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Abstract

Deltaic environments are crucial deposi!onal systems for georesources, o"en studied for their 

excellent reservoir quality in both ancient and modern contexts. However, while mixed river !de-

influenced deltas are complex and important, they remain underexplored in the ancient sedimentary 

record. This study focuses on the Roda Sandstone, a Lower Eocene fluvial-dominated, !de-influenced 

delta system in the Graus-Tremp foreland basin, to address gaps in understanding the interac!on 

between fluvial and !dal processes within these environments. Fieldwork and core analysis were 

conducted to inves!gate the Roda Sandstone. Nineteen sedimentological sec!ons were logged, and 

palaeocurrents were measured in the field. A Digital Outcrop Model (DOM) was created using 11,000 

drone-captured images, georeferenced with DGPS data. The Digital Outcrop Model was processed with 

photogrammetry and analysed using a specialised for detailed stra!graphic and facies interpreta!on. 

Addi!onally, five well cores, totalling 340 m, were described and integrated with the Digital Outcrop 

Model. The sedimentological and stra!graphic study combined with the Digital Outcrop Model 

interpreta!on led to the iden!fica!on of 10 facies grouped into five facies associa!ons and the 

recognising of 7 deltaic lobes, representa!ve of fi"h-order sequences. The 3D evolu!on of these lobes 

reveals varia!ons in prograda!on direc!ons and the intensity of !dal reworking. This shows a gradual 

shi" to a !dally dominated-deflected delta front as they were prograde. This work enabled the 

characteriza!on of !dal sedimentary bodies, including the dimensions of !dal dunes and bars, paleo-

bathymetries, and their specific loca!ons within both prograda!onal and retrograda!onal sequences.

During regressive periods, the preserva!on of !dal dunes and bars intercalated in the delta foresets 

depends on the fluvial sediment supply and autocyclic factors. Whereas the preserva!on of larger !dal 

bars on bo%omsets is permi%ed by the lower river sediment supply during transgressive periods of 

fourth-order cycles. This research advances our understanding of ancient mixed deltas by providing a 

deposi!onal model that clarifies the preserva!on of !dal features. Addi!onally, it underscores the 

value of DOMs in enhancing correla!ons, dis!nguishing different sedimentary structures generated by 

compe!ng currents, and offering detailed facies mapping for improved paleoenvironmental 

interpreta!ons.

Keywords: mixed delta, Roda Sandstones, reservoir analogue, Digital Outcrop Models, !dal
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Introduc on

Deltaic environments are strategic deposi!onal systems for georesources. Deltaic deposits found in 

ancient sedimentary records, whether outcropping or in the subsurface, are o"en studied for their 

excellent reservoir quality. Indeed, deltaic reservoirs may contain water, oil and gas or be used for gas

or heat storage purposes (Tonkin, 2012). Deltas are extensively studied, and classified in qualita!ve and 

nomenclature systems that have been refined over !me: seminal delta models developed a ternary 

classifica!on, mainly based on modern deltas studies and their morphology along the dominant 

deposi!onal process (Coleman & Wright, 1975; Galloway, 1975; Bha%acharya, 1978). They were 

completed by works including not only deltas but also other coastal deposi!onal systems (e.g., 

beaches) (Boyd, Dalrymple and Zaitlin, 1992) or including subaqueous deltas (Zavala et al., 2024). Then

(Ainsworth et al., 2011) extended this classifica!on and proposed a nomenclature for complex li%oral 

deltas that are mixed-process systems (because of the complexity revealed by studies on modern 

systems). However, there are few studies on mixed deltas in the ancient record, and even fewer focused 

on mixed river !de-influenced deltas (Willis, 2005; Steel et al., 2008; Longhitano & Steel, 2017). Some 

reasons suggested by Willis (2005) could be, amongst others, the some!mes-unclear dis!nc!ons 

between estuaries and !de-dominated or !de-influenced deltas or the complex facies assemblages 

resul!ng from !dal reworking (Mar!nius & Van den Berg, 2011). The !dal process is a con!nuous 

phenomenon, and its sedimentary record in deltaic systems depends on fluvial ac!vity (such as the 

frequency and intensity of floods, geological context, and distance from the source) (Reynaud et al., 

2012). Consequently, iden!cal sedimentary structures formed by !dal currents are found in both !de-

influenced deltaic systems and !dal environments (herringbone cross-bedding, !dal bundles, 

reac!va!on surfaces), which can be misleading (Bha%acharya, 1978). Some outcrops allow access to 

mesoscale features (e.g., !dal sand bars), which can diagnose some !dal reworking (Mar!nius & Van 

den Berg, 2011; Olariu et al., 2012b).

Finally, some studies assumed that !dal influence or reworking only occurs in transgressive se+ngs 

(Willis, 2005). The result is a lack of deposi!onal models for mixed river !de-influenced deltas, leading 

to difficul!es in iden!fying and integra!ng !dal bedforms in such delta stra!graphic framework.

Moreover, bathymetry es!mates are difficult to quan!fy in ancient systems, although they can provide 

valuable informa!on for understanding their development.

The Roda Sandstone is an ancient fluvial-dominated and !de-influenced delta system deposited during 

the Lower Eocene in the Graus-Tremp foreland basin (Puigdefabregas et al., 1985). Over the years, 

detailed sedimentological studies described the facies heterogeneity, deposi!onal sequences and

stra!graphic architecture of the Roda sandstones, discussing evidence of !dal influence. In addi!on, 
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work on magnetostra!graphy and palaeontology provides a very precise !me constraint (Jimenez, 

1987; Tosquella, 1988; Bentham & Burbank, 1996; Torricelli et al., 2006). Most of these studies were

done at the pluri-kilometre scale, principally using 2D cross-sec!ons for stra!graphic reconstruc!ons

(Nijman & Nio, 1976; Nio, 1976; Puigdefabregas et al., 1985; Crumeyrolle et al., 1993; Crumeyrolle, 

2003; López-Blanco et al., 2003; Tinterri, 2007; Leren et al., 2010). The deposi!onal environment and 

sedimentary dynamics at the origin of sand bars have been par!cularly discussed due to the presence

of !dal bars intercalated within delta mouth bars (Nio, 1976; Puigdefabregas et al., 1985; Nio & Yang, 

1991; Crumeyrolle et al., 1993; Joseph, 1994). These !dal bars were the focus of a few studies that did 

not consider deltaic fluvial processes (Mar!nius, 2012; Olariu et al., 2012b; Michaud & Dalrymple, 

2016). The variety of signatures of sediment reworking by !dal currents within this river-dominated

delta remains unclear. The stra!graphic architecture, con!nuity, and composi!on of sedimentary 

bodies resul!ng from the interac!on between fluvial and !dal currents is s!ll unclear and requires a 

3D mul!-scale framework, ranging from cen!metre to pluri-kilometre scale.

This study proposes to combine (1) sedimentological descrip!ons of outcrops and of sedimentary cores

drilled in the vicinity of outcrops with (2) a high-resolu!on (cm-scale resolu!on) digital outcrop model 

(DOM) built with georeferenced 3D drone imagery. The DOM is subsequently interpreted using field 

data and can be used to measure fault planes or sedimentary dips (Pringle et al., 2004; Schmitz et al., 

2014; Deschamps et al., 2017; Marques et al., 2020; Tavani et al., 2024). While DOMs are now widely 

used for geometric characteriza!on (Enge et al., 2007; Cabello et al., 2018; Thomas et al., 2021; Atlas 

et al., 2023; Aliyuda et al., 2024), this study also integrates facies pain!ng directly on the DOM, using 

the latest developments of the Virtual Reality Geological Studio (VRGS®) so"ware. This approach 

enables the documenta!on of sedimentary facies associa!ons characteris!c of fluvial-dominated and 

!de-influenced deltaic deposits in the ancient record. The kilometre scale of this study jus!fies the use 

of the DOM method, as it allows for the visualiza!on of the en!re system and facilitates zooming down 

to the mesoscale (cen!metre resolu!on), offering con!nuous data compared to tradi!onal methods. 

Addi!onally, we use the DOM to derive quan!ta!ve sedimentary informa!on (such as sedimentary 

body dimensions, facies propor!ons, paleocurrent direc!ons, and water depth es!ma!ons), which 

helps differen!ate fluvial, !dal, and mixed sedimentary bodies (fluvial versus !dal) within the deltaic 

system. This method is essen!al for defining key characteris!cs that aid in their recogni!on.

1 Geological Se"ngs

1.1 Regional se"ng

The South-Pyrenean Basin is made of an imbricated complex of Meso-Cenozoic thrust sheets that are

detached over the Triassic units and overlap with southern vergence over the autochthonous Ter!ary 
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deposits of the Ebro Basin (Puigdefàbregas & Souquet, 1986; Muñoz, 1992). This system comprises, 

from north to south, the Bóixols, Co!ella-Montsec, and Serres Marginals thrusts (Figure 1), interpreted 

as an extensional fault system inverted during the collision of the Iberian and Eurasian plates. 

Successive thrus!ng events are associated with the forma!on of piggyback basins. The Graus-Tremp 

foreland basin developed during the Montsec thrus!ng sequence between the Paleocene and Early 

Eocene (Puigdefàbregas & Souquet, 1986).

The Roda Sandstone Forma!on comprises shallow-marine siliciclas!c deposits laterally transi!oning to 

basin pelagic deposits over 8 km to the west (Figure 2A) (Nio & Yang, 1991; Crumeyrolle et al., 1993; 

López-Blanco et al., 2003; Leren et al., 2010). This forma!on outcrops in the northern part of the Graus-

Tremp Basin (Figure 1B) and is dated to the Ypresian based on nannoplankton and planktonic 

foraminifera (nannoplankton zone NP11 (Jimenez, 1987)). The Roda Sandstone is ver!cally bounded 

by shallow-marine carbonate units: La Puebla Limestone at the base and The Morillo Limestone at the 

top (Gozalo et al., 1985). The Plateau Limestone separates the Roda Sandstone Member from the

Esdolomada Member which is divided into two parts by the El Villar Limestone (Nio & Yang, 1991)

(Figure 2). In some studies (Tosquella, 1988; López-Blanco et al., 2003), the Lower Esdolomada Member 

is part of the Roda Sandstone Member, separated from the “Upper Detrital Complex” Member by the 

El Villar Limestone (Figure 2B).

Faults related to the regional tectonic context can be observed in the study area (Figure 2A). Ini!al 

events involve compression features in the Upper Cretaceous (Campanian), associated with the lateral 

ramp of the Bóixols thrust, with the Turbón thrust an!cline forming as a result of this process. 

Maastrich!an marls cover and seal these events un!l the undeformed Aren Sandstones are deposited 

during a tectonically calm period. From the lower Paleocene to the Ypresian, differen!al subsidence 

induces the individualiza!on of the con!nental limestones of the Tremp Forma!on to the east from 

the limestones of the Navarri Forma!on to the west, subsequently overlain by the Alveolina Limestones 

and algal reefs such as the Merli, Isclès and Berganuy reefs, which are located on the structural highs 

(Puigdefàbregas & Souquet, 1986; Serra-Kiel et al., 1994). During this period, a fault known as the 

Merli-Congustro-Roda developed (Duguey, 1994). This fault is poten!ally linked at depth to the Turbón 

fault system, through dextral-reverse mo!on. The la%er is visible in the field northwest of the study 

area (Figure 2A), at El Congustro (Duguey, 1994). Later in the Ypresian, this fault is reac!vated as a 

sinistral-normal shear, leading to the development of normal faults arranged in "horse-tail splay" 

termina!ons (Duguey & O% d’Estevou, 1991; Duguey, 1994). These normal faults can also be observed 

in the study area.
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The deposi!on of the Roda Sandstone has been affected by synsedimentary low-amplitude folds (López 

Blanco, 1996; López-Blanco et al., 2003) and the sediment supply is considered to have been 

channelled along a NNE-SSW paleovalley corresponding to the long-lived Middle Eocene–Oligocene Sis 

paleovalley of Eichenseer (1988) and Vincent & Ellio% (1997).

