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Short Title — Intra-clinothem variability down slope profiles

ABSTRACT

Shelf-margin clinothem successions can archive processinteractions at the shelf to slope transition,and
theirarchitecture provides constraints on the interplay of factors that control basin-margin evolution.
However, detailed textural analysis and facies distributions from shelf to slope transitions remain poorly
documented. This study uses quantitative grain-size and sorting datafrom coeval shelf and slope
deposits of asingle clinothemthat crops out alonga 5 km long, dip-paralleltransect of the Eocene
Sobrarbe Deltaic Complex (Ainsa Basin, south-central Pyrenees, Spain). Systematicsampling of
sandstone beds tied to measured sections has captured vertical and basinward changesin sedimentary
texture and facies distributions at an intra-clinothem scale. Two types of hyperpycnal flow, related slope
deposits, bothrich in micaand terrestrial organic matter, are differentiated according to grainsize,
sortingand bed geometry: (i) sustained hyperpycnal flow deposits, which are physically linked to coarse

channelised sedimentsin the shelf settingand which deposit sand down the complete slope profile; (ii)
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episodichyperpycnal flow deposits, which are disconnected from, and incise into, shelf sands and which
are associated with sediment bypass of the proximal slope and coarse -grained sand deposition on the
medial and distal slope. Both types of hyperpycnites are interbedded with relatively homogenous,
organic-free and mica-free, well-sorted, very fine-grained sandstones, which are interpreted to be
remobilised from wave-dominated shelfenvironments; these wave-dominated deposits are found only
on the proximal and medial slope. Coarse-grained sediment bypass into the deeper-waterslope settings
istherefore dominated by episodic hyperpycnal flows, whilst sustained hyperpycnal flows and turbidity
currents remobilizing wave-dominated shelf deposits are responsible for the full range of grain-sizesin
the proximal and medial slope, thus facilitating clinoform progradation. This novel dataset highlights
previously undocumented intra-clinothem variability related to updip changesin the shelf process-
regime, which istherefore a key factor controlling downdip architecture and resulting sedimentary

texture.

INTRODUCTION

Clinothems typically form progradational basin margin successions (e.g. Gilbert, 1885; Rich, 1951;
Asquith, 1970; Mitchumet al., 1977; Pirmezetal., 1998; Adams & Schlager, 2000; Bhattacharya, 2006;
Patruno et al., 2015). Seismicreflection and well-log data have been used extensively to study
subsurface clinothem successions (e.g. Ross etal., 1995; Pinous et al., 2001; Donovan, 2003; Jennette et
al., 2003; Hadler-Jacobsen etal., 2005). However, outcrop examples of clinothems offera higher-
resolution record of stratigraphicand downslope clinothem evolution (e.g. Helland-Hansen, 1992;
Dreyeretal., 1999; Pyles & Slatt, 2007; Pontén & Plink-Bjérklund, 2009; Hubbard et al., 2010; Dixon et
al., 2012a; Jonesetal., 2013; Poyatos-Moré et al., 2019). Exhumed clinothem successions provide the
opportunity to document patterns of facies distribution and sedimentary texture. This information can
be usedto help constrain the interplay of controls on clinothem evolution (e.g. Mellere et al., 2002;
Plink-Bjorklund & Steel, 2003; Carvajal & Steel, 2006; Pyles & Slatt, 2007; Jones etal., 2015; Laugier &
Plink-Bjorklund, 2016). However, predicting facies distributions and sedimentary textures within
individual clinothems, both vertically and along depositional dip, remains challenging (Cosgroveetal.,
2018). In part, thisis due to the lack of detailed, quantitative grain size and sorting datasets recovered
from clinothem sequences, which has left down-clinothem changesin grainsize and sorting as poorly

constrained and largely unquantified parameters (Catuneanu et al., 2009).
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Prediction of sedimentary texture along a continuous clinothem depositional profile is further
complicated by changesinthe dominantshelf process-regime (cf. Dixon etal., 2012b; Laugier & Plink-
Bjorklund, 2016; Cosgrove et al., 2018). Process-regime affects how and when sediment of different
calibre and maturity is transferred downdip (Dixon et al., 2012b; Cosgrove et al., 2018). Sudden changes
inshelf process-regime can occur overintra-clinothem timescales (Taetal., 2002; Ainsworthetal.,

2008; Plink-Bjorklund, 2008; Carvajal & Steel, 2009; Vakarelov & Ainsworth, 2013; Jonesetal., 2015).
Despite this, mixed-energy clinothems systems are under-represented in the literature (see Ainsworth et
al., 2011; Olariu, 2014; Rossi & Steel, 2016) and clinothems are therefore commonly designated as being
end-membertypes (i.e. river-dominated, wave-dominated or tide-dominated, systems) (e.g. Dreyer et
al., 1999; Pink-Bjorklund etal., 2001; Plink-Bjorklund & Steel, 2002; Deibert et al., 2003; Crabaugh &
Steel, 2004; Plink-Bjorklund & Steel, 2004; Johannessen & Steel, 2005; Petter & Steel, 2006; Sylvester et
al., 2012). As such, the impact of mixed process-regime conditions on downslope sedimentary texture

remainsrelatively understudied (e.g. Cosgrove etal., 2019).

To improve understanding of process and textural variability within individual clinothem sequences, this
study focuses on the Sobrarbe Deltaic Complex, an outcrop example of well-constrained clinothems,
located inthe Eocene Ainsa Basin, south-central Pyrenees, Spain (Fig. 1). This systemisideal for studying
guantitative changesingrainsize and sorting at high spatial resolution, due to the presence of aseries
of well-exposed and accessible clinothem sequences, which can be directly correlated from coeval
fluvio-deltaicshelf to distal slope deposits (Dreyeretal., 1999). Thisinvestigation uses detailed facies
analysesand quantitative changes in grain size and sorting to address three overarching questions: (i)
how do changesin the dominantshelf process regime affect facies distribution within anindividual
clinothem sequence; (ii) how do changesin sedimentary texture (including grain size and sorting) vary
up-stratigraphy and along depositional dip; and (iii) can quantitative grain-size data be used toidentify
sediment bypass at the clinoform rollover? This outcrop-based study provides new insightsinto the
evolution of individual clinothems and may be used as a predictive reference for subsurface exploration

and basin evolution models.

GEOLOGICALSETTING

The Sobrarbe Deltaic Complex crops outinthe western part of the Eocene AinsaBasin, north-eastern
Spain (Fig. 1). The AinsaBasin inthe Upper Eocene isa piggyback basin, locatedin and on top of the

easternmost portion of the Gavarnie thrust-sheet-complex, and forms the central sector of the South
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Pyreneanforeland basin (Vergés & Mufioz, 1990; Mufioz, 1992; Fernandezetal.,2004). The AinsaBasin
isborderedtothe westbythe Jaca-PamplonaBasin and to the east by the Tremp-Graus Basin
(Puigdefabregas, 1975; Brunet, 1986). The western part of the basinis characterised by several fold
structuresthat were active during deposition: the Aiiisclo anticline to the north; the Pefia Montafiesa
thrustto the north-east; the Mediano anticline to the east; the Boltafia anticline to the west (Fig. 2;

Pobletetal.,1998; Dreyeretal., 1999; Fernandezetal., 2004; 2012).

