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Abstract:

In this paper we present and discuss Cretaceous extensional folds of the eastern Basque-
Cantabrian Basin (Northern Spain). Geometry and kinematics of folds is constrained by means

of structural and sedimentological fieldwork integrated with geological mapping, revealing an



intimate link between coeval folding, extensioralilfing, and salt mobilization. In detail, the
Mesozoic succession of the northwestern and sautberders of the Palaeozoic Bortziriak-
Cinco Villas massif (eastern margin of the BCB) thlase Albian—early Cenomanian syn-rift
forced folds. The studied forced fold axes trenclbal and are located above main and inferred
Cretaceous syn-sedimentary basement faults. Staldata indicate that these folds formed
during the late Albian — early Cenomanian intervidhe presence of Upper Triassic clay and
evaporite outcrops along and/or close to the afdslds and their stratigraphic relationship
with Upper Cretaceous strata indicate their haketkinorigin and extrusion during folding. The
trigger of salt tectonics is attributed to a basenextensional pulse during the Bay of Biscay —
Pyrenean rifting. Related high subsidence-ratesvalll salt to flow towards faults, forming salt

walls and causing the inflation and folding of theerburden.

Keywords: forced folds; rift margin; salt tectoniextension; Cretaceous; Basque-Cantabrian

basin



(A) INTRODUCTION

It has been widely reported that the presence ahiaa-stratal decollement layer controls the
mode of extension in rift basins (e.g. Morley ange@n, 1996; Stewart et al., 1997; Rowan et
al., 2004; Tvedt et al., 2013; Martin-Martin et, &®016). This viscous layer, which may be
either overpressured shale or salt, influencesi¢iggee of coupling between the sub- and supra-
decollement deformation (Morley and Guerin, 1996w@an et al., 2004). In rift settings with
ongoing basement extension, the presence of atiegffidecollement layer may inhibit the
upward propagation of basement-involved faults thi® supra-decollement sedimentary cover
(e.g. Stearns, 1978; Brown, 1980; Laubscher, 198fhjack et al., 1990). Therefore, coeval
thick-skinned (basement-involved) and thin-skintectonics (faults that are wholly restricted
to supra-decollement strata) may occur in thesensxinal settings, as the thin-skinned faulting
directly balances basement-involved extension (®tgwart et al., 1997; Pascoe et al., 1999;

Withjack and Callway, 2000; Lewis et al., 2013; ¥¢ih et al., 2013).

If the decollement level is formed by salt, thehatst of sub- and supra-decollement faults can
trigger halokinesis. In that context, the developtmef folds, faults and salt structures in the
supra-salt sedimentary cover results from the daauabasement extension and lateral flow of
the viscous salt layer (Withjack et al., 1990; $hat al., 2000; Richardson et al., 2005).
Extensional forced folds typically form in such@ntext (Laubscher, 1982). This kind of fold is
defined by a monocline in the supra-salt coverpidipp as the underlying basement fault. The
monocline divides an anticline and a syncline, \widevelop above the footwall and hanging-
wall cutoff points of the top of the pre-salt, respively. Despite many examples of forced folds
can be found in the literature, most of them aigeaon seismic line interpretation (e.g. Maurin
and Niviere, 2000; Richardson et al., 2005) or @ga¢ and numerical modelling (e.g. Withjack
et al.,, 1990), but limited information is availablen outcrop analogue (Bodego and

Agirrezabala, 2013; Tavani and Granado, 2015).



In this work we present outcrop data of extensidmaled folds from the northeastern portion of
the Basque-Cantabrian Basin. There, the occurreh@e pre-rift Triassic salt layer imposed
decoupling between the supra- and sub-salt rocksgllCretaceous rifting. The described
structures are slightly overprinted by contractlocarad/or inversion tectonics but preserve the
original stratigraphic and structural relationshifhwus, this allows us to depict the age of the
tectonic activity and salt-structure formation aimd impact on the ongoing marine
sedimentation. The integration of the data witlie tontext of the Cretaceous Bay of Biscay-
Pyrenean rifting, allows us to illustrate the madeextension of the supra-decollement cover
decoupled from the sub-decollement basement undeactive extensional phase and its
stratigraphic and sedimentary impact. It permitsoab advance in the discussion about the
possible compressional tectonic event in the BC@ Ryrenean realm during the latest Albian-
Early Cenomanian rifting, since here is presentedlternative way to explain the creation of

apparently compressional folds that support thatragtion.

(A) GEOLOGICAL OUTLINE

(B) Regional tectonics and halokinesis during the Cretaceous rifting of the Basque-

Cantabrian basin

The studied area is located at the eastern poofithe Basque-Cantabrian basin (BCB), being
part of the Cretaceous Bay of Biscay-Pyrenearsystem (Fig. 1A), presently incorporated into
the Pyrenean Orogenic System. The studied fordeld foop out around the Bortziriak-Cinco
Villas Palaeozoic Massif (Bortziriak massif heregft(Fig. 1B). During the Mesozoic rifting,
this massif represented the northeastern margineoE-W elongated BCB and was located on
the NNE-SSW striking transfer zone between thisgrbasd the Mauleon basin to the east, in
the segmented Pyrenean—Basque-Cantabrian rift rsygféugend et al. 2014). BCB
development is intimately linked to the evolutidtlte southern North Atlantic, which resulted
in the opening of the Bay of Biscay and other Pgeanrift basins during the Mesozoic, under

extensional to transtensional tectonics (i.e. Chouke and Mattauer, 1978; Montadert et al.,



1979; Garcia-Mondéjaet al., 1996; Roca et al., 2011; Tugemtl al., 2014). The basin
underwent successive rifting events, and for théialypearly Cenomanian interval, thick rift
successions, up to 14 km, deposited in the aremnd@a 1997). Late Cretaceous-Cenozoic
convergence between the Iberian and the EuropesasPlesulted in basin inversion (Boillot

and Malod, 1988; Tugend et al., 2014).

