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ABSTRACT 28 

Sediment gravity flow behaviour is influenced by seafloor topography associated with salt 29 

structures, which controls the depositional architecture of deep-water sedimentary systems. 30 

Typically, salt-influenced deep-water successions are poorly-imaged in seismic reflection data and 31 

exhumed systems are rare, hence the detailed sedimentology and stratigraphic architecture of these 32 

systems remains poorly understood.  33 

 34 

The exhumed Triassic (Keuper) Bakio and Guernica salt bodies in the Basque-Cantabrian Basin, 35 

Spain were active during deep-water sedimentation. The salt diapirs grew reactively, then passively, 36 

during the Aptian-Albian, and are flanked by deep-water carbonate (Aptian-earliest Albian 37 

Urgonian Group) and siliciclastic (middle Albian-Cenomanian Black Flysch Group) successions. 38 

The study compares the deposition in two salt-influenced confined (Sollube basin) and partially-39 

confined (Jata basin) minibasins by actively growing salt diapirs, comparable to salt-influenced 40 

minibasins in the subsurface. The presence of a well-exposed halokinetic sequence, beds that pinch 41 

out towards topography, soft sediment deformation, variable paleocurrents and intercalated mass 42 

transport deposits (MTDs) indicate that salt grew during deposition. Overall, the Black Flysch 43 

Group coarsens- and thickens-upwards in response to regional axial progradation, which is 44 

modulated by laterally-derived MTDs from halokinetic slopes. The variation in type and number 45 

of MTDs within the Sollube and Jata basins indicate the basins had different tectono-stratigraphic 46 

histories despite their proximity. In the Sollube basin, the routeing systems were confined between 47 

the two salt structures eventually depositing amalgamated sandstones in the basin’s axis. Different 48 

facies and architectures are observed in the Jata basin due to partial confinement.  49 

 50 

The findings show exposed minibasins are individualised and that facies vary both spatially and 51 

temporally in agreement with subsurface salt-influenced basins. Salt-related, active topography and 52 
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the degree of confinement are shown to be important modifiers of depositional systems, resulting 53 

in facies variability, remobilisation of deposits and ‘channelisation’ of flows. The findings are 54 

directly applicable to the exploration and development of subsurface energy reservoirs in salt 55 

basins globally, enabling better prediction of depositional architecture in areas where seismic 56 

imaging is challenging. 57 

 58 

INTRODUCTION 59 

The sedimentology and stratigraphic architecture of deep-water systems in unconfined basins (e.g., Johnson 60 

et al., 2001; Baas 2004; Hodgson 2009; Prélat et al. 2009; Hodgson et al. 2011; Spychala et al. 2017), and 61 

against static or relatively static, slopes (e.g., Kneller et al. 1991; Haughton 1994; McCaffrey and Kneller 62 

2001; Sinclair and Tomasso 2002; Amy et al. 2004; Soutter et al. 2019) are well-established compared to 63 

those in basins influenced by active slopes (e.g., Hodgson and Haughton 2004; Cullen et al. 2019).  64 

 65 

Seafloor topography is generated by a variety of geological processes, including relief above mass transport 66 

complexes (e.g., Ortiz-Karpf et al. 2015; 2016; Soutter et al. 2018; Cumberpatch et al. in review), syn-67 

depositional tectonic deformation (e.g., Hodgson and Haughton 2004; Kane et al. 2010) and salt diapirism 68 

(Fig. 1) (e.g., Hodgson et al. 1992; Kane et al. 2012; Prather et al. 2012; Oluboyo et al. 2014). Salt-tectonic 69 

deformation influences over 120 basins globally (e.g., Hudec and Jackson 2007), including some of the 70 

world’s largest petroleum-producing provinces (e.g., Booth et al. 2003; Oluboyo et al. 2014; Charles and 71 

Ryzhikov 2015; Rodriguez et al. 2018; 2020). 72 

 73 

Subsurface studies have shown that salt structures deforming the seafloor exert substantial control on the 74 

location, pathway and architecture of lobe, channel-fill, levee and mass transport deposits (Fig. 1) (e.g., 75 

Mayall et al. 2006; 2010; Jones et al. 2012; Wu et al. 2020). Turbidity currents that were ponded, diverted, 76 

deflected and confined by salt structures (Fig. 1) are well-documented in the eastern Mediterranean (e.g., 77 

Clark and Cartwright 2009; 2011), offshore Angola (e.g., Gee and Gawthorpe 2006; 2007), the Gulf of 78 

Mexico (e.g., Booth et al. 2003) offshore Brazil (e.g., Rodriguez et al. 2018; 2020), the North Sea (e.g., 79 

Mannie et al. 2014) and the Precaspian Basin (e.g., Pichel and Jackson 2020). Successions of genetically-80 
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related growth strata influenced by near-surface diapiric or extrusive salt form unconformity-bound 81 

packages of thinned and folded strata termed halokinetic sequences, which become composite when 82 

stacked (Giles and Rowan 2012). The geometry and stacking of composite sequences is dependent on the 83 

interplay between sediment accumulation rate and diapir rise rate, and two end-member stacking patterns 84 

are recognised, tapered (stacked wedge) or tabular (stacked hook) (Giles and Rowan 2012).  85 

 86 

 Typically, salt-influenced successions are poorly-imaged in seismic reflection data due to ray path distortion 87 

at the salt-sediment interface, steep stratigraphic dips, and deformation associated with salt rise (e.g., 88 

Davison et al. 2000; Jones and Davison, 2014). Due to these complexities, subsurface salt-influenced 89 

systems benefit from calibration with outcrop analogues (e.g., Lerche and Petersen 1995). Exposed 90 

examples are rare, largely due to dissolution of associated halites (Jackson and Hudec 2017). Exhumed 91 

systems typically contain shallow-marine (e.g., Giles and Lawton 2002; Giles and Rowan 2012) or non-92 

marine (e.g., Banham and Mountney 2013a; b; 14; Ribes et al. 2015) strata. The Bakio diapir in the Basque-93 

Cantabrian Basin (BCB), northern Spain, provides a rare exhumed example of deep-water strata deposited 94 

in a syn-halokinetic setting (Fig. 2, 3) (e.g., Lotze 1953; Robles et al. 1988; Rowan et al. 2012; Ferrer et al. 95 

2014). The overburden displays well-exposed, unconformity-bounded sedimentary wedges that thin 96 

towards and upturn against the diapir, supporting the interpretation of syn-halokinetic growth strata (e.g., 97 

Poprawski et al. 2014; 2016).  98 

 99 

Previous studies in the area have focussed on carbonate halokinetic sequences within the middle Albian 100 

overburden (e.g. Poprawski et al. 2014; 2016), hence the salt-influenced deep water succession remains 101 

poorly understood. This study aims to use large-scale outcrops exposed along the Bakio-Guernica coastline 102 

to study the bed-scale flow-topography interactions and deep-water facies and depositional architecture 103 

distribution in salt-controlled minibasins. The objectives of this study are to: 1) reappraise the stratigraphy 104 

of the study area using specific deep-water sub-environments; 2) document lateral and vertical changes in 105 

deep-water facies and architectures with variable amounts of salt-induced confinement; 3) document the 106 

evolution of coeval deep-water axial and MTD-rich lateral depositional systems, and 4) distinguish criteria 107 

for the recognition of halokinetically-influenced deep-water systems.  108 
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 109 

GEOLOGICAL SETTING 110 

Evolution of the Basque-Cantabrian Basin (BCB) 111 

The BCB is peri-cratonic rift basin in Northern Spain, inverted during the Campanian–Eocene western 112 

Pyrenean Orogeny (Fig. 2) (e.g., Gómez et al. 2002; Ferrer et al. 2008). The basin is located between the 113 

Iberian and Eurasian plates and is associated with hyper-extensive rifting and mantle exhumation during 114 

the opening of the North Atlantic and the Bay of Biscay (e.g., Van der Voo 1969; Brunet 1994; Jammes et 115 

al. 2009; DeFellipe et al. 2017; Teixell et al. 2018). The stratigraphy of the BCB is mainly Mesozoic to 116 

Cenozoic from a punctuated rift system that existed from Permian-Triassic to late Cretaceous times 117 

(Cámara 2017). 118 

  119 

The Mesozoic evolution of the BCB beginning with the development of a rift system in the Permian-120 

Triassic. During the Carnian-Norian, a thick sequence of mudstones, sabkha evaporites and carbonates 121 

accumulated (Keuper Group) (Geluk et al. 2018). The Jurassic to Early Cretaceous was characterised by 122 

limited subsidence and shallow water deposition (e.g., Martín-Chivelet et al. 2002; García-Mondéjar et al. 123 

2004). Extensional thin-skinned tectonics, controlled by basement faulting, in the Early Cretaceous initiated 124 

reactive diapirism across the basin (e.g., Bodego and Agirrezabala 2013; Teixell et al. 2018). As rifting 125 

continued, the Lower Cretaceous succession preferentially accumulated over downthrown blocks, forming 126 

a differential load that triggered a transition into passive diapirism (e.g., Agirrezabala and García-Mondéjar 127 

1989; Agirrezabala and López-Horgue 2017). During the Barremian-Albian the flanking minibasins were 128 

filled with c. 500 m of mixed carbonates and siliciclastics (García-Mondéjar 1990; 1996). Aptian-Middle 129 

Albian shallow-water carbonate platforms of Urgonian limestones (García-Mondéjar et al. 2004) formed 130 

on the footwalls of tilted normal fault blocks; these limestones pass abruptly into deeper-water marlstones 131 

and mudstones deposited in hanging-wall depocenters (Rosales and Pérez-García 2010). From the late 132 

Albian to early Cenomanian, subsidence combined with early Albian global sea level rise (e.g., Vail et al. 133 

1977; Haq et al. 1987 Robles et al. 1988; Haq 2014) led to the development of siliciclastic turbidites and 134 

redeposited carbonates of the Black Flysch Group (BFG), which are the focus of this study. 135 

 136 
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As rifting waned, passive diapirs continued to grow at the paleo-seafloor due to minibasin subsidence 137 

(Zamora et al. 2017). During the Late Cretaceous to Early Paleogene, subsidence continued and calci-138 

turbidites were deposited (e.g., Mathey 1987; Pujalte et al. 1994). The lower Paleocene to the Eocene records 139 

a gradual transition from mainly calcareous to siliciclastic deposition, with an increase in deposition of 140 

siliciclastic turbidites. This change is associated with erosion of the emerging Pyrenean mountain belt (e.g., 141 

Crimes 1973; Pujalte et al. 1998). Pyrenean NE-SW-orientated compression in Eocene to Oligocene times 142 

reactivated Mesozoic-Cenozoic normal faults (Ábalos 2016) and squeezed pre-existing diapirs (Pujalte et al. 143 

1998). 144 

 145 

The Bakio and Guernica salt bodies 146 

The Bakio diapir is a NE-SW trending (~1 km by 4 km) salt wall of Keuper Group evaporites. Partial 147 

exposure of the salt wall occurs at Bakio beach; in other locations the evaporites are easily eroded, typically 148 

marked by topographic depressions and/or coastal embayments (e.g. the Guernica structure (Fig. 3a), 149 

located c. 9 km to the east). At Bakio beach, the Keuper Group consists of red clays, gypsum and carbonate, 150 

with occasional Triassic-aged tholeiitic ophitic inclusions (see Robles et al. 1988; Poprawski et al. 2014). 151 

From the middle Albian, the Bakio diapir grew rapidly and reactively in response to regional hyper-152 

extension (Teixell et al. 2018). The diapir then grew passively during the late Albian due to sediment loading, 153 

at around 500 m Myr-1 (Poprawski et al. 2014).  154 

 155 

The Guernica structure is poorly understood due to limited exposure, and hence is referred to as a ‘salt 156 

structure’ rather than a salt diapir like Bakio. The Guernica structure has previously been interpreted as a 157 

salt-cored anticline (Poprawski and Basile 2018). Vintage onshore seismic reflection data suggests that the 158 

Bakio and the Guernica structures are connected at depth (e.g., Robles et al. 1988; Poprawski and Basile 159 

2018) (Fig. 4). The structures were close to the seafloor during the middle Albian creating highs that were 160 

capped by isolated carbonate platforms and influenced the deposition of the BFG (e.g., Vicente Bravo and 161 

Robles 1991a;b; Pujalte et al. 1986; Cámara 2017). Slope apron facies, deposited at the platform edge, and 162 

subsequent stratigraphy formed tapered halokinetic sequences against the west of the Bakio diapir (Fig. 4) 163 

(e.g. García-Mondéjar and Robador 1987; Soto et al. 2017).  164 



7 

 

 165 

Bakio Stratigraphy 166 

Anisotropy of Magnetic Susceptibility studies in the Bakio-Guernica area demonstrate a minimal Pyrenean 167 

compressional overprint to the stratigraphy (Soto et al. 2017), as the structures acted as buttresses forming 168 

shadow areas protected from the compression. Hence the area is used to study syn-halokinetic deposition 169 

in the absence of a regional tectonic deformation overprint. 170 

 171 

The Aptian-Middle Albian Urgonian stratigraphy (middle Albian Sequence 2 (H. dentatus Zone of 172 

Agirrezabala and López-Horgue 2017)) comprises the Gaztelugatxe, Bakio Marls, and Bakio Breccias 173 

formations (Fig. 3b). The Gaztelugatxe Formation (GZF) is a massive-brecciated limestone, interpreted as 174 

a karstified platform carbonate (e.g., García-Mondéjar and Robador 1987; Robles et al. 1988). The Bakio 175 