The fill of the western Ainsa Basin is dominated by a ca 5 km thick succession of Upper Eocene
sediments. As part of these, the Sobrarbe Deltaic Complex (typically ca 800 m thick) comprisesthe
uppermost part of the San Vicente Formation (marly slope deposits and turbiditicsandstones), the
Sobrarbe Formation (shallow-marine deposits), and up to the middle part of Mondot Member of the
Escanilla Formation (alluvialred-bed succession) (Van Lunsen, 1970; DeFrederico, 1981; Dreyeret al.,
1993; Wadsworth, 1994). These deltaic successions accumulated overaperiod of ca 3 Myr duringthe

middle Lutetiantolower Bartonian, reaching a maximum thickness of ca 1 km (Mufoz et al., 1998).

The Sobrarbe Deltaic Complex comprises a series of well-exposed, ca 100 m thick clinothems, which
crop-outina >5 kmlongtransect, in an approximately dip-parallel orientation. These clinothems show
the transition from fluvio-deltaic deposits (Escanilla Formation) in the south to progressively deeper
shelf- and slope-deposits (Sobrarbe and San Vicente formations) inthe north (Dreyeretal., 1999).
Dreyeretal. (1999) subdivided the Sobrarbe Deltaic Complex into five composite sequences: the
Comaron, the Las Gorgas, the Barranco el Solano, the Buil and the Mondot Member of the Escanilla
Formation (Fig. 3). These composite sequences are separated by major unconformities, which represent

fluctuationsinrelative sea-level (Dreyeretal., 1999).

The composite sequences are inturn subdivided into ‘minorsequences’ (Dreyeretal., 1999), which
comprise sandstones unitsinterbedded with mudstones and marls. The minorsequences are described
as geneticsequences, bounded by transgressive surfaces (sensu Galloway, 1989). The first minor

sequence of the Las Gorgas composite sequenceis the specificfocus of this study (Fig. 3).

METHODS AND TERMINOLOGY

The term clinoformis used to describe sinusoidal basinward-dipping chronostratigraphicstratal
surfaces, whereas the term clinothemis used to describe the sedimentary packages that occur between

these surfaces (e.g. Gilbert, 1885; Rich, 1951; Mitchumet al., 1977; Pirmezetal., 1998; Patruno etal.,



113
114
115
116
117
118
119
120
121
122
123

124
125
126
127
128

129
130
131
132
133
134

135
136
137
138
139
140
141
142

2015). Clinothems are typically composed of three constituent parts: ageometricshelf (topset deposits;
updip, gently basinward dipping), ageometricslope (foreset deposits; central component, seaward -
dippingtypicallyat ca 1to 3°) and a geometric basin-floor (bottomset deposits; downdip, gently dipping)
(Gilbert, 1885; Steel & Olsen, 2002). The zone of the clinoformrollover denotes an area of gradient
increase andisthe site of the uppermost break-in-slope between the shelf and slope segments (Van
Wagoneret al., 1990; Pirmezetal., 1998; Plink-Bjorklund etal., 2001; Glgrstad-Clark et al., 2010,
Glgrstad-Clark etal., 2011; Anell & Midtkandal, 2015; Jonesetal., 2015). Clinothems develop at scales
ranging from subaerial delta clinothems (ca tens of metresin height), to basin-margin clinothems
(ranging from ca hundreds of metresto>1 km in height) (e.g. Pirmezetal., 1998; Steel & Olsen, 2002;
Helland-Hansen & Hampson 2009; Henriksen etal., 2009; Anell & Midtkandal, 2015; Patrunoet al.,
2015; Patruno & Helland Hansen, 2018).

The rock samples usedinthisinvestigation were acquired from the oldest clinothem of the Las Gorgas
composite sequence (Figs 2and 3), hereafterreferred to as Cycle LG-1 (Fig. 4), whichis continuously
exposed indepositional dip for ca 5 km and which reveals ashelf to slope transect. In Cycle LG-1, seven
sample locations were chosen along the continuous depositional profile to provide even down-dip

coverage of the shelfto slope transition (Fig. 4).

At each samplingsite, detailed sedimentary logs were collected, and between fourand seven rock
samples were recovered. In total, 36 samples were recovered from Cycle LG-1. The locations of the rock
samples were recorded usingahandheld GPS and photographed; georeferenced sample locations are
included inthe Supplementary Material. To ensure consistency and repeatability, and to avoid impact of
mudstone clasts, rock samples were recovered from ca 0.1 m above the base of each sandstone-

package.

Small blocks (ca 25 mmx 25 mm x 10 mm) were cut from each rock sample; samples werethen polished
and impregnated with epoxy resin, carbon-coated and placed on a scanning electron microscope (SEM)
mount using conductive coppertape. Photomicrographs of samples were taken usinga Tescan SEM
(Tescan, Brno—Kohoutovice, Czech Republic) at the University of Leeds Electron Microscopy and
Spectroscopy Centre. All SEM photomicrographs were taken in backscatter mode atasimilar contrastto
ensure comparability. The photomicrographs were imported into the image processing and analysis
program ImagelJ, which was used to identify grain boundaries and to calculate grain diameters (e.g.

Sumneretal., 2012). Measured grain-diameters ascertained from thin section, or photomicrographs, are



143
144
145
146
147

148
149
150
151
152
153

154

155
156
157
158

159

160
161
162
163
164

165

166
167
168
169

smallerthan the true maximum grain diameter (e.g. Chayes, 1950, Greenman, 1951; Kellerhalsetal.,
1975). However, due to the fully-lithified nature of the recovered rock-samples, photomicrograph
analysis was deemed to be the most effective grain-sizing methodology. The statistical analysis of all
Imagel results was completed using GRADISTAT computersoftware (Blott & Pye 2001), which enables

the rapid analysis of grain-size and sorting statistics (e.g. St-Onge et al., 2004; Gammon etal., 2017).

Extensive unmanned aerialvehicle (UAV) photography was collected. Using georeferenced photographs,
acquired usinga DJI Phantom 3, a photorealisticthree-dimensional outcrop model was constructed
usingthe photogrammetricsoftware Agisoft PhotoScan. The resulting model was analysed using the

LIME visualisation software (www.virtualoutcrop.com). UVA-footage has enabled the construction of a

high-resolution outcrop model, in which Cycle LG-1can be traced laterally and the samplinglocations

can be illustrated (Fig. 4).

CLINOTHEM GEOMETRY

The large-scale and well-exposed nature of the Sobrarbe Deltaic Complex allows the palaeo-bathymetric
position of the shelf, clinoform rollover and slope to be constrained (Fig. 4). Clinothem gradients, as
outlined below, are averaged from UAV digital outcrop models (Fig. 4), which represent compacted

stratigraphy.

Description

From Location 1 to 2, Cycle LG-1 has sub-horizontal geometry. From Location 2 to 3, thereisan increase
inaverage clinoform gradient, from sub-horizontal to ca 4°, associated withanincrease in clinothem
thickness (Fig. 4). From Location 3 to 4 there isan increase in average clinothem gradientto ca 8°. From
Location 4 to 6 there isa decrease inaverage clinothem gradientto ca 5 °. From Location 6 to 7, average

clinothem gradient decreasesto ca 2° (Fig. 4).

