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ABSTRACT

Deposits of sediment gravity flows in the Aberystwyth Grits Group (Silurian, \Walgs, United

Kingdom) display evidence that sole marks are suitable for reconstructing depatjtrocesses and

environments in deep-marine sedimentary successions. Based on drone imagery, 3D lasegscan

high-resolution sedimentary logging, and detailed descriptions of sole nemksutcrop 1600 m long
between the villages of Aberarth and Llannon was subdivided into severlotjtbal units,
representing: (a) mudstone-poor, coarse-grained and thick-bedded submariaeneh fills,
dominated by the deposits of erosive high-density turbidity currenth flite marks; (b) mudstone-
rich levee deposits with thin-bedded, fine-grained sandstones formed bydégity turbidity
currents that scoured the bed to form flute marks; (c) charludle transition-zone deposits,
dominated by thick beds, formed by weakly erosive, coarse-grained hyl@idswith pronounced
mudstone-richor sandstone-dominated debritic divisions and groove marks below badzbitic
divisions, and with subordinate amounts of turbidites and debris-fieposits; (d) tabular, medium-
to thick-bedded turbiditic sandstones with flute marks and mixed stortke tmudstone hybrid event

beds mainly with groove marks, interpreted as submarine lobe-axis (or off-axis) depoxit (e)
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tabular, thin- to medium-bedded, fine-grained, mainly turbidgandstones mostly with flute marks,
formed in a lobe-fringe environment. Both lobe environments also comprisdudites with low-
amplitude bed waves and large ripples, which are interpretecepvesent transient-turbulent flows.
The strong relationship between flute marks and turbidites agrees with eartidigiions that
turbulent shear flows are essential for the formation of flute marks. Moreoverpbservation as part
of this study that debris-flow deposits are exclusively associated watvg marks signifies that clay-
charged, laminar flows are carriers for tools that are in continuous comigh the bed. A new process
model for hybrid event beds, informed by the dominance of tool markpaiticular grooves, below
the basal sand division (H1 division of Haughton et al. 2d@8ine and Petroleum Geology, 26, p.
1900t1918) and by the rapid change from turbidites in the channehytbrid event beds in the
channeltlobe transition zone, is proposed. This model incorporates profaenodion of clay in the
channel by the head of a high-density turbidity current and subsequensfibamation of the head
into a debris flow following rapid lateral flow expansion at the mouthhef ¢hannel. This debris flow
forms the groove marks below the H1 division in hybrid event b&demporal increase in cohesivity
in the body of the hybrid event is used to explain the generatith®H1, H2, and H3 divisiorsefsu
Haughton et al. 2009) on top of the groove surfaces, invohdangombination of longitudinal
segregation of bedload and vertical segregation of suspension load. Thighatsdiemonstrates that
sole marks can be an integral part of sedimentological studies at different seadibdieyond their

traditional use as indicators of paleoflow direction or orientation

INTRODUCTION
Sole Marks: the Basics

The bases of sediment-gravity-flow (SGF) deposits in deep-marine sedimentary successioosly
contain sole structures (e.g.,i 4 s C vamd]Walton1965; Peakall et aR020). These sole structurgs

which are the product of erosion of the underlying sediment surface, catabsified into two types
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scour marks and tool marks [ s C vamd [Sanderg 962; Collinson and Mountne3019). Since their
discovery by Hall (1843), sole marks have been used routinely as paleiféztion and orientation
indicators. Pioneering laboratory experiments and fieldwork on type, famd, origin of sole marks
were done mainly in the 1960s and 1970s (e.dl s C vi9d3; Allen1971). However, it has recently
been advocated that sole-mark type could also be associated with flogvapd, by inference, with
deposit type, particularly for depositional, non-bypassing flow (Peatadl. 2020) The modelof
Peakall et al.2020, summarized in Fid, also proposes that, as different morphological elements i
submarine depositional systems can exhibit unique sets of flow and degpss, sole marks may
also store information on type of morphological element and distanocegasubmarine depositional
systems (cf. Dirnerova and v} 12014) The present paper provides field data from the deep-marine
Aberystwyth Grits Group (Silurian, West Wales, U.K.) that, for the first tnteally assess the
relationships between sole-mark type and flow properties, deposit type, spd of depositional
environment that underpin the model of Peakall et al. (2020), and ussethrelationships to aid

process models for SGFs.
Sole-Mark Types

Theflute markis the most common type of scour mark (Fig. 2A) (E868; Reineck and Sindl973;
Allen1984). In the natural environment, thparabolic flute marks most common (Fig. 2A); this form
is closely described by the ideal flute mark of Allen (1971, 1984rGtibclasses of flute mark are
spindle flutes and asymmetric fluteSpindle flutesare shallower and more elongated than parabolic
flutes (Allen1971, 1984).Asymmetrical fluteshave furrows and ridges that decrease in size in an

outward direction on one side, with occasionally a corkscrewed or twisted (Allen1984).

Tool marks comprise continuous and discontinuous varieties (elgi,s C vantll Radomski955).
Continuous tool marks are produced by a tool continually intergctisith the bed, thus creating a
mark that is typically longer than the size of the outcrop ¢ s C wand Walton1965). Continuous tool

marks includegroove markgFig. 2B) (Endk69; Middleton and Hamptod973, 1976) anathevron
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marks(Fig. 2C) (Allen, 1984). Groove marks consist of an elongated ridyestdrt depth and width
that runs along the base of an SGF deposit, inferred to form as a tool is dralgggda soft bed in a
laminar flow (Draganits et a2008) and more specifically by a flow with sufficient cohesive strength
to hold a clast in a fixed position (Peakall e2820). Chevron marks are created by fluid stressing of
weakly consolidated muds via the shedding of eddies from the wakes afttwatl move close to the
bed (Allen1984). Chevrons are preserved as V-shaped or U-shaped ridges that poinvimstréam

direction (Craig and Waltat962; Allen1984).

Discontinuous tool marks (Fig. 3) are formed by objects interactiegnnittently with a soft substrate,
thereby generating an impact feature (AllelB84). Discontinuous tool marks can be further
subdivided into prod marks, skip marks, tumble marks, and skim matksg C vand ][Sanderd 962
Allen 1984)A prod markforms when an elongated tool impacts the bed in a downward-dipping

manner and then abruptly exits the bed (AllE®84) (Fig. 3), thus producing transversely asymmetrical

u Ele A]3Z P v30 U 0}VvP]3u Jv 0 *8}ee o] et al. 2%9; %ilenl984)] A ~ TusCw

skip markis formed by a tool creating a series of evenly spaced, similarly shaped tgngpiaced not
much more than the length of the tool (Alld®84) (Fig. 3)Tumble markgFig.2D)are a specific type
of skip mark, formed by an angular tool that repeatedly imprints an edge asthedmersaults along
the bed (Fig. 3) (Peakall et al. 2020). Objects that skim along a begeimtla curving concavep
trajectory can plough sediment out of the way generatingkam mark~ 1 s Cat al.J1959; Allen
1984 (Fig. 3). Skim marks are generally longer than they are wide and longitydiymmetrical (Fig.

3).
Relationship of Sole Mark® Flow Type

Depending mainly on flow velocity, sediment type, and clay conceatraBGFs can exhibit different
flow behaviors in between turbulent and laminar end members @&ig/ang and Platé996; Baas et
al.2016a; Baker et aR017; Hermidas et aR018). Peakall et al. (2020) associated these flow behaviors

with specific types of sole mark. Turbulent flows (Fig. 4A), whichd@chost turbidity currents, have



99  been suggested to produce predominantly flute marks (All@8, 1971), in particular parabolic flute
100 marks (Fig. 1; Peakall et 2020). The highurbulence intensities in turbulence-enhanced transitional
101 flow (Fig. 4B) allow for more substantial erosiBad<set al.2009, 2011), which has been suggested to
102 generate flutes that are bulbous and larger than in turbulent flow (FigPegkall et al2020).
103 Turbulence-enhanced transitional flow evolves into lower transitionag fllow (Fig. 4C), as the clay
104  concentration is increased (Baas et2f09, 2011, 2016b). Damping of turbulence in the plug of lower
105 transitional plug flows has been associated with the production of lemphrabolic flutes than in
106 turbulent flow and turbulence-enhanced transitional flow (Fig. 1; Peakadil.€2020) Progressive
107  turbulence damping upon a change from lower to upper transitionag glow (Fig. 4DBaaset al.
108 2009, 2d1, 2016b) has been suggested to further decrease flute size, and lead forthation of
109 spindle flutes, eventually stopping the generation of flutes altogether (Peakall. 2020). Instead,
110 prod marks followed by skim marks are predicted to form, governed by buoyaress that are high
111  enough to keep tools in suspension intermittently (Fig. 1; Peakall 2020) Upper transitional plug
112 flow evolves into quasi-laminar plug flow and then laminar plug ffalay concentration is increased
113 in suchaway that the base of the rigid plug approaches the bed. These flows areadenti to mud
114  flows and debris flows in deep-marine environments (Baas €2(ill). At the lower end of quasi-
115 laminar plug flow, skip marks have been proposed to be the dominaatafpool mark (Peakall et al.
116  2020). These skip marks are replaced by chevron marks and groove marks in uppesugiraesi{hlug

117  flow and laminar plug flow, where the tools can neither move verticaliyoiate (Peakall et aR020).

118 Sole Marks and Hybrid Event Beds

119 Mixed sandmud hybrid event beds (e.g., Haughton et20009 Kane and Pontén 2012) are a prime
120 example of a type of deposit that has been linked to specific morglcab elementsprimarily the

121 fringes of submarine lobes (e.g., Haughton et al. 2003; Hodg<i8) Byundvag et al. 2014; Spychala
122 et al. 2017a2017). Hybrid event beds are also present in basin-floor sheet systems beyond lobes

123 andin some proximal locations, including chartiae transition zones and proximal lobes, reflecting
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rapid flow transformation (in several cases over 100s of meters) after large-scalenavbsiod (e.g.,
Fonnesu et al. 2015, 2018; Brooks et al. 2018; Mueller et al. 20Ritover, Terlaky and Arnott
(2014) described hybrid event beds in avulsion lobes. Ideal hybrid eventbesist of five vertically
stacked divisions (Haughton et al. 2009; Baas et al. 2011): (H1) rbasalve sand formed by
deposition from a high-density turbidity current or a transient-turbuldtdw without sufficient
turbulence and cohesive support; (H2) banded heterolithic gamed formed by a transitional flow
with intermittent or modulated turbulence; (H3) chaotically mixed sémdd, with or without mud
clasts, associated with a cohesive debris flow; (H4) laminated sand generated bydanisity
turbidity current; and (H5) structureless mud formed by suspension fallout ffwrtail of a low-
density turbidity current. Although present in a variety of looas, sole marks formed by these
turbulence-modulated hybrid flows may be less common in locatibas are more proximal than
lobe fringes, such as submarine channels where flows typically are more turbuleaka{P
and SumneR015), although they can be present in chantiebe transition zones and proximal lobes

in cases where large-scale erosion of mud takes place.
Research Aims

The model of Peakall et aR(q20)for the relationship between sole marks and paleohydraulics (Fig.
1) was informed by a combination of literature-based experimental data and fibkkmvations,
theoretical considerations, and novel hypotheses. This model bpdh ground-breaking, but now
largely dormant, research in the 1960s and 1970s by, for examples C w»945) and Allen (1971).
However, this pioneering research has since been almost exclusivelyaisstbnstruct paleoflow
directions and orientations. In order to fully benefit the geologicahmunity, Fig. 1, as well as further
inferences made by Peakall et al. (2020), need verification in natural emamts, using recent
advances in our understanding of the deposits of laminar, transitiondltbulent flows in core and
outcrop (e.g., Kane and Pont@012; Fonnesu et aR015;Baker andBaas2020) The main aim of the

present papemwasto test key aspectsf Peakall et al. {2020) model in the deep-marine Aberystwyth
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Grits Group (Silurian, West Wales, United Kingdom), where a variety of welhmdssle marks
below SGF deposits highly polished by wave action are exposed in caastaba The following

specific research questions were investigated

1. Does a predictable relationship between sole-mark type andasidalepositional process exist in
the Aberystwyth Grits Group?

2. Isthere a link between sole-mark type and size and their inferred positigheirdepositional
system that formed the Aberystwyth Grits Group?

