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Abstract

Hybrid event beds (HEBSs) are a type of deep-watdimsent gravity flow deposit that generally comerés
basal clean sandstone overlain by a variety of newdahd less-permeable sandy facies. They are thaag
be emplaced by combinations of turbidity curretremsitional flows and debris flows, all as partled same
transport event. To date, a number of studies haydighted the common presence of HEBs mainlyhim t
outer and marginal parts of deep-water systemsentety replace beds composed dominantly of clead sa
up-dip and/or axially over scales of km to 10s kmaddition to these broad patterns, importantpgeatrly
understood short-length facies changes (over métrd90s m) occur, modifying the overall texturedan
reservoir characteristics at or beneath typicatisigeof production wells. The nature and origirtiod short
length-scale transitions is here addressed in foel-exposed HEB-prone outcrops: the Cretaceous-
Paleocene Gottero Sandstone and the Miocene Cikgsah, both in Italy, the Carboniferous Mam Tor
Sandstone in northern England, and the Carbonigebagal Ross Sandstone Formation, Western Irefand.
series of detailed correlation panels show markéetdl variations in internal bed make-up for nafsthe
hybrid event beds studied. This variability typigahvolves lateral changes in the proportionstaf tleaner
basal sandstone and the overlying muddy sandstirsod that occur without substantial change ie th
overall event bed thickness. The variability iseiméd to reflect the complex fingering between upedip

sandstone-dominated part of the event bed and tven-dip linked debrite due to internal erosion



(ploughing) of the debrite into the basal cleandsaihere the upper part of the bed is dominatethige
mudstone rafts, these may have foundered intofiegileand and been injected and partly fragmenyetthd
sand intrusions. The variable thickness and coityinaf the basal clean sandstones have important
implications for reservoir characterisation; sigraht variability in bed character at interwell lscaan be
anticipated. Rugose contacts between the intrafaei@s divisions may impact on drainage and sweep

efficiency during hydrocarbon production.

1. INTRODUCTION

Sandstones deposited by turbidity currents arengoitant component of many hydrocarbon reservoirs
(Nilsen et al., 2007). These largely turbulent ffogan progressively fractionate their sediment ,|¢eaiving
graded deposits that are at least moderately wekd with most of the clay segregated to form nwms
units (the T division; Bouma 1962) capping relatively porous g@imeable sandstone beds. However,
many reservoirs also include, or in some caseslanginated by, stacked event beds comprising a basal
clean (i.e. clay-poor) sandstone division overlayna variety of muddier and less permeable sandgga
These hybrid event bedsefisuHaughton et al., 2009) are thought to form fromwBothat were at least
partly turbulent, but that also had zones of danmpeblulence beneath or from which clay and sancewer
emplaced together by linked debris flows and/ondgitional flows éensuBaas et al. 2009, 2011).
Consequently the reservoir properties of much efghndy part of the event bed are compromiseddiy hi
matrix-clay concentrations (Fugelli and Olsen, 2007 addition, the significant lateral extent betmuddy
sand component means that the cleaner and betbtyggandstones in the basal part of stacked dveas

are poorly connected, particularly vertically. Arayal. (2009) have used sector models to showaihee

the muddy sand component of a hybrid event bedeglece. 20%, the facies make-up has a significant

impact on production efficiency in terms of volun@il produced and more rapid water breakthrough.

The term hybrid event bed (HEB) was introduced @faon et al. 2009) to describe a common bed muotif i
deep-water successions occurring alongside moralidanturbidity current deposits (turbidites). The
designation builds on the earlier concept of linkibrites (Haughton et al., 2003) and incorporétes
slurry flow ideas developed by Lowe and Guy (2000).ideal five-part structure was identified (Fig)1

comprising (from base to top) a basal, generaladgd, structureless sandstone (termed H1) in sas®sc



with scattered mudclasts (H1b), a unit of bandedis@gne comprising alternating cleaner/paler sévatied
into darker argillaceous sandstone bands (H2),a®tahdivision of argillaceous sandstone with Vialea
concentrations of mudstone clasts and sheared gatcties (H3), a fine/very fine grained, paralletd a
ripple-laminated sandstone (H4) and a silty mudstoapping division (H5). All divisions are not alyga
present in the one bed (Haughton et al., 2010jngglR013). H1 thins at the expense of H3 and pEedbut
distally and laterally. The H2 division may be aiits@r subtle and easily overlooked; in other casés
greatly expanded and can dominate the deposit @sich the margins of the Lower Cretaceous Britannia
sandstone beds (Barker et al., 2008). H4 may benaliss may wholly or partly have collapsed into the
underlying H3 division. Event beds broadly confargio the hybrid model have been widely documented
in cores from hydrocarbon wells (Haughton et 2003, 2009; Barker et ak008; Davis et al2009; Kane
and Ponten, 2012), shallow sea floor cores (Zeng.4991; Talling et a).2007b; Georgiopoulou et al.,
2009; Lee et al., 2013) and outcrops (Wood and I5m®59; Mutti et al.1978; Van Vliet, 1978; Ricci
Lucchi and Valmori, 1980; Sylvester and Lowe, 2004lling et al, 2004; 2007a; 2012; Amy and Talling,
2006; Ito, 2008; Hodgson, 2009; Jackson et al.9200uzzi Magalhaes and Tinterri, 2010; Tinterri and

Muzzi Magalhaes; 2011).

A number of mechanisms have been proposed to exgiai development of hybrid event beds and the
emplacement of the argillaceous sands/sandstoeg<émtain. The variable structure and range ofecds

in which they occur suggest they can form in mbentone way. Key to most of the mechanisms is tiveac
role for clay in damping turbulence and modulatihg flow behaviour (Baas and Best, 2002). Where the
models differ is in the emphasis put on verticabpgosed to lateral changes in flow structure dewlogy.
Baas et al. (2009, 2011) characterised the strictransitional clay-rich flows in open channsite®wing
progressive turbulence modulation and emphasisipglown onset of plug-flow with modified (enhanced
and then damped) turbulent flow beneath before ivientually extinguished. Sumner et al. (2009duse
experimental data to show progressive turbulenoepdey in rapidly decelerating clay-rich flows wisiand
initially settling from a turbulence-modified sug#on to form the H1 division before the suspension
stiffens to leave an overlying poorly graded aggilous sand or sandy mud (a fluid mud emplacing H3)
Kane and Ponten (2012) applied a similar modeletepelvater sandstones in the Gulf of Mexico, stngssi

the role of vertical rheological heterogeneity ihat were inferred to be transitional flows withktulent



basal layers and overlying quasi-laminar layerse Tdommon presence of micas, clay chips and
carbonaceous fragments in many H3 divisions, infigaprior hydraulic fractionation of components, i
important. In these cases, efficient longitudinad &ransverse segregation of components with I@etling
velocities (see Pyles et al., 2013) into slower mg\sectors of the flow may then force transforomagi
triggering the onset of transitional and then aquesiinar flow conditions. The character of the agtijng
deposit can therefore sample different sectordieffiow as it passes, with clean sand (H1) depeb$itam

the still turbulent flow front and increasingly dl@ceous sand (H2 and H3) from further back in filogv.
Large and far-travelled flows may have significaatctors with transitional characteristics, explajni
instances of very thick banded (H2) divisions saslhose in the Britannia Sandstone Formation (Lamek
Guy, 2000; Barker et al., 2008). Many H3 divisionslude volumetrically significant mudstone claatwd
this suggests a link between the onset of HEB déposind up-dip erosion. In these cases, parheffiow

is enriched in mudclasts which then disintegrateetease clays near bed that then modify the flouctire.
Terlaky and Arnott (2014) infer that matrix-richngistones resembling hybrid event beds in the Windez
Group occur in the margins of plane-wall jets odifaulic jumps linked to near-by channel avulsidnghis
case, clay and mudstone clasts were suspendectalydimsion and moved to adjacent lower energy flow
sectors where they were deposited as poorly sartddmatrix-rich sandstones. A last mechanism irelv
partial transformation of a debris flow to a tuibydcurrent up-dip, with remnants of the debriswflo
continuing to travel basinwards behind the headhef forerunning turbidity current. The trailing 134/
division in all cases is inferred to represent latdiwake suspended by shearing from the head pperu

surface of the main flow.

A common general observation is that hybrid evasdsbbecome increasingly important in the outer and
marginal parts of many systems where they replads somposed dominantly of clean sand either up-dip
and/or axially (Haughton et al., 2003; Hodgson,900n several cases, the internal character ofodg:
changes laterally despite a relatively constamkiiess (Davis et al., 2009). The nature of themesitions,
which are expressed at length scales of kms tdkfs has largely been inferred on the basis ofilddta
correlation of widely spaced (kms apart) outcroptises (Amy and Talling, 2006; Talling et al., 2012
Hodgson, 2009; Muzzi Magalhaes and Tinterri, 20%6gbed cores (Talling et al., 2007b; Lee et 813

or wells (Haughton et al., 2003; Davis et al., 20@9 by using vertical bed successions to inféerkd



relationships using Walther's Law (Kane and Pont2@12). These studies have demonstrated that
transitions between turbidites and hybrid eventsbean occur either progressively over long distance
(many kms) or over shorter length-scales (a kmaprHodgson, 2009, Patacci et al., 2014), and that t
debritic component of the bed (H3 division of Hataghet al. 2009) may occur on the fringe of, osame
cases centrally within the wider deposit (Fig. 1B-&horter length-scale (km) transitions from tdita to
hybrid event bed are particularly common where fiaave forced to decelerate against topography (Muzz
Magalhaes and Tinterri, 2010; Patacci et al., 2@4vhere they expand rapidly forming plane-watkje
(Terlaky and Arnott 2014). More subtle basin fldopography can be important in either triggering or
delaying linked debrite formation and may contréotb more complex patterns of debrite distribution,
including local pods of debrite developed in zon&flow expansion or lower gradient that promotewfl

transformation (Talling et al2007b; Davis et al., 2009).