Interpretation

The relatively flat clinothem geometry observed from Location 1to 2 suggests ashelf (topset)
environment (e.g. Steel & Olsen, 2002; Patruno et al., 2015; Laugier & Plink-Bjorklund, 2016). The
prominentincrease in gradient from Location 2 to 3 is interpreted to define the zone of clinothem

rollover(e.g. Pirmezetal., 1998; Glgrstad-Clark etal., 2010; Anell & Midtkandal, 2015); thisis further
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supported by the prominent stratigraphicthickening (Fig4B; cf. Dixon etal.., 2012b). Thus, Locations 4
to 7, associated with a basinward-dipping profile, represent slope deposits (e.g. Van Wagoneretal.,
1990; Pirmezetal., 1998; Plink-Bjorklund et al., 2001; Glgrstad-Clark etal., 2010). The slopeisfurther
sub-divided into proximal, medial and distal locations, based on proximity to the clinoformrolloverand
slope gradient. The most steeply-dipping portion of the clinothem (represented by Location 4), is
therefore interpreted as the proximal slope; the medialslopeisrepresented by Locations 5 and 6, and is
associated with aminor gradient-decrease; the distal slope (represented by Location 7) is associated
with a furthergradient decrease (e.g. Steel & Olsen, 2002; Glgrstad-Clark etal., 2010; Anell &
Midtkandal, 2015). This clinoform geometry interpretationis supported by the distribution of facies, as

outlined below.

FACIES ASSOCIATIONS AND DISTRIBUTION

Five facies associations have been determined within Cycle LG-1, which are distinguishable by
differencesin sedimentary structure, bed-scalearchitecture, bed geometry and quantitative differences

in grain size and sorting.

Shelf Deposits

Facies Association A: fluvial channel-fill deposits

Description (see Table 1)

Facies Association A (FA A) is predominantly composed of fine-grained and medium-grained sandstone
(34% and 31%, respectively, Fig. 5A) with a mean grain size of 0.34 mm (medium-grained sand; Fig. 6A).
This FA has a large intra-facies grain-size variability, and can be locally very coarse-grained, althoughiitis
generally moderately well-sorted (1.50 6 mean sorting; Fig. 6B). Typically, grains are subangular to
rounded. FA Avariesfrom0.25 to 18.0 minthickness (Fig. 7), and has a highly discontinuous, lenticular
geometry (Fig. 8A). The base of FA Ais erosional, cuttingup to 0.5 m deepinto underlyingsiltstones (Fig.
8B). The base of FA Ais often associated with mudstone rip-up clasts. Facies Association A typically
shows a fining-upward trend and is bounded by flat to concave-up surfaces. Sedimentary structures
include planarand trough cross-stratification; rare asymmetrical current ripple cross-laminationiis
observed. Typically, cross-stratasets are 0.5 to 1.0 m thick, and dip uniformly; sets are bounded by flat

surfaces, which dipinthe same direction as the cross-beds (Fig. 8C). Sandstones can contain sub-
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rounded granules and pebbles (20to 50 mm insize) of extraformational origin concentrated at the base
of FA A, or parallel to stratification, which are dominantly quartz, with subordinate feldspar and lithic
clasts (Fig. 8D). Locally, plant matteris present as detritus. Disarticulated and fragmented bivalve shells
forma hash that is found as scour-fill. Facies Association A crops outin Locations 1 and 2,

stratigraphically thickening towards Location 2 (Figs 4 and 7).

Interpretation

The presence of lenticular sand bodies, bounded by basal erosion surfaces and containing decimetre -
scale cross-bedding with dominant unidirectional palaeocurrentsindicates a channel-fillenvironment for
FA A (Farrell, 1987; Collinson et al., 2006); the fluvial nature of the infill is further supported by the
presence of terrestrial plantfragments and detritus. The bivalve hashisinterpreted to be reworked
fromunderlying deposits. The planarand trough cross-stratified sedimentary structures record the
migration of dune-scale bedforms, and the occurrence of basal granules and pebblesindicates relative
high-energy conditions. The fining-upward trends suggest progressive flow velocity decrease during the
channelinfill (e.g. Williams & Rust, 1969; Bridge etal., 1986). The channel-fill interpretationis further

supported by the location of FA A withinthe geometric shelf-environment.

Facies Association B: delta top overbank deposits

Description (see Table 1)

Facies Association B(FAB) is predominantly composed of very fine and fine-grained sandstone (54% and
32%, respectively, Fig. 5B), and has a mean grain size of 0.10 mm (very fine-grained sand; Fig. 6A). This
FA ismoderately sorted (1.73 0 mean sorting; Fig. 6B), with subrounded grains. Bedsetsare 1to 2 m
thick, and composed of 0.05 to 0.1 m thick and relatively tabular sandstone beds, interbedded with thin
(0.05 to 0.2 m thickness) structureless siltstones ( Fig. 8E). The sandstone and siltstone units are found
interbedded with organic-rich mudstones (0.2to 1.0 m thick). Tabular sandstone beds have sharp bases
and are parallel-laminated (Fig. 8E), passing upward into very fine-grained ripple-bedded tops. Facies
Association B contains finely comminuted plant detritus. Facies Association B crops out only in Location

1 and thins towards Location 2 (Figs 4 and 7).

Interpretation
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Facies Association Bwas deposited by low velocity, unidirectional currents. The planarand current
ripple lamination and siltstone interbeds indicate changesinvelocity and sedimentload. The fine-
grained nature of FA B and the sharp bases of the sandstone elements may support an interpretation as
crevasse splay deposits (Ethridge etal., 1981; Gersib & McCabe, 1981; Bridge, 1984) or crevasse
subdeltas (Gugliottaetal., 2015). The presence of organic-rich mudstones interbedded with the
sandstone andsiltstone elements representalocal hiatusin crevasse splay deposition (e.g. Slingerland
& Smith, 2004). No definitive terrestrial indicators, such as rootlets or palaeosols are observed in FAB,
which may suggest that FAB represents subaqueous overbank deposition, perhapsin interdistributary
bay areas (e.g. Elliott, 1974). However, the topset deposits of underlying clinothem units (forexample,
Cycle 2 of the Comaron Composite Sequence, see Dreyeretal., 1999), contain reddened floodplain
palaeosols (Labourdette & Jones, 2007). A subaerial/subaqueous overbank interpretation is
strengthened by the location of FA Bwithin the geometricshelf-environment, suggesting alower delta-

plain environment.