1.2 The Roda Sandstone

The Roda Sandstone forms a world-class outcrop analogue of a deltaic reservoir (Crumeyrolle et al., 

1992; Crumeyrolle, 2003). Although it was recognized early on that the Roda Sandstone was deposited 

under the influence of !dal currents (Nijman & Nio, 1976; Nio, 1976), there has been ongoing 

discussion and re-evalua!on of the predominant hydrodynamic agent se+ng. Ini!ally, (Nijman & Nio, 

1976; Nio, 1976) interpreted the Roda Sandstone as an aggrading system of !dal mouth bars (named 

sand waves following the ancient terminology (Allen, 1980)). On the other hand, (Puigdefabregas et 

al., 1985) emphasized fluvial processes, describing a complex delta arrangement supplied by a braided

fluvial system and reworked by !des, with ebb currents directed to the north-northwest and flood 

currents to the south-southeast (Figure 1B). Subsequently, (Yang & Nio, 1989; Nio & Yang, 1991) revised 

their interpreta!on and iden!fied an ebb-dominated delta with an associated estuarine channel based 

on the similari!es with the present-day estuary of the Eastern Scheldt meso!dal basin. The 

interpreta!on of the Roda Sandstone as a fluvial-dominated delta reworked by !dal currents was 

further supported by Crumeyrolle et al. (1993), Crumeyrolle (2003), López-Blanco et al. (2003), Tinterri, 

(2007) and Leren et al. (2010). Later studies by Mar!nius (2012) and Michaud & Dalrymple (2016)

focused on !dal bars during fourth and higher-order transgressive periods, while (Olariu et al., 2012b)

specifically iden!fied and studied a !dal bar in the Esdolomada Member.

The Roda Sandstone forma!on was divided into six sandstone bodies based on lithostra!graphic 

criteria (Tosquella, 1988), named from the oldest to the most recent as U to Z (Figure 3). These are 

ver!cally delimitated by limestone beds and more distally by marls deposits. Lithostra!graphically, 

sandbodies U to Y compose the Roda Sandstone Member of the Roda Sandstone Forma!on, whereas 

the Z sandbody is equivalent to the Lower Esdolomada Member.

In this study, we correlated the local magnetostra!graphic Roda sec!on (Bentham & Burbank, 1996) to 

the geomagne!c polarity !me scale from GTS 2020 (Gradstein et al., 2020). The polarity inversion 

between chrons C24r.3r and C24n.3n at the base of the La Puebla Limestone gives an age of 53,9 Ma 

and the following inversion between C24n.3n and C24r.2r corresponding to the Plateau Limestone 

stands for an age of 53,25 Ma (Figure 3). This magnetostra!graphical data indicates an age comprised 

between ca. 53,75 and 53,25 Ma for the Roda Member. Based on this magnetostra!graphic data, the 

stack of sandbodies composing the Roda Sandstone Member is interpreted as a ver!cal sequence of 
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prograding, aggrading, then retrograding system tracts (Mu+ et al., 1988; Yang & Nio, 1989; 

Crumeyrolle et al., 1993; Tinterri, 2007), within a third-order cycle (Vail et al., 1975; Hardenbol et al., 

1998). The maximum prograda!on of the delta is reached with the Y sandstone body, which is the 

most extensive but also the one with the most complex internal architecture. The Y sandbody also 

appears to be affected by rela!ve sea-level varia!ons of higher-order cycles (fi"h or sixth (Crumeyrolle 

et al., 1993). In a study more focused on the internal architecture of the sandbodies (Joseph, 1994)

divided the Y body into three, later (López-Blanco et al., 2003) adopted this division and dis!nguished 

another sub-unit in the top part of Y3 that was named Y4 (Figure 3).

The Roda Sandstone composi!on comprises medium to coarse-grained arkose with prevailing minerals 

such as quartz, potassium feldspar, and plagioclase (Molenaar & Mar!nius, 1990; Chanvry et al., 2018). 

An early calcite cement lithified the sandstone, locally preven!ng mechanical compac!on and resul!ng 

in more cemented nodules associated with abandonment surfaces (Molenaar, 1990; Molenaar & 

Mar!nius, 1990; Musial, 2006). The clay frac!on is rela!vely low, the fine grains are mostly silts, and 

the clay mineral assemblages are characterized by a prevalence of interlayered clays and a low 

propor!on of kaolinite (Chanvry, 2016).

2 Data & Methods

Observa!on and data collec!on have been made both during fieldwork in the area of Roda de Isabena 

(Figure 4) and at the core repository of Boussens (STC, France). Nineteen sedimentological sec!ons 

have been logged, named Codoñeras (C), Serraduy South (SS), Zipaguerne 1 and 2 (Z1 and Z2, two log 

sec!ons), Puebla East (PE), El Villar (EV), El Villar South (EVS), Meander 1 to 4 (M1-4, four log sec!ons), 

Road-cut (RC), Las Forcas 1 to 5 (LF 1-5, five log sec!ons), North Road-cut (NRC) and Puebla North-West 

(PNW) (Figure 4). Palaeocurrents have been measured in the field in order to plot the corrected 

azimuth on rose charts. 

For the Digital Outcrop Model (DOM), 11,000 photos have been captured using a Mavic Pro 2 (DJI®) 

drone equipped with a 20-megapixel resolu!on camera over an area of approximately 3,3 km² (roughly 

2/3 of the outcropping surface of Y sandbody; Figure 4). The image resolu!on is about 3 cm/pixel, and 

two types of image sets were acquired. First, images have been captured with the drone camera 

poin!ng nearly perpendicular to the ground, with a minimal angle between 80° and 70° rela!ve to the 

surface, covering the en!re study area. Second, images were captured with the drone camera oriented 

horizontally in order to capture cliffs. Drone pictures were georeferenced using an onboard GPS, 

gyroscope, and accelerometer, and a Differen!al Global Posi!oning System (DGPS) campaign was 

conducted to measure precise (sub-decimetre) coordinates on targets placed in the field, visible on the 

drone photos and ac!ng as georeferenced control points (GCPs).
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Field data were supplemented by the descrip!on of 50 to 83 m long cores (for a total length of 340 m) 

at the core repository of Boussens along five wells (RODA 1, RODA 4, RODA 5, RODA 6, and RODA 7, 

Figure 4). The cores were drilled in 1989 in the frame of the ARTEP project (Elf-IFPEN) and were made 

available by Total Energies. These wells are located in the vicinity (from 130 to 450 m) of the 

outcropping Roda Sandstone (Figure 4).

Based on the image dataset, a photogrammetric model was assembled using Pix4Dmapper® so"ware 

resul!ng in four georeferenced !led models as Scene Layer package files (.slpk), forming four DOM. 

Addi!onally, each DOM was also exported as a triangulated mesh comprising a 3D object (.obj) and a 

texture file (.jpg) represen!ng the ortho-projec!on of the pictures on the oriented mesh triangles. Both 

.slpk and .obj plus .jpg texture DOM formats were imported into the Virtual Reality Geological Studio 

so"ware (VRGS®, (Hodge%s, 2010)). The triangulated mesh models were georeferenced with the 

VRGS® “GCP georeferencing tool” using remarkable points on the !led model as GCPs.

With VRGS®, wells and stra!graphic sec!ons were first located on the DOM, and their paths were 

digi!zed (Figure 5). Secondly, sedimentary structures, fault planes, and stra!graphic surfaces were 

manually digi!zed on the DOM, on the digi!zed wells and ver!cal sec!ons. In this study, the surfaces 

selected as sequence boundaries are maximum regressive surfaces (MRS) due to the be%er expression

of these surfaces (Catuneanu et al., 2011), although a few maximum flooding surfaces (MFS) were 

iden!fied locally.

VRGS® interpreta!on tools, such as thickness and dip measurements, were employed to check the 

correla!ons with the wells and expand the paleocurrents dataset. Finally, the outcrop was painted in 

facies using the Facies Paint tool in VRGS®, and the digi!zed wells and sec!ons were interpreted in 

facies according to the facies classifica!on defined from outcrops and core descrip!ons.

The 3D facies map was then imported into the geomodelling so"ware Petrel® as a point cloud with 

a%ributes to quan!fy the different facies propor!ons and es!mate water depths for each of them.

The following sequen!al pa%ern was used to interpret the ver!cal sec!ons, the well cores and the 

DOMs: The interpreted units are high-frequency cycle deposits, corresponding to parasequences (Van 

Wagoner et al., 1988) or gene!c units (Busch, 1971; Guillocheau et al., 2004) as they are “rela!vely 

conformable successions of gene!cally related beds or bedsets bounded by flooding surfaces” (Van 

Wagoner et al., 1988). This ver!cal staking of parasequences approach is par!cularly used in coastal 

and shallow-water systems (Catuneanu et al., 2009). The flooding surfaces are be%er expressed than 

the erosive sequence boundaries (SB) used in the deposi!onal sequence model (Posamen!er & Vail, 

1988). Those erosive surfaces in the proximal part of the system are equivalent to conformable surfaces 
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toward the basin and become the base surface of the sand bodies on which the bo%omsets of the 

clinoforms downlap. In contrast, Maximum Regressive Surfaces (MRS) correspond to flooding surfaces 

and the cease of the detrital sediment supply. They are recognized at the top of the sand bodies and 

are o"en marked by early diagenesis cementa!on phenomena that can act as stra!graphic reservoir 

heterogenei!es.

3 Results

3.1 Facies analysis

Sixteen facies have been iden!fied through outcrop analysis and core descrip!on (Table 1, Figure 6, 

Figure 7, Figure 8, Figure 9). These facies have been categorized based on lithology, grain size, 

sedimentary structures, and ichnofossils. They have been grouped into five facies associa!ons (FA) 

following the geometrical subdivision of deltaic clinoforms into topset, foreset and bo%omset strata

(Gilbert, 1885; Barrel, 1912; Bha%acharya, 1978). The five facies associa!ons follow a con!nuum from 

proximal to distal deltaic environments: (1) mouth bar topsets (FA 1), (2) mouth bar foresets (FA 2), (3) 

mouth bar bo%omsets (FA 4), (4) distal mixed deposits (FA 4), and (5) pro-delta marls (FA 5). The 

bioturba!on index was evaluated following MacEachern & Bann (2020).



10

Facies 

association

Sedimentary 

facies
Description

Bioturbation 

Index (after 

MacEachern 

and Bann, 2020)

Interpretation

FA1 - Deltaic 

mouth bar 

topsets

F1a - Highly 

bioturbated silty to 

medium sandstone 

enriched in shells 

Silty to medium-grained sandstones, highly bioturbated, 

sometimes oxidized, and enriched in shells (mussels, bivalves, 

echinoderms and gastropods), organic debris, mud clasts and 

presence of benthic foraminifera but no nummulites visible. 

Typical trace fossil assemblage of Macaronichnus, Skolithos, 

Thalassinoides and Ophiomorpha

1-5

Proximal and protected 

area, restricted marine 

domain (lagoon) with 

episodic flood events 

dominated by decantation 

processes.

