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In diapir flanks, unconformity-bounded sedimentary packages associated with gravity-driven deposits,
controlled by the ratio between the rates of sediment accumulation and diapir growth can be interpreted in
the context of halokinetic sequences. The Bakio Breccias Formation (Basque Country, Spain) corresponds to
redeposited carbonate deposit that developed in response to the Bakio diapir growth during the Middle Albian.
These deposits provide on of the rare documented example of carbonate-dominated halokinetic sequences. The
Bakio Breccias Formation consists of an alternation of clast- and matrix-supported breccias, calcirudite,
calcarenite and marl, deposited along the flanks of the diapir. The description and the analysis of the Bakio
Breccias Formation lead to a new model for carbonate-dominated halokinetic sequences. These sequences differ
from their siliciclastic counterpart because sediment accumulation rate is controlled by carbonate platform
growth on the topographic relief top of the diapirs, while sediments are preferentially deposited in the mini-
basins adjacent of the diapirs, in siliciclastic settings. During transgressive system tract, carbonate platform are
able to keep up with the sea level rise and to aggrade on top of the diapirs, forming thick and resistant roof,
which is assumed to limit the diapir growth and thus to favour the development of halokinetic sequences with
low angle unconformities (wedge halokinetic sequences). During late highstand system tract deposition (and
lowstand system tract if present), platform progradation results in high sediment accumulation in the adjacent
depocenters, loading the autochthonous salt layer and promote diapir growth and creation of topographic relief.
In addition, if the diapir roof reaches emersion, karstification of the carbonate platform top may also favour roof
destruction and diapir growth. Depending on the thickness of the roof developed previously and the amplitude of
the sea level fall, the halokinetic sequences with the emersion and the karstification of the carbonate platform
may display high angle unconformities (hook halokinetic sequences). Furthermore, gravity-driven deposits are
assumed to be more common in carbonate-dominated halokinetic sequences, compared to their siliciclastic
counterparts, since carbonate platform aggradation creates steep slopes on the diapir margins, leading to the
partial collapse of the margin, even when limited diapir growth occurs. The carbonate-dominated halokinetic
sequence model proposed here is an important tool for the prediction of potential reservoir distribution, seal
and hydrocarbon migration in flanks of salt diapirs where carbonate platform developed.

© 2016 Elsevier B.V. All rights reserved.

Editor: B. Jones

Keywords:

halokinetic sequence
redeposited carbonates
diapir growth
carbonate platform
gravity-driven deposits
growth strata

diapir flanks remains relatively more stable. Since the pioneer works
of Giles and Lawton (2002); Schultz-Ela (2003); Rowan et al. (2003);

1. Introduction

Halokinetic sequences are unconformity-bounded sedimentary
packages related to sediment destabilizations during drape folding
associated with the diapir flank rotation. The model of halokinetic
sequences (Giles and Lawton, 2002; Rowan et al., 2003) is based on
the ratio between relative sediment accumulation rate and diapir rise
rate. When diapir rise exceeds sediment accumulation, the diapir pro-
duces positive topographic relief and upturned flanking strata. Uplift
of the diapir roof may induce instability leading to gravity flows or
slumps. When sediment accumulation rate overcome the diapir rise
rate, the diapir may be buried and the sediment accumulating on the

http://dx.doi.org/10.1016/j.sedge0.2016.01.013
0037-0738/© 2016 Elsevier B.V. All rights reserved.

Giles and Rowan (2012), who proposed the drape fold and the
halokinetic sequence models in the La Popa basin in Mexico, recent
outcrop studies demonstrated the usefulness of this model in the
same basin (Andrie et al., 2012; Rowan et al., 2012a), in the Basque-
Cantabrian basin in Spain (Arbués et al., 2012; Rowan et al., 2012b;
Poprawski et al., 2014; Ferrer et al.,, 2014), in the Central High Atlas in
Morocco (Saura et al., 2014; Vergés et al., 2013), in the Sivas basin in
Turkey (Callot et al.,, 2014; Ribes et al., 2015) and in Australia (Kernen
et al.,, 2012; Hearon et al,, 2014a, 2015). However published studies de-
scribe shallow-water siliciclastic or mixed systems (Giles and Lawton,
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2002; Rowan et al.,, 2003; Andrie et al., 2012; Giles and Rowan, 2012;
Kernen et al., 2012; Rowan et al., 2012a; Callot et al., 2014), and deep-
water environments (Arbués et al., 2012; Rowan et al., 2012b; Hearon
et al., 2014b; Poprawski et al., 2014; Ferrer et al., 2014), but few
outcrop-based examples in pure carbonate settings have been recog-
nized. The halokinetic sequence models (Giles and Lawton, 2002;
Rowan et al., 2003; Giles and Rowan, 2012) refer to siliciclastic sedi-
ments, where an external sedimentary source fills the mini-basins. In
carbonate systems, sedimentation rates are higher in the topographic
highs, where carbonate platform are able to develop. This is the case
for several diapirs worldwide, where synkinematic isolated carbonate
platform developed (e.g. Davison et al., 1996; Fernandez-Mendiola and
Garcia-Mondéjar, 1997; Bantan, 1999; Bosence et al., 1998; Carbone
et al,, 1998; Orszag-Sperber et al.,, 1998; Giles and Goldhammer, 2000;
Giles and Lawton, 2002; Alves et al., 2003; Pirazzoli et al., 2004; Bosence,
2005; Giles et al., 2008; Jaillard et al., 2013). Consequently, halokinetic
sequences in carbonate environment may differ from the halokinetic
sequence model proposed by Giles and Lawton (2002); Rowan et al.
(2003); Giles and Rowan (2012).

This study of the Bakio diapir, in the Basque-Cantabrian basin,
provides sedimentological and structural data from the exposed over-
burden of a diapir, where a carbonate platform and associated gravity
flow on the slope (Bakio Breccias Formation) developed during Middle
Albian times in response to diapir growth and adjacent mini-basin
subsidence (Poprawski et al., 2014). The aims of this paper are to
demonstrate that halokinetic sequences in carbonate context may differ
significantly from their siliciclastic counterpart and to discuss the
processes controlling carbonate-dominated halokinetic sequences. This
will be achieved by addressing the following questions: (i) Where is
the source for the redeposited carbonate sediments around the Bakio di-
apir; (ii) Which processes controlled slope stability and carbonate
redeposition in the adjacent deeper depocenters; and (iii) What is the
relationship between relative sea-level variations and sedimentation
accumulation rates in the case of an isolated carbonate platform located
on top of a passively growing diapir?

2. Halokinetic sequence models

Halokinetic sequences are defined as sedimentary succession of
growth strata bounded by unconformities and thinning toward adja-
cent diapirs (Giles and Lawton, 2002; Rowan et al., 2003). Halokinetic
sequences form due to cycles of passive diapir growth (downbuilding)
followed by limited active diapir growth (active intrusion) when salt
periodically pierces the diapir roof (Rowan et al., 2003) (Fig. 1a,b,c).
Such sequences are controlled by drape folding and governed by the
balance between the rates of diapir rise and sediment accumulation.
When the velocity of diapir rise exceeds sediment accumulation
rate, the diapir produces positive topography at the sea-floor and
upturned strata on its flanks (Fig. 1a). Increased topographic relief
may lead to erosion of the roof, sediment destabilization and
redeposition. Consequently, gravity-driven deposits may accumulate
on top of previously eroded and upturned strata, forming an angular
unconformity (Fig. 1a). When sedimentation accumulation rate ex-
ceeds the diapir uplift velocity, the diapir becomes buried (Fig. 1b).
The slope angle of the onlapping strata on the diapir-flanks decreases
(Fig. 1b). Commonly, halokinetic sequences are characterized by a
lower part composed of gravity-driven deposits and an upper part
with fine-grained deposits (Giles and Lawton, 2002; Rowan et al.,
2003). The gravity-driven deposits at the base of the halokinetic
sequences commonly exhibit diapir-derived clasts showing that
diapirs periodically pierces the diapir roof (Giles and Lawton, 2002;
Rowan et al,, 2003).

Giles and Rowan (2012) described two end-members types of
halokinetic sequences: the hook halokinetic sequence and the wedge
halokinetic sequence (Fig. 1d, f). Hook halokinetic sequences have
high-angle unconformities (>70°), common gravity-driven deposits

with rapid lateral facies variations and are associated with narrow
zones of drape folding (50-200 m) (Fig. 1d). In contrast, wedge
halokinetic sequences are characterized by low-angle unconformities,
less common gravity-driven deposits, gradational lateral facies
variations and are associated with broader zones of drape folding
(300-1000 m) (Fig. 1f). Hook halokinetic sequences are thought to
form when the net rate of diapir rise exceeds the net rate of sediment
accumulation. Low sedimentation accumulation relative to diapir rise
leads to the creation of a thin diapir roof and steep unstable diapir mar-
gins that periodically reach failure. Since the diapir roof is relatively
thin, deformation is localized only near the diapir margin. Wedge
halokinetic sequences are thought to form when the sediment accumu-
lation rate exceeds the net diapir rise rate. High sedimentation accumu-
lation relative to diapir rise leads to the creation of a thick roof.
Consequently, diapir growth produces a broad deformation halo on
the sea-floor and thus only gentle slope that may remain stable through
time.

