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Abstract  22 

This study investigates the processes controlling the development of nested clinoforms in 23 

outcrops of the Eocene Sobrarbe Deltaic Complex of the Aínsa Basin, highlighting their 24 

significance as archives of basin-margin evolution. Small-scale clinoforms record the higher-25 

frequency cycles of delta progradation and the coetaneous development of a carbonate factory, 26 

while large-scale clinoforms record longer-term high-energy processes on the shelf/slope, 27 

including the reworking of previous deltaic/shelf deposits. High-resolution lithological variations 28 

were characterized across three of the high-frequency cycles, revealing a downdip transition 29 

along the small-scale clinothems from subaqueous channels to distal delta front/shelf settings. 30 

The coarsest grain sizes are restricted to the proximal delta plain environments evidencing 31 

limited coarse sediment transfer to deeper waters in this part of the deltaic complex, enabling the 32 

development of a coeval carbonate factory resistant to moderate clastic input and water turbidity. 33 

The small-scale clinoforms display steeper slopes than expected for siltstone to fine sandstones, 34 

which is explained by early cementation of the carbonate-rich horizons preserving relatively 35 

steep clinoform slopes and preventing their collapse. The study emphasizes the importance of 36 

recognizing heterogeneity in such mixed siliciclastic-carbonate environments, which has 37 

implications for understanding reservoir quality and connectivity in subsurface systems.  38 

 39 

Keywords: depositional architecture, mixed systems, cemented surfaces, biogenic carbonate, 40 

reservoir heterogeneity 41 
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 42 

1. Introduction 43 

Clinoforms bound accretionary units -clinothems- that record the various processes and forcing 44 

mechanisms acting on relatively shallow-marine environments, and as such are valuable archives 45 

of basin-margin evolution (e.g., Mitchum et al., 1977; Pirmez et al., 1998; Steel and Olsen, 2002; 46 

Swenson et al., 2005; Gerber et al., 2008; Olariu and Steel, 2009; Patruno et al., 2015; Poyatos-47 

Moré et al., 2019; Midtkandal et al., 2020; Gan et al., 2022). The interplay of relative sea level, 48 

sediment supply, process regime and sediment type control clinoform geometry on different 49 

timescales (e.g., Pirmez et al, 1998; Glørstad-Clark et al., 2011; Patruno et al., 2015; Cosgrove et 50 

al., 2018; Patruno and Helland-Hansen, 2018; Anell, 2024). Size varies greatly from heights of 51 

10s (delta/shoreface) to 1000s (continental margin) of meters, mainly controlled by 52 

accommodation space and factors limiting vertical accumulation (e.g., sediment flux, sediment 53 

availability, and water column energy) (e.g., Pirmez et al., 1998; Steel and Olsen, 2002). The 54 

foreset slope angle depends strongly on sediment type (grain size, composition, fabric), with 55 

steeper values generally related to coarser grain sizes, grain-supported fabrics and higher 56 

carbonate content (e.g., Schlager and Camber, 1986; Orton and Reading, 1993). Carbonate 57 

sediments tend to build up steeper and more variable slopes than siliciclastic sediments on 58 

account of their higher internal strength (Kenter and Schlager, 1989). 59 

In addition to controlling clinoform geometry, depositional conditions and processes influence 60 

sediment partitioning within clinothems (e.g., Helland-Hansen and Hampson, 2009).  At delta/ 61 

shoreface scale, the clinoforms separating successive stages of progradation are a common 62 

source of heterogeneity when they are associated with mud/shale drapes or concretions/cemented 63 

surfaces (e.g., O’Byrne and Flint, 1996; Ainsworth et al., 1999; Hampson, 2000; Howell et al., 64 
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2008a, 2008b). The latter, which are the most relevant to this study, have been described in 65 

various siliciclastic delta/shoreface environments where they tend to occur along surfaces with 66 

stratigraphic significance (e.g., Bjørkum and Walderhaug, 1990; Molenaar and Martinius, 1990; 67 

Taylor et al., 1995, 2000; Coll et al., 2013; García-García et al., 2013; Travé et al., 2023). The 68 

origin of these concretions and/or cemented surfaces has been commonly interpreted as early 69 

diagenetic, formed in contexts of low sedimentation rates, and linked to changes in sea level. 70 

Most studies on clinoforms and clinothems come from the interpretation of seismic datasets and 71 

thus are constrained by seismic resolution and availability of subsurface data (e.g., Cattaneo et 72 

al., 2004; Holgate et al., 2014; Anell and Midtkandal, 2017; Bryn et al, 2019; Trincardi et al., 73 

2019; Zimmer and Howell, 2021). Clinoforms in outcrops are generally less studied due to their 74 

relatively low angle and outcrop exposure limitations (e.g., Steel and Olsen, 2002; Plink‐75 

Björklund, 2008; Hubbard et al., 2010; Zeller et al., 2015; Poyatos-Moré et al., 2016; Haugen, 76 

2017; Olsen, 2017; Grasseau et al., 2019; Cosgrove et al., 2020; Rodriguez Blanco et al., 2020; 77 

Steel et al., 2023). Outcrops are, however, ideal for examining high-resolution lithological 78 

variations and processes occurring within multiple scale clinothems (e.g., Nichols and Baker, 79 

2015; Bauer et al., 2020). Further, where clinoform surfaces are traceable in outcrop, they 80 

inherently represent a bottom-profile that allows inspection of how facies, fabric and biogenic 81 

activity transitioned from proximal to distal position within a short time-window.  82 

This work investigates two clinoform scales in outcrops of the Eocene Sobrarbe Deltaic 83 

Complex of the Aínsa Basin (Spain). The two scales are “nested” (Fig.1), meaning that the 84 

small-scale clinoforms occur within and contribute to build the large-scale ones, analogously to 85 

Midtkandal et al. (2019) and Pellegrini et al. (2020). The investigated small-scale clinoforms 86 

have heights of 10-20m and are relatively steeper-sloped (~7-15°) while the larger-scale ones 87 
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have heights of 50-100m and are gentler-sloped (~5-7°). The small-scale clinothems are made of 88 

siltstone to fine sandstone and thus their slopes are steeper than what would be expected for such 89 

fine-grained lithologies (generally <2°; Orton and Reading, 1993).  90 

The aim of this study is to investigate the formation and preservation of the steep, small-scale 91 

clinoforms in relation to the large-scale clinothems containing them, and how high-resolution 92 

outcrop data can complement large-scale geometric analyses. Specific research objectives are: (i) 93 

to document the internal arrangement of the small-scale clinoforms using traditional techniques 94 

in lithofacies analyses and UAV (drone) imagery, and (ii) to interpret the formative sedimentary 95 

processes and paleoenvironmental conditions responsible for creating and preserving clinoform 96 

surfaces. The present contribution builds on previous works in the Sobrarbe Deltaic Complex by 97 

documenting the vertical and lateral facies variability across 3 stratigraphic cycles that include 98 

small-scale clinoforms, and proposing an explanation for their formation. The results of this 99 

work contribute to the understanding of depositional processes and facies partitioning in shallow-100 

marine prograding systems.  101 

 102 

2. Geological setting  103 

The South-Pyrenean foreland basin evolved from the late Cretaceous to Miocene in response to 104 

flexural subsidence, related to the growth of the Pyrenees as a result of the collision between the 105 

Iberian and Eurasian plates (Fig.2A; e.g., Puigdefàbregas et al., 1992; Muñoz, 1992; Muñoz et 106 

al., 2013). Due to an oblique plate convergence, the thrust deformation was strongly diachronous 107 

from east to west, causing former foredeeps to evolve into piggy-back basins (e.g., Bentham et 108 

al., 1992; Arbués et al., 2011; Chanvry et al., 2018). In this compartmentalized foreland, the 109 

Aínsa Basin started to develop in the Ypresian to the SW of the active thrust front (Peña 110 
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Montañesa-Montsec thrust; Fig.2B; e.g., Puigdefàbregas et al., 1992; Muñoz et al., 2013; 111 

Chanvry et al., 2018).  112 

In the early Lutetian, the Aínsa Basin was part of a sediment routing system developed ESE-113 

WNW parallel to the deformational front (Fig.2B; e.g., Arbués et al., 2011). The fold and thrust 114 

belt in the north supplied coarse materials to alluvial fans, which fed an axial fluvial system in 115 

the Tremp-Graus basin. These rivers ran towards the WNW, passing into deltaic systems before 116 

reaching deeper waters in the Aínsa and Jaca basins. During this early Lutetian period, the Aínsa 117 