F1b - Coarse 

sandstone with 

trough cross-

bedding

Poorly sorted medium to very coarse-grained sandstone with 

trough cross-bedding in decimetre-thick fining-up sequences; 

erosive base; top bed often bioturbated, enriched in shell debris 

and organic matter at the top; occasional carbonate cemented 

concretions nucleated around shell accumulations. Typical trace 

fossil assemblage of Macaronichnus and Ophiomorpha

0-3

Delta mouth bars topsets 

solely dominated by high 

energy fluvial tractive 

currents

FA2 - Deltaic 

mouth bar 

foresets

F2a - Medium 

sandstone with 

trough cross-

bedding

Moderately to poorly sorted medium to coarse-grained 

sandstone in coarsening and thickening-up sequences; low 

angle bedsets; occasional trough cross-bedding; occasional 

carbonate cemented concretions at the top of the beds. Typical 

trace fossil assemblage of Macaronichnus and Ophiomorpha

0-3

Delta uppermost foresets 

on the delta front 

dominated by fluvial 

tractive currents and 

avalanching

F2b - Medium 

sandstone with 

planar cross-

bedding

Medium to coarse (locally very coarse) grained sandstones in 

decimetre-thick fining-up sequences with high angle tabular 

cross-bedding; frequent reactivation by coarser material; 

bioturbated at top; occasional carbonate cemented concretions 

nucleated around shell accumulations. Typical trace fossil 

assemblage of Ophiomorpha, Palaeophycus and Cylindrichnus

0-3

Delta uppermost foresets 

in the delta front 

dominated by avalanching

F2c - Medium 

sandstone with 

cross- or 

compound-bedding

Moderately sorted medium to coarse-grained sandstones in 

coarsening and thickening-up sequences; decimetre to metre 

thick beds; compound bedding, reactivation surfaces; occasional 

mud drapes; tidal current directions: N310°; occasional 

carbonate cemented concretions nucleated around shell 

accumulations. Typical trace fossil assemblage of Ophiomorpha, 

Skolithos and Fugichnia

0-4

Middle part of the foresets 

in the delta front 

dominated both by 

avalanching and tidal 

tractive currents

F2d - Massive 

structureless 

medium sandstone

Moderately to well- sorted medium to coarse-grained 

sandstone in structureless metre-thick bedsets, centimetre-

sized wood debris and dispersed very small (millimetre-sized) 

shell debris; probably highly bioturbated. Typical trace fossils of 

Ophiomorpha

1-3

Middle part of the foresets 

in the delta front 

dominated by avalanching 

F2e - Coarse 

sandstone with 

sigmoidal cross-

bedding

Coarse to very coarse-grained sandstones, poorly to moderately 

sorted; Occasional presence of micas and feldspars; Beds 

organized in decimetre to metre-high simple or compound 

dunes with sigmoidal cross-bedding, sometimes with current 

ripples along foresets; The bi-directionality seems preserved 

with possibly a few reactivation surfaces. The bedsets are either 

dipping NNW (!N310°) or SSE (!N150°). Typical trace fossil 

assemblage of Ophiomorpha and Skolithos.

0-2

Simple dunes or 

compound dunes part of a 

tidal bar 

Water depth is estimated 

to be up to 10 m (Allen, 

1980)
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F2f - Master 

bedding silty 

claystone

Silty claystone with lenticular to wavy bedding, occasionally 

current ripples; Floating quartz grains and numerous shells; 

Presence of leave debris, mud clasts, and ferrous nodules; quite 

bioturbated. Typical trace fossils of Ophiomorpha and

Paleophycus.

1-4

Low energy tidal currents, 

Abandonment phase of 

the bar, segmenting two 

phases of the tidal bar.

FA3 - Deltaic 

mouth bar 

bottomsets

F3a - Fine 

sandstone with 

dunes

Centimetre to decimetre thick beds of fine to medium-grained 

sandstones; many fining-up cycles in thickening and coarsening-

up sequences; dominated by current dunes, and occasional 

hydraulic jumps; highly bioturbated. Typical trace fossil 

assemblage of Zoophycos, Ophiomorpha and Skolithos

1-4

Bottomset beds deposited 

by gravity flow at the low-

gradient slope of the delta

F3b - Very fine 

sandstone with 

current ripples

Centimetre-thick beds of very fine to fine-grained sandstones; 

frequent current ripples with mud drapes; occasional mud 

clasts, organic matter debris, and nummulites, rare annelid 

tubes; sedimentation interruption surfaces; heavily bioturbated. 

Typical trace fossil assemblage of Ophiomorpha, Thalassinoides

and Planolites

1-5

Bottomset beds deposited 

by gravity flow at the low-

gradient slope of the delta

F3c - Coarse 

sandstone with 

sigmoidal cross-

bedding

Coarse to very coarse-grained sandstones, poorly to moderately 

sorted; Occasional presence of micas and feldspars. Beds 

organized in medium dunes with sigmoidal cross-bedding, 

reactivation surfaces, and possible current ripples along 

foresets; Decimetre to metre-thick bedsets are dipping NNW 

(!N310°) and their thickness could be modulated by neap-

spring water cycles. Typical trace fossil assemblage of 

Ophiomorpha, Thalassinoides, and Rosselia.

0-2

Reworked sediments on 

the delta front by bi-

directional tidal currents 

forming a tidal dune or 

tidal bar. 

Water depth is estimated 

to be approximately 15 m 

(Martinius & Van den Berg, 

2011 after Nio & Yang, 

1991)

F3d - Finely 

laminated silty 

claystone

Millimetre to centimetre thick finely laminated silty claystone 

with occasional current ripples, lenticular or wavy bedding. 

Sometimes oxidized. Typical trace fossils of Ophiomorpha and 

Thalassinoides.

1-4

Clay-drape couplets in 

tidal bars deposited during 

slack-water periods.

FA4 - Low 

energy mixed 

distal deposits

F4a - Bioturbated 

medium-grained 

sandstone

Medium to coarse-grained, poorly sorted sandstone, with no 

sedimentary structure visible but heavily bioturbated. Frequent 

shell clasts, millimetre organic matter debris, and occasional 

pyrite or mud clasts. Typical trace fossil assemblage of 

Ophiomorpha and Planolites

2-5

Transition between distal 

delta front part to 

prodelta, dominated by 

tidal/fluvial tractive 

current

F4b - Bioturbated 

fine sandstone

Silty to fine-grained dark grey or beige sandstone, with no 

sedimentary structure visible but heavily bioturbated. Frequent 

shell clasts, millimetre-sized organic matter debris, and 

occasional pyrite or mud clasts. Occasionally affected by loading 

or interrupted by coarser-grained sandstone intervals. Poorly 

observed in outcrop. Typical trace fossil assemblage of 

Ophiomorpha, Zoophycos, Teichichnus, Palaeophycus, 

Siphonichnus, Skolithos, Thalassinoides, Planolites and

Diplocraterion

2-5

Transition between distal 

delta front part to 

prodelta, dominated by 

tidal/fluvial tractive 

current

F4c - Nummulitic 

calcareous deposits

Carbonate deposits: or wackestone to grainstones/rudstones 

enriched in foraminifera (mostly nummulites, few alveolines, 

orbitolites or milioles) and millimetre to pluri-centimetre sized

bioclasts (bivalves, gastropods, corals); occasionally affected by 

loads and highly bioturbated. Poorly observed in outcrops. 

Typical trace fossil assemblage of Skolithos, Scolicia, Planolites, 

Siphonichnus and Schaubcylindrichnus

0-4

Distal delta front part with 

relatively low sediment 

supply
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FA5 - Fine pro-

delta deposits

F5a - Shell debris 

lag

Silty to shaly grey marls with numerous millimetre to 

centimetre-sized shell debris (bivalves, gastropods or 

echinoderms), sometimes in local accumulations. Dispersed 

nummulites and occasional pyrites or organic matter debris. 

Poorly observed in outcrop.

0-2

Prodelta part above the 

storm wave-base. The 

shell debris lags are

formed during high energy 

episodes.

F5b - Nummulitic 

marls

Shaly grey marls more or less enriched in foraminifera (mostly 

nummulites). Occasional to rare bioclasts (bivalves, gastropods 

or echinoderms). Presence of organic or vegetal debris; little 

bioturbated. Poorly observed in outcrop. Typical trace fossils of 

Palaeophycus

0-3

Prodelta part below storm 

wave level, dominated by 

decantation processes and 

hemipelagic deposits

Table 1 - Overview of iden!fied facies associa!ons in the Roda Sandstone. Further discussion and references can be found in 0

the main text.1
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3.1.1 FA 1: Deltaic mouth bar topsets2

Descrip!on - This facies associa!on predominantly occurs in the northeastern part of the study area, 3

represen!ng the most proximal part of the deltaic system. It extends laterally westward to the deltaic 4

mouth bar foresets deposits (FA 2). This facies associa!on includes two facies: (1) Highly bioturbated 5

silty to medium sandstone enriched in shells (F1a) and (2) coarse sandstone with trough cross-bedding 6

(F1b).7

Facies F1a comprises silty to medium-grained sandstone organized in beds with thicknesses ranging 8

from 1 to 5 metres, including high shell content, e.g., mussels, bivalves, and gastropods (Figure 6B, 9

Figure 6D), and without dis!nct sedimentary structures (Figure 6A). Facies F1b is the coarsest 10

sandstone in the studied area. F1b is a poorly sorted, medium to very coarse sandstone organized in 11

decimetre-thick beds with an erosive base. The upper por!ons of the beds in Facies F1b o"en display 12

enrichment in shell debris and organic ma%er (Figure 6C). These beds exhibit a fining-upward trend 13

(Figure 6C), and a very low-angle trough bedding (Figure 6E). Carbonate-cemented concre!ons of 14

pluridecimetre to a metre in size can be observed locally, nuclea!ng around accumula!ons of shells.15

The Bioturba!on Index (BI; (MacEachern & Bann, 2020)) is moderate for F1b (BI 0-3) and high for F1a 16

(values up to 5), and the ichnofauna assemblage is dominated by Macaronichnus and Ophiomorpha in 17

both facies, with also Skolithos and Thalassinoides for F1a.18

Interpreta!on - The presence of dis!nct evidence of strong fluvial trac!ve currents suggests facies F1b 19

was deposited in mouth bar topsets. This facies corresponds to the most proximal deposits observed 20

in the Roda Sandstone, as the alluvial system upstream is not preserved (Puigdefàbregas & Souquet, 21

1986; Eichenseer, 1988). In facies F1a, the abundance of marine shells, combined with the intense 22

bioturba!on (with the absence of distal environment nummulites), indicates a rela!vely calm and 23

protected environment. The presence of Macaronichnus suggests a protected environment associated 24

to the proximal part of the delta (e.g., topsets) at the top of the mouth bar as it appears in inter!dal 25

and shallow sub!dal deposits (MacEachern et al., 2005; Knaust, 2017). Although episodic floods are 26

possible, the primary sedimentary process is likely decanta!on. The water depth is then very shallow, 27

as Macaronichnus ichnofacies is generally found in the inter!dal zone (MacEachern et al., 2005), and 28

the mean !dal range is es!mated to be 3,6 m (Mar!nius & Van den Berg, 2011).29

3.1.2 FA 2: Deltaic mouth bar foresets30

Descrip!on – The facies associa!on FA 2 cons!tutes the predominant component of the Y sandbody at 31

all studied loca!ons. These deposits form plurimetre-thick (up to 15 m-thick) ver!cal stacks of inclined 32

bedsets highligh!ng the slope of the clinoforms (Figure 7A). Four facies of medium-grained sandstone 33
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have been iden!fied and differen!ated on the basis of their sedimentary structures: (1) decimetre-34

thick beds of medium sandstone with trough cross-bedding (F2a), (2) medium sandstone with planar 35

cross-bedding (F2b), (3) medium sandstone with cross- or compound-bedding (F2c), and (4) massive 36

structureless medium sandstone (F2d).37

Facies F2a, F2b and F2c present moderately to poorly sorted (medium to coarse-grained) sandstone, 38

forming plurimetre packages with pluridecimetre-thick beds. In all facies, the base of beds displays low-39

angle clinoforms with dipping azimuth comprised between N240° and N310°. In facies F2a, beds are 40

coarsening-up (Figure 7) and show a thickening-up trend, along with trough-cross beddings dipping in 41

the same direc!on as the clinoforms (Figure 7D).42

Decimetre-thick fining-up sequences with high-angle tabular cross-bedding (dipping in the same 43

direc!on as the clinoforms) are typical of Facies F2b (Figure 7E), with coarser material o"en associated 44

with reac!va!on surfaces (Figure 7B). In Facies F2c, sandstones form 2-5 metres thick coarsening-up 45

and thickening-up packages of pluridecimetre to metre-thick beds. Compound bedding is observed in 46

Facies F2c, with occasional reac!va!on surfaces and some!mes mud drapes (Figure 7H). In facies F2c, 47

the dip of cross-beddings indicates paleocurrents directed toward the northwest (between N310°-48

N320°), differing from the bedset direc!ons dipping towards the southwest or west (Figure 7G).49

In facies F2d, coarse-grained sandstone is moderately to well-sorted, with massive metre-thick beds. 50

No sedimentary structures are visible, but cen!metre-sized wood debris and dispersed very small 51