These spatial changes in bed make-up (i.e., fi@ets) provide a useful predictive tool for litbgy and by
implication net-reservoir trends in HEB - pronetsyss. However, they can be overprinted by significa
variability at much shorter length scales (10-100Qsthat are less well understood and not partibulaell
captured by long distance correlations between lwideparated sites. This variability typically irwves
lateral changes in the proportions of cleaner Hids@ne and H3 muddy sandstone at a scale of 130®
m, particularly in beds where H2 is poorly develb@ad where the H3 division is charged with mudston
clasts. This kind of lateral variability was imptia the linked debrite model (Haughton et al.02Pand has
been documented by Hodgson (2009) who reportedulae H1/H3 boundaries in clast-rich hybrid event
beds in the Tanqua Karoo fan systems. Such shathescale variations were interpreted by Tallig1(3)

to result from erosion of the sandstone by theeléhkl3 debrite but, in spite of a close link betwédes
turbidity current and debris flow, it was uncleamha similar overall bed thickness could be mairedi
despite spatially-variable internal erosion. Sigaifitly, variable relative proportions of H1 and Eé&n be
present in the absence of local sea floor topograpk in these cases it cannot relate to localsatgents of
the flow to gradient change and flow non-unifornmity. Patacci et al. 2014). Such variability igiontant,
because it can impact on how event beds are ctuetetween nearby wells; such beds may have arrath
different vertical expression despite being onlje® hundred metres apart. Another consequenceeis th

development of significant rugosity along the tdptlee clean sandstone component of the bed (in some



cases even eroding it completely) which may impactirainage and sweep efficiency during produdiion

hydrocarbon reservoirs.

The aim of the study reported here is to describeyacterise and account for short length-scabrdht
variability in a series of well-exposed hybrid ewdmed-prone successions: the Miocene San Mauro
Formation in the Cilento Flysch and Cretaceousdtalee Gottero Sandstone, both in ltaly, and two
Carboniferous examples, the Mam Tor Sandstone mhem England, and the basal Ross Sandstone
Formation, western Ireland (Fig. 2; Tab.1). Therfexamples are drawn from basins in a range obméct
settings; thrust-top and trench-slope basins incee of Cilento, and Gottero respectively, and-ptis
basins in the case of Mam Tor and the Ross. Thartfield examples are the principal focus of thigdy

and are treated in more detail;, the other examatesused to confirm the bed transition types tmat a
identified and to demonstrate that similar shongté scale variability is widely developed. Thedsts
jointly inform a revised model for the geometrytofbrid event beds in the critical transition fromp-dip
turbidite to fringing hybrid event bed, incorporatismall-scale lateral variability. In additiongtpotential

implications of such a model for hydrocarbon prddurcin fan fringe successions are considered.

2. METHODOLOGY

All four study locations represent well-exposedcoeps of ancient deep sea successions. In theotdke
Gottero, Cilento and Mam Tor sections, serial sedlitvlogical logs have been measured bed by bed@t 1
scale and spaced laterally at distances of a fewvemdo 10s metres m apart. The Ross example is
documented using a photomosaic of an inaccesdiffiesection. Beds were traced directly in the diddy
simply walking them out, or by using aerial photqgns guided by key correlatable horizons such as
particularly thick beds. Grain-size measurementeweade using a hand lens and grain-size compaaatbr
corroborated by selected thin section analysisiMgen-Wentworth grain size scale is used throughithe
analysis was conducted at bed scale, but alsopocated textural and structural characteristicghef
component facies (“depositional intervalsgnsuGhibaudo, 1992) and information on their arrang@me
within the event beds. An “event bed” can be thaugfhas the vertical expression at one locationhef
longitudinal flow structure (Kneller and McCaffre3003) and preserves information on both laterahgles

in flow properties and flow evolution. Bed amalgaimia is rare in all the studied successions and thu



individual event beds are complete and easilyrdisished. Bed and depositional interval thicknesthes

geometry of bed boundary surfaces, sedimentargtates and palaeocurrent indicators were all resshrd

The terms clean sandstone, mudstone clast-rich skeadstone and muddy sandstone are used to disting
specific lithologies in the field on the basis alaur, weathering pattern and degree of induratidrin-
sections were cut from representative samples f@otiero (11 samples) and Mam Tor (3 samples) to
characterise the clay distribution, volume and ati@r (Fig. 3). The proportion of pore-filling dédf clay
has been determined by point-counting (500 poidisinguished framework grains, mica flakes, organi
material, compact or deformed mud chips and clatyim& hose sandstones designated clean (whethbr wi
or without floating mudstone clasts) are yellowslnoor light grey in colour and framework grain-sopied
with relatively low (9-13%) interstitial detritallay, although with mud chips and clay aggregates in
sandstones containing larger mudstone blocks. &arets designated muddy are dark grey or grey-green
colour, fissile, recessively weathered and havangmterstices choked with clay (17-26%) but with
framework sand grains that are still in contacte Thuddy sandstones also have common mica flakes
(average 12%). The fabrics are distinct from therimaich sandstones described by Terlaky and Arnot
(2014) which are very poorly sorted and have samaihg floating in an abundant clay matrix (30% to

>50%).

3. CASE STUDIES

3.1. Geological settings

The four case studies (Fig. 2) are drawn from geasf basin contexts but were chosen because baeg s
some common characteristics in term of lateralela¢iends. The Cretaceous-Paleocene Gottero Saadsto
unit (Fig. 2A) represents a deep-sea fan systdingfi confined trench-slope basin (Nilsen and Abbpa
1984; Marroni et al., 2004). This developed on ofitic crust and its associated sedimentary cover of the
Ligurian-Piedemont Basin. The sandstones were eddrom the Sardinia-Corsica massif (Parea, 1964t V
de Kamp and Leake, 1995) and formed a small faresysith aradius estimated at between 30 and 50 km
(Nilsen and Abbate, 1984). The beds studied hemedoom the uppermost part of the Gottero succedgio

the Mount Ramaceto area. This is interpreted asuser fan succession (Abbate and Sagri, 1970; @asne



1982; Nilsen and Abbate, 1984; Marini, 1994). Theaaunderwent significant tectonic deformation dgri
the Eocene and Oligocene as part of the Alpineetiotrary wedge (Marroni et al., 2004). As a redihi,
Mount Ramaceto succession was inverted on the wwed limb of a regional syncline (Casnedi, 1982;
Marroni, 1991; Marroni et al., 2004). However, &talisruption was minimal and individual beds dan

traced laterally across the outcrop with no eviéeioc structural discontinuities or internal bedrdption.

The Upper Carboniferous Mam Tor Sandstone in UK t@érPennine Basin (Fig. 2B) and the Ross
Formation in the Clare Basin, western Ireland (@), record post-rift deposition in basins thdidnted
their morphology from a phase of earlier Lower @aikerous rifting (Collison, 1988; Martinsen at,,
1995). The Mam Tor Sandstone is a relatively snd@ép-water fan system, probably no longer thakn24
long (Allen, 1960; Walker, 1966), developed in gbufed directly by fluvial and deltaic systems l@ch
towards the north and northwest (Aitkenhead et200Q2). The Mam Tor outcrop, where the study is
focused, represents the outer-fan and fan-fringégooof the system (Walker, 1966). The Ross Samést
Formation is a trough-confined sandy turbidite systwhich prograded from west and southwest into the
Clare Basin. The studied section is located 2 knthnof Ballybunion (Co. Kerry) in the lowermost,daby

implication outermost, part of the Ross Formation.

The Miocene San Mauro Formation (Fig. 2D) is pdrthe Cilento Group, a complex sandy deep-water
system developed in a wedge-top basin above thayhilgformed Ligurian accretionary-compldrtérnidi
units). The succession contains a number of largdymmegabeds related to the collapse of marginal
carbonate platforms (MT beds in Fig. 2D; Cieszkavetlal., 1995; Nardi et al., 2003; Cavuoto et 2007),
and common olistostromes and debris flow depoBislér and McCaffrey, 2010). The system was sourced
primarily with siliciclastic sediments derived froalabrian basement (Mostardini and Merlini, 1986;
Bonardi et al.1988; Patacca and Scandone, 1989). The sectionilmabsdere is from the Lago area and
corresponds to the topmost part of the San Maura&won which is part of an extensive sheet tutbidi

system (Cavuoto et al., 2007).

Taken together, the studied sections help congtiiffierent aspects of lateral heterogeneity exmesd bed
level. The Gottero Sandstone, the Mam Tor Sandsioddghe Ross Formation examples capture across-flo

short-length lateral variability (over distanceslofo 10s metres) in hybrid event beds wherea<tlemto



flysch case study is relevant mainly to facies atawns parallel to flow expressed over slightlygkar

distance (100s m).

3.2. Gottero Sandstone in the Mount Ramaceto section, north-western Italy

The extensive exposures of the Cretaceous-Pale@ettero Sandstone in the Mount Ramaceto area affer
rare opportunity to trace individual beds continsigufor up to four km (Fig. 4). The entire Gottero
succession in this area is 1075 m-thick. The u@pérm consists of basinal shales with associatgit-dund
low-density turbidites and an unusually high prajoor of hybrid event beds (c. 60 % of the beds >80
are of hybrid character; 346 HEBs in total). Thesee deposited on a relatively flat sea floor iroater-fan

or basin-plain setting as suggested by the regideglositional trends and the tabular, sheet-likd be
geometry at kilometre scale (Nilsen and Abbate 4)98ere, the focus is on documenting the charautdr
lateral variability of four representative eventdbethe features shown are typical of many of therid

event beds in the upper Gottero succession at MRamtaceto.

