UNIVERSITY OF LEEDS

This is a repository copy of Syndepositional tectonics and mass-transport deposits control
channelized, bathymetrically complex deep-water systems (Ainsa depocenter, Spain).

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/158558/

Version: Accepted Version

Article:

Tek, DE, Poyatos-Moré, M, Patacci, M et al. (4 more authors) (2020) Syndepositional
tectonics and mass-transport deposits control channelized, bathymetrically complex deep-
water systems (Ainsa depocenter, Spain). Journal of Sedimentary Research, 90 (7). pp.
729-762. ISSN 1527-1404

https://doi.org/10.2110/jsr.2020.38

© 2020, SEPM (Society for Sedimentary Geology). This is an author produced version of
an article published in Journal of Sedimentary Research. Uploaded in accordance with the
publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




Syndepositional tectonics and mass-transport deposits control channelized, bathymetrically

complex deep-water systems (Ainsa depocenter, Spain)

Daniel Eray Tek*', Miquel Poyatos-Moré?, Marco Patacci', Adam Daniel McArthur', Luca Colombera',

Timothy Martin Cullen', and William Dale McCaffrey'.
1. School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, United Kingdom
2. Department of Geosciences, University of Oslo, Oslo, 0371, Norway

*) E-mail: eelldt@Ileeds.ac.uk

Keywords: Turbidites, Channels, Mass transport, Tectonics, Pyrenees


mailto:ee11dt@leeds.ac.uk

ABSTRACT

The inception and evolution of channels in deep-water systems is controlled by the axial gradient and lateral
confinement experienced by their formative flows. These parameters are often shaped by the action of tectonic
structures and/or the emplacement of mass-transport deposits (MTDs). The Arro turbidite system (Ainsa
depocenter, Spanish Pyrenees) is an ancient example of a deep-water channelized system from a bathymetrically
complex basin, deposited in an active tectonic setting. Sedimentologic fieldwork and geologic mapping of the
Arro system has been undertaken to provide context for a detailed study of three of the best-exposed outcrops:
Sierra de Soto Gully, Barranco de la Caxigosa, and Muro de Bellos. These locations exemplify the role of
confinement in controlling the facies and architecture in the system. Sedimentologic characterization of the
deposits has allowed the identification of fourteen facies and eight facies associations; these form a continuum
and are non-unique to any depositional environment. However, architectural characterization allowed the
grouping of facies associations into four depositional elements: (i) weakly confined, increasing-to-decreasing
energy deposits; (ii) progradational, weakly confined to overbank deposits; (iii) alternations of MTDs and
turbidites; (iv) channel fills. Different styles of channel architecture are observed. In Barranco de la Caxigosa,
a master surface which was cut and subsequently filled hosts three channel stories with erosional bases;
channelization was enhanced by quasi-instantaneous imposition of lateral confinement by the emplacement of
MTDs. In Muro de Bellos, the inception of partially levee-confined channel stories was enhanced by progressive
narrowing of the depositional fairway by tectonic structures, which also controlled their migration. Results of
this study suggest that deep-water channelization in active tectonic settings may be enhanced or hindered due
to: (1) flow interaction with MTD-margin topography or; (2) MTD-top topography; (3) differential compaction
of MTDs and/or sediment being loaded into MTDs; (4) formation of megascours by erosive MTDs; (5) basin-
floor topography being reset by MTDs. Therefore, the Arro system can be used as an analog for ancient
subsurface or outcropping channelized deposits in bathymetrically complex basins, or as an ancient record of

deposits left by flow types observed in modern confined systems.



INTRODUCTION

Deep-water depositional elements are the product of flows that erode, bypass, and deposit along the constituent
parts of a deep-water sedimentary system (Kneller, 2003; Stevenson et al., 2013). The architecture (geometry,
distribution, and size) of these elements can be captured in seismic data (e.g, Mayall and Stewart, 2000;
Posamentier, 2003; Posamentier and Kolla, 2003; Prather, 2003; Schwenk et al., 2005; Mayall et al., 2006;
Wynn et al., 2007; Deptuck et al., 2003, 2007, 2008; Marsset et al., 2009); however, a flow-scale understanding
of their constructional mechanisms is essential to inform generic models of their evolution (Peakall and Sumner,
2015). Despite recent advancements in experimental (De Leeuw et al., 2016) and numerical (Dorrell et al., 2018)
modelling, direct flow monitoring (Xu et al., 2013; Clare et al., 2016; Hughes Clarke, 2016; Azpiroz-Zabala et
al., 2017; Paull et al., 2018; Maier et al., 2019), flow reconstruction (Talling et al., 2007; Stevenson et al., 2013,
2018; Mountjoy et al., 2018), and repeat bathymetry surveying (Hizzett et al., 2018; Vendettuoli et al., 2019),
process-informed outcrop studies still provide the most detailed account of system evolution over geologic

timescales.

A central parameter of the erosion-deposition threshold of suspended sediment in turbidity currents is velocity
(Kuenen and Sengupta, 1970; Kneller, 2003; Stevenson et al., 2015; Dorrell et al., 2013, 2018). Substrate
morphology is among the most significant factors which control flow velocity. Kneller (1995) provided a
summary overview of topographic effects on flow velocity (Fig. 1A), whereby a flow may change its velocity
along a downstream transect due to a change in its down-flow gradient or lateral flow constriction (Fig. 1).
However, the complexity of turbidity current “run-up” (Kneller and McCaffrey, 1999) and interaction with

asymmetrical (Bell et al., 2018a) and oblique (McCaffrey and Kneller, 2001) obstacles must be acknowledged.

Frontal confinement is defined as a reversal in the dip direction of the down-flow gradient along a longitudinal
transect of a basin or flow pathway (Fig. 1A). Flow-scale frontal confinement can cause sufficient velocity
reduction to initiate deposition and promote channel backfilling (Pickering et al., 2001). Where deceleration is
rapid, it may generate hydraulic jumps (commonly at the ends of channels; Mutti and Normark, 1987, 1991;
Hofstra et al., 2018) or cause the formation of hybrid event beds (Haughton et al., 2009). At larger (architectural)
scales, down-flow gradient is considered a primary variable in studies of slope grading (Prather et al., 1998,

2017) and submarine channel equilibrium profiles (Kneller, 2003; McHargue et al., 2011; Georgiopoulou and



Cartwright, 2013). Lateral confinement occurs due to the presence of two elongate surfaces situated at both
lateral edges of a basin or flow pathway, each orientated quasi-parallel to input flow or regional paleocurrent
(Fig. 1B). The architectural effect of lateral confinement is manifested at multiple scales. A flow may be
partially or fully confined by prominent basin-floor topography, or by a channel wall composed of incised
substrate or overspill deposits. These overspill deposits (commonly referred to as terraces or internal levees;
Hansen et al., 2015) may themselves be confined within larger external levees (Kane and Hodgson, 2011), a
canyon wall (Kane et al., 2009a), or by confining structures (Casciano et al., 2019). At flow scale, substrate
erosion (Eggenhuisen et al., 2011), construction of depositional topography (e.g., levees) from preceding flows
(De Leeuw et al., 2016), or both (Hodgson et al., 2016), can progressively generate lateral confinement,
increasing the velocity, and hence bypass potential of subsequent flows (Fig. 1B). Continued flow input may
trigger a positive feedback mechanism (a “channelization feedback” sensu Eggenhuisen et al., 2011; De Leeuw
et al., 2016), whereby elevated flow velocities lead to increased basal erosion and lateral overspill, hence
imposing greater lateral confinement leading to channelization. The onset of this feedback mechanism occurs
as a “channelization threshold” is crossed (sensu Eggenhuisen et al., 2011; De Leeuw et al., 2016).
Understanding what controls this threshold, when it is crossed, and whether imposition of externally derived

lateral confinement may influence this, is crucial to understanding deep-water channel inception.

The processes of deep-water channel initiation and infill have a varied architectural expression (Clark and
Pickering, 1996; Deptuck et al., 2003; Macauley and Hubbard, 2013), and a large range of potential autogenic
and allogenic controlling factors (Pickering and Corregidor, 2005; Clark and Cartwright, 2011; Flint et al., 2011;
Jobe et al., 2015; Gong et al., 2016). In structurally active settings, the influence of protruding structures and

mass-transport deposits (hereinafter MTDs) is particularly prevalent.

Channels can be blocked or diverted by a growing structure, or incise through it, depending on: (i) rate of relative
sedimentation to structural growth, (ii) timing of structuration, and (iii) geometry and interaction of different
structures (Gee and Gawthorpe, 2006; Mayall et al., 2010; Clark and Cartwright, 2011; Jolly et al., 2016). The
growth of synsedimentary fault-derived folds may also result in paleoflow directions to be oriented parallel to
the structures; in such cases, progressive lateral confinement may be generated by the development of these

structures (Clark and Cartwright, 2011).
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Figure 1 — Schematic diagrams showing the effect of axial gradient and lateral confinement on flow
velocity. Ai) Lateral constriction and release of a flow, or (ii) increasing and decreasing the axial flow
gradient can (iii) increase or decrease flow velocity over a longitudinal transect of a flow, or (iv) temporally
at the base of a passing flow (modified from Kneller, 1995). B) Velocity response of an unconfined flow (i)

as it undergoes progressive lateral confinement (ii).

Herein, MTD is used as a term to describe any of the products of en masse transport and deposition (Nelson et
al., 2011; Kneller et al., 2016). The term encompasses a continuum of deposits, distinguished by the degree of
internal deformation or disaggregation (Moscardelli and Wood, 2008; Bull et al., 2009; Ogata et al., 2012), and
named in accordance with their deformational processes: slides (least internal deformation), slumps, and debris
flows (most internal deformation). In tectonically active basins, longitudinally emplaced MTDs (see Kremer et
al., 2018 for definition) may be sourced from the headwall or sidewalls of a feeding canyon (Nelson et al., 2011)
or from a proximal shelf or slope failure (Ortiz-Karpf et al., 2017); transversely emplaced MTDs may be sourced
from the local collapse of channel walls (Hansen et al., 2015) or from a laterally confining slope (Arbués et al.,
2007a). MTDs can have a profound influence on the evolution and architecture of submarine channels through:
(i) quasi-instantaneous imposition of lateral confinement by MTD-top or -margin topography (Schultz et al.,
2005; Hansen et al., 2013; Kneller et al., 2016; Masalimova et al., 2016; Kremer et al., 2018; Ward et al., 2018)
and/or the development of evacuation scars (Dakin et al., 2013; Hodgson et al., 2016; Qin et al., 2017) leading
to channelization; (ii) the perturbation of flows leading to backfilling (Posamentier and Kolla, 2003; Nelson et

al., 2009; Bernhardt et al., 2012; Corella et al., 2016); (iii) thalweg plugging, facilitating lateral channel



migration (Kremer et al., 2018), diversion (Nelson et al., 2011; Kneller et al., 2016), or avulsion (Ortiz-Karpf

et al., 2015); (iv) affecting channel sinuosity (Deptuck et al., 2007).

To help bridge the resolution gap between event-bed and seismic scale, outcrops from ancient structurally
complex basins are commonly used as analogs (e.g., McCaffrey et al., 2002; Brunt et al., 2007; Leren et al.,
2007; Janbu et al., 2007; Hubbard et al., 2008; Bernhardt et al., 2011, 2012; Casciano et al., 2019; McArthur
and McCaffrey, 2019). One such “natural laboratory” is the Eocene Hecho Group, in the Ainsa depocenter
(South Pyrenean Foreland Basin, Spain), where the effect of structures and mass-transport deposits on deep-
water channels has been well documented (Pickering and Corregidor, 2005; Arbués et al., 2007a, 2007b;
Pickering and Bayliss, 2009; Dakin et al., 2013; Bayliss and Pickering, 2015). This study provides a
sedimentologic and architectural characterization of the Arro turbidite system, in the Hecho Group (see
Scotchman et al., 2015 for definitions; Fig 2), describing, for the first time, its distal expression in the Ainsa
depocenter. The study is used to investigate the extent to which mass-transport- and thrust-related structures
influence the establishment, evolution, and infill of axial submarine channels, and the scales at which this control
is exerted. A particular line of enquiry is whether the channelization process may be enhanced or hindered by
the imposition of frontal or lateral confinement during the emplacement or growth of these features.
Investigating the sedimentologic and architectural response to evolving basin-floor topography in channelized
deep-water systems is important for elucidating how channels are initiated and what controls their presence and
distribution. The findings herein may therefore be used to inform studies in other ancient and modern confined

basins.

GEOLOGIC SETTING

The Lower Eocene stratigraphy of the Ainsa depocenter is part of the fill of the South Pyrenean Foreland Basin,
formed on the southern margin of the doubly verging Pyrenean Orogen (Fig. 2; Séguret, 1972; Camara and
Klimowitz, 1985; Puigdefabregas and Souquet, 1986; Muiioz, 1992; Bentham and Burbank, 1996; Barnolas
and Gil-Pefia, 2001; Fernandez et al., 2004; Arbués et al., 2011). The South Pyrenean Foreland Basin comprises
three parts: the terrestrial-to-shallow-marine “Tremp-Graus depocenter”; the channelized deep-water “Ainsa
depocenter”; the unconfined, deep-water “Jaca depocenter”. The Ainsa depocenter is located in an oblique

transfer zone between the Montsec-Pefia Montafiesa and Cotiella thrust units (Fernidndez et al., 2004, 2012;



Muiioz et al., 2013). This “relay” forms a wider zone of smaller-wavelength thrust-related SE-NW structures
propagating through Cretaceous-Neogene carbonate and clastic sedimentary rocks from a Triassic decollement

(Séguret, 1972; Camara and Klimowitz, 1985; Choukroune, 1992; Mufioz, 1992; Clark et al., 2017).