3. Do these relationships agree with the predictions of Peakall é2@20)and thus provide a generic

aid in reconstructing the processes that generate deep-marine sedimentary arci@@ct

GEOLOGICAL SETTING

The Aberystwyth Grits Group forms part of the deep-marine sedimentary filedMblsh Basin in the
Llandovery epoch of the Silurian (Fig. 5). At this timel35 million years ago, the Welsh Basin
experienced extensional faulting related to the oblique closure of the lap€uoean during the
cdlision between the microcontinent of Avalonia in the South aadréntia in the North (Schofield
et al. 2008). This extensional faulting was accompanied by uplift of the hinterlarti¢ch became a
southwestern source of sediment for the Welsh Basin. At the same time, major sabsidreated
accommaodation space in the Welsh Basin that was filled with thick sucnesd#iSGF deposits (Cherns
et al. 2006), including the Aberystwyth Grits Group (Baker &as2020. Previous studies have
proposed that the Aberystwyth Grits Group formed in a linear fault-colaiotrough that was
confined to the east and southeast by the Bronnant Fault (Wilson é082; Smith2004; Cherns et
al. 2M06; Gladstone et al. 28). McClelland et al. (2011) established a decrease in average grain size
and bed thickness both northeastward down the sub-basin and stratigraphically uphwahed study
area between Aberarth and Llannon (Fig. 6), the Aberystwyth Grits Growgstoof a typical deep-

marine succession of SGF facies alternating with muddy hemipelagic faggedNeod and Smith
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1958). The SGF facies are composed of siltstone and sandstone, with natgsamule-rich deposits,
and event-bed thickness ranges from several tens of millimetecs1d m. Wood and Smith (1958)
distinguished turbidity current deposits and mixed sandstomesdstones with distinct internal soft-
sediment deformation that have since been interpreted as hybrid event beds (Tetliag2004).
Cherns et al. (2006) proposed that the lithofacies between Aberarth and ldamece deposited in

the off-axis regions of submarine lobes.

METHODS

Field Data

Sedimentological data were collected from coastal outcrops in the Aberifsténts Group between
Aberarth and Llannon (Fig. 6), using drone imagery, 3D laser scahighgesolution sedimentary
logging, and detailed descriptions of sole marKisis integration of methods allowed the 1,600-m-
long outcrop to be subdivided into seven units, based on changéhatogy. The general properties
and stacking patterns of sedimentary facinghese units were captured in graphic logs, between 5
and 10 m thick. Thereafter, detailed logs of representative event beds wimsarks were collected
in each unittotaling 32 beds. Standard logging of textural, structural, and maqafical properties
was accompanieby the determination of types, dimensions, and orientation of sole manks/és et
al. 2009) Crosscutting relationships between sole marks were considasexvidence for bypassing
of the flows that formed the older sole marks (Peakall e2@R0) The presence of sole marks with
paleoflow directions that differed by more than 10° were also taken into attcas evidence for
bypassing. These criteria for bypass were not used for grooves because treeseasks$ regularly
crosscut and have different paleoflow directions on lower bed surfaces formed diggée flow

(Peakall et al2020). In addition to the high-resolution logs, a further 381k with sole marks were
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described more generally in terms of deposit type and thickness, sole strugtpeeand size, and

evidence for bypass.

A DJI Inspire two drone (quadcopter) equipped with a gimbal-mounted-tégblution camera was
used to conduct an aerial survey along most of the length and height outcrop (Fig. 6). The drone
captured digital photographs of the outcrop at a down-facinglargf 30 and at three different
altitudes: 12 m, 20 m, and 80 m above the base of the cliff fde=difone was flown manually along
the cliff face at each altitude. The photographs overlapped by at le&ét tlius ensuring a continuous

record of the architecture of the AGG at this location.

Two sites were selected for 3D scanning, using a Leica Geosystems Scaq31at{big. 6) attached
to atripod. Site 1 was rich in sandstone and covered inferred channel-fill, levekchanneliobe
transition-zone successions. Site 2 covered a range of well-defined sdtetypas, including rare
chevron marks. At Site 1, four medium-resolution (50 mm) and three-tegolution laser scans (1
mm) (Schmitz et aR019) were conducted. At Site 2, three medium-resolution scans and ohe hig
resolution laser scan were collected. This procedure assured maximum possible covethge
outcrop at both sites. The laser scanner followed a predeterminef @@ rage route and, after each
scan, the scanner repeated the same route taking true-color photographh. dtes were geo-
referenced using target disand spheres and an RTK GPS device (Le8&&8\.8 with CS20 handset)

(Humair et al2015)

Data Processing

In each unit, the sedimentological data were used to retrieve relationshifpse®en depositional
environment, turbulent, transitional, and laminar flow types, and sokrk type and sizeaccounting

for evidence of bypassing flows.

The Hugin software was used to automatically stitch together the driwaéggraphs. Thereafter, unit

boundaries and selected event beds in these units were traced, across faults where aprdpri
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aid the reconstruction of the sedimentary architecture of the Aberystywth Gritsietd the study

site.

The Leica Cyclone software package was used to produce a 3D point cldebahthe outcrops at
Sites 1 and 2making sure to snip out scanned data that were not part of these optcrohe true-
color photographs were then draped onto the 3D point cloud sldd create a 3D color image of the
outcrops at both sites. These data were then exported as an eyiofithe Truview V2 software to
measure the dimensions of sediment beds and sole marks. These data complemented atigdensi

data obtained with a tape measure at easily accessible locations.

RECONSTRUCTION OF DEPOSITIONAL PROCESSES AND ENVIRONMENT

Description of Lithological Units

The coastal outcrop studied between Aberarth and Llannon was subdividedsénten vertically
stacked lithological units, based on general architectural expressionstearedo-mudstone ratio,
event bed thickness, degree of sandstone bed amalgamation, and sedimentary facies. Figuées
show original and interpreted composite images of the southern, middld, reorthern part of the
outcrop covered by the drone and the 3D scanner, which cont&ioldigical Units 2 to 6. Units 1 and

7 are to the south and north of the cliff section shown in Figures Manglspectively.

Units 1, 3, and 7v Units 1, 3, and 7 consist of tabular, predominantly thick-bedded stands and
mixed sandstonesnudstones interbedded with thin-bedded to medium-bedded mudstones (Figures
7, 10). The cumulative thickness of the mudstone beds is 20% ofttdehickness in all three units.
The sandstones are fine-grained to medium-grained, with coarse-grainegyt@warse-grained basal
divisions. Two beds in the logged part of Unhire rich in granule-size clasts (Fi@CL Erosional
contacts, tens of millimeters deep, between some sandstones and the uimtgriyudstones as well

as occasional sandstone bed amalgamation (e.g., between 4.05 m andid.Fig. 10A and in the

10



245 lower log in Fig. @Q distinguish these units from the units with lower cumulativedstone bed

246  thickness and thinner-bedded sandstones. Many beds exhibit convahaeontorted bedding (e.g.

247 5.45t6 m in Fig. 10Axhaotic mixtures of sandstone and mudstone (e.g., 4505 m in Fig. 10A)

248 mudstone rafts and clasts (e.g., at 0.4 m in Fig. 10A), sarelstasts (e.g., in Bed® and7d in Fig.

249 100, vertical fluid-escape structures (e.g., Bed 7b in @), load casts, and foundered sand (g.g.
250 0.45t0.9 m in Fig. @B). These structures usually occur in muddy sandstones or sandy mudstones
251  juxtaposed with relatively clean sandstones, which are often massive and structussidghiey may

252  contain mudstone clasts (e.g., in the lower half of the log shoviign10A)Plane-parallel lamination

253  and ripple cross-lamination are uncommon in Units 1, 3, arahd,mostly confined to thin-bedded,

254  fine- to very-fine grained sandstones and thin divisionhicker sandstones (e.g., Fig. J0A

255  Unit 2.v Unit 2 comprises a vertical succession of tabular, mostly thin-beddedemyefine grained
256 or fine-grained sandstones interbedded with thin-bedded to medium-bedded mudstffrig. 7). The
257 cumulative mudstone bed thickness is 55% of the total thickness. The eardsare mud-poor,
258 vertically graded, and rich in plane-parallel lamination and ripptesszlamination organized in
259 incomplete Bouma sequences (Boud®62) (Fig. 1A). Some relatively thick sandstone beds have a
260 lower massive, structureless division, and ripple cross-lamination isarbguohodified to convolute
261 bedding. Some sandstone beds contain low-amplitude bed waves (Baag@i@; Baker andBBaas
262 2020 (Fig. 1A). A few beds consist of contorted mixed sandsttmedstone sandwiched between

263 relatively clean, laminated sandstone (e.g., Bed 2e in Fig. 11A).

264  Unit 4.vUnit 4 consists of thick-bedded and very thick-bedded sandstones anglotoerates,
265 vertically graéd from very coarse sand or granules to fine or very fine sand (Figugesi¥B).
266  Mudstone is absent, except farfew thin mudstone beds and occasional mudstone clasts (ER). 1
267 Most sandstones and conglomerates erode into the underlying sandstonel{B)jgand the base of
268 Unit 4 erodes into the underlying Unit 3 (Fig. 7). The vigibleth of erosion is up to 1 meter at the

269 base of Unit 4 (Fig. 7) and ranges from several tens to hundreds of millirbetersen amalgamated

11
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beds in Unit 4 (Fig.1B). In contrast to the tabular nature of the thick sandstone beds in Bnihe
sandstones and conglomerates in Unit 4 show lateral variations in thicknégsrash-outs on a soal
of tens of meters (Figures 7, 8). The conglomerates lack sedimentary structurdise lsandstones
contain massive structureless divisions, plane-parallel stratificationfippte-cross lamination, often
organized in Bouma sequences (e.g., between 3.5 m and 4.6 m on thatefiog in Fig.1B), as well

as dune cross-bedding, convolute bedding, load casts, and vetticheBcape structures (FigLB).

Unit 5.vUnit 5 comprises tabular, predominantly thin-bedded to medium-bedded Stanes
interbedded with thin-bedded to thick-bedded mudstones (Figuré®)7The cumulative mudstone
bed thickness is 44% of the total thickness. The sandstone beds are masiydined or very fine-
grained and vertically graded, and they contain variable amounts détouae in the matrix (Fig2B).
Current-induced sedimentary structures in Unit 5 include plane-parahahiation and ripple cross-
lamination, typically organized in incomplete Bouma sequencesttancross-laminated divisioase
often convoluted. This mimics similar beds in Unit 2. In contcasinit2, however, some beds in Unit
5 have massive divisionsidthe Bouma sequences regularly contain large ripples and low-amplitude
bed waves (Baas et al. Pa, Baker andBaas2020), rather than‘classic current ripples (Fig.2h).
One bed consists of muddy siltstone with streaks of sandstone sandwiched bethaenpgarallel-
laminated sandstone below and cross-laminated sandstone formed by large rigijues (at 330 cm

in Fig. 2A).

Unit 6.vUnit 6 consists of tabular, medium-bedded and thick-bedded sandstonesnardd
sandstones-mudstones interbedded with thin-bedded and medium-bedded muedst@Rigures ,9
12B). The cumulative mudstone bed thickness is 37% of the toteribss. The maximum grain size
in the sandstones ranges from fine sand to very coarse sand. Graded sandstone bdgsisstialith

a massive division overlain by a plane-parallel-laminated divisidrtteen a ripple cross-laminated
division, thus conformingo the Bouma sequence (FigeB. Convolute bedding and vertical fluid-

escape structures are common, and several beds contain divisions with hisiersiandstone

12



295 mudstone chaotic mixtures of sandstone and mudstone (e.g., Bbdin Fig. 2B), or strongly
296 deformed muddy sandstone (e.g., between 3.4 m and 3.6 m on the-haid log in Fig.ZB). A few

297 sandstone beds contain low-amplitude bed waves, crude banding, ostao clasts.

298 Interpretation of Lithological Units

299 Table 1 summarizes the diagnostic properties of the main depositionaloenvents on submarine
300 fans defined by Spychala et al. (2017b), Brooks et al. (2018), and Harsleri2819) and matches
301 these criteria with the observations made in the lithological sinit the present study. Below, the
302 lithological units are interpreted following a proximal to distal appfoacthe submarine system that

303 formed the Aberystwyth Grits Group succession between Aberarth and Llannon.

304 Unit 4 stands out from the other units by a combination tbfck, coarse sandstones and
305 conglomerates, a general lack of mudstone, lateral bed thickness variations, anmdiazbu
306 amalgamation and basal and internal erosion (Tableall)indicating a high-energy environment
307 Together with the presence of vertical fluid-escape structures and cotevdledding as well as
308 textural and structural properties that fit the Bouma sequence (BoutBd2), suggesting rapid
309 deposition from high-density turbidity currents, Unit 4 has beeteiipreted as a submarine channel
310 fill. This interpretation agrees with the diagnostic properties of chatffilesuccessions described
311 previously (Table 1). The presence of co-sets of dune cross-beddimganaht beds in the upper half
312 of the channel fill (Fig.1B) implies that the turbidity currents were sustained for long enough for the
313 dunes to migrate over at least several meters to tens of meters. The lack ddtome beds and
314 mudstone clasts, and the clean nature of the conglomerates and sandstokkstid, could indicate
315 bypass of fines in the high-density turbidity currents or downdip gpaumt of mud clasts eroded by

316 the heads of these currents.