Marls Formation (BMF) (minimum 60 m thick; Poprawski et al. 2016) comprise thin-bedded calci-debrites 176 

deposited within a low-energy mud-dominated environment that were intermittently punctuated by 177 

catastrophic debris-flows sourced from local, carbonate-capped highs (e.g., García-Mondéjar and Robador 178 

1987; Poprawski et al. 2014). The Bakio Breccias Formation (BBF) is up to 550 m thick and unconformably 179 

overlies the BMF (Fig. 3b, 4, and Table 1). The BBF is primarily composed of poorly-sorted, carbonate 180 

breccia beds (10’s metres thick) (Table 1) (e.g., García-Mondéjar and Robador 1987; Poprawski et al. 2014; 181 

2016) that are interpreted as earliest middle Albian, mass-failures from carbonate platforms (e.g. those 182 

developed on top of diapirs (Poprawski et al. 2014)). The abrupt change from carbonate-dominated to 183 

siliciclastic-dominated stratigraphy is associated with a middle Albian hiatus (López-Horgue et al. 2009).  184 

  185 

The Urgonian section is overlain by the Upper Albian-Early Cenomanian BFG, which has been subdivided 186 

into a lower and upper unit (Fig. 3b). The Lower Black Flysch Group (LBF) corresponds to the Upper 187 

Albian Sequence 3 (D. cristatum – M. inflatum zones; Agirrezabala and López-Horgue 2017), including the 188 

Sollube, Punta de Bakio and Jata units (Poprawski et al. 2014). This group consists of thin-bedded 189 

siliciclastic turbidites, marls and MTDs and is interpreted as a submarine fan system (e.g., Robles et al. 1988; 190 

Vincente Bravo and Robles 1991; 1995; Poprawski et al. 2014). The Upper Black Flysch Group (UBF) 191 

corresponds to the Upper Albian–Cenomanian Sequence 4 (M. fallax zone; Agirrezabala and López-Horgue 192 
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2017), and the Cabo Matxitxako unit of Poprawski et al. (2014), which consists of thick-bedded, coarse-193 

grained, siliciclastic turbidites deposited in a submarine fan system (Robles et al. 1988; 1989). Provenance 194 

studies indicate sourcing throughout BFG deposition from the northerly Landes Massif, a ~100 x 40 km 195 

granitic basement block, presently located ~10 km offshore in the Bay of Biscay (Fig. 2)) (e.g., García-196 

Mondéjar 1996; Puelles et al. 2014).  197 

 198 

  METHODS AND DATA   199 

The dataset comprises 28 sedimentary logs (totalling 821 m of stratigraphy) collected along the Bakio-200 

Guernica coastline. The logs were collected at a 1:25 scale, with 1:10 scale used locally to capture additional 201 

detail. Halokinesis during BFG deposition (e.g., García-Mondéjar et al. 1996; Poprawski et al. 2014; 2016) 202 

generated syn-depositional basin floor relief and the development of sub-(mini)basins (e.g., Vicente Bravo 203 

and Robles 1991; 1995; Agirrezabala 1996). As such, correlating stratal surfaces within and between 204 

depocenters is difficult and unmanned aerial vehicle (UAV) photography was used to aid stratigraphic 205 

correlations (Hodgetts 2013). Paleocurrent, bedding and structural data were collected to determine 206 

influence of syn-depositional basin floor relief and to quality-control the pre-existing geological map of 207 

Poprawski et al. (2014; 2016). Paleocurrent readings were taken where sedimentary structures were clear 208 

enough to permit unambiguous data collection. Sparse biostratigraphic data (Agirrezabala and López-209 

Horgue 2017) hinders correlation across the structures; hence we refer to the LBF and UBF only, to avoid 210 

further subdivisions based on geographic location (e.g., Robles et al. 1988; Vincente-Bravo and Robles 211 

1991; 1995; Poprawski et al. 2014).  212 

 213 

Basin subdivision 214 

To aid comparison, the study area has been divided into two depocenters; the Jata and Sollube basins (Fig. 215 

3, 4), analogous to subsurface minibasins–relatively small (5-30 km) syn-kinematic depocenters subsiding 216 

into thick salt (Hudec and Jackson 2007; Jackson and Hudec 2017). The Jata basin is confined to the east 217 

by the Bakio diapir. The Sollube basin is confined on both its western and eastern sides by the Bakio and 218 

Guernica structures, respectively (Fig. 3), and hence is more confined than the Jata basin (e.g., Winker 1996; 219 

Prather et al. 1998; Sinclair and Tomasso 2002). 220 
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 221 

   LITHOFACIES 222 

This study primarily focusses on the facies variability within the siliciclastic BFG. A description and 223 

discussion of the carbonate facies of the BMF and BBF is provided in Poprawski et al. (2016). Here the 224 

carbonate facies are tabulated for reference in Table 1 and assigned a gravity flow-focussed interpretation. 225 

The BFG lithofacies presented in Table 2 and in Figure 5 represent ‘event beds’ and are classified based on 226 

outcrop observations. ‘Mud’ is used here as a general term, for mixtures of clay, silt and organic fragments. 227 

Where individual facies are heterogeneous, multiple photographs are shown to illustrate this lithological 228 

and sedimentological variability (Fig. 5).  229 

 230 

INTERPRETATION OF DEPOSITIONAL ELEMENTS 231 

Facies associations (Table 3, Fig. 6) and architectures (Table 4, Fig. 7) combine to support depositional 232 

element interpretations. Facies associations are interpreted based on dominant lithofacies (Table 2, Fig. 5) 233 

and use lobe (Prélat et al. 2009; Spychala et al. 2017) and channel-levee (Kane and Hodgson 2011; Hubbard 234 

et al. 2014) nomenclature that best fit field observations. In agreement with recent work, we use MTD to 235 

describe deposits from varied subaqueous mass flows, including a mixture of slides, slumps and debris-236 

flows (e.g., Nardin et al. 1979; Posamentier and Kola 2003; Doughty-Jones et al. 2019; Wu et al. 2020). 237 

Facies associations and geometries are described separately, because architecture alone is not diagnostic of 238 

the depositional sub-environment, and multiple facies associations can form a similar architecture.  239 

 240 

STRATIGRAPHIC EVOLUTION 241 

Extensive exposures permit detailed lithostratigraphic analysis (Fig. 3, 8, 9, 10) allowing investigation of the 242 

role of salt-induced relief on depositional patterns (Fig. 11, 12, 13). The following sections describe the 243 

exposures from oldest to youngest, first focussing on the flanks of the Sollube and Jata basins (Gaztelugatxe 244 

Island and Bakio West Bay respectively) and then the axis of the Sollube basin (Cabo Matxitxako).  245 

 246 

Gaztelugatxe Island 247 
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The cliff sections to the south of Gaztelugatxe Island provides a semi-continuous section through 120 248 

metres of the BFG, 2 km north-east of the exposed Bakio diapir, and ~9 km north-west of the Guernica 249 

structure. The stratigraphy is subdivided into five lithostratigraphic units (GX 1-5).  250 

 251 

Description 252 

GX1 is 8 m thick and consists of bioturbated mudstones, calci-debrites, calci-turbidites, thin-bedded 253 

turbidites and mud-rich debrites. It shows an overall coarsening- and thickening-upwards from cm to 254 

metre-scale interbeds of each facies. GX2 is 10 m thick and dominated by carbonate-clastic debrites, with 255 

angular clasts of the Gaztelugatxe Limestone, up to 1 m in diameter. GX2 pinches out downslope forming 256 

a triangular geometry (Table 4, Fig. 7E). GX3, has a minimum thickness of 42 m, onlaps GX2 and is 257 

recognised as the first purely siliciclastic succession; comprising thin-medium bedded turbidites, debrites, 258 

hybrid beds and bioturbated mudstones. GX4 has a minimum thickness of 9 m and its base is marked by a 259 

metre-thick slump, overlain by interbeds (cm-10’s cm-scale) of turbidites, debrites, MTDs, hybrid beds and 260 

mudstones.  261 

 262 

GX5 is identified on the western side of Cabo Matxitxako (Fig. 8), having a minimum thickness of 30 m. 263 

There is approximately 400 metres of missing stratigraphy between GX4 and 5 (Robles et al. 1988), but 264 

GX5 is projected to lie stratigraphically above GX4. GX5 comprises predominantly amalgamated medium- 265 

to high-density turbidites showing evidence of soft sediment deformation.  266 

 267 

Interpretation 268 

The presence of siliciclastic and calci-turbidite deposits and MTDs in GX1 (Fig. 8) suggests a transition 269 

from the upper BBF to the LBF (Fig. 12C) (Poprawski et al. 2014; 2016). The carbonate deposits could 270 

have been remobilised from previous BBF deposits or remnant carbonate highs (Poprawski et al. 2014; 271 

2016). GX2 represents a period of increased mass failure, which is interpreted to be halokinetically-driven 272 

due to the lentil-shape and diapir-centric distribution of these limestone breccias (Table 4, Fig. 7E) (e.g., 273 

McBride et al. 1974; Hunnicutt 1998; Giles and Lawton 2002). The thin-bedded nature and presence of 274 

hybrid beds in GX3 suggests early BFG deposition in a proximal lobe fringe environment (e.g., Spychala et 275 
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al. 2017; Soutter et al. 2019). Thin-bedded debrites are interpreted to be delivered axially based on their 276 

association with thin-bedded turbidites that show regional paleocurrents. Thick-bedded, chaotic clast-rich 277 

units are interpreted to be halokinetically-driven based on variable, slump axis paleocurrent readings 278 

(Poprawski et al. 2014).  279 

 280 

At the base of GX4, a metre-scale MTD overlies 30 m of missing section (Fig. 8), which given the low-281 

lying geomorphology is likely mud-rich. The overlying turbidites and MTDs suggest deposition in a lobe 282 

off-axis setting (e.g., Prélat et al. 2009; Spychala et al. 2017) where the seafloor was, at least periodically, 283 

unstable (Fig. 12E). Metre-thick beds that stack into 30 m-thick packages suggest that GX 5 represents 284 

deposition in the axis of a lobe complex (Fig. 12F) (e.g., Prélat et al. 2009; Soutter et al. 2019). The absence 285 

of debrites (Fig. 8) suggests minimal halokinetic influence, either due to diapir inactivity or sediment 286 

accumulation (due to uplift and erosion from the Landes Massif (e.g., Agirrezabala 1996)) outpacing the 287 

rate of seafloor deformation. The presence of amalgamated, laterally extensive medium- and high-density 288 

turbidites in GX5 support deposition in a channel-lobe transition zone (e.g., Vincente Bravo and Robles 289 

1991; 1995) or lobe axis setting.  290 

 291 

Bakio West Bay 292 

The coastal cliff section at Bakio West Bay (Fig. 9) exposes c. 150 m of the BFG above its basal contact 293 

with the BBF (Robles et al. 1988), ~1 km west of the Bakio diapir. This section is divided 294 

lithostratigraphically into 3 units (BW1-3), and is further divided by halokinetically-driven unconformities 295 

(e.g. BW 3a, b, c) (Fig. 9) (Poprawski et al. 2014). 296 

 297 

Description 298 

BW1 is 6 metres thick, consists of calci- and siliciclastic- turbidites, debrites and mudstones, and is overlain 299 

by BW2 across an angular unconformity (U2; Poprawski et al. 2014) (Fig. 9A). BW2 is principally 300 

siliciclastic, comprising predominantly turbidites, with minor debrites and mudstones. A 10 metre thick 301 

package of fine sand- to pebble-grade turbidites with lenticular geometries and scoured-amalgamated bases 302 

is observed to overlie a 2 metre thick MTD (Fig. 9A). BW3 consists of interbedded metre-scale siliciclastic 303 
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turbidites and MTDs (Fig. 9B). U5 and 6 are intra-BW3, and thus BW3 is subdivided into three sub-units 304 

(BW3a, b, and c).  305 

 306 

At the base of BW3a, BW3b and BW3c, 1-12 metre thick MTDs with variable thickness across the exposure 307 

overlies an angular unconformity (Fig. 9). Grain size varies from medium sand to boulder and clasts vary 308 

from rounded to angular. A more diverse range of clast rock types than elsewhere in the study area are 309 

observed, including limestone, sandstone, mudstone, organics, heterolithics, siderite, mafic material, granite 310 

and siderite (Table 3). An undulose contact exists between the MTDs and the 2-4 metre-thick amalgamated 311 

turbidites which overly them (Fig. 9). These coarse-grained (medium sand- pebble grade) turbidites are 312 

lenticular in geometry, can be divided into metre-scale fining-upwards successions and contain weak 313 

inclined stratification (Fig. 9). 314 

 315 

Interpretation 316 

The angular unconformities are interpreted to be related to salt diapir movements, and are interpreted as 317 

part of a tapered halokinetic sequence (e.g., Giles and Rowan 2012; Poprawski et al. 2014). Unit BW1 marks 318 

the transition from BBF to BFG, and in interpreted as representing deposition at the base of slope of the 319 

carbonate platform, which was growing on the Bakio diapir (Fig. 12D) (Poprawski et al. 2014). Coarse-320 

grained sandstones with lenticular geometries, scoured bases and normal grading, such as those observed 321 

in BW2, indicate deposition in a channelised or scoured setting (Fig. 6F, 9,12E) (e.g., Hubbard et al. 2014; 322 

Hofstra et al. 2015). The MTDs capping unconformities could be halokinetically-derived or related to 323 

channel margin collapse induced by diapir movement (Rodriguez et al. 2020). The wide range of clast rock 324 

types in these MTDs suggest that they are dissimilar to other halokinetically-derived MTDs and could 325 

indicate a different set of mass flows sourced up dip of the depositional system (Fig. 9C) (e.g. Doughty-326 