The four event beds have been walked out and loggadpacing of either every five metres @ed 9, 9.3
and16.]) or in single metre step8¢d 18.3 Figs 5 and 6). The orientation of the panels loartonsidered
broadly perpendicular to the palaeoflow with angé$0 to 80 degrees between palaeocurrents irticat

and the panel (Fig. 3B).

Bed 18.3is one of the thinner event beds (Fig. 5A) and lsarfollowed for more than 3.3 km across the
panel. In the south (section A), it is a 90 cm khimedium grained, graded clean sandstone withesedt
mudstone clasts (10-15 cm across) at the top. €decbanges to a hybrid event bed laterally in trere of
the panel before thinning to a 35 cm-thick paralad ripple laminated fine to very fine graineddstane in
the north (section H). Serial logging of the hybpdrtion of the bed (Fig. 5A) over a distance 00 18
shows that this is a four-part event bed made up olean, medium-grained, structureless and undrade
sandstone basal division (HdensuHaughton et al., 2009), overlain by a dark-colouregtessively
weathered H3 muddy sandstone interval rich in sgab cm) mudstone chips and mica flakes (Fig. 7A).
Larger mudstone clasts are absent. The bed is ddppa fine-grained, laminated sandstone (H4) ghades
upward into an 8 to 12 cm-thick silty mudstone ¢dp). The bed has a generally flat base and topgpx

for the presence of occasional basal grooves (gegralaeoflow orientation towards 308° N) whichuitss



in a constant overall thickness (average of 87 kbuat)with significant internal variability in termsf the
relative thickness of its component parts. The blam between H1 and H3 is well defined as a sharp
irregular contact ranging in elevation laterallyna¢tre-scale from 7 to 48 cm above the base otveat
bed. The variable H1 thickness is almost everywlierapensated by the thickening and thinning ofHBe

division which varies in thickness from 84 to 33.cm

The stratigraphically highé8ed 16.1(Fig. 5B) varies from 175 to 245 cm thick acrdss main panel over a
distance of 2.5 km. It has a variable internal abtar, in places dominated by clean sandstonethiar o
sections having a well-developed H3 division. Uallked 18.3 the overall pattern of variability is less
systematic although the sections to the north terlik sandier. The study focusses on a 290 m lectips

of the bed demonstrating short-distance lateralsttimns from clean sandstone with isolated mudslasa

55 m wide lense or pod of muddy sandstone (H3)hensbuthernmost end of the detailed panel (Fig. 5B)
The latter contains abundant mudstone clasts (dfbtom across) and very common mudstone chips. The
boundary H1b and H3 is diffuse and occurs ovemarfetres laterally at the northern end of the leige
transition involves an increase in the mudstonstdantent and in the clay dispersed in the sandstatrix
(from 14.6% to 20.8%). The H3 division thickensidiyp to the south, reaching a maximum of ¢. 140 cm
about 30 m from the southern outcrop limit where blasal H1 division tapers to a minimum of 75 cime T
basal sandstone increases its thickness agaie isotithernmost logs leaving the H3 muddy-sandsderan

isolated patch.

A similar trend is displayed bged 9(Fig. 6A) but the muddy sandstone is more patatigyributed over the
584 metres section along which the bed has beeadrdhe sandy part 8fed 9has an average thickness of
337 cm and this includes a 235 cm thick mudstome The base is coarse-grained and slightly ercssve
can be noted by the two thin sandy beds benedliatitare missing in places due to erosional dowimgut
(Fig. 6A). Bed 9has an overall tabular geometry with subtle irtegties in the thickness that may reflect
differential compaction of the softer muddier sdode compared to the harder sandstone. The bed is
dominated by large and variably abundant mudstéastsc(between 5 and 30 cm across with occasional
metre-size clasts) that are concentrated in theofoihe basal sandstone of the bed. It preservadugt

lateral transitions between mudstone clast-richdedin sandstone (H1b facies) and muddy sandstihe w



mudstone clasts (H3). These transitions happen avitavelength of between 100 and 150 m upon which
are superimposed shorter-wavelength irregulartiesubdued amplitude, giving the H1/H3 boundary a
complex geometry. The difference between the H1H®dexture can be seen in Figures 7C and 7D and in
the corresponding thin-sections displayed in Figuie and 7F; samples were collected from the samelst
between the mudclasts in the two divisions. Thenti@ldy sandstone (Fig. 7F) shows a higher quantity o
detrital and pore-filling clay (20.4%) and small dnohips whereas the cleaner sandstone (Fig. 7E) has
12.4% detrital clay. The muddy sandstone contaibgndant detrital mica flakes (15.8%) that are
preferentially concentrated over the upper pathefH3 division. The bed top is a well-structurpldynar to
wavy laminated, fine-grained, clean sandstone (B@)o 60 cm thick, that grades upward into thektisilty
mudstone cap. An irregular medium grained sandstoteeval with scattered mudstone clasts (Fig. 7D)
locally intervenes between the H3 and H4 divisiand in places can be seen to be connected by alertic
sand-injections with the basal H1 sandy divisiothedwise the boundary between H3 and H4 appears

broadly planar at outcrop scale with no evidencéavinward loading of H4 into H3.

Bed 9.3(Fig. 6B) averages 405 cm thick and is a mainlydyuhybrid event bed in which the H3 division
contains large mudstone blocks, some of which @ornlen and deformed sandstone beds. The largekblo
are 1.5 to 16.0 metres long and are encased inyraafttistone with many smaller mudstone clasts &sto
cm across; Fig. 7B). In this case the muddy sanddtas 17.6% detrital clay. The transition betwienH1
coarse to medium grained, structureless sandstodetree H3 muddy sandstone is sharp and extremely
irregular and it is cross-cut by several cm to mktdyke-shaped sand injections intruding into Hatt
locally form sills along the H3/H4 boundary. The Bdndstone takes the form of a wedge, thinning from
south to north, where the H3 division contains bigtoncentrations of larger blocks. The H1/H3 bamd
has an extremely irregular shape, varying in elemdtom 5 to 150 cm above the base of the eveat teer

a few metres laterally. Such short length-scakgintarity is strongly influenced by the locationtloé largest
mudstone rafts, the base of which tend to occupyldiwest position in the event bed above the tlihne
preservation of basal H1 sandstone. The uppermdsfirté-grained and laminated division has a very
irregular base and a flat top: it develops m-stadeling structures that adorn the H3/H4 surfacé witds of

H4 sometimes foundering completely into the H3 meddlivision. This character seems to be present

where the mud content of the H3 division is higher.



3.3. Mam Tor Sandstonesin the Pennine Basin, UK

The Carboniferous Mam Tor sandstones are well egoshigh cliffs on the eastern side of Mam Taamn
Castleton, in northern England (Fig. 2B). The e®gosuccession is 123 m thick and it contains aminda
hybrid event beds (41 % of beds; 237 HEBs in tddayis, 2012). These can be followed laterallyha t
basal part of succession for up to 64 m laterallyhat is an oblique, across-flow transect (Fig).8Fhe
main palaeoflow in the studied stratigraphic in&rebtained from groove and flute orientationdpisards
242° (Fig. 8B). The overall stacking pattern isradally tabular, in which the thicker event bedst(>cm)
are easily correlated and do not show appreci&lid&riess changes across the outcrop, whereasitimeth
beds tend to be less continuous. There are, howswere exceptions to this pattern. For examplegn86
(Fig. 8A), mudstone clast-rich sandstones in thpeugpart ofBed eappear thinner than in the nearby
sections and not completely compensated by th&ehing of the H1 underlying sandstone. The coriiat
panel (Fig. 8B; modified from Davis, 2012) shows tklevant thickness changes in the internal dinsiof
individual hybrid event beds. In general, the rading reveals: i) very short-scale lateral charmes less
than 5 m within the same event bed between clgasijve based sandstone (detrital clay content 189d)
beds with well-developed muddy and mudclast-rigidstone divisions (detrital clay content 20B¥( bof
Panel A: Fig. 8); ii) internal textural variatiomsthin H3 divisions from very muddy (average deitritlay
content c. 26%) to sandier textu@efd cof panel B); and iii) rapid thickness changesha H1 and H3
divisions Beds aof Panel A,Beds dande of panel B). The H1/H3 boundary can be either shar
transitional: the former appears erosive asBad dof Panel B (Section B8) where H3 mudclast-rich
sandstone cuts through a H2 banded division. Miffese boundaries tend to occur where the H1 sandst
is thicker, whereas abrupt boundaries are more aamwhen it is thinner. The H4 division is typically
absent in these event beds with a direct contdetdes the H3 muddy debrite and the H5 mudstoneltap.
appears that the H4 division in some examples neaymhave been deposited, but in others it may have
been eroded by the overlying bed or could posdilslye completely foundered into and mixed with the

debrite.

3.4. Lowermost Ross Formation at Ballybunion, western Ireland
The basal cycle of deposition in the Ross Formati@stern Ireland, crops out north of Ballybuniéig( 2

C) and is characterised by a number of isolatedizad (several m thick), sheet-like hybrid eventishe



(Barker, 2005; Haughton et.a22009,2010). The studied section is about 34 m thick fthefirst sandstone
bed thicker than 5 cm, which is taken as the baslkeecoRoss Formation, to the first of the main camskd
sections, théd.Smithimarine bandHodson, 1954; Lien et al., 2003). It is dominamtiyddy (>90%) but is
punctuated by six thick sandy event beds, the lotheze of which are shown Figure 9. These were
previously interpreted as slumps by Pyles and 1@ (®009), but they are here considered as thesitspof
infrequent highly-efficient hybrid flows that traled along the axis of the basin (Barker, 2005)ey have
unusually coarse-grained and dewatered sandy basesmparison to the monotonous fine and very fine

structureless sandstones that characterise thefringt Ross Formation.