317 Unit 2 shows the characteristics of a levee succession (Tab{g )in-bedded, vertically graded,
318 relatively fine-grained sandstones; (ii) dominance of ripple cross-lamirditésions in incomplete

319 Bouma sequences formed by low-density turbidity currents; @nda large amount of mudstone. The
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ripples in the cross-laminated divisions generally do not climitrgb2 might represent an external
levee succession (cf. Kane and Hodd&@irl). The common presence of convolute bedding suggests
rapid deposition of sand and postdepositional soft-sediment deformatiossipdy by earthquakes in
the tectonically active Welsh Basin. Interesting is the occasional preséiow-amplitude bed wage

in the turbidites, which implies that some flows were subjected to tuwehak attenuation by the
presence of cohesive fine particles (Baas ef@l6a; Baker andBaas2020). Herein, these deposits
are classified as transitional-flow deposits. Further evidence for turbulence attenuatpwovided by

a few beds with contorted sandstortmudstone between two relatively clean, laminated sandstones.
These beds have been interpreted as hybrid event beds (Haughton 2008, Baas et al2011,
Fonnesu et al2015, 2018), in which the central division resembles a debris-flow depidsit rae
occurrence of hybrid event beds might represent dense superelevated muddy flatvshad the
upper part of their sediment load onto the levees, thereby transforming feotarbulent turbidity
current to a transitional or laminar hybrid flow upon flow decelerati®aleocurrents are closely
aligned with the overall paleoflow directions of the other unitg(E8; Baas 2000), and predominantly
in the same orientation as the present-day coastline (Fig. 6). Such flemtaifbns may represent
more distal parts of the external levee (Kane e2al.0) or the inner external levee (Kane and Hodgson
2011). Alternatively, this may be a fortuitous alignment of higherkargyerbank spillover from a
crestal levee arem a more sinuous system (Kane et24)10), although the absence of any evidence
(e.g., lateral-accretion packages) for sinuous channels in this systads Us to favor the first
interpretation. Unit 2 thus represents the right- or left-lateral spillowlposits of a submarine

channel that is not exposed between Aberarth and Llannon.

Units 1, 3, and 7 are poor in mudstone beds, and they also havectrse-grained texture and the
thick event beds in common with the channel-fill succession. Howegvanule conglomerates, bed
amalgamation, and erosion are less pronounced than in Unit 4 ang imeas contain evidence for
soft-sediment deformation and transitional and laminar flow behavior in the fofraonvolute and

contorted bedding, chaotic mixtures of sandstone and mudstone, nmndstrafts and clasts, and
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sandstone clasts (Table. Most of these beds have been interpreted as hybrid event beds, including
varieties described by Fonnesu et al. (2015, 2018) and Pierce et &).(X@ttically graded, Bouma-
type turbidites, and debris-flow deposits lacking vertical grading and a basal sandstenare less
common than the hybrid event beds in Units 1, 3, and 7. Verteafatering structures, load casts,
and foundered sand denote rapid deposition of sediment. Moreover, thedaats and the foundered
sand require a sharp vertical density gradient between sand and soft mud or betessenand soft
muddy sand. Gin the close association with the properties of the channel-fill succesgiamit 4
(Fig. 7) and the location of Unit 3 immediately belows tthannel fill Units 1, 3, and 7 have been
interpreted as channdlobe transition zone successions. We infer that the mud and sanded in

the updip channels were transported by the fast-flowing high-dentsityidity currents within the
confinement of the channel to the channibe transition zone. Horizontal facies transitions are not
exposed in the studied sectiphut for Unit3 this could have been the channel that represents Unit
4. Upon arrival in the chann#bbe transition zone, the flows expanded and decelerated, perhaps
initially further eroding the substrate. This caused the high-densityidity currents to transform into
transitional and laminar SGFas the force balance changed from turbulent forces to cohesive forces
(Baas et al2011) This transformation may have been helped by the partial disintegratisghe mud
clasts and rafts eroded from the channel floor, which, together withglesence bsofter sand clasts,
suggests a short transport distance from the source of erosion in the chémtieé channeklobe
transition zone. The SGF deposits in Units 1, 3, and 7 were thiclehe erosional scours were less
common than in the channdlobe transition zone successions described by Brooks et al. (2018) and
Hansen et al. (2019). This may indicate that the channels and lobt® istudied part of the
Aberystywth Grits Group were not separated by a pronounced zone of bgpaskydraulic jumps
(Mutti and Normark1987; Dorrell et al.2016; Cunha et al2017 Navarro and Arnott 2020)
Alternatively, Units 1, 3, and 7 may represent locations in thadition zone thatvere closer to the
lobe than to the channel, where deposition of sediment as hybrid event bedsnees important

than bypass of sediment (Spychala et2dl17a, and references thereinit isunlikely that Units 1, 3,
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and 7 represent submarine lobes, because lobe successions elsewhere in the Abér@imyGroup
lack evidence for basal erosion, are finer-grained, contain thinner event beldhiaker background
mudstones, and have a higher ratio of turbidites to hybrid event beds, (Baker and Baas, 2020; see

also Units 5 and 6 below).

Unit 6 is characterized by tabular, non-erosional and vertically graded sandstonBsBeiima
sequences, interpreted as deposits of low- and high-density turbidity cigreiternating with
tabular, sandy and muddy hybrid beds that contain sandstone dngsend chaotically mixed
sandstonemudstone divisions, the latter also containing mudstone and sanésttests. The event
beds, therefore, represent a mixture of turbulent and transient-turbulent flowse Tiferred
transitional flow behavior is further supported by the presence of omplitude bed waves in some
of the deposits (Baas et #016a; Baker andaas2020), classified as transitional-flow deposits (Fig.
14), as in Unit 2. These properties of Waibrrespond well with the diagnostic properties of lobe axis
and off-axis environments described previously (Table 1). However, it wasssibfe in the studied
section of the Aberystywth Grits Group to distinguish between lobe-axisoffrakis environments,
because the event beds straddle thick-beddegd flrbidites and medium-bedded,Jturbidites (Table
1). Assuming that the coeval chantiebe transition zone had sedimentological characteristics similar
to Units 1, 3, and 7, the lobe deposits lost a large part of the noméstafts and mudstone and
sandstone clasts present in the updip chantt@be transition zone The higher abundance of
turbidites in the lobe-axis environment, compared to the charilmdde transition zone, might indicate
that relatively mud-poor, energetic turbidity currents bypassed the chatiaké transition zone or
that hybrid flows transformed into turbidity currents between the chanthebe transition zone and

the lobe-axis (or off-axis) environment

Unit 5 has the hallmarks of a lobe-fringe succession (Table 1): (i) tabotaerosional thin-bedded
to medium-bedded, fine- to very fine-grained sandstones; (ii) curratitéad structures in vertically

graded beds that are organizatto Bouma sequences, thus representing deposits of low-density and
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some high-density turbidity currents; (iii) a higher cumulativedstane bed percentage than the
lobe-axis (or off-axis) and chanrelbe transition zone successions; and (iv) organization of the event
beds in meter-thick sand-rich bed sefss in most of the other environments, convolute bedding is
common, suggesting rapid deposition possibly in a tectonicallyeasetting. The abundance of large
ripples and low-amplitude bed waves in mud-richdivisions suggests that the body or tail of the
turbidity currents that moved into the lobe fringe environment were tukdnce-modulated, possibly
as turbulence-enhanced transitional flow and lower transitional plug fleenguBaaset al. 2011,
2016), hence their classification as transitional-flow depodsitsit 5 may represent a frontal fringe
environment (Spychala et &@017; Table 1), if the flows lost most of their cohesive load in the &loev
channeltlobe transition zone, given the abundance of mud in this moximal environment and
the progressive reduction in transitional-flow and laminar-flow deposits fritve channetlobe
transition zone via lobe axis to the lobe fringe. Alternativelg,gharcity of hybrid event beds in Unit
5 may signify deposition in a lateral fringe environment (Spychala etBib20able 1). Unit5is c. 25
m thick (Fig. 8); such a thick aggradation succession of thdrioge facies might be witness to the

partially confined nature of the Aberystywth Grits Group basin.

SOLE MARKS

General Observations

A variety of sole marks were found below the SGF deposits in the study atda £). Continuous
tool marks are predominately groove marks (Figures 2B, 2D, 15A, 15D bli6ahevron marks (Fig.
2C) are also exposed in the coastal cliffs. Discontinuous tool markddrsitip marks, tumble marks
(Fig.2D) and skim marks (Fig. B and scour marks comprise symmetric parabolic flute marks
(Figures 2A, 150 6A), asymmetric parabolic flute marks, and spindle-shaped flute marksl&&g.

Of the 70 SGF deposits investigated, 74% were found to containla sohg-mark type, 16% comprise
flute marks and tool marks or continuous and discontinuous sole markbesame bed, usually
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showing crosscutting relationships, and 10% have both parabolic andesfiuneé marks, but no tool
marks. Beds with crosscutting flute marks and tool marks were most commdre itobe-fringe
succession (Unit 5)f tool marks and flute marks crosscut each other, flutes are most often the
youngest sole mark (Table 2). According to the model of Peakalll €020), this suggests that the
flows that formed the tool marks bypassed the depositional site, before the flwese formed by a
different type of flow. This interpretation is discussed in more detail beN@ne of the transitional-

flow deposits (Fig. 14) contained discernible sole marks.

Of the most common sole-mark types, the groove marks range in width famm to 250 mm
(average: 35 mm) and in depth from 1 mm to 100 mm (average: 20 men)aiijest groove mark was
found in channetlobe transition zone Bed 7a (Fig. 15A). Interestingly, the 0.2&dth of this large
groove matched a mudstone clast of similar size found in Bed 7a QEly. The skim marks are1D

mm wide (average: 7 mm) and &80 mm long (average: 153 mm). The flute marks have a large range
of sizes, with the largest flutes occurring in the channel-fill sucaegbig. 2A). The parabolic flutes
range in width from 10 mm to 700 mm (average: 90 mm), in lengtin #6 mm to 710 mm (average:
159 mm), and in depth from 10 mm to 80 mm (average: 33 mm).sphwalle flutes are generally
smaller than the parabolic flutes; their width, length, and depth aré800mm (average: 23 mm), 40

700 mm (average: 138 mm), and tBD mm (average: 17 mm), respectively. The size of these types
of scour and tool mark agrees with their typical size distribution rometd in the literature (Peakall

et al.2020).

Rdating Sole Marks to Bed Type

Beds with Bouma-type sequences of sedimentary structures in the studywaareainterpreted as
turbidites. These turbiditesvere subdivided ito high- and low-density turbidity-current deposits,
based on the presence absence of a massive, structureless basaliVision. Figure 16A shows that

most turbidites are associated with flute marks, but no relationship betweendensity or high-
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446  density turbidity-current deposits and parabolic or spindle flutes was appafesinall number of tool

447  marks was also found below these event beds, either alone or in combinatibrilutes (Table 2).

448 Event beds that show evidence for an internal flow fabric, usually in the farsandstone and
449  mudstone clasts floating iachaotic muddy or mixed sartchud matrix, and lack vertical grading and
450 a basal sandstone division, were interpreted as debris-flow deposits. Theseedeteite confined to
451  the channellobe transition zones, where they were associated exclusively with groove ifidgks

452  16A, Table 2).

453  The relationship between hybrid event beds and sole-mark types shown in Biig.ta&sed on a broad
454  definition of hybrid event beds that goes beyond the five-dividigbrid-event-bed model originally
455  proposed by Haughton et al. (2009). Most beds match the prinoigalnization of a muddy or mixed
456  sandstonemudstone H3 division sandwiched between sandy divisions (Hlodiviand H4 divisions
457  H2 banded divisions are uncommon) of Haughton et al. (2009Fandesu et al. (20183uch as the
458 three bedsat 2.4t3.7 min the log of Unit 1 (Fig. 10A), Bed 2e (Fig. 11AB®8@dg. 10B), the 0.26-m-
459  thick bed at the base of the log of Unit 5 (Fig. 12A), and B€Bigc12B). However, the H1 division is
460 often atypical of Haughton et d ~ 111 efel in that it may contain plane-parallel lamination (e.g.,
461 Bed 2e [Figl1A], and the bed at the base of the log of Unit 5 [Aig4] andat 4.8t5.0 m in the log of
462  Unit 6 [Fig.12H). In other beds, the H1 division is absent and only a bandediiah is present
463  below the H3 division (Bed 6c¢ in Fig. 12B and Bed 7d in K. Tk presence of primary current
464  stratification in H1 divisions of hybrid event Isdllies with similar observations by Baker and Baas
465 (2020) ina lobe-fringe and distal-lobe-fringe environment further downdip in tHeefystwyth Grits

466  Group deep-water fan system, as also observed in some other systeB KU » Eu o0 u]v S]}v_
467 Fonnesu et al. 2018; in lowermost division of the HEB3 hybrid ewed of Pierce et al. 2018)
468 Moreover, in half of the hybrid event bethe H4 divisions are either missing (e.g., Beds 1d and 3d in
469 Fig. 10, and Bed 6d in Fig. 1@Bunusually thick (e.g., Bed 6¢ in Fig. 12B and Bed 7b irDE)y.These

470 departures from the classic hybrid-event-bed modeand the model extension proposed by Fonnesu
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471 et al. (2018)v suggest that the hybrid event beds in the study area were not merely thet refsul
472  deposition from a forerunner high-density current followed by deposifimm a debris flow with a
473  dilute turbulent wake. More complex spatio-temporal changes in flow behdwik place, possibly
474  driven by a combination of processes that modified the balance betwe&esiee and turbulent
475  forces in different ways. These processes might include flow confinement aadisgp, horizontal
476 fractionation and vertical segregation of sand and clay, erosion of subsinadie and disaggregation
477  of mud clasts and raftdully disentangling the role of these processes is difficult withouhéurt
478 research, including the application of novel microscopic aedcgemical methods proposed by
479 Hussain et al. (2020), who, like Baker &wds (2020), found that H1 divisions in hybrid event ved
480 can be formed by transitional flows. However, the presence of large rigplesamplitude bed waves,
481 grain-size banding, ubiquitous soft-sediment deformation structures, @edrly separated basal
482 sandstone from mixed sandstom@udstone suggest that turbulee-modulated, transitional flows
483 (sensuBaas et ak009, 2011) may have played an important role in sediment transport in dsab
484  Thus, the H1 divisions may represent not only high-density tuybadirrents, but also low-density
485 turbidity currents in the presence of plane-parallel laminationd &nansitional flows in the presence
486  of grain-size banding, large ripples, and low-amplitude bed wavege(bod Guy2000;Baas et al.
487 2011, 2016a; Stevenson et &020. The missing H4 divisions are inferred to indicate a stable,
488 stratified debris flow without significant upper-boundary mixing watimbient water (cf. Talling et al.
489 2002;Baker et al2017) or postdepositional loading of the H4 sand and sttt the underlying H3
490 division. The latter process explains the common occurrence of stagls and ball-and-pillow
491  structures in the hybrid event beds. Finally, the thick H4 and iMSiaghs may indicate that large
492  amounts of sand were kept in suspension by turbulence in late-stage, edjathay-poor, low-density
493  and high-density turbidity currents. The presence of massive and lapdimtisions in these thick H4

494  divisions (Beds 6¢ and 7e) supports this interpretation.