Jones et al. 2019; Wu et al. 2020).  327 

 328 

The deepest point of each lenticular geometry in BW3 appears to step eastward towards the Bakio diapir 329 

(Fig. 6F, 7A); this could indicate lateral accretion deposits from a meandering submarine channel (e.g., 330 

Peakall et al. 2007; Kane et al. 2010; Janocko et al. 2013). The concave-upward geometry of the turbidites 331 
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and the undulose contact with the MTD below (Fig. 6F, 7B, 9), could represent channel- or scour-fills 332 

influenced by previous debrite topography (e.g., Cronin et al. 1998; Jackson and Johnson 2009; Kneller et 333 

al. 2016). The thick-beds, concave-upward geometry, and coarse grain size suggests these deposits are 334 

channel-fills rather than scour-fills (e.g., Hubbard et al. 2008; Romans et al. 2011; McArthur et al. 2020). 335 

 336 

The repeated facies change between pebbly chaotic debrites and channelised turbidites is interpreted to 337 

represent periods of rapid diapir growth, evidenced by debrites overlying halokinetic unconformities (e.g., 338 

Giles and Rowan 2012). This is suggested to be followed by periods of relative diapir quiescence, which 339 

permit submarine channels to infill debrite topography, and migrate around the diapir due to reduced 340 

seafloor topography (e.g., Kane et al. 2012).  341 

 342 

Cabo Matxitxako 343 

Cabo Matxitxako provides an extensive section (c. 600 m) through the BFG. In this locality, we subdivide 344 

the group into eight lithostratigraphic units (CM1-8) (Fig. 10). There is c. 500 m of missing section between 345 

Cabo Matxitxako North and South Beach (Fig. 3). Cabo Matxitxako is located within the Sollube basin, 346 

~4.5 km north-east and ~5 km north-west of the Bakio and Guernica salt structures respectively.  347 

 348 

Description 349 

CM1 is a 100 m thick package of mudstones, with minor thin-medium bedded siliciclastic turbidites and 350 

debrites. CM2 is 60 m thick and is dominated by metre-scale debrites with subordinate thin- to medium-351 

bedded turbidites, hybrid beds, and mudstones (Fig. 10). Slump axes within MTDS, where present, indicate 352 

a range of paleoflow directions (forming two clusters: 80°-160° and 280°-320° (Fig. 3)). CM3 is 50 m thick 353 

and contains metre-thick packages of stacked medium-thick bedded, dewatered turbidites and metre-10’s 354 

metre thick debrites containing rafts of thin-bedded turbidites. Two beds of granular sandstone (27 and 19 355 

cm thick) with lenticular geometries are observed at the top of CM3. CM4 is 32 m thick, is separated from 356 

CM3 because it is debrite-poor and mostly comprises thick-bedded, amalgamated high-density turbidites 357 

that stack into 3-6 metre packages. CM5 is 124 m thick and consists of roughly equal proportions of 1-3 358 

metre-thick, amalgamated turbidites, which are normally graded on a bed-scale, and metre-scale MTDs, 359 
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that occur every 2-10 m, and contain rafts of thin-bedded turbidites. CM6 has a minimum thickness of 18 360 

m, is observed at the northern part of the South Beach, and is composed of 1-3 m debrites and 1-80 cm 361 

turbidites and mudstones (Fig. 3, 10). CM7 has a minimum thickness of 38 m, similar to CM6, however the 362 

units are separated by c. 500 m of missing stratigraphy, much of which is assumed to be removed due to 363 

Pyrenean deformation and recent landslides (Vicente Bravo and Robles, 1995), so have been separated. 364 

CM8 is 40 m thick and consists of predominantly metre-scale, normally-graded thick-bedded turbidites with 365 

erosional bases, cross-stratification, amalgamation, mud-clasts and dewatering structures common 366 

throughout (Fig. 10).  367 

 368 

Interpretation 369 

The Cabo Matxitxako succession (Fig. 10) suggests a broadly basinward-shifting (i.e. progradational) system 370 

from CM1-4, followed by a slight back-step (i.e. retrogradational) or lateral shift in CM5-7, and a further 371 

basinward shift in CM8 (Fig. 12).  372 

 373 

MTDs with clasts of thin- and medium-bedded stratigraphy are present throughout CM2, 3, 5, 6 and 7 374 

suggesting the seafloor was periodically highly unstable, possibly due to relatively high rates of diapir rise 375 

and related seafloor deformation. CM1 is dominated by background suspension fallout and dilute low-376 

density turbidites deposits in a lobe complex distal fringe setting (Fig. 12D). CM2 represents higher energy, 377 

more proximal lobe conditions compared to CM1, based on facies, hybrid beds, geometry, stacking patterns 378 

and thickness and is interpreted as proximal lobe fringe deposition (e.g., Spychala at al. 2017). The 379 

depositional sub-environment of CM3 is interpreted as an off-axis lobe complex, based on facies and bed 380 

thicknesses, with small distributive channel-fills, evidenced from lenticular granular sandstones (e.g., 381 

Normark et al. 1979; Deptuck and Sylvester 2017). CM4 is dominated by stacked, amalgamated, high-382 

density turbidites (Fig. 10) and is interpreted to represent deposition in the axis of a lobe complex (Fig. 383 

12F) (e.g., Prélat et al. 2009; Spychala et al. 2017). CM5 contains similar facies distributions to CM3, so is 384 

interpreted to represent lobe complex off-axis deposition with some distributive channel-fills (e.g., 385 

Normark et al. 1979; Deptuck and Sylvester 2017). Debrite dominance in CM6 and CM7 suggest 386 

remobilisation due to diapir growth throughout deposition (Fig. 12F). These deposits are interpreted to 387 
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represent proximal fringe – lobe-off axis deposition (Spychala et al. 2017), which is highly modulated by 388 

halokinetic MTDs. The coarse grain-size, cross-stratification, thick-beds, and lack of debrites and 389 

mudstones (Fig. 6E, 10), suggests that CM8 was deposited in a channel-lobe transition zone (Vincente 390 

Bravo and Robles 1995; Brooks et al. 2018). This unit shows little evidence for active topography, 391 

suggesting that the sedimentation rate had increased with respect to the diapir rise rate, possibly associated 392 

with uplift of the Landes Massif (Rat 1988; Martín-Chivelet et al. 2002), or salt source layer welding. Any 393 

remaining seafloor topography was filled by CM8 (Fig. 12G).  394 

 395 

Stratigraphic correlation  396 

The BW, GX and CM lithostratigraphic units show different depositional systems despite their close 397 

proximity. Combined with poor biostratigraphic calibration (Agirrezabala and López-Horgue 2017), 398 

stratigraphic correlations between the areas are challenging. Using lithostratigraphy, BW1 is correlated to 399 

GX1-2, BW2-3 are correlated to GX3-4 and CM1-7, whereas GX5 is correlated to CM8 (Fig. 8, 9, 10).  400 

 401 

EVIDENCE FOR SEAFLOOR TOPOGRAPHY 402 

There is widespread sedimentological evidence for seafloor topography during deposition of the BFG, 403 

which as we discuss below reflects the interplay between active salt growth (salt-induced) and depositional 404 

stacking (debrite-/MTD-induced) controlling the available accommodation.   405 

 406 

Ripple cross-lamination, cross-stratification and sole marks indicate a regional south-westerly paleoflow 407 

direction (Fig. 11). This direction is consistent with a northerly source for the BFG, supporting the Landes 408 

Massif as a potential regional source area (e.g., Rat 1988; Robles et al. 1988; Ferrer et al. 2008; Puelles et al. 409 

2014). At Cabo Matxiatxako, a secondary westerly-paleoflow orientation (Fig. 11A) is comparable to 410 

findings by Robles et al. (1988), who suggest this reflects the passage of gravity-flows that spilled across the 411 

Guernica structure into the Sollube basin. Therefore palaeocurrent data (Fig. 11A) suggests modulation of 412 

a regional (primarily south-trending) palaeoflow by salt-induced topography (west-trending flows off east-413 

facing slopes) (Fig. 12).  Analogously, a west-south-westerly paleoflow observed at Bakio Bay West (Fig. 3) 414 

may reflect the passage of gravity-flows that spilled from the Sollube basin, across the Bakio structure into 415 
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the Jata basin. This west-south-westerly paleoflow could alternatively represent the westward deflection of 416 

regional paleoflow around the Bakio diapir.  417 

 418 

Ripple lamination in opposing directions is common within individual thin-bedded turbidites (Fig. 11B). 419 

Such features have been attributed to flow reflection or deflection from seafloor topography (e.g., Kneller 420 

et al. 1991; McCaffrey and Kneller 2001; Barr et al. 2004; Hodgson and Haughton 2004). Moreover, hybrid 421 

beds seen outside the frontal fringe (Fig. 5L, 5M, 8, 9, 10) indicate that topography has influenced a 422 

transformation of flow from turbulent to laminar (Fig. 14) (e.g., Barker et al. 2008; Soutter et al. 2019). 423 

 424 

Turbidites that pinch-out up depositional slope (Fig. 7C) reflect the thinning towards topography (e.g., 425 

Ericson et al. 1952; Gorsline and Emery 1959) as the low-density part of the turbidity current ran up the 426 

topography further than the high density component (e.g., Al-Ja’aidi  2000; Bakke et al. 2013). Hence, 427 

thicker sandstones are more likely to be confined to localised salt withdrawal minibasins (Fig. 12, 13, 14), 428 

whereas thinner sandstones may drape halokinetically-influenced topography (Fig. 12, 13, 14) (e.g., Straub 429 

et al. 2008; Soutter et al. 2019). Based on a bed-scale thinning rate of 10 cm/m at Cabo Matxitxako (Fig. 3, 430 

10), we calculate the slope angle to be 2-3° (Fig. 7C). Due to the distance (~5km) from the present day 431 

Bakio diapir, it is unlikely that this slope is related to primary diapir growth, but rather caused by localised 432 

salt withdrawal or welding from the salt source layer at depth.  433 

 434 

Multiple palaeoflow directions, hybrid beds, and abrupt pinch-out of beds could verify the presence of 435 

(static) topography. However, the number of MTDs intercalated with lobes, and the tapered composite 436 

halokinetic sequence observed at Bakio West Bay (Fig. 11D) indicate this topography and salt growth was 437 

active at the time of deposition (e.g., Counts et al. 2019).  438 

 439 

Mass transport deposits 440 

Description 441 

MTDs account for 23% of stratigraphy across all measured sections, with an average thickness of 111 cm, 442 

assuming that all MTDs (Table 1, Fig. 5K, 7D) are derived from diapir slopes and all turbidites are derived 443 
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from far-field. A 1:4 ratio of halokinetically- to axially-derived deposition exists across the study area, 444 

suggesting that locally, extra stratigraphy may be present in salt-confined basins compared to unconfined 445 

settings; therefore interpretation of stacking patterns may be challenging due to halokinetic modulation of 446 

allocyclic signals. MTDs on the flank of the Jata basin have an average thickness of 140 cm, compared to 447 

119 cm and 73 cm in the axis and flank of the Sollube basin respectively. 31% of measured stratigraphy on 448 

the flank of the Jata basin comprises MTDs compared to 18% and 22% in the axis and flank of the Sollube 449 

basin respectively. MTD composition shows siliciclastic dominance in the axis of the Sollube basin, MTDs 450 

with carbonate clasts or matrix become more common on the flank of the Sollube basin and are dominant 451 

on the flank of the Jata basin (Fig. 8, 9, 10) in agreement with halokinetic sequence models (Giles and 452 

Rowan 2012). 453 

 454 

Limestone clasts of similar composition within MTDs on both the Jata and Sollube flank support the 455 

presence of a carbonate platform growing on top of the Bakio diapir (e.g., García-Mondéjar and Robador 456 

1987; Poprawski et al. 2014; 2016), indicating these MTDs are related to local diapir failures. 457 

Isolated  limestone megaclasts (Fig. 9F, 11E, 11F) derived from the Gaztelugatxe Limestone could be out-458 

runner blocks (e.g., De Blasio et al. 2006; Soutter et al. 2018) or fractured blocks of platform limestone that 459 

have toppled off during diapiric growth (e.g., Alves et al. 2002; 2003; Martín-Martín et al. 2016). Younger 460 

deposits progressively onlap these limestone clasts (Fig. 11E, 11F) showing subsequent turbidity currents 461 

have interacted with this additional seafloor topography (e.g., Kilhams et al. 2012; 2015 Olafiranye et al. 462 

2013; 2015).  463 

 464 

Interpretation 465 

MTDs could either be sourced from collapse on top of the diapir or its flanks, or from failures of the shelf-466 

edge and/or slope (e.g., Doughty-Jones et al. 2019; Rodriguez et al. 2020; Wu et al. 2020). The presence of 467 

more MTDs in the basal active part of the Sollube basin (Fig. 8, 9, 10, 13) compared to the upper passive 468 

part of the basin fill (Fig. 10) suggests mass failures are more common during initial development of salt-469 

confined depocenters in agreement with Wu et al. (2020). The difference in MTD proportions between the 470 
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Jata and Sollube basins ratify that they developed, at least partially, as separate depocenters influenced by 471 

different controls (Fig. 8, 9, 10). 472 

 473 

The presence of complicated variations in thickness, clast type and MTD style across the study area suggests 474 

that mass flows are likely to be both locally-derived (from the salt structures) and regionally-derived (from 475 

the shelf), and therefore MTDs are likely to be both allocyclically- and halokinetically-controlled (e.g., 476 