The basal Ross hybrid event beds show highly iteegand sharp contacts between the H1 basal saredsto
and the overlying, muddier H3 division, the textafewhich is dominated by large mudstone blocks and
sandstone rafts several metres long, surroundea tmpdclast-rich muddy sandstone matrix. Changes in
thickness of the H1 division are particularly eviden Beds aandc shown in Figure 9. The H1 division
thickness varies from 100 cm to 10 cm thick ovelistance of less than 15 m fBed atransverse to flow
(palaeoflow towards N70°), and a similar relatidpsis seen irBed c(see Fig. 9). By way of contrast the
base oBed blooks thinner and more tabular except in the @ackeere the H3 debrite contains large (1-2 m
scale) folded mudstone blocks that occupy groovesesth which the underlying sandstone has been
completely removed. The muddy sandstones are assdcwith sand-injections that intrude from the
underlying basal sand into the H3 division in aikimway toBed 9.3from the Gottero Sandstone, The H3
division compensates for the irregularities at tiye of the H1 division and is in turn capped bynthind

tabular H4 division giving the bed a generally plageometry at outcrop scale.

3.5. Cilento Flysch in the Lago section, southern Italy

The Lago section, located in the north-western aseof the Cilento flysch basin, near the town of
Castellabate, exposes 280 m of the topmost pdneofan Mauro Formation (Fig. 2D). The section leihi

a wide variety of different types of event bed |ilning common hybrid event beds (8% of beds, 62 slEB

total) and turbidite sandstones deposited by bigih+-land low-density currents.

Two main logs have been measured; a continuousALafpng a dirt road high on the coastal cliff and a

composite Log B, linking seven different sectionsasured along the base of the cliffs (Figs 10A-B).



Overlapping logged sections are spaced betweem8280 m apart and thus correspond roughly to the
distances between production wells in a denseliedrhydrocarbon field (Fig. 10C). Flutes, groowesl
ripples provided 34 palaeocurrent measurementshwhiow a preferential source from the north-west
(mean direction towards of 115°) with a very lowpmrsion (Fig. 10A-B). The orientation of the ctatien
panel with respect to the mean palaeoflow direatamges from -20 to +23 degrees with the majoritthe

bed transition data collected along a roughly fioavallel orientation (Fig. 10D).

The outcrop shows a broadly sheet-like geometrir witme thick and laterally continuous event beds th
provide good correlation markers (Fig. 11A-B). Tdteeet-like geometry applies only to the main system
architecture, and not to the medium and thin-bedsktl stacks that can pinch-out or change in thigkne
between the measured sections. In the absenceltib@d slumping and given the overall coherencéhef
palaeocurrent indicators, the succession is intgggras a series of outer fan, lobe aggradatiorretngat
cycles (Cavuoto et al., 2007; Valente et al., 2@dufctuated by several outsize events that peabfidiwere

able to smooth the sea-floor.

From the 517 event beds measured in the Lago sed? beds have been correlated with high confieen
between the two sections. The bed correlationdlesttarapid down-dip changes in bed character and i
particular in the thickness and clay content of &divisions of the hybrid event beds. The latéaaies
transitions have been quantified and are reportethble 2 and Fig. 12. They highlight that of tfi®ebtds
with a hybrid expression in at least one of theiises, 36% retain a similar hybrid character betwée

two sections. Of the remainder, the normal down<alijpnges from mudstone clast-rich, clean turbidite
sandstones to HEBs occurs in 14% of the casesrandHIEBs to laminated low-density turbidites in 12%
mostly in cases where the up-current HEB is reddyithin and comprises a basal clean medium grained
sandstone and a muddy, highly mixed sand with &ly mudstone chips. Somewhat surprisingly, 38% of
the HEBs show a downstream transition to clean stand turbidites or to mudstone clast-rich turleslit

(MRBs).

Representative examples of lateral transitionsliring hybrid event beds and beds rich in mudstdasts

are provided in Fig. 12. They fall into six commuatterns:



* Variable abundances of mudstone clasts within éneesbed (Fig. 12A). The mudstone clast distribution
does not always follow a consistent pattern widpeet to the palaeoflow; they can be more aburidant
either the up-dip or down-dip sections. The mudstolasts can be randomly dispersed in relatively
clean turbidite sandstone (e.g., Fig. 11B) or thmy occur in dense clusters in which the clastdrare
contact (e.g., Fig. 11@ed 26 but within 100 m down-dip the latter can changetclean sandstone
bed.

» Downcurrent HEB development from clean sandstomis lower short distances (250 m maximum; Fig.
12B). The change in bed character can be tranaltianth the sand becoming progressively enriclmed i
clay as inBed 188 or more abrupt, showing a sharp passage fronm daadstone to muddy sandstone,
as inBed 68(in this case with associated development of cbaetture).

* Up-dip transition from HEBs and mudclast-rich cearh sandstone (Fig. 12C). The H3 divisiorBed
130has a chaaotic texture up-dip then shows an aldmph-dip transition into a clean sandstone without
an overall change in bed thickness.

» HEBs with internal changes in the proportion of &id H3 that can be expressed both by thickening
(Bed 182 or thinning Bed 109 of the muddy sandstone in a down-dip directidg.(E2D).

» HEBs showing no appreciable difference in bed diarédbetween the two correlated sections @egls
195and153; Fig. 12E).

* Pinch-out of the H3 division (in HEBs up to 60 dnick; Figs. 11E, 12F) and change down-dip to thin,
fine-grained, structured turbidite sandstone (Beds 178and110). The loss of the muddy sandstone

occurs over a distance of less than 130 m.

A significant observation is that mudclast-richbidites can correlate either up-dip or down-dighydrid
event beds, transforming over relatively shortatises (less than 150 m), but with down flow tramss
more common. Up-dip transitions are preferentis#ign in thicker and coarser base beds and assbwiiite

mudclast-rich or with chaotic and injected textHi& divisions.

4. ORIGIN OF THE STUDIED HYBRID EVENT BEDS
Various mechanisms have been invoked to accourthéstructure of hybrid event beds (see introdugti

The studied examples are characterised by clastarid relatively sandy H3 divisions with interstitclay



rather than matrix-supported textures. They alstude beds in which clast-rich muddy sandstones pas
laterally over 10s to 100s m into clean sandstaovi#is isolated or nests of mudstone clasts, or ti&gan
sandstones devoid of mudstone clasts. The H3 dhdsshow significant lateral heterogeneity and ruang
sand-speckled mudstones (“starry night” texturespeiated with well-mixed and far-travelled delbiosvs
(Barker, 2008; Eggenhuisen et al., 2010). Mechasigmolving either simultaneous triggering of tutiby
currents and debris flows from proximal slopes artipl transformation of a debris flow to a turlydi
current are therefore ruled out in these cases. ifiterpretation is consistent with the paucitylebris flows

in the deposits of the associated sandier innesf@eessions (Ross Formation, Mam Tor, Gottera ete
al., 2003; Walker, 1966; Nilsen and Abbate, 1984¢ debris flows either would have to have bypassed
these areas, or alternatively to have formed dojgnithe composition of the mudstone clasts resesribie

basin floor mudstones and there is no evidencarfaxotic slope source in any of the examples etlLidi

The common occurrence of abundant mudstone claststree subdued clay abundances within the H3
divisions in the studied cases imply that simpleetieration of clay-rich flows is unlikely. In theo&ero
case, the thicker event beds (>2 m) also have tskciated mudstone caps suggesting these flavisdca
significant clay loads, but these were depositedrahe emplacement of the H3 divisions, possibiynf
ponded suspensions given that they are of similaokriess to the sandy lower part of the bed. The
decelerating experimental flows examined by Baasd.g2011) were unable to separate clay and sand o
the concentration of clay exceeded 12%, empladiingg fluid mud layers (see also Sumner et al., 200@
sandy mudstones that might be expected were ahyfliows to have arrested in this manner are nen &e

this study.

The abundant mudstone clasts and in some cases (argcale) mudstone rafts point to erosion and
incorporation of substrate mud as the key factiuémcing subsequent flow evolution (Mutti et dl978;
Van Vliet, 1978; Haughton et al., 2003; Tallinga¢t 2004; Muzzi Magalhaes and Tinterri, 2010; ketal.,
2013; Terkey and Arnott, 2014). The mud clasts @dwdve been acquired by collapse of distal slopat t
turbidity currents impinged on (Kneller and McCaffr 1999), but this is doubtful in that a potentiehrby
confining slope was only present in the Mam Torecasd there the depositing flows had not yet re@dh

Hence up-dip erosional entrainment of clay and roladts is the favoured mechanism to account for the



development of hybrid and mudstone clast-rich tliteibeds. Entrainment of clasts may occur at vario
points along the flow path prior to hybrid eventllséeposition. It could arise from the erosion ofoan-of-
grade slope some distance away (Haughton et aB)2@@ssibly caused by synsedimentary thrusting or
other tectonic forcing (Haughton et al, 2009, Tintend Muzzi Magalhaes, 2011), or from more local
erosion, for example of the mounded tops of preslipueposited lobe bodies (Mutti et al.,, 1977), or
channel-lobe transition zones or avulsion nodesrevtieere can be extensive scouring (Mutti and Nokma
1987, Wynn et al. 2002; Terlaky and Arnott, 20I#)e studied event beds are distinct from the maicix
and very poorly sorted beds described by TerlaklyAmott (2014) that were attributed to depositionthe
margins of plane-wall jets and hydraulic jump zorEse variable H3 texture suggests mud clasts aftsl r
incorporated in the flows were hydraulically sepedaand transported away from the site of entrairirte
varying degrees; zones containing comminuted migscamnd abundant hydraulically separated mica flake
(e.g. GotteroBed 18.3 many of the Mam Tor examples) probably travelledher than those containing
large m-scale rafts with sand injections. Entraimaad clasts may have travelled as bedload, withkt cla
abrasion and disintegration supplying chips andadised clays. These materials may have damped
turbulence so as to have eventually produced affiugin which the remaining clasts were suspendéu:
poor development of H2 banded sandstones suggesisitional flow was relatively unimportant in the
studied systems and that the mud clast - bearimg gdathe flows arrested rapidly. Alternatively,eth
entrained mud clasts and rafts may have been bhyiedrapidly aggrading sand bed, and then drivea a
shear layer beneath the overriding flow (Butler diadrernelli, 2006). In this case, segregation ef ithud
clasts may have influenced the mechanical propesfi¢he just-deposited bed rather the turbuletrcetsire

of the overriding flow. The evidence of mud entraént provides the context within which the develepin

of significant lateral heterogeneity at short léngtales is explored further below.