495  Figure 1@reveals that most hybrid event beds are associated with continuousttacks, i.e., groove
496 marks, with a subordinate amount of discontinuous tool marks, i.e., skarks, also found below
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these event beds. Flute marks are rare below hybrid event beds. Several hybrithestsin the study
area were subdivided to muddy and sandy varieties (Tabler2ferring to the dominant grain size in
the H3 division. However, no consistent relationships between sole-typekand hybrid-event-bed

variety were found.

Relating Sole Marks to Lower Divisions of Event Beds

Considering the complex internal organization of the hybrid evek described above and the fact
that intuitively sole-mark types are most likely coupled wiitle part of flows that form the lower
division in event beds, Fig. 16B shows the relationship between soletg@kand lower-division
type. These include ripple cross-laminated, plane-parallel laminateatjdd, massive, and debritic
divisions. Debritic and banded lower divisions are associated exclusitelgontinuous tool marks,
i.e., groove marks. The debritic divisions are present in debrites doidhgvent beds, whereas the
banded divisions were found onig hybrid event beds. Plane-parallel-laminated and ripple-cross-
laminated divisions are coupled mainly with flute marks (Fig. 16B) beldsidites, with a quarter of
current-laminated lower divisions in turbidites and hybrid event bedshitthg grooves. Massive
divisions were found to contain a wider range of sole-mark typaiscbntinuous sole marks make up
the majority (Fig. 16B). The flutes were all present below massidévibions in deposits of high-
density turbidity currents, whilst the groove marks and skim marks are associatethagisive basal

divisions in both hybrid event bednd turbidites.

Relating Sole Marks to Depositional Environment

Figure 17 summarizes the frequency distribution of main tool-mark typeswaant-bed types for the
various depositional environments. The event-bed types include turbiditeistites, hybrid event
beds, and beds dominated by low-amplitude bed waves and large ripptes Fey. 14at 3 m in the
log of Unit 2 [Fig. 11A], at various heights in the log of DffFig. 12A], and at 1 m in the log of Uit
[Fig. 12B]), which have been interpreted as the product of flows wathsitional turbulenttlaminar

behavior (Baas et aR011, 2016; Baker anBaas2020). The channel and levee environments are

21



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

dominated by flute marks below deposits of high-density and low-dertsitidity currents
respectively (Fig. 17; Table 2). No preference for parabolic or spindés fluas found in these
environments. The single bed with skim marks in the levee succession wasdadwdi bed, whilst
two other hybrid event beds contained flute marks. Hybrid event beds make &siwajipearance in
the channellobe transition zoneaccompanied by a rapid increase in the proportion of tool marks.
The transect from channdlbbe transition zone via axial lobe (or off-axis) to lobe fringeatssan
increase in the frequency of turbidites and transitional-flow deposits at theeese of hybrid event
beds, mirrored by an increase in flume-mark frequency and a decrease imwmnitool-mark
frequency, respectively. The data in Table 2 show that these mirror-imaggorehips are not
confounded by other factors; only 13% of the beds lack atonane relationship between turbidites
and flute marks and between hybrid event beds and groove marks. Discontisolmusnarks, i.e.,
skim marks, constitute a small proportion of the total sole-marfgation in the channeflobe
transition zone and the lobe-axis (or off-axis) environments, but skanksrare absent from the lobe-
fringe environment. Debrites with groove marks are confined to the chattoted transition zones.

None of the transitional-flow deposits contained discernible sole marks.

USING SOLE MARRSRECONSTRUCT DEPOSITIONAL PROCESSES AND ENVIRONMENTS

General Remarks

The environmental distribution of the sole marks and the event beds in thdysarea match
remarkably well. Together with the strong relationship between the sole markgharidwer divisions
of event beds, summarized in Figures 16 andHig allowed us to test if and how the field data agree
with the model of Peakall et al. (2020) and adis tiew information to the reconstruction of the deep-
marine system in the Aberystwyth Grits Group between Aberarth and Llanvitina focus on the

flow mechanics and depositional products of hybrid events
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546  Comparison with Peakall et al. (2020)

547  Flute Marks below Turbiditesv The strong relationship between flute marks and turbidites found in
548 the study area agrees well with the model prediction of Peakall et@20)2hat turbulent shear flows
549 are required to form flute marks, but the proposed downslope change from smadirge parabolic
550 flutes to small spindle flug(Fig. 1) cannot be verified in this particular cdseking large ripples to
551 flume-mark type may achieve this, because the change from small topargbolic flutes requires a
552 change from turbulent to turbulence-enhanced transitional flow, and dargpples form below
553 turbulence-enhanced transitional flow (Baas et2016). However, transitional-flow deposits with
554  both large ripples and sole marks have not been found in the study Aregcrease in turbulence
555 intensity could also be achieved by an increase in flow vel@mtthat faster turbidity currentse.qg,
556 high-density turbidity currents that form turbidites with, @ivisions, are more likely to have large
557 parabolic flutes than small parabolic and spindle flutes (AlEfL) The field data show that bothiE
558 beds and J-beds have a clear preference for parabolic flutes, occasionally together witisflutes
559 on the same surface. A larger percentagegb&ds and dbeds than .. beds have spindle flutes (in
560 agreement with Pett and Walkér971) but this difference is small. However, the above-mentioned
561 rapid deceleration of turbidity currents upon lateral expansion in thanmeltlobe transition zoe
562 and on the levee, and the more gradual deceleration when the flows travdieiobe, is mimicked
563 by similar trends in mean length and depth of flutes (Fig. 18AB), suggebtiha tpredictable
564 relationship exists between flume-mark size and flow velocity and turbalémensity Based on
565 defect-theory modelling by Allen (1971), Peakall et al. (2020) suggédstedurfaces with flute marks
566 change in a downstream direction from conjugate to isolated. Some suppetidence was found
567 inthe study area, where the ratio of event beds with conjugated to isolateddlchanges from 100%
568 in the channel via 50% in the lobe axis (or off-axis) to 33% ilokieefringe environment, but event

569 beds on the levee are also dominated by conjugated flutes.
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Tool marks below turbiditesv Tool marks below turbidites were found mainly beneath deposits of
high-density turbidity currents downstream of channel terminations,gasting that at least some
tools bypassed the channtbbe transition zone and the lobe hin debris flows or upper trans#io
plug flows It is unclear if these turbulence-attenuated flows were pafrthe same event that also
formed the high-density turbidity current deposits overlying the towrks or if these were separate

events.

Groove Marks below Debris-Flow DepositsThe debris-flow deposits in the study area are
associated exclusively with groove marks (Fig. 16). This relationshipeistlygoredicted by the model
of Peakall et al. (2020), indicating that dense, laminar flows transpol$ that are in continuous

contact with the bed and do not rotate during downstream moveméiigy( 1).

Discontinuous Tool Marks below Hybrid Event Bed$§kim marks are most common below hybrid
event beds and massive divisions in other event beds. Figure 1 impliesiéisat discontinuous tool
marks were generated by upper transitional plug flow, whishsupported implicitly by: (i) #n
presence of the skim marks below massive sandstone divisions, since Baaddtlalfd@nd massive
sand at the base of deposits generated by upper transitional plug flows;iatite(bccurrence of the
skim marks in the levee, chanrtkibe transition zone, and lobe-aX@ off-axis) environments, where
decelerated flow, as a result of lateral flow expansion, is most likely toroetmwever, the small
number of discontinuous tool marks between Aberarth and Llannon (Table2¢nts us from making
more detailed inferences about the relationship between discontinuous tadknand transitional
flow type (Figl). Under laboratory conditions, lower and upper transitional plug fowre stable at

a narrow range of clay concentrations of c. 4 vol% (Figure 15 of &aals 2009), compared to
turbulent and laminar flowsThis might explain why flutes and grooves, formed by turbulent and
laminar flow, respectively (Fid.), are more common than discontinuous tools in the study area.

Further research in other deep-marine systems is needed to validate this stipposi
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Groove Marks below Hybrid Event BedsGroove marks are the most common sole-mark type
underneath hybrid event beds in the study area (FigA)1®he model of Peakall et al. (2020) predicts
that the SGFs that generated these tool marks were predominately of high ihtsineagth and
laminar or quasi-laminar in kinematic behavior. Independent support fog tion-turbulent flow
behavior is the remarkably constant cross-sectional shape and internal strumftuhe observed
grooves over distances on the scale of meters to occasionally tens of metech, would be difficult

to achieve in transient-turbulent and fully turbulent flow. Howevéiistinferred highly cohesive flow
behavior needed to keep clasts in a fixed position whilst being dragged #ierbed disagrees with
the hybrid-event-bed model of Haughton et al. (2009), in whichntizessive H1 division represergs
high-density turbidity current. Above, it was argued that the Histw can in other cases form from
turbulent flow and transitional 8w, supported by the presence of flute marks and skim marks at the
bases of some hybrid event beds (Fig. 16). A detailed explanation for the fasmaft groove marks
at the bases of the hybrid event beds is provided in the se&ioew process model for hybrid event

bedsbelow.

Longitudinal Distribution of Flute and Tool MarkgPeakall et al. (2020; their Figure 24B) proposed
a downdip distribution of sole marks based on transformation from twebtito cohesive flow (Fig) 1
and from cohesive to turbulent flow, in which the sequence of sole-mgr&g is the reverse of that
shown in Fig. 1. The Aberystwyth Grits Group data show that the spatidbdiisin of sole marks can
be more complex, if the flow-lateral dimension is added to the mobedreverse of the model shown
in Fig. 1 can be used to describe the changes in sole-mark type feoohaimnetlobe transition zone
to the lobe fringe. However, the change from groove marks to flute maoksgyahis transect is related
to flow type in a more complex manner. The increasing dominancarbfdity currents described
above is not related to the transformation of single flows from debris fimd transitional flow to
turbidity current. Instead, relatively clay-poor turbidity currents amating from the channel kept
enough momentum to bypass the chantiebe transition zone and the lobe-axis (or off-axis)
environment. Turbidity currents charged with clay, on the other hand sfi@medinto hybrid flows
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transitional flows, and debris flows upon flow deceleration in the chatioké transition zone and
only the most mobile of these flows made it onto the lobe. Tirscess thus matches the flow-
transformation model portrayed in Fid. This contrasting behavior of the turbidity currents at the
mouth of the channel caused the chantiebe transition zone and the lobe environment to record a
mixture of different sole marksey, the type of sole mark was still closely linked to flow type (Fij. 1

which is used below to propose a new process model for hybrid event beds.

Type and Source of ToolgPeakall et al. (2020) stated that intra-basinal mudstone clasts are the most
likely tools to form tool marks. Our field observations agree with $égement, considering that
mudstone (and sandstone) clasts are abundant in the chaiot® transition zone and the lobe axis

(or off-axis) environment, and the channel floor is most likely the maincgoof these clasts.

Evidence for Bypassing Flows from Tool Mark®eakall et al. (2020) further stated that both flute
marks and tool marks can be present below deposits of high- and low-gduadiidity currents This

is supported by the presence of grooves, skim marks,aanthble mark below g-bed 5e (Fig2D),

and grooves below, for examplessbed 6a. Peakall et al. (2020) interpreted the presence of tool
marks below turbidites as evidence for bypassing flohe lobe-fringe succession shows the largest
number of beds with crosscutting flute marks and tool marks. Flute markatougrooves and other
tool marks underneath Beds 5a, 5b, and 5c, whilst grooves are the youngkstadobelow Beds 5d
and 5e, as they cut into other tool marks (Table 2). Based on these uttosgaelationships, the
model of Peakall et al. (2020) predicts that debris flows and hybrid flgywagsed the lobe fringe
before turbidity currents formed flutes and Bountygpe turbidites. This is in contrast with the above-
mentioned interpretation that only the most mobile turbulence-attenuateahsitional flows made it
onto the lobe. However, it does agree with the discovery of Baker and (282a8) of hybrid event
beds and transitional-flow deposits with large ripples and low-amgdithbed wave on the lobe fringe
and distal fringe in a nre distal location of the Aberystwyth Grits Group deep-marine systerhg(c

km north of LIlannon)Given the common occurrence of groove marks downdip of the moutheof th
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submarine channel, these tool marks may be associated with laminar, higlemmoation, clay-rich
heads of hybrid flows with mud clasts that bypassed most of the fan towarddisted lobe fringe, as

explained in more detail next.