Moscardelli and Wood 2008; Doughty-Jones et al. 2019; Wu et al. 2020).  477 

 478 

DISCUSSION 479 

The discussion initially focusses on the Sollube basin, then compares the Sollube and Jata basins, before 480 

comparing our observations to similar depocenters developed in other salt-influenced basins.  481 

 482 

Sollube Basin architecture 483 

A 2D cross section through the Sollube basin is similar in size and geometry to subsurface minibasins (Fig. 484 

13) (e.g., Pratson and Ryan 1994; Booth et al. 2003; Madof et al. 2009). Therefore this rare, exhumed 485 

example of a halokinetically-influenced deep-water succession provides an excellent exposure of fine-scale 486 

minibasin depositional architecture, providing an analogue for subsurface minibasins. 487 

 488 

Facies and architecture distribution 489 

The Sollube basin is 8 km wide and confined to the east and west by the Guernica and Bakio structures 490 

respectively (Fig. 4) (e.g., Robles et al. 1998; Poprawski and Basile 2018). Repeated stratigraphy and facies 491 

distribution on either side of Cabo Matxitxako, the change in bedding angle between the LBF and UBF, 492 

and sedimentological evidence for syn-depositional topography support the presence of a broadly 493 

symmetrical basin confined by the Bakio and Guernica structures.  494 

 495 

Early stratigraphy within the siliciclastic fill of the Sollube basin is dominated by thin-bedded sandstones, 496 

with localised MTDs on the flanks (Fig. 8, 10, 13). As the basin developed, subsequent thicker-bedded 497 

sandstones representing channel-fills and lobes were deposited in topographic lows (basin axis), consistent 498 
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with subsurface analogues (e.g., Booth et al. 2003; Madof et al. 2009; Mayall et al. 2010; Doughty-Jones et 499 

al. 2017) and numerical models (e.g., Sylvester et al. 2015; Wang et al. 2017). Towards the flanks, the lower 500 

density parts of the flows responsible for the thick-bedded sandstones, may run up topography, depositing 501 

thinly-bedded sandstones. Therefore, allocyclically controlled, axially-derived, and often the thickest 502 

stratigraphy is observed in the axis of the minibasin. Halokinetically-controlled (e.g. MTDs) or -influenced 503 

(e.g. thickness variations) stratigraphy occurs towards the basin margins. These interpretations are 504 

consistent with subsurface studies (e.g., Doughty-Jones et al. 2017; Rodriguez et al. 2020; Wu et al. 2020). 505 

 506 

Oluboyo et al. (2014) suggest a fundamental control on the type of confinement developed is the incidence 507 

angle between the strike of the salt structure and the palaeoflow direction. ‘Fill-and-spill’ architecture is 508 

observed in deep-water environments where topographic highs strike perpendicular to the gravity-flow 509 

direction (i.e. at a high incidence angle) (e.g., Piper and Normark 1983; Prather et al. 2012; Soutter et al. 510 

2019).  This study documents a rare example of an exhumed halokinetically-influenced deep-water 511 

succession where paleoflow is at a low incidence angle to structural strike (i.e. oblique-parallel). In such 512 

scenarios, spill between basins is rare, and sedimentary systems are deflected to run broadly parallel to salt-513 

walls within minibasins for several kilometres (Fig. 13, 14, 15) (e.g., Oluboyo et al. 2014). The four-fold 514 

model of a confined basin-fill (Sinclair and Tomasso 2002 ) is not appropriate where paleoflow is oblique 515 

or parallel to salt structures, and there is a down-dip exit (i.e. not confined in all directions) . Our study 516 

indicates that the dominant style of interaction between gravity flows and topography is lateral confinement, 517 

with channels and lobes in the Sollube basin being thickest in the axis and elongated parallel to salt-518 

controlled basin margins (e.g., Booth et al. 2003; Wu et al. 2020). The presence of MTDs is somewhat 519 

overlooked in both the confinement model proposed by Oluboyo et al. (2014), and the earlier ‘fill-and-spill’ 520 

model (e.g., Winker 1996; Prather et al. 1998; Sinclair and Tomasso 2002). MTDs sourced from either up-521 

dip (i.e. extra-basinal; detached) or from local mass failures (i.e. intra-basinal; attached) related to growing 522 

salt structures, can generate additional syn-depositional relief and flow confinement (Fig. 14) (e.g., 523 

Moscardelli and Wood 2008; Rodriguez et al. 2020).  524 

 525 
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The hierarchical scheme for classifying deep-water systems developed in the Karoo basin (Prélat et al. 2009) 526 

is widely accepted, but must be used with caution, or be adapted for confined systems (e.g., Prélat et al. 527 

2010; Etienne et al. 2012; Marini et al. 2015) . Prélat et al. (2010) recognises that width: thickness ratios and 528 

areal extent: thickness ratios will be different for confined and unconfined systems. Width: thickness is 529 

100:1 in selected subsurface confined settings, compared to 1000:1 in unconfined settings and areal extent: 530 

maximum thickness is 30 times greater in unconfined systems compared to confined systems (Prélat et al. 531 

2010).  All examples used in Prélat et al. (2010) are from settings where palaeoflow is perpendicular (high 532 

angle) to topographic strike.  533 

In terms of areal extent, stratigraphy in the Sollube basin (~8 km wide) would be best classified as a lobe 534 

element (~5 km wide) using the Prélat et al. (2009) framework. However, in terms of thickness each 535 

lithostratigraphic unit observed at Cabo Matxitxako (18-124 m thick) (Fig. 10) would be classified as a lobe 536 

complex (~50 m thick). The width: thickness ratio of lobes within the Sollube basin is ~160:1 (taking an 537 

mid-point thickness of 53 m), in agreement with Prélat et al. (2010). This suggests similar basic geometries 538 

for confined lobes regardless of incidence angle between palaeoflow and topographic-strike.  539 

Confined lobe complexes are predicted to have smaller areal extents because radial spreading is minimal 540 

due to topographic confinement (e.g., Marini et al. 2015; Soutter et al. 2019). The ratio of axis to fringe 541 

deposition is likely to be increased in confined settings where flows stay turbulent for longer, flow 542 

deceleration is limited and development of a wide fringe is hindered due to presence of topography (e.g., 543 

Etienne et al. 2012; Soutter et al. 2019). The presence of thicker axial deposits due to confinement by 544 

topography, and less space for lateral lobe switching to occur, may make axis definition easier in confined 545 

setting, however this may change through time if topography is healed and depositional systems become 546 

less confined (e.g. Marini et al. 2015).  547 

 548 

This study supports recent work (e.g., Oluboyo et al. 2014; Rodgriguez et al. 2020) which suggest that 549 

elongate systems are common adjacent to topography, on all scales. This is in contrast with the roughly 550 

equant geometries predicted in unconfined systems (Prélat et al. 2009).  551 

 552 
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Multi-scalar analysis suggests all hierarchical elements would have greater lengths than widths, and lesser 553 

areal extents and greater thicknesses (lower aspect ratios) than unconfined settings when deposited adjacent 554 

to oblique-parallel topography (e.g., Booth et al. 2003; Oluboyo et al. 2014; Rodriguez et al. 2020).  555 

 556 

Axial system development  557 

The overall upward-thickening of beds and coarsening of grainsize from south to north at Cabo Matxitxako 558 

(Fig. 10) is associated with a transition in depositional environment from lobe distal fringe to channel-lobe 559 

transition zone (Fig. 10, 12). Coarsening- and thickening-upwards elsewhere is widely interpreted to 560 

represent progradation (e.g., Mutti 1974; Macdonald et al. 2011; Kane and Pontén 2012); however, they 561 

could also represent (a component of) lateral stacking of lobes (e.g., Prélat and Hodgson 2013).  562 

 563 

Throughout the Pyrenean, the BFG is interpreted to be controlled by allocyclic progradation (e.g., Robles 564 

et al. 1988; Agirrezabala and Bodego 2005), driven by increases in sediment supply following the uplift of 565 

the Landes Massif (e.g., García-Mondéjar et al. 1996; Martín-Chivelet et al. 2002; Puelles et al. 2014) and/or 566 

increased flow efficiency from confinement (Hodgson et al. 2016). This regional progradation, along with 567 

our field observations, provides compelling evidence that on a lobe-to-lobe complex scale, the stratigraphic 568 

architecture of the study area is primarily controlled by system progradation. Lateral switching may be 569 

reduced due to confining topography decreasing the amount of space available for switching to take place 570 

(e.g., Mayall et al. 2010; Oluboyo et al. 2014). 571 

By definition, only two lobe elements would be able to fit laterally within the Sollube basin during LBF 572 

deposition (Prélat et al. 2009), suggesting that due to confinement lateral stacking in our study area is only 573 

feasible at the bed-scale (Marini et al. 2015). The apparent retrogradation observed between CM5-7 could 574 

be a result of bed-lobe scale lateral shifting and compensational stacking modulating an otherwise 575 

progradational lobe complex (e.g., Gervais et al. 2006; Pickering and Bayliss 2009; Etienne et al. 2012; 576 

Morris et al. 2014).  577 

 578 

The lack of space for lateral stacking to occur suggests that lateral topography reduces flow loss to overspill 579 

and deceleration, and therefore the system remains turbulent for longer. This causes a basinward shift in 580 

https://www.cambridge.org/core/journals/geological-magazine/article/albian-syndepositional-block-rotation-and-its-geological-consequences-basquecantabrian-basin-western-pyrenees/CA9489FB3AF642C43AFF08385D86D092/core-reader#ref3
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deposition effectively acting to magnify the effects of progradation (e.g., Kneller and McCaffrey 1999; 581 

Talling et al. 2012; Patacci et al. 2014). This concept accounts for numerous, thick, high-density turbidites 582 

(LBF) within the axis of the Sollube basin; formed by gravity flows that were funnelled between the two 583 

structures (Fig. 13, 14C, 14F, 15) (e.g., Scott et al. 2010; Oluboyo et al. 2014; Counts and Amos 2016).  584 

 585 

Using observations from Bakio, a range of stacking patterns may form during progradation of a deep-water 586 

system in an unconfined, partially confined and dual-confined setting (Fig. 15). Unconfined fans have a 587 

higher aspect ratio, surface area and avulsion angle than confined systems as the ability of the flows to 588 

spread radially was not restricted by topography (Prélat et al. 2009; Spychala et al. 2017). Where only one 589 

lateral confinement is present deposits may be asymmetrical, as flows are confined by diapir topography in 590 

one direction but able to spread radially away from it, as is seen in the deposits of the Jata basin (Fig. 9) 591 

(Soutter et al. in review).  592 

In settings with lateral confinement, deep-water systems are elongated axially, sub-parallel with bounding 593 

relief (Fig. 13, 14, 15) (e.g. Oluboyo et al. 2014; Soutter et al. in review). Funnelling of axial gravity flows, 594 

and therefore bed amalgamation , is interpreted to be more enhanced where two salt structures are present, 595 

resulting in thicker deposits, but areally smaller depositional architectures than unconfined settings (e.g., 596 

Kneller and McCaffrey 1999; Patacci et al. 2014; Soutter et al. in review). 597 

 598 

Diapir growth is not continuous through time, and phases of rapid growth (e.g., Fig. 5; t2-t3, t5-t6) and 599 

quiescence (e.g., Fig. 15; t1, t4) (Hudec and Jackson 2007) cause destabilisation and remobilisation of the 600 

diapir roof, overburden or flank deposits (Fig. 8, 9, 10). This can drive re-routing of subsequent systems to 601 

avoid failure topography, potentially resulting in lateral or compensational stacking (e.g., Kane et al. 2012; 602 

Doughty-Jones et al. 2017; 2019; Rodriguez et al. 2018; 2020) (Fig. 9, 12F, 14E, 15). In fully confined 603 

settings, there is no space for rerouting and lateral MTDs could be amalgamated with, or eroded away by, 604 

flows depositing axial turbidity currents (Fig. 7C, 10, 12, 13, 14, 15).  605 

 606 

Active or Passive topography  607 
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The geometry and number of the MTDs, and thin-bedded sandstones that pinchout, is controlled by the 608 

presence of actively growing topography during LBF deposition. The absence of MTDs in the UBF suggest 609 

that diapir growth ceased following uplift of the Landes Massif (e.g., García-Mondéjar et al. 1996; Puelles 610 

et al. 2014).  611 

 612 

Following the cessation of diapir growth we infer an underfilled syncline remained due to remnant 613 

topography of the buried Bakio and Guernica structures, which appears to have constrained UBF 614 

deposition until it was filled (Fig. 3, 12G, 13). The LBF represents early stage ‘active’ deposition, perhaps 615 

comparable to syn-kinematic megasequences observed in the subsurface, whereas the UBF represents late 616 

stage ‘passive’ deposition, infilling antecedent topography, comparable to post-kinematic megasequences 617 

observed in the subsurface (e.g., Pratson and Ryan 1994; Warren 1999; 2006; Jackson and Hudec 2017). 618 

UBF deposits are less confined due to the lesser influence of salt-influenced topography during deposition, 619 

and therefore through time may evolve represent semi- or un-confined deep water systems, more capable 620 

of lateral stacking (e.g. Marini et al. 2015).  621 

 622 

Comparison of Sollube and Jata basins 623 

Different facies distributions on either side of the Bakio diapir varied during LBF times according to the 624 

degree of confinement and distance from diapir crest (Fig. 12, 13). Within the Bakio Breccia Formation, 625 

clast- and matrix-supported breccias are common in the Sollube and Jata basins respectively (Poprawski et 626 

al. 2016) suggesting minibasin individualisation is long-lived. The lack of confining topography to the west 627 

of the Jata basin may have caused flows to dilute, resulting in muddier, more-matrix rich breccias (e.g., 628 