Basin recorded slope facies with channelized turbidites (San Vicente Formation, Fig.2A-B), 118 

which in turn fed deeper basin floor facies in the Jaca Basin (e.g., Mutti, 1983; Pickering and 119 

Corregidor, 2005; Scotchman et al., 2015). 120 

By the late Lutetian, the propagation of the thrust front (Gavarnie thrust) gave way to the growth 121 

of oblique ramp structures with N-S trending folds like the Mediano and Boltaña anticlines 122 

(Fig.2C; e.g., Muñoz et al., 1994; Fernandez et al., 2012). As a result of the thrust propagation, 123 

the sedimentary prograding system became confined between the growing anticlines and the 124 

Aínsa Basin was carried as a piggy-back depocenter (Fig.2C; Bentham et al., 1992; Arbués et al., 125 

2011). During this stage, shelf carbonates of the Guara Formation were thriving on the tops of 126 

the growing anticlines while the separating syncline was progressively filled with the deep 127 

marine strata of the San Vicente Formation, the shallow-marine deposits of the Sobrarbe 128 

Formation and the fluvial sediments of the Escanilla Formation (Fig.3A-B) (e.g., Puigdefàbregas, 129 

1975; Bentham and Burbank, 1996; Dreyer et al., 1999). The tectonic activity of the bounding 130 

regional anticlines and locally related structures like the Arcusa anticline affected the 131 

sedimentary succession during its deposition (e.g., Bentham et al., 1992; Wadsworth, 1994; 132 

Bentham and Burbank, 1996; Moody, 2014).  133 
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 134 

3. Study interval  135 

This work is mainly focused on the shallow-marine deposits of the Sobrarbe Formation (Fig.3A-136 

B). These deposits are part of a series of well-exposed, ~100 m thick clinothems, which outcrop 137 

along the flanks of the Buil Syncline in an approximate dip-parallel orientation (Figs.3A,4). 138 

These clinothems, with a dominantly siliciclastic composition, display the transition from fluvial 139 

deposits in the south (Escanilla Formation, Figs.3B,4), to progressively deeper shelf and slope 140 

deposits in the north (Sobrarbe and San Vicente Formations, Figs.3B,4). Given the interfingering 141 

between lithostratigraphic units, this clinothem package is referred to as the Sobrarbe Deltaic 142 

Complex, which has a cumulative thickness of ~1000 m and represents a period of ~3 Ma (e.g., 143 

Dreyer et al., 1999). 144 

The Sobrarbe Deltaic Complex has been widely investigated, from regional studies (e.g., 145 

Wadsworth, 1994; Dreyer et al., 1999; Arbués et al., 2011; Grasseau, 2016; Grasseau et al., 146 

2019) to localized works focused on specific clinothems (e.g., Hall, 1997; Gawthorpe et al., 147 

2000; Callot et al., 2009; Moss-Russell, 2009; Moody, 2014; Butault et al., 2016; Haugen, 2017; 148 

Olsen, 2017; Cosgrove, 2019; Cosgrove et al., 2020; Anell et al., 2023). Various sequence 149 

stratigraphic schemes have been proposed (e.g., Wadsworth, 1994; Dreyer et al., 1999; Moody, 150 

2014; Grasseau, 2016), which differ in the higher frequency subdivisions but are quite similar in 151 

the low frequency units (composite sequences, CS). These composite sequences are separated by 152 

major unconformities that can be identified in all the proposed schemes. Figure 4 shows a 153 

simplified architectural scheme from Grasseau et al. (2019) along the western flank of the Buil 154 

Syncline (Fig.3A). The interpreted composite sequences (Fig.4A) are comparable with those of 155 

Dreyer et al. (1999) (Fig.4B), which are generally preferred when positioning specific 156 
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clinothems in the Sobrarbe Deltaic Complex (e.g., Moss-Russell, 2009; Silalahi, 2009; Cosgrove 157 

et al., 2020).  158 

The nested clinoforms that are the focus of this study occur in the upper part of the Comaron CS 159 

of Dreyer et al. (1999) (Fig.4B) and in the regressive portion of the S4 of Grasseau (2016) 160 

(Fig.4A). The ones we refer to as the “large-scale clinoforms” can be traced for several 161 

kilometers and have heights of more than 100 m (Fig.5A). They correspond to major surfaces in 162 

the published sequence-stratigraphic schemes (e.g., boundaries between systems tracts, 163 

sequence- or composite sequence-bounding surfaces, etc.). The ones we refer to as the “small-164 

scale clinoforms” can be traced for few hundred meters and have heights of ~20 m (Fig.5B-C). 165 

These small-scale clinoforms appear graphically represented in cross sections of most studies 166 

(Wadsworth, 1994; Dreyer et al., 1999; Moss-Russell, 2009; Silalahi, 2009; Kim et al., 2013; 167 

Grasseau, 2016) but they were rarely described in detail and the interpretations about their origin 168 

are variable. Interestingly, the nested clinoforms seem to occur only in the upper part of the 169 

Comaron CS (Fig.4), even though identical facies to those of the small-scale clinoforms have 170 

been described in younger composite sequences (e.g., Dreyer et al., 1999; Grasseau, 2016; 171 

Cosgrove et al., 2020). 172 

 173 

4. Materials and methods  174 

This work combines results from: (i) acquisition of sedimentological data in the field, and (ii) 175 

photointerpretation of a drone-based digital outcrop model. We studied two outcrops around the 176 

area of Cruz de Coello, southeast of Arcusa (Fig.3C-D): a main outcrop running mostly N-S, 177 

which displays three different stratigraphic packages of small-scale clinoforms (cycles I to III), 178 
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and a secondary outcrop running mostly NW-SE, which displays what appears to be the same 179 

stratigraphic level as the upper package (cycle III) studied in the main outcrop.  180 

In the main outcrop we logged a composite stratigraphic section of ~120 m, at 1:500 cm scale to 181 

place the small-scale clinoforms into context (S7-S8 in Figs.3D,6). Furthermore, we logged eight 182 

1:100 sections (cumulative thickness: 100 m) through the three packages of small-scale 183 

clinoforms to document their spatial variability (Fig.3D). In the secondary outcrop we logged 184 

four 1:100 stratigraphic sections (cumulative thickness: 55 m) through the upper package of 185 

small-scale clinoforms to investigate lateral facies changes (Fig.3D). Bedding thickness was 186 

recorded by tape measure and Jacob’s staff. Definition of lithotypes was based on macroscopic 187 

descriptions of lithology, texture, main components (mineralogy and macrofossil content) and 188 

sedimentary structures (including a qualitative estimate of bioturbation). Most lithologies in the 189 

Sobrarbe Deltaic Complex are carbonate-rich with abundant intrabasinal and extrabasinal 190 

components (e.g., Hall, 1997; Caja et al., 2010) but texturally are better described using a 191 

siliciclastic nomenclature (e.g., Dreyer et al, 1999). Thus, we only refer to them as limestones 192 

when the visual proportion of carbonate components is dominant.  193 

Drone photos were collected from both the main and secondary outcrops, and ~500 images were 194 

processed using Agisoft Metashape software to build a virtual outcrop. The resultant model 195 

extends ~800 m following the direction of the main outcrop and ~300 m following the direction 196 

of the secondary outcrop. The model was visualized and interpreted using LIME software 197 

(Buckley et al., 2019). The quality of the model is intermediate, mostly affected by vegetation, 198 

especially on the NE and E hill slopes. This poses challenges for a reliable connection between 199 

the two outcrops and prevents a 3D perspective of the small-scale clinoforms. In addition, most 200 

of the clinoforms preserve only bottomsets and/or partial foresets, while topsets are absent. As a 201 



10 
 

result, estimated values of foreset slopes are apparent and clinoform trajectories are tentative. 202 

Both refer to compacted sediment and are not corrected by tectonic tilt. 203 

Given the abundant vegetation cover in the area and the limited extent of the model, the virtual 204 

outcrop was only used to connect and give context to the sedimentary logs within each of the 205 

exposures. This is particularly valuable in the case of the main outcrop, since it is a steep cliff 206 

that allows for walking key surfaces between logs and correlating them with certainty in the 207 

upper part of the succession but not for standing at a certain distance and placing those logs into 208 

context. The drone, flying 50-100 m away from the cliff face, provided the necessary perspective 209 

to identify and trace the small-scale clinoforms along a few hundreds of meters (Fig.5).  210 

 211 

5. Results 212 

5.1 Facies associations  213 

Eight facies associations (FA1-8) were recognized, which are distinguishable by differences in 214 

sedimentary structures, bed-scale architecture, bed geometry, fossil content, etc. (Fig.7). These 215 

facies associations are analogous to those identified in previous works in the Sobrarbe Deltaic 216 