In the BCB, syn-sedimentary structures linked tib s@bilization due to extensional tectonics

have been widely described. Some of these strisctvere described as halokinetic features
from the Upper Jurassic—Lower Cretaceous of theame8CB (e.g. Tavani et al., 2013; Tavani

and Granado 2015), lower Aptian of the central B(&By. Garcia-Mondéjar, 1979, 1982;

Garcia-Mondéjar and Garcia-Pascual, 1982; BadiB82; Agirrezabala and Garcia-Mondéjar,
1989), and from the Albian of the western, centmatl eastern BCB (Garcia-Mondéjar and
Robador, 1986-1987; Garcia-Mondéjar et al., 199fpez-Horgue et al., 2010; Bodego and
Agirrezabala, 2013; Poprawski et al., 2014, 20A8)these authors conclude that the formation
of salt structures was intimately linked to then\afst of basement faults. Moreover, some of the
most important diapirs are located at the intergsedietween major Hercynian basement faults

reactivated during the Cretaceous rifting episdaiar¢ia-Mondéjar et al., 1996).

Similarly, other adjacent Pyrenean and Bay of Bjistesins record similar halokinetic
episodes. Several diapiric structures have beecrided from the Aptian-Lower Cenomanian
of the Pyrenean rift basins (e.g. Canérot and Rebay1986; Canérot, 1989; Canérot and
Lenoble, 1993; Canérot et al., 2005; Lagabrielld Bodinier, 2008; Lagabrielle et al., 2010;
Jammes et al., 2010) and the Parentis basin @gmgnés et al., 2010; Ferrer et al., 2012, 2014).
Most of these salt structures were also relatdshgement faults that had an important role in

the extension of these rift basins.

(B) TheBortziriak massif: stratigraphy



The studied outcrops are located in the northeasted southern margin of the Bortziriak
massif (NW margin and S margin, hereafter) (Figs32and 4). The study area includes a
Palaeozoic to Cretaceous stratigraphic successibich records multiple deformation events
(Fig. 2) (Lamare, 1936; Rat, 1959; Campos, 197280 et al., 2015). The Variscan basement
is composed of Palaeozoic metasediments (Heddeb@u8, 1975; Requadt, 1974; Campos,
1979) and they are overlain by Lower Triassic redis (Buntsandstein facies) in angular
unconformity. For the sake of the simplicity, Palagic to Lower Triassic rocks will be named
(sub-decollement) basement henceforth. Upper Tciagd clays and evaporites (Keuper facies)
overlie this basement. Keuper rocks constitutenthén decollement layer in the BCB both for
thin-skinned extensional (Fort et al., 2004; Sesrand Martinez del Olmo, 2004, Bodego and
Agirrezabala, 2013; Tavani et al., 2013, Tavani Gndnado, 2015) and contractional (Capote
et al., 2002) structures. Thus, present day ouscoddJpper Triassic rocks in the BCB show

great thickness variations due to post-depositisaliltectonics and diapirism.

The supra-decollement Jurassic to lower Cenomasuaoession consists of a mixed carbonate
and siliciclastic sequence, deposited during diffierrifting pulses. This succession comprises
pre- and syn-folding strata (Fig. 2). Jurassic marld limestones overlie Triassic red clays and
evaporites, which in turn are overlain by Lower taceous (Neocomian) limestones and marls
(“Serpulid limestones”, Soler y José, 1972). Theldté Cretaceous sequence (Bodego et al.,
2015) starts with lower Aptian Errenaga Fm. comgjsbf shallow marine carbonate platform
and trough marls and limestones whereas the upptamito lower Albian Buruntza limestone
Fm. is compound of shallow-marine carbonates. Meglging upper Albian Azkorte sandstone
Fm. comprises estuarine sandstones, which in tegnoserlain by upper Albian to lower
Cenomanian siliclastic shelf mudstones of the @raFm. and prodelta mudstones of the
Oriamendi Fm. The coeval Oiartzun Fm. comprisegsitones, sandstones and conglomerates

of a braid-plain delta environments in more coastahs.



Syn-folding regional strata in the NW margin cop@sd to the Lasarte megabreccia Fm., and
are composed of deep-water mudstone megabrecdiaoligtoliths. In the S margin, shallow-
marine limestone breccias with sandy matrix of Klestartzu breccia Fm. compound the syn-
folding unit. The syn-folding strata overlie thetest Albian — earliest Cenomanian Ul
unconformity surface, characterized by disconfoymitngular unconformity and progressive
angular unconformity features. The post-folding atéd Cenomanian to Campanian Upper
Cretaceous Calcareous Flysch, comprising altempatiemipelagic marls and limestones
(Mathey, 1987), unconformably overlie the pre- @yd-folding strata, above the U2 surface
(Iriarte and Caron, 2003). This discontinuity isardcterized by disconformity and angular

unconformity surfaces, as well as pervasive boiinog, oxide crusts and hardground features.

(B) Cretaceous syn-sedimentary basement faults

Aptian-Albian syn-rift deposits of the BCB are catled by major NW-SE trending and minor
E-W-, NE-SW-, and N-S-trending basement faultst tdmempartmentalized the basin producing
a complex uplifted and subsident block pattern ¢@aMondéjar et al., 1996). In the studied
area, main NW-SE trending structures (e.g. Ereffanilt; Fig. 3) and E-W trending faults
(Errekalde — Aritxulegi faults in the NW area, F8j.and Leitza fault in the southern area, Fig.