Hampton 1972; Sohn et al. 2002; Baas et al. 2009).  629 

 630 

LBF stratigraphy in the Jata basin thin towards the Bakio diapir (Fig. 11D) showing more evidence for 631 

topography than comparable strata in the Sollube basin, supporting the idea that halokinetic deformation 632 

is greatest closest to salt structures (e.g., Giles and Lawton 2002; Giles and Rowan 2012). Richness in 633 

limestone clasts in LBF MTDs in the Jata Basin (Fig. 9C, Table 3) could indicate asymmetric build up and 634 

failure of the carbonate platform above the Bakio diapir, preferentially filling the Jata basin (e.g., Rosales 635 
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and Pérez-García 2010; Li et al. 2012). The presence of a multitude of different clast types in the Jata basin 636 

(Table 3; Fig. 9) could suggest different depositional routing relative to the Sollube basin, possibly due to 637 

the presence of salt topography causing different source areas to be tapped (e.g., Mayall et al. 2010; Oluboyo 638 

et al. 2014).  639 

 640 

Another key difference is the architecture of thick-bedded sandstones. In the Jata basin, individual 641 

depositional elements are often concave-up, thinner, and show more tractional structures (e.g. ripple and 642 

planar lamination) than those in the Sollube basin. Where lateral confinement occurs along one margin 643 

sandstones could represent sinuous low-relief channel-fills that ran sub-parallel to topography (e.g., Mayall 644 

et al. 2010; Oluboyo et al. 2014). They are able to spread laterally and migrate because are only partially 645 

unconfined (e.g., Mayall et al. 2010; Oluboyo et al. 2014). Such systems are less modulated by halokinetic 646 

controls than those that develop under dual-lateral confinement (e.g., Oluboyo et al. 2014; Rodriguez et al. 647 

2020). Subsurface observations indicate that channels migrate away from growing structures (e.g., Mayall et 648 

al. 2010; Kane et al. 2012), however, those at Bakio West Bay appear to step towards the diapir in 2D (Fig. 649 

6F, 7B). This could indicate that structural growth had reduced (Kane et al. 2012) and localised halokinetic 650 

controls on deposition below seismic resolution. Alternatively, the MTDs underlying the thick-bedded 651 

sandstones could form pathways that controlled sandstone deposition, and therefore the apparent 652 

movement towards the diapir was in fact controlled by the deep-water systems infilling debrite-related 653 

paleotopography (e.g. Armitage et al. 2009). However, deciphering detailing interpretations of 3D sinuous 654 

channels from 2D exposure remains challenging.  655 

 656 

The Jata and Sollube basins have unique tectono-stratigraphic histories throughout the deposition of the 657 

BBF and LBF due to the interplay of halokinetic, allocyclic, and autocyclic controls. Inaccessible UBF 658 

stratigraphy to the west of Bakio (Fig. 11D) from UAV photographs appears to exhibit similar facies and 659 

geometries to UBF stratigraphy at northern Cabo Matxitxako (e.g., Vincente Bravo and Robles 1991; 1995) 660 

(Fig. 10) suggesting that halokinetic-influence decreased through time. This supports the idea that sediment 661 

accumulation rate ultimately outpaced diapir growth rate, possibly due to the increase in sediment supply 662 

associated with the uplift and erosion of the Landes Massif (e.g., Martín-Chivelet et al. 2002; Puelles et al. 663 
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2014).  Partial or complete welding of salt bodies could also be, at least partially, responsible for the 664 

reduction of halokinetic-influence through time (e.g., Jackson and Hudec 2017).   665 

Comparison to other settings 666 

Recognition of halokinetically-influenced stratigraphy in the field 667 

Prior to this study, most understanding of halokinetically-influenced deep-water systems came from 668 

subsurface datasets (e.g., Booth et al. 2003; Madof et al. 2009; Carruthers et al. 2013; Doughty-Jones et al. 669 

2017). Features characterising deposition in halokinetic settings include: multi-scalar thinning and onlap, 670 

growth faulting, pebble conglomerates, mixed siliciclastic-carbonate lithologies, MTDs, variable 671 

paleocurrents, angular unconformities and abrupt facies variability (e.g., Dalgarno and Johnson 1968; 672 

Dyson 1999; Kernen et al. 2012; 2018; Carruthers et al. 2013; Counts and Amos 2015; Counts et al. 2019).  673 

Deposition of thick-bedded sandstones in the axis of the Sollube basin, and thinner beds and mudstones 674 

on the flanks of the Sollube and Jata basins is comparable to fluvial facies distribution (e.g. Banham and 675 

Mountney 2013a; b; 2014; Ribes et al. 2015) where channel-fill sandstones dominate axial settings and 676 

floodplain mudstones are observed closer to the diapir.  677 

 678 

Individual beds within the BBF (Poprawski et al. 2014; 2016) are comparable in size (10-100’s m packages) 679 

and composition to stacked MTDs reported overlying bounding unconformities in halokinetic sequences 680 

in the La Popa Basin (10-120 m in thickness) (e.g., Giles and Lawton 2002) associated with remobilization 681 

of diapir roof or cap rock. Smaller carbonate breccias with triangular geometries (metre-scale packages) 682 

(Fig. 7E) are similar in geometry and composition as ‘Lentils’ (1-100’s m thick) described by McBride et al. 683 

(1974), but differ in thickness and areal extent. Giles and Lawton (2002) suggest lentils, MTDs and breccias 684 

represent talus-like failure from diapir roof stratigraphy (e.g., Rosales and Pérez-García 2010; Poprawski et 685 

al. 2014; 2016).  686 

 687 

Presence of evaporite clasts within fluvial successions (e.g., Banham and Mountney 2013; Ribes et al. 2015), 688 

suggest nearby diapir was exposure during deposition. Such clasts are not observed in our study area, 689 

suggesting the Bakio and Guernica structures never breached the seabed. This fits the interpretation of 690 
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carbonate platform growth above the structures, preventing salt exposure (e.g., García-Mondéjar 1990; 691 

Rosales and Pérez-García 2010; Poprawski et al. 2014; 2016).  692 

 693 

The consistency of our observations and previously described halokinetically-influenced settings suggests 694 

that the criteria for recognising halokinetically-influenced systems is similar regardless of depositional 695 

environment, suggesting halokinetic controls are dominant over allocyclic ones. Multiple directions of 696 

ripple lamination, presence of hybrid beds,  range ofMTD types, and abrupt juxtaposition of deep-water 697 

depositional facies, can be used to identify halokinetically-influenced deep-water systems in core and 698 

outcrop.  699 

 700 

Comparison of static and active confinement  701 

 702 

The gravity flows responsible for the Eocene to Oligocene Annot Sandstone, SE France were confined 703 

during deposition by Alpine fold and thrust belt topography (e.g., Apps 1987; Sinclair 1994; Soutter et al. 704 

2019). When compared with active topography associated with diapir growth, the topography associated 705 

with orogenic deformation is effectively static.  706 

 707 

Like the BFG, the stratigraphy of the Grès d’Annot is broadly progradational, and rapid facies changes 708 

occur over 10’s of metres towards pinch-outs (Soutter et al. 2019). Unlike Bakio, where paleoflow was at a 709 

low angle to structural trend, sub-basins in the Annot area are eventually filled and sediment bypasses and 710 

spilled into subsequent down-dip basins (e.g., Prather et al. 2012; Soutter et al. 2019) indicating that 711 

paleoflow was perpendicular to at least one of the complex structural trends (Oluboyo et al. 2014). 712 

Nevertheless and similar to Bakio, interplaying axial and traverse sediment routing systems were coeval 713 

during deposition (Salles et al. 2014) (Fig. 12, 13, 14, 15).  714 

 715 

MTDs in the Grès d’Annot are slope-derived and infrequent compare with this study area, which are 716 

sourced laterally from failures of stratigraphy above salt structures that are intercalated with axially-derived 717 

deep-water deposits (Fig. 12, 13, 14, 15). A reflection of a more active-slope in diapiric settings. 718 
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 719 

The stratigraphy in this study is characterised by an axial deep-water depositional system and a series of 720 

lateral systems dominated by MTDs fed from the growing salt structures. This interplay of two distinct 721 

depositional systems is common in deep water environments influenced by active rift topography, such as 722 

the Gulf of Corinth, Greece (e.g., Leeder and Gawthorpe 1987; Pechlivanidou et al. 2018; Cullen et al. 723 

2019) and the Gulf of Suez, Egypt (e.g., Sharp et al. 2002; Jackson et al. 2002; 2005; Leppard et al. 2006). 724 

Here the continually evolving footwall scarps feeding lateral MTD rich systems coevally with axial, 725 

allocyclically controlled depositional systems. Deposits in syn-rift settings are often narrow and elongated 726 

parallel to the strike of normal fault segments (e.g., Carr et al. 2003; Jackson et al. 2005; Cullen et al. 2019), 727 

indicating the control on stratigraphic architecture by footwall physiography. Analogous depositional facies 728 

variability occurs due to salt structure evolution in halokinetically-influenced settings.  729 

 730 

CONCLUSION 731 

This study documents deep-water facies distributions, with variable amounts of topographic confinement, 732 

adjacent to growing salt structures from a rare exposed example. We compare observations from two 733 

minibasins, a confined (Sollube) and a partially confined (Jata), which are comparable in size and facies 734 

heterogeneity to known subsurface minibasins in salt provinces globally.  735 

 736 

Stratigraphic variability and juxtaposition of architectural elements between the Jata and Sollube basins is 737 

high and controlled by the interplay of halokinetic, autocyclic and allocyclic processes. The low angle 738 

between the paleoflow and strike direction of salt structures result in the depositional system being focussed 739 

between two salt structures in the Sollube basin, and against one salt structure in the Jata basin, but with 740 

not evidence of a downdip flow confinement. Confinement against topography increases the effects of 741 

allocyclic progradation. Failure of carbonate platforms developed above the crests of the active Bakio diapir 742 

and Guernica structure created lateral MTDs in the flanking basins. The MTDs formed local topography 743 

further constraining axial depositional systems. MTDs can also be sourced axially from up-dip failures on 744 

the shelf, and the different compositions of MTDs ratifies that the Jata and Sollube basins are differently 745 

influenced.   746 
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 747 

Indicators of active topography include hybrid beds, remobilised strata, lateral thickness changes over short 748 

distances, reversal in ripple cross-laminating within beds and intercalation of MTDs throughout the 749 

stratigraphy. These indicators are not diagnostic of salt-influenced topography, but collectively provide a 750 

set of features that support interpretation of halokinetic modulation of a deepwater setting. Following the 751 

cessation of diapir growth, topography does not heal instantly and the ‘passive’ paleotopography continues 752 

to confine subsequent depositional systems despite diapir inactivity.  753 

 754 

Closely related depositional systems can be highly variable depending on their complete or partial 755 

confinement. Stacked, amalgamated sandstones are observed between the confining barriers in the Sollube 756 

basin, whereas more variable architectures are observed in the Jata basin where only partial confinement is 757 

present. These observations are due to the modulation of a broadly progradational system by 758 

halokinetically-influenced laterally barriers and the coeval development of axial allocyclic and lateral MTD-759 

rich depositional systems.  760 

 761 

Utilising outcrop analogues combined with a good regional understanding of source area and salt movement 762 

and extracting learnings from depositional analogues are advised when exploring in the salt-sediment 763 

interface for carbon storage, geothermal or hydrocarbon reservoir targets. 764 
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 1327 

 1328 

FIGURE CAPTIONS 1329 

Figure 1: Sketch summarising the structural controls, with respect to gravity-driven processes, on 1330 

depositional systems from the shelf to basin floor. Note the complex and sinuous paths taken by slope 1331 

channels around salt structures (Modified from Mayall et al. 2010). 1332 

 1333 

Figure 2: Simplified geological map, stratigraphy and cross-section of the Basque-Cantabrian Basin 1334 

(BCB), highlighting numerous present day surface exposures of NE-SW orientated diapirs (including the 1335 

Bakio diapir, the focus of this study), commonly flanked by Cretaceous strata. The inset map shows the 1336 

location of the BCB in northern Spain. Line A-A’ locates cross section and line B-B’ locates Figure 4. 1337 

Black box locates Figure 3. Stratigraphy indicates mega sequences that can be used to group basin fill 1338 

(after Ábalos 2016). Cross-section is modified from Poprawski et al. 2016.  1339 

 1340 

Figure 3: A) Geological map and B) stratigraphic column for the study area. A) Compiled from Espejo 1341 

and Pastor (1973), Espejo (1973), Garrote-Ruiz et al. (1991, 1992, 1993a &b), Pujalte et al. (1986), García-1342 

Mondéjar and Robador (1987), Robles et al. (1988, 1989), Vicente Bravo and Robles (1991a; 1991b), 1343 

Poprawski et al. (2014; 2016), Ábalos (2016) and fieldwork observations. Lateral facies changes in 1344 

carbonates around the salt outcrops at Guernica are modified from  García-Mondéjar and Robador 1345 

(1987). Located in Figure 2. The Guernica structure has been weathered away and forms a present-day 1346 

estuary. Green lines show locations of stratigraphic logs shown in succeeding figures, dashed lines 1347 

indicate missing section. B) Abbreviations for stratigraphic units are shown in ( ) and formation names of 1348 

Poprawski et al. (2014; 2016), where they differ from those used in this study, are shown in [ ].  Numbers 1349 

adjacent to stratigraphy refer to regional sequences of Agirrezabala and López-Horgue (2017), based on 1350 

biostratigraphy.  Line of section is shown for Figure 4, for full extent see Figure 2. 1351 
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 1352 