Slope Deposits

Facies Association C: very fine-grained clean turbidites

Description (see Table 1)

Facies Association C(FA C) is predominantly composed of very fine-grained and fine-grained sandstone
(44% and 47%, respectively, Fig. 7C) and has a mean grain size of 0.12 mm (very fine-grained sand; Fig.
6A). This FAis moderately well sorted (1.51 0 mean sorting; Fig. 6B). Grains are rounded to well-rounded
and predominantly quartz. Facies Association Cvariesinthicknessfrom0.5to 10.0 m, and individual
bedsare 0.05 to 0.4 m thick with a tabularappearance (Fig. 9A). Typically, bed bases are flat (Fig. 9A),
although some are erosional, cuttingupto 0.2 m deepinto underlyingsiltstones. Typically, beds are
ungraded, with local weak normal grading. The dominant sedimentary structures are current-rippleand
plane-parallellamination. Facies Association Chas a ‘clean’ appearance, lacks observable plant detritus
or organic matter, andis mica-poor (Fig. 9A). The very fine-grained sandstone beds are interbedded with
bioclasticsandstone beds (0.5to 2.0 m thick) dominated by Nummulites (Fig. 9Bto D) (see Mateu-
Vicensetal., 2012). In Location 2 (Figs 4 and 7), bioclasticsandstones are dominantly structureless (Fig.
9B), butin Locations 3 to 6 (Figs4 and 7) they are normally graded (Fig. 9C); foraminiferaare also found
aligned paralleltointernal laminations (Fig. 9D). Basinward, the mean grain-size of FA Cvariesslightly

from 0.084 mm (veryfine-grained sand) in Location 2,to 0.10 mm (very fine-grained sand) in Location 6
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(Fig. 10A). Sorting shows an overall basinward decrease from 1.26 o (very well sorted)in Location 2, to
1.59 o (moderately well sorted) and 1.52 o (moderately well sorted) in Locations 5and 6, respectively
(Fig. 10B). Facies Association C crops out from Location 2 to Location 6 (Fig. 7), showing an overall
basinward-thinning. Facies Association C pinches outand terminates at Location 6, and shows no

obvious vertical stratigraphicthickening or thinning trend.

Interpretation

The presence of both flatand erosive bed bases and abundant traction structures (including plane-
parallel and current-ripple lamination) is consistent with deposition by turbiditycurrents (e.g. Lowe,
1982; Mutti etal., 2003; Hiscott etal., 1997; Plink-Bjorklund etal., 2001). The turbiditicnature of FACis
supported by its deposition onthe geometricslope. The significant basinward thinning of FA Csuggests
deposition by gradual aggradation from decelerating turbidity currents (Kneller, 1995). The normal
grading observedin FA Cisalso characteristicof waning turbidity currents (Bouma 1962, Walker 1967,
Lowe 1982, Middleton 1993, Kneller 1995), which are deposited from transient, surge-type turbidity
currents that progressively lose sediment carrying-capacity downslope (Lowe 1982, Hiscott 1994, Kneller
& Branney 1995). These turbidites would be expected to show a basinward-finingtrend (e.g. Lowe,
1982; Kneller, 1995; Mutti etal., 1999). However, the grain size of FA C shows minimal basinward
change (<0.016 mm) fromthe zone of the clinoformrollover (Location 2) to the medial slope (Location
6) (Fig. 10A); this almost constant grain-size profile may reflect the original narrow grain-size range
available forremobilisation and basinward transport. The ‘clean’ appearanceof FAC (i.e. its negligible
mica and terrestrial organic matter content), in combination with its high textural maturity(i.e. FACis
very fine-grained, well-sorted, well-rounded and quartz-rich) suggests sediment remobilisation from a
wave-dominated shallow marine shelf deposit (e.g. Cosgrove et al., 2018). Thisis supported by the direct
correlation of outershelfto shelf-edge (Location 2) structureless foraminifera-bearing bioclastic
sandstones with normally-graded bioclasticsandstonesin the proximal and medialslope (Locations 3 to
6) (Figs4 and 7). The structureless bioclasticsandstones represent in situ wave-dominated shallow-
marine shelf deposits (Mateu-Vicens et al., 2012) and their basinward-equivalent, normally-graded
bioclasticsandstones suggest the reworking and basinward transport of foraminifera-rich sands from

the contemporaneousshelf.

Facies Association D: fine-grained micaceous turbidites

Description (see Table 1)
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Facies Association D (FA D) is predominantly composed of very fine -grained and fine-grained sandstone
(45% and 43%, respectively, Fig. 5D) with a mean grain size of 0.12 mm (very fine-grained sand; Fig. 6A).
This FA ismoderately wellsorted (1.500 mean sorting; Fig. 6B). Facies Association Dvariesin thickness
from 1.75 to 10.0 m (Fig. 7); individual beds are typically 0.4 to 2.5 m thick (Fig. 11A) and interbedded
with 0.25 m thick siltstone beds (Fig. 11B). Typically, the base of FADis erosional and contains abundant
rip-up clasts (Fig. 11C). The FA D deposits typically thin and fine upward. Beds show normal, inverse and
inverse to normal grading, and can be structureless, but most commonly display traction structures,
including plane-parallel and current-ripple lamination (Fig. 11D). Facies Association D has a ‘dirty’
appearance, i.e.ithasa high observable mica-content and contains finely comminuted plant detritus.
Basinward, grain size shows a prominent fining trend, with mean grain diameterdecreasingfrom 0.34
mm (medium-grained sand; Location 2) t0 0.10 mm (very fine-grained sand; Location 7) (Fig. 10A).
Sorting shows an overall downdip decreasefrom 1.35 o (well-sorted; Location 2) to 1.5 o (moderately
well sorted; Location 7) (Fig. 10B). Facies Association D crops out from Location 2 to Location 7 (Figs 4
and 7). At Location 2, FA D can be correlated updip to the fluvial channel-fill associated with FA A. Facies
Association Dshows a marked basinward thinning trend (Fig. 7) and is commonly interbedded with FAC

throughout the study area. Stratigraphically, FA D tends to thicke n up-section.

Interpretation

The erosive bases of FA D, with aligned mudstone clasts and abundance of traction structures (including
plane-paralleland current-ripple laminations) support an interpretation of deposition by turbidity
currents (e.g. Lowe, 1982; Mutti etal., 2003; Hiscottetal., 1997; Plink-Bjorklund etal., 2001). The
turbiditicnature of FAD is supported by its deposition on the geometricslope. The thick beds (upto 2.5
m) with traction structures are indicative of deposition from sustained turbidity currents, through
gradual aggradation (Kneller, 1995). The significant thickness of individual turbidites may be indicative of
depositionviahyperpycnal flows (e.g. Piper & Savoye, 1993; Mulderetal., 1998; Kneller & Buckee;
2000, Mulder & Alexander; 2001; Plink-Bjorklund & Steel; 2004), as river discharge can be sustained ata
quasi-constant rate for hours, days or weeks (e.g. Wright et al., 1986; Hay, 1987; Prioret al., 1987;
Wrightet al., 1988; Nemec, 1990; Wrightet al., 1990; Chikita, 1990; Zengetal., 1991; Mulderetal.,
1998; Piperetal., 1999). However, bed thickness cannot be used as a diagnosticcriterion alone, as
sustained flows can be triggered by various other mechanisms than river discharge (including volcanic

eruptions, seismicactivity and storm surges).
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The physical connection from fluvial channel-fill (FA A) into slope deposits (FA D) suggests that the fluvial
feedersystem was directly depositing sediment onto the slope (e.g. Steeletal., 2000; Plink-Bjorklund et
al., 2001; Plink-Bjorklund & Steel, 2002; Mellere et al., 2002; Plink-Bjorklund & Steel, 2004); this
supportsan interpretation of river-discharge-generated hyperpycnal flows that deposited their

sedimentload across the proximal to distal slope.

The presence of high amounts of plant debris and mica within FA D also supports a direct linkage
between the fluvial and marine depositional environment (e.g. Mulder et al., 2003; Mutti et al., 2003;
Plink-Bjorklund & Steel, 2004; Lamb et al., 2008; Zavala & Arcuri, 2016). Terrestrial organic matterand
high concentrations of micaare widely used asindicators of hyperpycnal flows (e.g. Normark & Piper,
1991; Mulder & Syvitski, 1995; Mulder et al., 2003; Plink-Bjorklund & Steel, 2004; Zavalaet al., 2011,
2012; Hodgson et al., 2018), associated with sustained river-derived flows during periods of high river

discharge.