Hook and wedge halokinetic sequences are described to stack into
tabular and tapered composite halokinetic sequences (Fig. 1e, g), re-
spectively (Giles and Rowan, 2012). Halokinetic sequences are assumed
to be scale-equivalent to parasequences sets and Composite Halokinetic
Sequences (CHS) to be scale-equivalent to third order system tracts
(Giles and Rowan, 2012). Tabular CHS are characterized by sub-
parallel boundaries, thin roof and localized upturn strata localized
near the diapir margin (Fig. 1e). Tapered CHS exhibit growth strata,
thick roof and broad upturn strata (Fig. 1g). For diapirs located on
siliciclastic-dominated shelf areas, tabular CHS commonly develop
during the deposition of transgressive system tracts (TST), because sed-
iments are restricted to the proximal areas of the shelf (Giles and
Rowan, 2012). Their basal boundary commonly occurs in the early
TST. Tapered CHS commonly form during the deposition of highstand
system tracts (HST) and the lowstand system tracts (LST), if present,
due to a high sedimentary input on the shelf (Giles and Rowan, 2012).
Their basal boundary commonly occurs near the maximum flooding
surface or in the early HST. In deep-water settings, creation of
topographic relief and associating drape folding also occurs during low
sediment accumulation phases that commonly coincide with HST, as
the sedimentary input shifts toward the coastal areas (Giles and
Rowan, 2012; Hearon et al., 2014b). Consequently, the boundaries of
the CHS in deep-water settings commonly occur near the depositional
sequences boundaries (Hearon et al., 2014b).

Among isolated carbonate platforms developed top of diapirs that
were documented worldwide, only few works focus on the study of
halokinetic sequences in carbonate settings (Giles and Lawton, 2002;
Rowan et al., 2003; Giles and Rowan, 2012; Kernen et al., 2012;
Hearon et al., 2014a, 2015). In the mixed carbonate-siliciclastic system
of the La Popa basin, Giles and Lawton (2002); Rowan et al. (2003)
described carbonate lentils made of shallow-water limestones and
submarine carbonate debris flows, thinning away from the diapirs.
These lentils range from 400 m to 5 km in length and from 10 m to
160 m in thickness and are interpreted as the result of carbonate plat-
form growth on top of the diapir. Giles and Lawton (2002); Rowan
et al. (2003) showed that these carbonate sediment accumulation
mainly developed during transgressive system tracts, due to the retro-
gradation of the siliciclastic facies, toward the shoreline. These carbon-
ates develop during low siliciclastic accumulation on top of the diapir
combined with drape folding and creation of topographic relief. There-
fore, they developed above the unconformities at the base of the
halokinetic sequences. In the same area, Giles and Rowan (2012)
hypothesized that carbonate-dominated CHS tend to be preferentially
tapered even when the sediment accumulation is low, due to the
creation of thick diapir roof where the carbonate platform grew. This
hypothesis is corroborated by the work of Kernen et al. (2012);
Hearon et al. (20144, 2015), in the Central Flinders and in the Willouran
ranges, in Australia, where they described mainly carbonate-dominated
tapered CHS.
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Fig. 1. Halokinetic sequence model from the La Popa basin (a., b. & ¢.), from Giles and Lawton (2002) and hook and wedge halokinetic sequence associated with the tabular and tapered
Composite Halokinetic Sequences (CHS) models (d.& e.), from Giles and Rowan (2012). When diapir rise velocity overcomes sediment accumulation, diapir growth produces positive
surface relief and upturned strata, leading to sediment sliding and redeposition of gravity-driven deposits top of an angular unconformity (a.). When sediment accumulation overcome
the diapir growth velocity, the diapir is buried and sediment laps on the diapir flanks that remain stable (b.). Repetition of phase a. leads to the creation of a new halokinetic sequence
(c.). Giles and Lawton (2002) initially proposed that halokinetic sequences are at the scale of 3rd order systems tracts (a,b&c). However, the recent work of Giles and Rowan (2012)
suggest that halokinetic sequences stack into composite halokinetic sequences, which are currently considered to be at the scale of the 3rd order systems tracts (d &e). Hook
halokinetic sequences have high-angle unconformities and common gravity-driven deposits with rapid facies variations and narrow zones of drape folding and stack into tabular
composite halokinetic sequences (d.). They commonly form during transgressive system tracts, for diapir in the shelf, due to the low sediment accumulation rates (d.). Wedge
halokinetic sequences are characterized by low-angle unconformities, less common gravity-driven deposits, gradational facies variations and broad zone of drape folding and stack
into tapered composite halokinetic sequences (e.). They commonly form during highstand system tracts, for diapir in the shelf, due to the high sediment accumulation rates (e.).

3. Geological setting
3.1. Mesozoic and Tertiary history of the Basque-Cantabrian Basin

The Basque-Cantabrian basin is an inverted rift, located in northern
Spain (Fig. 2a), in the westernmost part of the Pyrenees (Gémez et al.,
2002; Ferrer et al., 2008). The opening of this basin is related to the
rotation of the Iberian plate during the Cretaceous (Garcia-Mondéjar
et al,, 1996; Martin-Chivelet et al., 2002).

Triassic gypsum and red clays corresponds to the oldest Mesozoic de-
posits of the Basque-Cantabrian basin. These rocks are exposed in several
diapirs (Fig. 2a) that were growing during Albian (e.g. Lopez-Horgue
et al,, 2010; Quinta et al., 2012; Poprawski et al., 2014). Jurassic to Early
Albian strata correspond to thin, fluvial, alluvial and shallow marine
rocks (Garcia-Mondéjar et al., 1996, 2004; Martin-Chivelet et al., 2002).
Middle Albian to Cenomanian units are characterized by deep-water
siliciclastic turbidites and redeposited carbonate, regionally called the
Black Flysch units (Garcia-Mondéjar et al., 1996, 2004; Martin-Chivelet

et al.,, 2002), that were deposited in the main depocenter, called the
Basque Trough (Fig. 2b). The development of the Black Flysch units re-
sulted from a combination of (1) subsidence-driven deepening of the
Basque Trough from Aptian to Turonian times (Gémez et al., 2002;
Garcia-Mondéjar et al., 2005) and (2) global sea-level rise during the
Early Albian (Vail et al., 1977; Haq et al., 1987; Brunet, 1997; De
Graciansky, 1998). Subsidence in the Basque Trough was coeval with
the uplift of the Landes Massif, which is a basement block (Fig. 2), pres-
ently located offshore (Gémez et al., 2002; Ferrer et al., 2008). This base-
ment block is considered as the source area for the siliciclastic units of
the Black Flysch group (Voort, 1964; Rat, 1988; Robles et al., 1988;
Garcia-Mondéjar et al,, 1996; Agirrezabala, 1996; Martin-Chivelet et al.,
2002). From Late Cenomanian to Early Campanian, the Basque Trough
remained subsiding and filled by calcareous fine-grained turbidites and
marls, locally called the Plenzia Formation. (Mathey 1987; Castafiares
et al.,, 2001; Martin-Chivelet et al., 2002).

Inversion of the Basque-Cantabrian basin started from Late Creta-
ceous (Campanian) and culminated during Eocene (Gémez et al.,
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Fig. 2. a. Geological map of the Basque-Cantabrian basin, modified from Garcia-Mondéjar et al. (1996) for onshore areas and from Roca et al. (2011) for offshore areas. b. Composite
structural cross-section of the Basque-Cantabrian basin built using the cross-sections of Hernaiz-Huerta and Solé Pont (2000) for domain 1, Serrano and Martinez del Olmo (1989) for
domain 2, Garrote et al. (1995) for domain 3 and Gémez et al. (2002) for domain 4. The Bakio diapir has been added, modifying the structural cross-section of Gémez et al. (2002).
The Bakio diapir is located on the northern margin of the Basque Trough, which belong to the European plate during Cretaceous. Basement geometries are hypothetic.

2002). A limited shortening, from 40 to 50 km, has been assumed by
Abalos et al. (2008) and thus, several Cretaceous structures, such as
the Bakio diapir (Poprawski et al., 2014) have been preserved or only
slightly reactivated in the Basque-Cantabrian basin.

3.2. Stratigraphy of overburden of the Bakio diapir

The Bakio diapir is composed of Triassic red clays and gypsum. Early
to Late Albian overburden includes six stratigraphic units (Figs. 3, 4).
The Bakio marls unit and the Bakio Breccias Formation correspond to
the youngest carbonated deposits in the area (early Middle Albian).
The overlying Sollube, Cabo Matxitxako, Punta de Bakio and Jata units
correspond to the oldest units of the Black Flysch Group (early Late
Albian and Late Albian) in the area.