During the Ypresian, channelized deep-water deposits in the Ainsa depocenter were connected to unconfined
deposits in the downstream Jaca depocenter (Fig. 2), hence their collective name: the Hecho Group (Mutti,
1984). Here, the scheme presented by Clark et al. (2017) is followed, wherein the Hecho Group is divided into
seven turbidite systems (Fig. 2C). However, nomenclatural inconsistency is common in the description of the
deep-water Ainsa depocenter fill (cf. Mutti, 1985; Ferndndez et al., 2004; Pickering and Corregidor, 2005;
Arbués et al., 2007a; Das Gupta and Pickering, 2008; Heard and Pickering, 2008; Pickering and Bayliss, 2009;
Muiioz et al., 2013; Heard et al., 2014; Pickering and Cantalejo, 2015; Scotchman et al., 2015; Cornard and

Pickering, 2019).

Sediment in the turbidite systems of the Hecho Group was derived predominantly from the fluvio-deltaic
environments in the Tremp-Graus depocenter to the east, entering the Ainsa depocenter through a series of
submarine canyon systems to the southeast (Fig. 2B). Shelfal deposits of the Castigaleu Group are incised by
the Atiart surface, a large submarine unconformity, which is filled by deep-water sediments of the Castissent
Group (time equivalent to the Fosado and Arro systems) (Soler-Sampere and Garrido-Megias, 1970;
Puigdefabregas and Souquet, 1986; Mutti et al., 1988; Mufioz et al., 1994; Scotchmann et al., 2015; Chanvry et
al., 2018). The Arro system, which was active during the Ypresian (Fig. 2C), was fed through the Pocino surface,
a subtle canyon first recognized by Mutti et al. (1988, see also Sgavetti, 1991; Millington and Clark 1995a,
1995b) which was in turn incised by the Lascorz surface (the feeder of the overlying Gerbe system) (Mufioz et

al., 1994; Payros et al., 2009; Poyatos-Mor¢, 2014; Castelltort et al., 2017).

To date, detailed sedimentologic and stratigraphic analysis has been conducted only on the most proximal Arro
outcrops, i.e., those of Charo (exposing part of the Arro’s feeder canyon fill), Rio de la Nata, Los Molinos Road,
and Santa Catalina (Millington and Clark, 1995a, 1995b; Arbués et al., 2007a, 2007b) (Fig. 3). The Los Molinos
Road has commonly been used as the “type locality” for the Arro system (Das Gupta and Pickering, 2008; Caja

et al., 2010). Van Lunsen (1970) and Castelltort et al. (2017) present data from more distal outcrops, but the



sedimentology and stratigraphy remain undescribed. This study is focused on the sedimentologic

characterization of the more distal parts of the Arro system in the Ainsa depocenter (Fig. 3).
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Figure 2 — A) Map showing broad location of the South Pyrenean Foreland Basin in northern Spain. B)

Schematic map showing the sediment routing system from Tremp-Graus (east) to Jaca depocenter (west) in

the Eocene, modified from Remacha and Ferndndez (2003) and Caja et al (2010). C) Depositional dip

section showing the correlation of fluvio-deltaic units in the distal part of the Tremp-Graus depocenter to

their contemporaneous deep-water units in the Afnsa depocenter, with inset showing the chronostratigraphy

of the Fosado, Arro and Gerbe systems (modified from Clark et al., 2017).
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DATA AND METHODS

The field area, located N-NE of the town of Afnsa, covers approximately 40 km* (Fig. 3) along an ~ 13-km-
long transect oriented SE-NW (parallel to regional paleocurrent). A revised version of a geologic map by Clark
et al. (2017) is used; structural amendments are informed by 448 strike and dip measurements of bedding (Fig.
4C) and the tracing of some of the larger, depocenter-scale structures (Fig. 3). Detailed sedimentologic analysis
of twenty-two outcrops was undertaken using traditional field methods, augmented by study of aerial
photographs acquired using an unmanned aerial vehicle. A total of 230 paleocurrent measurements were taken
from flute casts, and ripple and cross-bed foresets (Fig. 4). Fifty-six logs totalling 1,088 m of stratigraphy were
measured with centimeter resolution and drawn at 1:10 to 1:50 scale to capture vertical facies and grain-size
variations at multiple scales; a high-precision Jacob’s staff (Patacci, 2016) was used. As the Charo area and the
most proximal outcrops (1, 3, and 4 in Fig. 3) have been studied in detail previously (Millington and Clark,
1995a, 1995b; Arbués et al., 2007a, 2007b), this study is focused primarily on three outcrops in the more distal
part of the Arro system in the Ainsa depocenter: Sierra de Soto Gully, Barranco de la Caxigosa, and Muro de
Bellos (Fig. 3; outcrops 10, 14, and 22 respectively). At these locations, multiple laterally offset logs, field
sketches, and interpreted photomosaics (from ground and aerial photographs) have been used to generate

architectural panels.
Large-Scale Trends

The trend of paleocurrents for the Arro system is dominantly to the NW (Fig. 4), which is consistent with the
findings of Millington and Clark (1995a, 1995b) and Arbués et al. (2007a, 2007b), who present data from the
proximal localities and feeder system. The regional trend of strike orientation of thrusts and related folding
within the area is also NW-SE, which is consistent with the trend of the larger, depocenter-bounding structures,
such as the Mediano, Anisclo, and Boltafia anticlines (Millington and Clark, 1995a, 1995b; Arbués et al., 2007a;
Muiioz et al., 2013). It is possible that these structures have undergone clockwise rotation along with the regional
structures (Mufoz et al., 2013). Regardless, the correspondence of the regional paleocurrents (from flutes,
ripples, and cross beds; Fig. 4B) and the structural trend (Fig. 4C) allow the Arro system to be classified as an

axial deep-water system.
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LITHOFACIES | LITHOLOGY DESCRIPTION THICKNESS | PROCESS INTERPRETATION PHOTO
Lfl - Carbonate mudstone No obvious grading or structure, weathers with a texture No clear Hemipelagic suspension fallout. Fig. 5A
Structureless containing silt. comprising loose spheroids < 10 cm long. Concretionary bedding or
mudstone horizons occur with variable spacing (0.5-10 m). lamination
Lf2 — Graded Sometimes graded Usually structureless, however parallel lamination and starved 0.1-4 cm Fine-grained, dilute-gravity-current Fig. 5B
siltstone from very fine-grained | ripples are sometimes present. deposits, equivalent to a coarse T.
sand to mud, typically division of Bouma (1962) or a Te
silt to mud. division of Stow and Shanmugam
(1980).
Lf3 - Very fine- to medium- | Lenses of sandstone typically 3-7 cm wide, separated laterally by | 0.1-1.5 cm Deposition from a dilute, dominantly Fig. 5C
Lenticular grained sandstone, 0.1-10 cm. Lenses are aligned along bedding-conformable bypassing turbidity current.
sandstone occasionally coarse silt | horizons which can usually be traced laterally for over 10 m and
or coarse sandstone. often over 20 m.
Lf4a — Rippled | Very fine- to coarse- Unless they are eroded, rippled bed tops are usually preserved, 1.5-10 cm Deposition and tractional reworking by | Fig. 5D
sandstone grained sandstone. commonly with internal ripple cross lamination observed, both of dilute, low-density gravity current
which may be disturbed by dewatering effects. Where Lf4a (Allen, 1973, 1982).
occurs as isolated beds, bases are usually flat but some exhibit
basal scouring, making the beds pinch and swell. Ripple heights
(crest to trough) typically range from 1.5-5 cm. Ripple lengths
(trough to trough) typically range from 7 to 30 cm. In the thinnest
intervals the facies nears a lenticular geometry.
Lf4b — Very fine- to medium- | Characterized by undulating laminae with wavelengths ranging 2-6 cm Deposition and reworking from Fig. 5SE
Hummocky- grained sandstone. from 5 to 25 cm and amplitudes ranging from 0.5 to 5 cm, reflected or deflected dilute flows,

comprising internal lamination truncations and dip changes. Bed

typically in the bypassing part of a




cross-stratified

sandstone

tops display 3D bedforms with no dominant inferred paleocurrent
direction. Always located at the tops of sandstone beds,
sometimes overlying ungraded, cross-stratified (< 7-cm-thick
foresets, typically pervasive through an event bed or scour fill),

cross-laminated (> 7-cm-thick foresets) or parallel-laminated

bipartite flow (Mutti, 1992; Mulder et
al., 2009; Muzzi Magalhaes and
Tinterri, 2011; Bell et al., 2018a).

sandstones.
Lf4c — Planar- | Fine- to medium- Foreset heights range from 7 to 50 cm, commonly infilling 7-50 cm (1) Dunes or mega ripples formed by Fig. 5F
cross-stratified | grained sandstone. concave-convex scoured surfaces, sometimes exhibiting positive traction and fallout from a dilute flow
sandstone depositional relief, and sometimes both. Foreset angles vary (Tinterri, 2011); (2) ‘pseudo dunes’
significantly from ~ 10° to ~ 40°. Fluted bases and rippled tops formed from scour derived instabilities
are also seen. Cross stratification can be pervasive throughout in a unidirectional flow (Arnott and Al-
isolated beds or occur above ungraded structureless sandstones. Mufti, 2017).
Lf5 — Parallel- | Very fine- to coarse- Parallel laminae spaced 0.1-1 cm apart which may underlie or 5-50 cm Traction carpets from upper-stage Fig. 5G
laminated grained sandstone. overlie any other sandstone-rich facies. Can be disturbed or plane beds or lower-stage plane beds
sandstone convoluted in parts due to bioturbation and dewatering. (Talling et al., 2012).
Lf6a — Graded, | Large grain-size range | Bedded, internally structureless sandstone except for dish 0.1-2.75 m Bouma (1962) sequence T, division Fig. 5SH
structureless with some beds fining | structures. Some beds are capped with siltstone, whereas others deposited from a depositional, and
sandstone from granules to very are bounded by amalgamation surfaces. At amalgamation potentially erosional, high-density
fine sand. Typically surfaces and bedding boundaries, load balls and flame structures turbidity current (Lowe, 1982), often
coarse or medium or are seen; flutes, some of which loaded, are common on bed with subsequent dewatering.
medium to fine sand. bases, but grooves are rare.
Lf6b — Fine to coarse-grained | Lack of grading characterizes this facies. Flames, load balls, and | 0.04-1.25 m | Bouma (1962) sequence T, division Fig. 51
Ungraded, sandstone. flutes are found on many bed bases. Amalgamation surfaces and deposited from a depositional, and
structureless intense internal deformation relating to dewatering are common. potentially erosional, high-density
sandstone turbidity current (Lowe, 1982).




Lf6c — Fine to coarse Bedded sandstone similar to Lf6a and Lf6b, but containing upto | 0.2-4 m Erosional and depositional high- Fig. 5]
Sandstone with | sandstone. 40% rounded to subangular mudclasts, sometimes armored with | (upper limit | density turbidity current (Lowe, 1982)
mudclasts sand and granules. Mudclasts may be concentrated at bed bases, | possibly a carrying “rip-up clasts” (Mutti and
tops, or distributed throughout. Amalgamation surfaces series of Nilsen, 1981; Mutti, 1992).
exhibiting scouring geometries are sometimes lined with amalgamated
mudclasts. In some cases mudclasts are concentrated on distinct beds)
planar, inclined horizons within beds, potentially highlighting
cross strata.
Lf7a— Granule- to cobble-size | Characterized by the presence, and dominance, of rounded to 8-70 cm Deposition from the traction carpet of | Fig. 5K
Extraclast extraclasts and subangular extrabasinal lithic fragments composed of limestone, dominantly bypassing flow(s) (Mayall
conglomerate bioclasts supported by | quartzite, or other mineral aggregates. The silt and clay content et al., 2006; Stevenson et al., 2015) due
very poorly sorted, of the matrix varies significantly between and within (laterally to frictional freezing (Mutti et al.,
polymictic, and vertically) individual beds. Mudclasts, rounded clasts of 2000).
argillaceous usually sandstone and local heterolithics, and bioclasts such as
coarse-grained Nummulites and shell fragments (of oysters, other bivalves, and
sandstone. brachiopods) are common yet not in dominant quantities.
Extraclasts are almost always matrix supported but may be
locally clast supported.
Lf7b - Pebble-size mudclasts | Size (0.5-20 cm long axis), rounding (rounded to subangular), 5-30 cm A high-energy erosional and Fig. 5L
Mudclast supported by sandy and proportion (typically > 75% of clasts) of mudclasts varies dominantly bypassing flow containing
conglomerate matrix of varying between and within (laterally and vertically) beds; some abundant “rip-up clasts” (Mutti and

texture and grain size.

mudclasts are armored with coarse sand. Extraclasts and bioclasts
are often present. The matrix composition ranges from well-
sorted medium and coarse sandstone to poorly sorted, clay- and

silt-rich sandstone.

Nilsen, 1981; Mutti, 1992) deposited
as a lag (Mayall et al., 2006; Stevenson
et al., 2015); type Al and B1 of
Johanssen and Stow (1995).