5. LATERAL HETEROGENEITY IN HYBRID EVENT BEDS

The case studies described above highlight a yaoeshort distance (10s-100s m) lateral changethén
character of hybrid event beds in both dip andketsections. Two types of intra-bed heterogeneity a
identified: (1) beds in which the lenticular H3 nalabt-rich muddy sandstone divisions show a praives

lateral transition to cleaner H1 or H1b sandst@ng.Beds 9and16.1in M. Ramaceto section), and (2) beds



with laterally continuous H3 divisions with wellfileed, sharp contacts with underlying H1 divisiahat

are rugose (e.@eds 9.3nd18.3in the M.Ramaceto sectioBedsa, bandc at Ballybunion, the Mam Tor
HEBSs). Heterogeneity in both cases principallyeet$ variable development of the H3 division in tvdua
otherwise sheet-like event beds; a secondary lggneity can be attributed to lateral changes in the
expression of the overlying sandy H4 division asdnteraction with H3, where present. The oridimoth

the principal and secondary styles of heterogengtynow discussed, beginning with the variable
development of the H3 division, which is more catito reservoir properties in that it replacesacl@and

better quality sandstone laterally.

5.1. Variable proportions of H1 and H3 divisions

Four mechanisms may account for the observed latarability in H3 (Fig. 13). The first is apphble to
those cases where the H3 division is discontinuand transitions laterally into cleaner sandstones
containing abundant mudstone clasts (Type 1 heteeity above); the others apply to cases wheréighe

division is continuous and distinct from the ungieryy clean mudclast-poor or free H1 sandstone (B)pe

Where the H3 division is discontinuous and fornmséss that merge laterally with cleaner sandstdffesd
lateral boundaries appear to be preferentially kbpesl immediately adjacent to where the H1 sandshars

a convex-up top; in these beds discrete transitpeerentially occur beneath downward-convex H1/H3
contact (Fig 13A). Such a geometry is particulavisil-developed in the cases where there are shahe-s
(10s m) lateral changes between fully-developedrilybvent beds and turbidite beds with abundant
mudstone clasts surrounded by relatively clean stand. The presence of mudstone clasts in botiithe
and H3 divisions (generally more abundant in thteifa suggests that the patchy H3 division mayetfl
deposition from a flow in which the process of sammation to create a linked debrite was eithetigdsor
incomplete (Patacci et al., 2014). Examples of kinisl of lateral relationship are provided Bgds 9and

16.1in the Ramaceto sections and by the B and C gteedl transitions in the Cilento case study (ER).

Postma et al. (1988) showed that low-density mustiglantrained by a high-density turbidity curresu de
suspended by strong turbulent lift and buoyancgdemefore eventually settling to collect at thartary
between a basal high-concentrated inertia-flowrlayed an overlying, faster moving turbulent-flowéa.

They may be transported there either rafted onofajhe high-concentration layer and/or propelledthoy



overlying turbulent part of the flow. Rapid suspensdeposition from the denser portion of the tdityi
current may then freeze the collection of mud slastsitu, burying them in clean sand (Mutti andskin,
1981). Alternatively, given sufficient concentratiof clasts and dispersed clay, and with progressiv
disaggregation of the mud clasts, the clast-endidb@sal part of the flow may evolve to form a lidke
cohesive flow (Haughton et.aR009). There may be a threshold of mud conceotratriginating from clast
disintegration that needs to be exceeded befoile &ti@nsformation is possible — with the threstliislelf a
function of the overall flow turbulent energy. Largmore energetic flows will be harder to damp than
smaller flows or those already decelerating andiding turbulence. The discontinuous H3 divisionghwi
diffuse and steep lateral margins suggest thdtaset cases the deposit preserves patchy transionm@ne
explanation for this is that it reflects spatialigriable patterns of clast entrainment and henceebesion
up-dip. Alternatively the clasts may have been hytically concentrated into streamwise streaksabchpes
guided by large-scale longitudinal vortices in floav. The vortices could define areas of negatietouity
gradients flanked on either side by regions of tpasifluctuations (Marusic et al., 2010). Such &sgale
motions, referred to in fluid mechanics as supecstires, have been recognised in high Reynolds eaumb
turbulent flows above the near wall-layer (the tegion of turbulent boundary layer) in experimeraad
natural cases (Hutchins and Marusic, 2007). Thdigamon is that mudclasts could be more conceadtrat
along certain zones of the flow, effecting locanisformation only when sufficiently abundant. Ukitely

beds of this type are likely give insight into grly onset of hybrid flow development.

Where the H3 division is more continuous and leaasitional with the underlying H1 division (Type 2
heterogeneity), the irregular geometry of the H1géBitact could have been generated by erosioneof th
previously deposited basal sand by the clast-righrid flow (Fig. 13B) as suggested by Talling (2013
Cohesive debris flows are often considered nokterosive (Pickering et al., 1989) partly becateg tan
hydroplane and this reduces the resistance dueatp @h the floor (lverson, 1997; Mohring et al.989
Mulder and Alexander, 2001). Nevertheless, fieldKiD et al., 2013) and seismic evidences (Moschietel

al., 2006) suggest that such flows can erode andewan produce megascours in base-of-slope settings
Ploughing of the lower sand by larger blocks entdiin and propelled by the H3 debrite could extmva
groove-like depressions in the H1 sand, and inggdamay completely remove it. The process implies

entrainment of non-lithified just-deposited sang.(ithe top part of H1) into the overriding delitiswv



(Mohring et al., 1999), initially as sand patch@&bis model is applicable to the basal bed of thasRo
example, to the Mam Ta, b, d, e Bedand to b and c-transformations of the Cilento gdarmin particular,
the linked-debrite oBed dof the Mam Tor case study appears to have hadogive character as it was able
to scour into a previously deposited H2 bandednmate(Fig. 8A). In many examples, the thicknesghef
material eroded matches that of the subsequentigsited by the linked debris flow to maintain thei@ll
bed thickness. This implies erosion and emplacermitite linked debris flow were closely linked atingt
the debris flow is self-levelling and thus mechaiticweak. It is also possible that shearing bemehée

trailing flow that deposits H4 contributes to Idired of the H3 division.

A second option for the interpretation of continsidut thickness changing H3 divisions is that thbrite
behaves as a coherent body that after depositaas|oto the freshly deposited, water-saturatedsaiid
(Fig. 13C). The dewatering processes can be prambte the hydraulic pressure created during
emplacement of H3 onto a saturated, porous andgadaie sand with the former acting as an impermeable
barrier (especially when charged with large mudtkdd. The effects are evident in the structureathtbHl
and H3 divisions, with the former commonly richdaformed dewatering sheets and dish structureshend
later cross-cut by upward-extruding sand dykesthesflow transformation to generate the linked debr
flow may be patchy up-dip, the debris flow may varylensity locally, reflecting the variable entail mud
concentration. The differential loading of the higbrosity basal H1 sandstone causes it to defodratong
with water expulsion leads to upward sand doming) samd-injections, modifying what may have been an
originally planar H1/H3 contact. The loading andvdeering must happen before deposition of the H4
division, because no injections were observed wsscut the H3/H4 boundary (see later). Locally,
foundered balls of muddy sandstone occur withinHfiedivision, the phenomenon being particularly Iwel
developed where the linked-debris flow is abledaaylarge substrate blocks asBed 9.3of Gottero case
study and in the basal Ross Formation in Ballybufed b —ig. 9, in which the H3 debrite is able to load
the unconsolidated basal sand reducing its thickiegust few centimetres). Similar processes Hzaen
interpreted in subsurface studies, e.g., inclimadacts at the base of H3 divisions in core, palrédl rotated
shear fabrics in the overlying debrite, imply dovemd/ foundering of the debrite (Haughton et al. 2008e

loading mechanism may explain why some beds withdhiions pass down-dip into beds dominated by



clean sandstone; the debris flow can be deceletatélte point of arrest as it loads and foundets its

sandy substrate. Loading and ploughing need notuigally exclusive.

Another cause of rugosity along the H1/H3 contadhat it could have been generated by m-scaleysand
bedforms at the top of H1 sandstone that were sulesgly buried by a linked debris flow (Fig. 130his
explanation might apply where linked debrites aeesl metre-scale, regularly undulated top to H@. @ed
18.3in the M. Ramaceto succession). The undulationgldviesemble megaripple-like bedforms (F6-like
sensuMutti, 1992; Multti et al., 2003) or hummocky-typedforms (Pickering and Hiscott, 1985; Remacha
et al. 2005; Muzzi Magalhaes and Tinterri, 2010ntdiri, 2011). Three-dimensional dunes have been
reported by Talling et al. (2007a; 2012; 2013)hat top of H1 divisions in Marnoso Arenacea Fornmatio
However, the lack of H1 cross-lamination in alltbé four case studies rules out this explanatiothé@se
cases. Furthermore, some of the H1/H3 boundaribestim the present work and in Hodgson (2009) awe to
steep to represent passive filling of underlyingfbems, although post depositional loading of H® k1

could cause later steepening.