The Bakio marls unit is only exposed on the eastern flank of the
Bakio diapir (Figs. 3, 4) and its base it not exposed. The minimal thick-
ness of the exposed Bakio marls unit is 60 m. This unit consists of inter-
bedded marls and thin-bedded packstones, interpreted as deposited in
an outer shelf setting (Garcia-Mondéjar and Robador, 1987; Robles
et al., 1988). The Bakio Breccias Formation, composed of carbonate brec-
cias interbedded with marls (Garcia-Mondéjar and Robador, 1987;
Robles et al., 1988) is unconformably overlying the Bakio marls unit in
the eastern flank (Fig. 4). This unit is 550 m thick in the eastern flank,
and 205 m thick in the western flank, where its base is not exposed
(Fig. 4). In the eastern flank of the diapir, two distinct units are present
above the Bakio Breccias Formation: the Sollube and the Cabo
Matxitxako units (Figs. 3, 4). The Sollube unit is made of thin-bedded,
fine-grained siliciclastic turbidites interbedded with marls (Vicente-
Bravo and Robles, 1991a) and is about 150 m thick in the northern

part of the eastern flank of the diapir. This unit is thickening southward
to a maximum of 1600 m (Vicente-Bravo and Robles, 1991a). The Cabo
Matxitxako unit consists of amalgamated, thick-bedded, coarse-grained
siliciclastic turbidites (Robles et al., 1988) and is about 50 m thick. In the
western flank of the diapir, two distinct units are found above the Bakio
Breccias Formation: the Punta de Bakio and the Jata units (Figs. 3, 4). The
Punta de Bakio unit is composed of marl interbedded with thin-bedded,
fine-grained siliciclastic turbidites, and with matrix-supported breccias
(Robles et al., 1988; Poprawski et al., 2014). This unit is about 60 m thick
near the diapir and is thickening away from the diapir (Poprawski et al.,
2014). The Jata unit consists of marls alternating with fine-grained to
coarse-grained siliciclastic turbidites with slumps and breccia deposits
(Vicente-Bravo and Robles, 1991b). This unit is 660 m thick (Robles
et al., 1988). The Sollube and Cabo Matxitxako units are present only
east of the diapir, while the Punta de Bakio and Jata units are present
only west of the diapir (Figs. 3, 4).

Complex lateral facies variations and sparse biostratigraphic data
make difficult correlations between units from either flank of the
Bakio diapir (Figs. 3, 4). According to the available data (Wiedmann
and Boess, 1984; Garcia-Mondéjar and Robador, 1987; Robles et al.,
1988; Lopez-Horgue et al., 2009), the Bakio Breccias Formation is early
Middle Albian in age. The underlying Bakio marls unit have yet to be
dated, but is probably of Early Albian age, as it is overlain by the Bakio
Breccias Formation (Garcia-Mondéjar and Robador, 1987; Robles et al.,
1988). The units of the Black Flysch Group are of Middle to Early
Cenomanian in age (Robles et al., 1988; Vicente-Bravo and Robles,
1991a and b). The Punta de Bakio unit and the Sollube unit are early
Late Albian and Late Albian in age, respectively. Lopez-Horgue et al.
(2009) dated the Jata unit as early Middle Albian, in Armintza (7 km
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west of Bakio), while it overlies the Punta de Bakio unit (early Late
Albian) in the western flank of the Bakio diapir. The Cabo Matxitxako
unit is probably Late Albian or Early Cenomanian in age because it is
overlying the Sollube unit (Late Albian).

4. Sedimentary and structural data
4.1. Facies description and interpretation

4.1.1. Siderite layers

Fine-grained, thin-bedded calcarenites layers with diagenetic red
mineralization of siderite are found in the Bakio Breccias Formation
(Fig. 7a). Slumps including folded siderite and breccia layers with
siderite pebbles indicate an early development of diagenetic siderite in
poorly consolidated sediments. Such siderite layers have been already
described in the Black Flysch Group (Badillo et al., 1983; Robador and
Garca-Mondéjar, 1987; Chaler et al., 2005), as well as in the Jata and
Armintza units (Abalos and Elorza, 2012), few kilometers west of
Bakio. According to Abalos and Elorza (2012), diagenetic siderite
nodules, layers and concretions (Fig. 7a) are frequently cementing
fine-grained turbidite usually the Td-e terms of Bouma sequences
(Bouma, 1962). Consequently, in the Bakio breccias Formation, siderites

layer are interpreted as diagenetic siderite cementing fine-grained cal-
careous turbidites.

4.1.2. Coarse-grained calcarenite deposits (type 1-calcarenite)

The first type of calcarenite corresponds to massive or laminated
coarse-grained calcareous sand, mainly found on top of clast-supported
breccia beds (Fig. 7b). Clast-supported breccia and type 1-calcarenite
form normally graded beds. The vertical change from clast-supported
breccia to type 1-calcarenite is often transitional without sharp contact,
suggesting a single depositional event. Clast-supported breccia beds
often display planar tops as calcarenite drapes the underlying blocks.
These features indicate that coarse-grained calcarenite deposits may
result of grain flows (sensus Talling et al., 2012) deposited just after
clast-supported breccia probably by the same depositional event.

4.1.3. Medium to fine-grained calcarenite deposits (type 2-calcarenite)
The second type of calcarenite corresponds to fine- to medium-
grained calcareous sands with basal scours, planar, oblique and convo-
lute laminations, commonly interbedded with marls (Fig. 7c, d). They
are often normally graded, with calcirudite deposits at the base, which
may also exhibit rare flute casts and water escape structures (Fig. 8a).
These calcarenite beds exhibit features similar to the Ta-c terms of the
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Fig. 4. Stratigraphic sections on both flanks of the Bakio diapir (modified from Poprawski et al., 2014) and their possible correlations based on biostratigraphic data from previous works of
Wiedmann and Boess (1984); Garcia-Mondéjar and Robador (1987); Robles et al. (1988); Lopez-Horgue et al. (2009). These sections have been built only from the outcrops in the current
coastline (Fig. 3a) since exposures inland are scarce due to the vegetation. Sub-units 2 and 3 are probably time-equivalent, since they display similar facies and since they are both located
below the Black Flsych Group units (Punta de Bakio unit to the west and Sollube unit to the east). The Punta de Bakio and Jata units (Black FIsych Group) are probably the lateral equivalent

of the Sollube unit.

Bouma sequence (Figs. 7c, d, 8a), and thus may be interpreted as fine-
grained carbonate turbidites resulting of high- to low-density turbidity
current (sensus Talling et al.,, 2012).

4.1.4. Calcirudite deposits

Calcirudite layers consist of limestone gravels (from 0.2 to 5
centimeters), bioclasts from rudistids, corals, regular urchin spines, bra-
chiopods, bryozoans, various bivalves and entire fossils as orbitolinids
(Fig. 8b) and are either normally graded, or massive. They are often lo-
cated at the base of fine to medium-grained calcarenite deposits with
planar laminations (Fig. 7c) and exhibit basal scours and rare water
escape structures (Fig. 8c). These features indicate that calcirudite de-
posits be interpreted as the result of gravel flows or high-density
turbiditiy currents (sensus Talling et al., 2012) coming directly from
an unlithified platform.

4.1.5. Clast-supported breccia deposits (clast-supported breccia)

The clast-supported breccia layers are composed of angular
limestone blocks, mainly floatstone and rarely mudstone, with a clast-
supported texture, without matrix (Figs. 8d, 9a) and are commonly
massive and normally graded, with common erosive bases. Beds are
tabular and range from 10 cm to 10 m in thickness (Figs. 8d, 9a).

Floatstone blocks that commonly display entire or fragmented rudistid
and coral fossils, are commonly up to 2 meters in diameter (Figs. 8d,
9d) and often deform underlying marls. Some beds exhibit a transitional
contact from matrix- to clast-supported breccia, and an upward in-
crease of blocks relatively to the amount of matrix (Fig. 10b). The top
of these beds is composed of clast-supported breccias with limestone
blocks, reworked siderite pebbles, and locally some marly matrix clasts
(Fig. 9b, c). Locally, these beds are inversely graded with larger blocks at
the top. Some of these clast-supported breccia beds are channelized and
interbedded with marls (Fig. 9c). The size of the blocks and the clast-
supported texture suggests that the clast-supported breccia deposited
as non-cohesive debris flows or rock fall (sensus Talling et al., 2012).

4.1.6. Matrix-supported breccia deposits (matrix-supported breccia)
Matrix-supported breccia layers consist of heterogeneous angular
blocks in a marly matrix (Fig. 9d) and are either normally or inversely
graded. The matrix consists of marl, or mixed marl, limestone debris
and skeletal grains (crinoids, regular urchin spines, orbitolinids, frag-
ments of bivalves, brachiopods, rudistids, bryozoans and corals). Clasts
consist of block of floatstone with rudistid and coral fossils, rare blocks
of mudstone and clast-supported breccia, siderite pebbles and slumped
beds (slumped siderite, coarse-grained calcarenite and clast-supported
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breccia beds). The normally graded beds often display erosive bases,
and deformation of the underlying marl below the larger blocks is
often observed. The inversely graded beds commonly exhibit planar
bases and irregular tops, due to large blocks floating at the top of the
bed (Fig. 9b, c). Plastic deformation and the abundance of marly matrix
indicate that matrix-supported breccia beds may result from high
strength cohesive debris flows (sensus Talling et al., 2012).

4.1.7. Slumps

Slumped beds show soft sediment deformation with folded
calcarenite beds (Fig. 10d), or folded breccia beds, included in a marly
matrix, often containing skeletal grains (crinoids, regular urchin spines,
orbitolinids, fragments of bivalves, brachiopods, rudistids, bryozoans
and corals). At the toe of the Gaztelugatxe escarpment (upper part of
the Bakio Breccias Formation, sub-unit 2), a 5.5 m thick bed laterally
evolves from slump to matrix-supported breccia (Fig. 10c). In the prox-
imal part, near the Gaztelugatxe escarpment, this bed is composed of
large blocks of floatstone with rudistid and coral fossils associated
with slumped beds of clast-supported breccia and coarse-grained
calcarenite floating in a marly matrix. The base of this bed is a sliding
scar, which truncates laterally some beds of coarse-grained calcarenite
and clast-supported breccia interbedded with marls. This bed grades
downslope to matrix-supported breccia.