Lf8a — Chaotic | Chaotic mud-rich A clay-rich matrix with variable silt and sand content contain: 0.2-20 m En masse deposition from debris flows | Fig. SM
mudstone deposit supporting rafts | deformed, disaggregated blocks (up to 5 m long axis) of fine- and highly disaggregated slumps
of heterolithic grained heterolithic sediment which exhibit internal structure (termed “blocky beds” by Ogata et al.,
stratigraphy, blocks of | similar to stratigraphy found elsewhere in the basin; bioclasts 2012). The formative material was
sandstone, extraclasts, | such as Nummulites and shell fragments; 5-20 cm rounded to sourced from: local stratigraphy,
and bioclasts subrounded blocks of coarse sandstone, sometimes nummulite possibly due to a growing basin-floor
and shell rich, similar to that seen in the proximal (shelfal) structure (Arbués et al., 2007a, 2007b)
Castissent Formation; 3-40 cm rounded to subrounded clasts of or channel-bank collapse (Barton et al.,
well-sorted fine to coarse sandstone resembling Lf4-6; and 2010); or from the proximal fluvio-
granule- to pebble-size extrabasinal lithic fragments (see Lf7a). deltaic and shelf deposits of the
The presence and relative proportions of these components is Castissent Formation (Nijman and
highly variable between deposits. Puigdefabregas, 1977; Mutti et al.,
1996, 2000; Nijman, 1998).
Lf8b — Deformed, not Folded heterolithic packages with wavelengths between 0.1 and 3 | 0.5-6 m Slumped local stratigraphy. A Fig. 5N
Deformed disaggregated local m, sometimes overlying a heavily deformed basal surface. The continuum exists between these and
heterolithics heterolithic constituent stratigraphy can be easily matched to the adjacent or Lf8a distinguished by the degree of
stratigraphy. underlying stratigraphy and is therefore generally devoid of shelf disaggregation (Posamentier and
material. Martinsen, 2011; Ogata et al., 2012).
Lf9 — Ranging from very This bedded facies can exhibit normal grading and scouring 0.03-1m Sandstones and bioclasts introduced by | Fig. 50
Polymictic, poorly sorted bases, sometimes with flutes and sometimes overlying density currents, sourced from the
bioclastic polymictic coarse- to amalgamation surfaces. Nummulites (0.2-2.5 cm diameter) are Castissent shelf (Marzo et al., 1988;
sandstone very coarse-grained the dominant bioclast with fragmented oyster shells (0.2-4 cm Nijman, 1998).

(average) sandstone
with abundant

bioclasts.

long axis) also abundant; gastropods are rarely found. Relative
and absolute bioclast proportions vary between beds and

(vertically and laterally) within beds, sometimes over < 5 cm. In




some cases bioclasts occur in such abundance that this facies can

be classed as a carbonate packstone.

Table 1 — Descriptions of the fifteen facies and sub-facies recognized in the stratigraphy of the Arro system, including their lithologies, typical thicknesses and interpretations
of their depositional processes.




Figure 5 — Photographs of all fifteen facies and sub-facies which constitute the stratigraphy of the Arro

system; descriptions are provided in table 1. A) Lf1 - structureless mudstone; B) L{2 - graded siltstone; C)
Lf3 - lenticular siltstone; D) Lf4a - rippled sandstone; E) Lf4b — hummocky-cross-stratified sandstone; F)
Lf4c — planar-cross-stratified sandstone; G) Lf5 — parallel-laminated sandstone; H) Lf6a - graded,

structureless sandstone; I) Lf6b - ungraded, structureless sandstone; J) Lf6c - sandstone with mudclasts; K)



Lf7a - extraclast conglomerate; L) Lf7b - mudclast conglomerate; M) Lf8a - chaotic mudstone; N) Lf8b -

deformed heterolithics; O) Lf9 - polymictic, bioclastic sandstone.
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and Gi) representative logs through idealized sections of FA2 — FA7 respectively; Biv) thinning rates and




wavelengths of pinching and swelling beds in FA2; Ci) bed top in FA3 covered by Scolicia; Hi) debritic

mass-transport deposit of FA7 forming a steep-walled scour surface into an underlying sandstone bed.

FACIES ANALYSIS

The fifteen facies and sub-facies defined in the Arro turbidite system are described in Table 1, with photographs
presented in Figure 5. These facies and sub-facies are defined according to lithology, grain size, and

composition, the presence and type of sedimentary structures, and grading.

The facies are grouped together to form eight facies associations (FA1-8) that can be widely recognized in the
Arro system (Fig. 6). These facies associations are not unique to a single depositional environment and often
exhibit gradational transitions between one another; the observed continuum prevented any meaningful
quantitative facies-association definition based upon facies proportions. The logs displayed in Figure 6 are from
representative sections. The interpretation of depositional elements (DE1-4) was therefore based on the
combination of facies association occurrence and the presence of key bounding surfaces (see “depositional

elements” section).

Turbidite and MTD character is a record of the velocity, concentration, magnitude, and grain size (and modality
thereof) of flows traversing the depocenter. As the specific role of each of these parameters is generally
indiscernible, the term ‘“energy” will be used such that high-energy flows are those of high velocity,

concentration, and magnitude, and coarse grain size (and vice versa for low-energy flows).

Facies Association 1 (FAI) — Background Thin Beds

Description.--- Constituting most of the depocenter fill, this facies association contains very thin (typically < 3
cm, average thickness ~ 1 cm) very fine- to medium-grained beds of lenticular (Lf3), rippled (Lf4a), and
ungraded, structureless (Lféb) sandstone, which alternate with finer-grained siltstone and mudstone facies of
structureless mudstone (Lf1) and graded siltstone (Lf2) (Table 1); Lf2 is dominant. The thickness of mudstone
and siltstone layers in FA1 varies from 3 to 25 cm (average: 7 cm), with variable proportions of clay and silt
(Fig. 6A). Bedding-concordant packages (a few decimeters to ten meters thick) of alternating grain size can be

traced for tens to hundreds of meters. In some outcrops, such as Muro de Bellos (Fig. 7), wedging geometries



in these packages are observed. Bioturbation on sandstone bed tops and bases is seldom observed (possibly due
to outcrop limitations), but sand-filled burrows are found in finer-grained layers. Distinct beds of fully
disaggregated debrites (L.f8a) are rare, but FA1l is often highly deformed because of synsedimentary
remobilization or due to later tectonic activity; subtle deformation can be hard to detect at outcrop scale. The
two causes are distinguished by the presence of calcite veining along shear horizons (or faults), which are taken
as an indicator of tectonic deformation. FA1 can be found as heterolithic packages between incisional and non-
incisional sandstone beds of FA4 and FAS. Lateral and vertical transitions into laterally variable (FA2) and

laterally continuous (FA3) thin beds are observed; a continuum exists between these three facies associations.

Interpretation.--- FA1 comprises the deposits of dilute, low-density flows (Mutti, 1977), which experienced
periodic variations in silt and sand content, together with hemipelagites. The vertical distribution of FA1
between and within other facies associations (FA4 and FAS) suggests that it represents the dominant background
sedimentation, but not necessarily from hemipelagic settling alone, as has also been recognized in the deep-
water strata of the Tanqua depocenter, Karoo Basin (Boulesteix et al., 2019). The formative flows may have
been derived from: (i) small sediment failures on the shelf, on the upper slope, or in the feeder canyon (Clare et
al., 2016); (ii) hyperpycnal flows associated with direct sediment input from a canyon-connected river mouth,
whereby variations in grain size may reflect variations in the flux of the feeding river (Mulder et al., 2003; Mutti
et al., 2003; Zavala et al., 2011); (iii) the down-slope flow of sediment plumes that build at the mouth of a
feeding river and collapse upon attainment of a critical density (Hizzett et al., 2018; Mutti, 2019). The presence
of FA1 lateral to, and gradational with, FA2 and FA3 suggests that FA1 may also represent distal-most or
lateral-most fan or levee deposits. In periods of contemporaneous fan or levee deposition, laterally or upstream,

this facies association may therefore have experienced increased rates of aggradation.

Facies Association 2 (FA2) — Laterally Variable Thin Beds

Description.--- FA2 is highly variable with respect to its constituent facies, bed thickness, and bed nature. It is
composed of mainly fined-grained packages (3-50 cm thick) of Lf1, Lf2, and Lf3, interbedded with sandstone
beds (> 1 cm, < 50 cm, typically 3-25 cm thick) comprising: rippled (Lf4a), hummocky (Lf4b), and planar
cross-stratified (Lf4c), parallel-laminated (Lf5), graded, structureless, and mudclast-bearing (Lf6a-c) and

polymictic, bioclastic sandstone (L.f9) (Table 1). Lf4a and Lf6b (Fig. 5) are the dominant sandstone facies (Fig.



6B); Lf4b is particularly prevalent in Sierra de Soto Gully. Bioclasts in beds of Lf9 are fragmented and do not
display organization; Nummulites typically exhibit a lower degree of fragmentation than bivalve and gastropod
bioclasts. Chaotic mudstone (L.f8a) is very rarely observed and, where present, occurs as < 50 cm beds.
Ophiomorpha, Nereites, and Scolicia traces are found on some sandstone bed tops, Thalassinoides burrows are
found on some sandstone bed tops and bases, and other undifferentiated sand-filled burrows are found in some

of the fine-grained intervals; no single trace is dominant.

The characteristic feature of this facies association is the geometry of its constituent sandstone beds. Some beds
form isolated lenses, some form lenses that pinch out along distinct horizons, and others subtly pinch and swell
without forming lenses (Fig. 6B). Bed thinning rates and minimum pinch-and-swell wavelengths (constrained
by bed exposures) have been calculated from thirty-five measured beds (average thinning rate: 11.3 cm/m;
average minimum wavelength: 235 cm) from the Muro de Bellos (average thinning rate: 9.6 cm/m; average
minimum wavelength: 348 cm; N = 10) and Sierra de Soto Gully (average thinning rate: 12 cm/m; average
minimum wavelength 190 cm; N = 25) outcrops. Ripple-scale bed thickness variations (7-30 cm wavelength)
are sometimes superimposed onto the aforementioned, larger-wavelength, pinching and swelling trends (see
Fig. 6B (iv)); the two are usually distinguishable. Bed bases can be flat, lightly incisional (< 10 cm), or exhibit
a concave-up geometry which is non-erosional and concordant with bedding below; bed tops can be mounded

or flat.

FA2 occurs in all locations and is observed in every depositional element (DE1-4; see “depositional elements”),
forming lateral transitions with non-amalgamated, incisional sandstones, and heterolithics (FA4) and
background thin beds (FA1), and a vertical transition with laterally continuous thin beds (FA3). In some
locations, gradational lateral transitions from a package of FA2 in the center to FA1 are observed in both
directions. The nature of the bed tops and bases may change dependent on the depositional element in which

they are found.

Interpretation.--- The presence and fragmented nature of bioclasts in L{9 suggests that some of the original
sediment was derived from a shallow-marine domain. Hummocky cross stratification (Lf4b), interpreted as the
product of combined flow, could indicate current reflection or deflection by the interaction with syndepositional

basin-floor topography (Tinterri, 2011). Beds with erosional bases could represent either the tail deposits of a



bypassing turbidity current that deposited coarser-grained material downstream, or the deposit of a lower-energy
flow that infilled an erosional surface left by a preceding, higher-energy flow (Kane et al., 2009b). Bedding-
concordant (non-erosional) bed bases, still concave-up, are interpreted to have filled some substrate topography
formed by local tectonic deformation or slumping. Mounded bed tops suggest a bedform-related origin,
particularly in beds containing planar or hummocky cross stratification (Lf4b-c). In beds with concave-up bases
these bedforms may have formed in relation to the infilling of depressions (sensu Arnott and Al-Mufti, 2017);
however, this process does not account for those with flat bed bases. Another possible formative mechanism is
deposition and tractional reworking of sediment forming dunes (Mutti, 1977) or megaripples (Tinterri, 2011).
Postdepositional loading and deformation may also cause or enhance the lateral thickness variability observed

in these beds (e.g., Owen, 2003; Oliveira et al., 2011).

FA2 exhibits multiple modes of occurrence. Lateral and vertical transitions into a range of other associations

means a number of formative scenarios are possible; these are presented in the “depositional elements” section.

Facies Association 3 (FA3) — Laterally Continuous Thin Beds

Description.--- FA3 comprises fine-grained intervals (2-30 cm thick) of structureless mudstone (Lf1), graded
siltstone (Lf2), and lenticular sandstone (Lf3) punctuated by beds (typically 2-8 cm thick, average thickness ~
3 cm) of rippled sandstone (Lf4) which tend to weather proud. Hummocky and planar cross stratified (Lf4b-c),
and ungraded, structureless (Lf6b) sandstone beds are also common. Graded (Lf6a) and mudclast-bearing (Lf6c)
sandstones are rare. Chaotic mudstone (Lf8a) beds are rare (but more common than in the laterally variable thin
beds; FA2) and, where present are < 75 cm thick. Packages of deformed heterolithics (Lf8b), up to 2 m thick,
can be found in FA3. Sand-filled burrows are found in the finer-grained intervals, and Thalassinoides is
occasionally present on sandstone bed bases (< 10% of beds); however Scolicia is the dominant trace in FA3.
Where bed tops are exposed, they are commonly (> 50% of beds) pervasively bioturbated with Scolicia (Fig.

6C).

While the facies assemblage may resemble that of FA2, sandstone beds of FA3 do not pinch and swell, aside
from undulations related to their rippled tops (7-30 cm wavelength). Thin (< 8 cm) sandstone beds are largely
observed to maintain their thickness laterally over ~ 20 m (Fig. 6C). However, in outcrops with exposures

greater than tens of meters, a systematic lateral thinning of these beds is observed. Concomitant with this lateral



thinning, FA3 transitions gradationally into background thin beds (FA1; Fig. 6C). FA3 also grades upwards into

FAL.