5.2. Nature of the H3/H4 boundary

Hybrid event beds commonly have an upper H4 dixiib fine to very fine sand grading into silt. This
division generally displays traction and tractidogsfallout structures, commonly with ripples ae thase
(often convoluted), overlain by parallel wavy la@én and parallel planar laminae. This division is
interpreted as the deposit of a low-density tutpidiurrent wake, implying a return to non-cohesive
behaviour after the deposition of the H3 linked+iteb(Haughton et al., 2009). H4 divisions are aino
always present in the Gottero and Cilento casaestubut are absent in Mam Tor, where the debr®) (s

generally directly overlain by mudstone (H5).

The H3/H4 boundary has a wide range of geometrighéa studied examples (Fig. 14). It can be a plana
sheet comprising parallel- or rippled-laminateddsaone. It can also show growth structures, preseiv
the pattern of laminations at the base of the Hésidin (Fig. 14B), which can be asymmetric, suggest
that the deposition occurred when the underlyingddBrite was still moving and deforming (Butler and
McCaffrey, 2010; Patacci et al., 2014). As notedHsughton et al. (2010) and Talling (2013) the H4

sandstone can load deeply into the H3 debrite,ymiad a m-scale undulated surface at the top ofFit



14C). Loading can continue to the point where tHdesidndstone founders partially or completely it t
debrite (Fig. 14D), where it may be further defodng H3 movement is ongoing. The geometry of the
H3/H4 bounding surface may relate to the interprelteology of the linked-debrite (H3). A planar bdary
suggests a semi-rigid behaviour of the underlyirdpride, at least in its topmost part. When loading
structures are present, a more plastic behaviounfesred. Muddier and more chaotic H3 divisions
commonly have loaded and foundered H4 divisionsjlewkandier and more homogeneous debrites

preferentially have planar top surfaces.

In a few cases, the muddy debrite has an irregotarval of structureless and deformed sand, uguall
medium or coarse-grained, that occurs just at #se lof the laminated H4 division (eBgd 9and9.3, M.
Ramaceto — Fig. 6A). Although this sand is reldyiveean, it is not considered as part of the H4sion but
is interpreted to have been emplaced by sand-dydesed in H1 that penetrate all the way throughHB

division.

6. REVISED DEPOSITIONAL MODEL FOR HYBRID-PRONE LOBES

The short length-scale lateral variability in bedk&up documented above can be incorporated into a
revised model of hybrid event bed — prone lobeg.{5). Many of the beds documented in the examples
discussed above appear to represent the depobitamoad of the progressive change from a proxichedin
high-density turbidites, into beds with mud clastsrounded by clean sandstone, to various typéylwid
event beds decreasing progressively in thicknesk iacreasing in mud dispersed in the H3 division.
Relatively proximal, thick, coarse-grained bedstaming mudstone clast clusters in patches 10s nosac
(Fig. 15, Transect 1) represent an incipient stagbe flow transformation process. These bedstaeght

to have been deposited from flows that were stdinly frictional (turbulent with dense sandy neadb
layers), and had yet to partition into sectiondweibntrasting rheology. The mudstone clasts areartrated

in bodies sandwiched between the structurelessrdlsauctured H4 deposits, but because the mudstone
clasts float in a clean sandstone, the sector tomgathem cannot be considered the deposit ohled-
debris flow (H3). Such bodies are, however, intetgu to represent a precursor step to linked aebrit
formation downcurrent. At this stage, the frontaltpof the flow was still erosional, suspendingsome

cases large quantities of mud clasts that were boeied in a relatively proximal position beforeeyhcould



undergo significant transport, due to rapid cokkapsthe sandy suspension. The patchy distribudfariasts
may represent heterogeneous erosion and/or hydrsepiaration of entrained clasts, although fraation

can be less effective in cases where the clasts raprdly buried by high suspended sand fall-otgsia

Immediately down-dip from the zone of erosion (Fi§,; Transect 2), repeated lateral transitions betw
mudstone clast-rich high-density turbidites andrtd/levent beds occur over lateral distances of 180D
(e.g.Bed 9and 16.1 of Gottero Sandstone example). Although seen ins@Etion, the geometry is here
inferred to relate to complex interfingering betwebke up-dip sandstone-dominated part of the bedlam
down-dip muddier section where mud clast-rich dushad coalesced and began to flow independently a
H3 debris flows. Where event beds with H3 divisicare observed to pass downcurrent into cleaner
sandstones (e.g., Fig. 12A), these are thoughe tither highly oblique sections through elongatgedtrs or
places where the debritic component of the bedettended and broken and foundered. The scale of the
fingers is thought to have been ultimately conglby the pattern and concentration of the mud<lasd
clay entrained in the flow; longitudinal vorticesflow superstructures could play a role in clasgregation
(Hutchins and Marusic, 2007). At this stage thdduhdebris flow may not have achieved the textural
characteristics of a fully cohesive debrite asahmunt of dispersed clay would have been relatileliged

in comparison with more distal settings on accairithe large quantity of clay still trapped in codmat and

yet to disintegrate mud clasts. The clast richdsrend patches can be partly modified by loadiisgenision
and upward-doming of the H1 clean and clast-pooadsaith sand injections above the muddy division

creating sills along the H3/H4 boundary.

When the sediment gravity flow is fully partitionedto a frontal high-density turbidity current armd
following debris flow, the resulting hybrid eventdcan show variable internal proportions of theab&il
sandstone and the upper linked-debrite with anadlvepnstant bed thickness (Fig. 15; Transect 3. A
shown by the examples discussed above, the rugositjop of the clean sandstone division can have
wavelengths varying from a few metres (dgd 18.30f M.Ramaceto section) to tens of metres (e.galbas
Ross Formation in and Mam Tor examples). It is destloped in relatively thick and coarse-graingoria
event beds containing abundant clasts, includimgelaafts many metres across (eBgd 9.3 Gottero

example). This supports the idea that the rugdsita product of a combination of loading and clast



ploughing by a self-levelling debris flow. The r@ity is less apparent in the thinner and finersgzdi
hybrid event beds interpreted to have been depbsiigre distally or by less energetic flows (Fig. -15
Transect 4). This may arise because deceleratikgdidebris flows are less energetic, and evohNmtmme
more cohesive, or because the thinner H1 sandstaseformed in whole or in part by settling of sand
through a muddy suspension as suggested by theimepeal work on decelerating transitional claydric

suspensions by Sumner et al. (2008) and Baas(@104l1).

Transitions between hybrid event beds and thin dewsity turbidity current deposits over very short
distances (less than 150 m) in the Cilento Lagti@e@nd in Gottero SandstonBed 18.3from Fig. 5A)
are consistent with rapid down-dip (and laterabhcpiout of the debritic component of the bed. Samil
relationships have previously been inferred elsee/lamd especially in the foredeep of Marnoso Areaac
Formation (Apennines, Italy) by Amy and Talling () and Muzzi Magalhaes and Tinterri (2010) and in

the Windermere Supergroup deep-water turbiditeegys€Canada (Terlaky and Arnott, 2014).

7. IMPLICATIONS FOR RESERVOIR PERFORMANCE

Hybrid event beds are often important componentdeiep-water systems that form hydrocarbon resexvoir
Their presence tends to have a negative effectgarvoir volume and quality, due to the clay-riekttaire of

the H3 divisions which act as baffles to flow (Amy al., 2009), and are associated with higher water
saturations. Successions in which hybrid event bledsinate tend to exhibit tabular bed stackinghwaibor
vertical connectivity between the cleaner H1 saust. Examples of reservoirs where hybrid evens bed
influence hydrocarbons recovery efficiency incluthe Miller-Kingfisher fan, the Magnus-Penguin and
Forties fan in North Sea (Haughton et al., 2003vi®a&t al., 2009) and the Diana field and the Wilco
Formation, in the Gulf of Mexico (Sullivan and Teletp 2002; Kane and Ponten, 2012). The work detaile
here shows that additional concerns regarding ledafglity and sweep efficiency may arise where H8L/

contacts are rugose.

Rapid lateral facies variability increases wellretation uncertainty at bed level as even wellgy anfew
hundred metres apart could have beds with venemifft bed characteristics in core, and/or wireline

signatures. Accordingly, three guidelines for wadkrelation in hybrid-dominated lobes are proposgd:



hybrid event beds are generally tabular, but cave haariable internal make-up, changing from beds
comprising almost exclusively clean sandstone tdsbeomprising clean and argillaceous sandstone at
kilometre scale on along-flow transects, with hegeneity possible at much shorter (i.e., 10 m)esaking
across-flow transects; thus bed thickness mayl®dtar guide to correlation than internal bed fiélotes; ii)
abundant mudstone clasts in an up-current locatoitd correlate with fully developed hybrid everts in

a downcurrent location; iii) the zone of transitienunlikely to be fixed, potentially moving bothp-uand
downstream, at the scale of successive beds, aadvéthin the larger scale stratigraphy. Thus tegrée of

correlatability, and the type of correlations t@eat, are themselves hard to predict.

The rugosity along the top of the H1 sandstonelse an important production issue, particularly vehe
WAG (Water-Alternating-Gas) improved oil recovesy employed to more efficiently sweep bed tops. A
rugose H1/H3 boundary can partially strand oil raidpiction timescales in the irregularities along tipper
surface of the H1 sandstone. Conceptually, suchsitygcould have two end-member forms (Fig.16): i)
linear ridges elongated in the palaeoflow directawnii) a more irregular “egg box” pattern, made aip
domes and concavities. Although it is difficultdonstrain the 3D shape in what are generally 2[@rops,
linear features resembling erosional furrows onlihse of the overlying debrite are associated shibrt
wavelength rugosity along the H1/H3 contact in madisgal settings; the irregular “egg box” shape rhay
associated with differential loading of the debrtled consequential sand extrusion and injectiothef
overlying sandstone which could be more effectivepiesence of large muddy rafts in more proximal
locations. The effect of partial reservoir compaalisation will be more evident when such irregitikes
are particularly pronounced (eBed 9.30f M.Ramaceto oBed aandc of Ballybunion) and the H3 muddy-
debrite thickens laterally on a scale of few tefianetres, with the basal sandstone reduced to a few
centimetres or even completely removed. If the sitgohas a strong anisotropy (e.g., with lineageisl
parallel to the original palaeoflow), the predicwdeep efficiency may vary depending on the refstiip
between any structural dip of the reservoir andpghl@eoflow direction; where they align, a higheesp
efficiency along the structurally elevated areasdi@fH3 contact might be expected, with correspogiglin

poorer recoveries expected as they diverge.