4) controlled the compartmentation of the basingimar

(C) The Errekalde fault (Fig. 3)

The E-W trending Errekalde fault (Lamare, 1936pme of the main faults of the NW margin
(Fig. 3A,B, Fig. 5A), and coincides with the axistbe Errekalde anticlinal fold where small
Upper Triassic Keuper outcrops appear (Fig. 5B) Tiend of this fault coincides with the
trend of the Aritxulegi fault, which can be tracaidng 30 km to the west until the Bera basin.

The Aptian-early Cenomanian syn-sedimentary agtiwf the Errekalde fault has been



previously described (Bodego et al., 2008; Bodegd Agirrezabala, 2013), since this fault
delimited a highly subsiding southern block in txestern part (Lasarte sub-basin, Bodego and
Agirrezabala, 2013). To the east, the Errekalde Ariikulegi faults differentiated a northern
subsident block during the late Albian-early Cenniaa (i.e. sedimentation of thick Oiartzun
Fm. deposits around the Oiartzun anticline), frosoathern uplifted block, where only isolated

limestone-patches of the Oiartzun Fm. were depbsitetop of the uplifted basement (Fig. 3A).

The Aptian-Lower Cenomanian activity of the faudt evidenced by the stratigraphy of its
blocks. The northern footwall shows thinner pradfiod) strata (only about 200 m of Aptian-
Albian deposits) in comparison with the southerngmag-wall (up to 1000 m of Aptian-Albian
deposits) (Fig. 5C). Moreover, the hanging-wallorels thick syn-folding strata (427 m, Lasarte
megabreccia Fm.), whereas in the footwall, onlynalsoutcrop (30-50 m thick) of syn-folding

strata is visible, and is confined to a small cangeometry (Fig. 5A,B).

(C) The Txoritokieta fault (Fig. 3)

In the northwest margin, NW-SE trending faults apto the north of the Errekalde and
Aritxulegi faults (Fig. 3A,B). These faults apprmately coincide with the axis of the
Txoritokieta anticline (Fig. 6A,B). The southeasteznd of the Txoritokieta fault trace is
overlain by Upper Cretaceous rocks. Keuper clayd ewaporites crop out along its trace.
Lower Cretaceous stratigraphic thickness differen@eross the faults suggest its Cretaceous
(Albian-Lower Cenomanian) normal play. Westward garallel Oiartzun fault shows similar

stratigraphic characters.

The upper Albian—lower Cenomanian stratigraphy tef hanging-wall and footwall differs
considerably (Fig. 6C). The SW footwall is onlyitsle in the northwestern area of the fold, and
shows 170 m of Oiartzun Fm. limestones disconfofynalverlying Jurassic strata. The NE

hanging-wall shows a more complex stratigraphy. &hasible (only towards the NW end of



the fold axis), the Oiartzun Fm. overlies disconfably Jurassic strata. However, most of the
base of the Oiartzun Fm. shows a tectonic (faulted}act with Keuper rocks and locally, with
Neocomian and early Aptian strata. In this NE bjothke Oiartzun Fm. shows a thicker
succession of up to 830 m. The succession stattssiallow marine fine-grained sandstones,
which are overlain by shallow marine limestones dagral changes to braid-plain delta
sandstones. Deltaic conglomerates and sandstosesntbrmably overlie the limestones and

sandstones (Fig. 6).

(C) The Bertizfault (Fig. 4)

The Bertiz fault belongs to a system of NNW-SSHkistg extensional faults exposed at the
southern margin of the Bortziriak massif (Fig. Mjost of them were active during the
deposition of mid-Cretaceous layers, and in the adsthe Bertiz fault for the upper Albian,
giving rise to a small tectonic graben (Oieregotigh, Fig. 4B) and escarpment breccias along
its trace (Iriarte, 2004; Bodego et al., 2015). thikse faults are E-dipping and abut southward
against the E-W trending Leitza fault. This is aplg rooted main fault, evidenced by the
presence of a wide band (up to 3 km) of HT/LT Gretaus metamorphic rocksléarble Nappe;
Lamare, 1936; Ravier, 1959; Albarede and Michardla¢j 1978) and granulite, migmatite and
Iherzolite bodies of crustal and mantle origin (Menand Gil-lbarguchi, 1991; DeFelipe et al.,

2017).

The (pre-folding) stratigraphic thickness of thetfgall, NE limb of the anticline (Fig. 7A,B), is

reduced (100 m, Buruntza Fm.), compared to thecadjsstratigraphy of the block to the SW of
the Oronoz fault (342 m of Buruntza and Azkorte Fstsata), and particularly, to the SW block
of the Bertiz fault (570 m of Buruntza and Azkofens. strata)(Fig. 7C). The Bertiz and
Oronoz faults acted as normal faults during theigkpAlbian, therefore allowing deposition of

thicker successions towards the SW (Iriarte, 2004).
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(A) FORCED FOLDS

NW-SE and E-W oriented folds, deforming supra-deooént Jurassic to mid-Cretaceous strata
and related to previously mentioned basement fdudtge been mapped in the study area (Fig.
3A4A). In some of them, accurately characterized this work, original stratigraphic and
structural features are observed, depicting the aamk mechanism of their formation and its
impact on the ongoing marine sedimentation. InNN¢ margin of the Bortziriak massif, folds
strike defines two patterns (Fig. 3B): E-W (Err@@hntilcline) and NW-SE (Txoritokieta and
Oiartzun anticlines, along with the Arizmendi syne). In the southern margin of the
Bortziriak massif the same pattern is repeated: 8&V- trending folds developed along NW-
SE trending faults (e.g. the Mugaire anticline) ickhare located to the north and obliquely to

the E-W trending Leitza fault (Fig. 4B).