Interpretation.--- The regular, thin-bedded nature and systematic thinning of the rippled and structureless
sandstone beds is consistent with overbank deposition from dilute turbidity currents which overspill a
contemporaneous lateral conduit (Mutti, 1977; Mutti et al., 1988; Millington and Clark, 1995a, 1995b; Bayliss
and Pickering, 2015). Susceptibility to slumping and remobilization is common in overbank deposits (Kane and
Hodgson, 2011; Hansen et al., 2015), and the intensity of Scolicia bioturbation also supports this interpretation

(Heard et al., 2014).

Facies Association 4 (FA4) — Non-Amalgamated, Incisional Sandstones, and Heterolithics

Description.--- In this facies association, heterolithic packages of graded siltstone (Lf2) and thin (< 5 cm) beds
of lenticular (LLf3) and rippled (Lf4a) sandstone are interbedded predominantly with thin to thick beds (highly
variable from 5 to 100 cm thick, typically 20-50 cm) of: planar-cross-stratified (Lf4c), parallel-laminated (Lf5),
structureless (Lf6a-b), mudclast-bearing (Lf6c) and bioclastic (Lf9) sandstone. Beds (< 50 cm) of extraclast
(Lf7a) and mudclast (Lf7b) conglomerates, and debrites (Lf8a) are observed less commonly. The relative

proportions of sandstone beds and fine-grained intervals vary between outcrops (Fig. 6D).

Lateral variability in sandstone bed thickness is related to the presence of erosional surfaces that incise the tops
of underlying sandstone beds and into the fine-grained intervals, and that host thicker sediment accumulations
in the loci of maximum incision (Fig. 6D). These surfaces are almost always filled mainly by sandstone beds
(Lf4c, Lf5 and Lf6a-c) or debrites (Lf8a), and they are often draped by finer-grained deposits (Lf2, Lf3 and < 5
cm beds of Lf4a and Lf6b) that also thicken towards the locus of maximum incision. On rare occasions, the
fine-grained deposits are observed to heal the erosional surface completely. FA4 forms a continuum between
laterally variable thin beds (FA2) and amalgamated sandstones (FA6). The tendency for the erosional surfaces
to cut one another (and lateral transitions into FA2 and FA6) makes measurements of their width and relief
problematic, but bed thinning rates (which can be used as proxies) range from ~ 4 to 20 cm/m. Sand-filled

burrows are observed in the finer-grained intervals, and Ophiomorpha traces are observed.



Interpretation.--- The diversity of sandstone facies (similar to that of FA2) and presence of Lf7a, Lf7b, and
Lf8a suggests deposition from flows of various concentrations, magnitudes, grain sizes, and velocities. Fine-
grained drapes on scoured surfaces likely represent combined accumulation from the fine-grained remnants of
bypassing flows (which formed the scour) and possibly subsequent ones (e.g., Mutti and Normark, 1987; Mutti,
1992; Kane et al., 2009b; Stevenson et al., 2015; Bell et al., 2018a), and a temporary return to background
sedimentation (respectively the “bypass” and “abandonment” drape of Barton et al., 2010; Alpak et al., 2013).
The erosional nature of FA4 was attained either by unconfined to weakly confined scouring flows which were
not fully contained by their lateral confinement but were still able to scour and bypass coarse sediment fractions,

and/or as the lateral expression of higher-energy channelized deposits.

Facies Association 5 (FAS5) — Non-Amalgamated, Non-Incisional Sandstones, and Heterolithics

Description.--- This facies association consists of medium-bedded (10-100 cm) rippled (Lf4a), parallel-
laminated (Lf5), and structureless (graded and ungraded; Lf6a-b) sandstones interbedded with finer-grained
heterolithic packages. These packages (typically < 20 cm thick) comprise graded siltstone (Lf2) and thin (< 5
cm) beds of lenticular (Lf3), rippled (L.f4a) and graded, structureless (Lf6a) sandstone. Sandstone beds usually
exhibit a sharp basal boundary followed by a thickening-upward and sometimes a coarsening-upward trend
(Fig. 6E). Both sandstone beds and fine-grained packages maintain their thickness for up to 40 m laterally,
unless incised by an erosional surface underlying another facies association (Fig. 8). FAS is observed solely in
outcrops containing channelized deposits (locations 3, 18 and 22; Fig. 2), wherein it may both overlie and
underlie non-amalgamated, incisional sandstones, and heterolithics (FA4) or amalgamated sandstones (FA6)

(Figs. 6E, 8).

Interpretation.--- Laterally continuous, non-erosional sandstone beds associated with channel deposits may
form when a channel has filled its confining surface (the “spill” phase; Gardner et al., 2003), or from the
deposition of sand “sheets” from flows which were fully laterally confined but possessed insufficient energy to
erode (McCaffrey et al., 2002). The latter interpretation is favored due to the sharp base and upward thickening.
The presence of a sharp basal contact with underlying FA4 and FA6 (Fig. 8) deposits which, internally, contain
more evidence of erosion, is interpreted to be due to a rapid drop in local sedimentation rate, likely due to an

upstream blockage, or avulsion causing an abrupt lateral shift in the channel axis. Vertical transitions into



overlying FA4 and FAG6 deposits represent a return to high-energy flow conditions, potentially accompanying

an increase in local sedimentation rate (McCaffrey et al., 2002).
Facies Association 6 (FA6) — Amalgamated Sandstones

Description.--- FA6 is composed solely of sandstone facies, comprising rippled (Lf4a), planar-cross-stratified
(Lf4c), parallel-laminated (Lf5), structureless (graded and ungraded; Lf6a-b) and mudclast-bearing (Lf6c)
sandstones. Among these, Lf6a-c appear dominant, but its common pervasive dewatering may obscure the
identification of sedimentary structures (Fig. 6F). Sandstone packages of FA6 can be > 5 m thick, but internal
amalgamation surfaces picked out by grain-size breaks or horizons of aligned mudclasts are ubiquitous (Fig.
6F); these erode into and are filled by sandstone beds. Amalgamation surfaces are concave-up and typically
exhibit dips of up to 40° (corrected for local bedding). In outcrops oriented quasi-perpendicular (60-90°) to local
paleoflow (e.g., locations 3 and 14; Fig. 2), the wavelength of scouring varies from ~ 1.5 m to > 25 m. In such
outcrops, the locus of maximum incision of successive scours switches laterally in both directions; however,
scour walls dipping towards higher-energy sandstones, conglomerates, and debrites with incisional bases (FA7)
are preferentially preserved. In outcrops orientated subparallel (0-30°) to local paleoflow (e.g., locations 18 and
19; Fig. 2), scour walls exist in the same dip range, but do not have a preferential orientation of preservation. In
FA6, packages of Lf6b can be up to 4 m thick without development of any obvious amalgamation surfaces,
although dewatering might obscure them. Where dewatering is not present, maximum bed thickness (between
amalgamation surfaces) is rarely > 1.2 m, and is never greater than 2 m, in keeping with typical channel bed
thicknesses quoted in Fryer and Jobe (2019). This facies association lies in a continuum between non-

amalgamated, incisional sandstones, and heterolithics (FA4) and (FA7).

Interpretation.--- FA6 is the result of deposition from recurrent, sand-rich turbidity currents that locally eroded,
bypassed, and deposited. Common amalgamation surfaces may have been filled by their formative flows or
represent periods of sustained bypass (e.g., Kane et al., 2009b; Bell et al., 2018a). Surface-lining mudclasts
likely represent residual lag deposits (Stevenson et al., 2015), possibly derived externally (from a proximal
source), or locally, from the erosion of a fine-grained drape (Mutti, 1992; Kane et al., 2017). The frequency
and/or magnitude of events increased towards a depositional low (i.e., channel axis), causing the preferred

preservation of axis-dipping scour walls in cross section, but not longitudinal, paleoflow-parallel sections.



Facies Association 7 (FA7) — Sandstones, Conglomerates, and Debrites with Incisional Bases

Description.--- FA7 comprises rippled (Lf4a), cross-stratified (L.f4c), parallel-laminated (Lf5), structureless
(graded and ungraded; Lf6a-b), mudclast-bearing (Lf6c) and bioclastic (L.f9) sandstones, and extraclast and
mudclast conglomerates (Lf7a-b), and MTDs (Lf8a-b) (Fig. 6G). MTDs in FA7 are sometimes stacked (Fig. 8).
They mostly occur as < 1-m-thick debrites of variable composition, with a silt- and clay-rich matrix containing
a combination of: (i) sandstone (< 40 cm long axis) and local heterolithic (< 1 m long axis) blocks; (ii) bioclasts
(< 1.5 cm long axis); (iii) extraclasts (< 3 cm long axis, typically comprising lithic fragments and clasts of
rounded carbonate). In distinguishing debrites within FA7 from those comprising FAS, their architectural
context is used: debrites in package-bounding confining surfaces (such as channel walls; cf. DE3 and DE4; see

“depositional elements”) are classified as FA7 deposits (Fig. 9).

FA7 displays internal erosion, with bed bases of each lithofacies incising into one another. Bed thicknesses
increase towards the maximum depth of the bounding erosional surface (Fig. 9). In longitudinal, paleoflow-
parallel sections, some erosional bed bases are asymmetric, steeper upflow (maximum dip ~ 40°) than downflow
(maximum dip ~ 20°). These surfaces can contain a higher concentration of imbricated mudclasts against the
steep side, dipping down-flow; they are interpreted as megaflutes (Elliott, 2000; Kane et al., 2009b). FA7 forms

a continuum with amalgamated sandstones (FA6).

Interpretation.--- Erosional, generally coarse-grained lags and debrites are commonly observed in channel
thalwegs (Mayall et al., 2006; Hubbard et al., 2009; Kane et al., 2009a; Bell et al., 2018b). These build
incrementally through repeated scouring, bypassing, and deposition from passing, possibly supercritical flows

(Froude number > 1, Komar, 1971).
Facies Association 8 (FA8) — Mass-Transport Deposits (MTDs)

Description.--- FA8 is composed solely of MTDs exhibiting debritic (L.f8a) and slumped (Lf8b) textures, found
outside of confining surfaces that bound packages (see FA7 for distinction); they are typically > 1 m thick and
sometimes stack up to > 22 m thick (Fig. 6H). The composition of the debrites (Lf8a) is highly variable, with
blocks or clasts derived from any of the other lithofacies in the system (see Table 1) hosted within a heterolithic

matrix. Blocks of conglomerate (Lf7) and bioclastic, polymict sandstone (L{9) are observed amongst isolated



extraclasts and bioclasts. Deformed, isolated blocks (a few decimeters to meters) of background (FA1), laterally
variable (FA2) and laterally continuous (FA3) thin beds are common in FA8. The composition of Lf8b is almost

exclusively fine-grained heterolithic, thin-bedded deposits.

Basal contacts of FA8 packages can incise up to 3 m into underlying deposits, and are sometimes manifested as
broad erosional surfaces (Fig. 9) with the MTD thickening towards the maximum incision depth, or as steep (up
to 90° in some cases) walled scours (Fig. 6H). The tops of FA8 packages are commonly eroded and filled by

FA2, FA4, FA6, and FA7 (Fig. 9).

Interpretation.--- The formative flow type and the resultant depositional character of an MTD depends mainly
on the composition (mainly its clay content) and degree of disaggregation (controlled principally by its transport
history; Moscardelli and Wood, 2008; Bull et al., 2009; Ogata et al., 2012). Because the MTDs of FAS8 are
highly variable in their texture and composition, determining transport distance is problematic. Furthermore,
compositional indicators often used to determine source, such as dispersed bioclasts and extraclasts, might all
be derived from their feeding lithologies or have been incorporated through basal substrate erosion. Isolated
extraclasts and bioclasts may have been incorporated from the disaggregation of blocks of Lf7 and Lf8 during

transportation.

Arbués et al. (2007a, 2007b) attributed the < 20 m thick, stacked MTDs at Los Molinos Road to failures on a
structurally controlled, laterally confining slope. Mutti (1985) and Dakin et al. (2013), however, recognize
longitudinally emplaced MTDs in the Ainsa channel systems. The data presented herein do not allow conclusive
determination of whether the thick (> 1 m) MTDs of FAS8 (Fig. 9) were derived dominantly from transverse
sources, such as growing structures (Arbués et al., 2007a) or the collapse of a confining surface (Hansen et al.,
2015), or from more proximal sources such as the head or wall of a feeding canyon (Nelson et al., 2011), the
shelf or upper slope (Ortiz-Karpf et al., 2017). Furthermore, an MTD that may appear (based on composition
and/or degree of disaggregation) to have been emplaced longitudinally may have been derived from a transverse
source in a more proximal location, potentially kilometers upstream. Based on the (slumped) character and
composition (all apparently derived from local stratigraphy) of the deposits, a transverse source is favored for

the emplacement of the MTDs in FAS.
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interpreted line drawing (ii) of the western outcrop panel. D) Photomosaic (i) and interpreted line drawing
(i1) of the eastern outcrop panel. E) Correlation panel showing DE1 and DE2, and their constituent vertical
and lateral facies association transitions, built from pseudo-logs created using outcrop panel interpretations

supported by measured log data.

DEPOSITIONAL ELEMENTS

Classification of depositional elements is useful in systems where facies associations are not unique to a single
depositional environment. The following depositional elements are derived from groups of facies associations
on the basis of systematically recurring vertical or lateral interrelationships, or of relationships with key

bounding surfaces.

