prone hybrid event beds with and without division H3 share common 881 

sedimentological properties and vertical-facies transitions with the hybrid-event-bed model of 882 

Haughton et al. (2009), except for the presence transitional-flow signatures, allowed for the 883 

integration of transitional-flow facies into this widely used hybrid-event-bed model. These transitional 884 

facies statistically occur most often between turbulent-flow and laminar-flow facies, which suggests 885 

more gradual flow transformations, involving progressively increasing flow cohesion, than in the 886 

Haughton et al. (2009) model. The field data also reveal three types of incomplete facies models: 887 

turbulent-flow-prone hybrid event beds, transitional-flow-prone hybrid event beds with division H3, 888 

and transitional-flow-prone hybrid event beds without division H3, where the turbulent-flow-prone 889 

hybrid event beds are the closest match to the Haughton et al. (2009) model. The Haughton et al. 890 

(2009) model could therefore be viewed as one component of a larger suite of hybrid event beds. 891 

The extended hybrid-event-bed model is characterized by the following adaptations to the H1–H5 892 

divisions: 893 
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 The presence of Bouma-type subdivisions in division H1, indicating deposition from high-density 894 

turbidity currents as well as tractional low-density turbidity currents. 895 

 The presence of various transitional-flow signatures in division H2, such as large ripples, low-896 

amplitude bed waves, and heterolithic sandstone–mudstone, alongside banded sandstone. 897 

 Evidence for variable laminar-flow rheologies in division H3, ranging from mudstone rafts via 898 

smaller mud clasts to well-mixed silt and clay. 899 

 The presence of both tractional sedimentary structures typical of Bouma-type turbidites covered 900 

by low-amplitude bed waves and sandstone-mudstone heterolithics formed by transitional flow in 901 

division H4. 902 

 Evidence for laminar-mud-flow deposition, alongside hemipelagic deposition and slow deposition 903 

from the muddy tail of turbidity currents, in division H5. 904 

Hybrid event beds can form under various conditions, controlled by allogenic and autogenic factors, 905 

for example through rapid flow transformation that leads to bypassing of flow types and lack of 906 

formation or preservation of certain facies, and through more gradual transformation, allowing for the 907 

preservation of a greater facies diversity and more complete hybrid event beds. The extended facies 908 

model for hybrid event beds shows that hybrid flows can have a complex structure in the late stage of 909 

flow, undergoing renewed turbulent–transitional–(quasi-)laminar flow evolution as a result of flow 910 

deceleration, preserved in the H4 and H5-divisions. 911 

In light of the presented data, hybrid-flow deposits represent a much larger and more complex family 912 

of flows, whilst maintaining a coherent and predictable model of vertical-facies transitions. Therefore, 913 

their occurrence in other deep-water basins may be much more widespread than previously 914 

recognized. The extended hybrid-event-bed model presented here should find wide application 915 

beyond the research area, allowing for more accurate description of a wide spectrum of hybrid-flow 916 

deposits, and better understanding of depositional processes and locations of occurrence in various 917 

deep-water basins. 918 
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 1134 

FIGURE AND TABLE CAPTIONS 1135 

Table 1.—Description of sedimentary facies in the study area. 1136 

Table 2.—Overview of facies and subfacies codes used to describe the internal organization of hybrid 1137 

event beds in the study area. 1138 

Table 3.—Summary of evidence for turbulent, transitional and laminar-flow signatures in the hybrid 1139 

event beds of Areas I to VII. 1140 

Fig. 1. — Log of idealized hybrid event bed with inferred processes of formation of H1 to H5 divisions, 1141 

based on Haughton et al. (2009). 1142 

Fig. 2.—Location maps of the study area. A) Geological map of the Aberystwyth Grits Group 1143 

(comprising Mynydd Bach and Trefechan Formations) and Borth Mudstone Formation in Wales. 1144 

Modified after Davies et al. (1997) and McClelland et al. (2011). B) Map of study area between Borth 1145 

and Aberystwyth subdivided into seven smaller areas (I–VII). 1146 

Fig. 3.—Variety of appearances of and upward-changing structures in hybrid event beds. A) Bipartite 1147 