The anticlines are cored by faults and the Keupaperites crop out along these faults (Fig.
5A,6A,7A), indicating their genesis as salt coradltfed anticlines. Moreover, precise dating of
post-folding strata of two anticlines indicatesttkauper rocks were extruded to the sea floor
by the latest Albian-early Cenomanian. In the addbe Oiartzun anticline, the contact between
post-folding and syn- or pre-folding strata is ¢eit, and thus, no stratigraphic dating of the

folding event was possible.

In the following sub-sections, we describe threg &eamples of faulted anticlines in order to
constrain the characteristics and controlling psses of these types of folds: the Errekalde and

Txoritokieta forced folds in the NW margin, and tlegaire forced fold in the S margin.

(B) The E-W Errekaldefaulted anticline
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This is a tight anticline (“le brachyanticlinal d&ecalde-Hernani”; Lamare, 1936) that strikes
N114°E and shows a northern vergence. Its hinge i®rcored by the Errekalde fault that
shows Keuper rocks along its trace (Fig. 5A). tigtimern limb is overturned and dips 75° to the
south (Fig. 5B). The trace of the anticline disappdo the east beneath the post-folding Upper
Cretaceous rocks and Quaternary alluvial depogsstward, the anticline is eroded by an
angular to progressive unconformity (U1) depictgdsin-folding sedimentation of the Lasarte
megabreccia Fm. (Bodego et al., 2008)(Fig. 5B).s€hdeposits, composed of polimictic
megabreccia of latest Albian-earliest Cenomanian age attributed to the erosion of a growth
fold (Bodego et al., 2008). In the northern limi2 19 a low-angle angular unconformity on top
of upper Albian pre-folding rocks. In the southdimb this contact is not visible due to actual

erosion.

(C) Sructural restoration of the Errekalde faulted anticline

The structural data has been restored considerimgriaontal datum of the base of the post-
folding Upper Cretaceous strata (Fig. 5D). Thataregion shows that during the deposition of
the first post-folding strata (latest early Cenoraarage Rotalipora globotruncanoides planktic
foraminifera biozone) (Bodego et al., 2008), the-fmiding strata of the northern limb of the
anticline dip 15° towards the NE (15/046). On tlikeo hand, the pre-folding strata of the
southern limb were inverted and dipping 35° towalas NNE (35/015). Therefore, this limb
suffered a rotation of 145° during the latest Atbtaearliest Cenomanian. The orientation of the
axial plane is 25/024 and the limbs show an anpB9®between them, with an axis dipping 11°
towards the east. Thus, the restored latest Alleiariiest Cenomanian anticline structure shows
recumbent fold geometry (assuming no alpine cotitnaal refolding). The outcrops of Keuper
material along the hinge of this structure thatnieate against the U1l surface, indicate that the
anticlinal was faulted and Keuper material extruttedugh this fault at least by the time of Ul

formation and Lasarte Megabreccia deposition.



12

(B) The NW-SE Txoritokieta faulted anticline

This is a NW-SE striking anticline cored by a NW-Stking and kilometer long high-angle
reverse-fault, with large volumes of Keuper crogpirut along and around the trace of the fault
(Fig. 6A). In the NW area, the hinge area presartense network of decametric to hectometric
faults, that put together narrow blocks with dististratigraphy. In the SW limb, strata between
the U2 and U1 unconformities and below the U1l ufmonity dip 15° toward the SW. In the
NE limb the U1 unconformity is not occurring, artchga below the U2 unconformity dip 37° to
the NE. Upper Cretaceous (lower Santonian to u@aenpanian) post-folding strata on top of
the U2 unconformity dip toward the SW on both limisth similar dip values but different
unconformity angles, evidencing a pre-U2 foldindgé- 6A,B). Similarly, the post-folding
strata overlie and fossilize the described fautts the hinge of the anticline. Towards the hinge
of the anticline the base of the Upper Cretacemst-folding marls are in contact with older
deposits (limestones) of the Oiartzun Fm. by aegutar erosive surface (Fig. 8A,B), and also

overlie unconformably Keuper rocks (Fig. 8C).

Both limbs present subvertical sediment filled medte decametre scale planar fissures and
joints in the limestones of the Oiartzun Fm. In 8\& limb these fissures appear on top of the
limestone lithosome (U2 surface) and are filleds(dated) with post-folding Upper Cretaceous
marls (Fig. 8D). The NE limb also shows fissurdiedi with post-folding marls. Nevertheless,

limestones of the Oiartzun Fm. (not in the U2 stejashow also slightly older planar fissures
filled with calcarenites and sandstones from thar@un Fm. (neptunian dykes, Fig. 8E).

Besides, U2 surface shows pervasive boring, irddeokrusts and hardground features (Fig.

8F).

(C) Restoration of the Txoritokieta faulted anticline
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The structural data has been restored considehiegdatum of the post-folding Upper
Cretaceous flysch strata (Fig. 6D). Though diackothese strata are interpreted to be

deposited horizontally on top of the fold.

The structural restoration to the base of the fuldtng strata (U2) shows the presence of a
previous faulted open anticline. The orientatiorthef NE limb is 79/048 and of the SW limb is
08/340. The axial plane is 50/234. Post-foldingitstrshow onlapping geometries above the

anticline structure.

(B) The NW-SE Mugaireanticline

In the current cartographic configuration the mesident large scale folds in the southern
margin of Bortziriak massif are E-W directed andtesard verging folds formed during the
Alpine orogeny. Detailed restitution of Alpine defmation and stratigraphic configuration of
Mesozoic materials reveals the existence of NNW-SBEnted folds, formed during the
Cretaceous (Fig. 4A). Five folds, with wavelengtipsto some km, have been distinguished.
The Mugaire fold is the best preserved and showsd gevidence of its syn-sedimentary

character.

