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A B S T R A C T   

This work evaluates growth strata adjacent to the Bakio Diapir in the Basque Pyrenees, aiming to discuss the 
application of halokinetic-sequence concepts, mainly developed in shallow-water to subaerial environments, to 
deepwater depositional settings. This is one of the few exposed passive diapirs developed in deepwater envi
ronments, with both synkinematic carbonate and siliciclastic strata. Thus, considering that large hydrocarbon 
producing areas are located in salt provinces developed in deepwater environments, this study is of interest not 
only to researchers in salt tectonics, but also to industry geoscientists focusing on hydrocarbon exploration and 
production. We present a 3D analysis of this outstanding salt structure by integrating detailed geological 
cartography, high-resolution bathymetry, seismic, and well data. The resulting reconstruction enables us to trace 
the extent of the diapir offshore and decipher its evolution from its formation as a salt wall developed above the 
overlap of two basement-involved faults until its squeezing during the Pyrenean compression. But more signif
icantly, it allows us to discern the roles played by bathymetry, subsidence, and sedimentation type in the 
configuration of halokinetic sequences developed in deepwater environments. Thus, our study shows that: 1) the 
geometry of halokinetic sequences is defined by the thickness of the roof edges, the dip of the salt-sediment 
interface in the limbs of the active drape fold, and the onlap angle of the synkinematic sediments over the 
salt; 2) the roof thickness is controlled not only by the ratio between salt-rise and regional sediment- 
accumulation rate, but also by the water depth of the diapir roof and the depositional environment that can 
promote vertical aggradation of a supra-diapir carbonate buildup; and 3) high surface slopes and consequent 
debrites are not exclusive to, and characteristic of, hook halokinetic sequences and tabular composite halokinetic 
sequences.   

1. Introduction 

Many of the world’s great hydrocarbon provinces are hosted in 
sedimentary basins involving salt (e.g., Gulf of Mexico, Campos Basin, 
Persian Gulf, North Sea), which have been affected by salt-related 
deformation that creates structures and traps, influences reservoir dis
tribution, and controls hydrocarbon migration (e.g., Warren, 2006; 
Hudec and Jackson, 2007; Jackson and Hudec, 2017). Hence, under
standing the geometry and kinematics of salt structures has become 

fundamental for effective hydrocarbon exploration in many sedimentary 
basins. The geometry of structures can be observed at the surface or 
imaged in the subsurface by geophysical data, but deciphering their 
kinematics requires detailed studies of the tectono-sedimentary re
lationships. Detailed analysis of growth strata has proved a powerful 
methodology to unravel the kinematic evolution of structures in any 
tectonic setting, including salt tectonics (Poblet et al., 1998; Prather 
et al., 1998; Hudec et al., 2009; Giles and Rowan, 2012; Alsop et al., 
2016). 
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In the case of passive diapirs, the fundamental features for under
standing the kinematics are the geometry of the salt-sediment interface 
as well as the architecture and facies of flanking synkinematic strata. 
These are characterized by packages of growth strata bounded by un
conformities that become conformable away from salt bodies and merge 
with the diapirs at small cusps in the salt-sediment interface (Giles and 
Lawton, 2002; Rowan et al., 2003). Defined by Giles and Lawton (2002), 
these stratal packages have been termed halokinetic sequences and form 
by drape folding of the diapir roof during passive salt rise (Rowan et al., 
2003). They show different features that depend on the ratio of salt-rise 
and sediment-accumulation rates (Giles and Rowan, 2012; Hearon et al., 
2014) (Fig. 1). Thus, if the salt-rise rate exceeds the 
sediment-accumulation rate, the synkinematic strata are characterized 
by tabular composite halokinetic sequences (CHS) formed by hook 
halokinetic sequences (HS) that are bounded by high-angle un
conformities extending over a distance of 20–200 m from the diapir edge 
(Fig. 1A). In contrast, if sedimentation rate exceeds salt-rise rate, sedi
mentary packages form wedge HS in which the bounding un
conformities extend farther (300–1000 m) from the diapir and have 
lower angularity, thereby defining tapered CHS (Fig. 1B). Note that the 
capping unconformity of a tapered CHS can be high-angle (Fig. 1B, 
bottom), giving it the appearance of a large-scale hook (Giles and 
Rowan, 2012). 

This classification was mostly derived from direct observations of 

outcrops in La Popa Basin, Mexico, and the Flinders Ranges, South 
Australia (Giles and Lawton, 2002; Rowan et al., 2003, 2012a; Kernen 
et al., 2012; Hearon et al., 2015; Counts et al., 2019), where the hal
okinetic sequences contain mostly siliciclastic or mixed sediments 
deposited in shallow-water to subaerial depositional environments. The 
concepts have been successfully applied in other salt provinces with 
similar depositional environments (e.g., the Atlas Mts. of Morocco, the 
Pyrenees of Spain and France, or the Sivas Basin of Turkey) (Ringenbach 
et al., 2013; Saura et al., 2014, 2016; Ribes et al., 2015; Kergaravat et al., 
2017). 

In deepwater depositional environments like the Gulf of Mexico or 
Campos Basin, however, the applicability of this model is not so clear. 
Present-day seafloor images (Ryan et al., 2009) and seismic reflection 
profiles (Rowan et al., 2003; Hearon et al., 2014; Coleman et al., 2018) 
show similar halokinetic sequences with geometries and seismic facies 
that are mostly compatible with the proposed halokinetic sequence 
model (Hearon et al., 2014). But the lack of well-studied outcrop analogs 
still generates certain doubts about the direct applicability of this model. 
Indeed, exposed diapirs containing deepwater halokinetic sequences are 
rare and usually poorly exposed due either to weathering or cover by 
dense vegetation (e.g. Alps, Carpathians, or Pyrenees). 

In this sense, the Bakio Diapir appears to be one of the few oppor
tunities to analyze at the surface a diapir developed in a deepwater 
depositional environment. Located in the Basque Pyrenees (Fig. 2), this 
diapir is flanked by carbonate outer-shelf to siliciclastic deepwater strata 
(García-Mondejar and Robador, 1987; Robador and García-Mondejar, 
1987; Robles et al., 1988). It has been recognized that these strata form 
composite halokinetic sequences (Rowan et al., 2012b; Ferrer et al., 
2014; Poprawski et al., 2014; Cumberpatch et al., 2020), with growth of 
a carbonate platform above the diapir in relative deepwater conditions 
resulting in the formation of wedge HS/tapered CHS with abundant and 
thick debrites (Rowan et al., 2012b; Poprawski et al., 2016). These 
features contrast with the established model, in which wedge HS/ta
pered CHS are characterized by a relative lack of debrites (Giles and 
Rowan, 2012). 

The published studies dealing with this diapir have been based only 
on analyses of data collected in the field or by airborne LIDAR along a 
narrow coastline strip that crosses the best outcrops of the diapir and 
related halokinetic sucessions. Moreover, they have focused on the older 
halokinetic sequences that are formed primarily by carbonate sediments 
(Rowan et al., 2012b; Poprawski et al., 2014, 2016). Thus, they have not 
evaluated the 3D geometry of the diapir, the possible lateral variations 
of the halokinetic sequences, or the detailed architecture of the upper 
halokinetic sequences that comprise exclusively siliciclastic gravity-flow 
deposits. Moreover, they have not addressed the geodynamic context in 
which the diapir grew and the impact that this could have had on its 
development. 

In this framework, our study aims to fill these gaps through the 
reconstruction of the 3D geometry of the Bakio Diapir and surrounding 
halokinetic sequences utilizing information provided by the available 
seismic reflection profiles, the near-shore seafloor bathymetry, and 
detailed geological mapping of both the coastline and forested inland 
areas. This reconstruction allows us to: 1) decipher the formation and 
evolution of the diapir; 2) analyze the roles played by bathymetry, 
subsidence history, and sedimentation type in the configuration of the 
halokinetic sequences developed in outer-shelf, slope, and deepwater 
environments; and 3) at a larger scale, evaluate the impact on the diapir 
evolution of changes in rift style during the development of the Basque- 
Cantabrian Basin. Accordingly, and considering that large hydrocarbon 
producing areas are located in salt provinces developed in deepwater 
environments and extensional tectonic scenarios (e.g., Gulf of Mexico or 
South Atlantic passive margins), the results should be useful not only to 
researchers in salt tectonics, but also to industry geoscientists whose 
efforts are focused on hydrocarbon exploration and production. 

Fig. 1. Types of composite halokinetic sequences (CHS) defined in shallow to 
subaerial environments and their corresponding genetic models (modified from 
Giles and Rowan, 2012). A) Hook halokinetic sequences (HS) stacked into a 
tabular CHS; B) Wedge HS stacked into a tapered CHS. 
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2. Geological setting of the Basque-Cantabrian Basin 

2.1. Overview 

The Bakio Diapir is a salt diapir located at the northern margin of the 
Basque-Cantabrian Basin (Fig. 2A). This basin developed between the 
Iberian and Eurasian plates during the latest Jurassic-Cretaceous open
ing of the Bay of Biscay (Sibuet et al., 2004; Tugend et al., 2014) and was 
later inverted during the Pyrenean orogeny (Late Cretaceous -Santonian- 
to middle Miocene; Muñoz, 2002), forming the Basque Pyrenees. The 
Basque-Cantabrian Basin is a 250 km long and 100 km wide 

hyperextended basin (Roca et al., 2011) that, in its central parts, was 
floored by an extremely thinned lithosphere with exhumed mantle 
(Mendia and Gil-Ibarguchi, 1991; DeFelipe et al., 2017; Pedrera et al., 
2017). 

In accordance with this extreme thinning, the infill of the Basque- 
Cantabrian Basin is very thick, with up to 12.5 km of synrift to postrift 
Upper Jurassic-Cretaceous shallow- to deepwater marine sediments 
(Floquet, 2004; García-Mondéjar et al., 2004). The underlying Mesozoic 
prerift strata comprise relatively thin (hundreds of meters thick) 
Lower-Middle Jurassic carbonates overlying Upper Triassic evaporites. 
These evaporites (Keuper facies) were deposited during the late stages of 

Fig. 2. A) Location and geologic map of the Basque Pyrenees, which formed by tectonic inversion of the Upper Jurassic-Lower Cretaceous hyperextended Basque- 
Cantabrian Basin. Note the location of the studied Bakio Diapir at the northern edge of this inverted basin. X-X’: location of the transect shown in Fig. 2B. Dashed 
rectangle: location of the geologic map of Fig. 3. B) Crustal cross section through the Basque Pyrenees illustrating the main features of the inverted Basque-Cantabrian 
Basin and associated salt structures concentrated at the basin margins (modified from Quintana et al., 2015; Carola et al., 2015). See location in Fig. 2A (X-X′). 
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Permo-Triassic rifting (López-Gómez et al., 2019) and their distribution 
controlled the morphology and deformation style of the subsequent Late 
Jurassic-Early Cretaceous extensional basins. In particular, in areas 
where the evaporites were thick enough, they sourced diapiric struc
tures and decoupled both extensional and contractional deformation, 
acting as a major décollement (Fig. 2B). 

Thus, the Jurassic-Cenozoic rocks of the Basque Pyrenees, partly 
detached from basement by the Upper Triassic salt, form an asymmetric 

double-wedge (Ferrer et al., 2008; Muñoz, 2019) with: 1) a wider, 
southern pro-wedge floored by a major south-directed thrust that 
transported a gently deformed suprasalt cover (Martínez-Torres, 1993; 
Quintana, 2012; Carola et al., 2015; Cámara, 2017); and 2) a narrower, 
northern retro-wedge in which the same cover is more internally 
deformed by north-vergent thrusts and long-wavelength folds (Gómez 
et al., 2002; Cámara, 2017). Beneath the salt décollement, the structure 
of the Basque Pyrenees consists of partially subducted Iberian 

Fig. 3. A) Simplified geologic map of the onshore western terminations of the North-Biscay Anticlinorium and Biscay Synclinorium with the location of the Bakio 
Diapir. X-X’: location of the cross section depicted in Fig. 3B (note that the northern end of this section is positioned 9 km NNE of the map). Y-Y’: location of the 
seismic profile shown in Fig. 5. Dashed rectangle: location of the geologic map of Fig. 4. B) Balanced section across the North-Biscay Anticlinorium and North- 
Pyrenean Thrust System with a restoration to the end Cretaceous (North-Pyrenean foreland basin structure after Gómez et al., 2002). U.A.U.: Upper Albian 
Unconformity. 
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lithosphere beneath the Eurasia plate (Pedreira et al., 2003, 2007) in 
which the overriding plate was partially incorporated into the 
retro-wedge (Fig. 2B). 