4.2. Units in the Bakio Breccias Formation

The Bakio Breccias Formation on both flanks of the diapir is mainly
exposed along the coastline and the exposures inland are scarce due
to the vegetation cover. The following description mainly focuses on
the vertical architecture of the Bakio Breccias Formation, from the expo-
sures in the coastline (Fig. 3). This unit is divided into three different
sub-units. In the eastern flank, a lower clast-dominated sub-unit
(sub-unit 1, from 60 to 428 m, in Fig. 4) and an upper mud-dominated
sub-unit (sub-unit 2, from 428 to 585 m, in Fig. 4) are exposed. The
base of sub-unit 1 consists of an angular unconformity developed top
of the Bakio marls unit (Fig. 5). In the western flank, a third mud-
dominate sub-unit is exposed (sub-unit 3, from 0 to 205 m, in Fig. 4)
and is involved in a growth strata (Fig. 6). Even if sub-units 2 and 3 dis-
play similar facies and are probably time-equivalent (Fig. 4), it is not
possible to distinguish from the biostratigraphic data whether the
base of sub-unit 3 falls laterally inside sub-unit 1 or sub-unit 2, and
thus sub-units 2 and 3 are considered as distinct units. In the southern
part of the diapir, where outcrops are scarce, the Bakio Breccias Forma-
tion display mainly marly facies and relatively finer-grained facies
compared to the north.

Sub-unit 1 is clast-dominated and consists of thick clast-supported
breccia beds (from 1 to 10 m thick) with large blocks (up to 2 m in
diameter) of floatstone with rudistid and coral fossils. The blocks are
stacked together or interbedded with thin-bedded calcarenite and
marly intervals (Fig. 4). Thin intervals of marl (few centimeters thick)
are locally present at the base of the beds and are deformed by the
overlying blocks. Massive or laminated calcarenite layers drape the
top of clast-supported breccia beds, with a transitional contact.
Sub-unit 1 displays a succession of sequences with thin marl beds at
the base, overlain by thick ortobreccia layers, and capped by thin-
bedded calcarenite. The upper part of sub-unit 1 displays thinning and
finning upward features (Fig. 4).

Sub-units 2 and 3 are mud-dominated and are composed of thick
matrix-supported breccia beds (20 cm to 3 m thick), alternating with
thick marly intervals (1 to 20 m thick) and thin-bedded calcarenite,
calcirudite and clast-supported breccias (Fig. 4). Blocks within matrix-
supported breccia can reach up to 3 meters in diameter. Clast-
supported breccia levels are thin-bedded and display smaller blocks
from 1 to 30 cm in diameter, compared to the clast-supported breccia
beds of sub-unit 1. Some clast-supported breccia beds are channelized
and intercalated within marls. Fine to medium-grained calcarenite
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Fig. 5. a. View of the eastern flank of the Bakio diapir, where the base of the Bakio Breccias
Formation (sub-unit 1) is cropping out (location Figs. 2, 3). b. Interpretation of the outcrop
showing that the Bakio Breccias Formation is unconformably overlying the overturned
Bakio marls unit.

nBakio Breccias Fm. (Unit 1)

beds have basal scours, planar, oblique and convolute laminations, and
are interbedded with marl. Some slumped intervals include limestone
blocks and slumped clast-supported breccias and calcarenite beds with-
in a marly matrix. In sub-units 2 and 3, there is no apparent organisation
in the vertical facies succession (Fig. 4).

4.3. Structures in the diapir flanks

On the northern part of the eastern flank of the Bakio diapir, the
Bakio Breccias Formation (sub-unit 1) is unconformably overlying the
Bakio marls unit (Figs. 4, 5). Below the unconformity, bedding planes
in the Bakio marls unit are overturned and dipping 80° toward the
NW (Figs. 4, 5). The first bedding planes in the Bakio Breccias Formation
above the unconformity are dipping 60° toward the SE, forming a high
angle unconformity, with an angle up to 40° (Figs. 4, 5). Above the un-
conformity, the Bakio Breccias Formation forms a growth strata with a
total angle between the most and less dipping beds reaching 25° and
mainly occurring in sub-unit 1 (Fig. 4). On the southern part of the
eastern flank, mapping reveals also a growth strata with a total angle
between the most and less dipping beds reaching 45° in the Bakio
Breccias Formation (Fig. 3a).
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Fig. 6. a. Westward view of the Punta de Bakio sedimentary growth strata (modified from Poprawski et al., 2014; location Figs. 2, 3). b. Interpretation of the growth strata, composed from
bottom to top of the Bakio Breccias Formation, the Punta de Bakio and the Jata unit. These units exhibit an increase of the bedding dip angle toward the diapir and the Punta de Bakio unit
displays four angular unconformities. Beds are overturned near the diapir contact (about 10 m, right of the picture).

The western flank displays well-exposed growth strata with
overturned to horizontal beds and several angular unconformities
(Fig. 6) (Arbués et al., 2012; Rowan et al., 2012b; Poprawski et al., 2014;
Ferrer et al., 2014). From east to west (Fig. 6), the growth strata are com-
posed of the Bakio Breccias Formation (Middle Albian), Punta de Bakio
(early Late Albian) and Jata units (Late Albian) (Poprawski et al., 2014).
The Punta de Bakio unit shows several angular unconformities, including
its top (Fig. 6b). All units thin and are upturned toward the diapir. Beds
are dipping 80° toward the SE (overturned strata) to 20° toward the
NW, in the upper part of the Bakio Breccias Formation and in the upper-
most part of the Punta de Bakio unit, respectively (Poprawski et al,, 2014)
(Figs. 4, 6b). The total angle between the most and less dipping beds
reaches 63° in the Bakio Breccias Formation. The Jata unit is horizontal
on the coastline, about 700 m away from the diapir contact (Rowan
et al., 2012b; Poprawski et al., 2014; Ferrer et al., 2014). Associated with
the growth strata and the unconformities, several slumped structures
have been described on both flanks of the diapir (Poprawski et al., 2014).

A vertical and irregular escarpment developed in the lower part of
the Bakio Breccias Formation on the Gaztelugatxe Island (Fig. 3a),
about 1 km NE of the Bakio diapir (Poprawski et al., 2014). It strikes
NE-SW at present (N048°, 90°). Mapping suggests that the upper part
of the Bakio Breccias Formation pinches out northward and onlap on
the scarp (Poprawski et al., 2014). The orientations of the escarpment
and of the Bakio diapir (Fig. 3a) suggest that both structures are
connected in the subsurface (Poprawski et al., 2014).

5. Sedimentary and structural analyses
5.1. Environments of deposition

5.1.1. Clast-supported breccia deposits

In sub-unit 1, the presence of rudistids and corals in the blocks sug-
gests a source from a lithified platform margin, as rudistids-corals as-
semblage commonly produce reef or isolated buildups at the platform
margin (e.g. Pomar and Hallock, 2008; Skelton and Gili, 2012). In addi-
tion, the size and angular shape of blocks (Fig. 8d) demonstrate a short
transport from the source and the absence of distal feature suggests a
relatively proximal environment. Therefore, clast-supported breccia
beds are interpreted to result of non-cohesive debris flows or rock fall
(sensus Talling et al., 2012) deposited at the toe of a steep platform mar-
gin, in the upper slope, similarly to other carbonate systems worldwide
(e.g. Mullins and Cook, 1986; Spence and Tucker, 1997; Drzewiecki and
Sim6, 2002; Bahamonde et al., 2004; Hiineke and Krienke, 2004;
Emmerich et al., 2005; Verwer et al., 2009; Playton et al., 2010;
Mulder et al,, 2012a, 2012b) or in the Basque-Cantabrian basin
(Garcia-Mondéjar and Fernandez-Mendiola, 1993; Rosales, 1999;
Gomez-Pérez et al., 1999; Fernandez-Mendiola et al., 2013).

5.1.2. Coarse-grained calcarenite deposits (type 1-calcarenite)
Clast-supported breccia beds are often draped by calcarenite layers
with a transitional contact (Figs. 7b, 9a), suggesting that rock falls
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Fig. 7. Pictures of siderite and calcarenite layers. a. View of the top of a siderite layer. b. Single bed with a normal grading showing a transitional vertical change from clast-supported breccia
to calcarenite. c. Laminated calcarenite overlying an interval of calcirudite. d. Fine to medium-grained calcarenite with basal scours and planar laminations, interbedded with marls.

were followed by the deposition of calcarenite beds, as a single
gravitational event. Mullins and Cook (1986); Loucks et al. (2011)
demonstrated the same relationship between calcarenite layers and
clast-supported limestone conglomerates. Coarse-grained calcarenite
may be interpreted as the result of grain flows deposited above rock
falls deposits, and generated by the same sliding event. Consequently,
they can be considered as a proximal facies, also deposited at the toe
of the platform margin, in the upper slope.