H3-division with lower muddy sandstone bearing rare scattered small mud clasts and sandy ball-and-1148 

pillow structures, and upper part with high concentration of large, elongated mud clasts aligned 1149 
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parallel to the bed surface. Area IV. B) Hybrid event bed with graded sandstone (H1m) capped by 1150 

banded sandstone with load structures (H2b), muddy sandstone with scattered sandy ball-and-pillow 1151 

structures (H3), heterolithic sandstone–mudstone (H4h) and massive black mudstone (H5). Area II. C) 1152 

Lower part of hybrid event bed showing ripple-cross-laminated sandstone (H1r) with uneven, wavy 1153 

top. Heterolithic sandstone–mudstone infills current-ripple troughs and partially drapes ripple surfaces 1154 

(H2h). Area IV. D, E, F) Hybrid event beds showing a variety of Bouma-like sequences in division H1, 1155 

including massive sandstone (H1m), plane-parallel-laminated sandstone (H1p) and cross-laminated 1156 

sandstone (H1r). Area VI. G) Bipartite H3-division with muddy sandstone with scattered sandstone 1157 

balls and pillows, overlain by sandy mudstone with plastically deformed streaks of siltstone (Area VI). 1158 

Note variety of structures in subdivision H4 in pictures A–C and G. H1–H5 = hybrid-event-bed divisions. 1159 

m = massive sandstone; p = plane-parallel lamination; r = ripple cross-lamination; b = banded 1160 

sandstone; lr = large-ripple cross-lamination; bw = low-amplitude bed waves; h = heterolithic 1161 

sandstone–mudstone.  1162 

Fig. 4.—Field examples of hybrid event beds. A–C, E) Examples of transitions of different H1-1163 

subdivisions, via different H2-subdivisions to division H3. Note division H3 in (E) is bipartite with chaotic 1164 

muddy sandstone at the base and sandy mudstone at the top. (A) and (C) are from area VI, (B) is from 1165 

area IV, and (E) is from area VII. D) Hybrid event bed with thin massive-sandstone division (H1m) 1166 

passing into thick debritic division (H3), with plane-parallel-laminated sandstone (H4) disturbed by 1167 

loading. Area II. F) Hybrid event bed that lacks division H1 and shows large ripples (H2lr) at its base 1168 

instead (Area VI). H1–H5 = hybrid-event-bed divisions. m = massive sandstone; p = plane-parallel 1169 

lamination; b = banded sandstone; lr = large-ripple cross-lamination; h = heterolithic sandstone–1170 

mudstone. 1171 

Fig. 5.—Field examples of transitional-flow deposits (Facies Association 5) . A, C, E, F) Transitional-flow 1172 

deposits missing ‘classic’ Bouma-type divisions. B, C, D) Transitional-flow beds with ‘classic’ Bouma-1173 

type divisions at their base. Each picture is from area IV. H1–H5 = hybrid-event-bed divisions. m = 1174 
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massive sandstone; p = plane-parallel lamination; r = ripple cross-lamination; b = banded sandstone; lr 1175 

= large-ripple cross-lamination; bw = low-amplitude bed waves; h = heterolithic sandstone–mudstone; 1176 

si = siltstone.  1177 

Fig. 6.—Results of embedded Markov-chain analysis plotted onto the original hybrid-event-bed model 1178 

of Haughton et al. (2009) and presented as a flow-evolution tree on the basis of difference matrices 1179 

for hybrid event beds in A (number of subdivision transitions = 450; confidence level of difference 1180 

matrix = 99%), transitional-flow deposits in B (number of subdivision transitions = 248; confidence level 1181 

of difference matrix = 99%), and for combined hybrid event beds and transitional-flow deposits in C 1182 

(number of subdivision transitions = 698; confidence level of difference matrix = 99%). H1–H5 = hybrid-1183 

event-bed divisions; m = massive sandstone; p = plane-parallel lamination; r = ripple cross-lamination; 1184 

b = banded sandstone; lr = large-ripple cross-lamination; bw = low-amplitude bed waves; h = 1185 

heterolithic sandstone–mudstone; d = debritic division; mm = massive mudstone. 1186 

Fig. 7.—Extended hybrid-event-bed model that combines the original turbulent-flow-prone model of 1187 

Haughton et al. (2009) with beds that show a wider range of textures and sedimentary structures, and 1188 

inferred flow types, based on observations in the Aberystwyth Grits Group and Borth Mudstone 1189 