8. CONCLUSIONS

Rapid internal facies variations are demonstrateaybrid event beds drawn from a range of diffetgpes

of basin and depositional locations within the egst Variability is expressed by beds with variable
development of mudclast clusters in proximal posij lateral transitions between debrite and cheard
containing mud clasts or, generally downstream,abyupt changes in the basal proportions of clean
sandstone to overlying muddy linked debrite; themeations can develop both across- and down-dify wi
respect to the palaeoflow direction, and can oower very short distances (metres to 10s of methegach
case the event beds retain an overall tabular giepnidese observations can be incorporated im&vised
model describing the transition from up-dip cleambiditic sandstone to down- and across-dip, HEB-
dominated fringes via a transformation zone. Tlisezhas a complex lobate and locally patchy gegmetr
captured in strike sections by repeated alternstibatween mud-rich debrites and relatively cleaner
sandstone with scattered mudclasts expressed ahé¢be to 10s of m scale. The irregularities arst be
expressed in proximal transects but are presdygjtahore subdued, in distal and thinner beds. d3ses of
water escape from basal clear sandstones, andiassbmjection of sand into overlying linked deési
together with processes of syn-depositional loadingands into the linked debrite facies add furtheies

heterogeneity within the transformation zone.

Development of complex intra-bed geometries is gibuo be the direct consequence of rapid but non-
uniform flow rheology evolution from turbulent thrgh to a progressively more cohesive state.
Transformation processes are thought to reflediencof muddy substrate and the transport and Hoserk
of the eroded materials; the spatial variabilitytloé transformation likely reflects a combinatidniacally

patchy erosion and lateral segregation of cladtsinvihe flow.

The variable thickness and continuity of the basahn sandstone and the rugosity of its contadt wie
overlying debrite may impact hydrocarbon reserpa@rformance. Significant variability in bed chasacat
inter-well scale can be anticipated, complicatiogrelation. Additionally, both intra-bed facies \adoility
and the rugosity of the vertical contacts betweses may impact on drainage and sweep efficiencngl

production.
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CAPTIONS

Figure 1 — Hybrid event bed type model and hybrid gravityw facies tract expression. (A) Idealised
organisation of a typical hybrid event bed (H1-H&$ence) as suggested by Haughton et al. (2009). (B
Longitudinal facies tract expression of an hybridwf deposit in unconfined setting: the mudclashric
debritic H3 division progressively thickens dowmp-é the outer fan and fan fringe fan sectors keefrally
pinching out (Haughton et al., 2003); facies traoiss occur over several kilometres; (C) hybridreveeds
are preferentially distributed in the marginal sestof unconfined lobes (Davis et al., 2009) arfliéamced

by local changes of gradient which make flatteraarprone to debris flow development and deposition
(Talling et al., 2007b). (D) In obliquely confinestttings the slope forces the flow to decelerapidty
damping turbulence and producing a transformatiorohesive flow which deposits close to the margft).

In laterally confined settings, thinner, slope-aéjat flows become less turbulent, becoming hykhaiat
depositing hybrid event beds adjacent to the mgitdidiT: high-density turbidite; LD: linked-debrit&TD:

low-density turbidite).

Figure 2 — Geological maps and regional stratigraphy of fthe case studies. The colours on the maps
correspond to those displayed in the stratigrafigs; additional units are labelled. (A) Gotteran8stone
outcrop area in the north-western Apennines betw&enova and Carrara (ltaly) and stratigraphy of the
Vara Supergroup comprising the Ligurian ophiolgequence (after Abbate and Sagri, 1970). The rabion
palaeoflow, the interpreted fan area and the digfion of the main facies associations are indec@based
on Nilsen and Abbate, 1984). (B) Mam Tor Sandstoumerop location and the stratigraphy of Namurian
basin in north England (after Walker, 1966). (C)s®déormation outcrop in Co.Clare and Co. Kenny in
western Ireland and stratigraphy of Shannon ance@aoup (based on Martinsen et al., 2000; Pyl@83Q
(D) Cilento Group in southern Italy with internatagigraphic subdivisions (Nardi et al., 2003; Cateuet
al., 2007). The black segments besides the stagtiir column represent the stratigraphic intertaken

into account in this work and the squares on thp ama the location of the field areas.

Figure 3 — Bed profile and parallel light thin-section pbgitaphs of sandstone textures of a typical trifgarti

event bed from the Gottero Mount Ramaceto sucaes3ioe bed is characterised by distinct divisicas:



graded relatively clean basal sandstone (very edarsnedium sand) with 10% average of disperseg cla
(H1), with scattered mudclasts becoming more abonidavards the top (H1b); a chaotic mudclast-rigp (
to 25 cm in size) muddy sandstone with a dispectzygl ratio about 20% increasing towards the top){H3

and a parallel and planar laminated fine-graingd(e&).

Figure 4 — Exposure conditions of the Gottero Sandstordonnt Ramaceto area; note that the succession
is inverted. (A) Landscape view of the outcrop figifting its lateral extent and bed continuity. Tfigoto
captures about half of the 4 km wide exposure.MBp representing the outcrop areas, the locatibtiseo
measured logs shown in Fig. 5 and 6 and the otientaf the beds considered in this study with ee$fio

the palaeoflow. The rose diagram shows the maiagodlow orientation in the central sector of Ranbace
outcrop (sections C, D, E). The Giaiette Shalespma a chaotic unit (MTC) overlying the Gottero

sandstone.

Figure 5 - Lateral facies variability ilBeds 18.3and16.1 of the M. Ramaceto succession. The red squares
indicate the areas represented in the underlyiaphgr which show the variable proportion and thiskne
change in the bed divisions: (Bed 18.3has m-scale irregularities along the H1/H3 cont@d®) Bed 16.1
delineates the scale of lateral transitions betweedclast-rich but relatively clean sandstone betlraybrid

event bed.

Figure 6 - Lateral facies variability, bed profiles anddntal thickness changes witfeds 9and9.3 of the
M.Ramaceto succession: (Bed 9 capturing rapid lateral transitions between masletich clean sandstone
and mudclast-rich muddy sandstone on the 100-15tate; (B)Bed 9.3is a 4.5 m thick muddy HEB
characterised in its H3 division by large muddytsagurrounded by upward sand-injections mixed in a
mudclast-rich dirty sandstone. The basal sand tetoddaper towards north compensated by the
corresponding increase of thickness of the H3 dimisvhere the largest muddy rafts are found. fitheds
the H3/H4 boundary is more regular at 5 m scalemparison tded 18.3of Figure 5A, but does show m-

scale loading features of the H4 laminated sandstto the underlying H3 muddier division.

Figure 7 — Bed types and textures from the M.Ramaceto se¢way-up indicated): (ABed 18.3showing
m-scale thickness changes between a cleaner Héteardase and the H3 mudclast-rich muddy sandstone

— 5 cm diameter camera lens cap as scaleB@g)9.3(location 2 on Fig. 6B) characterised by large dyud



rafts, surrounded by large columnar and diagonad-gagjections, overlain by a mudclast-rich debrite&d m

long Jacob staff as scale; (C) and (D) are diffeleteral expression of the central division (i3 or H1b)

of Bed 9(see Fig.1 for definitions), and are less than ri28part (locations 4 and 8 on Fig. 6 respectively)
(C) Hlb scattered mudclasts surrounded by cleadssame in the intermediate part of the bed; in i)
same interval is expressed as an H3 mudclast-risthdgnsandstone, and is overlain by a clean sanglston
injection sill developed at the H3/H4 boundary. Tiestures of these sandstones are shown in plane
polarised light thin-sections in (E) and (F), iniglhthere is a greater proportion of pore-fillingyc present

in F compared to E (20.4 against 12%), in addita higher proportion of mudclasts.

Figure 8 —Map and correlation panel of the basal Mam Tor Sema in Mam Tor locality (northern
England). (A) Detailed cross-sections highlightthg lateral variability of lithofacies; the combthé&teral
extent of the two sections is ¢. 70 m long aftestaetion of ¢.16 m displacement on an interverimgst
fault. (B) Schematic map of the outcrop with the orientatibrmain bedding planes and the palaeoflow
orientation of the basal (dark grey) and upper fiaght grey) parts of the succession indicatedossr

section panels are modified from Davis (2012).

Figure 9 — Map and outcrop view of Ballybunion section (Réssmation, Western Ireland): (A) Outcrop
location and the orientation with respect to thenmnpalaeoflow orientation. The basal Ross unitbsu 32
m thick in the Ballybunion location. (B) Bed tracesthree HEBs cropping out in the basal part oésRo
Formation with changes in the relative proportioh$ll and H3 indicated; The succession represastid

m thick from the base dBed a to thdop of Bedc and the photo show a 30 m wide lateral expog@e.
Detail of Bed aoutcrop exposure characterised by a 0.1 — 1.0 ok,tlil basal sandstone division, with
abundant pipe dewatering features overlain by adl205 m thick H3 division, with basal sandy-raftd a
mudclast-rich muddy sandstone top and a fine gdain& m thick H4 division. The H1/H3 contact is igha
but highly undulatory, resulting in thickness véioa of the order of 0.7 m in both divisions — Tdlong

Jacob staff is highlighted for scale.