(millimetre-sized) shell debris are present (Figure 7F). Carbonate concre!ons of pluri-decimetre to a 52

metre in size may be locally present, usually within the upper beds. They seem to nucleate around shell 53

accumula!ons.54

Moreover, some coarser-grained sandstone with sigmoidal cross-bedding (F2e) forming decimetre to 55

metre-thick simple dunes (Figure 7I) or plurimetre-thick compound dunes (Figure 7K, Figure 7M) were 56

iden!fied. These sand bodies are o"en interbedded with F2c deposits (Figure 7M). Agglomerated57

dunes form bars that are plurimetre-high (3-5 m, Figure 7M) and their length (measurement of their 58

long axis) are es!mated to reach hundreds of metres (Leuven et al., 2016). The bi-direc!onnality is 59

shown either with bedsets dipping NNW (!N310°) or SSE (!N150°), but also by reac!va!on surfaces 60

formed by subordinate currents. Facies F2e is interbedded with silty claystone forming master bedding 61

(i.e. the architectural plane indica!ng the bar accre!on) on top of the bedsets (F2f, Figure 7L). These 62

cen!metre to pluridecimetre-thick interbeds show len!cular to wavy bedding, occasionally current 63

ripples.64
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The bioturba!on index is moderate (BI 0-4) in FA 2. Common Ophiomorpha trace fossils appear in all 65

facies, including also common Macaronichnus for facies F2a, Palaeophycus for F2b and F2f,66

Cylindrichnus for F2b, Skolithos for F2c and F2e, and Fugichnia for F2c.67

Interpreta!on – This facies associa!on is interpreted as deltaic foresets deposits mainly prograded from 68

east to west. This interpreta!on is based on the finer grain size compared to facies F1b, the sedimentary 69

structures indica!ng a rela!vely high energy environment, the low bioturba!on index sugges!ng an 70

important sediment supply, and the clinoform geometries of the bedsets (Bha%acharya, 1978; Allen et 71

al., 1979; MacEachern et al., 2005). 72

Facies F2a shares similari!es with facies F1b but with a smaller grain size and is part of the clinoforms 73

so it is interpreted as the uppermost part of the mouth bar foresets, s!ll dominated by fluvial influence.74

Then laterally the facies F2b is interpreted to be dominated by avalanching processes, as fluvial trac!ve 75

currents are less significant compared to facies F2a. 76

Mud drapes, reac!va!on surfaces, compound or sigmoid cross-bedding suggest that facies F2c and F2e 77

record a !dal influence (Dalrymple & Rhodes, 1995). Skolithos indicate rela!vely high energy shallow-78

water environments so facies F2c and F2e are consistent with sediment reworking by !dal currents on 79

the delta front (Figure 7J) (MacEachern et al., 2005). Facies F2c is interpreted as resul!ng from the 80

combina!on of deltaic avalanching and !dal trac!ve currents reworking in the middle part of the 81

foresets. Whereas facies F2e and F2f are interpreted as !dal dunes or !dal bar deposits formed by !dal 82

and subordinate currents preserved in between deltaic flood events and formed on the foresets. 83

According to the 17% ra!o from (Dalrymple & Rhodes, 1995), !dal dunes of 1m to 1,5m in thickness84

would have formed at a water depth comprised between 6 m to nearly 10 m.85

In contrast to the preceding F2c facies, F2d does not exhibit evidence of !dal influence. Based on the 86

more intense bioturba!on, this facies is associated with the lower part of the foresets in the delta front, 87

mainly dominated by avalanching processes.88

3.1.3 FA 3: Deltaic mouth bar bo%omsets89

Descrip!on – Facies associa!on FA 3 is present at various loca!ons within the study area, par!cularly 90

at the bo%om of FA 2 clinoforms. FA3 consists of cen!metre to decimetre-thick beds of very fine to 91

medium-grained sandstone, organized in numerous fining-up cycles within thickening and coarsening-92

up sequences. Some coarser-grained deposits organized in sandbars were also recognized. Based on 93

stacking pa%erns and dominant sedimentary structures, four facies are iden!fied (1) Fine-grained94

sandstone with dunes or hydraulic jumps (F3a, Figure 8A), (2) very fine-grained sandstone with ripples 95
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(F3b, Figure 8A, Figure 8D) Coarse-grained sandstone with sigmoidal cross-bedding (F3c) and (3) finely 96

laminated silty claystone (F3d).97

F3a and F3b deposits may contain mud clasts or mud drapes, organic ma%er debris, oxidized nodules,98

occasional nummulites, and rare annelid tubes (Figure 8C). F3c deposits are organized in99

pluridecimetre- to plurimetre-thick dunes with reac!va!on surfaces, and possible subordinate current 100

ripples along foresets (Figure 8G). The dunes are dipping NNW (!N310°), and they are interbedded 101

with the finer and more argillaceous deposits of F3d, showing len!cular or wavy bedding, occasional 102

current ripples with mud drapes (Figure 8F).103

Facies F3a, F3b and F3d exhibit heavy bioturba!on (BI up to 5, Figure 8B and Figure 8C), and typical 104

trace fossil assemblages comprise common Ophiomorpha for all facies, Thalassinoides for facies F3b, 105

F3c and F3d, Skolithos and Zoophycos for facies F3a, Planolites for Facies F3b and Rosselia for facies 106

F3c.107

Interpreta!on – Facies F3a and F3b are interpreted as bo%omset deposits dominated by gravity flow 108

on the low-gradient slope of the delta with sufficient hydrodynamic energy to record sedimentary 109

structures. This interpreta!on is based on the high bioturba!on index (BI up to 5) indica!ng a low 110

sediment supply, the low angle bedding and the Zoophycos ichnofauna, indica!ng a more distal 111

environment (Knaust, 2017)112

Facies F3c and F3d are interpreted as !dal bars deposits because of the sigmoid cross-bedding, the 113

reac!va!on surfaces and the clay couplets (F3d). This is consistent with the Rosselia trace fossils that 114

are only found in facies F3c (Figure 8E) and that are a clue for high sedimenta!on rates and repeated 115

erosion (Knaust, 2017). The different thicknesses of the !dal bundles highlight the neap-spring water 116

cycles (Figure 8H). 117

The !dal bars observed in the bo%omsets are larger than those iden!fied on the foresets (facies F2e 118

and F2f). Their thickness can reach 15 m and they are es!mated to be kilometre-long and wide (1-2 km 119

in width and up to 10 km in length (Leuven et al., 2016; Michaud & Dalrymple, 2016). Based on the 1 120

m to 2,5 m thick dunes, the water depth could reach between 10 m and 15 m (Nio & Yang, 1991; 121

Dalrymple & Rhodes, 1995; Mar!nius & Van den Berg, 2011).122

3.1.4 FA 4: Low-energy mixed distal deposits123

Descrip!on – Facies Associa!on FA 4 is infrequently observed on outcrop but well-represented in cores. 124

It occurs adjacent to facies associa!on FA 3 and transi!ons to Facies Associa!on FA 5. This facies 125

associa!on consist of bioturbated medium-grained (F4a) or fine-grained (F4b) sandstones, or 126

nummuli!c calcareous deposits (F4c). 127
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Facies F4a and F4b are heavily bioturbated, lacking visible sedimentary structures (Figure 9A, Figure128

9B), and frequently contain shell fragments, fine organic ma%er debris, and occasionally pyrite or mud 129

clasts. They can be contorted (Figure 9D) or be affected by flame structures. 130

Facies F4c comprise wackestone to grainstone (or rudstone), dominantly composed of nummulites 131

(with few alveolina, orbitolites, or miliolids) and locally with millimetre to pluricen!metre-sized132

bivalves, gastropods or corals fragments (Figure 9C).133

The facies associa!on exhibits a high degree of bioturba!on, with the BI ranging from 2 to 5, and a 134

diverse ichnofauna, including Ophiomorpha, Planolites, Teichnichnus, Scolicia, Skolithos, Zoophycos and 135

Palaeophycus.136

Interpreta!on – FA 4 deposits are associated with the transi!on between the distal part of the delta 137

front and the inner part of the pro-delta. This is supported by intense bioturba!on and Teichichnus, 138

Zoophycos, Scolicia trace fossils indica!ng low- to moderate-energy condi!ons. The dominant 139

processes are !dal currents or gravity flows, but bioclas!c development condi!ons are permi%ed 140

during low sediment supply periods. The local presence of hermatypic corals in facies associa!on FA4141

argues for an environment in the pho!c zone, with a water depth of probably less than 20 m (Olivier 142

et al., 2004).143

3.1.5 FA 5: Fine pro-delta deposits144

Descrip!on – Facies Associa!on FA 5 represents the distalmost deposits observed in both outcrops and 145

cores and are predominantly found at the base of the sand body Y. This facies associa!on is 146

characterized by shaly grey marls enriched in foraminifera, primarily nummulites (Figure 9H). 147

Depending on grain-size and dominant allochems, two facies are iden!fied: (1) shaly to silty grey marls 148

with numerous shell debris and (2) grey marls enriched in floa!ng nummulites (F2b, Figure 9F and 149

Figure 9G). Facies F5a shows abundant millimetre to cen!metre-sized bivalve debris, gastropods, and 150

echinoderms, some!mes concentrated in cen!metre-thick accumula!ons (Figure 9E). Both facies’151

deposits can contain occasional pyrite and organic ma%er debris.152

Bioturba!on levels are moderate (BI between 0 and 3), represented mainly by Palaeophycus (Figure153

9G).154

Interpreta!on – FA5 deposits include hemipelagic marls and are dominated by decanta!on processes. 155

This, plus the abundance of Nummulites indicate calm open marine environments, far from clas!c 156

input (Racey, 2001). The shell debris lags suggest sedimenta!on between the storm wave base and the 157

fair-weather wave base in a storm-dominated environment of the pro-delta (Puga-Bernabéu & Aguirre, 158

2017).159
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3.1.6 Facies groups for interpreta!on160

Ten facies groups were created in order to simplify the interpreta!ons of the digital outcrop models. 161

Facies were grouped (i) following facies associa!ons or gene!c processes (Table 2), (ii) because of their162

poor condi!ons on outcrops which did not allow their differen!a!on (for facies of FA3, FA4 and FA5) 163

or (iii) to cluster !de-dominated faces (facies F2e, F2f, F3c, F3d). Facies F3a and F3b were grouped in 164

the interpreta!on under their facies associa!on name, “FA3 – Deltaic mouth bar bo%omsets”, because 165

they are not easily dis!nguished on the DOM. 166

Facies of facies associa!ons FA 4 and FA 5 were respec!vely grouped together because of their poor 167

outcropping condi!ons.168

F1a - Highly bioturbated silty to medium sandstone enriched in shells 

F1b - Coarse sandstone with trough cross-bedding

F2a - Medium sandstone with trough cross-bedding

F2b - Medium sandstone with planar cross-bedding

F2c - Medium sandstone with cross- or compound-bedding

F2d - Massive structureless medium sandstone

Tidal dunes and bars

FA 3 - Deltaic mouth bar bottomsets

FA 4 - Low-energy mixed distal deposits

FA5 - Fine pro-delta deposits

Table 2 - Facies and facies associa!ons used for interpreta!on.169

3.2 Deposi onal sequences170

The cored sec!on of well RODA 1 is used as a reference well to describe the interpreted ver!cal 171

sequences as it crosses all the recognized delta mouth bars, except for the latest parasequence (Lobe 172

7, Figure 10). Prograding deltaic lobes are composed of conformal bedsets deposited during rela!ve 173

sea-level falls. They are stra!graphically bounded by an MFS at the base and an MRS at the top. 174

The Maximum Flooding surfaces (MFS) are be%er expressed at the top of each of the sandstone bodies 175

comprising Y (Y1, Y2, Y3; (Joseph et al., 1993)). These surfaces extend over kilometres, overlying 176

deposits reworked by !dal currents and distal deposits deposited during the rela!ve sea level rise. Four 177

major MFS have been recognized, including the pluri-decimetre thick bioclas!c beds at the base and 178

the Plateau Limestone at the top levels. Those MFS segment the Y sandbody into three units 179

corresponding to Y1, Y2 and Y3 from (Joseph et al., 1993) where Y3 is equivalent to Y3 and Y4 from 180
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(López-Blanco et al., 2003) (Figure 10). Some of these sequences can be subdivided into higher-order 181

(fi"h or sixth-order cycles sensu; (Vail et al., 1977)) and are formed through delta lobes amalgama!on.182

The Y1 sequence is composed of four delta lobes comprised respec!vely between the base surface and 183