The Mugaire anticline is a NW-SE oriented anticl{fieg. 7A), faulted by subparallel vertical
and subvertical faults that coalesce in depth agdfeuper lutites (Fig. 4A,B, Fig. 7B). The
anticline was folded by the Alpine inversion, fongi a E-W tight syncline (called the
“Dépresion intérmediaire”; Lamare, 1936) resultiny the actual intersection with the
topography, perpendicular to its axial plane (Fi§y). Folded pre-folding strata appear on top of
basement rocks. Keuper materials showing varidibknesses are present along the contact
between the Palaeozoic/Triassic basement and liedostrata (Jurassic to Albian), indicating

its play as a decoupling layer.
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The SW limb dips 65° to the SW, and consists oroaaudlinal block limited by the Bertiz and
Oronoz faults that show syn-sedimentary activityiruthe Aptian and Albian. In the NE limb
the pre-folding units are nearly parallel to pastding Upper Cretaceous rocks (Fig. 7B).
Almost the entire Azkorte Fm. of the hinge zoneth# fold is eroded, with the exception of
isolated outcrops (few metres thick) adjacent tdtéaand in the lowermost part of the anticline

(Fig. 7A,B).

Post-folding strata overlie unconformably the pokling strata of the anticline. This
unconformity is characterized by subaerial exposune karstification features of the Buruntza
limestones Fm. This surface represents the amatgamaf subsequent unconformities: the
early late Albian Ul unconformity (Bodego et alQ18) and U2. Locally, decimetric-sized
outcrops of limestone breccia with sandy matrixi(gylding Kostartzu Fm.) appear overlying
the U1 surface (Fig. 8G,H). Moreover, limestonecbi@s also crop out interbedded with post-

folding Upper Cretaceous marls that onlap the hnéic

(C) Restoration of the Mugaire faulted anticline

As in the previous cases, the datum considerethfostructural restoration is the base of the
Upper Cretaceous post-folding strata (Fig. 7D)edaas lower Cenomanian (Bodego et al.,
2015). Since no data is available for the NE limie, have considered pre-folding data of the
adjacent SW block in order to calculate the axithefanticline. Once restored to the horizontal
(early Cenomanian), pre-folding strata of the Skivblishow values of 71° dipping towards the
SW (71/221) and the pre-folding strata of the aelpSW block, 7° to the east (07/099). Thus,
considering that the axial plane and axis of thiéckme are parallel to those of the restored
limbs (the adjacent syncline of the anticline), thientation of the axial plane of the anticline is

34/214 and the axis is 06/133 (Fig. 7D).
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The restored anticline structure shows that by éhdy Cenomanian the SW limb of the
anticline rotated 71° by elevation of this limb, emas the pre-folding strata to the SW of the
Bertiz fault maintained subhorizontal (Fig. 7E).eTthinned stratigraphic thickness due to
erosion of the anticline structure and the poddifg strata unconformably overlying the

anticline, indicate that this structure was forrbgdhe early Cenomanian.

(A) DISCUSSION

The data presented above allow us to interpreseéhef anticlines and synclines as extensional
forced folds, formed by the combined action of Inseset faulting and salt mobilisation. This
extensional forced folding can be inferred by:tli@ accumulation of salt below the anticlines
nearby the fault and its extrusion through fauli;the syn-folding resedimentation of pre-
folding deposits at the foot of anticlines; (iiinlap geometries of post-folding sediments; and

iv) hardground features and neptunian dykes onnfocmity surfaces.

(B) Latest Albian-early Cenomanian folding event

The dating of these structures is mainly basedhbim)gtratigraphy and structural data. The
datum to restore the structural data is the basthefUpper Cretaceous Calcareous flysch,
because of its areal expansion and its apparetf@dsg character unconformably overlying
the Permian to lower Cenomanian strata. The basthisfrock unit is diachronic in the
Bortziriak massif margins, as shown by Bodego et(2015). In the NE margin, above the
Errekalde anticline the base of the unit is lagesty Cenomanian, whereas in the vicinity of the
Txoritokieta anticline the age of this unit varigem Turonian to early Campanian, with an
onlap geometry. In the southern margin, the baskeoUpper Cretaceous calcareous flysch unit
is also variable due to its onlapping characteiartie and Caron, 2003; Iriarte, 2004), but

adjacent to the Mugaire anticline, the base ofuhi¢ has its oldest age, early Cenomanian.
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Therefore, the structural restoration shows thétlare structures were already formed by the
time of deposition of the Upper Cretaceous Calassdtysch, although the diachronity due to
an onlapping arrangement of the post-folding st@eplicates the precise timing of the

folding.

In the case of the Errekalde anticline, the timmgvell constrained by the sedimentation of the
Lasarte megabreccia Fm. (Bodego et al., 2008). bEse is the U1l unconformity, which has
progressive unconformity features close to thechané (Fig. 5A), is dated latest Albian
(Stoliczkaia dispar ammonite biozone) and indicates the beginnindneffolding. The youngest
rocks of the Lasarte Fm. are early Cenomanianffanbase of the Upper Cretaceous in the area
is latest early Cenomanian (Fig. 2). Thus, thisaghostructure was active during at least the
latest Albian to the early Cenomanian interval, doout 4 Ma. The progressive denudation of
buried units is evidenced by the inverse stratigyapf the syn-folding strata of the Lasarte
megabreccia Fm. (Bodego et al., 2008, 2015). UBpetaceous deposits fossilized the structure

indicating that no more folding occurred from latesrly Cenomanian onwards.