This decoupled architecture of the Basque Pyrenees was largely 
determined by the extensional structure of the precursor Basque- 
Cantabrian Basin. This consisted mainly of a major low-angle, north- 
directed extensional fault exhuming Iberian mantle in its footwall and a 
series of south-directed high-angle extensional faults affecting the upper 
crust of the Eurasian plate (Roca et al., 2011; Cámara, 2017). The 
basement extensional fault architecture was consequently distinct in the 
two basin margins, which in turn had a strong impact on the distribution 
and geometry of the stretched prerift Upper Triassic salt and, therefore, 
on the subsequent contractional deformation. In the northern basin 
margin, where the salt layer was vertically disrupted and drape folded 
by high-angle basement-involved faults, the cover deformation was 
distributed across a broad region with thin-skinned folds and thrusts 
usually nucleated over the subsalt extensional faults (Soler et al., 1981; 
Gómez et al., 2002; Quintana et al., 2015; Cámara, 2017; DeFelipe et al., 
2018). In contrast, along the southern margin, where the stretched salt 
was distributed over a gentle low-angle detachment, the cover defor
mation concentrated at the frontal, southern tip of the salt detachment 
(Carola et al., 2015; Cámara, 2017). 

Apart from the inherited extensional subsalt structure, the location 
and geometry of the Pyrenean cover deformation was also controlled by 
preexisting salt diapirs (Fig. 2). In most cases, these were passive diapirs 
during the Early Cretaceous to Santonian formation of the Basque- 
Cantabrian Basin (Brinkmann et al., 1967; Boess, 1984; Serrano and 
Martínez del Olmo, 2004; Klimowitz et al., 1999; Bodego and Agirre
zabala, 2013; Poprawski et al., 2014; Frankovic et al., 2016). These 
precursor diapirs were squeezed and commonly welded during the 
Pyrenean shortening (Mathieu, 1986; García-Mondejar, 1987; Gómez 
et al., 2002; Cámara, 2017; Soto et al., 2017). In short, the crustal 
structure of the early rift history controlled the initiation and growth of 
salt diapirs, and both the extensional faults and associated diapirs 
strongly influenced the subsequent development of the Basque Pyrenees. 

2.2. Extensional evolution 

The extensional development of the Basque-Cantabrian Basin 
included two main evolutionary stages: latest Jurassic-middle Albian 
and late Albian to middle Cenomanian (Rat, 1988; Pedrera et al., 2017; 
García-Senz et al., 2019; Muñoz, 2019). The latest Jurassic-middle 
Albian stage was characterized by widespread stretching leading to 
the development of the Basque-Cantabrian Basin with the formation of 
basement-involved faults along its margins (Rat, 1959, 1988; García-
Mondéjar and García-Pascual, 1982; Agirrezabala, 1996; Martín-Chi
velet et al., 2002). The motion of these subsalt faults would have 
induced the development of monoclinal drape folds either above them 
or at relay ramps, with the salt accommodating the difference in ge
ometry (Roca et al., 2011; Rowan, 2014; Carola et al., 2015, Fig. 3B, 
bottom). Because the suprasalt succession also had to be stretched, this 
drape folding was accompanied by suprasalt extensional faulting usually 
concentrated at the upper hinge of the monoclinal folds and relay ramps 
(Tavani and Granado, 2014; Carola et al., 2015). With enough extension 
relative to sediment accumulation, these were where most 
Basque-Cantabrian diapirs initiated by reactive diapirism (Bodego and 
Agirrezabala, 2013; Carola et al., 2015). During this time, the basin was 
gradually infilled by fluvio-deltaic and shallow marine siliciclastic sed
iments that graded basinwards to carbonate platforms and marly suc
cessions (Rat, 1959; Agirrezabala and García-Mondejar, 1989; 
García-Mondejar, 1989). 

The late Albian to middle Cenomanian stage marked a significant 
change in the basin kinematics and dynamics. At this time, most upper 
crustal faults at the basin margins became inactive and lithospheric 
extension shifted toward the basin center and became focused on 1–2 
major low-angle extensional lithospheric faults (DeFelipe et al., 2017; 

Muñoz, 2019). These faults, in some areas, accommodated the basin
ward displacement of the Mesozoic cover over the Upper Triassic salt 
resulting in: 1) thin-skinned salt-detached extensional deformation; and 
2) the development of drape folds above the pre-existing basement 
faults, such as those described by Bodego et al. (2013, 2018) in the 
eastern Basque-Cantabrian Basin. Furthermore, during the beginning of 
this stage, the entire Basque-Cantabrian Basin was uplifted (García-
Mondéjar et al., 1996, 2005; Bodego and Agirrezabala, 2013), giving 
rise to the erosion of the basin margins and, ultimately, of the salt 
inflated areas within the basin. The erosion of the basin margins (e.g., 
the north-fringing Landes Massif; Voort, 1964; Robles et al., 1989; 
Martín-Chivelet et al., 2002) resulted in a significant increase of 
terrigenous input into the Basque-Cantabrian Basin, which resulted in a 
change from predominantly carbonate to siliciclastic deposition 
(Wiedmann et al., 1983; García-Mondéjar et al., 1996, 2005; Bodego 
et al., 2015, 2018). This stage was coeval to lower crust (?)-mantle 
exhumation (Jammes et al., 2009; Tugend et al., 2014; DeFelipe et al., 
2017). After this initial uplift, there was a significant increase of the 
subsidence of the entire Basque-Cantabrian Basin, which generated ac
commodation space that was only partially filled by terrigenous sedi
ments coming from the basin margins (Martín-Chivelet et al., 2002; 
García-Modéjar et al., 2005; Bodego et al., 2015). Depositional envi
ronments graded rapidly basinwards from fluvial (Utrillas Fm.) to shelf 
with some deltas and, at the basin center, deepwater turbidite fans. 

3. Data and methodology 

This study is based on both surface and subsurface data. The onshore 
dataset comprises: a) 3533 bedding, fault, cleavage, and joint mea
surements collected using a compass along the Lemoniz-Mundaka 
coastline and the inland areas included in the map of Fig. 4; b) 161 
bedding attitudes obtained from Airbone Lidar images of the studied 
coastline available at the webpage of geoEuskadi (ftp://ftp.geo.euskadi. 
eus/lidar); c) the bedding and geological information included in the 
EVE 1:25.000 scale geological maps of Armintza (37-II), Bermeo (38-1), 
Mungia (38-III) and Getxo (37-IV); and d) 11 sedimentary logs (4 
measured in the field and 7 synthetic constructed from the lithological 
and bedding attitude observations done in isolated outcrops). All these 
data, together with field geological mapping of the coastline areas, have 
been used to produce the new geological maps presented in Fig. 4 and A 
of the supplementary data and to construct the cross sections included in 
the paper (Figs. 3 and 5). 

Offshore, the surface geology has been inferred from the 1 m isobath- 
interval bathymetric map obtained by AZTI Tecnalia for the Eusko 
Jaurlaritza (available at http://www.geo.euskadi.eus/geografico 
s/batimetrias-marinas-pais-vasco-ano-2009/s69-geodir/es/webpage). 
This map, created using a multibeam echosounder and LIDAR bathy
metric flights, shows five well-differentiated seabed morphological 
facies (A to E in Fig. 6). The bathymetric signature of each facies has 
been compared to the relief generated by the rocks exposed onshore 
along the non-vegetated coastline, and from this comparison, they have 
been correlated with reasonable confidence either with the Quaternary 
or with the four main onshore lithologic units (upper Albian- 
Cenomanian turbidites or Aptian-lower Albian marlstones, breccias, 
and platform carbonates). 

The subsurface data include the Cormorán-1 exploratory well (see 
location in Fig. 4) and the time-migrated BR85-25 and BR85-26 reflec
tion profiles. The Cormorán-1 well reached a depth of 2980 m and was 
drilled by RIPSA (REPSOL) in 1997. Its final report and dipmeter logs 
have been used to constrain the deep structure in the cross section of 
Fig. 3. The BR85-25 and BR85-26 seismic profiles were acquired in 1986 
by CGS for ENIEPSA and are characterized by overall poor quality. They 
are combined here to produce a composite strike line (Fig. 5) that, going 
from the Jata-Gorliz Minibasin to the western flank of the Gernika 
Diapir, images some geometries of the deep structure of the flanking 
minibasins. These geometries include stratigraphic and tectonic contacts 
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that have been depth converted using average interval velocities ob
tained from velocity surveys of the wells Cormorán-1, Alda-1, Antezana- 
1, San Antonio-1, Marinda-1, Gastaín-1, Zúñiga-1, and Castillo-2 (see 
Fig. B of supplementary data). Along the profile, the surface geology 
defines the contacts of the Aptian to lower Albian successions. Below, 
the Upper Triassic, Jurassic, and Neocomian tops have been tied to 
outcrops on the western flank of the Gernika Diapir and extended 
westwards following reflectors and applying seismic facies criteria. This 
last criterium appears particularly reliable for defining the top and 
bottom of the Lower-Middle Jurassic, which throughout the entire 
Pyrenean realm is imaged as a characteristic high-amplitude reflectivity 
package stratigraphically bounded upwards and downwards by trans
parent reflective facies belonging respectively to the Upper Jurassic 

marly successions and Upper Triassic salt (Serrano and Martínez del 
Olmo, 1990; Carola et al., 2015; Muñoz et al., 2018). 

The cross-section restoration in Fig. 3 was constructed using the 
Move software and restored using the bed-length method, which models 
deformation by flexural slip. Bed thicknesses have been maintained in 
the sequential restorations because no decompaction corrections have 
been applied. Consequently, the presented restorations must be 
considered semi-quantitative. 

4. The structure of the Basque-Cantabrian Basin in the Bakio 
area 

The Bakio Diapir formed close to the northern edge of the Basque- 

Fig. 4. Detailed geologic map of the study area. Westernmost and southeastern map areas based on EVE 1:25.000 scale geological maps of Armintza (37-II), Mungia 
(38-III) and Getxo (37-IV). Thick dark blue line with fringing white strip: present-day coastline and near-shore areas. Dashed rectangle: location of the geologic maps 
of Fig. 10. Offshore geology is from interpretation of the 1 m isobath-interval bathymetric map obtained by AZTI Tecnalia for the Eusko Jaurlaritza. Green rectangles: 
location of the seabed bathymetric images shown in Fig. 6. *: Age attribution and geological mapping of the offshore units based on the morphological features and 
distribution of the 5 rocky seabed bathymetric facies described in Fig. 6. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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Cantabrian Basin (Fig. 2). As with other diapirs located along this basin 
margin, it is a salt wall that was passively transported towards the north 
in the hanging wall of the northern frontal thrust system during the 
Pyrenean orogeny (Feuillée and Rat, 1971; Ferrer et al., 2008; Quintana 
et al., 2015; Ábalos, 2016). This thrust system emerges along the modern 
offshore Basque shelf close to the coast, 6–8 km north of the Bakio Diapir 
(Soler et al., 1981; Sanchez, 1991; McDougall et al., 2009, Fig. 3). 