5.1.3. Slumps

The slumped beds made of folded calcarenite (Fig. 10d) and clast-
supported breccia (Fig. 10c) suggests a post-depositional reworking
by slope instabilities of the facies previously deposited by grain flows
and rock falls in the upper slope, while the matrix is derived from
marls previously deposited as suspension fallout, in relatively distal
areas (e.g. Fliigel, 2004; Tucker and Wright, 2009). Such mixed sedi-
ments indicate a reworking from different sources during slumping
and reveal a transport over relatively long distance, able to sample
these various sediments, as demonstrated by Mullins and Cook
(1986). Therefore, slumps are interpreted to be source from the upper
slope, reworking previously deposited facies and clasts (clast-supported
breccia, calcarenite and skeletal grains) and to be deposited in the lower
slope.

5.1.4. Matrix-supported breccia deposits

Blocks, debris and matrix are similar in slumps and matrix-
supported breccia (Figs. 9d, 10c) and there is a clear example of a
slump, which grades laterally to matrix-supported breccia (Fig. 10c).
Moreover, several matrix-supported breccia beds include small slumped
beds. This suggests that slumps are parent deposits of matrix-supported
breccia and are thus genetically linked. Slumping is interpreted as the
initial gravity-driven process able to create matrix-supported breccia
by down-slope flow transformation. Plastic deformation in slumped

layers and the abundance of marly matrix indicate that matrix-
supported breccia beds result from high strength cohesive debris flows
(sensus Talling et al., 2012), deposited in the lower slope, similarly to
other carbonate systems (e.g. Mullins and Cook, 1986).

5.1.5. Siderite layers

According to Abalos and Elorza (2012), diagenetic siderite nodules,
layers and concretions (Fig. 7a) occur frequently in abyssal plain facies,
cementing fine-grained turbidites and often indicate condensed periods
during sediment starvation stage. In the Bakio area, siderite layers
commonly occur inside relatively thick marly intervals, supporting the
hypothesis of relatively distal facies.

5.1.6. Siderite-bearing clast-supported breccia deposits

Clast-supported breccia layers with siderite pebbles and local marly
matrix (Fig. 9b,c) correspond to relatively distal facies as they rework
siderite layers, interpreted as fine-grained turbidites (Abalos and
Elorza, 2012). Siderite pebbles may be considered as rip-up mud clasts,
since siderite formation occurred in poorly lithified sediments (Abalos
and Elorza, 2012). Clast-supported breccia with siderite pebbles is
often found either on top of matrix-supported breccia beds with
gradational contact, suggesting a flow transformation from matrix- to
clast-supported breccia, as already documented by Mullins and Cook
(1986). Consequently, siderite-bearing clast-supported breccias may
be interpreted as hyperconcentrated flows, derived from the matrix-
supported breccia beds considered as the parent deposit.

5.1.7. Calcirudite deposits

In calcirudite (Figs. 7c, 8b), the occurrence of allochems and lime-
stone gravels points to an unlithified source (e.g. Mullins and Neuman,
1979; Mullins et al., 1984; Grammer et al., 1993; Franseen et al., 1998;
Drzewiecki and Sim6, 2002; Payros and Pujalte, 2008; Janson et al.,
2011; Goldstein et al., 2012). The presence of orbitolinids suggests
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Fig. 8. Pictures of calcarenite, calcirudite and clast-supported breccia layers. a. Calcarenite with water-escape structures. b. Details of a calcirudite illustrating the variability of clasts with
limestone gravels and bioclasts (here, regular urchin spines and Orbitolines). c. Calcirudite with water-escape structures. d. Thick beds of clast-supported breccia (up to 10 m), with large

olistoliths (here up to 5 m long).

that these facies were sourced from internal areas of an unlithified
platform, since orbitolinids in several Albian platforms of the Basque-
Cantabrian basin are commonly found in such environments
(Garcia-Mondéjar and Fernandez-Mendiola, 1993; Rosales, 1999;
Gomez-Pérez et al., 1999; Fernandez-Mendiola et al., 2013). However,
calcirudite beds are mainly found interbedded with distal facies like
marls, suggesting a travel from the shallow platform toward a relatively
distal environment. Consequently, calcirudite deposits are interpreted
as the result of gravel flows or high-density turbiditiy currents coming
directly from an unlithified platform. The lack of channelized features
and the relative lateral continuity of the calcirudite beds suggest
sheet-like deposits.

5.1.8. Medium to fine-grained calcarenite deposits (type 2-calcarenite)

Normally-graded calcarenite beds, with coarser grains at the base,
basal scours, planar, oblique and convolutes laminations (Figs. 7c, d,
8a) may be interpreted as fine-grained carbonate turbidites, probably
deposited by high- to low-density turbidity current (sensus Talling
et al., 2012). These deposits commonly occur inside relatively thick
marly intervals containing thin siderite layers, showing the distal
feature of these deposits.

5.2. Depositional model

Interpretations of redeposited carbonate systems mainly rely on the
study of the lateral relationship between the carbonate platform and the
distal areas where redeposited carbonates deposited. However, for the
Bakio Breccias Formation, the absence of the source area, which has
been completely eroded and the absence of the distal areas, which are
not well exposed make the interpretation difficult. Consequently, the
following interpretations mainly rely on the facies observations and

the vertical architecture of the Bakio Breccias Formation, from the expo-
sures in the coastline (Figs. 3a, 4).

Sub-unit 1 is dominated by thick clast-supported breccia beds with
large margin-derived limestone blocks, stacked together or interbedded
with thin-bedded calcarenite beds and marly intervals (Fig. 4). Clast-
supported breccia and associated calcarenite beds are interpreted as
resulting from rock falls from the platform margin, followed by grain
flows. Clast-supported breccia and associated calcarenite beds are
assumed to be the dominant deposits in the proximal lower slope and
to stack together at the toe of a steep platform margin. Sub-units 2
and 3 are dominated by thick slumps and matrix-supported breccia
beds, alternating with thick marly intervals and thin beds of calcarenite,
calcirudite and clast-supported breccia (Fig. 4). Slumps and matrix-
supported breccia beds interpreted as high strength cohesive debris
flows (sensus Talling et al., 2012) indicate frequent failures of
the slope. Lenticular or channelized matrix-supported breccia and
siderite-bearing clast-supported breccia beds (Figs. 9, 10b) may corre-
spond to small canyon or gullies (e:g: Eberli et al., 2004; Janson et al.,
2011). Calcirudite and medium to fine-grained calcarenite layers are as-
sumed to result from high and low-density turbidity currents. Sub-units
2 and 3 exhibit more distal features compared to sub-unit 1, and thus
develop in the lower slope. The facies association found in the Bakio
Breccias Formation is similar to several Aptian-Albian carbonate slopes,
in the Basque-Cantabrian basin, where the associated platform exhibits
packstones or grainstones locally with orbitolinids in the shallow inter-
nal areas, rudistids and corals faunas at the platform margin, and breccia
on the slope with limestone blocks deriving from the margin
(Garcia-Mondéjar and Fernandez-Mendiola, 1993; Rosales, 1999;
Gomez-Pérez et al,, 1999; Fernandez-Mendiola et al., 2013).

The carbonate platform from where the Bakio Breccias Formation was
sourced is not currently observed. But several elements indicate that this
platform developed on the topographic relief top of the Bakio diapir,
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Fig. 9. Pictures of clast and matrix-supported breccia beds. a. Single bed with a normal grading from clast-supported breccia to calcarenite showing the clast-supported texture of these
deposits. b. Channelized clast-supported breccia with siderite pebbles interbedded with marls. c. Details of b. showing a marly matrix at the base of the bed (1), a mixed matrix with
marls, limestone blocks and gravels and siderite pebbles, in the central part of the bed (2), limestone blocks concentrated at the top of the bed (3), siderite pebble (4) and locally
marly clast (5). d. Normally graded matrix-supported breccia with angular floatstone blocks within a marly matrix.

similar to other diapirs worldwide (e.g. Davison et al,, 1996; Bantan, 1999;
Bosence et al., 1998; Carbone et al., 1998; Orszag-Sperber et al., 1998;
Giles and Lawton, 2002; Pirazzoli et al., 2004; Bosence, 2005; Jaillard
et al,, 2013) and in the Basque-Cantabrian basin (Garcia-Mondéjar and
Robador, 1987; Fernandez-Mendiola and Garcia-Mondéjar, 1997). First,
mapping reveals that the Bakio Breccias Formation is present only around
the Bakio diapir. This formation pinches out toward the diapir and thins
away from the diapir (Fig. 3a). Second, Poprawski et al. (2014) using
dip-angles and fold-axis directions, demonstrated that slumps with lime-
stone blocks in both flanks of the diapir were sliding from the diapir roof
(Fig. 3a). Third, breccia with blocks, locally up to 2 metres large (Figs. 8d,
9d), suggests only a short run-out distance, less than 10 km, since
redeposited carbonate systems are commonly small-sized (e.g. Mullins
and Cook, 1986; Spence and Tucker, 1997; Playton et al., 2010). For exam-
ple, Mulder et al. (2012a) describe 3 km long gullies related to slope fail-
ure and mass transport processes in the Bahamas. All the elements above
demonstrate that the breccia could only be sourced from a platform that
developed on top of the topographic relief created by the Bakio diapir, as
originally postulated by Garcia-Mondéjar and Robador (1987); Robles
et al. (1988).