A NEW PROCESS MODEL FOR HYBRID EVENT BEDS

Rationale

The observation in the study area of groove marks immediately belowcgent beds, coupled
with the reduced proportion of hybrid event beds in the lobe compareth&échannetiobe transition
zones and the concurrent reduced proportion of groove marks associatédtindse hybrid event
beds, suggests that in these cases: i) groove formation is intringie twevelopment and deposition
of hybrid event beds; or ii) the grooves were cut by previous flowd |aer hybrid event beds were
deposited on top of these surfaces. The latter interpretation can be digedumecause it is hard to
envisage how bypassing debris flows that travelled beyond the hybrid eventrbds ¢channetlobe
transition zone would be associated with a rapid decrease in the number ofegcsurfaces towards
the lobe axis (or off-axis) and lobe fringe without forming debrig+fldeposits. Furthermore, it is
unclear why the beds overlying the grooved surfaces are so frequently hylemd leeds if theeare

not genetically related, given that hybrid event lsadnstitute only a subset of all possible flow types.
Present hybrid-event-bed models (Haughton eR@D3, 2009; Talling et €2004; Fonnesu et aR016;
Kane et al2017) do not explain how groove marks can be found directly undembgbrid event
beds (Peakall et ak020). Furthermore, for a flow that erodes mud clasts to produce a debritic
division, these models do not explain the process mechanics responsible for formadehritic H3
division. Herein, we examine the nature of erosipnand the temporal development of hybrid flows
such as those inferred for the studied chantellobe system of the Aberystywth Grits Group (Figures

19 and 20). Figuret9A and19B discriminate the bypassing head and depositional body of the hybrid
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flows, respectively. For the sake of completeness, Fig®S and 19D show the temporal

development of the transitional flows and turbidity currents.

Erosion at the Head

In the study area, turbidity currents eroded the submarine channel flogrrdto a depth of at least
one meer (Fig.19A). The applied bed shear stressar® greatestin the head of turbulent gravity
currents (Necker et al. 2002). Therefore, erosion of both unconsolidated muadnaund clasts likely
takes place primarily below the heaBirosion beneath the head of a turbidity current has also been
inferred in Late Quaternary hybrid event beds on the East China Sea Shelf wheredomalsion is
indicated by the presence of distinctive locally sourced mud c(@sth distinct &C values) in the
resultant HL division (Shan et al. 2019201%). Sustained erosion below the head then leads to
increased flow density and cohesivity, with the latter primarily the resutb@incorporation of weak
substrate mud. Monitoring of flows in the mud-dominated Congo satine channel has revealed a
high-concentrationflow cell_at the front of the head which was linked to the entrainment of seafloor
sediment (Azpiroz-Zabala et 2017). Thee Congo data suggest that in mud-rich systems only a small
part of the head undergoes rapid flow bulking through erosion. Tliégénceis supported by the
flume experiments of Sequeiros et al. (2009, 2018), which show that préfgrenosion below the
head causes the head to become denser. These experiments have also shown that t8s pray
initially be self-reinforcing, as the incorporation of sediment itite head leads to stronger velocity
fluctuations that might be expected to lead to stronger turbulencel dhus increased erosion
(Sequeiros et aR018) possibly related to the formation of turbulence-enhanced transitidhad
(Baas et al2009) It is postulated herim, following Kane et al. (2017), that the frontéilow cell , or
perhaps the whole head, can transform into a debris flow if the erosion isnuamts (Figure49A,
20). At this point, the larger clasts are supported by the high stteafithe cohesive mass, thus able
to cut grooves (Peakall et al. 2020) beneath the head. This scenario exptasmatial distribution of

the groove marks and tlie dominant relationship with hybrid event beds in the chanthabe
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694 transition zone (Figures 19A, 20Jhe proposition that grooves are cut under only a limited
695 longitudinal part of the flow also explains the observation thatogye marks are typically preserved
696 in a pristine form, rather than repeatedly cut and eroded by subsequent groovesitRekkall et al.
697 2020). Peakall et al. (2020) suggested that outsized clasts towards the frdm dibw are a likely

698 answer to this conundrum, as proposed in the hybrid-event-bed mpi=ented here (Fig. 20).

699 Longitudinal Segregation of Bedload

700 During the erosive phase in the channel, whilst the flow front is notgaesive enough to support
701 the eroded mud clasts in a debris flow, the mud clasts move as bedloadoaBes#diment travels
702  slower than suspended sediment, with the velocity of clasts decreasing astofunf increasing
703 grain diameter (e.g., Bridge and Domih#84). Therefore, the mud clasts move backwards relative to
704  the head, with the smallest mud clasts (sub-mm to mm in diameter; Stevesitsah2020) moving
705 fastest, presumably via saltation, whilst the larger clasts undergo segregatiofuastion of size, as

706  well as angularity, during bedload transport (Fig.. 20)

707  Vertical Segregation of Suspended Load

708 Asthe flow decelerates across a given point in the chatinbk transition zone, segregation of the
709 mixed sandmud suspension begins to occur in the body of the flow, with satling out of the mud

710 suspension and aggrading to form the H1 division of the hybrid even{®aas et ak011) (Figures

711 19B, 20) This flow deceleration also leads to a decrease in turbulence intensityhasda relative

712 increase in the cohesivityf the flow, possibly helped by the removal of the sand from suspension. If
713 the flow decelerates at a moderate rate, the increased cohesivity may result ifoth®tion of

714  banding in the form of low-amplitude bed waviesa H2 division (Baas et @011, 2016a; Stevenson
715 et al. 2020) (Figuresl9B, 20). ¥t, H2 divisions were rare in the study area, supporting the above-
716 mentioned evidence that the flows in the study area decelerated rapidly when emarfatimgthe

717  channel mouth. Given further increases in cohesivity, a mud-rich dehritt forms, representing the

718 H3 division of the hybrid event bed (FiguE3B, 20). Whilst the H3 division cannot be subdivided
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based on the available field data in the Aberystywth Grits Group, Hussain (@020) have shown,
using hgh-resolution X-ray fluorescence core scanning, that this divisiomftan be subdividednto

H3a divisions and H3b divisions. The H3a division shows segnegation and stratification of the
remaining sand fraction, whereas the H3b division is a true debris flow wigegregation of sand
(Hussain et aR020). Taken together, this sequence represents a progressive increase in colassivity
a result of vertical segregation of the suspended load, in response to decetenattmlucing
increasing cohesion throughout the depositional process in the tiydrent bed (Baas et &2011)
(Figuresl9B, 20) Progressive disintegration of the mud clasts in the hybrid event may eehilie

process of increasing cohesivity during the formation of the H1, id2H&divisions.

Interaction of Longitudinal and Vertical Segregation Proces§H1tH3 Divisions)

The nature of the HIH3 divisions depends on the interaction of the segregation processesatssoc
with the bedload (longitudinal segregation) and suspension load (vesicakgation). The bedload
fraction moves across the basal substrate while the flow is bypassing. Asvhaeitelerates, vertical
segregation commences, and the H1 division starts to aggrade (FIfABe20) Most of the bedload
will bypass the top of this solid aggrading surface, but isolated clasts carctporated into the
aggrading H1 division (Fig. 20), as observed in the hybrid eventibéds study areav either as
randomly distributed clast@s clasts near the base of the Htision, or concentrated along horizons
v and in previous work (Haughton et @009 Shan et al. 2029 2019b). This gradual aggradation
matches the aforementioned sustained nature of the SGFs, inferred from the presentgrating
dunes in the submarine-channel fill. Where present, the H2 division reptebedform development
under slow to moderately decelerating flows in the lower or upper tramsétl plug-flow regimes
(Baas et al2011, 2016a; Stevenson et &020). Such banded layers frequently incorporate large
numbers of small mud clasts, representing the fastest moving part of thedédiomponent closest
to the head of the flow. As the flow further increases in cohesivity, butdgaioes become important,

and the bedload fraction starts to be incorporated into high-strengthsramonal flows where minor
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segregation can still occur (H3a), then into a true debris flow (HBblresloB, 20). The mud clasts
not incorporated io the H2 division, thus dominantly the larger slower-movingdneiasts, are
incorporated into the H3b division which flows as a debris flow before depgsitimasse. The late-
stage formation of this debris-flow component is in keeping witn typically thin (average: 0.15
0.20 m) H3 divisions in the Aberystywth Grits Group between Aberarth and Llahmother deposits
the debritic component was observed to extend beyond the underlying sandstSpychala et al.
2017b). However, this aspect is not included in the model heregguseit is not clear if this is related
to hybrid event beds associated with rapid increases in cohesion (Spychala@t7b)In the present
examples such thin debritic flows are unlikely to travel far independently, (€igure 9c of Talling,

2013)

Formation of the Sandy H4 Division and the Muddy H5 Divisio

The sandy H4 division is inferred to form in one of two ways. Thisialivinay represent another
longitudinally segregated flow component, driven by mixing attibp of the flow, producing dilute,
slow-moving fluid that becomes the tail of the flow, and ttheing deposid last as a thin capping
sand. However, in sevarexamples in the study area and elsewhere (e.g., Hussain 2@24l) thick
H4 divisions were observed. It is hard to envisage how such thidkvi$ions can represent the tail of
the flow resulting from longitudinal segregation. These thick HAsidirs may instead represent
continued turbiditic input that was sufficientlfar behind the erosive flow front that it did not
incorporate significant additional unconsolidated mud or mud cldfig. 20). The overlying H5
division is envisaged to form by longitudinal segregation, geudficient flow duration, as a result of

the low velocities at the top of the flow (Kneller and McCaffrey 2003).

Absence of adrerunning Turbidity Current

The classic Haughton et al. (2003, 2009) hybrid-event-bed modekds a forerunning turbidity
current We have argued herein that the field observations, including the presefigeoove marks,

indicate that the front of the flow that formed each hybrid event bed washbrid flow. The reason
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that the turbiditic component does not simply outrun the dedfiow head may be that erosion in
the head causes the head to become denser and faster, therefore producing ldeadsseration of
the flow, as shown experimentally (Sequeiros eR809, 2018). Similarly, erosion of a weak surficial-
mud layer has been postulated as the likely mechanism for the accelew@ti@nurbidity current in
Monterey Canyon (Heerema et &02Q cf. Wang et al. 2020), and, as noted above, the fastest part
of the Congo flowsvas the flow cell_at the front of the flow (Azpiroz-Zabala et 2017). In such
situations, the debritic head moves faster than the following turlgiditrrent. Self-acceleraticsensu
Sequeiros et al. (2009, 2018) has been recorded only in supercritiza| fhdnich are most likely found
on steeper slopes and in smaller basins, such as postulated for the AberystywshGeoiip. In
examples where the flows traverse extensive flat areas of seafloor, any initial debdticdeveloped
through substrate erosion is likely to be overtaken by the turbidimponent to produce the
forerunning turbidity current of the Haughton et al. (2003, 200®@)del. Thee contrasting scenarios
of longitudinal segregatioaf flow components may also be recorded in the crosscutting moflatef
marks and groove marks. With a debritic head like that postulated hereithéoAberystywth Grits
Group, grooves should be cut by flutes, whereas flutes should be auobyes in examples with a
forerunning turbidity current. Consequently, the crosscutting relasiuips of flutes and grooves might
indicate the longitudinal structure of the flow that producekethybrid event bed. In the study area,
the debritic-head model is supported by the observation that flute marks are oftest the youngest

sole mark below beds with crosscutting tool marks and flute marks.

Where is the Debritic Head?

No deposits from debritic headgere observed in the Aberystywth Grits Group between Aberarth and
Llannon, nor in other studies that predict a debritic component pigiane et aR017). It is proposed
here that, once the flow ceases to entrain additional substrate sediment, miithgambient water
(Talling et al2002; Felix and Peakd&D06), and possibly hydroplaning and injection of fluid into the

base of the flow (Hamptoh970; Mohrig et al1998), start to dominate the front of the flow (FitQA).
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Such mixing is shown schematically in the Kane et al. (2017) modeHithaie 18). Kane et al. (2017)
argued that segregation of the original debris flow can then occur. Opbeedlrength is lost, the
remaining mud clasts become bedload, and travel more slowly thandhefifbnt, as discussed abave
Interestingly, the flow cell_observed in the Congo flows (Azpiroz-Zabala e2@l7), being such a
small component of the head, suggests that the development and subsequent dissipba debris-
flow component at the front of a flow may be comparatively rapidsTdissipation process helps
explain the rapid change from groove marks to flute marks from the chdlaba transition via the

lobe axis (or off-axis) to the lobe fringe in the study area (©4).