Depositional Element 1 (DE1) — Weakly Confined, Increasing-to-Decreasing-Energy Deposits

Observations.--- The base, top, and lateral edges of DE1 (best observed in Sierra de Soto Gully; between H4
and HS in Fig. 10) are transitional. Within its basal transition, background thin beds (FA1) grade into laterally
variable thin beds (FA2) over 1-4 m. At its top, FA2 grades into FA1 over 2-6 m. Laterally, FA2 transitions into
FAT1 over tens of meters away from the depositional locus (the location of maximum net sandstone thickness
and average sandstone bed thickness). Lateral transitions show a gradual upward increase, followed by a
subsequent decrease, in the extent of sandstone beds. While in some outcrops both lateral margins are observed,
in most well exposed locations only one margin is preserved. The longitudinal expression of DE1 is poorly
constrained, but it is assumed to be elongate in a down-flow orientation. Constituent sandstone beds exhibit all
bed geometries recognized in FA2: flat, lightly incisional, or concave-up but non-erosional bases; flat or
mounded tops. No common lateral thickening trend is recognized in the sandstone beds, but their average
thickness increases towards the depositional locus. From tracing FA2 packages laterally, aggradation in the
depositional locus appears to be comparable to that of the margins and surrounding FA1 deposits. Non-
amalgamated, incisional sandstones, and heterolithics (FA4) are sometimes present within the depositional

locus, transitioning laterally and vertically into FA2.



In Sierra de Soto Gully (Fig. 10), the lateral transition from FA2 to FA1 migrates towards the WSW, away from
the Sierra de Araguds thrust; paleoflow directions based on the ripples and cross beds therein also show a
western deflection, relative to the flute casts (Fig. 10B). At Muro de Bellos, the same lateral facies transition

occurs towards the Muro and Sierra de Araguds Thrusts, which laterally bound the stratigraphy (Fig. 7).

Interpretation.--- No master confining surface bounds DE1 at the outcrop scale, so the velocity maxima of the
formative flows of constituent FA2 deposits were effectively unconfined. However, the constituent sandstones
are thinner, laterally more variable, and less amalgamated than those typical of unconfined, sand-rich deposits
(cf. Remacha et al., 2005; Liu et al., 2018; Fryer and Jobe, 2019); evidence for compensation is also lacking.
The pinching and swelling geometries and bypassing nature of constituent sandstone beds, and the lack of
amalgamation and compensation, suggests these are unlike classical “lobes” (Mutti et al., 1994; Prélat et al.,
2010). Facies and bed geometries in FA2 deposits show evidence for tractional reworking and scouring (Fig.
6B). However, coarse-grained lag deposits and mud-draped scours indicative of bypassing, high-concentration
flows (Barton et al., 2010; Alpak et al., 2013; Stevenson et al., 2015) are largely absent. Therefore, FA2 deposits

in DE1 represent low-concentration, generally fine-grained but dominantly bypassing flow deposits.

Observed vertical transitions within DE1 represent increasing and subsequently decreasing flow energy. This
motif arises in response to variations in local sediment delivery (Fig. 11), due either to an upstream levee
crevasse (formed from a failed avulsion), or driven by basinal supply (Lowe et al., 2019). The relationship with
structures suggest that the depositional axes of DE1 coincided with the deepest part of elongate topographic
lows, which also controlled the location of lateral facies transitions. Movement (dominantly forward
propagation) of fairway-bounding structures is inferred to be responsible for the lateral shifts in the depositional
axis and subtle lateral facies association transitions as seen in Sierra de Soto Gully (Fig. 10). Lateral facies
transitions are associated with increasing local sand input, as the high-velocity sand-rich part of flows was able

to spread over a wider area, whilst still contained within the fairway (Fig. 11b).

Increases in velocity on steep axial gradients may allow a weak flow to exceed its bypass threshold, causing it
to erode or bypass, and leaving a thin deposit or no deposit (Stevenson et al., 2015; Dorrell et al., 2018). Elongate
sediment pathways provide subtle lateral confinement, which may also cause flow velocity to increase (Fig. 1).

At the bases of these weakly confined flows, substrate topography (meters to tens of meters in wavelength)



generated by previous flows, sediment loading or small structures cause localized velocity variability
(Eggenhuisen et al., 2010; Dorrell et al., 2019), which leads to the formation of tractional bedforms and scours
(Fig. 11). Modern canyons (Paull et al., 2018) and fjord-head delta slopes (Hughes Clarke, 2016) also experience
broad lateral confinement (a few kilometers across). Turbidity currents monitored in such settings commonly
die out only kilometers from the source (e.g., Paull et al., 2018). DE1 may provide an ancient analog for these

weak flows.

Depositional Element 2 (DE2) — Progradational, Weakly Confined to Overbank Deposits

Observations.--- DE2 is observed in Muro de Bellos (Fig. 7) and Sierra de Soto Gully (Fig. 10). Similarly to
the increasing-to-decreasing-energy deposits of DEI1, there is a basal vertical transition from background thin
beds (FAT1) into laterally variable thin beds (FA2) over 1-4 m; the same lateral transition as in DE1 (from FA2
to FAT1 over tens of meters away from the depositional locus) is also observed (Fig. 11). Above this, another
transition is observed, with a gradual upward decrease in pinching and swelling of beds (of FA2), and a
proportional increase in laterally continuous thin beds (FA3). The boundary between the two is arbitrary;
however, the FA3 part tends to be thicker (> 20 m) than the FA2 part (> 10 m). FA3 deposits grade vertically
into FA1 at the top of DE2. Constituent FA3 deposits can span a wider depositional area than the underlying
FA2, leading to some vertical sections showing FA3 grading to FA1 above and below, with an apparently sharp
base (see PL1 and PL2, Fig. 10). In Muro de Bellos panel 2 (Fig. 7), DE2 is mostly underlain by a zone of
contorted stratigraphy containing folds of meters to tens of meters in wavelength, faults with up to 2 m
displacement, and blocks measuring up to several meters. This deformed stratigraphy appears to be composed

of, and contained within, FA1 deposits, but locally ramps up and down through the stratigraphy.

Interpretation.--- DE2 is interpreted to represent the transition from weakly confined deposits (FA2), into
overbank deposits (FA3), possibly lateral to the position where a nearby channel was forming (Fig. 11); this is
comparable to the transition zone from levee to lobe fringe (Normark et al., 1979; Kane and Hodgson, 2011).
With locally increasing sediment delivery, weakly confined deposits will prograde; once flow magnitude in the
depositional axis crosses the erosional threshold, a channelization feedback may be initiated (Eggenhuisen et
al., 2011; De Leeuw et al., 2016) (Fig. 1B). Accordingly, greater proportions of successive flows will become

laterally confined, meaning that progressively lower-energy, finer-grained, and better-sorted flows will deposit



on the margins (Fig. 11). The progressive nature of this process is reflected in the transitional nature of the
contact between FA2 and FA3. DEI and DE2 represent end members of a continuum controlled by channel
development. It is unclear whether the disturbed interval beneath DE2 in Muro de Bellos was emplaced as a
large MTD, or is a postdepositional product of tectonically or gravitationally driven deformation (Fig. 12). If
the former is true, the contorted zone may have influenced progradation and channel inception. However, due
to the fact that this contorted zone is not constrained to a stratigraphic interval and ramps into overlying

stratigraphy, the deformation is likely postdepositional.

Depositional Element 3 (DE3) — Alternating MTDs and Turbidites

Observations.--- DE3 comprises packages (1-8 m thick) of turbiditic facies associations (background (FA1) or
laterally variable (FA2) thin beds, or non-amalgamated, incisional sandstones, and heterolithics (FA4) between
stacked or single MTDs (FAS8) (< 20 m)). It is best observed in Barranco de la Caxigosa, where five MTDs
(MTD1-MTDS5; Fig. 9) are interbedded with ~ 3—10-m-thick, dominantly turbiditic, packages, one of which
(between MTD3 and MTD4) is obviously channelized and is not included within DE3 (see DE4). Any of the
turbidite packages (FA1, FA2 or FA4), which exist in a continuum with each other, can overlie and underlie
sharp basal and top contacts with MTDs of FAS. Lateral transitions exist between FA1 and FA2, and between
FA2 and FA4. Where lateral transitions are visible, the higher-energy facies associations overlie the deepest
part of the basal contact (MTD top), transitioning laterally into thinner, lower-energy packages. The contacts
with the overlying MTDs are commonly erosional. Exposure of MTDs in the Arro system is insufficient to trace
their full extent. Millington and Clark (1995a, 1995b) and Arbués et al. (2007a, 2007b) describe DE3 at Los
Molinos Road, where the turbidite-prone intervals dominantly thin towards the NE, with one notable exception

thinning to the SW.

Interpretation.--- The nature of DE3 is interpreted to be controlled by the interplay between an underlying
MTD and the magnitude, concentration, and grain size of overpassing turbidity currents. The response of
turbidity currents to this MTD-top topography is recorded in the overlying turbidite deposits. Depositional lows
present on the top of MTDs, or left behind by erosive MTDs, can either generate partial ponding or provide
lateral confinement which may enhance channelization (Fig. 11; Schultz et al., 2005; Bull et al., 2009; Hansen

et al., 2013; Kneller et al., 2016; Ward et al., 2018). The reason turbidite packages in DE3 may not have crossed



a channelization threshold and formed DE4 may be that the lateral confinement or axial gradient provided by
the underlying MTD were insufficient, or the emplacement of a subsequent MTD may have interrupted the
process and reset the basin-floor topography (Fig. 11). The interplay of the aforementioned factors means that
DE3 can form a continuum with increasing-to-decreasing-energy deposits (DE1), progradational-to-overbank

deposits (DE2) and channels (DE4).

Arbués et al. (2007a, 2007b) interpreted deposits of this type at Los Molinos Road as the lateral expression of
non-exposed channel bodies to the SW of the outcrop. Therein, FA2 deposits (their “TS” facies association) are
interpreted as marginal deposits associated with channel bodies, which are formed in response to the
emplacement of MTDs. Definitive distinction of the aforementioned interpretations is not possible based on
field data due to limited outcrop exposure in both Los Molinos Road and Barranco de la Caxigosa. However, it
is likely that a continuum exists between DE3 and DE4, whereby the early stages of channelization in locations

prone to MTD emplacement are similar to those responsible for the deposition of the turbiditic intervals in DE3.

Depositional Element 4 (DE4) — Channels

DE4 comprises sandbodies which are characterized by nested erosional surfaces (see below) and that contain
non-amalgamated, incisional sandstones, and heterolithics (FA4), non-amalgamated, non-incisional sandstones,
and heterolithics (FA5), amalgamated sandstones (FA6), and sandstones, conglomerates, and debrites with

incisional bases (FA7).

Four sandbody exposures crop out at the Muro de Bellos location (Muro Sandbody outcrops 1 —4; Fig. 7) above
a thick (> 150 m) succession of predominantly background thin beds (FA1), but with laterally variable (FA2)
and laterally continuous (FA3) thin beds in the upper ~ 30 m (Fig. 7D). While all four outcrops contain DE4
elements, sandbody outcrop 4 exhibits the greatest exposure, therefore allowing the most detailed analysis (Fig.
8). In the Barranco de la Caxigosa outcrop (described above), one of the five turbidite packages (up to 11 m
thick) contains FA2, FA4, FA6, and FA7 (Fig. 9) and multiple nested erosional surfaces; this package is

therefore classed as DE4.

Because of their characteristic nested erosional surfaces and sandy fill, DE4 deposits are interpreted as the fill

of submarine channels. Further description and discussion of these deposits is presented below.
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MTD1 =
Deposition on top of the second MTD is also topographically
controlled. Increase in sediment supply and/or lateral confinement
can create zones of bypass which, if left uninterrupted, may lead to
channelization. This is indicated by the localized presence of FA4.

MTD1
Athird MTD is emplaced, once again resetting the substrate

topography and ending the channelization process.
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Figure 11 — Schematic diagrams showing the interpreted formation and evolution of depositional elements

1 —4: A) DEI1; B) DE2 and DE4; C) DE3.
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Wedging in background thin beds attributed to differential movement
on Sierra de Araguas and Muro thrusts. It is unclear whether the
zone of contorted stratigraphy is an event bed or postdepositional
deformation.

Laterally variable thin-bed package forms from progradation of
unconfined deposits through thrust-controlled corridor. If contorted
stratigraphy is part of a mass-transport deposit, its deposition may
have locally augmented progradation.

Continued, and likely increasing, coarse-grained sediment supply to
a narrowing basin imposes lateral flow confinement. This
confinement encourages channelization. As a channel progrades
through the unconfined precursor deposits (panel 1), overspill occurs,

forming more continuous thin beds laterally (panel 2).

Channel aspect
ratio not to scale

Unknown number
of channels

Channel sinuosity
unknown

Once a channel has been established, continued movement on the
Muro thrust causes a lateral shift in the position of the channel axis
(shown in Fig. 8). Subsequent channels incise into the fill and
overbank deposits of the previous channel (panel 2).

Figure 12 — A) Map showing the locations of panels 1 and 2, the Sierra de Araguas and Muro thrusts, and

local paleocurrent (rose diagram same as in Fig. 7A); B — E) sketch diagrams showing the evolution of the

channels in Muro de Bellos through four time steps. Interpreted panels 1 and 2 presented in Fig. 7 have been

used to inform the interpretation and are displayed herein.