During Albian, a regional deepening occurred, driven by subsidence
of the Basque Trough (Gomez et al., 2002; Garcia-Mondéjar et al., 2005)
and by the global sea-level rise (Vail et al,, 1977; Haq et al,, 1987; Brunet,
1997; De Graciansky, 1998). At regional scale, this deepening induced
the partial drowning of carbonate platforms and the deposition of
siliciclastic turbidites (Black Flysch Group) (Fig. 2b), which are overly-
ing the Bakio Breccias Formation (Punta de Bakio and Sollube units). De-
spite this regional deepening, the vertical succession from the Bakio
marls unit to sub-unit 1 shows an apparent shallowing, since the
Bakio marls unit is interpreted as deposited in an outer shelf setting
(Garcia-Mondéjar and Robador, 1987; Robles et al., 1988), while sub-

unit 1 is interpreted as deposited at the toe of a carbonate platform mar-
gin. This apparent shallowing trend is limited only to the lower part of
sub-unit 1, since the upper part displays thinning and finning upward
features (Fig. 4). Since the apparent shallowing occurred independently
of the regional deepening and as it was coeval with the creation of the
angular unconformity at the base of sub-unit 1, it may be explained by
a carbonate platform that kept up with the relative sea-level rise by ag-
gradation favoured by the diapir rise (Fig. 11a).

The vertical succession from sub-unit 1 to sub-unit 2 (Fig. 3) with a
progressive vertical increase of distal facies and the presence of
orbitolinids in sub-units 2 and 3 (Fig. 7b), commonly associated with
transgressive events (e.g. Rosales, 1999; Gomez-Pérez et al., 1999;
Skelton and Gili, 2012) may be explain by the regional overall
deepening during the Albian (Fig. 11b). Several works in carbonate
(e.g. Playton and Kerans, 2002; Janson et al., 2007, 2011; Playton,
2008) show that carbonate breccias deposition are more common dur-
ing the deposition of late TST and early HST due to carbonate platform
aggradation and the associated collapse of the steep platform margins.
Consequently, sub-units 1, 2 and 3 (Fig. 3) are interpreted to deposit
during carbonate platform aggradation (Fig. 11b) which may explain
the presence of breccias with blocks up to 2 m large. In such aggradating
platforms, steep escarpments related to large scale collapse of the plat-
form margin are common (e.g. Eberli et al., 1993; Borgomano, 2000;
Savary and Ferry, 2004; Janson et al., 2011; Principaud et al., 2015; Jo
etal., 2015; Tournadour et al., 2015; Playton and Kerans, 2015). The ver-
tical and irregular escarpment located on the Gaztelugatxe Island
(Fig. 3a), previously interpreted as a normal fault (Poprawski et al.,
2014), about 1 km NE of the Bakio diapir could also be interpreted as
a steep depositional escarpment with or without a structural control.
The orientation of the escarpment that can be roughly extrapolated
southward along the strike of the eastern flank suggests that diapir
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Fig. 10. Pictures of matrix-supported breccia beds and slumps. a. Details of the matrix of a matrix-supported breccia bed showing a mix between marl and limestone debris with limestone
gravels and regular urchin spines. b. Inversely graded composite bed with a transitional contact between matrix-supported breccia at the base and clast-supported breccia at the top.
c. Details of slumps found at the toe of the Gaztelugatxe escarpment with lateral variation from slump to matrix-supported breccia. d. Detail of a slumped, fine-grained calcarenite bed.

growth controlled the location of the platform margin (Fig. 3a).
The presence of such escarpment supports the hypothesis of the
aggradation of a platform on top of the diapir, creating a thick diapir
roof on the northern part of the diapir. At the end of the deposition of
sub-units 2 and 3, the onlap of sub-unit 2 on the Gaztelugatxe escarp-
ment suggests the backstepping of the platform, toward the north.
This suggests that the carbonate platform was connected to the Landes
Massif to the north. Above the Bakio Breccias Formation, the units of the
Black Flysch Group indicate the drowning of the carbonate platform top
on of the Bakio diapir.

5.3. Halokinetic sequences in the Bakio Breccias Formation

Previous studies already demonstrated the effects of halokinesis on
the Albian rocks around the Bakio diapir, since Rowan et al. (2012b);
Poprawski et al. (2014); Ferrer et al. (2014) interpreted the growth stra-
ta and the angular unconformities (Figs. 5, 6) as a result of diapir
growth. In the Punta de Bakio unit, overlying the Bakio Breccias Forma-
tion, wedge halokinetic sequences have also been described Poprawski
et al. (2014). In the Bakio Breccias Formation, the presence of growth
strata (Fig. 6) and angular unconformity (Fig. 5) also suggests deposi-
tion during diapir growth as described above and the formation of
halokinetic sequences. However, clinoforms or differential compaction
between basinal and platform facies may also create relatively high
angle sedimentary dips, without significant diapir flanks rotation. For
example, clinoforms may have high depositional angle from 25 up to
45° (e.g. Kenter, 1990; Cronin et al., 2000; Blendinger, 2001; Keim and
Schlager, 2001; Della Porta et al., 2004) in grain- and clast-supported
slopes and up to 5° in muddy slopes (e.g. Kenter, 1990). Differential
compaction may lead to post-sedimentation rotation reaching an
angle of 10° (Saller, 1996). Consequently, detection of halokinetic se-
quences using bedding dips only in carbonates is not straightforward

and warrant a discussion whether these dips result of passive diapir
growth, clinoforms deposition or differential compaction.

In the northern part of the eastern flank of the Bakio diapir, the
first structure possibly related to diapir growth is the angular uncon-
formity at the base of the Bakio Breccias Formation, where an angle of
40° is found between the beds of the Bakio Breccias Formation and
the underlying Bakio marls unit (Fig. 5). The later unit consists of in-
terbedded marls and thin-bedded packstones, interpreted as deposit-
ed in an outer shelf setting (Garcia-Mondéjar and Robador, 1987;
Robles et al., 1988). In such facies, the presence of clinoforms is
excluded and differential compaction is unlikely since these facies
are relatively distal. Consequently, the angular unconformity may be
interpreted as the upper boundary of a CHS developed in the Bakio
marls unit. The high angle and the overturned beds in the Bakio
marls unit (Fig. 5) that parallels to the diapir contact suggests the
presence of hook halokinetic sequences stacking into a tabular CHS,
called CHS 1 (Fig. 12a).

The growth strata in the southern part of the eastern flank displays a
total angle between the most and less dipping beds in the entire Bakio
Breccias Formation reaching 45°, and several beds are overturned,
near the contact with the diapir (dipping 80° NW) (Fig. 3a). In this
area, the Bakio Breccias Formation is relatively muddy with thick
marls intervals and matrix-supported breccias and thus may be consid-
ered as deposited in muddy slope. Assuming a maximal dip angle
in muddy slopes (up to 5°) combined with differential compaction
(possibly up to 10°, according to Saller, 1996), halokinetic rotation of
the eastern flank of the diapir (up to 30°) is needed to explain the total
angle of 45° between the most and less dipping beds. Consequently, in
this area, the Bakio Breccias Formation is interpreted to form a tapered
CHS, called CHS 2 (Fig. 12a). Further north, in sub-unit 1, the total
angle between the most and less dipping beds reaches only 25°
(Fig. 4). Sub-unit 1 is mainly clast-supported (Fig. 4), thus clinoforms
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Fig. 11. Depositional model for the Bakio Breccias Formation. a. During the deposition of sub-unit 1, topographic relief created by diapir growth and coincided to the regional Albian
deepening of the Basque Trough. Apparent shallowing due to relief creation allowed the creation of the carbonate platform top of the Bakio diapir. The regional Albian deepening
forced the platform to aggrade rapidly after a possible rapid stage of progradation top of the Bakio marls unit. Slope destabilizations combined with early lithification processes
favoured the export of a large amount of lithified limestones debris in the relatively shallow adjacent depocenters, explaining the presence of clast-supported redeposited carbonate.
Black arrows 1 and 2 represent grain flow and rock fall, respectively. b. During the deposition of sub-units 2 and 3, the carbonate platform may be able to keep up with the relative
sea-level rise, leading to vertical aggradation of the platform, on top of the diapir. The adjacent depocenters became relatively deeper, which explain the mix between limestones
debris together with distal facies forming matrix-supported redeposited carbonate. Black arrows 1, 2 and 3 represent grain flow, rock fall and high strength cohesive debris flow,

respectively.

in this unit may reach an angle up to 45° (e.g. Kenter, 1990; Cronin et al.,
2000; Blendinger, 2001; Keim and Schlager, 2001; Della Porta et al.,
2004). Consequently, it is not possible to decipher whether the variations
of bedding dips in sub-unit 1 are related to initial slope geometries or to
slight diapir flank rotation. However, the growth strata found in sub-unit
1 (Fig. 4) may be laterally correlated along the strike of the eastern flank
with the tapered CHS 2, defined further south (Fig. 3a), since they are
time-equivalent, suggesting that the northern part of the eastern diapir
flank was also affected by rotation. Different angles of rotation along
strike in the same CHS suggest lateral variations in diapir growth. In

the southern part of CHS 2, the total angle of rotation is up to 30° for
the entire Bakio Breccias Formation, while it is less than 25° in sub-unit
1 in the northern part. It suggests a faster diapir growth velocity in the
southern part of the diapir, as already postulated by Poprawski et al.
(2014). Such difference between the north and the south may be ex-
plained by the initial geometry of the carbonate platform, which is
interpreted to be thicker north of the diapir, forming a resistant roof
that limited diapir growth. This geometry of the platform is supported
by the presence of relatively proximal facies (Sub-unit 1) occurring
only in the northern part of the diapir and of marly facies occurring
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Fig. 12. a. Interpretation of the carbonate-dominated CHS from the Bakio diapir flanks. CHS 1 coincides with the Bakio marls unit, CHS 2 with sub-units 1 and 2 and CHS 3 with sub-unit 3.
Wedge halokinetic sequences described in the Punta de Bakio unit (see the bedding dips variations in Fig. 4) by Poprawski et al. (2014) also belong to the upper part of the CHS 3. b.
Detailed stratigraphic section in CHS 3, in the western flank of the Bakio diapir (location Fig. 4). The upward decrease of the bedding dips is not homogeneous and may be interpreted
as related to the presence of wedge halokinetic sequences. Breccia deposits do not display any apparent organisation in the vertical facies succession, suggesting that several combined

processes as diapir flank rotation, carbonate production and early lithification control the slope stability. The absence of vertical organisation in breccia deposits makes difficult the
recognition of halokinetic sequences in carbonate settings.