The basinward thinning and fining of FA Dalso supports deposition via hyperpycnal flows. As discussed
in Plink-Bjorklund & Steel (2004), following flood termination coarser grain-size fractions are
progressively depositedin alandward direction, and finer grain-size fractions are progressively

depositedinabasinward direction, as flow velocity and sediment concentration decrease.

Repeated transitions between inverse and normal grading at intra-bed-scale, suggests the presence of
accelerating (waxing) and decelerating (waning) flow regimes (cf. Kneller, 1995). As hyperpycnal flow
beds are suggested torecord variationsin the flood hydrograph (e.g. Mulder & Alexander, 2001), the
waxing episode of river-mouth discharge deposits aninversely graded division and a waning episode
deposits anormally graded division, although these trends will not be present across an entire deposit
(Mulderetal., 2001). However, inverse and normal grading at bed-scale may also reflect autogenic
process, such as fluctuationsin plunge-point position, which shred river discharge signals (Lamb etal.,

2008, 2010).

Facies Association E: medium-grained, deformed turbidites

Description (see Table 1)

Facies Association E(FAE) is predominantly composed of medium-grained and coarse-grained

sandstone (33% and 31%, respectively, Fig. 5E) and has a mean grain size of 0.39 mm (medium-grained
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sand; Fig. 6A). This FA is moderately well-sorted (1.43 0 mean sorting; Fig. 6B). Facies Association E
variesinthickness from 0.5 to 10.0 m; individualbeds are 0.5 to 6.0 m thick (Fig. 12A). Bed-bases are
commonly sharp and flat. However, erosional bed-bases are observed, cuttingup to 0.3 m deepinto
underlyingsiltstone deposits; these surfaces are overlain directly by beds containing mudstone rip-up
clasts. Beds show normal and inverse grading or may be ungraded. Facies Association Ealso shows
extensive foldingand ‘ball and pillow’ structures (Fig. 12Band C). Where deformationislessintense
primary sedimentary structures are preserved including trough cross-stratification (Fig. 12D), parallel
and ripple lamination and abundantinternalamalgamation surfaces. Facies Association A hasa ‘dirty’
appearance, and contains abundant finely comminuted plant detritus and is highly micaceous. Facies
Association E exhibits abasinward coarsening trend from Locations 3to 6 (Fig. 10A), where grain size
increases from 0.33 mm (medium-grained sand) to 0.45 mm (medium grained sand); at Location 7,
grain-size decreases to 0.31 (medium-grained sand). The basinward sorting trend of FA E across the
sampled profileshows aninitial increase from 1.5 0 (moderately well-sorted) to 1.3 o (well-sorted) at
Locations 3 and 4, respectively, and then decreasesto 1.44 o (moderately well-sorted) in Locations 6
and 7 (Fig. 10b). FA E crops out from Locations 2 to 7 (Figs 4 and 7) and can eitherthininabasinward
direction orremain at approximately the same thickness (Fig. 7). At Location 2, FAE cuts into and
truncates FA A. Facies Association Eisinterbedded with FA Cand FA D throughout the study area; FAE

becomes thickerand more common up-section.

Interpretation

Erosional bases with aligned mudstoneclasts, and the abundance of traction structures (including plane-
parallel and ripple lamination) suggest deposition via turbidity currents (e.g. Lowe, 1982; Mutti et al.,
2003; Hiscottet al., 1997; Plink-Bjorklund etal., 2001). The turbiditicnature of FAE issupported by its
deposition onthe geometricslope. The unidirectional cross-stratification suggests that current velocities
were relatively high (Plink-Bjorklund etal., 2001). Trough cross-stratification is associated with migration
of 3D dunes (Plink-Bjérklund etal., 2001; Stevenson etal., 2015; Hodgson etal., 2018). Similarto FA D,
the significant thickness of individual turbidites (up to 6 m thick) may be indicative of deposition via
hyperpycnal flows (e.g. Piper & Savoye, 1993; Mulderetal., 1998; Kneller & Buckee, 2000; Mulder &
Alexander, 2001; Plink-Bjorklund & Steel, 2004; Tinterri, 2007). The presence of abundant terrestrial
organic matter and high concentrations of mica might also supportthe interpretation of these deposits
as hyperpycnites (e.g. Normark & Piper, 1991; Mulder & Syvitski, 1995; Mulderetal., 2003; Plink-

Bjorklund & Steel, 2004; Zavalaet al., 2011, 2012). Facies Association Eshows repeated transitions
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betweeninverse and normal grading at bed-scale (similarly to FA D, see above), suggesting the presence

of accelerating (waxing)and decelerating (waning) flow regimes (cf. Kneller, 1995).

The folds and extensive contorted units indicate slope-induced deformation orslumping. The rapid
deposition of sediment associated with hyperpycnal flows can lead to liquefaction processes, resultingin

softsedimentdeformation (e.g. Pontén & Plink-Bjorklund 2009; Plink-Bjorklund & Steel, 2004).

Unlike FAD, FAE deposits cannot be directly correlated updip to coeval fluvial channel -fill deposits (FA
A), as FA E deposits startin the clinoform rollover zone (Location 2) and erodesinto underlying fluvial
channelized facies (FA A) (Fig. 7). This suggests strong bypass of the contemporaneous shelf and the
active erosion and entrainment of underlying deposits, which may correspond with individual surgesin
riverdischarge (e.g. Talling, 2014). Additionally, the overallbasinward-coarsening trend and general lack
of obvious thinning suggests significant proximal bypass, flow acceleration (cf. Knelleretal., 1995), and
preferential sedimentdepositioninthe medial and distal slope setting. The erosive nature of FAE and
significant shelf-edge bypass suggests that flow velocity of FA E may have been higher, relative to FAD
and supports a more catastrophicinput of sedimentassociated with majorriver flooding events, rather

than the sustained hyperpycnal flows associated with FA D.

Facies F: basinal mudstones

Description (see Table 1)

Facies Association F (FAF) isveryfine-tofine-grained moderately sorted siltstone and varies
significantly in thickness (0.5m to 14.0 m). Typically, FA Fis structureless or parallel-laminated, with 1to
2 mm thick laminae. Bioturbationis highly variablein FAF (Bl O to 4; see bioturbation index of Taylor &
Goldring, 1993), but most commonly low (Bl 1). Horizontal and vertical burrows are observed (60 mm
long; 10 to 40 mm diameter). Facies Association F crops out across the complete depositional profile

from Locations 1 to 7 (Figs 4 and 7) and becomesthickerin abasinward direction.

Interpretation

Facies Association Fisinterpreted to be the background sediment, accumulated mainly as a product of

waning downslope-decelerating dilute turbidity currents (Kneller, 1995).