Figure 4: Schematic structural-stratigraphic cross section through the Bakio and Guernica diapirs. Full 1353 

extent is located using B-B’ on Figure 2, partial extent also shown on Figure 3. The section combines 1354 

Poprawski and Basile (2018), Robles et al (1988), field observations and publically available vintage 1355 

onshore seismic lines from IGME. Facies are indicated where known or inferred from literature, but are 1356 

left blank where they cannot be inferred. 2 times vertical exaggeration for clarity.  1357 

 1358 

Figure 5: Siliciclastic facies photographs. Yellow arrow indicates way up. Peach outline highlights scale, 1359 

either lens cap (52 mm), or indicated. A) Granular-cobbly laterally extensive sandstone thick beds. B) 1360 

Granular-cobbly sandstone with medium-thickness beds exhibiting lateral facies variations. C) Stacked, 1361 

amalgamated thick-bedded sandstones. D) Medium-bedded sandstones interspersed with mudstones and 1362 

poorly-sorted mudstones and sandstones. E) Thin-bedded sandstone showing ripples, planar lamination 1363 

and loading. F) Succession of stacked thin-bedded sandstones. G) Siltstone and very-thin bedded 1364 

sandstones, phosphate nodules are common in this facies. H) Mudstone with occasional, rare drapes of 1365 

siltstone. I) Poorly-sorted mudstone, foundered into by a thick bedded sandstone. J) Poorly-sorted muddy 1366 

sandstone, containing sporadic granules and raft blocks. K) Chaotic clast-rich matrix-supported deposit 1367 

encased between units of thin-medium bedded sandstones. L) Tri-partite bed consisting of lower medium-1368 

bedded sandstone with weak cross-lamination, middle poorly-sorted mudstone and upper poorly-sorted 1369 

sandstone. M) Bi-partite bed consisting of lower thick-bedded sandstone which becomes mud-clast rich 1370 

upwards overlain by a poorly-sorted mudstone above. 1371 

 1372 

Figure 6: Type examples of the seven documented facies associations within this study (Table 3). A) Thick-1373 

bedded sandstones of lobe-axis. B) Interbedded sandstones and mudstones of lobe off-axis. C)  Thin 1374 

bedded sandstones interbedded with mudstones of the proximal fringe. D) Mudstones and very thin bedded 1375 

sandstones and siltstones of distal fringe. E) Thick-bedded granular sandstones of channel-lobe transition 1376 

zone. F) Sandstones and poorly sorted mudstones of channel-axis. F) Thin bedded sandstones interbedded 1377 

with mudstones of the channel axis. Peach highlights scale, either lens cap (52 mm), or indicated. Black 1378 

arrow points to the north and Yellow shows way up. 1379 
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 1380 

Figure 7: Photographs showcasing the variety of geometries observed in the study area. North indicated. 1381 

Peach highlights scale. A) Tabular bedded B) Concave upward, white lines highlight individual architectural 1382 

elements C) Pinching-out upslope, black lines highlight pinch-out geometry D) Convex upwards, white 1383 

lines highlight each element E) Pinching-out downslope, white lines outline triangular geometries and white 1384 

arrows indicate onlap (also in 5C). F) Undulose G) Tabular amalgamated beds, white lines outline individual 1385 

beds. 1386 

 1387 

Figure 8: Sedimentological log through the Black Flysch Group at Gaztelugatxe Island. Located in Figure 1388 

3. Transects of individual logs are separated by missing sections as highlighted, and are therefore not 1389 

continuous. Similar sedimentary facies on either side of the fault suggest GX 3 continues on both sides of 1390 

the structure, and the structure is minor. Key for all logs shown. Thicknesses are in metres. GX # relate to 1391 

stratigraphic units discussed in text. Pie chart shows MTD data divided by predominant clast type and MTD 1392 

type (Table 2), relative proportions of all MTDs at this section and average thickness of each type is shown. 1393 

 1394 

Figure 9: Large-scale channelized architectures and facies variability at Bakio West Bay, located on Figure 1395 

3. A and B are stratigraphic logs, which are located on D and blown up for clarity. Thickness is in metres. 1396 

Key on Figure 8. BW # refers to stratigraphic unit discussed in text. Dashed line between logs show 1397 

correlation. C) Pie chart shows MTD data divided by predominant clast type and MTD type (Table 2), 1398 

relative proportions of all MTDs at this section and average thickness of each type is shown. D) Un-1399 

interpreted and E) Interpreted large scale architectures and facies details at Bakio West Bay. Unconformities 1400 

are from Poprawski et al. 2014, and are highlighted in red where they divide packages of stratigraphy. U4 1401 

of Poprawski et al. (2014) is not laterally extensive and appears to represent an isolated, erosionally based 1402 

depositional element (Fig. 9E). Based on these observations and the presence of channel axis facies 1403 

associations we suggest U4 represents the base of a channel cut and not a halokinetic angular unconformity 1404 

(sensu Giles and Rowan 2012). Black box on photograph locates channel axis facies association (Fig. 5F). F) 1405 

Clasts of Gaztelugatxe Limestone which form out-runner blocks and act as sea floor topography. 1406 

 1407 
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Figure 10: Sedimentary log through Cabo Matxitxako Beach. Located on Figure 3. Missing sections are 1408 

indicated, thickness is in metres. Key for all logs is provided in Figure 8. CM # indicate stratigraphic units 1409 

discussed in text. Roughly 500 m of missing section separates South and North Cabo Matxitxako. Pie chart 1410 

shows MTD data divided by predominant clast type and MTD type (Table 2), relative proportions of all 1411 

MTDs at this section and average thickness of each type is shown. 1412 

 1413 

Figure 11: Evidence for topography and palaeoflow direction, black arrow shows orientation and peach 1414 

indicates scale, lens cap is 52mm. A) Rose diagram for 284 palaeocurrent indicators (ripples, sole marks, 1415 

cross-stratification) from the Black Flysch Group. Readings have been corrected for tectonic tilt, yellow 1416 

arrow indicates dominant palaeoflow direction, some radial spread due to ripple reflection. Grey arrows 1417 

indicate regional (to the south) and local (to the west) palaeoflow directions, discussed in text.  B) Evidence 1418 

for opposing direction ripples suggesting ripple reflection. C) Triassic-aged Keuper Group outcrop of clays, 1419 

carbonate and gypsum at Bakio Beach thought to be part of the Bakio diapir. D) Halokinetic sequence 1420 

associated with the western flank of the Bakio diapir, HS = Halokinetic sequence. E) Onlap of lowermost 1421 

Black Flysch Group thin-bedded turbidites onto a Gaztelugatxe Limestone clast on the eastern flank of the 1422 

diapir. F) High density turbidite terminating against a block of Gaztelugatxe Limestone within HS 3. 1423 

 1424 

Figure 12: Schematic depositional models showing the geological evolution of the system through time, 1425 

specifically detailing deep-water sub-environments and their interactions with salt induced topography. 1426 

Black line on top of each model outlines present day coastline. Bakio and Guernica structures are indicated. 1427 

Guernica salt body geometry is hypothetic. Extrapolations between localities are based on topography, 1428 

outcrop pattern and UAV imagery, A-C are after Poprawski et al. 2014, D-G are based on this study, 1429 

location of stratigraphic units discussed in text (e.g. GX1, CM1) are shown. A-G are schematic with 1430 

dimensions indicated in A.  H is present day and to scale based on Figure 3 and Figure 5, with two times 1431 

vertical exaggeration, representing post Cretaceous inversion, uplift and erosion. 1432 

 1433 

Figure 13: Schematic deep-water facies and architectural elements observed on both flanks of the Bakio 1434 

diapir showing the sub-seismic scale heterogeneity that can be associated with these systems and diapir 1435 
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flank plays. Section is vertically exaggerated twice. Sollube and Jata Basins are indicated.  Note change in 1436 

orientation at the Bakio diapir. 1437 

 1438 

Figure 14: Comparison between unconfined and confined lobe sub-environments (A-C) and progradation 1439 

style within these settings (D-F). A and B compare the nomenclature of sub-environments of Spychala et 1440 

al. (2017) and Soutter et al. (2019) from the Karoo and Annot basins respectively. Confined systems are 1441 

smaller, more elongate and have more frequent hybrid beds. C shows how active topography would modify 1442 

the model proposed by Soutter et al. (2019). One salt body has a carbonate roof and one a siliciclastic roof 1443 

purely for clarity. D shows compensational stacking occurring during system progradation. E shows how 1444 

progradation may be accelerated by parallel topography, based on flume tank experiments by Soutter et al. 1445 

2019b and the western flank of the Bakio diapir. F shows how progradation is further accelerated as gravity 1446 

flow deposits are funnelled through dual- confinement. Both clastic and carbonate failures are shown on E 1447 

and F to indicate diapiric influence on axial deposition. LDT: low-density turbidite, HB: Hybrid Bed, MDT: 1448 

medium-density turbidite, HDT: high-density turbidite. 1449 

 1450 

Figure 15: Thought experiment comparing the effects of variable topography in deep marine system 1451 

evolution. Unconfined settings, partially confined systems and confined systems are compared. Unconfined 1452 

settings are based on Prélat et al. 2009 and Sphycala et al. 2017. One structural barrier is based on the Jata 1453 

basin and Soutter et al. in prep. Two salt barriers based on Sollube basin. Upper image indicates schematic 1454 

map section. Black line shows line of section shown in chronostratigraphy and lithostratigraphy. 1455 

Chronostratigraphy shows deposition during time step (t1-6). Lithostratigraphy shows how deposits relate 1456 

to topography and previous deposits. Key is the same as Figure 14. Arrows on salt structures indicate 1457 

periods of salt rise, lack of arrows suggest relative quiescence. No scale implied. 1458 

 1459 

TABLE CAPTIONS 1460 



54 

 

Table 1: Carbonate facies table detailing the major observations of the six facies which comprise the early 1461 

Albian Bakio Marls and early Middle Albian Bakio Breccias formation. Yellow arrow indicates way up. 1462 

Peach outline highlights scale, either lens cap (52 mm) or indicated. 1463 

 1464 

Table 2: Siliciclastic facies table detailing the 10 facies that comprise the Black Flysch Group. 1465 

 1466 
Table 3: Facies association table detailing the assemblages that comprise the Black Flysch Group. 1467 

 1468 

Table 4: Table describing geometrical configurations observed within the Black Flysch Group. 1469 

 1470 
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Table 1: Carbonate facies table detailing the major observations of the six facies which comprise the early Albian Bakio Marls 
and early Middle Albian Bakio Breccias formation. Yellow arrow indicates way up. Peach outline highlights scale, either lens cap 
(52 mm) or indicated. 

Photograph and name 
 

Observations Interpretations 

 
Thin bedded calcareous sandstone 

0.01-0.1 m thick beds of 
bioclastic (corals and shell 
fragments) very fine-fine 
grained sandstones.  
Commonly normally graded 
with flat tops and flat bases. 
Weak planar, ripple and 
convolute lamination. 
 
 

Low-density 
calciturbidites:  
Thin-bedded structured 
sandstones deposited from 
dilute turbidity currents. 
 

 
Medium bedded calcareous sandstone 

0.1-0.3 m thick very fine-
medium grained normally-
graded sandstones, with flat 
bases and flat tops.  
Planar, ripple and convolute 
lamination observed.  
Mud clasts and intense 
dewatering also present.  
  
 
 

Medium-high density 
turbidites: 
Presence of tractional 
structures suggests 
deposition from a dilute 
turbidity current. 
High mud clast percentage 
could suggest imminent flow 
transformation (Barker et al. 
2008). 
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Limestone breccia  

10+ m thick beds of matrix- 
or clast- supported 
limestone breccia, with 
erosive bases and undulating 
tops.  
Poorly-sorted beds 
consisting of sub-angular – 
angular limestone mega-
clasts, which can be 
normally-, inversely- or non-
graded.  
Mega-clasts commonly 
contain entire rudists and 
fragmented corals.  

Mass transport complex: 
Poorly-sorted clasts suggest 
deposition from ‘flow 
freezing’ of a flow with yield 
strength (Inverson et al. 
2010).  
Limestone clasts are similar 
in composition to the 
Gaztelugatxe Limestone, 
suggesting it is their source 
(Poprawski et al. 2014; 2016). 

 
Fossiliferous poorly-sorted carbonate 
mudstone 

0.03 – 0.2 m thick poorly-
sorted, non-graded 
carbonate mudstone with 
fossil fragments.  
Beds are laterally- 
discontinuous, with 
undulose, gradational beds 
and tops.  
Cm to dm sized bioclasts of 
urchins, brachiopods, 
bryozoans bivalves, corals, 
crinoid stems and rarer 
mollusc shell fragments.  

Debris flow: 
Fragmented bioclasts, poor-
sorting and undulose 
contacts (Nardin et al. 1979). 
Fossils are fragmented 
indicating reworking, but are 
not lithified indicating direct 
reworking from an active 
platform or reef.  

 
Clast rich poorly-sorted carbonate mudstone 

0.1 – 1+ m thick poorly-
sorted beds with angular 
limestone clasts within a 
mud-silt matrix.  
Clasts can be cm-m scale, 
generally 1-12 cm, and are 
rich in mollusc fragments. 
Rare lithics and organics are 
observed.  
Undulose tops reflect clast 
topography and bases are 
flat, weakly-erosive or 
undulose.  
Weak normal-grading and 
rarer reverse-grading are 
observed.  