MRS 1 (Lobe 1), MFS and MRS 2 (Lobe 2), MFS 3 and MRS 3 (Lobe 3) and MFS 4 and MRS 4 (Lobe 4). 184

Transgressive deposits lie at the top of the Y1 sequence, capped by MFS 5, which separates Y1 from Y2. 185

The sequence Y2 is composed of the Lobe 5, between MFS 5 and MRS 5 and is overlaid by the deposits 186

from the second major transgressive period (between MRS 5 and MFS 6). The last sequence Y3 is 187

composed of two delta lobes 6 and 7 respec!vely between MFS 6 and MRS 6 and MFS 7 and MRS 7 188

(Lobe 7 is poorly recorded in well RODA 1 and is be%er developed laterally). Finally, the top part of the 189

Y sandbody, comprised between MRS 7 and Top Y surfaces recorded sediments from the beginning of 190

the flooding of the system up to the Plateau Limestones.191

3.3 Outcrop interpreta on192

193

The iden!fied stra!graphic surfaces as well as the ten grouped facies and facies associa!ons (Table 2)194

have been coded along the seven digi!zed wells, the nineteen ver!cal sec!ons, and mapped along the 195

en!re outcropping cliffs of the DOM (see Figure 11, Figure 12, Figure 13). The Facies 3D mapping on 196

the outcrops highlighted a few elements: 197

The interval deposited during the transgressive period capped by the MFS 5 is be%er developed and 198

thicker in the Roadcut outcrop than in the El Villar outcrop located eastwards (Figure 11, Figure 12). In 199

this transgressive se+ng, pluri-decimetre thick !dal dunes formed above Lobe 4 (Figure 12). Also, 200

larger !dal bedforms could develop during transgressive periods, as shown at the base of the Roadcut 201

outcrop in the interval between MRS 2 and MFS 3, where a plurimetre-thick !dal bar shows sigmoidal202

bedding dipping N300° (Figure 11).203

During delta lobes prograda!on phases, metre-thick !dal dunes formed on top of Lobe 2 formed by 204

dominant currents (ca. N320° Figure 12). Larger !dal bars also developed in the delta lobes clinoforms, 205

mostly along the foresets: For example, on the Roadcut outcrop (Figure 11), a plurimetre-thick !dal bar206

was found north-west to the ver!cal sec!on Roadcut in Lobe 4. It lied on foresets facies deposits (F2c) 207

and according to the paleocurrents directed to the south (N190° on average on the corresponding rose 208

diagram, Figure 11), it was formed by the subordinate flood currents.209

Moreover, the Las Forcas outcrop, which is centred on the Lobe 5, features a !dal bar covered by the 210

deposits of the following fluvial flood supply influxes (Figure 13). This !dal bar shows locally211

bidirec!onal cross-bedding formed by both dominant and subordinate currents.212
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The plurimetre-thick clinoforms of the deltaic lobes are well visible on the Roadcut outcrop, especially 213

in the lobes 4 and 5 (Figure 11). While lobes 5 and 6 show clinoforms dipping westwards (N255°) to 214

southwards (N190°) respec!vely, lobe 4 seems to prograde north-westwards (N290°). Furthermore, 215

within a single lobe, the direc!on of prograda!on can vary depending on loca!on. For example, in lobe 216

5, the clinoforms at the Las Forcas outcrop dip further to the north-west than at the Roadcut outcrop 217

(N295°), sugges!ng a stronger !dal influence (Figure 11, Figure 13).218

219

3.4 Stra graphic surfaces correla ons, facies architectures and delta lobes 220

reconstruc on221

Figure 14 shows the correla!ons of ver!cal sec!ons based on the sequen!al division presented above 222

(sec!on 3.2 Deposi!onal sequences) and the interpreted outcrops (sec!on 3.3 Outcrop interpreta!on) 223

along the delta prograda!on axis (NE to SW) for cross-sec!on 1 (Figure 14) and on strike for cross-224

sec!on 2 (Supplementary Data, Figure 22). If MRS are well correlated laterally, MFS may be subject to 225

erosion by overlying sequence boundaries. For example, MFS 5 and MFS 6 can be correlated in the 226

southwestern part of the study area (RODA 5 to RODA 1 sec!ons on cross-sec!on 1; Figure 14) but 227

were eroded by the overlying deposits.228

The parasequences deposits are gene!cally linked, meaning that within one lobe, all facies were 229

deposited in lateral con!nuity. Deposits transi!on ver!cally from bo%omset facies (FA4) at the bo%om 230

of the delta lobes to foresets and topset facies (e.g., Lobe 1 in Figure 14). Lateral facies transi!ons also 231

illustrate the delta lobes prograda!on from the most proximal part (e.g., in Codoneras and Serraduy 232

South sec!ons) to the most distal area (e.g., RODA 4 and RODA 5). In between the delta lobes, the 233

distal transgressive deposits and reworked sediments composing !dal bars are especially developed in 234

between MRS 4 and MFS 5 (Figure 14) and in between MRS 5 and MFS 6 (Supplementary Data, Figure 235

22). These more silty interlobe deposits segment the sandstone bodies on the scale of the Y sandbody 236

and could therefore play the role of reservoir heterogenei!es.237

Figure 15 illustrates details of such lateral facies varia!ons on a 2D cross-sec!on of Lobe 5 from a 238

proximal pole (Zipaguerne 1) in the north-eastern part of the study area to a distal pole (RODA 7) in 239

the southern part of the study area. In the ver!cal sec!on Zipaguerne 1, the bedsets of show a 240

coarsening-up trend, trough cross-bedding and some early-diagene!c calcite-cemented nodules. This 241

en!re por!on of sec!on is interpreted as facies F2a deposits. These deposits transi!on laterally to a 242

ver!cal sec!on (Roda 1) with finer deposits at the base of the interval (38.5 to 39.5 m depth), highly 243

bioturbated with numerous shell clasts and a few benthic foraminifera (mostly nummulites). These 244

deposits are interpreted as bo%omset deposits (FA4) and are overlain by coarser grained deposits with 245
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cross and compound bedding. The ver!cal grain size trend is s!ll coarsening-up and there can be simple 246

or compound dunes (forming !dal bars) intercalated in between the bedsets interpreted as facies F2c. 247

Finally in the more distal part of the lobe (Roda 7 sec!on), the ver!cal succession shows even more 248

variability in terms of facies: the deposits are fine grained, with intense bioturba!on and very few 249

sedimentary structures visible at the base (FA5; between 50 and 53 m depth). These deposits transi!on 250

ver!cally to deposits structured in pluri-decimetre-thick coarsening-up sequences with current ripples, 251

that are interpreted as bo%omsets deposits (FA3). They are overlain by even coarser grained deposits, 252

s!ll in pluri-decimetre-thick coarsening-up sequences with compound, planar or trough cross-bedding 253

that are interpreted as delta mouth bar foreset deposits, respec!vely F2c, F2b and F2a. This ver!cal 254

facies succession illustrates therefore the delta lobe prograda!on that is also visible laterally on the 255

present 2D cross-sec!on between the three ver!cal sec!ons.256

The 3D mapping facies point cloud is shown in the background of Figure 16 (and in Supplementary Data 257

Figure 25, Figure 26) and was used to draw the different facies belts: For each lobe (i.e., each interval 258

between MFS and MRS), the predominant facies in terms of thickness (or the most proximal in case of 259

similar propor!ons) were used to trace the limits of facies. The proposed extents of the delta lobes in 260

Figure 16 were defined based on the loca!on of the most distal facies in each interval and on 261

paleocurrents measurements corrected from the regional dip (dipping 8° towards N170 a"er 262

measurements). The paleocurrent measurements come from various sources (field measurements, 263

DOM measurements, well data from dipmeter) and were acquired either on the inclined bedsets that 264

are part of the delta lobe clinoforms or on the !dal dunes (simple or compound, part of !dal bars) 265

foresets (Figure 16). When no data was available to constraint the delta lobe extents in width for 266

example, length and width ra!os from (Reynolds, 1999) were used. 267

Facies quan!fica!on268

The facies 3D interpreta!on enabled the extrac!on of quan!ta!ve data from the DOM interpreta!ons, 269

such as facies propor!ons or deposi!onal system dimensions. Figure 17 illustrates the outcropping 270

facies propor!ons depending on the loca!on in the deltaic system. The most proximal deposits (F2a 271

and F2b) are predominant in the northeastern part of the study area, with their propor!ons 272

diminishing westward and southwards, shrinking from 64 % to 16 %. Facies from facies associa!on FA 273

1 were observed either in cores (F1a) or very locally in the DOM (F1b observed in Serraduy South and 274

Codoñeras ver!cal sec!ons, see Fig. 1B for loca!on), and thus their propor!on is not high enough to 275

appear on the charts.276

Tidal influence or dominance, recorded by facies F2c, F2d, F2e, F3c and F3d, is more pronounced in the 277

more distal part of the Y sand body. This region's average propor!on of !dal sand bodies (!dal dunes 278

and bars) reaches ca. 10 %. 279
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Figure 17 enables to es!mate the predominant sedimentary process in the different zones of the 280

outcrops: it is possible to es!mate the predominant sedimentary process according to the different 281

sedimentary structures in the different facies. As facies F2c (Medium sandstone with compound-282

bedding) and the interpreted !dal dunes and bars are considered to be generated by !dal currents, the 283

percentage of !dal-generated structures is comprised between 19 % and 51 %, depending on the zone 284

(Figure 17). Overall, the percentage of !dal-dominated or !de-influenced facies is 37 %, the rest being 285

fluvial-dominated.286

4 Discussion287

This study supplements previous studies on ancient mixed deltaic systems by delivering the first high-288

resolu!on and mul!scale DOM interpreted in both geometries and facies of a mixed ancient delta. 289

Based on the sedimentary structures, the facies and facies associa!on propor!ons (See part 3.4 in 290

Results) and paleocurrent measurements, the Roda Y sand body is interpreted as a fluvial-dominated 291

and !de-influenced delta, consistent with earlier studies (Crumeyrolle et al., 1993; López-Blanco et al., 292

2003; Tinterri, 2007; Leren et al., 2010; Michaud, 2011; Mar!nius, 2012). However, the cross-sec!ons 293

(Figure 14 & Supplementary Data, Figure 22), and the interpreted high-resolu!on and mul!scale DOM 294

have led to a be%er-constrained and detailed architecture of the Y sandbody. These outcomes further 295

allow for a refined interpreta!on of the sedimentary bodies generated by !dal currents within this 296

mixed deltaic system.297

298

4.1 Variability of mouth bars architecture and quan fica on of their characteris cs299

In Figure 16, the river paleo-flows indicate a general trend comprised toward the southwest and the 300

west (between N210° and N310°), but some lobes appear to deviate towards the !dal direc!on, such 301

as lobes 1, 2, 4 and 7. These paleocurrent direc!ons have already been documented in the literature 302

(Joseph et al., 1993; Leren et al., 2010) but have never been commented on yet. This kind of variability 303

could result from the feeding alluvial pathway varia!ons or from the interac!on between river flows 304

and !dal currents. This could indicate a shi" in the dominant process regime described by (Longhitano 305

& Steel, 2017); (Longhitano & Nemec, 2005; Uroza, 2008)) with regard to its posi!on in the stra!graphy.306

For example, Lobe 4 is the uppermost lobe in unit Y1 before the major transgressive period comprised 307

between MRS 4 and MFS 5. Lobes 5 and 6 are part of respec!vely units Y2 and Y3, and lobe 7 is the 308

uppermost lobe of the Y sandbody, slightly backstepping, before the transgression period in which the 309