PROCESS-REGIME VARIABILITY



401
402
403
404
405
406
407

408

409
410
411
412
413
414
415
416
417
418

419

420

421
422
423
424
425

426
427
428

15

The distribution of slope facies within Cycle LG-1shows the stratigraphicalternation between FAC, FAD
and FAE. The sedimentary texture and structure of FA D and FAE suggest deposition underriver-
dominated shelfconditions. Thisis consistent with the interpretation of Dreyeretal. (1999) who
interpreted the Sobrarbe Deltaic Complex overall to record ariver-dominated system. However, the
‘clean’ and texturally mature nature of FA Cis suggestive of awave-dominated shelf process-regime. As
such, this new dataset documents intra-clinothem process-regimevariability, in which river-dominated

conditions are episodically punctuated by wave-dominated conditions.

DOWNDIP CHANGES IN GRAIN SIZE AND SORTING

Grain size and sorting have been averaged foreach sampling location toillustrate basin-scale changesin
grain character (Figs 13 and 14). The grain-size variability in Cycle LG-1isshownin Figs 13 and 14A. From
Locations 1 to 3, thereisa decrease in mean grain size from 0.46 mm (medium-grained sand; Location 1)
to 0.21 mm (fine-grained sand; Location 3; Fig 14A). Location 1 has the highestinter-quartile grain-size
variability (Fig. 14A). From Locations 4 to 7, mean grain size varies between sampling locations; mean
grain-size is 0.25 mm (medium-grained sand), 0.10 mm (very fine-grained sand), 0.21 mm (fine-grained
sand) and 0.18 mm (fine-grained sand) in Locations 4, 5, 6 and 7, respectively (Fig. 14A). The variationin
sortingisillustrated by the box and whisker plotsin Fig. 14B; it has a limited range from 1.4 (well-sorted,
Location 1) to 1.58 (moderately well-sorted, Location 4), with aweak overall basinward decrease in

sorting (Fig. 14B).

DISCUSSION

Mixed-process clinothem evolution

All clinothems within the Sobrarbe Deltaic Complex, including Cycle LG-1, have been previously
interpretedto be ‘river-dominated’ (see Dreyeretal., 1999). However, detailed analysis of facies reveals
a more complicated stratigraphicevolution of process-regime at anintra-clinothemscale. Changesin
shelf process-regime resultin prominentinternal variability in sedimentary texture and structure across

the complete depositional profile.

The documented process-regime change between river-dominated and wave-dominated affects the
downdip geometricdistribution of sedimentary bodies; in this case, sedimentary packages associated

with a river-dominated process-regime (FA Dand FAE), are distributed across the complete sampled
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profile, from the shelf (topset) to the distal slope (foreset). In contrast, sand-dominated sedimentary
packages associated with awave-dominated process-regime (FA C), are deposited only in the proximal
and medial slope environments. As such, distal slope deposits show prominent stratigraphicvariabilityin
grain-size; sand-rich packages are interbedded with >10 m silt-rich deposits. The termination, and
downlap, of the wave-dominated, sand-facies on the medial slope resultsin the coeval deposition of silt
inthe lowerslope setting. As such, only silt-grade sediment fractions are transported into the distal
slope setting underawave-dominated process-regime; intra-clinothem variability in shelf process-
regime thus directly influences the architecture and sand-content of downdip deposits. The maximum
basinward extent of FA Con the medial slope may reflect the maximum down-slope distance at which
turbidity currents associated with coeval wave-dominated process regimes can transport their sand-
fraction and illustrates their attenuated coarse-grained sediment transport capacity relative to turbidity

currents associated with ariver-dominated shelf.

Many clinothem systems are designated as being river-dominated, wave-dominated or tide-dominated
(e.g. Dreyeretal., 1999; Pink-Bjorklund etal., 2001; Plink-Bjorklund & Steel, 2002; Deibert etal., 2003;
Crabaugh & Steel, 2004; Plink-Bjorklund & Steel, 2004; Johannessen & Steel, 2005; Petter & Steel, 2006;
Sylvesteretal., 2012; Ryan et al., 2015). The use of end-member descriptors (i.e. river-dominated, wave-
dominated ortide-dominated) has led to the under-recognition of mixed-energy clinothem systemsin
the ancientrecord (see Ainsworth etal., 2011; Olariu, 2014; Rossi & Steel, 2016). As such, relatively few
ancientclinothems have beeninterpreted to document spatial and temporal variability in shelf (topset)
process-regime (e.g. Taetal., 2002; Ainsworth etal., 2008; Plink-Bjorklund, 2008; Carvajal & Steel, 2009;
Vakarelov & Ainsworth, 2013; Jones etal., 2015; Gomis-Cartesio etal., 2017). Assigninga clinothem with
a dominant shelf (topset) process-regime is also associated with discrete sedimentary processes and
facies associations, which are used toinform archetypal river-dominated, wave-dominated ortide-
dominated clinothem models (e.g. Elliott, 1986; Bhattacharya & Walker, 1992; Dalrymple, 1992; Walker
& Plint, 1992). A traditional model of a prograding river-dominated clinothemis associated with a
broadly coarsening-upward grain-size trends in shelf, slope and basin-floor deposits (Bhattacharya &
Walker, 1992; Steel etal., 2008; Carvajal & Steel, 2009; Dixon etal., 2012b). However, as itis clearly
documented inthis case, applying an end-member shelf process-regime classification system to
clinothem classification systems fails to adequately account for internal vertical and downdip variability
insedimentary texture associated with variability in topset process-regime conditions. This study

highlights the internal textural variability of an individual clinothem, using detailed grain
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characterisation, with potential implications for future studies of basin-margin successions. An
additional factorto consideris lateral variability in shelf process regime, which will influence the along -
strike distribution of facies and theirassociated grain characterand stratigraphicthicknesses on the

clinothemslope.

Sediment bypass at the clinoform rollover

In Cycle LG-1, the clinothem rollover (Locations 2 and 3) marks a prominent zone of grain-sizefining (Figs
13 and 14A). Beyond the clinoformrollover zone, there is a basinward coarsening trend (Location 4),
suggesting the presence of strongly bypassing flows across the shelf-edge. However, the bypass of
coarse-grained sediment varies prominently between facies, accordingto: (i) the dominant process-

regime in operation atthe coeval shelf; and (ii) the hyperpycnal flow-style.

Turbidite beds of FA C (associated with wave-dominated shelf process-regime conditions), do not bypass
coarse-grained sand downdip (Fig. 10A);in FA C grain size does notvary significantly at the clinoform
rolloveroralongthe depositional profile. The uniformity in grain size observedin FA Cacross the
depositional profilereflects the well-sorted sediment source, possibly associated with previous
reworking and winnowing processes at the shelf-edge under wave-dominated conditions (e.g. Royetal.,

1994; Bowman & Johnson, 2014; Cosgrove etal., 2018).

Although FA D and FAE are both associated with river-dominated shelf process-regimes, sediment
bypass styles beyond the clinoform rollover vary between the two facies. Thisis attributed to their
variable flow-styles. FA D (interpreted to represent sustained hyperpycnal flows) shows ageneral fining
trend beyond the clinoform rollover and does not bypass large volumes of coarse-grained sand into the
distal slope setting. The calibre of sand available at the river-mouth s likely to be adominant factor
controlling grain-size uniformity in FA D. Additionally, the lack of shelf incision associated with FAD
indicates alow erosion and entrainment capacity, which attenuates the ability of sustained hyperpycnal
flow deposits toincorporate coarser-grained sand-fractions from underlying deposits. In contrast, FA E
bypassesthe shelf settingand deposits coarse-grained sand in the medial and distal slope setting. The
high-energy nature of the episodic hyperpycnal flows of FA E promotes bypass of the shelf and cli noform
rollover(e.g. Petter & Steel, 2006), associated with erosion and entrainment of coarser-grained sand
fromunderlying shelf deposits; thisis evidenced by the incision of FA E into the underlying shelf deposits

of FAA. InFA E, deposition of the coarsest sediment fractions occurs on the proximal and medial slope;
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at the distal slope there isadecrease in mean grainsize, associated with slope-gradient decreaseand

consequent flow deceleration (Figs 8and 15).