Figure 10— (A) Simplified correlation panel of the Lago sassion of the Cilento Formation, in which the
main facies associations and individual event bed® been traced, when possible, between the tim ma

sections (the beach section is composed by segsnneasured along the beach cliff). The succession



punctuated by few outsized sandstone beds thatamity traceable between the road and the beakth cli
section and are usable as correlation markers fitejv They are interbedded with thinner HEBs and
turbidites (in grey) and shaly intervals with thiadded turbidites (in dark grey). The numbers actbe
panel refer to the detail bed correlations highhghin Fig. 13. On the basis of palaeoflow orientatbeds
on the beach section can be considered relativelg mroximal than their correlatives on the roactieae.
The spacing between the two sections is approxichateto the oblique orientation but varies fron8%.to
290 metres. (B) Schematic map of the Lago outcribip tlve location of the measured sedimentary |dus,
main faults and a palaeocurrent rose diagram. (@plsrepresenting the distances in metres of te be
correlated between the relatively proximal beacttiees and the more distal road section at differen
stratigraphic levels; the dashed line represerdseffect of a fault displacement in Log B4. (D) &ale
orientations of the correlation planes betweennteasured logs (from beach to road section) andntia
palaeocurrent vector (115°) confirming that therelations are effectively longitudinal to the paifiew
with a maximum deviation of +/- 23° and an averagey close to zero. Log B4 is split into two sensalue

to fault displacement.

Figure 11 — Representative photographs of bed types andapuexposure for the Lago section of the
Cilento Formation. (A) The beach cliff overview thie Lago section shows the sheet-like geometrhef t
bed packages measured and correlated in the §edorrelation panel of Fig. 10A). The photo repngs
progressively younger sediments from south to nitjnt to left) in a 500 m wide view; small-dispment
post-depositional faults do not affect the prebied correlation. Colours are used to distinguiteint bed
packages to facilitate visualisation of the faukpthcement. (B) 2.80 m thick sandstone bed withQea
mudclasts concentrated in the upper part of the ladigned along surfaces of crude lamination or
concentrated in mudclast clusters (H1b divisioffrigf 1) — 1.5 m long Jacob staff as scale. (C) inS&ick
bed with mudclast breccia in its central portioglesed in clean sandstone. (D) A 0.35 m thick hy/lerent
bed made of a basal H1 clean dewatered sandsteeiaia by a slightly darker mudclast-rich H3 muddy
sandstone, and capped by a thin ripple laminatadstene — camera lens cap for scale. (E) 0.55 ok thi
hybrid event bed comprising a clean medium grainashl sand and a muddier and darker H3 sandstone
with small elongated mud chips, overlain by a tweatanetre thick fine-grained laminated sandstoné) (H

grading into a silty-muddy cap — hammer for scale.



Figure 12 — Examples of the main types of bed transitionseoled in the Lago section. The values and
percentages reported refer to the number of eastsition type as a proportion of the total numbkr o
transitions, calculated from beds which exhibityarid character in at least one of the section Efative
position of the beds is proportional to the latedtance between the sections; each of the resedni
transition types can happen over distances betd86rand 300 metres. The database allows the stale o
variability of the facies transformations to be swwained but not its wavelength, which is schenadltic

represented in the diagram. MRBs: high-densityitlitdo with mudclasts.

Figure 13 — Types and origin of different types of H1/H3 hdary and associated relative thickness
variations: (A) short-length lateral passage (10%30 m) from clean sandstone with scattered maticta
clusters of mudclasts surrounded by muddy sands{@)eirregular and sharp surface separating the tw
divisions, and interpreted to result from erosidnthe linked-debrite into a previously depositetuiar
sandstone. (C) irregular and sharp surface sepgréie two divisions, and interpreted to resultrfioading

of the linked-debrite and contemporaneous laterdlusion and doming of unconsolidated basal sand
producing abundant sand-injections that mix with debrite; (D) abrupt m-scale irregularities intetpd as
bedforms developed on the top of the H1 sandstomsiah that are then smoothed during emplacemént o

the overlying debrite.

Figure 14 — Types of H3/H4 boundary with an increasing degoé linkage between the two intervals.
These relationships are inferred to be controllgdhe rheology of the H3 interval and by the timioig
deposition from the last turbulent wake. (A) Plasantact: the H4 clean sandstone can simply comer a
already flat H3 top surface without deforming B) (Growth structures into the underlying H3 divisio
which can have been either static or still movi(f@) H4 loading structures; these appear to commonly
develop when the H3 division is still moving andighcan be highly deformed (e.g., Butler and Mc@gffr
2010). (D) Isolated load balls/pseudonodules develoen load balls of H4 material detach and foumaker

H3 muddy sandstone.

Figure 15 — Facies heterogeneity model of a single hybridvfdeposit in a series of proximal to distal
lateral transects (see text for details). The rdptdral transitions between mudclast-rich high sitgn

turbidites and fully developed hybrid event beds sihown in transect 2, and inferred to reflect demp



interfingering between the up-dip sandstone anddien-dip linked-debrite. Rapid thickness variation
between the basal H1 sandstone and the upper nnulitigte in laterally continuous hybrid event béuist
also conserve the overall bed thickness are olbdaenaze distally — transect 3. The lobe is inferreghass
finally into a low-density turbidite facies depasitby the turbulent, more efficient tail of the \gtg flow -
transect 5. The dimensions and geometries provigéalv are drawn from the four studied examples and

therefore may not span the full range of naturaheplies.

Figure 16- Linear vs. discrete (“egg box shape”) end-menmberphologies for the 3D expression of rugose
H1/H3 contacts, and their inferred effects on m&ifluid flow. The striped area represents a [Wesarea
of unswept oil at the bed scale in the low swedigiency case, and the dashed line the relatedvaiér
contact; arrows indicate possible fluid circulationinterruption inside the H1 permeable sandstdiate
the sensitivity of inferred sweep efficiency to tréentation of the sweep direction (presumablystipctural
dip) with respect to the long axis orientation wfebr rugosities — with higher efficiencies (redoars)

achieved when they align.



Table 1 —Principal geometrical, structural and sedimentalafjtharacteristics of the studied systems.

Table 2 — Lago section transitions matrix representing ribember of times each bed type correlates with
another in the downstream section. Self-correlatiare indicated in grey. HDTs; high-density turtzdi

LDTs: low-density turbidites; MRBs: high-densityiidite with mudclasts; HEBs: hybrid event beds.



Gottero Sandstone Mam Tor Sandstone  Ross Sandstone Cilento Flysch
Location of the NW Apennines Northern England Western Ireland, SW Apennines,
system (Italy), Liguridi (UK), Pennine Basin Namurian basin Cilento Group
Interne, Vara
Supergroup
Location of the M.Ramaceto Mam Tor quarry Ballybunnion (Co. Lago (Castellabate)
outcrop (LorsicalCichero) (Castleton) Kerry)
Age Cretaceous- Carboniferous Carboniferous Miocene
Palaeocene
Tectonic context Trench-slope basin Intra-cratonic basin Elongated intra- Piggy-back basin
affected by rifting cratonic basin
Max thickness ~1100 m ~120m ~500 m ~2000 m
Average paleocurrent  To North /Northwest South to North To North - Northeast ~ Variable (Southeast
trend in the study interval)
Max. laterd Upto4km Upto240m Upto70m Upto290 m
correlation of
individual beds
Stacking patternsin Sheet-like and Compensating outer Sheet-like and Alternation between
the studied area continuousthick event  fan lobes organised in  continuous event beds  thick sheet-like event
beds with thick ten mud-sand-mud surrounded by beds and multiple bed
mudcaps organised in  cycles background stacks.
100s m cycles mudstones.
Facies assoc. Thick mudclast-rich HEBsdternating with  Thick HEBs dternate  Thick HDTs
HEBs aternate with conventional with background alternated with
thin LDTs turbidites(HDTsand  mudstone mudclast-rich and
(HEBs: 60%) LDTs) (HEBs: 10%) mudclast-poor HEBs

Sub-environment

References

Outer fan/ basin plain

Abbate and Sagri
(1970)

Casnedi (1982)
Nilsen and Abbate
(1984)

Marini (1992, 1994)

(HEBs: 41%)

Outer fan

Allen (1960)
Walker (1966)
Aitkenhead et al.
(2002)

Davis (2012)

Basin plain

Pyles and Jennette
(2009)
Barker (2005)

and LDTs
(HEBs: 8%)

Outer fan
Pescatore (1966)

Nardi et al. (2003)
Cavuoto et al. (2007)




Section A (Road) - distal

Section B HDTs LDTs MRBs HEBs
(Beach) - Bed types
proximal N° of correlated 71 (82) 97 (174) 51 (55) 21 (22)
beds for section
(total beds)
HDTs 49 (60) 33 5 11 0
LDTs 94 (259) 6 86 1 0
MRBs 62 (66) 23 1 32 6 (14%)
HEBs 36 (40) 9 (21%) 5 (12%) 7 (17%) 15 (36%)




HEB:s ideal bed type

H5
H4

H3

H2

H1b

H1

Unconfined setting

HEBs Longitudinal Facies Tracts

HEBs Lateral Facies Tracts

mid-fan (H1) HDT ,uter-fan fan frine

Haughton et al. (2003)

Flat-sea floor Irregular

sea floor

Based on:
Davis et al. (2009)
Talling et al. (2007b)

Haughton et al. (2009)

Confined setting

Flow forced to decelerate against
a steep confining slope

1mT_>

100 m

S e A e e e - Lo s
w- DR o
SAINF L /wn,mmg

(H1) HDT slope

(H3) LD (H4) LTD

Patacci et al. (2014)

Based on:
Barker et al. (2008)

Patacci et al. (2014)
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HIGHLIGHTS

Bed-scale data compiled for hybrid event beds in four turbidite systems.
Short-scale (100s m) facies changes identified in both strike and dip sections.
Preservation of basal sand related to erosion/loading by linked debris flow.
Characterisation of up-dip turbidite to down-dip debrite transformation zone.
Rugose upper contact of basal sand important for reservoir character.