Plateau Limestone was deposited. Lobe 7 then shows a “!dally dominated deflected delta front” that 310

coincides with the prograda!on maximum of the Y sandbody before the transgression phase that 311

separates it from the Z sandbody.312
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Figure 16 displays considerable variability in the deltaic lobes' size and their direc!on of prograda!on, 313

sugges!ng poten!al source variability or an increasing !dal reworking. The interpreted dimensions of 314

the deltaic lobes are shown in the table below and the ra!os between the lengths, widths and 315

thicknesses are plo%ed in comparison with other deltaic lobes datasets (Figure 18). The average lobe 316

length is 4,3 km, the average width is 2,6 km, the average thickness is 20 m, and the dimensions of the 317

delta lobes increase upwards as they prograde further basinward.318

Our interpreted lobe dimensions are smaller than those in the literature (Reynolds, 1999): the lobe’s 319

lengths range from 2,6 km to 7,1 km while they reach 10 km long in Reynolds (1999). A reason could 320

be that Reynolds (1999) study considers data from the Book Cliffs forma!ons, that were deposited I a 321

different geological context than the Roda Sandstone. The Roda Sandstone formed in a much narrower 322

foreland basin than the Westen Interior Seaway, and even considering the south-Pyrenean basin 323

se+ngs, the Roda Sandstone is considered a small delta system compared to the Sobrarbe delta system 324

deposited in a very comparable geological context (Grasseau et al., 2019).325

On another hand, our interpreted lobes dimensions are larger in comparison to those of the archive 326

data (Joseph et al., 1993; Joseph, 1994). It can be explained by the fact that the sandbody Y subunits 327

Y2 and Y3, corresponding respec!vely to lobes 5 and 6 were decomposed in more sub-units than in 328

the present study. However, in this study, we found no evidence to support this. Finally, the cross plots 329

show that the presented lobes' dimensions fit in realis!c ranges, with similar ra!os to those from 330

Joseph et al. (1993) and Joseph (1994).331

DOMs helped at be%er understanding of the internal architecture of the delta system (Eide et al., 2016; 332

Rubi et al., 2018; Howell et al., 2021; Atlas et al., 2023). First, the georeferenced field and well data 333

enable improved correla!ons, especially between areas that are difficult to correlate, such as the two 334

sides of the Isabena river, or between the wells and the outcrops. Furthermore, mul!plying dip 335

measurements which can be !me-consuming in the field or that cannot be carried out in situ (Hodge%s, 336

2013; Marques et al., 2020) helped to determine the different lobe direc!ons of prograda!on (see 337

sec!ons 3.3 and 4.1). Finally, other measurement tools enabled to extract quan!ta!ve data about the 338

geometries of the interpreted lobes, to be compared to literature data.339

4.2 Water depth es ma on of clinoforms using DOM restora on340

3D mapping of facies in a finely resolved georeferenced system can also be used to es!mate water 341

depths from differences in eleva!on corrected for structural dip. The 3D facies point cloud was 342
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displayed in a 3D visualisa!on so"ware (Petrel®), allowing 3D distance measurements, and the 343

following procedure was applied:344

First, for lobes 3, 5 and 6, distance measurements were taken between different facies points in 345

different loca!ons of the study area and one reference point on the DOM which is the most proximal 346

point of the facies point cloud for this given interval (herea"er called the “proximal reference point”). 347

Coordinate and eleva!on devia!ons ∆X, ∆Y and ∆Z were collected and used to correct the measured 348

eleva!on difference (∆Zmes) from the structural dip (5,5° toward N170°) using a trigonometric 349

calcula!on (Figure 27). For simplifica!on purposes, the calcula!on assumed that the structural dip was 350

southward (N180°).351

"#$%&& = "#'() * +tan+5,5°- × ".'()-352

This corrected eleva!on difference (∆Zcorr) was then used to calculate paleo-bathymetries based on the 353

es!ma!on of the water depth of the proximal reference point. For the 3 lobes (Lobe 3, Lobe 5, and 354

Lobe 6), the proximal reference point was placed in facies F2a which is interpreted as inter!dal deposits355

based on the presence of Macaronichnus (MacEachern et al., 2005), the medium to coarse grain-size 356

and the high hydrodynamic currents to form trough cross-bedding. The considered water depth for the 357

proximal reference point is 0 m, knowing that the !dal range was es!mated to be 3,6 m (Mar!nius & 358

Van den Berg, 2011) (see sec!on 3.1.1). The resul!ng water depth es!ma!ons for each facies are 359

shown on the box plot graph of Figure 19. Some points show posi!ve paleo bathymetry es!mates, i.e., 360

above the mean sea, and they may correspond to high !de deposits, although no evidence of !dal 361

recording was found in this part of the delta. The water depths of the !de-generated structures (!dal 362

dunes and !dal bars) were es!mated by another method: based on the rule of thumb linking the height 363

of !dal dunes to with water depths (Dalrymple & Rhodes, 1995).364

These values can be underes!mated because some dunes that are part of !dal bars were truncated. If365

we consider that the maximal thickness of the dunes forming the !dal bar reached 2 to 3 m, the water 366

depth would be comprised between 12 and 18 m.367

368

Even though this method is quite simplis!c and includes numerous sources of incer!tude (e.g., 369

structural dip correc!ons, water depth of the proximal reference point), it allows to obtain rela!ve 370

water depth es!ma!ons of the facies compared to the proximal reference points and thus assess the 371

slope of the delta lobes. Figure 19 illustrates the facies distribu!on on a delta front slope: facies of the 372

facies associa!on FA2 (“Deltaic mouth bar foresets”) show the widest distribu!on of values, and the 373

median values comprised between -10 m (for F2a) and -25 m (F2b). Facies in the FA3 associa!on 374

(“Deltaic mouth bar bo%omsets”) show the same distribu!on as facies F2b and F2c in terms of range 375

and median values, ca. 20 m. Finally, the paleo bathymetry values for facies in the FA4 associa!on show 376
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a real deepening, with medians between around -35 m and -40 m. The maximal water depth values are 377

consistent with water depth es!ma!ons of the basin based on palaeo-fauna studies and that are 378

comprised between 30 m and 80 m (Mar!nius, 1995; Molenaar & Mar!nius, 1996; Torricelli et al., 379

2006). These values are consistent with various modern !de-dominated or !de-influenced deltas such 380

as the Yangtze River delta (Hori et al., 2002) and the Fly River delta (Harris et al., 1993).381

4.3 Tidal expression in the fluvial-dominated deltaic record382

The current study proposes two deposi!onal models for regressive and transgressive se+ngs that 383

integrate !dal reworking (Figure 20) and key diagnos!c features be%er to iden!fy the different process-384

generated sandbodies (Figure 21). These features could be applicable to other ancient mixed deltaic 385

systems with !dal reworking processes. The mul!plica!on of paleocurrent measurements and the 386

mul!scale characteris!c of DOMs facilitated the deciphering of intermixed fluvial-dominated and !de-387

reworking currents. Thanks to the coverage and the high resolu!on of the DOM, it can be interpreted 388

from the scale of the deltaic system (ca. 10 km x 5 km) or a por!on of the system (e.g., this study), to a 389

detailed work on one sandbody that shows a more complex internal structure caused by the !de-390

reworking (e.g., Las Forcas, Figure 13). This feature helped to recognize the different !de-generated 391

structures (!dal dunes, !dal bars, compound-bedding) on the outcrop and iden!fy their posi!on 392

stra!graphically and spa!ally in the delta.393

Depending on the posi!on in the stra!graphic sequences or in the lobe, different !de-generated or 394

!de-influenced sandbodies can be formed with various preserva!on degrees.395

4.3.1 Regressive se+ngs396

During regressive se+ngs (Figure 20A), deposits in the uppermost part, at the top of the delta lobe 397

(topsets), are dominated by river flood flow processes with no evidence of !dal reworking influence. 398

The corresponding facies are mostly classified in the facies associa!on FA 1 (“Deltaic mouth bar 399

topsets”) or in the facies associa!on FA 2 (“Deltaic mouth bar foresets”): F2a (Medium sandstone with 400

trough bedding) and F2b (Medium sandstone with planar cross-bedding). These facies cons!tute the 401

topsets and foresets of the delta lobes clinoforms with a water depth ranging between 0 and 25 m 402

(Figure 19).403

On the delta front, some deposits can record !dal influence during the lobe prograda!on phase, with 404

various degrees of preserva!on depending on the fluvial input (Figure 21).405

When the fluvial input is high, mixed fluvial and !dal sedimentary structures can be found widely on 406

the delta front, a%es!ng to the constant !dal reworking during the lobe prograda!on phases: flood-407

derived sediment pulses are t immediately reworked by !dal currents to form foresets with compound 408
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bedding, corresponding to facies F2c (medium sandstone with cross-or compound bedding). The angle 409

of the cross-stra!fica!on can appear quite low, but when the !dal currents are perpendicular to the 410

prograda!on direc!on of the lobe, the bedding may even appear inverted compared to the set's 411

inclina!on (Figure 20A). These reworked deposits correspond to the “compound bars” as defined by 412

(Crumeyrolle et al., 1993) and partly to the “Delta front deposits” facies associa!on of (Leren et al., 413

2010). 414

Metre-thick simple dunes are formed by !dal current reworking when the fluvial sediment supply 415

ceases or diminishes. These dunes can be found on top of the bedsets surfaces, which form the 416

clinoform foresets, and more frequently towards the top of the lobe (Figure 15, Figure 20A, Figure 21). 417

Their predominance towards the top of the lobes can either be explained by more intense reworking 418

by !dal currents when the lobe was abandoned or these !dal dunes were preserved during periods of 419

less frequent flooding events that could erode them. These !dal deposits may then otherwise be poorly 420

preserved elsewhere in the lobes.421

During longer periods of fluvial ac!vity decrease, these !dal dunes can stack and form compound !dal 422

bars (Dalrymple & Rhodes, 1995) (Figure 7, Figure 20A, Figure 21). Those plurimetre-thick sand bodies423

lie on the delta front slope and show sigmoidal cross-bedding with bundles recording mostly the 424

dominant current (~N320° ; (Nio & Yang, 1991; Michaud & Dalrymple, 2016) some!mes only the 425

subordinate current (~N140°), and locally both dominant and subordinate currents (Figure 7, Figure426

20A). The presence of reac!va!on surfaces within !dal bars and the higher bioturba!on intensity 427

support the !dal bar interpreta!on (See Facies F2d and Facies F2e in sec!on 3.1.2) (Allen & 428

Homewood, 1984; MacEachern et al., 2005; Shchepetkina et al., 2019). They tes!fy for a higher 429

preserva!on degree of the !dal reworking, and/or a more significant influence of !dal reworking.430

4.3.2 Transgressive se+ngs 431

During rela!ve sea-level rise, the sediment supply cannot compensate for the rela!ve sea-level rise, 432

and the system retrogrades. The fluvial input was not well recorded during this period, and the !dal 433

currents were the dominant processes involved in the sedimentary record. As a consequence, the434

sediments deposited during the regression are prone to be reworked by the !dal currents and thus 435

shape stacked dunes migra!ng in the direc!on of the dominant !dal current (e.g., ebb currents in this 436

case) that finally form !dal bars preserved on top of the toe of regressive foresets and bo%omsets, 437

where the sub!dal current velocity is the highest (Figure 20B). Hence, the !dal-generated structures 438

are larger and can form in deeper se+ngs: !dal bars lie on the bo%omsets, at es!mated water depth 439

of 10 m to 20 m (see sec!on 3.1.3; Figure 20B). Sigmoidal cross-stra!fica!ons, mud couplets, 440

reac!va!on surfaces and Rosselia ichnofossil can be found in these !dal structures. Moreover, the 441
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neap-spring cycles are generally be%er expressed in the bundles' thicknesses, and there is o"en an 442

angle (20° up to 50°) between the direc!on of prograda!on of the !dal bar and the !dal dominant443

current direc!on, measured in the DOM in the area of Point of interest 3 (Figure 4). This tes!fies for 444

lateral accre!on (Dalrymple & Rhodes, 1995; Olariu et al., 2012a). These remarkable structures 445

correspond to the “sand ridges” as described by Michaud (2011) and were formerly interpreted as !dal 446

bars (Nio & Yang, 1991; Crumeyrolle et al., 1993; Leren et al., 2010; Mar!nius, 2012).447

448

4.4 Controlling factors of  dal recording in mixed fluvial- dal deltas449

Paleomorphology of the basin might have significantly impacted the amplifica!on of !dal currents in 450

the Roda area. During the Ypresian, the Graus-Tremp-Ager basin was opened towards the northwest, 451

and several sub-basins were originated by local highs originated by the Montsec blind thrust 452