Formation between Aberystwyth and Borth. H1–H5 = hybrid-event-bed divisions; m = massive 1190 

sandstone; p = plane-parallel lamination; r = ripple cross-lamination; b = banded sandstone; lr = large-1191 

ripple cross-lamination; bw = low-amplitude bed waves; h = heterolithic sandstone–mudstone; mm = 1192 

massive mudstone. 1193 

Fig. 8.—Mean thickness of hybrid event beds and their subdivisions (H1–H5) in Areas I–VII for A) all 1194 

beds and B) beds with a H3-division only.  1195 

Fig. 9.—A) Spatial distribution of hybrid-event-bed types in Areas I to VII. HEB(turb) = turbulent-flow-1196 

prone hybrid event beds; HEB(tr+H3) = transitional-flow-prone hybrid event beds with a H3-division; 1197 

HEB(tr-H3) = transitional-flow-prone hybrid event beds without a H3-division. B) Spatial distribution of 1198 
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the lowermost subdivision of the hybrid event beds in Areas I–VII. C) Spatial distribution of the 1199 

subdivision immediately above massive sandstone (H1m) in the hybrid event beds in Areas I–VII. D) 1200 

Spatial distribution of mud-clast sizes. Numbers in pie charts refer to number of bed types and 1201 

subdivisions. H1, H2, H3 = hybrid-event-bed divisions; m = massive sandstone; p = plane-parallel 1202 

lamination; r = ripple cross-lamination; b = banded sandstone; lr = large-ripple cross-lamination; bw = 1203 

low-amplitude bed waves; h = heterolithic sandstone–mudstone.  1204 
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Table 1.— Description of sedimentary facies in the study area. 

Sedimentary facies Main features Process interpretation 

Massive sandstone 

 

Very-fine to medium-grained, 
structureless sandstone; graded to 
predominantly ungraded; sharp 
flat base; sharp top or gradually 
fining-upward; rarely wavy top 

Rapid suspension fallout 
from sandy high-density 
turbidity current (Arnott and 
Hand 1989; Kneller and 
Branney 1995; Talling et al. 
2012) or transient-turbulent 
flow (Baas et al. 2009, 2011) 

Structured sandstone  

 

Very-fine to medium-grained, 
sandstone with plane-parallel 
lamination, wavy lamination, 
convolute lamination, ripple cross-
lamination; sharp and 
predominantly flat base and top 

Deposition from turbidity 
current; range of flow 
velocities, allowing 
generation of upper-stage 
plane bed and current ripples 
(Allen 1982; Best and Bridge 
1992); soft sediment 
deformation forms wavy and 
convolute lamination 

Banded sandstone 

 

Very-fine to fine-grained 
sandstone with distinctive dark 
and light bands; dark bands are 
rich in mud, light bands consist of 
massive sandstone; frequent soft-
sediment deformation and loading 
of the light bands into dark bands  

Transitional-flow deposits, 
reflecting pulsating turbulent 
and laminar flow (Lowe and 
Guy 2000; Lowe et al. 2003; 
Baas et al. 2009; Haughton et 
al. 2009; Stevenson et al. 
2020; Łapcik 2023).  

Clast-rich sandstone 

 

Very-fine to fine-grained, 
structureless, ungraded sandstone 
with dispersed mudstone, matrix-
supported mudstone clasts and 
medium-grained sandstone clasts; 
clasts are well-rounded with 
preferred alignment parallel to the 
bedding; sharp, flat base and top 

En masse freezing of 
cohesive, laminar debris flow 
or upper-transitional plug 
flow (Iverson 1997; Baas et 
al. 2009, 2011; Talling et al. 
2012); well-rounded clasts 
suggest transformation from 
turbidity current  

Structured muddy sandstone  

 

Mixture of very-fine to fine-
grained sandstone, mixed 
sandstone–mudstone, siltstone 
and mudstone;  large current 
ripples with angle of repose cross-
lamination and low-amplitude 
bed-waves, often climbing 

Rapidly decelerated 
turbulence-enhanced 
transitional flow (large 
ripples) and lower and upper 
transitional plug flow (low-
amplitude bed waves) (Baas 
et al. 2016); simultaneous 
bedform migration and 
suspension fallout of mud  
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Heterolithic sandstone–mudstone  

 