The structure and age of the footwall of this thrust system is un
known beneath the Bakio Diapir. Further north, the available seismic 
data show that its structure is rather simple and consists of a nearly 
horizontal plateau affected by some minor north-directed thrusts and 
folds (Fig. 3; Ferrer et al., 2008). Exploration wells in this plateau show 

that the upper Albian-middle Cenomanian sandstones and the upper 
Cenomanian limestones unconformably overlie the Paleozoic basement 
of the Landes Massif (Gariel et al., 1997; Gómez et al., 2002; Ferrer et al., 
2008; McDougall et al., 2009; Pedrera et al., 2017). The Triassic to 
middle Albian succession is missing. This Mesozoic stratigraphy con
trasts with that of the overlying North-Pyrenean thin-skinned thrusts, 
which includes a thick Triassic to middle Albian succession, thereby 
demonstrating that the northern Pyrenean thrust system reactivated the 
northern rift margin of the Basque-Cantabrian Basin (Fig. 2). 

In the study area, the north Pyrenean frontal thrust system is de
tached in the Upper Triassic salt as shown by the well data (Fig. 3) and 
has a minimum displacement of about 10–15 km (Gómez et al., 2002). 

Fig. 5. E-W to WNW-ESE (strike) transect across the Bakio Diapir. A) Uninterpreted time-migrated composite seismic section formed by the BR85-25 and BR85-26 
profiles; colors at top indicate exposed geologic units. B) Interpretation of the composite seismic section. C) Depth-converted geologic cross section based on the 
interpreted seismic section (B) and the surface geology (no vertical exaggeration). Wider dashed lines close to the diapirs: structure of the diapir-flanking rocks 
inferred from surface geological maps (i.e., location of the Ap.U. at the western edge of the Bakio Diapir which, according to the geological map of Fig. 4, is 
stratigraphically located about 600–700 m beneath the surface trace of the U.A.U.). Depth conversion generated using average interval velocities obtained from 
velocity surveys of the wells Cormorán-1, Alda-1, Antezana-1, Sant Antonio-1, Marinda-1, Gastaín-1, Zúñiga-1, and Castillo-2 (see Fig. B of supplementary data). U.A. 
U.: Upper Albian Unconformity; Ap.U.: Intra-Aptian Unconformity. Location of seismic profile shown in Fig. 3 (Y-Y′). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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The Cormorán-1 well drilled three repeats of the upper Albian-middle 
Cenomanian stratigraphy (Fig. 3). In the upper two imbricates, the 
Aptian-middle Albian synrift sediments are directly on top of the Triassic 
evaporites, whereas in the footwall these synrift sediments are missing. 
Again, these relationships demonstrate the contractional reactivation of 
Early Cretaceous extensional faults at the northern margin of the 
Basque-Cantabrian Basin. The restored cross section (Fig. 3B, bottom) 
shows a major décollement at the Upper Triassic salt that decoupled the 
extensional deformation. The suprasalt section is only drape folded 
above the major basement extensional faults, with significant suprasalt 
extension located north of the BR85-25 seismic profile close to northern 
basin margin (Fig. 3B). In this area, the Jurassic-Lower Cretaceous 
succession shows a broad hanging wall ramp. Its length of about 10 km is 
a maximum estimate of the suprasalt stretching (Fig. 3B). 

Abrupt changes in the stratigraphic thicknesses of the hanging-wall 
strata of the thin-skinned thrust sheets (Fig. 3) record the presence of 
two major subsalt ENE-trending basement extensional faults that, in the 
study area, marked the northern margin of the Basque-Cantabrian syn
rift basin. The outermost fault, bounding the Aptian-lower Albian syn
extensional deposits, has a throw of about 1.5 km (fault A in Fig. 3); and 
the second (fault B in Fig. 3), located some 9–10 km basinwards (south), 
has 2–2.5 km of throw. 

The stretched Jurassic-Cretaceous basin infill is pierced by salt walls 
similar to Bakio, but with diverse orientations (Sopelana, Munguia, 
Gernika, Bermeo, etc.), that are linked by narrow corridors where the 
suprasalt cover is strongly deformed by contractional structures (Figs. 4 
and 7A). These corridors are characterized by short-wavelength folds, 
suggesting that they formed over preexisting salt ridges in which the 
suprasalt cover was thinner. These salt ridges, together with the diapirs, 
form a polygonal pattern that separates elliptical to polygonal 

minibasins (Fig. 7) in which the Cretaceous infill is only slightly 
deformed, with bowl-shaped stratal geometries and wide, moderately 
dipping limbs (<35◦; Fig. 5). The origin of the diapirs and linking ridges 
is not well constrained with the available data since the older syn- 
diapiric deposits are rarely exposed. However, they mostly parallel the 
extensional basement faults that bound the Basque-Cantabrian Basin as 
well as thin-skinned faults cropping out west of Armintza (Robles et al., 
1988), and passive diapirism was ongoing prior to shortening. Thus, we 
infer that most diapirs and linking salt ridges were established by motion 
on the extensional faults. 

The Bakio Diapir is located between the Burgoa rollover extensional 
basin and the Sollube and Jata-Gorliz minibasins (Figs. 4, 5 and 7) at the 
junction of three salt ridges. One, located offshore just NW of the 
exposed diapir, is not very obvious. It corresponds to the ENE prolon
gation of the Lower Cretaceous extensional fault system recognized west 
of Armintza by Robles et al. (1988) and is indicated by a wide isolated 
area of massive and resistant rocks at the sea floor that we interpret as 
carbonate platform rocks (Fig. 4). The other two ridges are located 
onshore and recorded by two prominent corridors in which: 1) the 
Lower Cretaceous is strongly deformed by tight short-wavelength folds 
and some minor thrusts; and 2) there could be welded salt diapirs 
(Bermeo Diapir) (Figs. 4 and 7). One of these ridges is roughly parallel to 
the basin margin and links the Bakio and Gernika diapirs; the other 
trends N-S and connects the Bakio and Mungia diapirs (Fig. 7). 

The two salt ridges parallel to the basin margin separate Lower 
Cretaceous successions that are much thicker in the south than in the 
north. Thus, as shown in Fig. 3B, they record underlying basement- 
involved faults dipping towards the SSE (Bermeo and Armintza faults 
in Fig. 7B). The pattern suggests that the Bakio Diapir formed at a relay 
ramp connecting these two right-stepping en-echelon faults (Fig. 7). 

Fig. 6. Rocky seabed bathymetric facies distinguished in the 1 m isobath-interval bathymetric map obtained by AZTI Tecnalia for the Eusko Jaurlaritza using a 
multibeam echosounder and LIDAR bathymetric flights (available at http://www.geo.euskadi.eus/geograficos/batimetrias-marinas-pais-vasco-ano-2009/s69-geo
dir/es/). Age atributtion of each differentiated bathymetric facies based on the relief of each onshore unit along the present-day intertidal zone. 
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Accordingly, the N-trending salt ridge extending south from the relay 
ramp and Bakio Diapir is interpreted as a displacement-gradient anti
cline formed adjacent to the paleo-fault tips (see Kane et al., 2010, and 
Wilson et al., 2013, for descriptions of such anticlines). 

This interpretation of the N-trending ridge is compatible with the 
geometry observed on the seismic profile (Fig. 5) oriented along the 
strike of the hanging wall of both S-dipping basement faults. The Bakio 
Diapir is flanked on both sides by two minibasins of similar thickness 
above welds with the same structural elevation. Thus, the diapir/ridge 
was not linked to the presence of a N-trending basement-involved fault. 
Also, it is consistent with the position of the Bakio Diapir at the northern 
end of this ridge, where two factors may have contributed to diapir 
initiation. First, basement folds induced by the displacement gradients 
on the two faults would have had a larger amplitude (Kane et al., 2010; 
Wilson et al., 2013), which in turn implies a locally thinner roof above 
the salt. Second, there may have been excess extensional strain due to 
drape folding not just to the S over the basement faults, but also to the 
WSW from the footwall of the Bermeo Fault to the hanging wall of the 
Armintza Fault (Fig. 7B). Associated extensional faults formed by 
stretching of suprasalt strata (Fig. 5) might have triggered reactive 
diapirism. 

5. The Bakio Diapir 

5.1. The diapir and overburden stratigraphy 

The Bakio Diapir is recorded at the surface by isolated outcrops of 
massive sub-volcanic tholeiitic rocks termed ophites (Béziat et al., 1991) 
and by highly deformed red claystones cut by plentiful secondary gyp
sum veins (Fig. 8). Upper Triassic in age, these rocks represent the 
insoluble residue of a layered evaporite sequence that, penetrated by 
several wells in the region, comprises mainly halite with minor pro
portions of anhydrite, red claystones, and ophites (Hempel, 1967; 
Lanaja, 1987; Serrano and Martínez del Olmo, 1990; Frankovic et al., 
2016; Cámara, 2020). Thus, the exposures represent caprock formed by 
weathering and halite dissolution. 

Above and flanking the diapir, the overburden is divided into four 
major stratigraphic units (Fig. 9). 

5.1.1. Jurassic 
The lowest unit, pre-diapiric and Jurassic in age, does not crop out in 

the study area but is well exposed on the flanks of the neighboring 
Gernika Diapir (Fig. 3). There, it consists of a ~300–400 m thick suc
cession of basal dolostones, marlstones, and oolitic limestones deposited 
in a marine carbonate ramp environment (Soler and José, 1972; Boess, 
1984). 

(caption on next column) 

Fig. 7. A) Present-day structure map of the western end of the North-Biscay 
Anticlinorium with the distribution of inflated salt areas and areas of over
burden that are highly or slightly deformed. Highly deformed: Cretaceous and 
Paleogene rocks affected by pervasive thrusts and tight folds (bedding attitudes 
>50◦). Slightly deformed: Jurassic to Paleogene rocks forming basin geometries 
with predominant bedding attitudes <40◦. The map has been generated by 
superposing the geologic map of Fig. 4 (rectangular area bounded by the dashed 
thin grey line) upon a regional one built from the geologic 1:25.000 EVE and 
1:50.000 IGME maps. B) Structure map prior to Pyrenean shortening high
lighting the inflated salt areas, minibasins, and faults active during the Early 
Cretaceous. These faults have been inferred from both the distribution of 
different magnitudes of deformation and sharp Lower Cretaceous thickness/ 
lateral facies changes. Note that: 1) the width of the salt diapirs clearly is 
underestimated and had to be greater since diapir squeezing during the Pyr
enean orogeny has not been removed; and 2) the suprasalt structures have 
moved 13 km southwards in order to restore the estimated north-directed 
Pyrenean thrust displacement. Dashed thin grey line: restored location of the 
boundaries of the salt and suprasalt successions mapped in Fig. 4. 
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5.1.2. Neocomian 
Unconformably overlying the Jurassic carbonates, the second unit 

has also been described in the same diapir flanks. It is formed by a 
90–120 m thick succession of Neocomian epicontinental black, shell- 
rich limestones and marlstones that become more sandy and rich in 
orbitolinids up-section (Soler and José, 1972; Espejo et al., 1975). 
Although not identified previously in the Bakio area, this unit is inter
preted here to be present at the SW edge of the Bakio Diapir where 
similar black marly mudstones and sandstones rich in orbitolinids 
appear beneath the Aptian marly succession (Fig. 4). The Neocomian 
sediments are the oldest synrift rocks observed in the study area. 
However, due to the lack of clearly halokinetic features, we consider it as 
synrift, but pre-passive diapirism. 

5.1.3. Aptian-middle Albian 
The overlying other two Cretaceous units, in contrast, are clearly 

syn-passive diapirism (Rowan et al., 2012b; Ferrer et al., 2014; 
Poprawski et al., 2014, 2016; Cumberpatch et al., 2020). The older one, 
Aptian to middle Albian in age, is up to 2500 m thick (Fig. 5) and fringes 
most of the exposed salt diapir. It comprises the Urgonian Group and the 
Punta Bakio unit of the Black Flysch Group (Fig. 9) defined by Poprawski 
et al. (2014; 2016). This unit is composed of marine carbonates and 

subordinated siliciclastic turbidites deposited in a platform to slope 
environment displaying deepening upward facies (García-Mondejar and 
Robador, 1987; Robles et al., 1988). On the flanks of the Bakio Diapir it 
can be divided into lower and upper carbonate successions (Figs. 9 and 
10A) whose boundary, not well defined with biostratigraphic data, is 
located in the latest Aption or earliest Albian times. 