Complex (e.g., Wadsworth, 1994; Dreyer et al., 1999; Grasseau et al., 2019; Cosgrove et al., 217 

2020). More detail has been added here on the characterization of the small-scale clinoforms. 218 

 219 

FA1- OFFSHORE/SLOPE: Facies association 1 are bluish grey to brownish mudstones with 220 

variable carbonate content, either laminated or structureless depending on degree of bioturbation 221 

(Fig.6F). FA1 shows occasional skeletal fragments of bivalves and Nummulites. Rarely, vertical 222 

burrows are preserved. The main mechanism of deposition is settling from suspension from 223 

buoyant plumes shed by the fluvio-deltaic system and from low-density turbidity currents. In 224 
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parts, the mudstones are affected by slumps, suggesting a relatively close position to a slope 225 

setting. Locally, the mudstones appear interbedded with thin beds (2-3 cm) of brownish 226 

siltstones to very fine sandstones mostly massive and occasionally with planar lamination. The 227 

bases of the thin sandstone intercalations are sharp and sometimes erosive, occasionally 228 

displaying ripples at the top.  229 

We interpret these facies as deposited in an open marine offshore or slope environment, 230 

episodically reached by distal turbidites (e.g., Bhattacharya, 2010). 231 

 232 

FA2- DISTAL CARBONATE SHELF: Facies association 2 comprises carbonate mudstones to 233 

wackestones grading with increasing carbonate content from FA1 (Fig.6A). The limestones form 234 

massive beds up to 1 m thick, occasionally amalgamated, which protrude from the laminated 235 

mudstone background and are laterally continuous for at least a 100 m. They display a very high 236 

skeletal content with a variety of fossils: large and small Nummulites, bivalves, gastropods, 237 

solitary corals, bryozoans and echinoderms.  238 

We interpret these facies as representing in situ carbonate production and/or platform shedding 239 

in the environment surrounding the nearby carbonate platform of the Guara Formation (e.g., 240 

Schlager et al., 1994; Huyghe et al., 2012; Pomar et al., 2017). The faunal association is the same 241 

as in FA6 and corresponds to deposition below fair-weather wave-base (Arbués et al., 2011; 242 

Morsilli et al., 2012; see further details in Discussion 6.2). 243 

 244 

FA3- PRODELTA: Facies association 3 consists of alternating bluish/brownish mudstones with 245 

siltstones to very fine sandstones (Fig.6E). Mudstones are similar to those of FA1, more or less 246 

laminated depending on the degree of bioturbation and with variable carbonate content. 247 
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Sandstones are commonly cross stratified, have erosive bases and occasionally preserve ripples 248 

on top. They tend to have very low skeletal content (rare Nummulites or bivalve fragments), 249 

although a few nodular sandstones with a variety of faunas have been identified. Sandstone beds 250 

vary in thickness from 2-3 cm to 10-20 cm, and they tend to appear in coarsening and thickening 251 

upwards cycles. This facies association becomes increasingly important upwards in the 252 

composite section (Fig.6A).  253 

We interpret these facies as a prodelta shelf setting receiving a more frequent input of distal 254 

turbidites than FA1 (e.g. Bhattacharya, 2010). 255 

 256 

FA4- SHELF/SLOPE AMALGAMATED SANDSTONES: Facies association 4 comprises fine 257 

to medium grained sandstones with no clear grading, structureless (massive) or faintly cross-258 

stratified, with subvertical burrows near the base and subvertical or horizontal near the top 259 

(Figs.6D,8). Beds have planar or erosive base over FA1 or FA6, sometimes with a clastic lag 260 

and/or rip up clasts, and/or with a skeletal lag mainly composed of Nummulites and Assilina. In 261 

parts, the skeletal content (mostly foraminifera) is so high that the rock is better described as a 262 

nummulitic packstone or grainstone (see FA5), generally with a patchy distribution and 263 

occasionally displaying a mounded architecture. The sandstones and associated nummulitic 264 

limestones are amalgamated in tabular composite beds up to 5 m thick. Base and top of the 265 

amalgamated packages are sharp, reflecting a significant change with the underlying and 266 

overlying facies. Occasionally, water-escape structures occur near the base. The amalgamated 267 

beds are laterally continuous for 100s of meters and their tops are the downlap surfaces for the 268 

small-scale clinoforms. These amalgamated beds appear to pinch-out up dip, but the surface can 269 

still be traced along the outcrop, while downdip (outside of the studied area) seem to pass 270 
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laterally to mudstones of FA1. These beds represent the large-scale clinoforms of the Sobrarbe 271 

Deltaic Complex (Dreyer et al., 1999; Grasseau et al., 2019; Cosgrove et al., 2020). 272 

We interpret these facies as deposited in an upper slope to shelf environment with abundant sand 273 

supply. The high heterogeneity of the amalgamated beds might be the result of a combination of 274 

different high-energy processes (e.g., gravity flows, wave and/or tide action), probably 275 

encompassing a relatively long time (Dreyer et al., 1999; Grasseau et al., 2019; Cosgrove et al., 276 

2020). These facies represent an abrupt system shallowing where FA4 occurs above FA1 277 

mudstones, and a less notorious shift in facies where FA4 overlies distal delta front facies (FA6). 278 

The sharp basal contact could be also related to tectonically driven falls in relative sea level 279 

(Dreyer et al., 1999; Grasseau et al., 2019; Gawthorpe et al., 2000; see Discussion).  280 

 281 

FA5- NUMMULITE ACCUMULATIONS: Facies association 5 are nummulitic packstones to 282 

grainstones (Fig.8H), which appear within the shelf/slope sandstones (FA4) with a dominantly 283 

patchy distribution and in parts with a mounded architecture. No clear internal structures were 284 

observed. The limestones are composed dominantly of large benthic foraminifera (mostly 285 

Nummulites and Assilina, with minor amounts of Discocyclina), other undistinguishable 286 

foraminifera and scarce bivalve fragments. The matrix in the packstones is the same fine-287 

medium grained sandstone of FA 4.  288 

We interpret these limestone facies as bioclastic accumulations occurring on the shelf to upper 289 

slope through a combination of in-situ growth and episodes of transport and re-sedimentation 290 

(Jorry et al., 2006; Mateu-Vicens et al., 2012). The scarcity of associated fauna indicates an 291 

oligotrophic (nutrient-poor) depositional environment and/or an environment with significant 292 

hydrodynamic sorting (e.g., Racey, 2001). 293 
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 294 

FA6- LOWER DELTA FRONT: Facies association 6 is composed of greyish siltstones to very 295 

fine-grained sandstones, with tiny micas and terrigenous fragments, structureless (totally 296 

obliterated by bioturbation) and with a vaguely nodular character that becomes more notorious 297 

upwards, where small, isolated concretions occur (Fig.6A,C). Bedding is not clear, except for 298 

cemented surfaces up to ~20cm thick, which can be traced for 10s to few 100s of meters along 299 

the outcrop and highlight the small-scale clinoforms (Fig.9A). The cemented surfaces tend to 300 

concentrate the skeletal content and variety of faunas identified in this facies: small and large 301 

Nummulites, Assilina and Discocyclina  (both A and B forms, as well as juvenile and adult 302 

forms, but dominantly juvenile specimens), echinoderms, corals (mostly solitary but also small 303 

coral colonies), marine gastropods (e.g., Velates), entire oysters, other bivalves (e.g., Pecten, 304 

Cardium), scarce bryozoans, undistinguishable algal fragments and patchy crusts made by algae, 305 

sponges, foraminifera, or other encrusting organisms. The patchy crusts are 15-25 cm width and 306 

5-10 cm thick, display subcircular borings in the surface and are associated with foraminifera 307 

and other skeletal fragments (Fig.9B-C). The concretions that occur towards the upper part of 308 

this facies have sizes up to 15 cm of width and 10 cm of height (Fig.9D) and display bioclastic 309 

concentrations of Nummulites. Sometimes they have echinoderms or Velates in their core 310 

(Fig.9E). Strata bend around concretions, thus demonstrating their early cemented origin and the 311 

differential compaction of the surrounding sediments (Fig.9D).  312 

We interpret these facies as deposited in a distal delta front setting, possibly by distal avalanches. 313 

The pervasive bioturbation affecting these facies limits our understanding of the processes that 314 

deposited the sediment. Periods of relatively low sedimentary influx probably fostered the 315 

growth of benthic communities with corals, echinoderms, etc. and the development of the 316 
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cemented surfaces and concretions (e.g., Scholle and Ulmer-Scholle, 1978; Molenaar and 317 