Alternation of laminae of fine-
grained sandstone and mudstone 
with plane-parallel and wavy 
lamination; tendency to thickening 
of the mudstone laminae and 
thinning of sandstone laminae 
upward; flat, sharp or diffuse base, 
mostly flat and sharp top 

i) Waxing and waning mixed 
sand–mud gravity flows 
(Kneller 1995); (ii) alternating 
deposition of sand from low-
density turbidity current and 
suspension settling of mud; 
(iii) rapidly decelerated  
sand–mud transitional flow 
of constant velocity (Baas et 
al. 2016); (iv) simultaneous 
slow migration of sandy low-
amplitude bed-waves (Best 
and Bridge 1992) and 
suspension fallout of mud 
(Baas et al. 2016); (v) slurry 
flows with near-bed shear 
sorting (Lowe and Guy 2000)  

Siltstone  

 

Structureless to plane-parallel-
laminated siltstone; normal 
grading with gradual top or 
ungraded with sharp top; flat 
boundaries and sharp base 

Deposition from tractional 
turbidity current or lower-
transitional plug flow (Piper 
et al. 1984; Baas et al. 2011; 
Talling et al. 2012) 

Silty mudstone  

 

Structureless mudstone with 
dispersed silt particles; sharp base 
and top 

Deposition from upper-
transitional plug flows or 
quasi-laminar plug flow (Baas 
et al. 2011) 

Mudstone 

 

Structureless mudstone; mostly 
flat and sharp base and top; 
occasional silty swirly textures 

Hemipelagic settling or mud 
deposition from tail of 
sediment gravity flow 
(Bouma 1962; Talling et al. 
2012); swirly textures form 
by en masse deposition from 
plug region of mud-rich, 
turbulence-attenuated flow 
(Baas et al. 2011; Stevenson 
et al. 2014) 

 

 



Table 2.—Overview of facies and subfacies codes used to describe the internal organization of hybrid event beds 

in the study area. 

Code Description 

H1m  Division H1 with massive sandstone 

H1p  Division H1 with plane-parallel-laminated sandstone 

H1r  Division H1 with ripple-cross-laminated sandstone 

H2b  Division H2 with banded sandstone 

H2lr  Division H2 with large ripples in structured muddy sandstone  

H2bw  Division H2 with low-amplitude bed waves in structured muddy sandstone  

H2h  Division H2 with heterolithic sandstone–mudstone 

H3a Division H3 with muddy sandstone large rafts consisting of mudstone or heterolithic 
mudstone–siltstone 

H3b Division H3 poorly mixed muddy sandstone with mudstone clasts and sandstone balls and 
pillows 

H3c Division H3 with muddy sandstone, lacking mudstone clasts, but with well-preserved 
sandstone pillows, present at all levels in the H3-division 

H3d Division H3 with well-mixed muddy sandstone with small sandstone clasts (pseudonodules), 
sandstone balls and pillows, and small mudstone clasts 

H3e Division H3 with sandy mudstone with streaks of mudstone, siltstone, and sandstone 

H4p  Division H4 with plane-parallel-laminated sandstone 

H4r  Division H4 with ripple-cross-laminated sandstone 

H4bw/h  Division H4 with low-amplitude bed waves in structured muddy sandstone or heterolithic 
sandstone–mudstone 

H4si  Division H4 composed of siltstone 

H5mm  Division H5 composed of mudstone 

HEB(turb)  Turbulent-flow-prone hybrid event bed 

HEB(tr+H3) Transitional-flow-prone hybrid event bed with a H3-division 

HEB(tr-H3)  Transitional-flow-prone hybrid event bed without a H3-division 
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Table 3.—Summary of evidence for turbulent, transitional and laminar-flow signatures in the hybrid event beds of 

Areas I to VII. 