(Eichenseer, 1988; Castelltort et al., 2017; Chanvry et al., 2018; Vaucher et al., 2024) (Figure 1), and 453

forming a ridge separa!ng several depocenters. 454

This elongated basin could have funnelled !dal currents because of the converging masses of water 455

(Pugh, 1987; Pra%, 1990). As a result, the !dal currents' veloci!es could increase with a “tunnelling 456

effect” due to the shape of the basin, with currents flowing parallel to the coastline and in compe!!on 457

with the fluvial currents in the vicinity of deltaic systems. According to the basin geometry, we could 458

deduce that the dominant !dal current (~N320°) corresponds to the ebb current and the subordinate 459

current (~N140°) to the flood currents.460

A similar pa%ern occurred in the Aren Sandstones, where demonstrated !dal influence was observed461

at the beginning of the Aren Sandstone delta prograda!on (Nagtegaal et al., 1983), at the beginning of 462

flexura!on induced by the Boixóls thrust fault ac!vity that started to create sub-basins. As prograda!on 463

advanced basinward, the amplifica!on of !dal currents diminished, and their impact on deposits 464

lessened in favour of wave ac!on. Similarly, the silico-clas!c systems of the Montanyana Group that 465

deposited a"er the Roda Sandstone and that have prograded further in the Graus-Temp Basin show 466

increasing wave influence (especially the Perarrua Sandstone, part of the Upper Montanyana Group) 467

(Nijman, 1998).468

Moreover, López-Blanco et al. (2003) suggest that the !dal currents could have been funnelled and 469

increased along a growing gentle folds system, influencing facies deposi!on, current pa%erns, and 470

sediment dispersal. The influence, however, should remain limited, as no syntectonic unconformi!es 471

are observed in the forma!on, and sedimenta!on rates consistently exceeded fold growth rates (López-472

Blanco et al., 2003).473
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If the !dal reworking is constant, the preserva!on degree of the !dal expression depends on different 474

factors:475

In a regressive se+ng, the !dal currents are recorded in the sediments with different characteris!cs 476

that depend on the fluvial ac!vity. The compound bedding is preserved on the delta front even during 477

periods of prograda!on of the deltaic lobe fed by high sediment supply. The !dal dunes and !dal bars478

intercalated in the foresets deposits are deposited and preserved between flood-derived foresets 479

construc!on or during the lobe abandonment. The lobes making up the Y1, Y2, and Y3 sub-units are 480

thought to record autocyclic factors as switching or abandonment lobes because the distal deposits 481

overlying them are less con!nuous over large distances as they may be for the major transgressive 482

intervals separa!ng the Y1 to Y3 sub-units.483

The development and preserva!on of larger !dal bars on bo%omsets are permi%ed by the weakness 484

of the fluvial currents compared to the !dal ones observed during transgressive periods of fourth-order485

cycles. This periodicity could poten!ally be a%ributed to clima!c varia!ons. Because the Lower Eocene 486

lacks evidence for widespread con!nental ice sheets and features hyperthermal events (e.g. The Early 487

Eocene Climate Op!mum from 53.56 to 49.14 Ma; (Zachos et al., 2001; Westerhold et al., 2020)) 488

(Figure 2), glacio-eusta!c varia!ons seem unlikely. However, similar clima!c varia!ons impac!ng 489

sedimentary inputs, as recently demonstrated in the Cas!galeu Forma!on (52.2–50.6 Ma), could act490

as controlling factors on the fourth-order cyclicity. A study by Vaucher et al. (2024) integra!ng carbon 491

and oxygen stable isotope profiles correlated with magnetostra!graphic curves suggests that the 492

deltaic prograda!on of the Cas!galeu Forma!on (52.2–50.6 Ma) may be associated with heightened 493

sediment transport and con!nental weathering resul!ng from intensified hydrological condi!ons 494

during hyperthermal events. This underscores the influence of climate on stra!graphic records, which495

can be underes!mated in ac!ve foreland basins. Similar clima!c varia!ons could have impacted the 496

stra!graphic architecture of older shallow-marine systems in the Roda Sandstone Forma!on (Figure 497

21).498

5 Conclusion499

The Y sand-body of the Roda Sandstone (Ypresian, lower Eocene in southern Pyrenees) exhibits a500

complex internal architecture and facies assemblage caused by !dal-reworking of fluvial deltaic 501

deposits. Our dataset integrated classical sedimentology fieldwork along with near-outcrop cores502

descrip!on and the acquisi!on of this forma!on's largest georeferenced digital outcrop model (DOM) 503

to date.504

Ten facies or facies associa!ons were defined, and the DOM interpreta!on combined with two 505

stra!graphic cross-sec!ons enabled the iden!fica!on of seven delta lobes, whose direc!ons of 506
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prograda!on vary from southwest to northwest. They gradually shi" to a !dally dominated-deflected 507

delta front as the delta progrades. The objec!ves of this work were to a%empt to clarify the !dal 508

reworking process by defining key sedimentary features generated by !dal currents and propose a 509

deposi!onal model for mixed fluvial-dominated and !de-influenced ancient deltas. 510

- Most proximal deposits, par!cularly in the upper part of the foresets and in the topsets of the 511

delta front system, don’t record any !dal influence. 512

- Foresets and bo%omsets are, on the contrary, largely affected by !dal currents. Specific facies 513

iden!fied in this study are characterized by the compe!!on between fluvial and !dal 514

processes, such as compound bedding, predominantly observed within the delta foresets. 515

Moreover, certain features like !dal dunes or bars are solely formed by !dal currents, with the 516

former occurring during delta prograda!on phases and the la%er during transgressive periods.517

The fluvial input controls !dal structures within foresets: Tidal dunes are preserved when fluvial ac!vity 518

decreases or ceases, forming dunes or bars intercalated between foresets. The lower supply of river 519

sediment during transgressive periods of fourth-order cycles, influenced by clima!c varia!ons, allows 520

for the preserva!on of larger !dal bars on bo%omsets.521

522

This detailed work on the geometries and facies distribu!on within the Roda deltaic system was made 523

possible thanks to the availability of detailed Digital Outcrop Models (DOM), which give a lot of well-524

documented advantages) — such as data collec!on from inaccessible areas, viewpoint manipula!on, 525

enhanced fieldwork !me management, and training applica!ons. This study highlights several 526

contribu!ons of DOMs in complemen!ng tradi!onal sedimentological methods. This research expands 527

the u!lity of DOMs in three key aspects:528

· First, DOMs offer an improved understanding of the internal architecture of deltaic systems. 529

Integra!ng georeferenced field and well data enhances correla!on, par!cularly in challenging 530

areas like opposite sides of the Isabena River, or between wells and outcrops. The ability to 531

perform numerous dip measurements, which are o"en labour-intensive or infeasible in the 532

field, facilitates the determina!on of prograda!on direc!ons for different lobes. Addi!onally, 533

DOMs allow for the extrac!on of quan!ta!ve data on lobe geometries, aiding comparisons 534

with exis!ng literature.535

· Second, DOMs assist in dis!nguishing between fluvial-dominated and !de-reworked currents 536

by mul!plying paleocurrent measurements directly on the digital model and the mul!scale 537

analysis they enable. The extensive and high-resolu!on coverage of DOMs permits 538

interpreta!on at both system-wide and detailed sandbody levels, revealing complex internal 539

structures and enabling the measurement of !dal features to es!mate paleo-water depths.540
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· Finally, DOM-based facies mapping provides comprehensive qualita!ve and quan!ta!ve 541

insights into facies distribu!on within lobes and along proximal-distal gradients, offering a 542

more detailed understanding and representa!on of sedimentary heterogenei!es than classical 543

methods. This quan!ta!ve data further refines paleoenvironmental interpreta!ons, including 544

water depth es!ma!ons.545
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Dataset of the 3D model containing the Digital Outcrop Model (DOM), field and interpreted data (logs, 569

polylines, dips, 3D facies maps…) can be found at h%ps://doi.org/10.57745/Y2OXPZ in the570

mul!disciplinary repository Recherche Data Gouv, under the Crea!ve Commons A%ribu!on (CC BY 4.0) 571

licence. The Digital Outcrop Model can be viewed in various 3D visualiza!on, specialized interpreta!on, 572

or geomodeling so"ware (ArcGIS, Surfer, VRGS®, Petrel, Windows 3D Viewer, Apple 3D Model Viewer, 573

etc.). The interpreted data can be imported into GIS or geomodeling so"ware for visualiza!on or 574
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processing. The high-resolu!on interpreted Digital Outcrop Model can also be used for further studies 575

or educa!onal purposes.576
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858

10 Figure cap ons859

860

Figure 1 - A) Structural map of the south-Pyrenean Basin (modified a"er López-Blanco et al. (2003) and 861

Coll et al. (2013)), the red star refers to the study area loca!on; JB = Jaca Basin, AB = Ainsa Basin, GTB 862

= Graus-Tremp Basin. / B) paleogeographic map of the late Ypresian !mes synthesized from Castelltort 863

et al. (2017), Chanvry et al. (2018) and Vaucher et al. (2024), Razin, unpublished.864

Figure 2 - A) Simplified geological map of the Graus-Tremp Basin (modified a"er Serra-Kiel et al. (1994) 865

with faults (dark red) and measured stra!graphic sec!ons Serraduy South (SS) and Codoñeras (C). The 866

do%ed rectangle corresponds to the study area and loca!on of Figure 4. / B) Chrono-litho-stra!graphic 867

diagrams of the Tremp-Graus-Ainsa Basin during the Ypresian !mes. Polarity chrons are from the GTS 868

2020 (Gradstein et al., 2020). ; 1.) Planktonic foraminifera biozones from Berggren et al. (1995). ; 2.) 869

Calcareous nannofossils zones are from Berggren et al. (1995), Backman et al. (2012) and Agnini et al. 870

(2017). ; 3.) Shallow Benthic Zones are from Hardenbol et al. (1998) and updated by GTS2020 Paleogene 871

chapter group. ; Offsets from long-term curve are from Hardenbol et al. (1998). ; Sea-level curve is from 872

Miller et al. (2020). ; Benthic δ18O curve is from Westerhold et al. (2020); Lithostra!graphic schemes 873

from Nio & Yang (1991), Serra-Kiel et al. (1994) and López-Blanco et al., (2003). 4.) Lithostra!graphic 874

schemes from Mu+ et al. (1988); 5.) Lithostra!graphic schemes from Tinterri (2007). The background 875

colours correspond to the lithostra!graphic map modified a"er Serra-Kiel et al. (1994).876
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Figure 3 - Cross-sec!on of the Roda Sandstone modified from López-Blanco et al. (2003) correlated 877

with 1.Geomagne!c polarity from Bentham & Burbank (1996) 2. Proposi!on of system tracts of a 3rd 878

order deposi!onal sequence 3. system tracts of a 3rd order deposi!onal sequence a"er Nio & Yang 879

(1991) ; rela!ve sea-level evolu!on from Miller et al. (2020), 4. Lithostra!graphic scheme of the Roda 880

Sandstone Forma!on divided into two members (Roda Sandstone Member and Esdolomada Member) 881

from Nio & Yang (1991). The present study is focused on the Y sandbody.882

Figure 4 – Satellite image of the study area, showing field and drone data; stra!graphic sec!ons are 883

Zipaguerne 1 (Z1), Zipaguerne 2 (Z2), Puebla East (PE), El Villar (EV), El Villar South (EVS), Meander 1-4 884

(M1-4), Road-cut (RC), Las Forcas 1-5 (LF 1-5), North Road-cut (NRC) and Puebla North-West (PNW). 885

Points of interest correspond to loca!ons where measurements, photographs, or panorama were 886

acquired but no ver!cal sec!ons.887

Figure 5 - Workflow applied for the present study.888

Figure 6 - Outcrop and core features of facies associa!on FA 1 “Deltaic mouth bar topsets”. Loca!ons 889

as indicated in Fig. 4. A) Highly bioturbated medium-grained sandstone with few benthic foraminifera 890

but no nummulites. From cored sec!on RODA 7 (depth: 26,5 m). Source: TotalEnergies. B) Grey silty 891

sandstone enriched in shells (F1a). From log Meander 1 (see Supplementary data; height: 1 m). Pen 892

(13,5 cm) for scale. C) Very coarse-grained sandstone or granules with erosive base and fining-up trend 893