Martinius, 1990; Molenaar, 1998; Coll et al., 2013). The episodic sedimentary flux is also 318 

demonstrated by the pervasive bioturbation of the beds, which required time to develop. The 319 

high degree of bioturbation, and the abundance/diversity of faunas indicate a well-oxygenated 320 

seafloor with relatively good circulation within the photic/mesophotic zone (Morsilli et al., 2012; 321 

Santodomingo et al., 2015; see Discussion 6.3 and 6.5). The dominance of juvenile Nummulites 322 

might be due to their poor resistance to salinity changes caused by variations in the input of 323 

riverine waters in the vicinity of the delta (J.M. Samsó personal comm.). In addition, the 324 

observed faunal association has been interpreted as quite resistant to moderately turbid waters, 325 

given its occurrence in analogous mixed siliciclastic-carbonate systems (Morsilli et al., 2012; 326 

Santodomingo et al., 2015; Novak et al., 2013; see Discussion). This favors the interpretation of 327 

in situ production of carbonate in the distal delta front setting (Mount, 1984). 328 

 329 

FA7- UPPER DELTA FRONT: Facies association 7 consists of fine to medium-grained 330 

sandstones, micaceous, with a brownish color (Fig.10). This facies association represents an 331 

upward transition from FA6 across an irregular and poorly defined contact (Fig.6C). Rarely, FA7 332 

includes patchy crusts similar to FA6. Bioturbation is variable. The appearance of FA7 is highly 333 

nodular (Fig.10E) due to common concretions and ball-and-pillow structures (Fig.10B-C), which 334 

are difficult to distinguish from each other. In parts, there is fluidized sediment penetrating 335 

upwards (Fig.10B). The nodules are poorly aligned but still define vague clinoform surfaces that 336 

are a continuation of the cemented surfaces of FA6 but with slightly steeper slopes (Figs.9A, 337 

10A). The nodules have various sizes from few cm to several dm and generally lack internal 338 

sedimentary structures. However, some of the larger ones identified as concretions have 339 
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remnants of trough cross-stratification (Fig.10D). Concretions tend to be associated with 340 

concentrations of Nummulites, especially juvenile forms, and skeletal fragments, and sometimes 341 

made almost exclusively of Velates (Fig.10F-G).  342 

We interpret these facies as having been deposited in a proximal delta front setting as dunes in 343 

mouth bars, given the few remaining sedimentary structures. The cemented surfaces and 344 

concretions suggest a high carbonate saturation of the pore waters and time to develop 345 

cementation, thus implying the occurrence of hiatuses or low rates in siliciclastic sedimentation 346 

(e.g., Scholle and Ulmer-Scholle, 1978; Molenaar, 1998). The presence in concretions of 347 

Nummulites and other foraminifera, which live in water depths in excess of 20 m (Hallock and 348 

Pomar, 2008; Mateu Vicens et al., 2012), indicates transport by marine currents, although not 349 

necessarily strong since the light weight of these fossils makes them easily transported (e.g., 350 

Jorry et al, 2006). The soft-sediment deformation suggests rapid sedimentation over relatively 351 

unconsolidated substrate (e.g., Owen, 2003; Owen and Moretti, 2008). Uneven loading and 352 

density differences with the underlying siltstones to very fine sands of FA6 might have triggered 353 

ball-and-pillow structures, probably enhanced by the relatively steep slopes in an active tectonic 354 

setting (Owen, 2003; Owen et al., 2011). Concretions and pillows are often very difficult to 355 

distinguish from each other given that both display ellipsoidal shapes and might preserve original 356 

sedimentary structures up to certain extent. Clear grain size contrasts and lack of continuity of 357 

sedimentary features in the surrounding sediments have been used to exclude concretionary 358 

origin and demonstrate pillow structures (e.g., Moretti et al., 2001). However, in some cases we 359 

have found the criteria insufficient to interpret the origin of a particular feature, especially when 360 

concretions seem to be partially cemented and their outer edges merge into the surrounding host 361 

rock (e.g., Molenaar, 1990; Molenaar and Martinius, 1990). In addition, both cementation and 362 
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soft-sediment deformation can take place relatively early after deposition, which in this case is 363 

evidenced by signs of coexistence of one relatively consolidated phase (concretions in the first 364 

case; ball-and-pillow in the second) with unconsolidated surrounding sediment (uncompacted at 365 

the time of concretion formation; showing signs of fluidity in the case of the soft-deformation). 366 

Our observations on these facies are imprecise about the relative timing between these processes; 367 

in some cases, cementation seems to predate deformation and in other cases the opposite occurs. 368 

There is no evidence of fluids breaking across cemented surfaces, which indicates that the 369 

cementation either took place after the deformation or that the cemented surfaces were too 370 

incipient or discontinuous to prevent fluid migration from the pores of the underlying material.  371 

In other cases, sedimentary structures are preserved within concretions while the sediment shows 372 

fluidified structures around, which indicates that the cementation pre-dated the soft sediment 373 

deformation (Fig.10D.). Given the intertwine between the products of cementation (concretions) 374 

and soft-sediment deformation (pillows) it is very likely that both processes are fairly 375 

coetaneous. 376 

 377 

FA8- DELTA PLAIN: Facies association 8 is generally poorly exposed and includes a variety of 378 

grain sizes from siltstone to coarse sandstones, and locally conglomerates (Fig.6B). The 379 

siltstones to very fine sandstones are either faintly laminated or structureless due to bioturbation 380 

and with common burrows (e.g., Thalassinoides). They alternate with laminated, very fine 381 

sandstones, 5-10 cm thick and locally up to 20 cm, composed of quartz, lithic fragments and 382 

micas. These heterolithic facies appear above FA6 or FA7 but the contact isn’t clear due to poor 383 

exposures. In addition, the silt to very fine sandstones preserve in parts the nodular character of 384 

the underlying facies associations as well as rare biogenic crusts. However, these fine grained 385 
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facies are characterized by a notorious decrease in skeletal content and fossil diversity (only 386 

scarce bivalves or indistinguishable skeletal fragments). Coarser grained sandstones are also 387 

composed by quartz, lithics and micas, but have planar or trough cross-stratification and appear 388 

with lensoidal geometries (up to 1 m thick and up to 5 m width). These sandstone lenses have 389 

erosive bases over the finer facies or other channelized bodies, and there is commonly a 390 

conglomerate lag with clasts of 2-5 cm at the base, mostly comprised of lithic fragments and 391 

occasionally white mudstone clasts. Terrigenous material occurs locally in the sandstone facies. 392 

The lowermost channelized bodies tend to preserve some of the nodular character of the 393 

underlying FA7 and occasional fossil remains like Velates, oysters or other bivalve fragments. 394 

Both the nodular character and the skeletal content disappear upwards.  395 

We interpret these facies as distal delta plain channels with their corresponding abandonment 396 

facies. Sedimentary structures indicating unidirectional flows, channelized geometries and 397 

terrigenous content support the fluvial origin (e.g., Miall, 2010). The white mudstone clasts may 398 

represent the erosion of pedogenic nodules/horizons generated upstream. The thin sandstone 399 

layers probably represent episodic crevassing over the generally bioturbated silty bank deposits 400 

(e.g., Elliott, 1974).  401 

 402 

5.2 Depositional architecture  403 

The studied succession covers ~120 m through an entire prograding cycle displayed in the 404 

composite section S7-8 (Fig.6A), from which key surfaces and higher order cycles were traced in 405 

the outcrop model (Fig.11). The lower part of the succession is mudstone-dominated with 406 

occasional alternations of prodelta to distal shelf and thin sandstone turbidites (Fig.6A).  407 
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Between ~60 and 65m (Fig.6A), a significant change in facies occurs marked by the occurrence 408 

of 1 to 5m-thick amalgamated sandstones (Fig.8), fine to medium grained, very heterogenous 409 

and probably representing the result of various high-energy depositional processes (e.g., gravity 410 

flows, wave rework) on a clastic-dominated shelf to slope setting. In parts there are 411 

concentrations of Nummulites, locally abundant as to constitute packstones or grainstones, which 412 

tend to have patchy or less commonly shoal-like geometries within the amalgamated sandstones. 413 

This composite bed is a distinctive package, laterally highly continuous and traceable for several 414 

100s of meters until pinching out both up and down dip, outside of the studied area. It is part of a 415 

large-scale clinoform (Fig.5). The basinward shift in facies represented by this amalgamated 416 

sandstone bed has been interpreted as a relative sea-level fall related to the early growth of the 417 