Area Evidence for turbulent flow 
 

Evidence for transitional flow Evidence for laminar flow Flow interpretation 

I  Mainly turbidites throughout 
area 

 Most HEBs start with H1p or H1r 

 70% of H4 in HEBs have only 
H4p/r 

 75% of turbidites and HEBs have 
flute marks 

 

 HEB(tr-H3) very common, but most 
lack H4 

 Similar amounts of HEB(tr-H3) start 
with H1–H2 or H2-subdivision 
sequences 

 92% of HEBs have H2 

 17% of beds have skim/prod marks 
 

 16% of HEBs have H3; mostly 
with swirly textures 

 8% of beds have groove marks 

Turbulent flows dominate 
(turbidites); HEBs mainly 
formed by transitional 
flows 

II  More HEB(turb) than in Area I 

 All HEB(turb) & HEB(tr+H3) start 
with H1 

 83% of H4 in HEBs have only 
H4p/r  

 33% of beds have flute marks 
 

 HEB(tr-H3) common, but less than 
in Area I 

 Equal amounts of HEB(tr-H3) start 
with H2 or H1  

 67% of HEBs have H2 

 50% of beds have skim/prod marks 
 

 50% of HEBs have H3; 17% 
with rafts 

 17% of beds have groove 
marks 

Turbulent flows dominate, 
mainly forming divisions 
below & above H3; more 
laminar flows than in Area I 

III  Mainly HEB(turb)  

 Most HEBs start with H1, forming 
Bouma-type sequences 

 44% of H4 in HEBs have only 
H4p/r  

 77% of beds have flute marks 
 

 43% of HEBs have H2 

 56% of H4 in HEBs have H4bw/h 

 15% of beds have skim/prod marks 

 79% of HEBs have H3; 27% 
with rafts, 9% with swirly 
textures 

 8% of beds have groove marks 

Turbulent flows dominate, 
but also common laminar 
flows; transitional flows 
more common in later flow 
stages than in Areas I & II 
 

IV  HEB(turb) least common 

 Most HEBs start with H1, forming 
Bouma-type sequences 

 56% of beds have flute marks 
 

 HEB(tr-H3) common, starting with 
H1 or H2; some H1–H2-sequences 

 HEB(tr+H3) less common 

 80% of HEBs have H2 (54% for 
HEB(turb) and HEB(tr+H3))  

 86% of H4 in HEBs have H4bw/h 

 33% of beds have skim marks 
 

 44% of HEBs have H3, 18% 
with swirly textures 

 H3 become bi/tripartite (32%) 

 Some H1–H3-sequences 

 11% of beds have groove 
marks 
 

Turbulent, transitional & 
laminar flows all common 

V  No H4-divisions 

 Almost all HEBs start with H1 

 17% of beds have flute marks 

 Mainly HEB(tr+H3); some HEB(tr-
H3) 

 87% of HEBs have H2, often in H1–
H2–H3-sequences 

 42% of beds have skim/prod marks  
 

 75% of HEBs have H3 

 Well-mixed H3 with small mud 
clasts & pseudonodules 

 42% of beds have groove 
marks 

 

Transitional & laminar 
flows dominate, except for 
common turbulent flow in 
early stages 

VI  HEB(turb) less common 

 Most HEBs start with H1, forming 
Bouma-type sequences 

 30% of H4 in HEBs have only 
H4p/r 

 67% of beds have flute marks 
 

 HEB(tr+H3) most common 

 Fewer HEBs start with H2 or have 
H1–H2-sequences 

 70% of H4 in HEBs have H4bw/h 

 20% of beds have skim marks 

 98% of HEBs have H3, 22% 
with swirly textures 

 24% of H3 are bi/tripartite 

 13% of beds have groove 
marks 
 

Turbulent & laminar flows 
dominate; transitional 
flows also common, 
especially in later flow 
stages 

VII  HEB(turb) least common 

 One HEB starts with H1m, 
another with H2lr and H2bw 

 25% of beds have flute marks 

 HEB(tr-H3) common 

 HEB(tr+H3) less common 

 75% of HEBs start with H2lr, H2bw, 
or H4bw/h 

 38% of HEBs have H2 

 All H4 in HEBs have H4bw/h 

 50% of beds have skim marks 
 

 Rare H3 with swirly textures, 
but very common H5 with 
swirly textures 

 33% of H3 are bi/tripartite 

 25% of beds have groove 
marks 

Transitional & laminar 
flows dominate; only few 
turbulent flows 

 

HEB(turb) = turbulent-flow-prone hybrid events beds; HEB(tr+H3) = transitional-flow-prone hybrid event beds with H3; HEB(tr-H3) = transitional-flow-prone 
hybrid event beds without H3. m = massive sandstone; p = plane-parallel lamination; r = ripple cross-lamination; lr = large ripple cross-lamination; bw = low-
amplitude bed waves; h = heterolithic sandstone–mudstone. 
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