No syn-folding deposits recording the growth of theoritokieta anticline have been

recognized. Nevertheless, the differing facies stnatigraphic thicknesses of the Oiartzun Fm.
in each limb suggests that by the late Albian-e@#nomanian the SW limb was a relatively
uplifted block, with shallow marine carbonate pdath sedimentation, whereas the northeast
limb acted as a subsiding block registering a tlsiegcession of thin- to coarse-grained coastal
siliciclastics, intertongued with shallow-marinenéstones from the Oiartzun Fm. (Fig. 2). The
presence of pervasive planar neptunian dykes iOthegzun Fm. limestones (middle to lower

part of the formation, not on the U2 surface) iatkicthat the carbonate platform fractured soon
after its deposition and filled with sandy calcatiersediments and sand from above (from the
Oiartzun Fm., Fig. 8E). We infer that fracturingsaassociated with extensional forced folding
(Cosgrove and Ameen, 1999). Coherently with datar@bonset of forced folding is dated at

least at the late Albian.
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The base of the Upper Cretaceous is diachronic theeianticline, drawing onlap geometries
from the late Turonian to the early Campanian. Hniangement suggests that the anticline was
probably formed by the late Turonian, and the togphic elevation was completely covered by
the flysch sedimentation during the early Campanidre development of a hardground on the
top of Albian limestones (Fig. 8F) supports thipbthesis, since these features indicate that no
sedimentation occurred during a long period of timbus, after its formation, the anticline

structure was exposed on the marine seafloor a2evié (Bodego et al., 2015).

In the southern margin, the Mugaire anticline feadLconstrain the timing of the folding event.
By the early Cenomanian, the SW limb was alreatted 71°. The erosion of the upper Albian
to lower Albian (Azkorte and Buruntza Fms.) prediaop strata and the presence of syn-folding
(Kostartzu Fm.) deposits on top of Ul (Fig. 8G idllicate that during the late Albian to early
Cenomanian, the anticline was still growing andgpessively being eroded and resedimented

in the lowest and deepest part of the anticline.

(B) Decoupling of defor mation

(C) Extension and basement-fault propagation

For the Aptian-Cenomanian interval, extensionatramstensional strain controlled basement
extension in the BCB, resulting in fault reactieatiand basin compartmentalization (e.g.
Martin-Chivelet et al., 2002; Garcia-Mondéjar ef 2004; Tugend et al., 2014). In the studied
area, the syn-sedimentary activity of basementdaiuring the late Albian - early Cenomanian
is evidenced by the stratigraphical (thickness, ate) and sedimentological differences of the
stratigraphic record across the Errekalde, Erefibeiiza and Bertiz basement faults (Figs. 3
and 4). For instance, the Erefiozu fault controllesl sedimentation of the Oiartzun Fm. in its

hanging-wall, whereas its footwall records verythnd isolated deposits (Fig. 3A,B).
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The age and location of the forced folds abovevaaixtensional basement faults suggests that
the anticline formation was controlled by the at§iwf basement extensional faults. The axes
of the forced folds are NW-SE and E-W-trending,nigeparallel to inherited basement fault
trends, reported all along the Pyrenean domain (&ghert et al., 1983). Thus, the activity of
these basement faults could have triggered theatiogr of Keuper deposits that deformed and
faulted the overlying and detached Mesozoic coesulting in forced folds and faults that
accommodated the deformation. The reactivatioroonfesof these basement faults was already
accommodating basement extension since the latarAft late Albian, triggering thin-skinned
tectonics above the same decoupling layer, the tUppassic Keuper clays and evaporites

(Bodego and Agirrezabala, 2013).

(C) Decoupling layer, salt migration and anticline formation

The scenario presented for the Errekalde, Txoetskiand Mugaire forced folds, includes
interplay between extensional faulting within théglecollement basement and development
of salt structures due to the presence of a duefjler. The presence of Upper Triassic clays and
evaporites is essential to understand the decaypfiextensional deformation into thin-skinned

and basement (thick-skinned) extension.

Upward propagation of basement faults across wagdrs can be inhibited (Withjack et al.,
1990), resulting in a decoupling effect to accomatedsub-salt basement extension (Withjack
et al., 1989, 1990; Stewart et al., 1997; Cosgave Ameen, 1999; Richardson et al., 2005;
Ferrill et al., 2007). In the studied examples, E&lpdriassic deposits separate the sub-
decollement basement from Jurassic to Cretacequssie (supra-decollement or pre-folding
strata) and acted as a decoupling layer controltirey upward propagation of extensional
basement faults into the Mesozoic cover. Thusstle and supra-decollement strata deformed

in different ways under the same extensional stress
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The strain decoupling results in contrasting defdrom between the basement and Mesozoic
detached sedimentary successions. While extersiaocommodated by brittle normal faults in
the sub-salt basement, the supra-salt sedimentagession or cover can accommodate the
extension both by folding and stretching and/orltiag (Stearns, 1978; Brown, 1980;
Laubscher, 1982; Withjack et al., 1989, 1990; Stewtal., 1997; Cosgrove and Ameen, 1999;

Richardson et al., 2005; Ferrill et al., 2007; Trawnd Granado, 2015).