Key Surfaces and Hierarchy.--- Channelized deposits are hosted within concave-up surfaces which may be

generated by erosion and/or cogenetic thin-bedded turbidites formed from overspill (Hodgson et al., 2011; Brunt

et al., 2013). At least three hierarchical orders of confining surface are observed, which are named according to

the hierarchical nomenclature scheme of Sprague et al. (2005; Fig. 9). These orders are distinguished based on

scale and the recognition of nested surfaces starting at the smallest: bed bases. While key surfaces are used to

define each hierarchical order, in areas where bed truncation is not apparent, these surfaces are picked out by

major changes in facies associations:

ey

2

3)

Bed / bedset surfaces (< 3 m deep) with scour-like geometries are observed in paleoflow-parallel and -
perpendicular sections (Figs. 8, 9); in sections subparallel to flow (SE-NW; e.g., location 18, Fig. 2)
megaflutes can be observed. Scours were cut by the erosive part of an unsteady flow (Kneller, 1995),
or by wholly erosive or bypassing flows. They were filled by the depositional part of the scour-forming
flow, or by a subsequent depositional flow (e.g., Kane et al., 2009b; Stevenson et al., 2015; Bell et al.,
2018a). The process of cut and fill builds stratigraphy incrementally in deep-water channels.

Channel story surfaces (3-10 m deep at axis) are concave-up and elongate (in the direction of local
paleoflow), and are best observed at Barranco de la Caxigosa (Fig. 9). These cut through bed and/or
bedset fills and exist within larger channel fill surfaces (below). Ranges for the typical depth of incision
of bedsets and channel stories overlap, such that these two scales can be difficult to distinguish (Sprague
et al., 2005; Cullis et al., 2018). However, at least three channel stories are identified at Barranco de la
Caxigosa (Fig. 9), and at least five in Muro Sandbody outcrop 4 (Fig. 8). Sprague et al. (2005) quote
typical channel story thicknesses of 3-5 m, meaning that scale overlap with channel fills (10-30 m) is
unlikely. However, the basal 10 m of Muro Sandbody outcrop 4 is interpreted to belong to a single
channel story. In axial sections, distinguishing bed- or bedset-scale amalgamation within a story from
a story bounding surface is difficult. Therefore it is possible that, within this package, more stories are
hidden due to the cliff striking at a low angle to local paleoflow, or that an overlap may exist between
the channel story scale and the channel fill scale.

Channel-fill surfaces (10-50 m deep at axis). At Barranco de la Caxigosa, vertically and laterally stacked

channel stories are confined at both margins by a master basal concave-up surface, and collectively



constitute the channel fill. At Muro de Bellos, the master confining surface may simply be a compound
surface resulting from vertical and lateral amalgamation of the bases of channel stories towards the SW.

In both cases this master surface also acts as the confining surface to channel stories (Figs. 12, 13).

Vertical and Lateral Facies Variability.--- Channel story 1 in Barranco de la Caxigosa (Fig. 9) exhibits a
lateral facies transition from high-energy deposits of FA7 towards the “axis”, through lower-energy “off-axis”
deposits of FA4 and FA6, to fine-grained, laterally variable thin-bedded FA2 deposits at its “margin” (sensu
McHargue et al., 2011; Hubbard et al., 2014). Sandstone beds of marginal FA2 deposits thin towards (and
sometimes onlap onto) their confining surface; towards the axis they thicken or are truncated by the incisional
bases of overlying beds. The channel margin thin beds in Barranco de la Caxigosa represent the interplay
between (i) marginal deposits of dominantly bypassing flows that did not deposit along the paleo-thalweg, (ii)
the marginal expression of fully depositional flows which thickened towards the channel axis, where some were
subsequently eroded, (iii) deposits left by the tails of bypassing flows, and hosted within scours, and (iv) fine-
grained drapes which formed during quiescent periods. Lenses of FA2, independent of the aforementioned
margin deposits, exist within the axial fill. These overlie bedset- and channel-story-scale surfaces; they are
thickest in the deepest point of the surface and pinch out towards the margin (Fig. 9). Constituent sandstone
beds thicken towards the axis of the lens, with thickness variations due to incision at their base. These lenses
may represent bypass drapes (Barton et al., 2010; Alpak et al., 2013; Stevenson et al., 2015), whereby sediment
from the tail of a dominantly bypassing flow filled topography generated by the flow itself or by a precursor
flow. At the base of channel story 1, a single rippled sandstone likely represents reworking during a relatively
short bypassing stage, after channel incision (Fig. 9). The bases of channel stories 2 and 3 are overlain by thick
(> 1.5 m) bypass drapes that thicken towards the maximum depth of the confining surfaces, partially healing
them. These are overlain by amalgamated sandstones (FA6), which are thickest in the axis of the confining
surface and gradually thin away from it. Unlike in channel story 1, lateral transitions into marginal FA2 or axial
FA7 deposits are not observed; transitions between axis and margin are accommodated by thinning of FA6
deposits and bypass drapes (Fig. 9). The infill of all stories in Barranco de la Caxigosa exhibit vertical trends
associated with an upward decrease of energy. In story 1 this is represented by an upward decrease in debritic

and conglomeratic facies. In stories 2 and 3 it is marked by the basal bypass drape and gradual fining-up of the



overlying amalgamated sandstones (Fig. 9). In the margin of story 1, however, coarsening- and thickening-up
is observed as beds and bedsets become progressively wider up-succession (Fig. 9; Hubbard et al., 2014). An
apparent upward increase in the interpreted energy of facies at channel story margins may not be reflective of
the nature of the flows that filled it. As a concave-up surface is filled, widening of the conduit causes the margin
pinch-out of coarse-grained beds to step away from the channel axis, leading to the superposition of thicker

beds onto thinner beds.

In Muro Sandbody outcrop 4 (Fig. 8) FA4, FA6, and FA7 are seen transitioning laterally into one another, and
are thought to exhibit a similar axial-to-marginal trend as in Barranco de la Caxigosa, except without laterally
variable thin beds (FA2). Fining-up patterns of individual channel stories are also more subtle in Muro de Bellos.
At their tops, channel stories 2 and 3 contain > 5 m packages of non-amalgamated sandstones (FA5) which are
tabular across the outcrop. These overlie a sharp basal transition and are commonly incised by overlying, higher-
energy facies associations (FA4, FA6, and FA7). In Muro Sandbody outcrop 4, the presence of FAS in channel
stories 2 and 3 marks a decrease in average flow energy, possibly due to autogenic processes, in response to a

partial upstream blockage (potentially from an MTD) or to an upstream avulsion.

At channel-fill scale, an overall upward decrease in energy is inferred in Muro Sandbody outcrop 4. However,
in Barranco de la Caxigosa, vertical facies trends are complex, as they are influenced by the stacking of the

constituent channel stories.

Architecture and Migration Patterns.--- The exposures at Muro de Bellos all strike at a low angle to local
paleoflow, making the architecture of the constituent channel stories difficult to ascertain. Therefore,
extrapolation of architectures in the Muro de Bellos outcrop has been attempted using geometric relationships
between confining surfaces and underlying stratigraphy, and assuming that channel stories exhibit similar axis-
to-margin facies-association transitions as in Barranco de la Caxigosa (Fig. 9). Muro Sandbody outcrops 1 and
2 are along strike, at similar elevations (~ 980 m) and can be connected along paleoflow. The master confining
surfaces beneath outcrop 1 (Fig. 7C), outcrop 3, and outcrop 4 (Fig. 8) truncate progressively older underlying
thin beds towards the NE (Fig. 7A). Muro Sandbody outcrop 3, which comprises dominantly axial FA7 and off-
axis FA6 deposits, is laterally (perpendicularly to paleoflow) offset ~ 200 m and vertically offset ~ 50 m (not

restored for local tilt of ~ 11 - 16%) from outcrop 2, which contains axial FA7 deposits. Muro Sandbody outcrop



4 is ~ 50 m laterally (perpendicular to paleoflow) and ~ 30 m vertically offset from sandbody outcrop 3. In
sandbody outcrop 4, four incision surfaces are observed, two of which cut progressively older underlying beds
to the SW (into the cliff), the direction opposite to the incision at the base of the outcrop (NE); the cutting
direction of the other two surfaces is not obvious (Fig. 8). While a general vertical decrease in the energy of the
facies associations in Muro Sandbody outcrop 4 (Fig. 8) is interpreted, the base of channel stories 3 and 5
comprise dominantly off-axis FA6 deposits, interpreted as higher energy than the FA4 deposits that constitute
the basal part of their underlying channel stories (2 and 4 respectively). This variability may reflect changes in
the overall energy of the fill of successive channel stories, or variability of channel story stacking,

superimposing more axial onto more marginal facies associations.

McHargue et al. (2011) define two contrasting styles of stacking observed (in plan view) at channel-fill scale
(therein “channel elements”): (i) disorganized, whereby successive channels do not resemble each other; (ii)
organized, where successive channels modify the course of the previous element. Herein, we apply this
terminology to describe the stacking of channel stories. We interpret that the channel stories in Muro Sandbody
outcrops 1—4 stacked vertically and laterally to the southwest, generally in an organized manner (Fig. 12), based
principally on the vertical and lateral offset of axial FA7 deposits between outcrops 2, 3, and 4, and the vertical
change from the NE truncation of older underlying stratigraphy to SW truncation in outcrop 4. However, the
superposition of channel stories containing high-energy FA6 deposits (stories 3 and 5) onto those containing

lower-energy FA4 deposits (stories 2 and 5; Fig. 8) suggests that local variability may exist.

Compounded erosion of these channel stories may create a through-going surface on their southwestern side

(represented by HS; Fig. 7); the architecture on the northeastern margin cannot be constrained (Fig. 12).

In Barranco de la Caxigosa, channel stories 1 and 2 are offset at least 70 m laterally and 6 m stratigraphically.
Stories 2 and 3 are laterally offset by ~ 50 m, and the maximum depth of the confining surface of story 3 is ~
50 cm stratigraphically lower than that of story 2. Although none of the stories is fully exposed, story 1 appears
to have a lower aspect ratio than story 3. The master bounding surface, containing the channel fill, displays a
concave-up geometry which then abruptly flattens to the SSW; the concave-up part is ~ 6 m thick. The increase
in lateral offset (relative to vertical) of channel story axes, and vertical increase in aspect ratio is concomitant

with the widening and flattening of the master bounding surface (Fig. 9).



The channel fill at Barranco de la Caxigosa is situated within an erosional bounding surface (Figs. 9, 13), in
which the channel stories are stacked in a disorganized or compensational manner. Changes in lateral stacking
and aspect ratio were potentially controlled by a widening of the master confining surface: stories 2 and 3,
situated above the wider and shallower part of the master confining surface, experienced greater offset and
formed channel deposits of higher aspect ratios, likely because their confinement was not dictated by the

presence of a steep channel wall.

DISCUSSION

Timing of Structures in the Arro System

The western deflection of ripples and cross beds (relative to flutes) and westward stepping of the lateral facies
transitions in Sierra de Soto Gully (Figs. 4, 10) suggest that the formative flows interacted with growing seafloor
topography to the east, likely caused by growth of the Sierra de Araguds thrust. Wedging geometries of the
background thin beds (Fig. 7) and the onset of channelization in Muro de Bellos are attributed to movement on
the Muro and Sierra de Araguds thrusts (Fig. 12). Previous works suggest that structures in the most proximal
outcrops were active at the time of deposition, with the growth of the Los Molinos Thrust as the cause of MTD
emplacement at Los Molinos Road (Millington and Clark, 1995a, 1995b; Arbués et al., 2007a, 2007b). It is
therefore also possible that the origin of the MTDs in Barranco de la Caxigosa was linked to the activity of the
nearby Caxigosa thrust. Furthermore, cross sections through the Ainsa depocenter fill (e.g., Muiioz et al., 2013;
Clark et al., 2017) commonly show a thinning of Arro stratigraphy towards the depocenter-bounding thrust-

cored anticlines, suggesting that these structures were growing during deposition.
Controls on Variability in Channel-Deposit Architecture

Multiple autogenic and allogenic controls dictate the architecture and facies distribution of deep-water deposits
(Clark and Cartwright, 2011). For example, sequence stratigraphy is built on various scales of external forcing
(Valil et al., 1977; Gardner et al., 2003; Flint et al., 2011), whereas other studies focus on the stratigraphic
response of autogenic processes (Pirmez et al., 2000; McHargue et al., 2011). Furthermore, studies from modern
deep-water channel systems (e.g., Vendettuoli et al., 2019) are beginning to reveal the true complexity of seabed

deposition. However, although it can be challenging to discern the extent to which individual factors control the



nature of ancient sedimentary successions, it is possible to assess the relative importance of a suite of controls

at various hierarchical scales.

At bed to bedset scale, local scouring and filling builds stratigraphy incrementally in a channel. Scours may be
filled by their formative flow or by successive flows (Kane et al., 2009b). The preserved deposit of a flow may
be present only in the axis or margin of a channel, or across its entirety (Hubbard et al., 2014). Variations in
scour depth and fill between individual beds is likely due to random variations in the type and magnitude of

individual flows.