The lower carbonate succession crops out along the central and 
southern part of the western diapir edge and, on the eastern side, in a 
small outcrop at the end of the Bakio beach (Fig. 8). It is > 700 m thick 
and consists of outer-shelf marlstones and marly limestones with peri
odic thin-bedded packstones. 

The upper carbonate succession is approximately 500 m thick and is 
well represented along both diapir margins. Unlike the underlying unit, 
it is lithologically highly variable. It is formed by basinal marlstones that 
grade northwards to outer-slope marly limestones and marlstones with 
resedimented carbonate breccias and slumps and, closer to the diapir 
edges and roof, to platform rudistid limestones (García-Mondejar and 
Robador, 1987; Robles et al., 1988; Ferrer et al., 2014; Poprawski et al., 
2014, 2016). This carbonate succession grades upwards into an 30–70 m 
thick sequence (Punta Bakio unit of Robles et al., 1988, and Poprawski 
et al., 2014) with an increasing amount of siliciclastic deposits that crop 
out along the coastline on both flanks of the diapir. The siliciclastic 

Fig. 8. A) Photograph looking E of the Bakio Diapir and flanking Aptian to lower Albian marly successions at the Bakio beach. The diapir is recorded by sub-volcanic 
tholeiitic rocks (green to ocre outcrops on the beach) and rey claystones cut by plenful secondary gypsum veins (red outcrops). The Aptian to lower Albian succesions 
at the NE edge of the photograph dip towards the diapir with overturned polarity. Dashed white line in the photograph: area covered by Fig. 8B. B) Detail of the 
Upper Triassic red claystones with pervasive system of gypsum veins which predominantly dip southwestwards. C) Closer view of the same diapir rocks. See white 
circle in Fig. 8B for location. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. General stratigraphic section of the study area with the main lithologies and depositional environments (based on Espejo et al., 1975; Boess, 1984; Gar
cía-Mondejar and Robador, 1987; Robles et al., 1988; López-Horgue et al., 2009; Poprawski et al., 2014; and stratigraphic sections done in this study). Cretaceous 
thicknesses are merely an average since they can vary significantly within the study area. Cretaceous stratigraphic units previously used in the study area by Rat 
(1959), García-Mondejar and Robador (1987), Mathey (1987), Robador and García-Mondejar (1987), Robles et al. (1988), Poprawski et al. (2014; 2016) are shown 
in grey, with the ones defined by the latter authors indicated in brackets. *: pillow basalts present at Armintza harbor and Portume cape (Bakio), dated by 
López-Horgue et al. (2009). U.A.U.: Upper Albian Unconformity; Ap.U.: Intra-Aptian Unconformity. 
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deposits consist of turbidites alternating with mudstones and abundant 
carbonate grainstone to mass-transport deposits mainly derived from a 
more or less lithified Aptian-middle Albian carbonate platform 
(Poprawski et al., 2016; Cumberpatch et al., 2020). These carbonate 
debrites consist, on the western diapir flank (Figs. 11 and 12), of: 1) thin 
and discontinuous lenticular bodies of carbonate clast- and 
matrix-supported breccias; 2) pebble calciturbidites; and 3) sandy 
grainstones directly above the breccias and calciturbidites. On the 
eastern flank, in contrast, the debrites comprise clast- and 
matrix-supported carbonate breccias and folded sandy grainstone beds 
incorporated into slumps (Fig. 13) which show a SE transport direction, 
i.e., perpendicular to the diapir edge (Poprawski et al., 2014, 2016). 

5.1.4. Upper Albian-lower Cenomanian 
The upper unit preserved in the study area (Fig. 4), late Albian-early 

Cenomanian in age, is essentialy siliciclastic and includes the Deva and 
Cabo Villano formations of the Black Flysch Group (Fig. 9). The thick
ness of this unit is difficult to determine because its top is only preserved 
to the west in the Jata-Gorliz Minibasin out of the study area (Fig. 4). 
Measured stratigraphic sections in the Sollube Minibasin indicate that it 
is thicker than 1050 m in the north (Robador and García-Mondejar, 
1987; Arbués et al., 2012) and at least 1600 m thick in the south 
(Vicente-Bravo and Robles, 1991a). However, these values must be 

treated with caution since this unit shows an irregular base with sig
nificant onlap (Fig. 5). 

The upper Albian-lower Cenomanian unit records a significant input 
of siliciclastic sediments into the Basque-Cantabrian Basin (García-
Mondejar et al., 1996; Martín-Chivelet et al., 2002; García-Mondejar 
et al., 2005; Bodego et al., 2015) and is coeval with a global sea-level rise 
(De Graciansky et al., 1998; Haq, 2014). It consists of siliciclastic 
gravity-flow deposits with small proportions of mudstones, marlstones, 
and thin-bedded calciturbidites. Mass-transport deposits are also present 
but are restricted to minibasin margins and the lower part of the suc
cession (i.e, in Armintza harbor, near San Juan de Gaztelugatxe, or along 
the east Matxitxako Cape coast), and contain redeposited Aptian to 
middle Albian platform sediments (Robador and García-Mondejar, 
1987; Arbués et al., 2012; Poprawski et al., 2016). 

The turbidite succession comprises black mudstones with siderite 
concretions, sandstones, and conglomerates. It has been divided into 
several sequences/units characterized by different predominant facies 
associations: amalgamated thick-bedded coarse-grained siliciclastic 
turbidites (Cabo Matxitxako-Armintza sequence/unit); thin-bedded and 
fine-grained siliciclastic turbidites interbedded with marlstones (Sollube 
sequence/unit); or both kinds of facies along with mass-transport de
posits (Jata Sequence/unit) (Robador and García-Mondejar, 1987; Ro
bles et al., 1988, 1989; Vicente-Bravo and Robles, 1991a; Poprawski 

Fig. 10. A) Geologic map of the Bakio Diapir highlighting the Aptian-middle Albian successions and their main halokinetic features. Ap.U: intra-Aptian unconformity 
(base of the halokinetic sequences in direct contact with the salt). The location of the boundary between the Upper and Lower carbonate succesions at the western 
diapir side is approximative and based on the thickness of the breccias in the eastern side. B) Geologic map of the Bakio Diapir highlighting the upper Albian-lower 
Cenomanian successions and their main halokinetic features. 
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et al., 2016). Their areal extent, as well as measured paleocurrent di
rections and sedimentological features, denote that the upper 
Albian-lower Cenomanian turbidites were deposited in several north-to 
east-sourced deep-sea fans located at slope aprons (Amiot, 1982; Vice
nte-Bravo and Robles, 1991a, 1991b; Floquet, 2004). 

The bottom of this unit is an angular unconformity that truncates 
Upper Triassic to middle Albian rocks (Figs. 4 and A of supplementary 
data). This major unconformity, herein named the Upper Albian Un
conformity (U.A.U.; Fig. 9), is not exclusive to the Bakio area. It is a 
regional feature, also present at most margins and salt inflated areas of 
the Basque-Cantabrian Basin (García-Mondejar, 1982; Boess, 1984; 
Fernández-Mediola et al., 1993; García-Mondejar et al., 1996; Agirre
zabala et al., 2002; Pujalte and Robles, 2008; Bodego and Agirrezabala, 
2013; Barrón et al., 2015; Bodego et al., 2015). There is consensus in the 
literature that the unconformity is related to a sea level drop and a 
sudden change in the tectonic evolution of the Basque-Cantabrian Basin 
(e.g., Robador and García-Mondejar, 1987; Robles et al., 1988), but not 
on the nature of this tectonic change. For Rowan (2014), it was associ
ated with the transition from crustal thinning to exhumation during 
lithospheric extension. Alternatively, other authors link it to a dramatic 
decrease of the extension rate (Roca et al., 2011), a transpressional basin 
inversion (Souquet and Peybernés, 1991; García-Mondejar et al., 2005), 
the onset of thin-skinned extension (Bodego and Agirrezabala, 2013), or 
even to halokinetic processes (García-Mondejar, 1982; Ferrer et al., 

2014; Poprawski et al., 2014). 

5.2. Diapir structure 

The BR85-25 and BR85-26 seismic profiles display the base of the 
Bakio Diapir at depth as well as the geometries of the adjacent mini
basins (Fig. 5). The diapir pedestal, and thus the depth to the bottom of 
the salt that coincides with the sole thrust, is indicated by a divergence 
of reflections at 3.5–4 km beneath the Bakio Diapir. In the adjacent 
minibasins, extensional faults dipping mostly towards the diapir affect 
the Jurassic to middle part of the Aptian-middle Albian package, and, at 
the eastern edge of the diapir, slightly younger strata. In the eastern 
(Sollube) minibasin, westward depocenter migration (Fig. 5B) indicate 
differential salt evacuation that shifted towards the diapir. 

The surface and near-shore data show that the Bakio Diapir is a 
6.5–7.3 km long and <1.5 km wide NNE-trending salt wall with two 
outward plunging anticlines at its ends (Fig. 4). The geometry suggests 
that the salt wall was squeezed during the contractional Pyrenean 
deformation, albeit at an oblique angle due to its orientation relative to 
the shortening direction. This is compatible with its “Q-tip” map-view 
geometry, which is typical of squeezed salt walls (Rowan and Vende
ville, 2006). Indeed, the salt wall is very narrow (<100 m) in the center, 
northeast of the Bakio beach, and becomes progressively much broader 
towards the two terminations where, at the surface, the diapir is 1–1.5 

Fig. 11. Photograph looking SW and interpretation of the western flank of the Bakio Diapir at the coastline. Note the tapered geometry of the Aptian-middle Albian 
sequences and the major Upper Albian Unconformity that is onlapped by siliciclastic upper Albian turbidites. Thin dashed white line in the photograph: area covered 
by Fig. 12. W.1-W.6: Aptian to middle Albian unconformity-bound halokinetic sequences recognized at the coast in the western flank of the Bakio Diapir. 
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km wide (Fig. 4). 
This inferred squeezing is shown on the seismic cross section (Fig. 5), 

with the salt wall formed by a triangular pedestal and a bulbous crest 
separated by a narrow stem. This stem could be up to 400 m wide near 
the salt wall terminations, as in this section, but not in the center where 
there is no room to place a salt stem wider than 100 m (Fig. 4). Here, the 
diapir may be so narrow that it might even be welded. In any case, the 
narrow width of the diapir stem at the center of the salt wall is consistent 
with the results of an Anisotropy of Magnetic Susceptibility study car
ried out in the onshore diapir flanks (Soto et al., 2017). This analysis 
showed that the contractional deformation was transmitted from the SE 
diapir edge to the NW one in the center of the salt wall but not in the 
adjacent wider diapir areas. Here, unlike the center of the salt wall, the 
magnetic lineations (main stretching direction) are not perpendicular to 
the regional shortening direction on both diapir sides. Instead, the NW 
flank preserves an undefined or diapir-perpendicular magnetic orien
tation acquired during the pre-orogenic passive growth of the diapir 
(Soto et al., 2017). 

6. The halokinetic architecture of the syn-diapiric deposits at 
the Bakio Diapir 

The Aptian to upper Albian successions flanking the Bakio Diapir 
display a halokinetic-influenced architecture that varies upward. In this 
sense, we can distinguish three unconformity-bound packages that re
cord different stages of the diapir growth: the lower Aptian, the upper 
Aptian-middle Albian and the upper Albian packages. The halokinetic 
architecture of these three packages as well as the features of the 
bounding unconformities are described below. 