In additiontoinfluencing grain size across the depositional profile, the hyperpycnal flow type also
influences the stratigraphicthicknesses of the resulting deposits. Episodic hyperpycnal flow deposits (FA
E) are generally thicker, relativeto their sustained hyperpycnal flow counterparts (FA D); this potentially
implies that episodichyperpycnal flows, associated with major flooding events, are able to transportand
deposit highersedimentvolumes relative to sustained hyperpycnal flows. However, this might seem
counter-intuitive, as sustained hyperpycnal flows are likely to last longerand should thus resultin
greater stratigraphicbed-thicknesses compared to episodic hyperpycnal flows (e.g. Piper & Savoye;
1993; Mulderet al., 1998; Kneller & Buckee, 2000; Mulder & Alexander, 2001; Plink-Bjorklund & Steel,
2004). However, the relative thickness of FA E (episodic) relativeto FA D (sustained) may be localised
and representan artefact of samplingalonga 2D depositional profile. Additionally, this may imply that
some of the sedimentvolumeassociated with FA Dis bypassed further downslope into the basin -floor

environment, which does not crop-outin thislocality (Fig. 15).

Allogenic and autogenic process regime variability

Intra-clinothem process-regime variability may be driven by allogenicor autogenicforcings (e.g. Muto &
Steel, 1997; Muto & Steel, 2014; Olariu, 2014). The duration of each cycle within the Sobrarbe Deltaic
Complexisonthe orderof hundreds of thousands of years (Dreyeretal., 1999); as such within Cycle LG-
1, intra-clinothem process regime variability occurred overtimescales of tens of thousands of years.
Allogenicvariability, associated with small-scale relative sea-level variations, may account for the
observed process-regime change in Cycle LG-1; this possibilityis supported by the interpretations of
Dreyeretal. (1999), who attribute intra-clinothem unconformitiesin the underlying Comaron composite
sequences to high-frequency episodes of forced regression, associated with repeated small-scale
tectonictilting of the basin-floor. Variations in sediment supply rate provide an alternative allogenic
cause of intra-clinothem process regime change. The river-dominated facies (FA D and FA E) may
potentially be the result of climatically-activated river floods; as such, periods of heightened
precipitation would have resulted in enhanced physical and chemical weathering, associated with
increased terrestrial run-off (Schmitz, 1987; Peterson, et al., 2000). In contrast, wave-dominated facies
(FAC) would be associated with periods of reduced sediment influx, associated with rel atively drier

climaticconditions. Variations in Eocene orbital cyclicity, related to the precessional (ca 25 kyr period
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519 cycles)influence on precipitation patterns (e.g. Berger, 1978; Kutzbach & Otto-Bliesner, 1982), provide
520 anotherpotential allogenic mechanism of regulating sediment transport overthe timescales observedin

521  Cycle LG-1 (cf. Middle Eocene, Ainsa Basin; Cantalejo & Pickering, 2014).

522  Alternatively, autogenic processes such as river-channelavulsion, canresultinatransient along-strike
523  shut-down of the direct connectivity between the river-dominated shelf and deep-water system.

524  Immediately downdip of the deltalobe switchingand abandonment, atemporary shift to wave -

525 dominated conditions atthe shelf-edge may occur. The case for an autogeniccause of process regime
526  variabilityisstrengthened by the apparent rapidity (10to 20 kyr) at which alternatingriver-dominated
527  and wave-dominated conditions are recorded in the stratigraphicrecord (e.g. Amorosi & Milli, 2001;

528  Amorosietal., 2003; 2005; Correggiari etal., 2005; Olariu, 2014).

529  Both allogenicand autogenicdrivers of process regime change are plausiblefor Cycle LG-1and are
530 difficulttodistinguishinthe absence of additional strike-parallelexposure. However, based on the
531  abruptintra-clinothemfacies changes, and the localised preservation of wave-dominated facies (i.e.
532 wave-dominated conditions are not documented atintra-clinothem scales in other minorsequences;
533  Dreyeretal., 1999), autogenicriver-avulsionisthe favoured mechanism of intra-clinothem process

534  regime variabilityin this case.

535 CONCLUSIONS

536  Thisstudyintegrates quantitative analysis of grain size and sorting with atraditional outcrop-based
537  study of a single topset-to-bottomset clinothem within the Las Gorgas composite sequence of the

538  Eocene Sobrarbe DeltaicComplex. Inthe oldest clinothem of the Las Gorgas composite sequence

539 (named here Cycle LG-1), five sandstone-dominated facies have beenidentified, based on sedimentary
540  texture andstructure, and bed geometry. The sandstone-dominated facies associations show

541  quantitative differencesingrainsize and sorting. Slope deposits are dominated by organic-rich and

542  micaceous hyperpycnal flow deposits (Facies Association Dand Facies Association E); these are

543  associated with coeval river-dominated topset deposits (Facies Association A and Facies Association B).
544  Two depositional styles are observedin FADand FA E, related tothe nature of the hyperpycnal flooding
545  events:sustained (FA D), versus episodic (FA E). Sustained hyperpycnal flow deposits show direct river
546  connectivity between the outer-shelfand proximal slopeand resultinthe deposition of fine-grained

547  sand acrossthe complete depositional profile. Episodic hyperpycnal flows mostly bypass the clinoform
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rolloverandincise underlying shelf deposits; deposition of medium-grained and coarse-grained sand
occurs mostly on the proximal to distal slope. Episodicflows are interpreted to have higherfluxrates,
and ultimately may transport more sedimentinto distal slope settings than lower flux rate sustained

flows of longer duration.

Hyperpycnal-flow deposits are interbedded with much cleaner (terrestrial organic matter-poorand
mica-poor), finer-grained turbidites (FA C), which do not show characteristics consistent with their
hyperpycnal counterparts. The clean and relatively fine-grained nature of FA Csuggests strong
reworking ordeposition underawave-dominated process regime, under which clean shelf-edge sands
are remobilised as turbidity currents. The wave-dominated regime deposits are entirely absent from the
distal slope. The facies distributions documented in Cycle LG-1are therefore the result of rapid temporal
changesinthe dominant processregime, occurring overtimescales of tens of thousands of years; these
transitions are interpreted to be the result of autogenicvariability atanintra-clinothemsscale, and

mostly associated with river-avulsion processes.