Arcusa anticline (e.g., Wadsworth, 1994).  418 

Overlying and downlapping onto the composite bed (~65 to 80m, Fig.6A) there is a 10-15m-419 

thick package of siltstones to very fine sandstones displaying steeper and smaller-scale 420 

clinoforms (Figs.5,11). The foresets and bottomsets of the clinoforms are noticeable by the 421 

presence of cemented surfaces with patchy bioconstructions made by encrusting organisms, and 422 

relatively high fossil content and diversity (Fig.9). Upwards, the clinoform surfaces also show 423 

relatively small and isolated concretions, commonly with echinoderms or gastropods on their 424 

core. The fossiliferous and cemented surfaces are probably the result of in situ carbonate 425 

production combined with the expansion of the carbonate factory in periods of relatively low 426 

siliciclastic sedimentation rate (see Discussion 6.3). We interpret the base of the small-scale 427 

clinoform package as a flooding surface (occasionally with very high fossil content as a 428 

condensed surface), while the small-scale clinoforms represent the progradation of the delta front 429 

(Fig.12). 430 
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The occurrence of a basal composite sandstone bed forming the downlap surface (large-scale 431 

clinoform) overlying small-scale prograding clinoforms is a repetitive pattern. We have found 3 432 

of these stratigraphic packages (cycles I to III) in the main outcrop location (Figs.11,12), 433 

although only the lower two are captured in the composite section of Figure 6.  434 

The second cycle (cycle II) starts with a composite sandstone bed (~80 to 85m, Fig.6A) in which 435 

the nummulitic content appears in irregular patches with no clear morphology. Upwards, another 436 

package with small-scale clinoforms starts with siltstones to very fine sandstones with small 437 

concretions interpreted as a lower delta front (~85-90m, Fig.6A) passing upward into fine to 438 

medium sandstones with a strong nodular character interpreted as an upper delta front setting 439 

(~90-95m, Fig.6A). The nodular character here is related not only to more common concretions 440 

but more so to the occurrence of ball-and-pillow structures aligned in certain intervals and 441 

dispersed in others (Fig.10). Locally, other soft-sediment deformation features such as fluid 442 

injection and chaotic structures are observed (Fig.10B-C). The small-scale clinoforms can be 443 

traced through the nodular facies of the upper delta front as they tend to cap the levels with 444 

aligned ball-and-pillow structures (Fig.10A).  445 

The last part of the succession (~95-115m, Fig.6A) is dominated by channelized sandstone 446 

bodies, in which medium to very coarse sandstones and conglomerate lags are common (Fig.6B). 447 

Planar and trough cross-stratification are the dominant structures within the channelized bodies, 448 

while the background facies are siltstones to fine sandstones, generally laminated. This last part 449 

of the succession can be divided into two parts: a lower portion where the channel-fill deposits 450 

still retain the nodular aspect distinctive of the upper delta front facies, and an upper portion 451 

where channel-fill deposits have a different structural dip with respect to the underlying 452 

succession (Figs.6A,11). The boundary between these two parts extends laterally beyond the 453 
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study area and has been interpreted as a major sequence boundary produced by local tectonic 454 

uplift (e.g., Wadsworth, 1994; Dreyer et al., 1999; Grasseau, 2016). Thus, only the channels in 455 

the lower part are interpreted as genetically related to the studied delta front deposits. However, 456 

only one of the small-scale clinoforms in cycle II could be traced updip through the delta front 457 

and into their equivalent channelized delta plain facies, given that all the other small-scale 458 

clinoforms are truncated by the unconformity within delta front facies (Figs.11,12). 459 

The third stratigraphic cycle (cycle III), which is not part of the composite section but was 460 

investigated in the higher resolution sedimentary logs both in the main and secondary outcrops 461 

(Figs.5,11), is very similar to cycle II. A basal composite bed acts as a downlapping surface for 462 

small-scale prograding clinoforms that display the same landward transition from lower to upper 463 

delta front environments. In the main outcrop, the basal composite bed pinches out within the 464 

studied area (Fig.11B) but its position in a steep cliff prevented further investigation of the 465 

characteristics of the pinch out. In contrast to cycles I and II, the basal composite bed in cycle III, 466 

both in the main and secondary outcrops, shows a notorious absence of nummulite 467 

accumulations or other skeletal fragments (Fig.12; see Discussion 6.1). In the main outcrop all 468 

the small-scale clinoforms show either toplap terminations or, more commonly, truncation by the 469 

unconformity (Fig.11B). As a result, the channelized facies that appear above cycle III are not 470 

genetically related to the small-scale clinoforms. In the secondary outcrop the small-scale 471 

clinoforms represent the top of the hill, thus the succession above is absent (Fig.11C). 472 

Channelized facies outcrop sporadically in an area heavily vegetated west of log S9 (Fig.11C) 473 

but the lateral relation to the small-scale clinoforms is not clear. However, previous work in the 474 

area interpreted them as deep-water channels cutting into the distal delta front facies (Moss-475 

Russell, 2009; Silalahi, 2009; Kim et al., 2013).  476 
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Overall, we interpret that cycles I to III represent a phase of increased progradation of the 477 

Sobrarbe system (Fig.12), also observed by other authors (e.g., Dreyer et al., 1999; Grasseau, 478 

2016). While in the main outcrop cycle I consists mostly of clinoform toesets representing distal 479 

delta front deposits (the corresponding upper delta front deposits are exposed further south, 480 

outside of the studied area), cycles II and III display clinoform foresets and the transition to the 481 

upper delta front environment (Figs.11,12). In the secondary outcrop, mostly clinoform toesets 482 

and part of the foresets are preserved (Fig.11C), showing the transition from distal to proximal 483 

delta front facies, although with no soft-sediment deformation features. The apparent foreset 484 

angles of the studied small-scale clinoforms increase up section, from 5-7° in cycle I, to 10-12° 485 

in cycle II and 10-15° in cycle III (Fig.11). In all cases, clinoform trajectories appear to be 486 

horizontal to slightly rising (~1-2°, Fig.11) demonstrating the progradation of the system with 487 

minor aggradation, despite the later erosion of the sequence boundary.  488 

 489 

6. Discussion 490 

6.1 Development of two clinoform scales  491 

The investigated succession displays a repetitive pattern (cycles I to III) of a basal composite bed 492 

followed by the progradation of the delta front (Figs.11,12), which implies a cyclic variation 493 

between two sets of conditions: 1) those that resulted in the deposition of the composite beds 494 

(large-scale clinoforms) and 2) those that resulted in the deposition of the small-scale steeper 495 

clinoforms. 496 

1) The deposition of the basal composite beds was driven by processes such as gravity flows and 497 

wave reworking, leading to diverse interpretations as lower delta front deposits, submarine 498 

channel belts, turbiditic prisms, etc. (e.g., Dreyer et al., 1999; Moss-Russell, 2009; Silalahi, 499 
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2009; Grasseau, 2016). This reflects the heterogeneity of these beds and their lateral extent 500 

occupying part of the topset and foreset of the large-scale clinoforms. The absence of mica, the 501 

lack of a direct connection with the delta plain channelized facies, the association with only 502 

nummulitic accumulations and the wide lateral distribution of these marker beds suggests the 503 

reworking or remobilization of shelf material, maybe in times of relatively limited fluvial input, 504 

but also probably in times of relatively poor development of a carbonate factory given the low 505 

variety of faunas.  506 

The limited fluvial input in the shelf could have been the result of either dry climate periods with 507 

limited river runoff, or flooding conditions either related to relative sea-level changes and/or 508 

lateral migration of the deltaic system/avulsion (e.g., Cosgrove et al, 2020). However, a large-509 

scale delta migration might have been difficult to occur in a relatively laterally confined system 510 

like the Sobrarbe Deltaic Complex, bounded by growing anticlines (Dreyer et al., 1999). Kim et 511 

al. (2013) speculate that the erosional surface at the base of the basal composite beds represents 512 

periods dominated by bypass, when most of the sediment is deposited basinward in slope 513 

channels and submarine fans located north of the study area.  514 

The low variety of faunas in the composite beds, which may be the result of a poor development 515 

of a carbonate factory, might be due to higher turbidity in the shelf related to a high energy, 516 

marine environment (e.g., Kim et al., 2024). Fossils such as echinoids and solitary corals are 517 

easily transported both updip (by waves and/or tides) and downdip (by gravity flows) (J.M. 518 