only in the southernmost part of the diapir (Fig. 11a). Giles and Rowan According to this interpretation, the vertical succession from the Bakio
(2012) highlighted that tapered CHS above tabular CHS commonly marls unit to sub-unit 1, forming a tapered CHS and a tabular CHS
produce important drape folding and overturned strata due to a (Fig. 12a), respectively, is assumed to explain the presence of overturned
superimposed broad area of folding on the overlying tabular CHS. beds in the Bakio marls unit (Fig. 4).
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In the growth strata west of Bakio (Fig. 6), the total angle between
the most and less dipping beds reaches 63° in the Bakio Breccias Forma-
tion (sub-unit 3) and several beds are overturned, near the contact with
the diapir (dipping 80° SE). Sub-unit 3 is relatively muddy with thick
marls intervals and matrix-supported breccias (Fig. 4) and may be
considered as deposited in muddy slope. Assuming a maximal dip
angle in muddy slopes (up to 5°) and differential compaction (possibly
up to 10°, according to Saller, 1996), halokinetic rotation of the western
flank of the diapir (up to 48°) is needed to explain the total angle of 63°
between the most and less dipping beds in sub-unit 3. Consequently,
sub-unit 3 is interpreted to form a tapered CHS, called CHS 3
(Fig. 12a), as already described by since Rowan et al. (2012b); Ferrer
et al. (2014) with a broad area of drape folding, up to 350 m away
from the diapir. In details, sub-unit 3 shows sedimentary packages,
about 10 m thick, with an upward decreasing bedding dips (Fig. 12b)
that may be interpreted as wedge halokinetic sequences, stacked into
the CHS 3. The absence of organisation in the vertical facies succession
in these wedge halokinetic sequences, with erratic occurrence of breccia
layers (Fig. 12b) suggests that the slope stability was mainly controlled
by carbonate platform growth rather than by diapir growth. Since sub-
units 2 and 3 are probably time equivalent, the upper part of tapered
CHS 2 and the tapered CHS 3 probably formed at the same time.

6. Discussion: halokinetic sequences in carbonate systems

This is not clearly mentioned in literature, but the halokinetic
sequence models (Giles and Lawton, 2002; Rowan et al., 2003; Giles
and Rowan, 2012) refer to siliciclastic sediments, since only an external
sedimentary input, filling the mini-basins and progressively onlapping
the diapir flanks is inferred (Fig. 1). There is a major limitation with
this model when applied to carbonates, since they do not result from
an external sedimentary input, rather from local carbonate production.
Moreover, carbonate platforms are able to keep up with relative sea-
level rise by aggradation that may favour the creation of steep slopes
(e.g., Kendall and Schlager, 1981; Pomar, 2001; Bosence, 2005; Pomar
and Hallock, 2008). The presence of reef-building species (e.g., Pomar,
2001; Bosence, 2005; Pomar and Hallock, 2008) combined with early
lithification occurring during sedimentation (Moore, 1989; Fliigel,
2004; Tucker and Wright, 2009) may also favour the early cementation
of the diapir roof. Additionally, karstification can occur if the diapir roof
is emerged. Such processes do not exist in siliciclastic sedimentation,
suggesting that carbonate-dominated halokinetic sequences should
differ from their siliciclastic counterparts.

The carbonate Composite Halokinetic Sequences, found in the Bakio
diapir flanks (Fig. 12a) illustrate several differences compared to the
siliciclastic CHS. In siliciclastic tapered CHS, gravity-driven deposits are
assumed to be rare (Fig. 1g) since sediments onlapping on the diapir
flanks create relatively stable slopes (Giles and Lawton, 2002; Rowan
et al., 2003; Giles and Rowan, 2012). In contrast, the tapered CHS 2
and 3 from Bakio displays blocks up to 2 m large (Fig. 4), suggesting
the collapse of a steep margin, coming from the Gaztelugatxe escarp-
ment in the eastern flank. Such difference results from the ability of
the carbonate platform to aggrade, creating steep slopes and leading
to the partial collapse of the margin, even if only limited relief was cre-
ated by diapir growth. The absence of organisation in the vertical facies
succession in CHS 2 and 3, with erratic occurrence of breccia layers
(Fig. 12b) also suggests that the slope stability was mainly controlled
by carbonate platform growth rather than by just diapir growth. There-
fore, gravity-driven deposits with platform-derived clast are probably
more common in carbonate-dominated CHS, even in tapered CHS com-
pared their siliciclastic counterparts. According to several recent works
in carbonate settings, carbonate breccias deposition mainly occur
during the deposition of late TST and early HST when the carbonate plat-
forms are the most likely to aggrade and create steep platform margins
that may overstep and collapse. In contrast, during late HST, carbonate
platform margins are more likely to have grainy shoals development

associated with margins progradation and limited accommodation
space that will result in more grain-dominated gravity flow deposit in
the adjacent slope and basin (e.g., Playton and Kerans, 2002; Janson
et al, 2007, 2011; Playton, 2008). This suggests that carbonate-
dominated CHS developed during TST may display gravity-driven
deposits with clast-derived from the platform, while CHS developed dur-
ing late HST may be mainly grain-supported (Fig. 13).

In the literature, the halokinetic sequences are commonly linked
to regional sea-level variations and correlated with depositional
sequences and system tracts. In the Bakio area, system tracts cannot
be definitely recognized because of absence of the shallow-water facies
and dominance of relatively deep-water facies. Nonetheless using other
studies of carbonate gravity-flows (e.g. Playton and Kerans, 2002, 2015;
Janson et al.,, 2007, 2011; Playton, 2008) as analogues and the regional
evolution during the Albian, the following interpretation can be pro-
posed: the high proportion of breccia interpreted as margin collapse, as-
sociated with the Bakio Breccias Formation facies evolution indicates
backstepping patterns and the deposition during the subsidence of the
Basque Trough (Gémez et al., 2002; Garcia-Mondéjar et al., 2005) com-
bined with global sea-level rise during Albian (Vail et al., 1977; Haq
et al., 1987; Brunet, 1997; De Graciansky, 1998). These elements lead
to the interpretation of a system developing during a 3rd order TST.
Consequently, the CHS found in the Bakio Breccias Formation may be
considered as examples of carbonate-dominated halokinetic
sequences developed during a TST. In siliciclastic settings, during TST,
tabular CHS commonly develop, because of low sediment accumulation
(Giles and Rowan, 2012). In contrast, CHS 2 and 3 are assumed to be ta-
pered because the carbonate platform top of the Bakio diapir was able to
keep up with the sea level rise, and thus the carbonate platform was
aggradating top of the diapir, forming a thick and resistant roof due to
early lithification (Moore, 1989; Fliigel, 2004; Tucker and Wright,
2009). Such thick and resistant roof is assumed to limit the diapir
growth and thus to favour the development of tapered CHS (Fig. 13a).
The influence of thick carbonate roof is also illustrated by the different
angles of rotation along strike in the CHS 2, suggesting lateral variations
in diapir growth, with limited diapir growth where the carbonate
platform was thicker.

In the La Popa basin, in Mexico, carbonate platforms are also
assumed to develop on top of diapirs during TST, but most of the associ-
ated CHS are tabular (Giles and Rowan, 2012). However, these CHS are
mixed and the siliciclastic input may have limited the carbonate
platform growth, therefore these CHS may not be typical of carbonate-
dominated CHS. The only exception in the La Popa basin is the tapered
CHS described by Giles and Rowan (2012) in the Upper mudstone
Member, in the flanks of the La Popa salt wall. This tapered carbonate-
dominated CHS developed in a TST and is characterized by 100 m
thick and 4 km long clinoform showing an important carbonate produc-
tion (Giles and Rowan, 2012). In this case, this CHS may be considered
as typical for carbonate-dominated CHS that clearly shows the same
trend compared to the Bakio carbonate-dominated CHS, and supports
the hypothesis that carbonate-dominated CHS are preferentially
tapered during TST (Fig. 13a), which differs from the siliciclastic CHS.