Comparison with Existing Hybrid-Evene@Models

There has been much debate as to whether a longitudinal segregation n@del Haughton et al.
2003, 2009), or a vertical segregation model (Baas €2@l1) is the correct description for hybrid
event beds. Here, based on the development of a model that explains theofisketvations in the
Aberystywth Grits Groupt is suggesd that both are required. In particular, the model separates
bedload and suspension-load processes that undergo longitudinal andavedigregation in the Htl
H3 divisions, respectively. The present model also explains hodlethritic H3 division develops from
the initial erosion of mud clasts through to their final incorpasatinto the debritic unit. The model
postulated here explains the conundrum of how anomalously thin deblityers (e.g., 100s of
millimeters thick) can be transported over apparently long distamasas implicit in hybrid-event-bed
models with purely longitudinal segregation. The present model estggthat such long-distance
transport of thin debris flows need not occur; rather, the debris flansformed as a relatively late-

stage process via vertical segregation.

CONCLUSIONS
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817 The present field study in the Aberystwyth Grits Gpdias revealed predictable relationships between
818 sole-mark type and size and depositional process that agree well éthmibdel of Peakall et al.
819 (2020). Turbidites, i.e., the productstafbulent gravity flows, are mainly associated with flute marks,
820 whereas groove marks dominate the deposits of debris flows, i.e., flows lantimar behavior
821 Discontinuous tool marks are less common than continuous tool naarttscour marks in the study
822 area. The available field data, therefore, did not allow us to test #taitkd relationships between
823 discontinuous-tool-mark type and transitional-flow type proposedP®akall et al. (2020). Vertically
824  stacked event-bed sequences in the study area were interpreted as submarine channels, levees,
825 channeltlobe transition zones, lobe axes (or off-axes) and lobe fringes. Eachsef émvironments
826 has a unique assemblage of sedimentary facies and sole marks, thus inspiring confloersasald
827 marks can be used more widely to aid facies analysis and architectural anmalyieri deep-marine
828 sedimentary systems. Specifically, turbidites with flute marks dominate hla@rel-fill and levee
829 units, whereas flute marks below turbidites increase in frequency at the expensemiegmarks
830 below hybrid event beds in a downstream direction from the chatiobke transition zone via the
831 lobe axis (or off-axis) to the lobe fringe. Evidence for bypassing flows froisnzatch between sole-
832 mark type and event-bed type (or lower-division type) is rare, othantfor groove marks below
833 massive H1 divisions of hybrid event beds. Because H1 divisions &sdyuialibe generated by debris
834 flows, a new model for the mechanics of hybrid flows is proposed. Todiehinvolves a bypassing
835 debris flow that is formed by erosion of clay from the channel floor byidifsbcurrents and rapid
836 flow deceleration and flow transformation in the chantlebe transition zone. This debris flow is
837 confined to the head of the hybrid flow and forms grooves downstream oftilaerel mouth. Behind
838 the head, a combination of longitudinal segregation of bedload amtical segregation of suspension
839 load is used to interpret the formation of the H1, H2, and H3siias of hybrid event beds. This
840 process involves a progressive increase in cohesivity in the bodg bfthid event. The debritic head
841 of the hybrid flow is postulated to transform in a downstream directioro iat turbidity current,

842 following cessation of seabed erosion and progressive admixture of ambient wateheFwork
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beyond the Aberystwyth Grits Group is needed to determine if this modsl & generic place
alongside the Haughton et al. (2009) model for the development bfithyevent bedsThis study
demonstrates that sole marks can be an integral part of sedimentological staidiferent scales,

thus beyond their traditional use as paleoflow direction or orientatiwticators.

ACKNOWLEDGMENTS

The authors would like to thank Guy Springett, David Roberts, aret Fatender for their help in
collecting and processing the field dakdichele and John Tracey are acknowledged for their support
during writeup. This project was partly funded by a grant from Equinor Norway. We arefigr&d
Dave Lee for helping with several figures. The 3D point-cloud moitkhls outcrop are available upon
request from the corresponding author. We thank Yvonne Spychala and Petghtblaualong with
Associate Editor Joris Eggenhuisen and Science Editor Kathleen Mafsathieiy detailed reviews

and comments.

REFERENCES

Allen, J.R.L., 1968, Flute marks and flow separation: Nati2&9vp. 602t604.

Allen, J.R.L1971, Transverse erosional marks of mud and rock: Their physical basis and g@ologi

significance: Sedimentary Geology, v. 5, p. tB8B.

Allen, J.R.L., 1984, Sedimentary Structures: Their Character and PhysicahBagirdam, Elsevier,

1256 p.

35



863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

Azpiroz-Zabala, M., Cartigny, M.J.B., Talling, P.J., Pas&hsSumner, E.J., Clare, M.A., Simmons,
S.M., Cooper, C., and Pope, E.L., 2017, Newly recognidedityu current structure can explain

prolonged flushing of submarine canyons: Science Advances, v. 3, dd.d1¢6/sciadv.1700200.

Baas J.H, 2000 EZROSE: A computer program for equal-area circular histograms and statistical

analysis of two-dimensional vectorial data: Computers & Geosciences, . &53t166.

Baas, J.H., Best, J.L., Peakall, J., and Wang, M., 2009, A phase ftiaturbulent, transitional, and

laminar clay suspension flows: Journal of Sedimentary Reseaid,,p/.162t183.

Baas, J.H., Best, J.L., and Peakall, J., 2011, Depositional prdmsdiees) development and hybrid
flows in rapidly decelerated cohesive (misdnd) sediment flows: Sedimentology,58, p. 1953

1987.

Baas, J.H., Best, J.L., and Peakall, J., 2016a, Predicting bedformsnang qurrent stratification in

cohesive mixtures of mud and sand: Geological Society of Londonalloul73, p. 12t45.

Baas, J.H., Best, J.L., and Peakall, J., 2016b, Comparing thétranbihaviour of kaolinite and

bentonite suspension flows: Earth Surface Processes and Landfortispy1911t1921.

Baker, M.L., an®8aasJ.H., 2020, Mixed sanchud bedforms produced by transient turbulent flows

in the fringe of submarine fans: Indicators of flow transformation: Sedimegiole. 67, p2645t2671

Baker, M.L., Baas, J.H., Malarkey, J., Silva Jacinto, R., Craikaié,Jl.A., and Barker, S., 2017, The
effect of clay type on the properties of cohesive sediment gravity flows lagid deposits: Journal of

Sedimentary Research, 87, p. 11761195

Bouma, A., 1962, Sedimentology of some Flysch Deposits: A Grappioadp to Facies

Interpretation: Amsterdam/New York, Elsevier, 168 p.

36



884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

Bridge, J.S., and Dominic, D.F., 1984, Bed load grain veloctised@ment transport rates: Water

Resources Research, v. 20, p. &430.

Brooks, H.B., Hodgson, D.M., Brunt, R.L., Peakall, J., HofstandvElint, S.S., 2018, Deep-water
channeltlobe transition zone dynamics: processes and depositional architeetaeample from the

Karoo Basin, South Africa: Geological Society of Am@&ulletin, v130, p. 17231746.

Cherns, L., Robin, M., Cocks, L., Davies, J., Hillier, R.A., Watang, Williams, M., 2006, Silurian: The
influence of extensional tectonics and sea-level changes on sedimentatiloa iWelsh Basin and on
the Midland Platformjn Brenchley, P.J., and Rawson, P.F., The Geology of England and Weales: Th

Geological Society of London,#&at102.

Collinson, J., and Mountney, N., 2019, Sedimentary StructuretuEdh, Dunedin Academic Press

340p.

Craig, G.Y., and Walton, E.K., 1962, Sedimentary structures and palaeodimgetibns from the

Silurian rocks of Kirkcudbrightshire: Edinburgh Geological Sptratysactions, 19, p. 100t119.

Cunha, R.STinterri, R., and Muzzi Magalhaes, P., 2017, Annot Sandstdhe Reira Cava basin: An
example of an asymmetric facies distribution in a confined turbidite sy¢&nFrance): Marine and

Petroleum Geology, 87, p. 60t79.

Dirnerova, D., and: v} |}J., 2014, Sole structures as a tool for depositional environment
interpretation: a case study from the Oligocene Cergowa Sandstone, DuklgOuter Carpathians,

Slovakia): Geological Quarterly 58, p. 41t50.

Dorrell, R.M., Peakall, J., Sumner, E.J., Parsons, D.R., Daryy$FR.B., Ozsoy, E., and Tezcan, D.,
2016, Flow dynamics and mixing processes in hydraulic jump arrgylgcdtions for channedobe

transition zones: Marine Geology, v. 381, p. 1H13.

37



906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

Draganits, E., Schlaf, J., Grasemann, B., and Argles, T., 2008uaiaatine landslide grooves in the
Neoproterozoic / Lower Cambrian Phe Formation, Northwest Himalaya:anesrhs of formation and

palaeogeographic implications: Sedimentary Geolog®0s,.p. 126t141.

Ius Cws$1]1965, New data on experimental production of sedimentary structdmsnal of

Sedimentary Petrology, 85, p. 196t212.

I us C we.) ind Radomski, A., 1955, Origin of groove casts in thefliginbidity current hypothesis:

Acta Geologica Polonica, v. 5, p.t46.

Tus Cweldnd Saxders, J.E., 1962, Current marks on firm mud bottomseCicut Academy of

Arts and Science3ransactions, V2, p. 57t96.

I us Cweldndl Walton, E.K., 1965, Sedimentary Features of Flysch and Greywackes: Amsterdam,

Elsevier, Developments in Sedimentology, v. 7, 274 p.

I u's C wS.| Ksiazkiewicz, M., and Kuenen, Ph.H., 1959, Turbidites indfytee Polish Carpathian

Mountains: Geological Society of America, BulletifiQyp. 108%1118.

Enos, P., 1969, Anatomy of a flysch: Journal of Sedimentary Rgtrol89, p. 680t723

Felix, M., and Peakall, J., 2006, Transformation of debris flowsurtiglity currents: mechanisms

inferred from laboratory experiments: Sedimentology, v. 53, p.t1Q3.

Fonnesu, M., Haughton, P., Felletti, F., ftu€Caffrey, W., 2015, Short length-scale variability of hybrid

event beds and its applied significance: Marine and Petroleum Geoldgjg, . 583t603.

Fonnesu, M., Patacci, M., Haughton, P.D.W., Felletti, FMa@dffrey, W.D., 2016, Hybrid event beds
generated by local substrate delamination on a confined-basin floor: Jafr8aldimentary Research

v. 86, p. 929943.

38



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

Fonnesu, M., Felletti, F., Haughton, P.D.W., Patacci, MMa@affrey, W.D., 2018, Hybrid event bed
character and distribution linked to turbidite system sub-environmefitse North Appenine Gottero

Sandstone (north-west Italy): Sedimentology6%,.p. 151t190.

Gladstone, C., McClelland, H.L.O., Woodcock, N.H., Pritéham@hd Hunt, J.E., 2018, The formation

}( }vAlous o ulv §]}v Iv up rE] Z $uEAX]S W %825 U0 vid}o} P CU

Grundvag, S.-A., Johannessen, E.P., Helland-Hansemnd\PlinkBjorklund, P.2014, Depositional
architecture and evolution of progradationally stacked lobe compléxdise Eocene Central Basin of

Spitsbergen: Sedimentology, v. 61, p. T3E0.

Hall, J., 1843, Geology of New York, Pa@a@mprising the Survey of the Fourth Geological District

Albany, Charles Van Benthuyson and Sons, 683 p.

Hampton, M.A., 1970, Subaqueous Debris Flow and Generation of Ty®iditents [Ph.D. Thesis]:

Stanford University, California, 180 p.

Hansen, L.A.S., Hodgson, D.M., Pontén, A., Bell, D., an@FEI2@19, Quantification of basin-floor fan
pinchouts: Examples from the Karoo Basin, South Africa: Frontiers ih Barence, v. 7,

d0i:10.3389/feart.2019.00012.

Haughton, P.D., Barker, S.P., avidCaffreyU tX XU TiiitU Z>]vl | E]S » Jv v rE&]

systemdorigin and significance: Sedimentology, v. 50, p.t48Q.

Haughton, P., Davis, C., McCaffrey, W., and Barker, S., 2009 sdiirnent gravity flow deposits

classification, origin and significance: Marine and Petroleum Geolog§, . 1900t1918.

Heerema, C.J., Talling, P.J., Cartigny, M.J., PaulB&lé&y, L., Simmons, S.M., Parsons, D.R., Clare,
M.A., Gwiazda, R., Lundsten, E., Anderson, K., Maier, K.L., Y&ymier, E.J., Rosenberger, K., Gales,

J., McGann, M., Carter, L., Pope, E., and Monterey CoordinatgdrCBrperiment (CCE) Team, 2020,

39



949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

What determines the downstream evolution of turbidity currents?: Earth &ianetary Science

Letters, v. 532, d0i:10.1016/j.epsl.2019.116023.

Hermidas, N., Eggenhuisen, J.T., Jacinto, R.S., Luthi, SHYIE.Tand Pohl, F., 2018, A classification
of clay-rich subaqueous density flow structures: Journal of Geophysical RedeartthSurface, v.

123 p. 945t966.

Hodgson, D.M., 2009, Origin and distribution of bipartiéel®in sand-rich submarine fans: constraints
from the Tanqua depocentre, Karoo Basin, South Africa: Marine and &etrdGeologyv. 26, p.

1940t1956.