Samsó personal communication), so their absence in the composite beds implies not only a 519 

deeper water setting (as could be inferred if part of the nummulitic accumulations are in place) 520 

but also a lack of development of the carbonate communities that are present in the overlying 521 

small-scale clinoforms. In addition, from cycles I to III the basal composite beds appear to 522 
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diminish their fossil content: from shoaly accumulations of Nummulites in cycle I, to nummulitic 523 

patches in cycle II, to a notorious absence of any fossils in cycle III. This variation could be 524 

apparent, due to the heterogenous nature of these composite beds and the limitations of the study. 525 

Alternatively, the upward decrease in fossil content of the composite beds could be the result of a 526 

change towards a higher energy environment with increased water turbidity. This might have 527 

confined the carbonate factory to the coeval platforms developed in the flanks of the anticlines 528 

that bound the Sobrarbe Deltaic Complex (Fig.3A). The information collected in this study on 529 

the composite beds is not enough to characterize or explain their internal lateral facies variability 530 

with more detail. 531 

2) The deposition of the small-scale clinothems is related to deltaic progradation (e.g., 532 

Wadsworth, 1994; Dreyer et al., 1999; Moss-Russell, 2009; Silalahi, 2009; Grasseau, 2016). The 533 

micaceous character of the delta front facies (FA6 and 7) and their direct connection with the 534 

channelized delta plain facies (FA8) suggest the dominance of fluvial sediment supply. Wave 535 

and tide structures, although described in other parts of the Sobrarbe Deltaic Complex (e.g., 536 

Grasseau, 2016; Cosgrove et al., 2020; Anell et al., 2023), were not identified in our study area, 537 

analogously to other fluvial-dominated environments with similar small-scale clinoforms (e.g., 538 

Plink‐Björklund, 2008). Nevertheless, the absence of wave and/or tide structures in our case can 539 

also be due to the observed pervasive bioturbation, which together with the soft-sediment 540 

deformation prevents the preservation of original sedimentary structures. Evidence of current 541 

activity can be inferred by remobilized fossil content. Concentrations of Nummulites and 542 

Discocyclina, originally from water depths of more than 20 m, occur within concretions in upper 543 

delta front facies. However, foraminifera are very easily transported due to their low mass, thus 544 

no significant currents would be necessary to displace them. In addition, the bioclastic 545 
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accumulations do not show alignment or order, which could indicate a lack of strong reworking 546 

currents in the delta front but also rapid deposition and/or mixing through bioturbation.   547 

Grain sizes are coarsest in the channels and decrease steadily through the delta front deposits, 548 

indicating that most of the coarse sediment input was trapped in the proximal deltaic 549 

environments. This did not prevent the delta from prograding, as demonstrated by the flat to 550 

slightly rising clinoform trajectories (Fig.11). Fast and abundant sand deposition occurred in 551 

mouth bars over relatively unconsolidated sediments, as evidenced by soft-sediment deformation 552 

in the upper delta front (e.g., Owen, 2003; Owen and Moretti, 2008). The relatively low 553 

sedimentation rates in the distal delta front favored the development of a coeval carbonate 554 

factory with faunas adapted to terrigenous input and relatively turbid waters (e.g., Morsilli et al., 555 

2012; Santodomingo et al., 2015). The cemented surfaces, which drape the small-scale 556 

clinoforms from upper to lower delta front settings, evidence relatively short-term hiatuses 557 

between successive stages of mouth bar progradation. These hiatuses might have provided 558 

opportunities for the carbonate factory to expand in the distal delta front environment and for 559 

pervasive bioturbation to occur (see Discussion 6.3). 560 

In summary, two different sets of conditions alternate in the study interval producing two 561 

clinoform scales. The large-scale clinoforms record various high-energy processes in the shelf 562 

and the rework of previous deltaic deposits, probably enhanced during transgressions, with 563 

limited fluvial input. The small-scale, steeper clinoforms record the progradation of the delta and 564 

the coetaneous development of carbonate communities with a variety of fauna resistant to 565 

moderate clastic input and water turbidity.  566 

 567 

6.2 The nested clinoforms in the Sobrarbe Deltaic Complex 568 
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On a wider scale, the two investigated clinoform scales appear to occur only in the upper part of 569 

the Comaron CS (minor sequences 4th and 5th in Dreyer et al., 1999, their Figure 12; intermediate 570 

frequency sequence 4 in Grasseau et al., 2019, see our Fig.4A). Although there is no specific 571 

mention of the small-scale clinoforms, Dreyer et al. (1999) interpreted the steep-sloped large-572 

scale clinothems containing them as related to the growth of the Arcusa anticline, which peaked 573 

activity at the top of the Comaron CS. The occurrence of nested clinoforms in this part of the 574 

Sobrarbe Deltaic Complex is probably because only around this interval do the lower delta front 575 

facies (FA6) display foresets that are noticeably steeper than those of the large-scale clinothems 576 

containing them. Similar highly bioturbated and fossiliferous siltstones to very fine sandstones 577 

(FA6) are described by various authors also in younger composite sequences, although without 578 

displaying such steep foresets (e.g., Wadsworth, 1994; Dreyer et al., 1999; Grasseau, 2016; 579 

Cosgrove et al., 2020). The gradient of siliciclastic clinoforms of similar height is proportional to 580 

their average grain size (e.g., Orton and Reading, 1993; Patruno et al., 2015). Thus, we would 581 

expect relatively low slopes in our small-scale clinoforms (Fig.11), which are composed mainly 582 

of fine sand (e.g., 0.1-6.3°; Orton and Reading, 1993), or more similar to the other clinoforms in 583 

the Sobrarbe Deltaic Complex: 1-6° (e.g., Grasseau, 2016).  584 

A tectonic origin for the steep nested foresets described in this study was suggested by 585 

Wadsworth (1994), who described the small-scale clinoforms as a Gilbert delta filling into a 586 

collapse scar related to the early activity of the Arcusa anticline. In that context, the basal 587 

sandstones were interpreted as erosive scars and the successive cycles of small-scale clinoforms 588 

as part of a gravitational collapse complex. Although we have found numerous evidence of soft-589 

sediment deformation in the upper delta front facies (FA7, Fig.10), only in one case we observed 590 

minor deformation near the base of the lower composite beds. In addition, collapse complexes in 591 
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the Sobrarbe Deltaic Complex are characterized by notorious scars with slopes of up to 40 592 

degrees cutting upper delta front deposits (Callot et al., 2009; Butault et al., 2016), features not 593 

observed in our study interval. However, we do not discard that the creation of steeper delta front 594 

slopes could be forced by flexural subsidence related to the growth of the Arcusa anticline 595 

(Wadsworth, 1994; Dreyer et al., 1999).  596 

Since tectonic pulses affected the Sobrarbe Deltaic Complex in different moments along its 597 

evolution (e.g., Dreyer et al., 1999), the construction of steep small-scale clinoform slopes solely 598 

related to tectonic activity is not enough to explain the occurrence of nested clinoforms in this 599 

specific stratigraphic interval. An alternative explanation for the steep small-scale clinoform 600 

slopes could be oversteepening caused by the delta front reaching the rollover position of the 601 

large-scale clinoforms. The development of unusually steeper delta front foresets is a common 602 

process observed at shelf edges, followed by mass-wasting, delta retreat and/or advance 603 

oscillations (e.g., Porebski and Steel, 2003; Burgess et al., 2008; Gomis-Cartesio et al., 2018; 604 

Bauer et al., 2020; Zhang et al., 2022). The interpretation of a near shelf edge position is 605 

reinforced by more regional works in the Sobrarbe Deltaic Complex locating the edge of the 606 

large-scale clinoforms at this time in the study area (e.g., Moss-Russell, 2009; Silalahi, 2009; 607 

Kim et al., 2013; Moody, 2014; Grasseau, 2016; Cosgrove et al., 2020).  608 

Due to the steep slopes at the shelf edge, deltas reaching that position are prone to collapse and 609 

deliver relatively coarser grained materials into the basin (e.g., Porebski and Steel, 2003; Gomis-610 

Cartesio et al., 2016). Interestingly, in the specific interval within the Comaron CS that 611 

concentrates the only nested clinoforms observed in the Sobrarbe Deltaic Complex, associated 612 

deep water deposits appear to be less abundant (Fig.4; also Fig.14 in Dreyer et al., 1999) than in 613 

younger composite sequences that do not show small-scale delta front foresets but show steep 614 
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large-scale foresets and associated collapse complexes (Callot et al., 2009). Consequently, 615 

besides the deposition of relatively steeper slopes, some other factor must be preserving the delta 616 

front foresets and preventing their collapse. We propose that early cementation of biogenic 617 

horizons along the small-scale clinoforms (e.g., Harris et al., 1985; Molenaar et al., 1988; Coll et 618 

al, 2013) is what retained the relatively steep original depositional slopes of the delta front (either 619 

related to a near shelf edge position and/or tectonically enhanced), prevented their collapse, and 620 

made possible the occurrence and preservation of nested clinoforms in this specific interval of 621 

the Sobrarbe Deltaic Complex. 622 

In summary, nested clinoforms have been described only in this specific interval of the ~800 m 623 

thick Sobrarbe Deltaic Complex and are seemingly absent in other composite sequences (Fig.4; 624 

see also Fig.12 in Dreyer et al, 1999). The occurrence of small-scale clinoforms in the studied 625 

interval is proposed to result from a combination of a near shelf-edge position (thus allowing to 626 

build relatively steeper delta front slopes), most likely enhanced by pulses of growth of the 627 