Quantitatively-documented basinward changesin grain size, alongside facies distributions, indi catethat
coarse-grained sediment bypass at the clinoformrollover varies according to both the dominant
process-regime in operation at the shelf-edge (i.e. wave-dominated versus river-dominated) and the
flow-style of river-dominated deposits (i.e. sustained versus episodic hyperpycnal flows). In Cycle LG-1,
bypassintothe deeper-watersettingis driven by episodichyperpycnal flows; sustained hyperpycnal
flows and turbidity currents associated with awave-dominated shelfdo not bypass coarse-grained
sedimentdowndip. Instead, all grain sizes are deposited across the slope setting, facilitating clinoform
progradation. As such, heterogeneityin grainsize is documented not only ata process-regime scale, but

variability in coarse-grained sand bypass can be introduced based on the dominant flow-style.

This study appliesintegrated quantitative grain size and sorting dataand sedimentology in order
understand the evolution of anindividual clinothem sequence. This novel dataset highlights hitherto
undocumented intra-clinothem variability, which is directly related to changesin the shelf process-
regime. Updip shelf process-regime is afundamental factor controlling downdip architecture and
sedimentary texture. The outcrop example from Cycle LG-1, also highlights the complexity and
heterogeneity of different flow-types, such that flows associated with sustained and episodic

hyperpycnal flows also modulate the distribution, calibre and maturity of sediment transported
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downdip.This novel outcrop-based study of grain character may be used as a predictive reference for

subsurface exploration and provides new insights into the evolution of individual clinothem sequences.
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TABLE AND FIGURE CAPTIONS

Table Captions

Table 1: Descriptions and interpretations of shelf and slope facies associations (Facies Association Ato

Facies Association F).

Figure Captions

1. Map showingthe location of the Ainsa Basin and the key neighbouring structural features,
within the geological setting of the northern-Spanish South Pyrenean Foreland Basin. The
dashed box shownin white, located in the Ainsa Basin, illustrates the area of study within the
Sobrarbe Deltaic Complex. Line X—X'indicates the location of the approximately dip-parallel

outcrop transect sampledinthisinvestigation. Adapted from Dreyer et al. (1999).

2. Simplified geological map of the study area. Line X—X' shows the location of Las Gorgas Cycle 1
(Cycle LG-1), whichisthe dip-parallel outcrop transect sampled in this investigation. Line A—A'

shows a regional dip-parallel cross-section as shownin Fig. 3.

3. Regional cross-section showingthe Sobrarbe DeltaicComplexstratigraphy (Line A-A'; Fig. 2).
The Sobrarbe Deltaic Complexis comprised of the uppermost part of the San Vicente Formation,
the Sobrarbe Formation and up to the middle part of Mondot Member of the Escanilla
Formation. The Sobrarbe Formation comprises several composite sequences: Comaron, Las
Gorgas, Baranco el Solano and Buil. Highlighted in the burgundy box isline X—X'(see Fig. 4),
whichisthe study site of this investigation (Cycle LG-1). A simplified facies distributionis

overlain. Adapted from Dreyer et al. (1999).

4. (A)Outcrop model constructed from unmanned aerial vehicle (UAV) photographs showing the
study site (line X—X'in Fig. 3); the upperand lower bounding surfaces of Cycle LG-1are
highlighted in yellow. The sedimentary loglocations and sampling transects are highlighted in

blue and are numbered. (B) Total logthickness at each logging and samplinglocation.

5. Piecharts illustrating differences in grain-size composition between Facies Ato E. Sample
numbersforeach faciesare shownin Fig. 6A. Facies A = fluvial channel-fill deposits; Facies B=
deltatop overbank deposits; Facies C=very fine-grained clean turbidites; Facies D= fine-grained

micaceous turbidites; Facies E= medium-grained, deformed turbidites.
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6.

10.

11.

Grain size and sorting for Facies Ato E. (A) Box and whisker plotillustrating differencesin grain
size between Facies Ato E. (B) Box and whisker plotillustrating differencesin sorting between
Facies Ato E. Sample numbers foreach facies are shown are inshownin (A). Facies A = fluvial

channel-fill deposits; Facies B = deltatop overbank deposits; Facies C=very fine-grained clean
turbidites; Facies D= fine-grained micaceous turbidites; Facies E= medium-grained, deformed

turbidites.

Sedimentary logs showing stratigraphicand dip-parallelfacies distributions in Cycle LG-1. The
inset shows an enlarged grain-size scale: c=clay; s =silt; vf = very fine-grained sand; f = fine-
grained sand; m = medium-grained sand; c= coarse-grained sand; vc = very coarse-grained sand;

g = gravel; b= boulders.

Representative facies photographs. (A) Lenticular sand-body geometry (Facies Association A—
FA A). (B) Close-up of channel-fill within lenticular sand-body (FA A). (C) Trough cross-bedding
with uniformly dipping foresets (FA A); 0.32 m hammerfor scale. (D) Sub-rounded granules and
pebbles of extraformational origin aligned parallel to stratification (FA A); marks on Jacob’s Staff
denote 10 cm intervals. (E) Tabularsandstone beds, interbedded with structureless silt (Facies

Association B—FA B).

Representative facies photographs (Facies Association C—FA C). (A) Tabularbeds of plane-
parallel laminated, very fine-grained, quartz-rich, clean sandstone. (B) Structureless
Foraminifera-dominated bioclasticsandstone (found in Location 2; see Figs 4 and 7); lens cap for
scale. (C) Normally graded Foraminifera-dominated bioclasticsandstone (found in Locations 3to
6; see Figs4 and 7); arrow indicates fining direction. (D) Foraminifera aligned parallelto

laminations (foundin Locations 3to 6; see Figs4 and 7); 50 mm diameterlens cap forscale.

Basinward trendsin grainsize and sorting for Facies Ato E of Cycle LG-1. Samplinglocations are

illustrated in the numbered boxes. Sample numbers for each facies are shownin Fig. 6A.

Representative facies photographs (Facies Association D— FA D). (A) 0.75 to 1.5 m thick fine-
grained sandstone beds, note the micaceous appearance; hammerforscale. (B) 0.5 m thick beds
of Facies Association E— FAE, interbedded with 0.25 m thick siltstone beds. (C) Concave upward
bed-base with aligned mudstone rip-up clasts; lens cap for scale (50 mm diameter). D) Plane-

parallel laminated sandstone.
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12.

13.

14.

15.

Representative facies photographs (Facies Association E—FA E). (A) 4 m thick medium-grained
sandstone bed, with erosive base cuttinginto underlying deposits; humanforscale,ca 1.8 m
tall. (B) Contorted units; 1.5 m Jacob’s Staff forscale. (C) Ball and pillow deformation structures;
marks on Jacob’s Staff denote 10 cm intervals. (D) Trough cross-stratification; 0.2 m notebook

for scale.

Grain-size cumulative frequency plot showing basinward changesin grain size at each sampling

location.

Basinward trendsin grain-size and sorting data. (A) Box and whisker plots showing basinward
changesingrain size at each samplinglocation. (B) Box and whisker plots showing basinward

changesinsortingat each samplinglocation.

Clinothem model based on Cycle LG-1, including schematicgrain-size logs; both grain size and
the distribution of sand and mud vary downdip and through the stratigraphy at an intra-
clinothemscale. Variability occurs according processes operatingin the shelf, including the
dominant process-regimein operation atthe shelf-edge (interpreted to relate to autogenicriver
avulsion), and the flow style (i.e. sustained versus episodic hyperpycnal flows). Inferred bypass
of the sustained hyperpycnal flows (Facies Association D— FA D) further downslopeinto the

deep-water (basin-floor) environmentisalsoillustrated.
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