6.1. Halokinetic architecture of the lower Aptian package 

The lower Aptian package includes the lower part of the lower car
bonate succession, with the geometry observed at the southwestern 
diapir termination (Figs. 5 and A of the supplementary data). Here, it 
consists of a growth wedge of marly strata that onlaps an overturned 
panel of pre-passive diapiric Neocomian rocks (Figs. 4 and 10A, and A of 
the supplementary data). Thus, it is a package that recorded rotation of 
the Jurassic-Neocomian overburden, probably due to drape folding of 

Fig. 12. A) Photograph looking south showing middle-upper Albian successions and unconformities on the western flank of the Bakio Diapir. W.5 and W.6: middle 
Albian halokinetic sequences recognized at the coast in the western flank of the Bakio Diapir. See Fig. 11 for location. B) Detail of the successions underlying the 
Upper Albian Unconformity that comprise an alternation of siliciclastic turbidites and carbonate debrites deriving from the Aptian-lower Albian platform capping the 
diapir. The debrites are composed mostly of calcirudites and clast-supported breccias with heterometric floatstone blocks up to 4 m in diameter. 
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the roof of the incipient Bakio Diapir as the salt rose with respect to the 
adjacent Jata-Gorliz Minibasin. 

6.2. The intra-Aptian Unconformity (Ap.U.) 

Close to the western diapir edge, both the overturned flap of Neo
comian rocks and the growth wedge of lower Aptian marlstones are 
capped by a local angular unconformity (Figs. 10A and A of the sup
plementary data). It has a high angle of truncation (70-80◦) but grades 
rapidly into a correlative conformity within 150–300 m of the diapir 
edge. It is overlain by steeply dipping (80-85◦) Aptian marlstones that 
are parallel to this contact, which was thus folded after its formation. 
Part of this folding occurred during the Aptian-middle Albian, but 
tightening of the fold continued after the deposition of the upper Albian- 
lower Cenomanian turbidite/gravity-flow succession, as indicated by 
geometrical relationships between units and dip data on this flank of the 
diapir (Figs. 4 and A of the supplementary data). 

6.3. Halokinetic architecture of the upper Aptian-middle Albian package 

Above the intra-Aptian Unconformity on the NW diapir flank, the 
overlying Aptian to middle Albian deposits are in direct contact with the 
Bakio Diapir and comprise several stacked unconformity-bound units in 
which the bedding is parallel to or forming a low angle with adjacent 
strata or the salt interface (Fig. A of the supplementary data). The ar
chitecture of these sequences is well defined in the upper carbonate 
succession visible on the coastal cliffs west of the Bakio beach (Fig. 11). 
There, the marlstones, debrites, and turbidites of these successions 
display several discrete sedimentary packages that:  

• are bounded by local (>200–600 m wide) angular unconformities 
whose truncation angles do not exceed 10-20◦;  

• contain a broad halo (350–400 m) of upturned beds that onlap the 
basal unconformities toward the diapir and show a fan arrangement 
with a continuous axial surface that dips toward the diapir. 

Hence, they show the typical architecture of wedge HS that are 

Fig. 13. Photograph looking NE with interpretation of San Juan de Gaztelugatxe peninsula showing the Aptian-lower Albian carbonate platform debrites (breccias) 
and the halokinetic architecture of the onlapping middle Albian successions. Numbers inside white rectangles: turbidite bedding attitudes (dip azimuth/dip); *: 
secondary fault according Poprawski et al. (2014). 
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stacked to form a tapered CHS (Giles et al., 2004; Giles and Rowan, 
2012). 

On the other, SE diapir flank, the halokinetic architecture of this 
upper Aptian-middle Albian package is not so obvious, even on the 
coastal cliffs of the eastern diapir flank where the outcrop quality is also 
very high. The only easily recognizable unconformity is located at the 
eastern end of the Bakio beach very close to the diapir edge (Fig. A of 
supplementary data and Fig. 4 of Poprawski et al., 2014). This is a 
vertical to overturned, low-angle (<20◦) unconformity that separates 
the marlstones and marly limestones of the lower carbonate succession 
from massive breccias of the upper carbonate succession. 
North-eastwards, the cliffs display the upper carbonate succession that 
comprises much thicker and continuous massive carbonate breccias in 
which it is very difficult to observe any internal architecture (Fig. 4), and 
specifically any clear unconformities that define halokinetic sequences. 
However, the strata form a 300–350 m broad halo of upturned bedding 
compared to the regional dip attitude in the eastern diapir side (20-30◦; 
Fig. 4 and A of the supplementary data), i.e., a monocline geometry with 
a width and a progressive outward decrease of the bedding dip that fit 
the description of tapered CHS (Giles and Rowan, 2012). 

The same argument can be applied for the inland part of the diapir 
flanks, south of the coastal cliffs, where the upper Aptian-middle Albian 
sediments are only visible in a few, small and isolated outcrops that 
rarely are in contact with the salt. Here, we recognize that: 1) there are 
no clear high-angle unconformities; and 2) bedding is roughly parallel to 
the diapir edge with dips that decrease from 70◦ overturned near the 
diapir to 60-65◦ (right-side-up) 270–400 m from its edge (Fig. A of the 
supplementary data). They too are compatible with a tapered CHS 
architecture. 

Although the upper Aptian-middle Albian package everywhere forms 
a tapered CHS regardless of the stratigraphy/lithology, the internal ar
chitecture of the wedges differs along the length of the salt wall. 
Whereas in the central and southern parts of the salt wall, the wedges 
contain massive marlstones (Figs. 4 and 10A), in the northern parts, they 
include widespread debrites that are significantly more abundant on the 
eastern flank (Figs. 4 and 10A to 13). These debrites, breccias, and 
slumps derived from the Bakio Diapir roof (Ferrer et al., 2014; 
Poprawski et al., 2014), which is possibly still preserved in the inac
cessible Akatxa Island (Figs. 4 and 12). Although the diapir roof can not 
be analyzed directly, its nature can be deciphered from the debrites clast 
composition and the diapir roof segments preserved at the neighboring 
Gernika Diapir (i.e., in the town of Mundaka; Fig. 4). In agreement with 
previous studies (García-Mondejar and Robador, 1987; Robles et al., 
1988; Ferrer et al., 2014; Poprawski et al., 2016), these data show that, 
during late Aptian-early Albian times, the northern part of the Bakio 
Diapir roof was composed of an unlithified to lithified carbonate plat
form with isolated buildups at its margins. 

Along neither diapir edge do the debrites contain Jurassic or Neo
comian clasts. Nor are there any Upper Triassic ophite clasts in the 
debrites (even though they are very abundant in the outcropping salt). 
Thus, neither the diapir nor the oldest possible roof were involved in the 
mass-transport processes, and the failure surfaces/detachments of the 
rock falls, debris flows, and slumps were located within or at the base of 
the Aptian-lower Albian succession. 

6.4. The Upper Albian Unconformity (U.A.U.) 

The tapered CHS of the carbonate succession is topped by the 
widespread Upper Albian Unconformity (Fig. 4). In the Bakio area, this 
unconformity dips away from the salt inflated areas with an angle that 
diminishes gradually from up to 30◦ to practically horizontal in the 
Sollube and Jata-Gorliz minibasins (Fig. 5). Moreover, it truncates un
derlying rocks with an angle that decreases from near 80◦ at the diapir 
margins to practically null (<5◦) at minibasin depocenters (Figs. 5 and 
12 and A of the supplementary data). 

The truncated rocks beneath the unconformity are progressively 

older not only towards the diapir edges but also to the S and SE. Thus, in 
the northern parts of the diapir, the U.A.U. bevels the turbidites and 
debrites of the upper part of the upper carbonate succession (Punta 
Bakio unit of Robles et al., 1988), whereas southwards, it first truncates 
deposits of the middle and lower part of this succession (Bermeo marls 
and Bakio breccias of García-Mondejar and Robador, 1987) and finally, 
at the southern end of the diapir, Neocomian rocks (Fig. 4 and A of the 
supplementary data). This trend is also present at the northern parts of 
the Gernika Diapir (Fig. 4) and shows that the diapir overburden was 
tilted towards the N-NW at the time of the formation of the U.A.U. 
Tilting had ceased by the end of the truncation as shown by the same age 
of overlying sediments around the entire diapir. 

The strata above the unconformity are coarse-grained siliciclastic 
turbidities of the upper Albian-lower Cenomanian siliciclastic succes
sion that both onlap or show apparent downlap onto the erosional sur
face. The onlaps are the predominant termination and are directed 
towards the inflated salt structures (Figs. 5 and 12). They develop on all 
diapir flanks and in the entire Sollube Minibasin (Fig. 4). The downlaps 
are restricted to the Jata-Gorliz Minibasin where the whole succession of 
turbidites dips with a 10◦ to 35◦ westward component over the near 
horizontal Upper Albian Unconformity (Fig. 5). The apparently down
lapping layers do not have the geometry of prograding clinoforms but 
that of parallel beds. Thus, they indicate near-horizontal deposition and 
onlap of an east-dipping unconformity that was tilted westwards after 
the deposition of the lower Cenomanian turbidites (age of the youngest 
tilted rocks; Fig. 4). 

6.5. Halokinetic architecture of the upper Albian (-lower Cenomanian) 
package 

The halokinetic architecture of this succession is difficult to deter
mine since it only appears adjacent to the diapir south of Bakio village 
(Figs. 4 and 10B) where it consists of dispersed small outcrops separated 
by highly vegetated areas. Nevertheless, the 180 bedding attitude data 
collected in this area reveal that above the Upper Albian Unconformity 
the bedding: 1) decreases in dip very gradually towards the Sollube 
Minibasin, from 35 to 50◦ at the diapir edge to 8-12◦ 900–1000 m 
basinwards (Fig. A of the supplementary data); and 2) does not change 
abruptly in the juxtaposed turbidite layers/units. Both observations 
indicate that, at this diapir flank, the upper Albian is drape folded across 
a broad area without internal high-angle unconformities. This rules out 
the existence of upper Albian hook HS and suggests that the architecture 
was either parallel-bedded or formed by wedge halokinetic sequences 
bounded by unconformities with low truncation angles (<10-15◦). 

In any case, the geometry indicates that the sedimentation rate in this 
interval was greater than the diapir uplift rate (Rowan et al., 2003). This 
is compatible with the siliciclastic turbidites overlapping and covering 
the diapir above the U.A.U. along the SE flank of the diapir (Fig. 4). 
Unfortunately, the original extent of this relationship is unknown due to 
the recent erosion that has deeply incised the central diapir areas. 

7. The Bakio Diapir evolution 

7.1. Pre- and synrift evolution 

As shown in the previous sections, the surface data provide a good 
record of passive growth of the Bakio Diapir during late Aptian-late 
Albian times, but not of the earlier history of the diapir. This must be 
derived from the small and isolated outcrops of Neocomian and lower 
Aptian strata at the SW flank of the Bakio Diapir and mostly from the 
interpretation of the BR85-25 and BR85-26 seismic profiles. The com
bined profile (Fig. 5) shows a relatively thin Jurassic with a rather 
constant thickness at the base of the two minibasins, similar to the 
thickness observed, at the surface, next to the Gernika Diapir 
(~300–400 m; Soler and Solé, 1972; Boess, 1984). Similarly, the Neo
comian has a mostly constant thickness, except close to the eastern edge 

E. Roca et al.                                                                                                                                                                                                                                    



Marine and Petroleum Geology 123 (2021) 104770

17

of the Bakio Diapir where it seems to be thicker. Thus, the Jurassic and 
Neocomian were pre-diapiric and that the Bakio Diapir developed later. 
Specifically, the salt inflation started during the early Aptian, as shown 
by the growth geometry of the exposed lower part of the Aptian-lower 
middle Albian succession at the southwestern edge of the diapir 
(Fig. 4 and A of the supplementary data). This geometry denotes uplift 
and folding of the pre-kinematic layers (Neocomian) at the future po
sition of the diapir. 

The timing of initial salt inflation coincides with activity on the 
pervasive system of high-angle salt-detached extensional faults that 
affect the older suprasalt rocks (Fig. 5), thereby implying that it was 
related to local overburden thinning generated by an extensional fault. 
The geometry and displacement of this fault are not constrained by the 
available data, but the lack of Jurassic in the outcropping western 
upturned prekinematic panel (Fig. 4) suggests that there was a gap 
caused by a thin-skinned extensional fault (Fig. 14). We infer this was 
east-dipping, accommodating thickening of the Neocomian on the 
eastern side of the diapir (interpretation done in Figs. 5 and 14). In this 
scenario, the extension and subsequent upturn of the prekinematic 
layers at the western diapir edge would mark reactive and active stages, 
respectively, of the Bakio Diapir. Moreover, the intra-Aptian unconfor
mity (Ap.U.) indicates the time of salt breakthrough to the surface 
(Fig. 14). 