Humair, F., Abellan, A., Carrea, D., Matasci, B., Epard, J.0akayeédoff, M., 2015, Geological layers
detection and characterisation using high resolution 3D pointd$o Example of a box-fold in the

Swiss Jura Mountains: European Journal of Remote Sensing. v. 48156&41

Hussain, A., Haughton, P.D.W., Shannon, P.M., TurnerPieNg, C.S., Obradors-Latre, A., Barker,
S.P., and Martinsen, O.J., 2020, High-resolution X-ray fluoresceoi@éngrof hybrid event beds:
Implications for sediment gravity flow behaviour and deposit structure: Sedinmamgol. 67, p. 2850-

2882

Kane, I.A., and Hodgson, D.M., 2011, Sedimentological criteddfépentiate submarine channel
levee subenvironments: Exhumed examples from the Rosario Fm. (Upper Cretaceous) of Baja
California, Mexico, and the Fort Brown Fm. (Permian), Karoo Basin, S. Africa MuatiRetroleum

Geology, v. 28, p. 8a823.

Kane, I.A., and Pontén, A.S.M., 2012, Submarine transitional #8pwsils in the Paleogene Gulf of

Mexico: Geology, v. 40, p. 11119122,

Kane, I.A., McCaffrey, W.D., and Peakall, J., 2010, On the dpgieacurrent complexity within deep

marine channel levees: Journal of Sedimentary Research, v. 80tg6.54

40



972 Kane, LA, Pontén, A.S.M., Vangdal, B., Eggenhuisen, J.T., HBdispand Spychala, Y.T., 2017, The
973  stratigraphic record and processes of turbidity current transformation acdesp-marine lobes:

974  Sedimentology, v. 64, p. 1288273.

975 Kneller, B.C., anblicCaffrey, W.D., 2003, The interpretation of vertical sequences in turlieitis:

976 The influence of longitudinal flow structure: Journal of Sedimentary Researt8, p. 706713.

977 Lowe, D.R., and Guy, M., 2000, Slurry-flow deposits in the Brit&oniaation (Lower Cretaceous),
978 North Sea: a new perspective on the turbidity current and debris flow prob&sdimentology, v. 47,

979  p. 31t70.

980 McClelland, H.L.O., Woodcock, N.H., and Gladstone, C., E§#land sheath folds in turbidite
981 convolute lamination: Aberystwyth Grits Group, Wales: Journal of t8taldGeology, v. 33, p. 1140

982 1147.

983 Middleton, G.V., and Hampton, M.A., 1973, Sediment gravity flm@shanics of flow and deposition,
984 in Middleton, G.V., and Bouma, A.H., edarbidites and Deep-water Sedimenttion: SEPM Pacific

985  Section short course, p.t38.

986 Middleton, G.V., and Hampton, M.A., 1976, Subaqueous sediment trenapd deposition by
987 sediment gravity flowsin Stanley, D.H., and Swift, D.J.P., eds., Marine Sediment Transport and

988 Environmental Management: New York, John Wiley & Sons, 2187

989 Mohrig, D., Ellis, C., Parker, G., Whipple, K.X., and Hondz&988, Hydroplaning of subaqueous

990 debris flows. Geological Society of America, Bulletin, v. 1B387%1394.

991  Mueller, P., Patacci, M., and Di Giulio, A., 2021, Hybrightedistribution in a mixed siliciclastic
992 calcareous turbidite succession: a cross-current perspective from the Bordighetsi@ee, Ligurian

993  Alps, NW ltaly: Italian Journal of Geosciences, v. 140, 2 265-

41



994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

Mutti, E., and Normark, W.R., 1987, Comparing examples of moderarmgient turbidite systems:
Problems and concepts) Legget, J.K., and Zuffa, G.G., eds., Marine Clastic Sedimentologpt€onc

and Case Studies: Graham & Trotman, {38L

Navarro, L., and Arnott, R.@/, 2020, Stratigraphic record in the transition from basin floor to
}vS]v v§ 0 *0}% ¢ Ju vS S]}v Jv S§Z V] VS % se]AlBu &Py ut]v

Sedimentology, v. 67, p. 1710749.

Necker, F., Hartel, C., Kleiser, L., and Meiburg, E., 2002, Higiticessimulations of particle-driven

gravity currents: International Journal of Multiphase Flow, v. 227p1300.

Peakall, J., and Sumner, E.J., 2015, Submarine channel flow proceksdepasits: A procedproduct

perspective: Geomorphology, v. 244, p.t220.

Peakall, J., Best, J., Baas, J.H., Hodgson, D.M., Clare, M., Hall, Dorrell, R.M., and Lee, D.R.,
Titiv v Jvs PE § %o E&E} eeor o u} o }( (opud » v FADPEYVE lvSPW
Implications for palaeohydraulics, the Bouma sequence and hybrid event bedsieBénlogy, v. 67,

p. 1601t1666.

Pett, J.W., and Walker, R.G., 1971, Relationship of flute cast mogghtt internal sedimentary

structures in turbidites: Journal of Sedimentary Petrology, v. 4114t1P8.

Pierce, C.S., Haughton, P.D.W., Shannon, P.M., PulhamBaxker, S.P., and Martinsen, O.J., 2018,
Variable character and diverse origin of hybrid event beds in a sandy sulenfam system,

Pennsylvanian Ross Sandstone Formation, western Ireland: Sedimentologyy \OB&992.

Reineck, H.E., and Singh, I.B., 1973, Depositional Setdmyefnvironments. Springer-Verlag,

Berlin, Germany, 412 p.

Schmitz, B., Holst, C., Medic, T., Lichti, D.D., and Kuh)iHar2019, How to efficiently determine the

range precision of 3D terrestrial laser scanners: Sensdlt8, #0i:10.3390/s19061466

42



1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

Schofield, D.l., Davies, J.R., Waters, R.A., Williams, M., and VDls&008, A new Early Silurian
turbidite system in Central Wales: insights into eustatic and tectooittrols on deposition in the

southern Welsh Basin: Geological Magazine, v. 148 pt132.

Sequeiros, O.E., Naruse, H., Endo, N., Garcia, M.H., and Park@@9GExperimental study on self-
accelerating turbidity currents: Journal of Geophysical Research, Oceans,114,

doi:10.1029/2008JC005149.

Sequeiros, O.E., Mosquera, R., and Pedocchi, F., 2018, Internalrstafciself-accelerating turbidity

current: Journal of Geophysical Research, Oceans, v. 123, pt6a2&0

Shan, X., Shi, X., Clift, P.D., Qiao, S., Jin, L.,Edamg).X., Xu, T., Li, S., Kandasamy, S., Zhao, M., Zhu,
Y., Zhang, H., Zhang, D., Wang, H., Li, Y., Yao, Z., WandgX8.J., 2019a, Carbon isotope and rare
earth element composition of Late Quaternary sediment gravity flow depositseomtiti shelf of East
China Sea: Implications for provenance and origin of hybrid event bedm&#dlogy, v. 66, p. 186t

1895.

Shan, X., Shi, X., Qiao, S., Jin, L., Otharan, G.N.A., Zat&a,JC Zhang, Y., Zhang, D., Xu, Tkand
C., 2019b, The fluid mud flow deposits represent mud caps of Holdodmal event beds from the

widest and gentlest shelf: Marine Geology, v. 415, doi:10.1016/j.ma2§é&8.06.004.

Smith, R., 2004, Turbidite systems influenced by structurally indugedjtaphy in the multi-sourced
Welsh Basinin Lomas, S.A., and Joseph, P., eds., Confined Turbidite Systems:dak8logjetyof

London, Special Publication 222, p. 2028.

Spychala, Y.T., Hodgson, D.M., and Lee, D.R., 2017a, Acatogiandls on hybrid bed distribution in

submarine lobe complexes: Marine and Petroleum Geolo88,\p. 10781093.

43



1038 Spychala, Y.T., Hodgson, D.M., Prélat, A., Kane, |.A., Blingrsl. Mountney, N.P., 2017b, Frontal and
1039 lateral submarine lobe fringes: Comparing sedimentary facies, architecture and flavespes:

1040 Journal of Sedimentary Research3¥,.p. 751t96.

1041 Stevenson, C.J., Peakall, J., Hodgson, D.M., Bell, D., and R;i\2020, J or not : Banding in

1042 turbidite sandstones: Journal of Sedimentary Researc80, p.821t842.

1043 Talling, P.J., 2013, Hybrid submarine flows comprising tuybatitrent and cohesive debris flow:
1044  Deposits, theoretical and experimental analyses, and generalized models: Geosphene, #6&

1045 488.

1046  Talling P.J., Peakall,Sparks, R.S.J., Ocofaigh, C.S., Dowdeswell, J.A., Felix, M., WyBaaR,.B.H.,
1047 Hogg, A.J., Masson, D.G., Taylor, J., and Weaver, P.P.EEX@imental constraints on shear mixing
1048 rates and processes: implications for the dilution of submarine debris flomBowdeswell, J.A., and
1049  OCofaigh, C.S., Glacier-influenced Sedimentation on High-Latitudimélwal Margins: Geological

1050 Society of London, Special Publication 203, 1188.

1051 Talling, P.J., Amy, L.A., Wynn, R.B., Peakall, J., and Rolbihs@004, Beds comprising debrite
1052 sandwiched within co-genetic turbidite: origin and widespread occurrencdistal depositional

1053 environments: Sedimentology, v. 51, p. 1694.

1054 Terlaky, V., and Arnott, R.W.C., 2014, Matrix-rich and associated fpabixsandstones: Avulsion

1055 splays in slope and basin-floor strata: Sedimentology, v. 61, p.t1193.

1056 Wang, Z., and Plate, E.C.H.J., 1996, A preliminary stuithe darbulence structure of flows of non-

1057 Newtonian fluid: Journal of Hydraulic Researct®4y p. 345t361.

1058 Wang, Z., Xu, J., Talling, P.J., Cartigny, M.J.B., Simmhn&wwiazda, R., Paull, C.K., Maier, K.L. and
1059 Parsons, D.R. (2020) Direct evidence of a high-concentration lbgsalih a submarine turbidity

1060 current: Deep Sea Research Part |, v. 161, doi:10.1016/j.dsr.2G300.0

44



1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

Wilson, D., Davies, J.R., Waters, R.A., and Zalasiewiczt, 9A.Alfault-controlled depositional

model for the Aberystwyth Grits turbidite system: Geological Magazir2%; p. 595607.

Wood, A., and Smith, A.J., 1958, The sedimentation and sedimentamyto$tbhe Aberystwyth Grits

(Upper Llandoverian): Geological Society of LonQuararterly Journal. 114, p. 163t195.

Zervas, D., Nichols, G.J., Hall, R., Smyth, H.R., Lithje, Gluragh, F., 2009, SedLog: A shareware
program for drawing graphic logs and log data manipulation. Comp@teBeosciences, v. 35, p.

2151t2159.

FIGURE CAPTIONS

Table 1v Comparison of diagnostic properties of depositional environments in punewiamrk and in

the present study.

Table 2v Overview of sole-mark data. Sole marks in bold refer to youngest tyipeds with clearly

crosscutting sole marks.

Fig. 1vTheoretical model linking types of sole structure to type of sedimeavity flow and
downslope distance (modified after Peakall et2020). Here, the flow transforms downslope from
turbulent flow via transitional flow to cohesive flow. If the flow transf@tion is reversed from
cohesive to turbulent flow, the sequence of sole marks is also reversed.urbutent flow; TETF =
turbulence-enhanced transitional flow; LTPF = lower transitionalfiiwg UTPF = upper transitional

plug flow; QLPF = quasi-laminar plug flow; LPF = laminar plug flow.

Fig. 2v A) Schematic diagram of an ideal flute mark (modified after Peakall 2020) and example
of flute marks below Bed 4a (Unit 8) Groove marks below Bed 7d (Unit @).Schematic drawings

of a fully formed chevron mark (planform on the left, and crosssectiorthe right, with arrow
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denoting flow direction (modified after Aller1984) and example of a chevron mark below Bed 5d

(Unit 5).D) Groove marks (gm) and a prominent tumble mark (tm) below Bed 5e (Unit 5).

Fig. 3v Schematic diagram of various discontinuous tool marks (modified after Pealed. 2020).
Black arrows denote motion of cesrtof tool. Dashed arrows denote motion of point on surface of

tool.

Fig. 4v Schematic models of turbulent, transitional, and quasi-laminar flow tyhat sediment

gravity flows can exhibit (modified after Baas et2@fl1). vsl = viscous sublayer.

Fig. 5v Schematic geological reconstruction of the elongate basin in whiehAberystwyth Grits
turbidite system was formed (after Cherns et2006). The red dot shows the approximate position

of the study area.

Fig. 6 Site map of the fieldwork conducted NE of Aberarth. Black numbers neog todations refer
to FigureslOtl2. Blue numbers denote 3D laser scanning sites 1 and 2. Northindsaatidgs are

based on Universal Transverse Mercator coordinates.

Fig. 7v Southwestern part of the composite drone image of the coastal outcrop betwiberarth

and LlannonA) Original imageB) Interpreted image with lithological units and bed correlations.

Fig. 8vCentral part of the composite drone image of the coastal outcrop betweesrakihh and

Llannon A) Original imageB) Interpreted image with lithological units and bed correlations.