Carbonate clast-rich 
debrites: 
Poor-sorting and large clast 
size indicates en-masse 
deposition from a laminar 
flow (Nardin et al. 1979; 
Inverson 1997; Sohn 2000) 
Weak normal-grading 
suggests some turbulence 
was influencing the flow. 
Clast angularity suggests 
close proximity to source 
area.  
Lack of unconsolidated fossil 
debris suggests lithification 
has occurred before 
reworking into the flow. 
 



 
Remobilised carbonates 

5+ m thick packages 
consisting of a combination 
of the above facies that have 
been slightly remobilised 
but maintain bedding 
planes.  
Contacts are erosive, 
scalloped or smooth and 
underlying mudstone units 
often appear sheared. 
Convolute lamination and 
soft sediment deformation 
are present.  

Slide deposits: 
The remobilization, but 
maintenance of individual 
bedding planes and sheared 
basal contacts indicates these 
are slide deposits. 
Lack of internal deformation 
suggest these deposits have 
been remobilised post 
lithification, conceivably due 
to halokinetic movements 
(Ferrer et al. 2014; Poprawski 
et al. 2016).  

 



Table 1: Siliciclastic facies table detailing the 10 facies that comprise the Black Flysch Group. 

Facies name Description Interpretation 

Granular-cobbly 
sandstones  
 

0.1-1.5+ m thick beds of granular-cobble 
sandstones (Fig. 5A, B), with sub-angular 
(Fig. 5B) to well-rounded, moderately-
sorted clasts. Weak cross-stratification (Fig. 
5A), pebble imbrication, amalgamation, 
mud-clasts and erosional surfaces (Fig. 5A, 
B) are observed. Dish structuration is 
pervasive (Fig. 5A). 

High density turbidites: 
The coarse grain-size, thick beds and 
amalgamation surfaces suggest 
deposition from a highly concentrated 
turbulent flow, indicating these beds are 
turbidites. Weak stratification indicates 
traction carpet deposition (Lowe 1982) 
suggesting high density turbidites. 
 

Thick-bedded 
sandstones  
 

0.5 – 1+ m thick beds of very-fine to coarse 
grained normally-graded sandstones, which 
lack primary depositional structures and are 
commonly dewatered (Fig. 5C). Bases can 
be sharp, erosional, stepped or 
amalgamated, commonly along a mudstone 
amalgamation surface with a subtle grain-
size break (Fig. 5C), and tops are often flat. 
Plane parallel laminations, mud-clasts and 
soft sediment deformation are occasionally 
observed. 

High density turbidites: 
The general massive structuration of 
these deposits suggests that they 
represent rapid aggradation beneath a 
highly concentrated flow (Lowe 1982).   
 

Medium-bedded 
sandstones 
 

0.1-0.5 m thick beds of very fine-medium 
grained, normally-graded sandstones. Beds 
are rich in tractional structures, particularly 
plane parallel laminations (Fig. 5D).  Ripple 
laminations are observed in bed tops and 
beds are more frequently structureless 
towards bases. Bed bases are flat with tool 
marks or loaded and tops are flat or 
convolute and often rich in mud-clasts (Fig. 
5D). Occasionally amalgamated. 

Medium-density turbidites: 
Based on their tractional structures and 
normal grading, beds of this lithofacies 
are interpreted as deposition from a 
dilute turbidity current. These beds are 
interpreted as medium-density turbidites 
due to their bed thickness and common 
lack of structures in the lower part of the 
bed.  

Thin-bedded 
sandstones  
 

0.01 – 0.1 m thick beds of very fine-fine, 
normally-graded sandstones. Rich in 
tractional structures, particularly plane 
parallel laminations (Fig. 5E, F). Banding on 
a sub-cm scale (Fig. 5E, F) and convolute 
lamination are common. Bases are flat (Fig. 
5F), undulose, loaded (Fig. 5E, F) or weakly 
erosive and tops are flat to undulose and 
rich in mud-clasts. Starved, climbing and 
opposing palaeoflow ripples are observed 
(Fig. 5E).  
 

Low-density turbidites: 
Tractional structures and normal grading 
indicate deposition from a dilute 
turbidity current and are therefore 
interpreted as low-density turbidites. 
Common banding may reflect some 
periodic suppression of turbulence 
associated with flow deceleration or 
increased concentration (Lowe and Guy 
2000; Barker et al. 2008). Ripples with 
opposing palaeoflow suggests 
topographic interference. 
 

Siltstone and very 
thin bedded 
sandstones 
 

Packages of 0.1 m composed of individual 
fine siltstone to fine sandstone events less 
than 0.01m. Beds form discontinuous 
drapes within mudstone (Fig. 5G), with flat 
bases and flat tops. Parallel and ripple 
laminations and diagenetic phosphate 
nodules are observed (Fig. 5G). 
 

Low-density turbidites: 
Fine grain-size and thin bed thickness 
suggest this unit represents deposition 
from dilute turbidity currents (Boulesteix 
et al. 2019), representing lower energy 
conditions than thin-bedded sandstones.  
 

Mudstone  0.01 -5 m thick mudstone – fine siltstone 
beds of carbonate or siliciclastic mudstone 
(Fig. 5H). Weakly planar laminated, friable 
packages (Fig. 5H) with drapes and 
discontinuous lenses of siltstone (Fig. 5H). 
Nereites bioturbation and diagenetic 

Background sedimentation: 
Fine grain-size indicates low-energy 
conditions, representative of background 
sedimentation via suspension fallout. 
Discontinuous siltstones suggest 
laminations may be present below the 
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spherical cm-scale phosphate nodules 
present.  
 

scale visible in outcrop, representing 
deposition from a dilute turbidity current 
(Boulesteix et al. 2019).  
 

Poorly-sorted 
mudstone 
 

0.1 – 1+ m thick siltstone- fine sandstone 
rich mudstones (Fig. 5I). Poorly-sorted, 
matrix-supported, clast-rich deposit with 
starry night texture. Granules, organic 
fragments, mud-clasts and rare shelly 
fragments present, often with subtle 
alignment. Bases are flat or undulose, tops 
flat or loaded (Fig. 5I). 
 

Mud-rich debrites: 
The poorly-sorted matrix and clast-rich 
nature indicates en masse deposition 
from a laminar flow (Nardin et al. 1979).  
 

Poorly-sorted muddy 
sandstone 
 

0.1 -1+ m thick, mud-rich poorly-sorted 
matrix-supported, fine-medium sandstones 
with starry night texture (Fig. 5J). Organised 
mudstone clasts and sporadic granules- 
pebbles are observed. Flat-undulose tops 
and flat-graded base are common (Fig. 5J). 
Rare normal-grading and grain-size 
segregation and infrequent sheared layers 
present.  
 

Sand-rich debrites: 
En-masse deposition from a laminar flow 
(Nardin et al. 1979; Inverson 1997; Sohn 
2000). Weak normal-grading suggests 
some turbulence was influencing the 
flow and therefore deposition from a 
transitional flow regime is interpreted 
(Baas et al. 2009; 2013; Sumner et al. 
2013).  
 

Chaotic clast-rich 
matrix supported 
deposit 
 

0.5 –3 m thick, poorly-sorted deposit with a 
poorly-sorted matrix of mudstone-fine 
sandstone. Clasts include: cm-m scale 
sandstone balls (Fig. 5K), showing internal 
lamination and soft sediment deformation, 
dm – m scale sandstone and heterolithic 
sub-angular rafts, deformed siderite 
nodules, limestone clasts, gastropod and 
sponge fragments, mud- clasts and 
phosphate nodules. Beds are flat-topped 
and bases are weakly-loaded (Fig. 5K). 

Mega-debrites: 
The poorly-sorted matrix and large clast 
size are suggestive of ‘flow freezing’ 
indicating deposition in a debris flow 
regime (Inverson et al. 2010). These 
deposits are interpreted as mega-debrites 
due to their large clast size (rafts) 
suggesting they are derived from 
localised mass failure.   

Bi or tri-partite beds 0.1 – 1.5 m thick beds that contain multiple 
parts (Fig. 5L, M). Typically consisting of a 
lower fine -medium sandstone (division 1) 
overlain by a poorly-sorted, muddy 
siltstone-sandstone (division 2) with a flat- 
slightly undulose base (Fig. 5L, M). Division 
3 is sometimes present, consisting of cleaner 
siltstone or fine grained sandstone loaded 
into division 2 (Fig. 5L). Division 1 can 
contain planar laminations and weak cross-
stratification (Fig. 5L) but is often massive 
with sporadic-slightly organised mud clasts 
(Fig. 5M). Division 2 is organic-rich, highly 
deformed and can contain sporadic granules 
or pebbles (Fig. 5L, M). ‘Starry night’ 
texture is observed in this division. Division 
3 is more frequently planar laminated than 
division 1 but can be highly chaotic (Fig. 
5L).  
 

Hybrid-beds: 
Tractional structures in division 1 and 3 
suggest these deposits formed under 
turbulent flows. Starry night texture, 
poor-sorting and mud content suggest 
that division 2 was deposited under 
transitional-laminar flow regime 
(Haughton et al. 2009).  
Flow transformation from turbiditic to 
laminar can occur through flow 
decelerations (Barker et al. 2008; Patacci 
et al. 2014) or by an increase in 
concentration of fines during flow run-
out (Kane et al. 2017).  
 

 
 



 

Table 1: Facies association table detailing the assemblages that comprise the Black Flysch Group 

Facies 
association 
name 

Description Interpretation Architecture (Table 4; Fig. 
7) 

Lobe-axis 
 

Dominantly thick-bedded sandstones (Fig. 6, 7C) with 
sub-ordinate medium-bedded (Fig. 5D), thin-bedded  
(Fig. 5E, F) and  granular-cobbly sandstones (Fig. 6). Beds 
are often massive and amalgamated (Fig. 6) with pervasive 
dewatering, frequent mud-clasts and subtle normal 
grading (Fig. 5C). Thin-bedded granular-cobbly 
sandstones can underlie thick-bedded sandstones or form 
isolated lenticular geometries (Fig. 5B).  
 

Thick-bedded nature suggests deposition from high 
concentration turbidity currents with relatively high rates of 
aggradation preventing the development of tractional 
sedimentary structures (Kneller and Bramney 1995; Talling et al. 
2012). Common amalgamation, and entrainment of mudstones 
clasts in thick-bedded sandstones, indicates that the parent flows 
were highly energetic and capable of eroding, entraining, and 
bypassing sediment during the passage of flow (Lowe 1982; 
Mutti 1992; Stevenson et al. 2015). Similar deposits elsewhere 
have been interpreted as lobe-axis deposition (Walker 1978; 
Prélat et al. 2009; Kane et al. 2017). Thin-bedded granular-
cobbly sandstones are associated with overlying and adjacent 
amalgamated thick-bedded sandstones and are thought to 
represent a mostly bypassing equivalent of the depositional 
thick-bedded sandstones within the lobe axes (Kane et al. 2009).  
 

Pinching out upslope (Fig. 7C) 
or convex up (Fig. 6) 

Lobe off-axis  
 

Primarily composed of normally-graded structured to 
structureless medium-bedded sandstones (Fig. 5D) with 
less common thin-bedded (Fig. 5F) and thick-bedded 
sandstones (Fig. 5C). Ripples at the top of beds 
commonly show opposing palaeoflow directions from 
those that are measured from flutes and grooves on bed 
bases. Mudstones, poorly-sorted mudstones, sand-rich 
mudstones and rarer chaotic clast-rich matrix supported 
deposits are periodically or randomly interspersed in this 
facies association (Fig. 6).  
 

A medium-density turbidite interpretation is given for these 
units based on the preservation of both structured and 
structureless sandstones. Similar preservation of both deposit 
types has been interpreted as off-axis lobe environments, 
deposited by decelerating turbidity currents (Prélat et al. 2009; 
Spychala et al. 2017; Soutter et al. 2019). Opposing 
palaeocurrent directions within event beds is characteristic of 
topographically influenced flows (Kneller et al. 1991; Bakke et 
al. 2013). Periodic deposition of mudstones suggest episodic 
system shut down. Poorly-sorted mudstones, sand-rich 
mudstones and chaotic clast-rich matrix supported deposit 
occurrence, indicate periodic laminar flows which could indicate 
nearby active topography (Kneller et al. 1991; Mayall et al. 2010).  
 

Pinching out upslope (Fig. 7C) 
or convex up (Fig. 6) 

Proximal fringe  
 

Consists primarily of thin-bedded sandstones (Fig. 5 E, 
F) and bi or tri-partite event beds (Fig. 5L, M). Siltstone 
and very-thin bedded sandstones and medium-bedded 

Thin-bedded, structured sandstones are interpreted to be 
deposited from low-concentration turbidity currents (Mutti 
1992; Jobe et al. 2012, Talling et al. 2012). Bi- and tri-partite 

Tabular (Fig. 7A) or pinching 
out up slope (Fig.7C). 
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sandstones (Fig. 6) are infrequently observed. Poorly-
sorted mudstones, sand-rich mudstones and rarer chaotic 
clast-rich matrix supported deposits are periodically or 
randomly interspersed within the otherwise organised 
thin-bedded sandstones and bi or tri-partite beds (Fig. 6).  
 

event beds are interpreted as hybrid beds (Haughton et al. 2009). 
The transformation of flows within hybrid beds observed here 
document a change in flow process from high-medium 
concentration turbulent to laminar or transitional, to low-
concentration turbulent (Remacha et al. 2005; Baas et al. 2011). 
Thin-bedded sandstones and hybrid beds underlie lobe and lobe 
axis facies associations and are therefore interpreted to be 
deposited adjacent to such deposits. Abundant hybrid beds and 
thin-beds indicate lobe fringe deposition elsewhere (Hodgson 
2009; Jackson et al. 2009; Kane et al. 2017; Soutter et al. 2019), 
specifically within the proximal fringe (Sypchala et al. 2017).  In 
tectonically  confined settings, flow types are highly variable and 
the frontal and lateral fringe can be difficult to decipher because 
flow transformation is influenced by topography so hybrid beds 
can be common in the lateral and frontal fringe (Barker et al. 
2008; Soutter et al. 2019) termed ‘proximal fringe’.  
 