Arcusa anticline (given its peak activity right at the top of the same composite sequence; Dreyer 628 

et al., 1999), and an early cementation of the foresets along biogenic horizons (stabilizing the 629 

slope and minimizing its collapse).  630 

 631 

6.3 Cemented surfaces and their paleoenvironmental interpretation 632 

The occurrence of cemented surfaces is fundamental for this study since they define the small-633 

scale clinoforms within facies so pervasively bioturbated that they lack internal sedimentary 634 

structures (lower delta front FA6). These surfaces are characterized by a diverse fossil content 635 

(Fig.13). The coexistence of both photozoan (larger benthic foraminifera, algae, solitary corals) 636 

and heterotrophic (mollusks, echinoids, etc.) elements suggest euphotic (0 to 40 m approx., 40 637 
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would be storm weather base) to mesophotic (40 to 80 m approx.) conditions, while the large 638 

benthic foraminifera and bryozoans, representative of the foramol association, point to temperate 639 

or subtropical climate production (e.g., Simmone and Carannante, 1988; Caja et al., 2010; Serra-640 

Kiel et al., 2003; Pomar et al., 2012, 2017; Martín-Martín et al., 2021). The occurrence of this 641 

faunal assemblage in the distal delta front facies, if in situ, suggests a degree of tolerance to the 642 

terrigenous input from the delta and resistance to moderately turbid conditions (e.g., Morsilli et 643 

al., 2012; Novak et al., 2013).  644 

The cemented surfaces are also associated with patchy crusts made by some encrusting organism 645 

(coralline algae, sponges, foraminifera, etc.; Fig.9B). In modern environments, similar crusts are 646 

frequently associated with a diversity of species (e.g., polychaetas, crustaceans, mollusks, etc.), 647 

since they provide relatively stable microhabitats for other organisms by virtue of their rigid 648 

structural complexity (e.g., Littler and Littler, 2013; Aguirre et al., 2020). The abundance and 649 

variety of faunas observed in this study suggests that an association between biogenic crusts and 650 

other organisms was also the case in the Eocene marine environment where the Sobrarbe Deltaic 651 

Complex prograded. Here this association occurs along surfaces that are strongly cemented, 652 

evidencing a link between cementation and bioclastic concentration (Curtis and Coleman, 1985; 653 

Bjørkum and Walderhaug, 1990; Molenaar and Martinius, 1990). The cemented horizons also 654 

include concretions, typically related to skeletal accumulations (Fig.9D-E). These observations 655 

coincide with those of Hall (1997), who found a correlation between the amount of bioclastic 656 

material present and the degree of cementation. 657 

The production of carbonate cements in the delta front environment likely occurred during early 658 

diagenesis, as evidenced by differential compaction around concretions (e.g., Raiswell, 1971; 659 

Curtis and Coleman, 1985). This is analogous to observations from other deltaic systems like the 660 
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Lower Eocene Roda Sandstone Member (e.g., Molenaar et al., 1988; Coll et al., 2013; García-661 

García et al., 2013). Bicarbonate was probably provided by diffused sea water, which could have 662 

been enhanced through bioturbation (e.g., Molenaar et al., 1988). Another likely source of 663 

bicarbonate is the dissolution and redistribution of bioclastic and other carbonate detritus in the 664 

sediment (Curtis and Coleman, 1985; Bjørkum and Walderhaug, 1990; Moore, 2001). Microbial 665 

activity might have enhanced cementation (Hillgärtner et al., 2001; Diaz and Eberli, 2022). 666 

Furthermore, later-stage meteoric mixing might have played a role (Hall, 1997; Hoareau et al., 667 

2015; Travé et al., 2023). Cemented zones are generally associated with hiatuses in 668 

sedimentation or low sedimentation rates (e.g., Kantorowicz et al., 1987; Molenaar and 669 

Martinius, 1990; Taylor et al., 1995; Morad et al., 2000). In our case, the cemented surfaces are 670 

probably minor flooding surfaces representing pauses in the sedimentation and/or lateral mouth 671 

bar switch before the deposition of the subsequent small-scale clinothem. These hiatuses would 672 

have provided time not only for cementation but also for the pervasive bioturbation affecting 673 

especially the lower delta front facies.  674 

 675 

6.4 Implications for reservoir heterogeneity 676 

Cemented surfaces are common causes of compartmentalization in subsurface reservoirs (e.g., 677 

Howell et al., 2008a), where they can represent tight zones of low porosity and permeability 678 

(Bakke, 1996; Morad et al., 2010), continuous for 100s of meters to several kilometers (e.g., 679 

Walderhaug et al., 1989; Gibbons et al., 1993), and thus can form impermeable barriers or 680 

baffles for fluid flow (e.g., Kantorowicz et al., 1987). As a result, an understanding of the origin 681 

of the cemented surfaces and the controls on their distribution may help in 1) predicting the 682 
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occurrence in analogous subsurface systems and 2) test the impact of this type of heterogeneity 683 

in reservoir modelling and simulation. 684 

In fluvial-dominated prograding systems with bed-scale clinoforms similar to the small-scale 685 

clinoforms here studied, thin shale intervals draping the dipping surfaces between successive 686 

stages of mouth bar progradation are known to affect connectivity, especially when the layers are 687 

extensive and the clinoform slopes are steeper (e.g., Ainsworth et al., 1999; Jackson and 688 

Muggeridge, 2000). Analogous compartmentalization would be produced in our case, in which 689 

the successive episodes of mouth bar progradation are separated by cemented surfaces. The role 690 

of cementation as a key element of reservoir heterogeneity has been demonstrated on a larger 691 

scale than this study, where cemented surfaces separated successive deltaic lobes (e.g., Howell et 692 

al., 2008a; Skorstad et al., 2008). In the Sobrarbe Deltaic Complex, the mouth bar surfaces are 693 

steeper than would be expected for fine sandstones (Fig.11D) and as a result the cemented 694 

surfaces would probably have a stronger effect on reservoir quality and connectivity, especially 695 

considering the extent of these surfaces covering both the lower and upper delta front 696 

environments. 697 

 698 

6.5 Implications for other mixed siliciclastic-carbonate systems 699 

The facies that constitute the small-scale clinoforms substantiate a mixed siliciclastic-carbonate 700 

environment in which clastics and carbonates coexist (see Results 5.1). This is particularly 701 

significant given that the delta front facies studied here are not only the ones recording the 702 

strongest fluvial influence (mouth-bar clinoforms, direct transition from upper delta front to 703 

distal delta plain channels, presence of mica) but are also the most fossil rich. This implies that 704 

the progradation of the delta and the consequent terrigenous supply to the shallow-marine 705 
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environment did not prevent the existence of an active carbonate factory, although it might have 706 

controlled its development (e.g., Santodomingo et al., 2015; Coletti et al., 2021).  707 

The faunal assemblage associated with the lower delta front facies (FA6) has been observed to 708 

occur in the periphery of other deltaic environments, showing a resistance to some degree of 709 

turbidity and demonstrating that active carbonate factories and terrigenous supply do not need to 710 

be mutually exclusive (e.g., Sanders and Baron-Szabo, 2005; Morsilli et al., 2012; Novak et al., 711 

2013; Bádenas et al., 2018; Schwarz et al., 2018; Val et al., 2019). Different from other mixed 712 

examples with relatively high siliciclastic input, no patch reefs nor carbonate facies have been 713 

identified in the small-scale clinoforms, although banks or shoals with similar communities have 714 

been described as part of the Guara Formation (e.g., Arbués et al., 2011; Pomar et al., 2017; 715 

Silva-Casal et al., 2021). Faunas in the small-scale clinoforms seem to have colonized the 716 

siliciclastic substrate horizontally and lived in it while the delta prograded, which might have 717 

exposed them to higher stress and a more turbid environment than in the cited cases thus 718 

preventing the development of patch reefs so close to the delta. Our observations are similar to 719 

the coral sheetstone forms described by Wilson (2005), which occur as part of mixed facies (35-720 