Fig. 9v Northeastern part of the composite drone image of the coastal outcrop betwdeararth

and LlannonA) Original imageB) Interpreted image with lithological units and bed correlations.

Fig.10. vDrawings and photographs of sedimentary logsAhUnit 1, B) Unit 3, andQ Unit 7,

interpreted as channelobe transition zone. Beds la-e, 3a-d, and 7a-e contain sole nigrksy to
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1104 textural and structural features in logs. See Table 2 for observed sole-npe% Ielow event beds

1105 1ad, 3a-d, and 7a-e.

1106 Fig.11. vDrawings and photographs of sedimentary logsAntnit 2, andB) Unit 4, interpreted as
1107 levee and channel-fill, respectively. Beds 2a-f and 4a-c contain sokesnSee Fig. 10D for key to
1108 textural and structural features in logs. See Table 2 for observed sole-markbigioss event beds

1109 2af and 4a-c.

1110 Fig.12 v Drawings and photographs of sedimentary logsAg:Unit 5, and B) Unit 6, interpreted as
1111 lobe fringe and lobe axis (or off-axis), respectively. Beds 5a-e and Gdaénceole marks (Table.2)
1112  See Fig. 10D for key to textural and structural features in logs. LR =ifgigs, and LABW = large-
1113 amplitude bed wavessénsuBaas et ak016a). See Table 2 for observed sole-mark types below event

1114 bedsba-e and 6a-e.

1115 Fig.13. vEqual-area circular diagram with paleoflow-direction data from the ytarka, based on
1116 flute marks, discontinuous tool marks, and continuous tool marksnibér in center is total number
1117 of measurementsn. Yellow sectors show frequency percentages for a class width Ptk sector
1118 denotes mean vector azimuth (red bisectorial line) and length (sector leagthangular confidence
1119 interval (sector width) for the mean vector for a significance intejalf 5% (Baa2000). Blue arrows
1120 give mean vector azimuths for the various depositional environments. tontinuous and short
1121 dashed blue lines distinguish statistically significant means from insamtifneans, because of small

1122 nvalue, ata=5%. CLTZ = chantlebe transition zone.

1123 Fig. 14v Transitional-flow deposit with low-amplitude bed waves in Unitlée Bedforms are c. 10

1124 20 mm high and c. 40@50 mm long. Flow directionas from right to left.

1125 Fig. 15v Examples of sole-mark type&) Large groove mark below Bed 7a, 0.25 m wi)eSkim

1126 marks below Bed 5c, up to 15 mm in wid@ Predominantly spindle flute marks below Bed 2c. Grain-
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size scale is 110 mm lorg). Parabolic flute marks below Bed 5b. The flute marks in theecefthe

bed are c. 70 mm long. Also shown is Bed 5a with a prominent groove ena@kinm wide.

Fig. 16vA) Frequency distributions of main sole-mark types in debrites, hydwveht beds, and
turbidites, with examples of event beds and youngest sole marks (from leftht ggoove marks
below Beds 3b and 6b; parabolic flute marks below Bed 4c). The groeloss Bed 6b are. 10 mm
wide. The flutes are. 50 mm long and wideB) Frequency distributions of main sole-mark tyjies
divisions of event beds immediately above the sole-mark surface. n = nurhidets; ppl = plane-
parallel-laminated divisignrxl = ripple-cross-laminated division. All pie charts are based on the

youngest sole marks below each bed.

Fig. 17v Sole-mark type (n = 67) and type of sediment-gravity-flow deposit (n)a%24function of
depositional environment in the study area. Also shown are dominant low&ialg in beds with
sole marks. Subordinate lower divisions are between brackets. M = massisierdiyipl = plane-
parallel-laminated division; B = banded division; D = debritisidiv. CLTZ = chanrtkdbe transition

zZone.

Fig. 18v A) Mean length and depth of flute marks, aBfimean width and depth of groove marks, in
various depositional environments in the study area. Dark blue and greendémege longitudinal
trends. Dashed, blue and green lines signify transverse trends. No depths of flutes tablafar

the lobe-axis environment.

Fig.19. v Schematic downstream-evolution paths of principal flows in the study d@&sed on the
balance between turbulent forces and cohesive forces, represented by flow vedodtguspended
clay concentration, respectivel§y) Bypassing head of highly erosive hybrid fidyBody of the same
hybrid flows.Q Transitional flowsD) Turbidity currents. CLTZ = chanth@be transition zone. HIH3

=hybrid-event-bed divisions of Haughton et al. (2003, 2009). Flwes not found below the base of
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transitional flow deposits@, but these scour marks, possibly in combination with discaotis tool

marks, might appear in other sedimentary successions.

Fig. 20v Schematic model for hybrid-event mechanics in the study area. Ero$ionud clasts from
the bed occurs at the head of the flow, and the front of the flow trans®imo a debris flow as the
flow decelerates. Clasts at the base of this debris flow are dragged througtultistrate, producing
groove marks. Development of the hybrid event bed subsequently takes yia@ecombination of
two processes: longitudinal segregation of clasts as bedload and verticehaégn of suspended
load as a result of deceleration. This temporal deceleration progressively &agiven point to
more cohesive flows (H1, H2, H3a) and eventual formation of a ebasiflow (H3b divisionH1tH5
divisionssensuHaughton et al. (2009), H3a and H3b subdivissemsuHussain et al. (2020). See text

for further details.
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Table 1: Comparison of diagnostic properties of depositional environmeptevious work and in the present study.

siltstones

x Lateral and frontal fringes are poor (< 2%) and rich (up to) ¥39
hybrid event beds, respectively

x Event beds are organized in lenticular sand-rich units, several
meters thick

x Cumulative mudstone bed thickness is 44% of total thickness
x Sandstones are vertically graded, with variable amounts of maitixn
x Common convolute bedding, low-amplitude bed-waves, and large ripples

x Abundant deposits of low-density turbidity currents and few depositsgti-density turbidity
current

x Event beds tend to be organised in sand-rich units, several meters thick

Depositional Diagnostic properties Diagnostic properties Section
environment (Spychala et al., 2017b, Brooks et al., 2018, Hansen €04lo) This study
Channel fill x Base of channel-fill element is incised in underlying element | x Base of channel-fill element is incised in underlying element 4
x Medium to very thick, relatively coarse-grained event beds x Thick-bedded and very-thick bedded sandstones and conglomerates, lhegicaed from very
x Common amalgamation, very low mudstone content coarse sand or granules to fine or very fine sand
x Event beds have sharp, erosional or loaded base x Amalgamated event beds with erosional base, no mudstone
x Event beds fine in an upward direction x Large sole marks, dewatering structures, dune cross-bedding, loadargtsonvolute bedding
x Sole marks and dewatering structures are common x Individual beds vary in thickness and pinch out laterally
x Event beds thin in an upwards direction in the channel fill x Mostly deposits of high-density turbidity currents
x Mostly deposits of high-density turbidity currents
Levee X Thin-bedded sandstones and siltstones in hemipelagic mudst( x Tabular, thin-bedded and very-fine grained or fine-grained sandstones 2
x High proportion of climbing-ripple-laminated beds and ripple- | x Cumulative mudstone bed thickness is 55% of total thickness
cross-laminated beds (Kane and Hodgson, 2011) X Sandstones are mud-poor, vertically graded, and rich in plane-pldaathination, ripple cross-
x Levee successions thin and fine upward lamination, and convolute lamination
x Mostly deposits of low-density turbidity currents x Mostly depositf low-density turbidity currents
Channetlobe X Thin and discontinuous structureless and structured sandston{ x Tabular, mainly thick-bedded sandstones and mixed sandstomgdstones 1,37
transition zone with climbing-ripple lamination x Cumulative mudstone bed thickness is 20% of total thickness
x Lenticular, mostly thick-bedded, poorly sorted, clast- or matrix; x Sandstones are fine- to medium-grained, with coarse- to veryseegirained basal divisions. Fey
supported sandstones and conglomerates with abundant beds are rich in granule-size clasts
intraformational mudstone clasts and rafts and sandstone clag x Abundant convolute and contorted bedding, chaotic mixtures of sandstone angtone,
x Abundant soft-sediment deformation mudstone rafts and clasts, sandstone clasts, vertical dewateningtstes, load casts, and
x Abundant scours, erosional surfaces (may be composite), ang  foundered sand
bypass lags x Plane-parallel lamination and ripple cross-lamination are cedfto subordinate thin-bedded,
fine- to very-fine grained sandstones and thin divisions in thiskrdstones
x Some erosional contacts between amalgamated sandstones
x Mostly hybrid event beds and transitional-flow deposits
Lobe axis and X Massive thick-bedded amalgamated sandstones formed by hi{ x Tabular, medium- and thick-bedded sandstones and mixed sandstonelstones 6
off-axis density turbidity currents (lobe axis) x Cumulative mudstone bed thickness is 37% of total thickness
x Medium-bedded turbiditic sandstones with plane-parallel x Maximum grain size in the sandstone ranges from fine sand §poogarse sand
lamination and (climbing) ripple cross-lamination (lobe ofjpx | x Common convolute bedding, vertical dewatering structures, heterolithic $andsmudstone,
x Hybrid event bedssgnsuHaughton et al., 2009) and quasi- chaotic mixtures of sandstone and mudstone, and plastically deformedstane
laminar flow depositssensuBaas et al., 2011) x Few event beds with low-amplitude bed waves, crude banding, or mudstasts cl
x Deposits of high-density turbidity current and hybrid event beds
Lobe fringe X Thin- to medium-bedded, fine-grained turbiditic sandstones ar] x Tabular, mainly thin- to medium-bedded and fine- to very fimained sandstones 5




Table 2: Overview of sole-mark data. Sole marks in bold refer to youngesintpeds with clearly crosscutting sole marks.

Depositional Bed Bed Lower Sole mark Depositional Bed Bed Lower Sole mark
environment type division  types environment type division  types

CLTZ la turb hi massive  skim CLTZ 3c HEB sand massive groove

CLTZ 1b debrite debritic groove skim CLTZ 3d HEB sand debritic ~ groove

CLTZ 1c HEB sand ppl groove Channel da turb hi massive flute(par,sp)

CLTZ 1d HEB mud debritic groove Channel 4b turb hi massive flute(par)

CLTZ le HEB - groove Channel 4c turb hi massive flute(par)

CLTZ 1f HEB - groove Lobe fringe 5a turb lo ppl flute(par); groove; skip
CLTZ 1g HEB - skim Lobe fringe  5b turb lo ppl flute(par,sp) groove; skim
CLTZ 1h HEB - groove Lobe fringe  5c turb lo ppl flute(par); groove
CLTZ 1i - - groove Lobe fringe  5d turb hi massive  chevron;groove skim
CLTZ 1 HEB - groove Lobe fringe  5e turb lo ppl groove skim; tumble
CLTZ 1k - - groove Lobe axis 6a turb hi massive  groove

CLTZ 1l - - groove Lobe axis 6b HEB mud massive flute(par); grooveskim
CLTZ im turb - flute(sp) Lobe axis 6C HEB mud banding groove

CLTZ 1n - - groove Lobe axis 6d HEB mud massive groove

CLTZ 1o turb - flute(sp) Lobe axis 6e turb lo rx| flute(par,sp)

CLTZ 1p turb lo ppl flute(par,sp) Lobe axis 6f HEB - groove

CLTZ 1qg - - flute(par,sp) groove; skim Lobe axis 69 HEB - groove

CLTZ 1r HEB - flute(par); groove Lobe axis 6h turb - flute(par)

CLTZ 1s turb lo ppl flute(par,sp) Lobe axis 6i turb - flute(par)

CLTZ 1t turb - flute(sp) Lobe axis 6j HEB - groove

CLTZ 1lu turb - flute(par) CLTZ 7a HEB mud massive groove

CLTZ 1lv turb hi massive flute(par) CLTZ 7b HEB sand massive groove

CLTZ 1w turb - flute(sp); groove CLTZ 7c turb hi massive  groove

CLTZ 1x turb - flute(par) CLTZ 7d HEB sand banding groove

Levee 2a turb lo ppl flute(sp) CLTZ 7e HEB sand ppl groove

Levee 2b turb lo ppl flute(par,sp) CLTZ 7f - - groove

Levee 2c turb lo ppl flute(par,sp) CLTZ 79 - - groove



Levee
Levee
Levee
Levee
Levee
Levee
CLTZ
CLTZ

turb = turbidite

2d
2e
2f

2h
2i
3a

lo = low density
hi = high density

turb lo
HEB mud
turb lo
HEB
HEB

turb
debrite
debrite

ppl
ppl
ppl

ppl
debritic

flute(par)
flute(par,sp)
flute(asym,par)
flute(par)
flute(par);skim
flute(sp)
groove

groove

HEB = hybrid event bed
mud = muddy H3 division
sand = sandy H3 division

CLTZ 7h
CLTZ 7i
CLTZ 7]
CLTZ 7k
CLTZ 7l
CLTZ 7m
CLTZ n
CLTZ 70

pp! - plane-parallel lamination
rxl = ripple cross-lamination

par = parabolic

turb

HEB
HEB

HEB

- groove
- groove
- groove
- groove
- groove
- flute(par)
- groove
- groove

sp = spindle
asym = asymmetric
CLTZ = channel-lobe transition zone
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