Because there may be scale overlap between bedset and channel story surfaces, the relative likelihood of
different factors controlling their inception may also vary, rather than being fixed for each level. Both Muro de
Bellos and Barranco de la Caxigosa display incision at the bases of their constituent channel stories, and a
general upward decrease in the inferred energy of their constituent facies associations (Figs. 8, 9). Therefore,
they are interpreted to result from repeated incision and filling of the surfaces that confine them. Repeated “cut

and fill” can be attributed to:

¢ Increases (cut) and subsequent decreases (fill) in average flow magnitude and erosive potential arising from
variations in sediment delivery rate and/or caliber enhanced by relative sea-level changes and/or climatic
variations (Gardner et al., 2003; Flint et al., 2011).

e Surfaces being generated by erosive flows trying to maintain equilibrium, potentially after an upstream
avulsion (Pirmez et al., 2000). In this case fill is initiated by backfilling due to a downstream blockage
(Pickering et al., 2001) or a decrease in flow efficiency (Mutti et al., 1999; Hodgson et al., 2011, 2016), or
by aggradation of a below grade channel, seeking its equilibrium profile (Pirmez et al., 2000; Kneller, 2003;
Prather, 2003).

e The upstream migration of knickpoints (Heini6 and Davies, 2007; Gales et al., 2019) or other bedforms, as
seen in modern submarine channels (Hage et al., 2018; Vendettuoli et al., 2019), may produce an erosional
surface. Immediately downstream of knickpoints (commonly the location of hydraulic jumps) flow
efficiency is reduced, resulting in deposition of higher-energy sediments from flows which would
previously have bypassed (Postma and Cartigny, 2014). As channel-floor topography is healed and the

knickpoint or bedform migrates farther upstream, flow efficiency is reattained. This may cause a general



upwards decrease in inferred flow energy as the higher-energy parts of flows bypass with increasing
efficiency.

e (Quasi-instantaneous erosion by a bypassing MTD (Dakin et al., 2013) or an outsized turbidity current may
generate the confining surface. The infill is progressive: as the narrowest and deepest part of a concave-up
surface (axis) is filled with high-energy facies, the effective conduit size widens. Lateral confinement is
relieved, leading to a decrease in efficiency of the next flow, which may form a feedback mechanism,

depositing progressively lower-energy facies.

The relative likelihood of these formative mechanisms can be determined based on the architecture of the
channel fill more generally. The architectural interpretation of Muro de Bellos is that of partially overbank-
confined channel stories, whose southwestern migration is accommodated by small-scale avulsions (Fig. 12).
Therefore, their architectural expression is likely due to (structurally derived) changes in lateral confinement
and axial gradient. In contrast, the internal architecture of the channel fill at Barranco de la Caxigosa is less well
organized; the bounding surface likely resulted from cut and fill. In this scenario, any of the aforementioned
mechanisms may have formed its channel stories. However, the Barranco de la Caxigosa outcrop contains
multiple MTDs with incisional bases, interbedded with channelized and non-obviously channelized turbidite
deposits. Due to the MTD-prone nature of the deposits, it is possible that the confining surfaces of channel
stories 2 and 3 were excavated partially or fully by large, erosive MTDs. The surface originally generated by
this large flow may have been partially filled by the deposit of the formative MTD, and is likely to have been
modified, progressively, by successive flows that shaped its preserved geometry (Fig. 9). Progressive incision

alone, however, cannot be ruled out.

The master confining surface of the channel fill at Muro de Bellos is interpreted to represent a compound
surface. This did not exist as a basin-floor feature in its entirety at any point, but instead formed by the lateral
and vertical migration (stacking) of its channels stories in response to movement on the Muro thrust (Fig. 12).
The basal incision at Barranco de la Caxigosa is interpreted to have formed from the cut and fill of a steep-sided
conduit, at channel-story hierarchical order. Once this basal story was filled, channel stories formed within a
much larger conduit, potentially derived from structural confinement or a lower order channel surface. The

evolution away from flow-scale lateral confinement was responsible for the increase in the ratio of horizontal



to vertical stacking and lower-energy facies in stories 2 and 3 (Fig. 13). At the lowest order, an overall increase
then decrease in the rate of delivery of coarse-grained sediment to each location is necessary for the inception,

fill, and occlusion of these channels.

INNE:

Inferred pre-MTD3 stratigraphy. Total
thickness here unknown. Confined to NNE
by structure or channel wall.

NNE :
MTD3 is emplaced, likely from a transverse
source (e.g. a growing structure). MTD3
erodes some of the underlying stratigraphy.
The MTD-top topography generates a
topographic low which may be exploited by
successive turbidity currents.

INNE

Successive turbidity currents progressively
incise in the position of the newly formed
topographic low on top of MTD3. A
channelization threshold is breached,
causing positive (channelization) feedback.
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The channel fill builds incrementally,
depositing high-energy, generally coarser-
grained facies associations in the channel
axis. Fill may have been initiated by
autogenic or allogenic factors (see text).
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The widening of the bounding surface allowed
greater lateral offset. Successive episodes of
cut and fill formed at least two channel stories.
The drapes at their bases, which thicken
towards the maximum incision depth, were
deposited by the tails of bypassing flows.
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subsequently filled by amalgamated
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conglomeratic facies. Filling may be related to
a progressive frontal gradient reduction and/or
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into the top of the underlying channel fill.
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geometries. It is possible that these flows
were in the process of channelization.
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incisional sandstones, preventing a
channelization threshold being reached.
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Figure 13 — Sketch block models showing the evolution of Barranco de la Caxigosa through nine time steps

(A —I). Interpretation is informed by panels presented in Fig. 9 and displayed herein.

Observations from outcropping deep-water channel systems such as those in the Laingsburg (Di Celma et al.,
2011), Capistrano (Campion et al., 2005) and Tres Pasos (Macauley and Hubbard, 2013) formations has led to
the development of predictive models, wherein laterally offset stacking is observed at channel-fill scale, whereas

channel stories are assumed to stack vertically with little or no lateral offset (McHargue et al., 2011). In both



Muro de Bellos and Barranco de la Caxigosa, and in other systems of the Ainsa depocenter (Pickering and
Cantalejo, 2015), lateral stacking of channel stories is observed. In Barranco de la Caxigosa, disorganized lateral
channel-story stacking was driven by the interplay between MTDs and turbidites (Fig. 13); in Muro de Bellos,
organized lateral channel-story stacking was driven by thrust-derived shifting of the depositional fairway (Fig.
12). It is possible that, in exceptionally tectonically active and MTD-prone areas like the Ainsa depocenter, the
processes which typically affect the lateral stacking of channel fills, such as avulsion, MTDs and tectonic
structure, may act at smaller temporal scales. This may result in less predictable channel-story stacking patterns,
and may obscure the distinction between channel stories and channel fills, making hierarchy-based comparisons

with other systems difficult.

Despite their differences in architecture, vertical sections through the channel fill in Barranco de la Caxigosa
and Muro de Bellos (Muro Sandbody outcrop 4) show a similar facies trend: high-energy facies at the base,
which gradually decrease upwards, with channel stories providing nested higher-order trends. In Muro de
Bellos, this trend arises from the progressive superposition of off-axial deposits on top of axial facies
associations. The presence of debritic and conglomeratic material at the base of both Muro Sandbody outcrops
1 and 4 (Fig. 7) suggests that the fill of the successive channel stories was similar. Therefore, observed vertical
facies transitions are more likely to reflect the progressive migration of the channel-story axes, than a decrease
in input flow energy between successive channel stories (Fig. 12). In Barranco de la Caxigosa, the trend in
channel fill is interpreted to be partly due to a marked widening of the master confining surface, leading to a
decrease in flow efficiency in the axis. However, this widening allowed subsequent channel stories to stack with
greater lateral offset (Fig. 13; Li et al., 2018). Axial deposits of channel stories 2 and 3 were superimposed onto
the margin of channel story 1, leading to a local upward increase in inferred flow energy (Figs. 9, 13). The fill
of channel story 1 exhibits the same pattern. While a section through the axis of channel story 1 (BCL1 in Fig.
9C) records an upward decrease in inferred flow energy, a section through the margin (in the position of BCL2b
in Fig. 9C) records upward bed thickening (Fig. 9). This marginal trend is interpreted to be due to the widening
of the depositional fairway as the channel was progressively filled, meaning that the sand-rich part of the flows
could deposit over more of the channel floor (Hubbard et al., 2014). The decrease in flow-scale lateral

confinement accompanying conduit widening may also have inhibited the bypass potential at the axis of the



channel, causing an autogenic decrease in the inferred energy of channel-axis facies. Therefore, at this scale,
vertical facies trends may be more influenced by filling of sea-floor topography rather than records of energy
changes. At channel-fill scale (see Fig. 9), one-dimensional facies trends recording an upward decrease in
inferred energy may be generated by the vertical and lateral migration of constituent channel stories (Muro de
Bellos) (Figs. 7, 8, 12) or by the widening of the master confining surface (Barranco de la Caxigosa) (Figs. 9,
13). Therefore, stacking-pattern analysis is best undertaken at the channel-story scale. However, at channel-
story scale, axial facies trends recording upward decreasing flow energies may be associated with marginal
facies which record the opposite. Architectural information is therefore required when imposing environmental

interpretations onto non-unique facies associations.

Influence of MTDs on Channelization and Channel-Deposit Architecture

Previous studies have focused mainly on the effect of MTDs on established channel forms (e.g., Masalimova et
al., 2015; Kremer et al., 2018). Mass-transport deposits can form blockages which may lead to backfilling
(Posamentier and Kolla, 2003; Nelson et al., 2009; Bernhardt et al., 2012; Corella et al., 2016) or avulsion
(Ortiz-Karpf et al., 2015). Less attention has been given to how MTDs may lead to, or prevent, the formation
of channelized flow pathways. In the Arro system, the interplay between sediment supply, axial gradient and
lateral confinement may be the principal drivers of channelization at the channel-fill hierarchical scale, whereas
MTDs may have a profound influence on the channelization process at the channel-story scale. Five processes
are proposed below, to describe the ways MTDs can enhance or hinder channelization (Fig. 14) in elongate
confined settings (bounded by a large-scale erosional surface or tectonic structures). Although the origin of the
MTDs in the Arro system is unknown, it should be noted that each mechanism can be associated with either

longitudinally or transversely emplaced mass-transport deposits. These process may co-occur.

MTD-Margin Topography.--- Arbués et al. (2007a) propose a model in which relief on the margin of
transversely emplaced MTDs provides lateral confinement that is responsible for the formation of channels. A
similar model may be invoked in Barranco de la Caxigosa: channel initiation, and formation of the bounding
surface for channel story 1 (Fig. 13), likely formed in response to MTD-margin topography (Fig. 14A). In the
case of transversely emplaced MTDs, either the margin farthest from the source (e.g., Arbués et al., 2007a) or

the near-source margin (e.g., Kremer et al., 2018) can provide this confinement (Fig. 14A). Other studies from



the Austrian Molasse Basin (Bernhardt et al., 2012; Masalimova et al., 2015) show how the lateral edges of
longitudinally emplaced MTDs can have the same effect (Fig. 14a). Pickering and Corregidor (2000, 2005)
show how the upstream margin of an MTD can frontally confine or reduce the axial gradient of subsequent

turbidites, causing a loss of efficiency which may hinder channel development (Fig. 14B).

MTD-Top Topography.--- The effects of MTD-top and -margin topography are similar. MTDs, particularly
large slumps and slides, often exhibit very complex topography on their tops (Armitage et al., 2009; Kneller et
al., 2016; Brooks et al., 2018; Ward et al., 2018; Bull et al., 2020). Depressions elongate in the direction of
paleoflow provide lateral confinement and are likely to encourage channelization (Fig. 14C). Thickness
variations and localized scouring in turbidite deposits that overlie MTDs in Barranco de la Caxigosa (comprising
DES3 deposits) are interpreted as the result of interaction with such depressions (Figs. 11, 13). Depressions which
have no elongation or are elongate in a paleoflow-perpendicular orientation may provide frontal confinement

and therefore hinder channelization (Fig. 14D).

Accentuation or hindrance of channelization can be achieved by either transversely or longitudinally emplaced
MTDs. However, the typical distribution and orientation of structures on large MTDs, with secondary ridges
striking at a high angle to the emplacement direction (Sharman et al., 2015), means that transversely emplaced
MTDs are more likely to encourage channelization, whereas longitudinally emplaced MTDs are likely to hinder
it.

Syndepositional Substrate Deformation and/or Differential Compaction.--- The complexity of the
composition of MTDs dictates the spatial distribution of mechanically strong and weak areas. Lithological zones
of varying competence and the presence of large mostly undeformed blocks may allow higher compaction rates
on top of weak zones (Alves, 2010; Dykstra et al., 2011; Ward et al., 2018). Furthermore, the depositional
weakness of mud-rich MTDs may be sufficient for evacuation of substrate material below subsequently
deposited turbidites (Kneller et al., 2016). If the initial MTD-top deposits are elongate and aligned with local
paleoflow, differential compaction may cause lateral confinement and hence encourage channelization (Fig.
14e). If the deposits and the depression formed by their presence are elongated in a paleoflow-perpendicular
orientation or are not elongated, frontal confinement and ponding may arise, inhibiting channel formation (Fig.

14f). Substrate deformation and/or differential compaction is likely responsible for the lateral facies transitions



observed in the turbidite packages which are underlain and overlain by MTDs (DE3) and may have augmented

channelization in Barranco de la Caxigosa.