(F1b). From cored sec!on RODA 3 (depth: 35 m). Source: TotalEnergies. D) Highly bioturbated silty 894

sandstone enriched in shells (F1a). The shells are sca%ered in a silty matrix. From Point of Interest 2. 895

Pen (13,5 cm) for scale. E) Very coarse-grained sandstone with trough bedding (F1b) at the top of a 896

delta mouth bar, forming the delta lobe topsets. From log Zipaguerne 1 (see Supplementary data; 897

height: 25,5 m). Hammer (33 cm) for scale.898

Figure 7 - Outcrop and core features of facies associa!on FA 2 “Deltaic mouth bar foresets”. Loca!ons 899

as indicated in Fig. 4. A) Capture of the Digital Outcrop Model in between the Puebla East and 900

Zipaguerne 2 ver!cal sec!ons area. The clinoforms of the deltaic lobes 1 and 2 are highlighted and they 901

are composed of facies associa!ons FA 2 deposits. B) Medium-grained sandstone with planar cross-902

bedding (F2b). The laminae are parallel to the beds. From cored sec!on RODA 1 (depth: 53,5 m). C) 903

Ophiomorpha (Oph.) fossil trace in medium to coarse-grained sandstone with trough bedding (F2a) in 904

the uppermost part of the delta lobe foresets. From cored sec!on RODA 4 (depth: 8,5 m). D) Medium 905

to coarse-grained sandstone with trough cross-bedding (F2a) dipping to the west. From log Roadcut 906

(see Supplementary data; height: 52 m). Hammer (33 cm) for scale. E) Medium to coarse-grained 907

sandstone with planar cross-bedding (F2b) in a decametre-thick bedset. the stra!fica!on appears 908

tabular because the outcrop cuts the prograda!on direc!on orthogonally. From log Roadcut (see 909

Supplementary data; height: 38 to 42 m). Jacob staff (120 cm) for scale. F) Medium-grained sandstone 910

with no sedimentary structure visible (F2d). Millimetre-sized wood and shell debris are dispersed. From 911

cored sec!on RODA 1 (depth: 60,1 m). G) Compound bedding in a mouth bar foresets (F2c) formed by 912

!dal currents reworking. From log Zipaguerne 1 (see Supplementary data; height: 19 m). H) Low angles 913

between the laminae and the beds form the compound bedding (F2c) that reflects the reworking of 914

!dal currents. The different colours can indicate a different cementa!on. From cored sec!on RODA 4 915

(depth: 12,7 m). Source: TotalEnergies. I) Metre-high simple !dal dune formed by dominant !dal 916

current (paleocurrent toward N320°) on facies F2c deposits. From Point of Interest 6. J) Skolithos (Sk.) 917

trace fossils in !dal dune sets (F2e). Quartz grains are visible to the naked eye. From log Las Forcas 6 918

(see Supplementary data; height: 6 to 6,4 m). Card (8,2 cm long, 5 cm wide) for scale. K) Medium to 919

coarse-grained sandstone in bundles dipping in opposite direc!ons, illustra!ng bidirec!onality in !dal 920

bars (F2e). The beds are intercalated with finer argillaceous deposits. From log Puebla North-West (see 921

Supplementary data; height: 11 m). Compass (17 cm) for scale. L) Bioturbated silty clay in the master 922
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bedding deposits (F2f) intercalated in between compound dunes composing a !dal bar. From log Las 923

Forcas 6 (see Supplementary data; height: 2 m). Card (8,2 cm long, 5 cm wide) for scale. M) Interpreted 924

panorama of the Las Forcas outcrop showing a !dal bar formed by !dal currents reworking and then 925

covered by compound cross-bedding deposits (F2c) deposited during the next deltaic lobe 926

prograda!on phase.927

Figure 8 - Outcrop and core features of facies associa!on FA 3 “Deltaic mouth bar bo%omsets”. 928

Loca!ons as indicated in Fig. 4. A) Medium-grained sandstone with current ripples (F3a) and grey silty 929

fine-grained sandstone with mud drapes (F3b) characteris!c of delta lobes bo%omsets deposits (FA 3). 930

From cored sec!on RODA 7 (depth: 48,45 to 49,3 m). Source: TotalEnergies. B) Thalassinoides (Th.) 931

fossil traces in medium-grained sandstone where horizontal burrows predominate (FA 4). From Point 932

of Interest 4. Card (8,2 cm long, 5 cm wide) for scale. C) Highly bioturbated siltstone (F3b). The oxidized 933

nodules probably formed around dissolved brachiopod shells. From log Las Forcas 6. Card (8,2 cm long, 934

5 cm wide) for scale. D) Very fine to fine-grained sandstone with current ripples and occasional mud 935

drapes in decimetre-thick low-angle beds (F3b) characteris!c of delta lobes bo%omsets deposits. From 936

Point of Interest 4. Pen (13,5 cm) for scale. E) Metre-sized Rosselia (Rs.) fossil trace in sigmoidal !dal 937

bundles in a !dal bar (F3c). From log Roadcut (see Supplementary data; height: 12 m). F) Coarse-938

grained sandstone bundles showing reac!va!on surfaces (F3c) and with argillaceous intercala!ons 939

characteris!c of !dal sand bodies (F3d). From cored sec!on RODA 1 (depth: 62 m). Source: 940

TotalEnergies. G) Tidal dunes with sigmoidal cross-bedding (F3c) intercalated by clay couplets (F3d) and 941

composing a !dal bar. From Point of Interest 5. H) Interpreted !dal bar deposits with !dal bundles 942

thicknesses showing the neap-spring water cycles and clay couplets. From Point of Interest 3.943

Figure 9 - Outcrop and core details features of facies associa!on FA 4 “Low-energy mixed distal 944

deposits” and FA 5 “Fine pro-delta deposits”. A) Thalassinoides (Th.) and Ophiomorpha (Oph.) fossil 945

traces in bioturbated medium-grained sandstone (F4a) with a fracture filled with calcite. From cored 946

sec!on RODA 1 (depth: 41 m). B) Palaeophycus (Pa.) and Siphonichnus (Si.) trace fossils in intensely 947

bioturbated medium-grained sandstone lacking visible sedimentary structures (F4b). From cored 948

sec!on RODA 1 (depth: 72,4 m). C) Bioclas!c wackestone enriched in foraminifera (nummulites, few 949

alveolina, orbitolites or milioles) and millimetre to pluri-cen!metre-sized bioclasts (bivalves, 950

gastropods, corals) (F4c). From cored sec!on RODA 1 (depth: 67,5 m). D) Contorted heavily bioturbated 951

fine sandstone (F4a) laying on distal grey marls (F5b) at the base of the Y sand body. From log Roadcut 952

(see Supplementary data; height: 6 to 8 m). Hammer (33 cm) for scale. E) Shell lag bed in grey marls 953

(F5a). From cored sec!on RODA 5 (depth: 57 m). F) Grey marls with either dispersed nummulite or 954

agglomerated characteris!c of fine pro-delta deposits (F5b). From cored sec!on RODA 7 (depth: 59,1 955

m). Source: TotalEnergies. G) Palaeophycus (Pa.) trace fossil in fine pro-delta nummuli!c marls (F5b). 956

From cored sec!on RODA 7 (depth: 59,1 m). H) Silty to shaly grey marls enriched in mussels and 957

foraminifera (mostly nummulites) (F5b). Note the significant altera!on of this type of fine deposit. From 958

Point of Interest 5. Hammer (33 cm) for scale.959

Figure 10 - Reference core RODA 1 (Figure 4 for loca!on) with the interpreted Maximum Regressive 960

Surfaces and Maximum Flooding Surfaces delimi!ng the seven deltaic lobes groups into three 961

sequences Y1, Y2 and Y3.962

Figure 11 - A) Photogrammetric model of the Roadcut outcrop (see RC in Figure 4); B) Interpreted DOM 963

with facies property, Maximum Regressive surfaces (solid black lines), Maximum Flooding Surfaces 964

(do%ed black lines). Y3 and Y4 correspond to the sub-units of the Y sandbody defined by López-Blanco 965

et al. (2003). The glyphs are the sedimentary dips, represen!ng the poten!al paleocurrent direc!ons 966

in the rose charts underneath. Blue data on the rose diagrams are dip measured on deltaic clinoform 967

bedsets, and pink data are dip measured on !dal dunes foresets. These values must be considered 968
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cau!ously because they are not corrected for regional dip (8° toward N170°). The dark data plo%ed in 969

the background of the diagrams are from Leren et al. (2010) (black = !dal currents, grey = delta lobe 970

currents).971

Figure 12 - A) Photogrammetric model of the El Villar outcrop (see EV and EVS in Figure 4); B) 972

Interpreted DOM with facies property, Maximum Regressive surfaces (solid black lines), Maximum 973

Flooding Surfaces (do%ed black lines). The glyphs are the sedimentary dips, represen!ng the poten!al 974

paleocurrent direc!ons in the rose charts underneath. Blue data on the rose diagrams are dip 975

measured on deltaic clinoform bedsets, and pink data are dip measured on !dal dunes foresets. These 976

values must be considered cau!ously because they are not corrected for regional dip (8° toward 977

N170°). The dark data plo%ed in the background of the diagrams are from Leren et al. (2010) (black = 978

!dal currents, grey = delta lobe currents).979

Figure 13 – A) Photogrammetric model of the Las Forcas outcrop (see LF1-5 in Figure 4); B) Interpreted 980

DOM with facies property, Maximum Regressive surfaces (solid black lines), Maximum Flooding 981

Surfaces (do%ed black lines). The glyphs are the sedimentary dips, represen!ng the poten!al 982

paleocurrent direc!ons in the rose charts underneath. C to E) Blue data on the rose diagrams are dip 983

measured on deltaic clinoform bedsets, and pink data are dip measured on !dal dunes foresets. These 984

values must be considered cau!ously because they are not corrected for regional dip (8° toward 985

N170°). The dark data plo%ed in the background of the diagrams are from Leren et al. (2010) (black = 986

!dal currents, grey = delta lobe currents).987

Figure 14 - Cross-sec!on 1 with lobes and facies interpreta!on988

Figure 15 - Cross-sec!on of the deltaic lobe 5 illustra!ng ver!cal facies successions lateral facies 989

transi!ons from a proximal pole (Zipaguerne 1) at the north-east of the study area to the distal pole 990

(RODA 7). See Figure 13 for cross-sec!on loca!on.991

Figure 16 – Maps of interpreted delta lobes with corresponding facies and paleocurrents 992

measurements. The black line on Lobe 5 map is the cross-sec!on from Figure 21.993

Figure 17 - A) Pie charts from the different zones of the interpreted DOM showing the evolu!on of the 994

facies propor!ons in the Y sandbody. B) Pie chart of the facies propor!ons in the overall interpreted 995

DOM.996

Figure 18 – Crossplot of dimensional data for delta lobes from this study, literature data (Reynolds, 997

1999) and archive data about the Roda sandstone Y sandbody (Joseph et al., 1993; Joseph, 1994).998

Figure 19 - Box plot of the es!mated water depths for facies F2a, F2b, F2c and facies associa!ons FA3 999

and FA4 based on measurements on the DOM. A) case with water depth for reference F2a points = -5 1000

m; B) case with water depth for reference F2a points = -10 m; C) case with water depth for reference 1001

F2a points = -15m. Water depth = 0 m is the Mean Sea Level (MSL)1002

Figure 20 - Deposi!onal models for A) Regressive se+ng; B) Transgressive se+ng.1003

Figure 21 - ‘Synthesis’ with characteris!cs of the two different deposi!onal systems during high-1004

frequency cycles. During transgression, the restricted sediment influx results in the retrograda!on of 1005

the delta system and forma!on of !dal dunes (1) large !dal bars (4) caused by !dal reworking. During 1006

regression, the hyperthermal event amplifies the supply to the basin, resul!ng in the prograda!on of 1007

the delta system with delta lobe prograda!on. Tidal reworking is s!ll present, forming !dal dunes (1), 1008

compound bedding in the lobe foresets (2) or small extent !dal bars (3) 1009
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Figure 22 - Cross-1056
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Figure 25 - Interpreted facies on the DOM for each lobe (lobes 1 to 4)1059
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