90% siliciclastics) in the outer parts of patch reefs.  721 

This study highlights the fact that the carbonate factory was not just confined to the anticlines 722 

flanking the Sobrarbe Deltaic Complex (Fig.3) but also colonized the area occupied by the delta 723 

during its progradation, thus developing locally within the clastic facies of the delta front (in situ 724 

mixing sensu Mount, 1984; compositional mixing sensu Chiarella et al., 2017). Nevertheless, the 725 

concentration of faunas in the cemented surfaces that define the small-scale clinoforms suggests 726 

the existence of at least small hiatuses between successive stages of mouth bar progradation. 727 

These hiatuses could have favored the expansion of carbonate communities on the seabed of the 728 
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delta front environment and provided the time for the early cementation of the substrate. The 729 

pervasive bioturbation affecting the distal delta front facies, in which the cemented surfaces are 730 

clearer, supports the existence of local hiatuses in sedimentation.    731 

 732 

7. Conclusions  733 

The occurrence of nested clinoforms in the Sobrarbe Deltaic Complex is documented and 734 

attributed to steep small-scale mouth-bar clinoforms deposited near the edge of large-scale 735 

clinoforms, enhanced by local tectonic activity, and subsequently preserved by early cementation 736 

preventing delta front collapse. This way the formation and preservation of Gilbert-type slopes is 737 

explained in silt to very fine sand sediment.  738 

The small-scale clinoforms represent periods dominated by fluvial influence, in which coarser 739 

sediments got preferentially deposited in the distributary channels and only fine grain sizes 740 

reached the lower delta front. High-resolution facies variations occur in 10s to few 100s of m 741 

along the clinoforms, including the development of bioclastic-rich cemented surfaces between 742 

successive steps of mouth bar progradation, presence of aligned concretions and soft-sediment 743 

deformation features. This heterogeneity has implications for reservoir modelling and fluid 744 

simulation, given its potential effect on reservoir quality and connectivity. 745 

The study also documents the existence of heterozoan carbonate production in the distal delta 746 

front environment, coetaneous with the progradation of the delta. The development of an active 747 

carbonate factory adapted to live in conditions of terrigenous input and turbid waters 748 

demonstrates the in situ mixing of clastic and carbonate sediments, which has implications for 749 

analogous deltaic environments interpreting carbonate and siliciclastic deposition as mutually 750 

exclusive.  751 
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 1183 

Figure captions 1184 

Figure 1. Cross-sectional scheme of nested clinoforms. 1185 

Figure 2. A) Geological sketch map of the Pyrenees (from Vissers and Meijer, 2012). B) and C) 1186 

Paleogeographic reconstructions of the routing systems developed along Tremp-Graus, Aínsa 1187 

and Jaca basins in the early and late Lutetian respectively (modified from Arbués et al., 2011).  1188 

Figure 3. A) Map of the main lithostratigraphic units in the southern part of the Aínsa basin 1189 

(modified from Kjemperud et al., 2004 and Arbués et al., 2011). B) Lithostratigraphic chart. C) 1190 

Satellite image displaying access to the studied area (Image © 2024 Google, Airbus). D) Studied 1191 

outcrops with logs S1 to S14 (Image © 2024 Google, Airbus).  1192 

 Figure 4. A) Stratigraphic architecture of the Sobrarbe Deltaic Complex in the western flank of 1193 

the Buil Syncline, from Grasseau et al. (2019). The approximately N-S cross-section shows the 1194 

system progradation from Mondot in the south to Santa Maria de Buil in the north (see Fig.3A). 1195 

B) Composite sequences from Dreyer et al. (1999), which are analogous to the transgressive-1196 
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regressive composite sequences of Grasseau et al. (2019). Highlighted are the nested clinoforms 1197 

that are the focus of this study. 1198 

Figure 5. A) Panoramic view from Castellazo (see Fig.3A) displaying the progradation of the 1199 

Sobrarbe Deltaic Complex in the western flank of the Buil syncline, from the study area in the 1200 

south (insert B; red star in Fig.3A) to Santa Maria de Buil in the north. Yellow lines represent 1201 

large-scale clinoforms. B) and C) Main and secondary outcrops respectively, showing two scales 1202 

of clinoforms: large-scale (yellow) and small-scale (light blue).  1203 

Figure 6. A) Sedimentological log integrating sections S7 and S8 (Figs.3D,5B). Blue and red 1204 

represent transgressive and regressive cycles respectively. The angular unconformity at the top 1205 

of cycle II is represented in red (idem Fig.5). Colors and numbers on the left correspond to the 1206 

interpreted facies associations (FA). Grain sizes for sand: v.f.=very fine, f. = fine, m. = medium, 1207 

c. = coarse. Carbonate lithologies: M = mudstone, W = wackestone, P = packstone, G = 1208 

grainstone.  B) Delta plain channelized facies (FA8). C) Delta front facies (FA6, FA7). Notice 1209 

the presence of isolated concretions (light blue) towards the upper part of FA6 and the 1210 

increasingly nodular character of FA7. D) Amalgamated sandstone with sharp/erosive base 1211 

(FA4) over lower delta front deposits (FA6). E) Mudstone-sandstone alternation (FA3). 1212 

Sandstone beds (yellow arrows) increase in thickness and frequency upwards. F) Bluish 1213 

mudstones (FA1) with slump (blue). 1214 

Figure 7. Interpreted facies associations (FA). A) Summary of main characteristics. B) 1215 

Paleoenvironmental interpretation of the two sets of conditions represented by the small-scale 1216 

clinoforms and the basal composite beds (see Discussion 6.1). 1217 

Figure 8. A) Massive sandstone bed with erosive base (FA4) over heavily bioturbated bluish 1218 

mudstone (FA1). B) Basal lag composed dominantly of large benthic foraminifera 1219 
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(indistinguishable due to recrystallization) and scarce bivalve fragments. C) Subvertical burrow 1220 

within bluish mudstone (FA1) infilled with sandstone (FA4?) and skeletal fragments. D) 1221 

Amalgamated sandstone beds (FA4) over lower delta front facies (FA6). E) Bed top with 1222 

abundant subhorizontal burrows. F) Basal lag with grains of coarse sand to very fine pebble size 1223 

and rip-up clasts. G) Amalgamated sandstone beds (FA4) over lower delta front facies (FA6). H) 1224 

Nummulitic wackestones to packstone (FA5). I) Vertical burrows at the base of the amalgamated 1225 

sandstone package (FA4). 1226 

Figure 9. A) Cemented surfaces (light blue arrows), which highlight the small-scale clinoforms 1227 

within lower delta front facies (FA6). B) Detail aspect of a cemented surface. Yellow arrows 1228 

point to Nummulites. C) Solitary coral. D) Isolated concretion in FA6. Sediment bends around 1229 

the concretion indicating differential compaction. E) Echinoderm inside concretion (FA6). 1230 

Figure 10. A) Cemented surfaces highlighting small-scale clinoforms (pink) and concretions 1231 

(light blue) in the transition between lower (FA6) and upper (FA7) delta front facies. B) Soft-1232 

sediment deformation between FA6 and FA7. C) Soft-sediment deformation in FA7. D) 1233 

Concretion (white line) preserving cross-stratification in its interior. The concretion seemingly 1234 

sank into unconsolidated sediment deforming it (light blue lines). E) Ball-and-pillow structures 1235 

in FA7. F) Cemented surface with concretions in the higher part of FA7. G) Marine gastropod 1236 

Velates.  1237 

Figure 11. A) Virtual outcrop with positions of the sedimentary logs S1 to S14. B) Ortho-1238 

rectified projection of the main outcrop with the interpreted cycles (I to III), each consisting in a 1239 

basal composite bed (yellow) acting as downlapping surface for the small-scale clinoforms (light 1240 

blue). In red is a major unconformity, which truncates most of the clinoforms in cycles II and III. 1241 

C) Ortho-rectified projection of the secondary outcrop. Scale is the same as in B). In green is the 1242 
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approximate position of channelized deposits, not studied in this work, interpreted as deep-water 1243 

channels (Kim et al., 2013).  1244 

Figure 12. A) Virtual outcrop as in Fig.11B showing cycles I to III in the main outcrop. B) 1245 

Outcrop interpretation color-coded by facies association (FA). C) Conceptual model of the 1246 

repetitive pattern alternating 2 clinoform scales, color-coded by FA. 1247 

Figure 13. Conceptual model of delta progradation with proximal-distal facies variations. Color 1248 

coding follows FAs and symbols are the same as in Fig.6.  1249 
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