After this initial diapir development, the tapered halokinetic archi
tecture of the exposed successions placed over the Ap.U. (see sections 
6.3 to 6.5.) show that the salt wall grew passively from the middle part 
of the deposition of the Aptian-middle Albian carbonate unit (Fig. 14), 
much earlier than proposed by Poprawski et al. (2014) who placed it at 
the middle Albian during the deposition of the Punta Bakio unit (up
permost part of our upper carbonate succession). As shown in Fig. 5, the 
onset of passive diapirism appears to be when most of the high-angle 
salt-detached extensional faults within the minibasins ceased to move 
(Fig. 5). Because salt is weaker than the cover rocks, once it pierces the 
suprasalt successions it absorbs any ongoing salt-detached deformation. 
In this case, the Bakio Diapir would have widened (cryptic extension), 
leading to cessation of most pre-existent thin-skinned extensional faults 
(Vendeville and Jackson, 1992; Jackson and Hudec, 2017). 

The duration of the ongoing passive growth of the Bakio Diapir is 
unknown since there are no undeformed post-diapiric deposits burying 
it. Passive growth persisted at least into the early Cenomanian, since 
lower Cenomanian turbidites, although lacking clear halokinetic se
quences, depict paleocurrent directions and facies architecture that in
dicates ongoing uplift of the diapir (see section 8 below). In any case, the 
halokinetic architecture of the upper Aptian-middle Albian deposits 
denotes that the passive growth of the diapir was accompanied by the 
development of wedge HS and a tapered CHS (Fig. 14). These sequences 
were governed, first, by the aggradation of a carbonate platform on the 
diapir top during late Aptian-early Albian times (Ferrer et al., 2014; 
Poprawski et al., 2014), and then by an increase of terrigenous input 
(middle Albian). 

The evolution of the Bakio Diapir is interpreted to have taken place 
within a thick-skinned extensional tectonic setting in which (as seen on 
the restoration of the cross section of Fig. 3):  

• the salt draped over deep active basement-involved faults.  
• the diapir formed over the footwall of a major intrabasinal basement 

fault, probably at a thin-skinned extensional fault.  
• the diapir and salt-decoupled overburden moved basinward forming 

a suprasalt hanging-wall ramp and, basinwards, a ramp-syncline 
basin generating the shifting depocenters of the Lower Cretaceous 
synrift succession. 

In this framework, the Lower Cretaceous thickness variations (Fig. 3) 
as well as the geometry of the Upper Albian Unconformity with the 
overlying upper Albian deposits progressively truncating older strata to 
the South (Fig. 4) reveals that the Bakio Diapir grew during two different 

tectonic stages (Fig. 15). 
The first, Neocomian-middle Albian in age, was coeval with exten

sion on the basement-involved faults and overlying salt décollement. 
The diapir: 1) formed in a thin-skinned extensional setting just south of 
the hanging-wall cutoff of the Jurassic, in the footwall of the inferred 
Armintza-Bermeo basement fault system (Fig. 15B); and 2) was trans
lated basinwards along the salt décollement, leading to folding and 
tilting of the diapir and flanking strata when they crossed over the 
Armintza-Bermeo basement fault (Fig. 15C to D). In this setting, it was 
likely that the diapir widened somewhat by extension. 

The second stage, late Albian-early Cenomanian in age, was defined 
by the end of both tilting and fault-related thickness variations of the 
overburden (Fig. 15E). Hence, it is a scenario in which both the 
Armintza-Bermeo basement fault and the overlying salt décollement 
became inactive. This, together with the lack of extensional faults 
affecting the upper Albian successions around the salt wall, suggests that 
this was a period in which diapir growth was essentially governed by 
differential loading. The transition between the two stages is marked by 
the regional Upper Albian Unconformity, and was possibly related to 
regional uplift and the shift from crustal hyperextension to mantle 
exhumation as the Basque-Cantabrian Basin continued to widen 
(Rowan, 2014). 

7.2. Syn-Pyrenean contractional evolution 

During the late Santonian (Upper Cretaceous) to Cenozoic contrac
tional building of the Pyrenees, the diapir was partially squeezed, as 
shown by the anticlines at its SSW and NNE ends (Fig. 4). Also, it was 
passively transported about 10 km northwards by the North Pyrenean 
thin-skinned thrust system (Figs. 3 and 15F). This thrust system was 
detached on the Upper Triassic salt layer which, at the onset of the 
contractional deformation, was not flat but had a complex geometry 
with flats and ramps resulting from the extensional motion of Upper 
Jurassic-Lower Cretaceous basement faults (see restoration to the end 
Cretaceous in Fig. 3). Therefore, during the contractional translation, 
diapirs and minibasins experienced changes in their original attitudes 
due to fault-bend folding over both frontal and lateral/oblique ramps. 
These latter features are not apparent at the Bakio Diapir but one is 
interpreted to its west. Here, the post-stretching upper Albian- 
Cenomanian successions filling the Jata-Gorliz Minibasin show a gen
eral dip towards the west (Fig. 4). If we restore these strata to horizontal, 
then (based on observations of BR85-25 seismic reflector geometry; 
Fig. 5) the Upper Albian Unconformity and underlying strata would 
have dipped to the east. This tilting, first to the east and then back to the 
west, may have developed by initial (southern) extensional translation 
and then northern (contractional) translation over a lateral ramp in the 
basement fault array. 

8. Diapiric influence on synkinematic deposition 

The passive growth of diapirs in marine environments induces sea
floor highs and lows, which modify both detrital sediment flows and 
carbonate production, and thus the geometry and facies distribution of 
turbiditic fan systems (Kneller and McCaffrey, 1995; Rowan and 
Weimer, 1998; Toniolo et al., 2006; Mayall et al., 2010; Oluboyo et al., 
2014; Nelson et al., 2018; Doughty-Jones et al., 2019; Cumberpatch 
et al., 2020) or carbonate platforms (Bosence, 2005; Giles et al., 2008; 
Esestime et al., 2015; Teixell et al., 2017; Hattori et al., 2019; Grant 
et al., 2019). The Bakio Diapir was a good example during its passive 
growth, modifying the facies arrangement at the northern margin of the 
Basque-Cantabrian Basin during both the latest Jurassic to middle 
Albian stretching/thinning stage and the late Albian to Cenomanian 
stage in which there was mantle exhumation and the local faults became 
inactive. 

The first stage, during motion on the high-angle basement faults of 
the northern margin of the Basque-Cantabrian Basin, was characterized 
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Fig. 14. Schematic cross sections showing the evolution of the Bakio Diapir from Neocomian to late Albian times and its relationship with the main sedimentary and 
tectonic events occurring in the Basque-Cantabrian Basin. The cross sections depict the main features of the halokinetic-sequence architecture in each evolutionary 
stage. Cretaceous eustasy curve from Haq (2014). Note that the stages are not in a vertical time scale (the vertical scale of the ensemble of the Albian to Cenomanian 
stages is nearly three times that of the Neocomian-Aptian stage). 
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regionally by fluvio-deltaic and shallow marine siliciclastic deposits that 
graded rapidly basinwards to platform limestones and slope marlstones 
(Rat, 1959; García-Mondejar, 1989). This large-scale distribution of 
facies, however, was not simply linear and parallel to the basin margin, 
but was modified by both intrabasinal faults and the growth of diapirs 
(Robles et al., 1988). Thus, as shown by the areal distribution of the 
Aptian-lower Albian platform breccia clasts in the study area (Fig. 4), 
the carbonate platforms were not aligned along a continuous strip par
allel to the northern edge of the Basque-Cantabrian Basin. Instead, they 
had a complex planform with salients and isolated banks that were 
flanked by muddy to marly depositional areas (Fig. 16). This intrincate 
paleogeography appears to have been largely controlled by the salt highs 
in anomalous basinwards positions, where carbonate buildups could 
grow, and intervening lows (minibasins), which were filled by muddy to 
marly successions. These finer-grained sediments, deposited in slope to 
deepwater environments (García-Mondejar and Robador, 1987), were, 
however, not confined to the topographic lows. They also blanketed salt 
highs located in more basinward positions, which did not reach a suf
ficient bathymetric elevation to allow the growth of carbonate buildups 
(i.e., the SSW end of the Bakio Diapir; Fig. 16). 

The topographic control was even more evident during upper Albian 
to Cenomanian siliciclastic sedimentation. At that time, as noted by 
Vicente-Bravo and Robles (1991a), the Bakio, Bermeo, and Mungia di
apirs acted as effective barriers for gravity flows and influenced the 
distribution of three major turbidite fan systems, each restricted to a 
specific minibasin (see also Cumberpatch et al., 2020). As shown by new 
and previously published paleocurrent data (Robador and García-
Mondejar, 1987; Robles et al., 1988; Vicente Bravo and Robles, 1991a; 
Ábalos and Elorza, 2012; Poprawski et al., 2014; Cumberpatch et al., 
2020) and mapped lateral changes in the turbidite facies (Fig. 17), 
relative salt rise generated sediment shadows downstream of some di
apirs, where fine-grained turbidites were deposited (i.e., south of the 
Bermeo Diapir). Moreover, saddles, such as that located off the southern 
tip of the Bakio Diapir, acted as minibasin entry points, generating 
depletive flows that led to the accumulation downstream of coarser 
grained sands and even microconglomerates (eastern side of the 
Jata-Gorliz Minibasin). 

9. Discussion 

In the following discussion, we first compare and contrast our hal
okinetic sequence stratigraphic analysis of Bakio Diapir to that of 
Poprawski et al. (2014, 2016). We follow with an assessment of the 
factors controlling the development of tabular or tapered CHS, 
comparing the results of our study of the Bakio Diapir to the published 
models derived from predominantly shallow-water siliciclastic settings. 
We finish with addressing the impact of the major intra-Albian shift in 
rift style on the growth of passive diapirs in the Basque-Cantabrian 
Basin. 

9.1. CHS at Bakio Diapir 

Our observations at Bakio Diapir show that Aptian through Albian 
passive growth was accompanied by the formation of a series of tapered 
CHS (Fig. 14), which is consistent with the Poprawski et al. (2014, 2016) 
analysis of the Bakio breccia succession, but inconsistent with their 
analysis of the underlying Aptian-lower Albian Bakio marlstones. The 
latter are bounded at the top by their halokinetic-sequence bounding 
angular unconformity u1. Based on the angularity of this unconformity 
(40◦) on the eastern side of Bakio Diapir, they interpret the marlstones 
underlying the Bakio breccias to form a hook HS and infer it was part of a 
stack of hook HS forming a tabular CHS. They further suggest that the 
marlstones were deposited in a period of time of slow sedimentation 
rates prior to major influx of turbidites derived from the Landes Massif to 
the north, and that Bakio Diapir passive-rise rates outpaced 
sediment-accumulation rates, thereby generating a tabular CHS. We 

Fig. 15. Semi-quantitative sequential development of the northern margin of 
the Basque-Cantabrian Basin illustrating the proposed kinematic relationships 
between the motion of the basement faults and the kinematics of the Bakio 
Diapir. These sections are not precise restorations of the cross section of Fig. 3. 
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interpret the same angularity as reflecting that expected by the oldest 
wedges in a tapered CHS juxtaposed across the angular unconformity 
with the overlying Bakio Breccias Fm. (see Fig. 1B, bottom). We do not 
recognize any tabular CHS at Bakio Diapir, and the width of the defor
mation halo (zone of halokinetic drape folding flanking a diapir) shows 
that the marlstones instead form a tapered CHS. 