In our studied cases folding and faulting of thpratsalt sedimentary cover can be attributed to
both basement extension and subsequent salt noigraBasement faulting formed forced
monoclinal folds in the Mesozoic cover and alsdedéntial subsidence, controlling the syn-
folding sedimentation (and sedimentary loadingyliffierent fault blocks (Figs. 5D, 6D, 7E).
These processes triggered lateral and vertical fkalt (Vendeville and Jackson, 1992),
especially in hanging-wall blocks and concentrétesl salt along fault traces, like salt walls,
causing the upward folding of the supra-decollememter. However, the location of salt
accumulation may not necessarily be located direatlove the basement fault, since salt
evacuation and inflation can be sourced both freenhtangingwall and the footwall (e.g. Koyi
et al. 1993; Burliga et al. 2012). In the studyaasalt flow is evidenced by the presence of salt-
cored anticlines, even with extrusion of Keuperkeoaround or close to the hinge area, along
hectometric to kilometric sized faults (e.g. Erddieaand Txoritokieta folds). We interpret that
the salt extruded through faults that developeatder to accommodate the stretching due to the
upward flow of the salt and bending. Although sashéhese faults could have been reactivated
during the Alpine inversion, stratigraphic dataioade that these faults had already extruded
Keuper rocks to the latest Albian - earliest Cenoianra seafloor. In the Txoritokieta faulted
anticline, Keuper deposits along a small-scaletfaté in stratigraphic contact (U2) with the
overlying post-folding hemipelagic marls, indicatinthat by that time (probably early

Cenomanian) Keuper materials had pierced the saitacover and reached the seafloor.
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Similarly, in the Errekalde fold, Keuper materiakng the fault trace are overlain by syn-
folding deposits.

The halokinetic processes invoked for the mid-@mtas continued, and even extruded to the
sea bottom during the Late Cretaceous in mostehthin basement faults limiting the rifting
area in the BCB (Brinkmann and Ldgters, 1968; Safiplel and Schroeder, 1968; Pflug, 1967).
The main diapirs and diapiric anticlines are nowad@cated along the trace of that ancient
basement faults, probably denoting the preferemtigiration of the decollement halokinetic
layer towards them (wall-diapirism) since the Edtigetaceous (e. g. Garcia-Mondéjar et al.,
1996; Tavani et al., 2013; Tavani and Granado 20bpez-Horgue et al., 2010; Bodego and

Agirrezabala, 2013; Poprawski et al., 2014, 2016).

(B) Evolution of the extensional folds of the Bortziriak Paleozoic massif margin

The study of the described syn-sedimentary foroédsfallows depicting their evolution (Fig.

9).

Late Triassic. Keuper clays and evaporites deposited in a sakkiv@onment in the basin,

overlying the basement, composed of Palaeozoioveet Triassic rocks (Fig. 9A).

Late Aptian to middle Albian. A major rift event occurred during this intenahd basement
extension provided the deposition of thick syn-gétdimentary successions in the area. The
viscous character of the decollement layer ofteavgmted basement faults to propagate
upwards into the sedimentary pile. This resultedlifferent stratigraphic thicknesses across
basement faults: thicker successions registeretth@nsubsiding blocks compared to thinner
successions on the footwall blocks. Basement exierisggered halokinesis that evolved into

salt walls (Fig. 9B).

Late Albian. The rise of the E-W and NW-SE trending salt walis controlled by the activity

of basement faults. The passive diapiric growtkthefsalt walls caused the inflation and tilting
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of the pre-folding strata above the faults. Thenghoof the anticlines caused the rotation and
fracturing of pre-folding strata and fissures wkited with syn-folding sediments, resulting in

neptunian dykes (Fig. 9C).

Latest Albian to early Cenomanian. The most intense period of diapiric rise creadtgmbgraphic
highs. The increase in salt mobilization is attréfalito a tectonic subsidence pulse related to an
extensional rift phase. The newly created topographliefs were eroded, truncated and
resedimented at the foot of the anticlines as lmecdStrain accommodation caused by the
upward flow and bending produced faults that alldwwgtrusion of Keuper rocks to the seafloor

(Fig. 9D).

Latest early Cenomanian to Turonian. The extensional phase ended and subsequently salt
mobilization. The main forced fold formation phatepped by the latest early Cenomanian, but
small activity could have occurred, evidenced by-®lding breccias interbedded within the
post-folding strata. The basin underwent a gergrbsidence phase that caused the deepening
of the study area and hemipelagic sediments faedilihe folds with onlap geometries at the toe

of the folds (Fig. 9E).

Turonian to Campanian. The highest topographic projections of the foldse exposed on the
seafloor during 6.2 Ma, where pervasive boring aond oxide crust precipitation occurred.
Hemipelagic sedimentation covered completely thecsairal reliefs by the Campanian (Fig.

9F).

(B) Foldsin an extensional setting

Controversies about the mode of the opening oBtneof Biscay - Pyrenean rift system during
the Albian are still in debate. Interpretationsdzh®n geophysical data and field observations
have apparently not been in accordance. Many asjthmoainly based on field observations,

invoke late Albian sinistral strike-slip in the BCRat et al., 1983; Garcia-Mondéjar, 1989;
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Garcia-Mondéjar et al., 1996; Iriarte, 2005) arngbah the Pyrenean realm (Choukroune and
Mattauer, 1978; Puigdefabregas and Souquet, 19B&t(01986; Larrasoafa et al., 2003). In
this context, some late Albian folds have beenrpreted as transpressional to compressional
structures in the BCB (Garcia-Mondéjar et al., 19%girrezabala et al., 2002; Quintanar-Soto,
2003) and also in the Pyrenean region (Choukrod®&6; Debroas, 1978; Razin, 1989;

Souquet and Peybernés, 1991; Garcia-Senz, 2002).