Distal fringe  
 

Dominated by siltstone and very-thin bedded sandstones 
(Fig. 5G) and mudstones (Fig. 5H) with secondary thin-
bedded sandstones, bi and tri-partite beds and thin-
bedded poorly-sorted mudstones (Fig. 6). Mudstones 
separating individual events are often slightly deformed 
or sheared and show drapes of non-continuous siltstone 
(Fig. 6).  
 

The fine grain-size, thin-bedded character and low stratigraphic 
position of these beds is consistent with lobe fringe deposition. 
The relative lack of hybrid beds within this facies association 
support a distal lobe fringe interpretation (Hodgson 2009; 
Jackson et al. 2009; Kane et al. 2017; Soutter et al. 2019), 
specifically within the proximal fringe (Sypchala et al. 2017).    
 

Tabular (Fig. 7A) 

Channel-lobe 
transition zone  
 

Consists of granular-cobbly sandstones (Fig. 5A) and 
intensely dewatered thick-bedded sandstones up to 5 m 
thick (Fig. 5C). Erosional bases, mega-flutes, stepped 
amalgamation surfaces and mud-clast abundance are 
common (Fig. 6). Granular-cobbly sandstone lenses 
infilling lensoid, spoon-shaped, depressions are observed 
(Fig. 6). Weakly stratified cross-lamination of gravels 
within sandstone matrix and pebble imbrication is also 
observed (Fig. 5A, 8). Low-wavelength hummock-like 
structures are observed (Fig. 6) (Vincente Bravo and 
Robles 1991).  
 

Erosional based geobodies infilled with coarser clasts indicate 
active erosion and deposition.  Common amalgamation, and 
entrainment of mudstones clasts in thick-bedded sandstones, 
indicates that the parent flows were highly energetic and capable 
of eroding, entraining, and bypassing sediment during the 
passage of flow (Lowe 1982; Mutti 1992; Stevenson et al. 2015), 
while weak cross-stratification, slight grading and pebble 
imbrication are more typical of depositional conditions (Mutti 
and Normark 1987). This juxtaposition of depositional and 
erosional elements has been observed elsewhere in channel-lobe 
transition zones (Mutti and Normark 1987; Wynn et al. 2002; 
Pemberton et al. 2016; Brooks et al. 2018). The presence of 
cross-stratified gravels supports the facies association proposed 
by previous work (Vincete Bravo and Robles 1991; 1995).  

Tabular amalgamated beds 
(Fig. 7G) 



 Channel-axis  
 

Thick-bedded sandstones (Fig. 5C), granular-cobbly 
sandstones (Fig. 5A), poorly-sorted muddy sandstones 
(Fig. 5I) and chaotic clast-rich matrix supported deposits 
(Fig. 5K). Thick-bedded sandstones typically 
gradationally overlie granular-cobbly sandstones, which 
are commonly grooved on the base, showing normal 
grading (Fig. 6). These successions are erosional into the 
underlying poorly-sorted muddy sandstones or chaotic 
clast-rich matrix supported deposits, which exhibit some 
deformation and shearing (Fig. 6). Sandstone beds either 
erode into each other, are amalgamated or less commonly 
are separated by thin beds of mudstone (Fig. 6). Low-
angle cross-stratification is observed (Fig. 5A). The sandy 
mudstones and chaotic units contain sub-angular -angular 
poorly-sorted clasts of up to boulder size.  The 
composition of these clasts include limestone fragments, 
organics, siliciclastic fragments, slumped and reworked 
thin-bedded heterolithics, clasts of granite, deformed and 
reworked siderite, mud clasts and fossil fragments (Fig. 
6).  
 

Common amalgamation, erosion and entrainment of clasts 
within the sandstones indicate that the parent flows were highly 
energetic and capable of eroding, entraining and bypassing 
sediment (Mutti 1992; Stevenson et al. 2015; Soutter et al. 2019). 
The coarse grain-size and basal location of granular-cobbly 
sandstones suggests these beds were deposited as a coarse-
grained lag in a bypass dominated regime (Hubbard et al. 2014).  
Erosional-based lenticular sandstones and their grading from 
cobbly – fine sandstone is consistent with deposition in a 
submarine channel described elsewhere (Hubbard et al. 2008; 
Romans et al. 2011; McArthur et al. 2020). Weak low angle 
lamination within sandstone beds could indicate lateral accretion 
(Kane et al. 2010; Jobe et al. 2016). Poorly-sorted muddy 
sandstones and chaotic units could represent channel collapse 
and margin failure (Flint and Hodgson, 2005; Pringle et al. 2010; 
Jobe et al. 2017). The wide variation in clast composition, more 
diverse than that observed in any other facies association, 
indicates broader catchment area for these debris flows, which 
may indicate an extra-basinal provenance (Stevenson et al. 2015; 
Di Celma et al. 2016). 
 

Concave upward (Fig. 6, 7B) 

Channel-
margin  
 

Thin-bedded sandstones (Fig. 5E, F) and poorly-sorted 
mudstones with secondary medium-bedded sandstones 
and chaotic clast-rich matrix supported deposits (Fig. 6). 
Thin and medium bedded sandstones are planar and 
ripple laminated (Fig. 5E). Poorly-sorted mudstones and 
chaotic clast-rich matrix supported deposits include 
angular –rounded clasts of limestone, siliciclastic 
fragments and mud-clasts. Medium-bedded sandstones 
erode into the tops of chaotic clast-rich matrix-supported 
deposits and thin- bedded sandstone show loaded, flat 
and weakly erosive bases. This facies association appears 
beneath the channel-axis facies associations (Fig. 6).  

The supercritical bedforms and thin-bedded nature of these 
deposits is similar to those described as channel-margin facies 
by others (Kane and Hogdson 2011; Hodgson et al. 2011; 
Hubbard et al. 2014; Jobe et al. 2017; McArthur et al. 2020). The 
location of this facies association beneath channel-axis deposits, 
suggests that they were deposited adjacent to them indicates they 
represent channel-margin facies association.   

Tabular (Fig. 6, 7A) 

 



Table 1: Table describing geometrical configurations observed within the Black Flysch Group 

Architecture 
name 

Description Interpretation Facies association 
(Table 3; Fig. 6) 

Tabular bedded  A package of stacked beds which show a continuous 
thickness laterally for 10s – 100s m, occasionally with some 
subtle thickness changes (Fig. 7A). Post depositional faulting, 
tectonic and halokinetic tilt prevent these geometries from 
being traced on a 100s m-km-scale. Common in thin-bedded 
(Fig. 7A) and medium-bedded sandstones (Fig. 5D). Tabular 
geometries are observed >500 m away from diapiric 
influence. 

This continuous, stacked geometry suggests constant, 
depositional energy. Tabular architectures appear to be 
uninfluenced by topography, and are similar to 
unconfined settings (Prélat et al. 2009). Low density 
turbidites are less affected by topography than more 
cohesive flows (Al-Ja’aidi 2000; Bakke et al. 2013) and 
therefore can run-up topography for greater distances, 
without becoming ponded.  

Distal fringe (Fig. 6), 
proximal fringe (Fig. 
7A), channel margin 
(Fig. 6).  

Concave upward 
 

Curvilinear geobodies with variable thickness that are 
concave upward, consisting of a centroid and two margins, 
which the centroid thins towards, sometimes by up to 80%. 
(Fig. 7B). Granular sandstones are present in the centroid of 
the geobody, often overlain by high-density turbidites, which 
become thinner-bedded towards the margins. The thickness 
of these geobodies is typically decimetre to metre scale and 
thickness to width ratios can range between 1:10 and 1:50. 
The geobodies commonly erode and amalgamate with each 
other, and stack above the previous deposit. 

Each geobody represents at least one event, the coarse- 
grained basal lag could represent a bypass event before 
the high density turbulent flow which filled the geometry. 
These multipart geobodies, which are attributed to deep-
water channels based on their geometries stack on top of 
and erode into each other, suggesting increasing 
confinement (Mayall et al. 2010).  
 

Channel axis (Fig. 6, 
7B) 

Pinching out 
upslope  

Elements that change in thickness, but only in one direction 
(Fig. 7C). Commonly these geometries are amalgamated, with 
individual events displaying a convex up geometry. Thinning 
rate is approximately 10cm/m in Fig. 7C.  

Thinning of deposits indicates flow deceleration related 
to topography, which ultimately lowers flow 
concentration (Baas et al. 2011; Teles et al. 2016). The 
eventual pinch out of the sandstone is due to the flows 
inability to run up the entirety of the topography.  

Proximal fringe (Fig. 6, 
Fig. 7C), lobe off-axis, 
lobe axis (Figure 7C).  

Convex up  Packages are generally continuous in thicknesses on the scale 
of the outcrop, with beds thinning slightly to either side (Fig. 
7E). The centroid is typically decimetre-metre thick. The 
upper surface of each deposit is commonly undulose with an 
overall, often subtle, convex-upward geometry (Fig. 7E). 
High-density turbidites dominate these architectures and are 
commonly stacked or amalgamated. 

The upwards curvature and slight thinning of this 
geometry lead to their interpretation as lobate geometries 
(Prélat et al. 2009; Hodgson 2009; Sypchala et al. 2017). 
Shifting of the centroid of the lobe axis indicates 
compensational stacking is influencing these deposits 
similar to that observed in unconfined settings (Prélat et 
al. 2009; Spychala et al. 2017). 
 

Lobe off-axis (Fig. 6), 
Lobe axis (Fig. 5C, Fig. 
6).  

Pinching out 
downslope  

Packages are triangular in geometry and pinch out gradually. 
These architectures are very common at Gaztelugatxe Island 
(Fig. 3) where they consist of limestone breccia (Table 1) and 
have thinning rates of  6.7 – 10 cm/ m downslope (Fig. 7E).  

These deposits are interpreted as talus deposits, common 
around diapiric highs (Giles and Lawton 2002; Giles and 
Rowan 2012) and on fault scarps (Poprawski et al. 2014; 
2016). The similarity in facies and geometry to ‘carbonate 

Limestone breccia 
(Table 1).  

Table Click here to access/download;Table;Table 4.docx

https://www.editorialmanager.com/sepm-jsr/download.aspx?id=3880&guid=b25522b9-3cfb-4cb3-b356-12bb668fd0be&scheme=1
https://www.editorialmanager.com/sepm-jsr/download.aspx?id=3880&guid=b25522b9-3cfb-4cb3-b356-12bb668fd0be&scheme=1


Towards the top of Gaztelugatxe Island (closer to the contact 
with Gaztelugatxe Limestone) these architectures are 
amalgamated, whilst further away from the limestone they are 
interspersed within tabular architectures. Successive thin-
bedded, tabular deposits appear to onlap onto the 
topography formed by these downslope thinning geobodies 
(Fig. 7E).  

lentils’ described elsewhere (McBride et al. 1974; 
Hunnicutt 1998; Kernen et al. 2012; 2018) and the likely 
close proximity to the offshore Bakio diapir (Poprawski 
et al. 2016) suggest these geometries are halokinetically 
driven. The source of this talus is interpreted to be the 
Gaztelugatxe Limestone due to its proximity and 
geometrical relationships. Onlap of successive deposits 
suggest diapiric collapse was coeval with deep marine 
deposition. 

Undulose   Packages have an undulose, heterogeneous geometry (Fig. 
7F). Individual beds vary in thickness and facies, and include 
thin-beds, chaotic mud-rich debrites and limestone breccias 
(Fig. 7F), but overall architecture maintains a broadly 
consistent thickness. The base of these architectures can be 
composed of limestone breccias (Fig. 7F, Table 1).  

These remobilized units represent slump deposits. 
Ranging palaeoflow directions, and both carbonate and 
siliciclastic inclusions, suggest they are derived from the 
diapir roof and flanks (Poprawski et al. 2014). The 
undulose geometries could overlie carbonate ‘lentils’ or 
may reflect the reworking of ‘lentils’ within these 
deposits (Fig. 7F).  

Mass failure deposits; 
limestone breccia 
(Table 1), chaotic 
debrites (Fig. 5J, K), 
remobilised proximal-
distal fringe (Fig. 7F). 

Tabular 
amalgamated beds 

Packages appear tabular and consist of beds which remain 
relatively consistent in thickness, with minor deviations 
related to previous topography (Fig. 7G). This architecture is 
primarily composed of the channel-lobe transition zone 
facies association (Fig. 6). Concave depressions, which are 
spoon-shaped and metre scale in width can be seen on bed 
tops and bed bases and are associated with undulations at 
bed-scale (Fig. 7G). Overall the geometry is slightly concave 
up, with the centre of each deposit thinning slightly on either 
side at the scale of the outcrop (Fig. 7G).  
 

The dominance of channel lobe transition zone facies 
associations leads to an interpretation of a stacked, 
scoured, broad channel-lobe transition zone where 
erosional and depositional processes were active (Vicente 
Bravo and Robles 1991; Robles et al. 1995; Brooks et al. 
2018). Spoon-shaped depressions are representative of 
mega flutes and scours (Robles et al. 1995). These cause a 
variable depositional topography which influenced 
subsequent flows, resulting in slight compensational 
stacking.  

Channel lobe transition 
zone (Fig. 5A, 6) 

 