Poprawski et al. (2016) interpret the Bakio Breccia Fm. (our upper 
carbonate succession) as basinal mass wasting and turbidites shed into 
the adjacent minibasin from carbonate platforms developed on diapir 
bathymetric highs. The carbonate platforms rapidly aggrade and build 
up relief over the diapir during transgression and naturally shed abun
dant carbonate debris down the escarpment into the basin. The high 
rates of sediment accumulation produce a thick roof over the diapir 
resulting in wedge HS and tapered CHS. They highlight that carbonate 
halokinetic sequences, either wedges or hooks, may contain abundant 
gravity flows, which sets them apart from their siliciclastic counterparts. 
Our interpretation is fundamentally the same. However, they interpret 
that platform aggradation at Bakio took place during the transgressive 
systems tracts of depositional sequences and that no highstand systems 
tracts or lowstand systems tracts sediments are preserved. We do not 
relate these strata to depositional sequences and eustastic sea level cy
cles, but interpret the system as long-term progressive deepening across 
the Bakio Diapir area driven primarily by translation over the ramp in 
the detachment, tectonic subsidence, and eustatic sea-level rise (see 
discussion below). 

9.2. Controlling factors on CHS development 

Defined in shelf settings (Giles and Rowan, 2012), tapered and 
tabular CHS are distinguished based on their geometric attributes, but 
are further interpreted to vary in: 1) ratios between the local 
sediment-accumulation rate and the salt-rise rate; 2) the consequent 
thickness of the roof; 3) the height and steepness of the topograpic relief 
above the edge of salt; and 4) the resultant presence or absence of 
associated debrites or other reworked sediment derived from the roof or 
diapir. We address these in turn below, in all cases ultimately attributing 
the differences between the Bakio Diapir and the established models to 
the development of a carbonate platform on top of the Bakio Diapir 
(Rowan et al., 2012b). 

9.2.1. Relative sediment-accumulation rates 
Tabular and tapered CHS normally form when the ratio between 

sediment-accumulation and salt-rise rates is low or high, respectively. 
For a given salt-rise rate, therefore, tabular and tapered CHS suggest 
relatively slow and fast sediment accumulation rates, respectively. This 
is consistent with our observations in the middle Albian to lower Cen
omanian halokinetic successions of the Bakio Diapir, where the pre
sumed fast overall regional sedimentation rate of the siliciclastic gravity 
flows derived from the uplift of the Landes Massif was accompanied by 
the formation of tapered CHS (Fig. 14). However, it does not match the 
sedimentary signature of the underlying carbonate Aptian-lower Albian 
successions. The regional marly Aptian-lower Albian infill of the mini
basins, with a supposed low regional sedimentation rate, did not lead to 

Fig. 16. Facies architecture of the upper Aptian-middle Albian carbonate-dominated succession showing its relationship with the inferred diapirism and thin-skinned 
extension. The map area is the same as in Fig. 4 and the right column of the legend shows structures of the present-day geologic map. Note that the Aptian-lower 
Albian salt and fault features would have been about 13 km to the south prior to Pyrenean thrusting. 
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generation of tabular CHS but was accompanied by the formation of a 
tapered CHS (Figs. 11 and 16, and A of the supplementary data). Our 
explanation lies in the difference in depositional rates between mini
basins and diapir roofs (Fig. 18): in siliciclastic systems, sediment 
accumulation is slower above the topographic highs of diapirs, 
comprising thin, condensed muddy facies (e.g., Johnson and Bredeson, 
1971; Moore et al., 1995). In contrast, if water depths are shallow 
enough and the paleocological conditions are suitable, carbonate plat
form growth is more rapid (e.g., Pomar and Ward, 1995; Moore and 
Wade, 2013) than coeval marly deposition in the minibasins. Thus, it is 
not enough to look only at the regional sediment-accumulation rate. HS 
and CHS types are dependent on the local sediment-accumulation rate 
on the roof and flanks relative to the rate of rise of the diapir underlying 
that roof. 

9.2.2. Roof thickness 
The ultimate control on the width of the deformation halo, and thus 

the development of tabular or tapered CHS, is the thickness of the roof 
(Giles and Rowan, 2012; Hearon et al., 2014; Rowan et al., 2020). Roof 
thickness determines the wavelength of the drape fold, that is the width 
of the folded area of each halokinetic sequence. Thus, thin roofs 
generate narrow tilted panels (tabular CHS) and thick roofs generate 

wide monoclinal fold limbs (tapered CHS). In terrigenous to mixed 
depositional environments, again, roof thickness is controlled by the 
ratio between salt-rise and local sediment-deposition rates (Giles and 
Rowan, 2012), although variable roof erosion can play a role (Hearon 
et al., 2014). However, carbonate buildups above diapirs, as occurred in 
the northern parts of the Bakio Diapir (Poprawski et al., 2016), tend to 
generate thick roofs and thus tapered CHS regardless of the regional 
deposition rate. 

Growth of a carbonate platform above a diapir does not however 
necessarily imply the development of tapered CHS (Giles et al., 2008). It 
depends on the interplay between the rates of diapir roof uplift and the 
subsidence of the subsalt rocks beneath the diapir and minibasins, which 
can be regional and/or due to local deformations (i.e., subsalt faulting or 
folding). Thus, disregarding the effect of sea-level variations, if the uplift 
of the diapir roof is greater than subsalt subsidence, the vertical ac
commodation space for the carbonate platform to develop will reduce 
with time (Fig. 19A). The platform will be eroded and, as a result, the 
progressively thinner roof will favor the development of tabular CHS. On 
the other hand, if the diapir roof uplift is slower than the subsidence, the 
accommodation space will increase and the platform will thicken by 
aggradation. Thus, thick diapir roofs will develop, thereby leading to the 
formation of tapered CHS (Fig. 19B). 

Fig. 17. Facies architecture of the upper Albian-lower Cenomanian succession showing its relationships with the growing salt diapirs. The map area is the same as in 
Fig. 4 and the right column of the legend shows the primary and secondary structures of the present-day geologic map. The represented turbidite facies belts are 
bounded by the present-day surface contacts which are heterochronous; thus, the map does not reproduce a specific late Albian-early Cenomanian time span because 
the turbiditic bodies changed their areal distribution over time (Cumberpatch et al., 2020). Also note that the upper Albian-lower Cenomanian salt structures would 
have been about 13 km to the south prior to Pyrenean thrusting (see Figs. 2 and 7). Paleocurrent data compiled from Robador and García-Mondejar (1987), Robles 
et al. (1988), Vicente Bravo and Robles (1991a), Ábalos and Elorza (2012), Poprawski et al. (2014), and our study. 
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In this regard, the absence, expansion, and later retraction of the 
carbonate platform debrites during the upper Aptian-middle Albian 
passive growth of the Bakio Diapir (see Fig. 10A), points to changes in 
the thickness of the diapir-roofing carbonate platform – that is, in the 
vertical accommodation space over the diapir. In particular, they denote 
an increase of the roof thickness/accommodation space during the late 
Aptian-early Albian and a progressive decrease during the middle 
Albian. Considering that the uplift of the diapir roof probably did not 
change significantly over this time interval, these variations could be 
related to sea level that fell through the Aptian and rose during the 
Albian (Haq, 2014) as well as to changes in the subsalt subsidence rates. 
Indeed, the restoration of the regional cross section (Fig. 15) shows that 
the Bakio Diapir moved over a décollement with a flat-ramp-flat ge
ometry, which implies three evolutionary stages with a different base of 
salt subsidence: 1) an initial (Aptian?) phase in which the diapir moved 
along the upper flat, characterized by no or very little subsidence of the 
diapir base (stages B and C of Fig. 15); 2) an intermediate stage (early 
Albian?) in which translation of the Bakio Diapir down the ramp 
resulted in a significant increase in diapir base subsidence (between 
Fig. 15C and D); and 3) a last stage (middle Albian?) similar to the first, 
in which translation along the lower flat again resulted in little to no 
base-salt subsidence (stage D in Fig. 15). 

Conversely, aggradation of a carbonate platform above the Bakio 

diapir roof cannot be invoked to explain the tapered architecture of 
either the lower carbonate succession or the upper carbonate succession 
in the southern parts of the diapir. In both cases there are no carbonate 
platform debrites indicating the presence of an aggrading carbonate 
platform above the diapir (see above and Figs. 10A and 14). Instead, the 
architecture is typical of standard tapered CHS (Giles and Rowan, 2012), 
implying that the aggradation rate of the marls exceeded the diapir-rise 
rate. 

9.2.3. Topographic relief 
The established models hold that tabular CHS have high, steep scarps 

above diapir edges, whereas tapered CHS have lower and gentler relief 
(Giles and Rowan, 2012). Again, though, this is based on siliciclastic 
systems. However, as Rowan et al. (2012b) and Poprawski et al. (2016) 
highlight, in carbonate environments, aggradation of carbonate plat
forms on top of diapirs can create steep slopes on the diapir edges even 
though they form tapered CHS (Figs. 18 and 19). 

Sea-level fluctuations play a role in determining topographic relief in 
both deepwater siliciclastic systems and shallow-water carbonate sys
tems, but in different ways. In the former, relative highstands of sea level 
lead to condensed, draping facies (e.g., Prather et al., 1998). Since the 
diapir still rises and the minibasins still sink, both the amplitude and 
steepness of topographic relief thus increase. They also increase in 

Fig. 18. Tables showing the similarities (black text) and differences (red text) between tapered and tabular CHS defined in dominantly siliciclastic environments 
(Giles and Rowan, 2012) and those characterized by a growing carbonate platform (this study). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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shallow-water carbonate systems, but in this case driven more by ver
tical aggradation of platforms that keep pace with the rising sea level as 
the minibasins sink. 

9.2.4. Reworked sediment 
In tapered CHS in siliciclastic systems, because they are character

ized by low and gentle relief, slumped and otherwise reworked sediment 
is rare to absent (Giles and Rowan, 2012). In the case of carbonate 
platforms and specifically the Bakio Diapir, however, the thick roofs and 
steep scarps generated a large amount of reworked sediment, in the form 
of debrites and calcarenites, down the topographic slope (Rowan et al., 
2012b; Poprawski et al., 2016). These combined to increase the roof 
thickness at the diapir edge and reduce the topographic slopes, two re
sponses that helped drive the formation of halokinetic sequences with 
broad and gentle drape-fold geometries that were bounded by low-angle 
truncational unconformities. 

Our study emphasizes that debrites are not exclusive to hook HS and 
tabular CHS as postulated in siliciclastic environments (Rowan et al., 
2003; Giles et al., 2004; Giles and Rowan, 2012). This means that in 
wedge HS developed in carbonate environments: a) the sediments 
derived from slope collapse (debrites, slumps, etc.) can be rather 
abundant (Figs. 18 and 19B), and b) some of the halokinetic-sequence 
bounding unconformities are linked to the failure scarps. Moreover, 
whereas in terrigenous to mixed environments, halokinetic-sequence 
boundaries and overlying debrites are linked to sea level fluctuations 
and the times of slowest sedimentation (Giles and Rowan, 2012; Hearon 

et al., 2014; Mianaekere and Adam, 2020), the high relief of carbonate 
platforms may generate collapse, and thus debrites and unconformities, 
more frequent and at any time. In this sense, the depositional environ
ment appears to be a key factor determining not only the roof thickness 
and therefore the type of halokinetic sequence (hook or wedge), but also 
its stratigraphic extent and internal character. 

9.2.5. The Bakio Diapir 
Keeping in mind the analysis of controlling factors on halokinetic- 

sequence development, we deduce the following for the Bakio Diapir 
during Aptian-early Albian times: 

First, the sedimentation rate of the Aptian-lower Albian marls was 
not as low as suspected but rapid enough to compensate and even exceed 
the diapir uplift rate, thereby generating a tapered CHS. The uplift rate 
was probably rather slow at first because the total minibasin infill was 
still relatively thin and thus the differential load was not large, but might 
have increased considerably during ongoing deposition and consequent 
minibasin thickening. 