Megascour Evacuation by Erosive MTDs.--- Dakin et al. (2013) show how longitudinally sourced, erosive-
mass-transport deposits in the Upper Hecho Group can create “megascours”, which may show cross-sectional
profiles similar to submarine channels (see also Moscardelli and Wood, 2008; Brooks et al., 2018 Soutter et al.,
2018). The proximal-distal longitudinal section of Dakin et al. (2013) through the Ainsa II fan passes from a
fully evacuated elongate megascour on the slope, through a zone filled with chaotic deposits at the base of slope,
ending distally in turbidite deposition. These quasi-instantaneously generated pathways can provide sufficient
lateral confinement to subsequent turbidity currents for a channelization threshold to be exceeded (Fig. 14g). A
similar process has been documented at larger scales, where lateral confinement and a local increase in the axial
gradient can be provided by the proximal headwall scar of a large MTD (Qin et al., 2017). The stratigraphic and
architectural context of channel stories 2 and 3 in Barranco de la Caxigosa (below erosive MTD4; Fig. 9) suggest
that their confining surfaces may have been formed or initiated by mass-transport-derived megascours. These
megascours may have been exploited and possibly significantly modified by subsequent bypassing, and
potentially erosive, flows, which formed channel-base drapes, and were eventually filled by amalgamated
sandstones (Fig. 13E, F). If the axial orientation of the erosional surface is perpendicular to local paleoflow,
the downstream wall of the erosional surface may cause a decrease in axial gradient and block, or deviate,
successive turbidity currents (Fig. 14H). Commonly, the erosional basal surfaces of MTDs on the lower slope
and basin-floor are partially or fully filled by the remnant deposit of their formative flow (e.g. MTD4, Fig. 9;
Dakin et al., 2013). The lack of remnant MTD at the base of channel stories 2 and 3 may be because: (i) Barranco
de la Caxigosa was sufficiently proximal, or possessed a sufficient axial gradient, for MTDs to have fully
evacuated their basal surface (Gomis-Cartesio et al., 2018), (ii) the flows that formed the basal surfaces of
channel stories 2 and 3 were abnormally large and were therefore able to erode and bypass for longer distances
downstream, or (iii) the remnant MTD has been eroded and replaced by subsequent turbidity currents and their

deposits (e.g., Qin et al., 2017).

Topographic Resetting by MTDs.--- Of the five turbidite packages that separate the MTDs in Barranco de la

Caxigosa, only one is obviously channelized. The mechanism invoked to explain the hindrance of



channelization in these nonchannelized intervals (which, together with their associated MTDs, form DE3) is
burial by subsequent MTDs. A large depositional MTD may fill the elongate flow pathway, suppressing and
effectively resetting the basin-floor topography (Figs. 11C, 14I); the channelization process is thereby halted

and must then start again (McArthur and McCaffrey, 2019).
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Figure 14 — Conceptual diagram showing the mechanisms by which MTD emplacement can help (A, C, E,
G) or hinder (B, D, F, H, 1) channelization: A, B) interaction with MTD-margin topography; C, D)
interaction with MTD-top topography; E, F) syndepositional substrate deformation and/or differential
compaction; G, H) megascours excavated by erosive MTDs; I) MTDs filling a fully or partially channelized

pathway and resetting basin-floor topography.

Precursor Deposits and Channel Initiation

Examples of lobate, unconfined deposits cut by a channel that progrades over them are well documented (e.g.,
Gardner et al., 2003; Macdonald et al., 2011; Hodgson et al., 2011, 2016). Deposits from the Laingsburg
depocenter, Karoo Basin, South Africa, record evidence of channel progradation cutting into unconfined
deposits (Hodgson et al., 2011, 2016), and are herein compared with examples from the Arro system (Fig. 15).
To first order, for fine-grained background deposits (FA1) to be overlain or incised by coarse-grained
channelized deposits requires an increase in local delivery of coarse-grained sediment to the particular
outcropping location (not necessarily to the whole basin). Channelization in an unconfined, progradational
system will typically be preceded by deposition of lobes (deposited by unconfined flows) followed by
progressive channelization, caused by incision and levee construction (Burgreen and Graham, 2014; Hodgson
et al., 2016). If assuming time-transgressive flow confinement in submarine channels is the norm, the absence
of precursor lobate deposits is enigmatic. Such cases may arise when: (i) a master erosional surface has
completely eroded through the axis or the thinner marginal parts of a precursor lobe (more likely where lateral
architectural control is limited), (ii) the conduit was formed (and filled) quasi-instantaneously, negating the
requisite for frontal lobe development and channel progradation, or (iii) precursor unconfined deposits are
absent or are not in the form of classical lobes, potentially because the axial gradient or externally imposed

lateral confinement was sufficient to promote bypass.

Muro de Bellos is an example of where lobate precursor deposits are apparently absent. Progradation and
channelization are interpreted to have arisen from steadily increasing local delivery of coarse-grained sediment
through a corridor confined by the Muro and Sierra de Araguds thrusts, both of which were active at the time

of deposition (Fig. 12B). The assumed high axial gradient of the depositional fairway and broad lateral



confinement imposed by these structures is thought to be partially responsible for the bypass-prone nature of
the laterally variable thin-bed deposits (FA2) that form part of both increasing-to-decreasing-energy deposits
(DE1), and progradational-to-overbank (DE2) deposits. Enhanced velocities related to high axial gradients and
lateral confinement likely prevent the formation of thick and continuous lobate deposits (Fig. 12C).
Contemporaneous narrowing of this (high gradient) corridor and increasing local delivery of coarse-grained
sediment is then thought to have initiated a channelization feedback mechanism and the formation of Muro
Sandbody outcrops 1 and 2 (Fig. 12D). Subsequent migration of partially levee-confined channels to the SW
arose due to movement of the inboard Muro Thrust (located to the NE) predominating over movement on the
outboard Sierra de Arguas thrust (located to the SW) (Fig. 12D). In this example, the lack of well-developed,
sand-rich, unconfined precursor deposits is therefore likely due to the elevated bypass potential experienced by
the formative flows of turbidites of FA2. By extension, thrust-derived, progressive lateral confinement may
have augmented the effects of a high axial gradient in lowering the channelization threshold, allowing
channelization to occur earlier, and at lower coarse-grained sediment delivery rates, than in an unconfined
setting (Fig. 15). Therefore, less sand is sequestered in the pre-channelization stratigraphy, and more is

transported down dip.
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Figure 15 — Conceptual diagrams showing how progressive, structurally derived lateral confinement, and

the punctuated emplacement of MTDs can affect channel inception and resultant sedimentary architecture:



A) in an unconfined, progradational system experiencing increasing local coarse-grained sediment delivery,
a channel will incise through unconfined precursor deposits after a channelization threshold is crossed
(sketches based on Hodgson et al., 2016); B) imposed lateral confinement from growing tectonic structures
allows the channelization threshold to be crossed earlier and at lower rates of delivery of coarse-grained
sediment, inhibiting the development of sand-rich unconfined precursor deposits (example from Muro de
Bellos); C) regular input of MTDs can interrupt the channelization process by periodically removing the
previously formed lateral confinement, which leads to delayed crossing of the channelization threshold and
the formation of DE3 deposits in replacement of sand-rich unconfined precursor deposits (example from

Barranco de la Caxigosa).

A delay in crossing the channelization threshold can be caused by the regular deposition of MTDs that reset
topography (Fig. 141), because of their effect of removing the lateral confinement developed by preceding flows
(Fig. 15). The result of this process is the development of pre-channelization interbedded packages of MTDs
and turbidites (DE3), such as those seen in Barranco de la Caxigosa (Fig. 9). These might represent the
equivalent deposits in an MTD-prone setting to the pre-channelization precursor lobes deposited in the absence
of MTDs (cf. those shown by Hodgson et al., 2016). In areas where MTD and turbidite deposition occur
concurrently, decreasing the frequency of MTD input or increasing the frequency or magnitude of turbidity-

current input may lead to conditions favorable for channelization.

The Arro System as an Analog

Much of the research on the younger channelized systems in the Ainsa depocenter, principally the Banaston,
Afinsa, and Morillo systems, is centered around the role of syndepositional structures (Pickering and Bayliss,
2009; Bayliss and Pickering, 2015) or MTDs (Pickering and Corregidor, 2005; Dakin et al., 2013) in controlling
the sedimentology and architecture of turbidite deposits; deposition in the Arro system was influenced by, and
records the effects of, both. The processes discussed in this article can be exported to other exhumed
topographically complex basins traversed by axial sediment routing systems such as the Magallanes foreland
basin (Hubbard et al., 2008; Bernhardt et al., 2011, 2012), the Sinop basin (Leren et al., 2007; Janbu et al.,

2007), the Gres du Champsaur (McCaffrey et al., 2002; Brunt et al., 2007), and the Gorgoglione Flysch



(Casciano et al., 2019). Studies concerning interplay between structures, MTDs, and turbidite deposition in the
Austrian Molasse basin (Bernhardt et al., 2012; Masalimova et al., 2015; Kremer et al., 2018) may provide a

subsurface analog.

The Arro system formed in an elongate corridor with high axial gradients bound by structures or canyon walls,
similar to that of the younger Ainsa systems (Cornard and Pickering, 2019). The deposits therein can therefore
be compared with those deposited in modern high-gradient confined systems such as large canyons (e.g., the
Monterrey Canyon; Paull et al., 2018) or fjord-head delta slopes (e.g., the Bute Inlet, British Columbia; Hughes
Clark, 2016). Comparing the results of this study to these modern systems allows (i) evaluation of the possible
depositional signature of modern seafloor processes, and (ii) postulation of new mechanisms for the formation
of recognized deep-water facies associations that have not hitherto been interpreted or have been attributed to
other processes. For example, the dilute flows which form the background thin beds (FA1) of the Arro system
have three possible origins, all of which have been monitored directly in fjord-head systems: (a) hyperpycnal
flows, (b) small sediment failures on the shelf, upper slope, or in the feeder canyon (Clare et al., 2016), and (c)
plume related density currents, which generate so-called “plumites” (Hizzett et al., 2018; Mutti, 2019). Weak,
partially bypassing flows are inferred to have created the bedforms in laterally variable thin beds (FA2),
specifically in increasing-to-decreasing-energy (DE1) and progradational-to-overbank (DE2) deposits. These
may be analogous to some of the short-run-out flows observed by Hughes Clark (2016) and Paull et al. (2018),
which do not reach the terminal deposits of the system. Traditionally, models accounting for the formation of
channel stories invoke episodic variations in sediment supply and/or equilibrium gradients. Upstream-migrating
knickpoints and crescentic bedforms are commonly recognized in modern submarine channels (Heinid and
Davies, 2007; Hughes Clark, 2016; Gales et al., 2019), indicating that more spatio-temporally complex patterns
of incision and deposition may be involved in building submarine-channel stratigraphy (Hage et al., 2018;
Vendettuoli et al., 2019). In the channelized units (DE4) of the Arro system, cut and fill at channel-story scale
may result from the passing of upstream-migrating knickpoints or other bedforms; other causes however, cannot

be discounted.

No interpretation is given for the source or triggers of flows that formed the Arro turbidite system because its

constituent facies associations (from background thin beds, FA1, to sandstones, conglomerates, and debrites



with incisional bases, FA7) exist as part of a continuum with non-unique representations. If the formative flows
were initiated by a single process (e.g., hyperpycnal flows or instability-driven sediment failures) that acted at
a large range of magnitudes, a natural lack of distinction between different facies assemblages and bed types
might be expected. Alternatively, if flows of overlapping magnitude were initiated by different trigger
mechanisms, a range of processes may result in deposits with similar sedimentologic character. Flow genesis
cannot, therefore, be differentiated using the methodologies employed here and in the current state of

knowledge.

CONCLUSIONS

The Arro turbidite system is confirmed as a channelized, axial sedimentary system that traversed the SE-NW-
oriented Ainsa depocenter during the Eocene (Ypresian). It records a complex interplay between tectonic
structuration, emplacement of mass-transport deposits (MTDs), and routing of turbidity currents. The principal

findings from this field-based study are that:

e The locations of sandy turbidite and muddy debrite pathways were controlled by the development of
tectonic structures that were active at the time of deposition.

e The deposits of the Arro system can be grouped into eight facies associations. These form a continuum
of constituent facies and bed geometries attributed principally to variations in the velocity, magnitude,
and grain size of their formative flows. In the Arro system, facies associations are non-unique to single
depositional elements. Four depositional elements are recognized by the combined observation of
groupings of facies associations, their lateral and vertical transitions, and the presence or absence of
key surfaces: i) Weakly confined, increasing-to-decreasing-energy deposits (DE1), ii) progradational,
weakly confined to overbank deposits (DE2), iii) alternating MTDs and turbidites (DE3), and iv)
submarine-channel deposits (DE4). The different styles of observed channel architecture contain at least
three orders of hierarchical organization.

e Tectonic structuration and emplacement of MTDs can affect the timing and nature of channel inception,
and may inhibit the formation of precursor sand-rich, lobe deposits of the type typically observed in
unconfined, progradational systems. Thus 1) high axial gradients and lateral confinement (e.g., due to

thrust-related fairway narrowing) can promote higher flow velocities, allowing the onset of



channelization earlier (and at lower rates of local delivery of coarse-grained sediment) than would be
expected in an unconfined system, resulting in the development of discontinuous, thin-bedded deposits
below the channelized deposits (as seen in the Muro de Bellos outcrop). 2) Extra-channel MTD
emplacement may act to delay the onset of channelization due to the punctuated healing of substrate
topography and eradication of lateral confinement. The stratigraphic response to this is the presence of
alternating MTDs and packages of non-channelized turbidites, below the channelized deposits (as
observed in the Barranco de la Caxigosa outcrop).

e Five mechanisms describe how the emplacement of extra-channel MTDs can affect seafloor topography
and therefore channelization: (i) flow interaction with MTD-margin topography or; (ii)) MTD-top
topography; (iii) differential compaction of MTDs and/or synsedimentary loading into them; (iv)
formation of megascours by erosive MTDs; or (v) resetting of basin-floor topography by MTDs that
occlude fully or partially channelized pathways. Apart from the last, which may only impede it, any of

these mechanisms may accelerate or hinder the channelization process.

In this study confinement imposed by tectonic structures and by MTDs is seen to exert significant control on
the inception, evolution, and fill of deep-water channels. The controlling processes are likely analogous to those
observed or inferred in both modern and ancient confined systems. Therefore, in basins traversed by axial
channel systems, the bathymetric expression of tectonic structures and MTDs may dictate the presence,
distribution, architecture, and internal sedimentologic character of channelized units and their precursor

deposits.
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