In the Bakio Breccias Formation, there is no example of carbonate-
dominated halokinetic sequences developed during HST. Theoretically,
during late HST deposition (and LST if present), the absence of accom-
modation space top of the diapir may lead to carbonate platform
progradation in the adjacent depocenters. The ability of the diapir to
reach the surface during late HST depends on the thickness of the resid-
ual roof developed during the underlying TST and to the amplitude of
the sea level fall, at the end of the HST. In the case of a thick residual
roof combined with low amplitude sea level fall, the roof may be
preserved and may limit the diapr growth. In this case, carbonate-
dominated CHS deposited tend to be tapered as during the TST
(Fig. 13b). In the Central Flinders Ranges in Australia, Kernen et al.
(2012) described a carbonate tapered CHS in the Green mudstone
Member, in the Wonoka Formation, that developed at the end of a
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Fig. 13. Model carbonate-dominated CHS. a. During TST deposition, the carbonate-
dominated CHS are assumed to be tapered because the carbonate platform top of the
diapir is able to keep up with the sea level rise, forming a thick and resistant roof by
aggradation. Strong sediment accumulation rate top of the diapir may limit the diapir
growth velocity. b. During late HST deposition, if the residual roof formed during the
previous TST is thick and if the amplitude sea level fall at the end of the HST is limited,
the roof may be preserved and may limit the diapir growth. In this case, carbonate-
dominated CHS deposited tend to be also tapered as during the TST. c. During late HST
deposition, if the residual roof formed during the previous TST is thin and if the
amplitude sea level fall at the end of the HST is important, the diapir roof is emerged
and Kkarstification favour the residual roof destruction. Consequently, significant diapir
growth velocity and flank rotation occur leading to the residual roof destruction and
thus carbonate-dominated CHS deposited tend to be tabular.

HST, near the sequence boundary. In this tapered CHS, they identified
several clasts coming from the underlying units and interpreted to be
derived from the residual diapir roof. Since the CHS is tapered, it
suggests that the roof was partially preserved and thus it illustrates
the case of a thick residual roof combined with low amplitude sea
level fall, leading the creation of tapered CHS deposited during a late
HST (Fig. 13b). In the case of a thin residual roof combined with high
amplitude sea level fall at the end of the HST (Fig. 13c), carbonate
platform progradation and sediment accumulation increase in the
adjacent depocenters lead to the loading the autochthonous salt layer.
In addition, if the diapir roof reaches emersion, karstification may also
favour the residual roof destruction and thus further promote signifi-
cant diapir growth and creation of topographic relief. Consequently,
diapir growth velocity and flank rotation during late HST is assumed
to be more important than during the TST leading to the residual roof
destruction and thus carbonate-dominated CHS tends to be tabular
(Fig. 13c). In the High Atlas, in Morocco, Vergés et al. (2013) describe
a high angle unconformity between two relatively tabular packages of
carbonate, along the Tazoult salt ridge. High angle unconformity and
relatively tabular packages allow the identification of a tabular CHS.
The high angle unconformity is highly karstified and may be interpreted
as a sequence boundary developed top to a HST. Consequently, this ex-
ample illustrates the case of a relatively thin roof combined with high
amplitude sea level fall at the end of the HST, associated with a tabular
CHS deposited during a late HST (Fig. 13c).

In siliciclastic settings, the basal boundary of tabular CHS commonly
occurs in the early TST and the basal boundary of tapered CHS common-
ly occurs with the maximum flooding surface or the early HST interval.
The data from the Bakio region and the other examples discussed above
suggests that the basal boundary of carbonate-dominated tapered CHS
may be found preferentially in the early TST (Fig. 13a) and the basal
boundary of tabular CHS, when present, should preferentially occur
near the maximum flooding surface or in the early HST (Fig. 13c). How-
ever, in the case of a thick roof or a limited relative sea level fall at the
end of HST, CHS may be also tapered in late HST (Fig. 13b). This confirms
the hypothesis developed by Giles and Rowan (2012) when they as-
sume that carbonate-dominated CHS tend to be preferentially tapered,
due to the creation of thick diapir roof by carbonate platform growth.
The results of this paper are also comparable to those proposed by
Hearon et al. (2014b) in deep-water setting, since they argue that the
most important process controlling the geometries of the CHS is the
thickness of the diapir roof. In deep-water setting, the thickness of the
roof is controlled by the ratio between sediment accumulation rate
and diapir growth velocity but also by slumping processes and
deep-water currents that favour the destruction of the roof. In carbon-
ate, the main factors controlling the thickness of the roof are also the
ratio between sediment accumulation rate and diapir growth velocity
but sea-level variations that control the depth of the photic zone and
the carbonate sedimentation (Pomar, 2001) are also a key factor, since
platform aggradation during TST favour the creation of a thick roof
while karstification at the end of the HST favour the destruction of the
roof.

Several studies describe the presence of diapir-derived clasts in the
gravity-driven deposits at the base of the halokinetic sequences,
showing that diapirs periodically pierce the diapir roof (Giles and
Lawton, 2002; Rowan et al., 2003, 2012a; Andrie et al,, 2012; Giles and
Rowan, 2012; Banham and Mountney, 2013a, 2013b, 2014; Hearon
etal,, 2015). In the overburden of the Bakio diapir, diapir-derived clasts
are absent suggesting that the diapir did not ever reach the surface
during the deposition of the Bakio Breccias Formation. This supports
the hypothesis of a thick and resistant roof, made of carbonate platform
facies developed top of the diapir (Fig. 11). Consequently, since the
carbonate-dominated CHS tend to be preferentially tapered (Fig. 12a),
due to the creation of thick diapir roof, it may prevent the diapir to
reach the surface and thus diapir-derived clasts are probably rarer in
carbonate-dominated CHS compared to siliciclastic CHS.
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7. Conclusions

The Bakio Breccias Formation provides a new outcrop-based exam-
ple of carbonate-dominated halokinetic sequences associated with a
carbonate platform that developed on top of a growing diapir. This
study highlights new key elements concerning: (i) the local under-
standing of the Bakio Breccias Formation and its relationship with the
Bakio diapir growth, (ii) the relationship between relative sea-level
variations and carbonate CHS, and (iii) the importance of diapir flank
topography and carbonate production that control the slope stability
in diapir flanks. These new elements are listed below:

(i) The Bakio Breccias Formation deposited during the Albian re-
gional deepening, driven by subsidence of the Basque Trough
and by the global sea-level rise. However, the relatively shallow
lower part of the Bakio Breccias Formation may be explained
by creation of topographic relief, top of the Bakio diapir. Once
the diapir-related topographic relief was initiated, the carbonate
platform developed mainly by aggradation in response to the re-
gional deepening, as showed by progressive vertical increase of
distal facies. The first unit (sub-unit 1) is clast-dominated and
is interpreted to deposit in the proximal lower slope, at the toe
of the platform margin located at the edge of the diapir. The
younger sub-units (sub-units 2 and 3) are mud-dominated and
exhibit more distal features compared to sub-unit 1, and are as-
sumed to develop in the lower slope, following the regional
deepening trend. Carbonate platform aggradation led to the
creation of steep platform margins at the edge of the diapir, asso-
ciated with frequent partial failure of the slope, as showed by
blocks up to 2 m large. Aggradation top of the diapir led to the
creation of a thick and resistant carbonate roof top of the diapir
that explains the presence of tapered CHS. After the deposition
the Bakio Breccias Formation, the units of the Black Flysch
Group show the drowning of the carbonate platform top of the
Bakio diapir.

Carbonate-dominated halokinetic sequences are assumed to
differ from their siliciclastic counterpart because carbonate
deposition do not result from an external sedimentary input,
but from local carbonate production, commonly taking place on
paleo-highs. During TST deposition, the carbonate platform
may be able to keep up with the relative sea-level rise by aggra-
dation, creating a thick and resistant diapir roof. Consequently,
diapir growth and flank rotation may be relatively limited,
which may favour the development of wedge halokinetic se-
quences and tapered CHS. During late HST deposition (and LST
if present), progradation of the carbonate platform in the adja-
cent depocenters may increase the load of the autochthonous
salt layer. Moreover, if the diapir roof reaches emersion,
karstification may also favour roof destruction, promoting signif-
icant diapir growth and creation of topographic relief. Conse-
quently, diapir growth velocity and flank rotation is assumed to
be more important during late HST compared to the TST. In the
case of a thin roof combined with high amplitude sea level fall,
the roof may be completely destroyed and thus associated
carbonate-dominated CHS may tend to be tabular. In the case
of a thick roof combined with low amplitude sea level fall, the
roof may be preserved and may limit the diapir growth. In this
case, carbonate-dominated CHS deposited may tend to be ta-
pered as during the TST.

In carbonate systems, the occurrence of gravity-driven deposits
may be controlled by a combination of diapir topography and
carbonate production. Carbonate breccias deposition mainly
occurs during the deposition of late TST and early HST due to
carbonate platform aggradation associated with the collapse of
the steep platform margins, while during late HST, carbonate
platform margins are usually composed of grain-supported

(ii

a2

(i

=

facies. This suggests that carbonate-dominated CHS developed
during TST may display gravity-driven deposits, while CHS de-
veloped during late HST may be mainly grain-supported. During
TST, the clasts in the CHS are assumed to be derived from the
platform margin, since during TST a thick diapir roof is inferred.
During late HST, in the case of a relatively high amplitude sea
level fall associated with karstification, the roof may be partially
or completely destroyed. In this case, clast derived from older
units or from the diapir body may be found. Slope destabilization
is interpreted to occur during both HST and TST in carbonate en-
vironments, which is not the case in siliciclastic environments.
Consequently, carbonate-dominated halokinetic sequences are
probably more difficult to recognize than their siliciclastic
counterpart, because of the erratic occurrence of gravity-driven
deposits, as illustrated by the Bakio Breccias Formation.
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