Second, during the deposition of the upper carbonate succession 
(latest Aptian?-middle Albian), the top of the diapir was deeper in the 
south than in the north, where it was shallow enough to allow devel
opment of a carbonate platform. 

And finally, the accommodation space for sediment aggradation on 
top of the Bakio Diapir increased, at least in the north and during the 
early Albian, more quickly than the diapir rose, allowing the formation 
of a relatively thick carbonate platform and, consequently, a tapered 

Fig. 19. Halokinetic-sequence architecture of passive diapirs developed in a carbonate environment characterized by the deposition of platform limestones on the 
diapir roof and marlstones in the adjacent minibasins. A) Model with diapir uplift rate higher than the subsidence rate (regional or locally fault/fold related) of the 
underlying substratum (subsalt subsidence). B) Model with diapir uplift rate lower than the subsalt subsidence rate. Note that in both cases, the applied marly 
sedimentation rate in minibasins is the same. h: Diapir height in the first depicted stage (left). 
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CHS. We suggest that this accommodation space increase was related to 
the Albian progressive rise of sea level (Haq, 2014) but also to a greater 
subsidence of the base of the Bakio Diapir induced by the south-directed 
translation of the diapir over and down the décollement ramp developed 
over the active subsalt Armitza-Bermeo fault system (Fig. 15). 

9.3. Impact of rift evolution on passive diapir growth 

As summarized earlier, the transition from the middle to late Albian 
marked a period of lithospheric uplift of the rift margins, possibly due to 
upwelling of asthenospheric mantle, which in turn led to the develop
ment of a widespread erosive unconformity and a large input of terrig
enous sediments to the still subsiding basinal areas (Jammes et al., 2010; 
Masini et al., 2014; DeFelipe et al., 2017; Muñoz, 2019). This has been 
linked regionally to the shift from crustal thinning to exhumation of 
lithospheric mantle (e.g., Jammes et al., 2009; Rowan, 2014). Regard
less of the details of crustal rifting, though, in the Bakio area this was the 
time when local subsalt faults and decoupled suprasalt extension ceased 
(Figs. 3B and 15) as further rifting shifted to more basinal (southerly) 
positions. Our study of the Bakio Salt Diapir and available information 
from other diapirs of the Basque-Cantabrian Basin and Pyrenees (e.g., 
Brinkmann et al., 1967; García-Mondejar, 1982; Boess, 1984; Canérot 
and Lenoble, 1993; Agirrezabala et al., 2002; Canérot et al., 2005; 
Muñoz and García-Senz, 2010; Quintà et al., 2012; Bodego and Agirre
zabala, 2013; Bodego et al., 2018) suggest that these changes may have 
had an impact on the growth of the salt diapirs in two manners. 

First, erosion of the basin margins led to the partial or total removal 
of the roofs of the diapiric structures located in these areas. Conse
quently, it might have caused an increase in salt extrusion (although this 
cannot be documented at the Bakio Diapir) and the development of 
widespread unconformities extending far away from the rising diapirs. 
Such unconformities would have been drape folded by ongoing diapir
ism and onlapped and overlain by sediments deposited during subse
quent rift-related basin subsidence, as shown by the U.A.U. at the 
western side of the Bakio Diapir (Fig. 12). 

Second, the sudden input of a large amount of siliciclastics coming 
from the Landes Massif (Voort, 1964; Puelles et al., 2014; Cumberpatch 
et al., 2020) resulted in: a) the demise of the carbonate platforms 
growing above the diapirs; and b) a significant increase in the 
sediment-accumulation rates in the minibasins, as shown in the 
Basque-Cantabrian Basin by subsidence and stratigraphic studies (Gar
cía-Mondejar et al., 2005; López-Horgue et al., 2009). This increase 
would have counteracted and possibly overcome the increase in salt-rise 
rate generated by the erosion of the diapir roofs and the cessation of 
carbonate platform growth. 

Many diapirs of the Basque-Cantabrian and other Pyrenean basins 
show prominent changes in growth style at this same stratigraphic level 
(e.g., Boess, 1984; Muñoz and García-Senz, 2010; Quintà et al., 2012; 
Saura et al., 2016; Bodego et al., 2018). These changes include nar
rowing of existent passive diapirs, with possible formation of diapir 
shoulders, and initiation of passive diapirism by erosional unroofing of 
precursor bodies of inflated salt. Moreover, such effects of sudden in
creases in sediment input and/or regional unconformities are found in 
many other salt basins, whether rifted basins or not. Examples of the 
former include the Atlas Mts., where the terrigenous Aalenian partially 
overlies the diapir roofs (Saura et al., 2013; Vergés et al., 2017) and the 
Northern Calcareous Alps, where the terrigenous middle Carnian Lunz 
Fm. also expands over the diapirs and forms some diapir shoulders 
(Granado et al., 2018). Regional unconformities have triggered the onset 
of passive diapirism in basins such as the Paradox Basin (Rowan et al., 
2016; Escosa et al., 2018) and the Nordkapp Basin (Rowan and Lindsø, 
2017), have led to shoulder formation (e.g., Paradox Basin, Giles et al., 
2018), or are associated with prominent changes in salt-flank geometry 
(e.g., southern Gulf of Mexico, unplublished data). 

10. Conclusions 

The Bakio Diapir is a NNE-trending salt wall sourced from prerift 
Upper Triassic salt whose formation was linked to thick-skinned exten
sion. In particular, it is interpreted as related to Aptian displacement on 
two slightly overlapping basement-involved faults that generated a salt- 
detached drape fold in which the cover was stretched and tectonically 
thinned triggering salt breakthrough and passive diapirism. The subse
quent evolution was constrained by southwards transport of the diapir 
and adjoining overburden over fault-stepped basement. This continued 
until the late Albian, when the basement faults became inactive and 
corresponding suprasalt extension effectively ceased. 

The diapir is flanked to the north by rollover extensional basins (i.e, 
Burgoa Basin) and to the east and west two bowl-shaped minibasins 
(Sollube and Jata-Gorliz, respectively). The depocenters were filled by 
sediments deposited, first, in a carbonate platform to slope environment, 
and then in siliciclastic deepwater fans at slope aprons. Regardless of the 
depositional environment, all flanking strata show tapered CHS archi
tecture during its recorded passive growth. Most of the wedges forming 
these composite halokinetic sequences do not include debrites coming 
from the diapir roof, but there are some in which such deposits are 
predominant, specifically those developed on the northern part of the 
diapir during lower Albian carbonate deposition. The abundance of 
debrites was related to the aggradation of a carbonate platform above 
the diapir, which generated: 1) a thick diapir roof; and 2) high and steep 
topographic relief. 

The Bakio Diapir, with such features, offers one of the few exposed 
opportunities for analyzing the structural and sedimentary features 
developed during growth of passive diapirs in deepwater environments 
with both synkinematic carbonate and siliciclastic strata. This 
outstanding natural laboratory allows us to evaluate the factors con
trolling the architecture and evolution of the diapir and surrounding 
halokinetic sequences.  

• The geometry of the halokinetic sequences is defined, regardless of 
setting, by the thickness of the roof edges. Thus, thick diapir roofs 
generate wedge HS and tapered CHS, and thin diapir roofs form hook 
HS and tabular CHS. 

• The thickness of the diapir roof is often controlled by the ratio be
tween salt-rise and local sediment-accumulation rates but also, in 
carbonate environments, by the water depth of the diapir roof and 
the environmental conditions that can promote the aggradation of a 
carbonate buildup on top of the diapir. Thus, thick diapir roofs and 
tapered CHS can form even though the ratio was high in this case due 
to slow, marly deposition in the minibasins. 

• The diapir roof thickness is also controlled in shallow-water car
bonate settings by the accommodation space available over the top of 
the diapir, which itself is determined by: a) sea-level fluctuations; 
and b) the interplay between the uplift of diapir top and the regional/ 
local tectonic subsidence of the diapir base.  

• High and steep scarps over the edges of diapirs, and thus abundant 
debrites, are not exclusive to hook HS and tabular CHS. They can be 
also present in wedge HS and tapered CHS that formed from the 
aggradation of a thick carbonate buildup on top of a diapir. 

Finally, our study also shows that a regional shift in the styles of 
lithospheric extension, which occurred in the Basque-Cantabrian Basin 
during the transition from the middle to late Albian, impacted diapirism 
by: a) cessation of local basement faulting and, therefore, the end of 
suprasalt stretching that widened the passive diapirs originally devel
oped in their footwalls; b) uplift of the rift margins and erosion of the 
roofs of marginal diapirs, which removed or thinned the roofs, thereby 
possibly favoring salt extrusion; and c) a sudden input of a large amount 
of siliciclastics into the basin, which terminated most or even all car
bonate buildups above the diapirs and thus resulted in changing 
halokinetic-sequence architecture. 
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adyacentes. In: Vera, J.A. (Ed.), Geología de España. SGE-IGME, Madrid, 
pp. 299–306. 
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López-Horgue, M.A., Iriarte, E., Martínez de Rituerto, S., 2004. 3.5.8 el Aptiense- 
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Sansegundo, J., Farias, P., Galé, C., Lago, M., Ubide, T., Fernández-Viejo, G., 
Gand, G., 2019. New lithostratigraphy for the Cantabrian Mountains_ A common 
tectono-stratigraphic evolution for the onset of the Alpine cycle in the W Pyrenean 
realm, N Spain. Earth Sci. Rev. 188, 249–271. https://doi.org/10.1016/j. 
earscirev.2018.11.008. 
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Roca, E., Muñoz, J.A., Ferrer, O., Ellouz, N., 2011. The role of the Bay of Biscay Mesozoic 
extensional structure in the configuration of the Pyrenean orogen: constraints from 
the MARCONI deep seismic reflection survey. Tectonics 30, TC2001. 

Rowan, M.G., 2014. Passive-margin salt basins: hyperextension, evaporite deposition, 
and salt tectonics. Basin Res. 26, 154–182. 

Rowan, M.G., Lindsø, S., 2017. Salt tectonics of the Norwegian Barents Sea and northeast 
Greenland shelf. In: Soto, J.I., Flinch, J.F., Tari, G. (Eds.), Permo-Triassic Salt 
Provinces of Europe, North Africa and the Atlantic Margins. Elsevier, Amsterdam, 
pp. 265–286. https://doi.org/10.1016/B978-0-12-809417-4.00013-6. 

Rowan, M.G., Vendeville, B.C., 2006. Foldbelts with early salt withdrawal and diapirism: 
physical model and examples from the northern Gulf of Mexico and Flinders Ranges, 
Australia. Mar. Petrol. Geol. 23, 871–891. 

Rowan, M.G., Weimer, P.W., 1998. Salt-sediment interaction, northern green canyon and 
Ewing bank (offshore Louisiana), northern Gulf of Mexico. AAPG Bull. 82, 
1055–1082. 

Rowan, M.G., Lawton, T.F., Giles, K.A., Ratliff, R.A., 2003. Near-salt deformation in La 
Popa basin, Mexico, and the northern Gulf of Mexico: a general model for passive 
diapirism. AAPG Bull. 87, 733–756. 

Rowan, M.G., Lawton, T.F., Giles, K.A., 2012a. Anatomy of an exposed vertical salt weld 
and flanking strata, La Popa Basin, Mexico. In: Archer, S.G., Alsop, G.I., Hartley, A.J., 
Grant, N.T., Hodgkinson, R. (Eds.), Salt Tectonics, Sediments and Prospectivity, vol. 
363. Geol. Soc. London, Spec. Publ, pp. 33–58. 

Rowan, M.G., Giles, K.A., Roca, E., Arbués, P., Ferrer, O., 2012b. Analysis of Growth 
Strata Adjacent to an Exposed Deepwater Salt Diapir, Northern Spain. American 
Association of Petroleum Geologists Annual Convention, Long Beach, USA.  

Rowan, M.G., Giles, K.A., Hearon, T.E., Fiduk, J.C., 2016. Megaflaps adjacent to salt 
diapirs. AAPG Bull. 100 (11), 1723–1747. https://doi.org/10.1306/05241616009. 
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