On the contrary, recent studies invoke extreme takushinning due to N-S
extension/hyperextension since the late Aptianluhg early Cenomanian for the Bay of
Biscay-BCB-Pyrenean realm (e.g. Jammes et al.,,20@9; Lagabrielle et al., 2010; Roca et
al., 2011; Tavani and Mufioz, 2012; Tugend et #1142 DeFelipe et al., 2017). Overall, the
three examples presented show that the extensfolthhg phase occurred during the late
Albian until the latest early Cenomanian. Exampdéssimilar structures under extensional
tectonics have been described for the Albian oReentis basin, considered a twin basin of the
BCB of the Bay of Biscay realm (Ferrer et al., 202812, 2014). We propose that the above
mentioned examples of the BCB could be revieweadrtalyze if their compressive features
could be explained by the extensional mechanisrarteg in this work. This would permit to
advance in the discussion about the possible rebiwanspressional/compressional tectonic
event in the BCB and in the Pyrenean realm dutieglatest Albian-early Cenomanian rifting,
since here it is presented an alternative and mpargmonious extension-related mechanism to
explain the growth of apparently compressional doldat support that assumption in a rift

setting.

(A) CONCLUSIONS

Geological mapping around the Bortziriak-Cinco &llPalaeozoic massif shows the presence

of salt-cored folds. The tectonostratigraphic asialyf three of these anticlines demonstrates
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that the formation of these folds occurred during late Albian to early Cenomanian and that

they were fossilized by Cenomanian to Campaniaatastr

The anticlines are located on top and parallehterred extensional syn-sedimentary basement
faults, which Aptian — Cenomanian activity is ewvided by the stratigraphic record. The
presence of an Upper Triassic viscous layer (Kgupavented the upward propagation of the
normal basement faults into the sedimentary pild @rted as a decoupling layer between the
rigid basement (Palaeozoic to Lower Triassic roeks) the Mesozoic syn-rift sedimentary pile.
However, this viscosity allowed the mobility of Kmer rocks that accumulated against the
extensional basement faults as salt walls and dathigeinflation of the strata above the faults
generating salt-cored forced folds. The high mupiliates during the late Albian-early

Cenomanian are attributed to high subsidence dateso an extensional pulse.

The presence of sediment-filled fissures (neptudigkes) on upper Albian strata evidences the
progressive tilting of the folds. Similarly, fauli accommodated deformation of the pre-folding
strata, allowing the extrusion of Keuper rocks hie seafloor by the early Cenomanian. The
topographic projections created by the progressiflation, tilting and folding of pre-folding

strata were truncated, eroded and redepositedna®Islng strata at the foot of the folds, since

the late Albian until the early Cenomanian, whesnain folding activity ceased.

Hemipelagic sedimentation fossilized the relatmgographic highs with onlapping geometries

and the highest topographic reliefs were compleateilyered by the Campanian.

The extensional origin of late Albian — early Ceraoman forced folds supports basement
extension under pure extensional tectonics in tlsgBe-Cantabrian rift basin although
arrangement and some features of the forced folddhe area may resemble transpressive

deformation caused by strike-slip tectonics.
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(A) FIGURE CAPTIONS

Figure 1. A) Synthetic map of the Pyrenees withidation of the westernmost Palaeozoic
massifs. B) Geological map of the westernmost Ragerwith an indication of the study area

(NW and S margins of the Bortziriak — Cinco Villaalaeozoic massif).

Figure 2. Synthetic stratigraphic column with descwn of the general stratigraphy and
sedimentology of the study area. Strata are dividemfive major strata groups based on their
relationship with the late Albian —early Cenomantaatonic event and decollement layer. Ul
corresponds to a latest Albian discontinuity wittscdnformity, angular unconformity and

progressive angular unconformity features. U2 amoads to an early Cenomanian-late
Campanian discontinuity defined by the diachrononkp of the Calcareous Flysch on mid-

Cretaceous rocks, with low- to high-angle unconftyrieatures.

Figure 3. A) Geological map of the NW margin of tsteedy area. B) Reconstruction of the

structural pattern for late Albian-early Cenomarséthe NW margin.

Figure 4. A) Geological map of the S margin of #tady area. B) Reconstruction of the

structural pattern for late Albian-early Cenomarséthe S margin.

Figure 5. A) Detailed geological map of the Errelealnticline area with location of cross-
section A-A’ in B. B) Present day interpretativeI\Nto NW-SE cross-section (A-A’) of the
Errekalde anticline. Inset: equal-area stereograptojection of poles of pre- and post-folding
strata. C) Stratigraphic column of the southern madhern limbs of the Errekalde fold. D)
Interpretative tectono-stratigraphic architectufehe Errekalde anticline for the early-middle
Cenomanian. Inset: equal-area stereographic piafscof poles of pre- and post-folding strata

restored to datum and resulting mean limb, ax@ah@land axis orientations.
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Figure 6. A) Detailed geological map of the Txdkitda anticline area with location of cross-
section A-A’ in B. B) Present day interpretative SVE cross-section (A-A’) of the
Txoritokieta anticline. Inset: equal-area sterepbia projection of poles of pre- and post-
folding strata. C) Stratigraphic column of the ld&d SW limbs of the Txoritokieta fold. D)
Interpretative tectono-stratigraphic architectui¢he Txoritokieta anticline for the Campanian.
Inset: equal-area stereographic projections ofgpofepre- and post-folding strata restored to

datum and resulting mean limb, axial plane and asentations.

Figure 7. A) Detailed geological map of the Mugaiamticline area. B) Present day
interpretative  SW-NE cross-section (A-A’) of the Yaire anticline. Inset: equal-area
stereographic projection of poles of pre- and folsting strata. C) Stratigraphic column of the
SW and NE limbs of the Mugaire fold and the adjac@ieregi trough to the west of the Bertiz
fault. D) Equal-area stereographic projectionsalép of pre- and post-folding strata restored to
datum and resulting mean limb, axial plane and axientations. E) Interpretative tectono-

stratigraphic architecture of the Mugaire anticlioethe Campanian.

Figure 8. Field photographs of Txoritokieta and Miug forced folds. A) Outcrop photograph
of the contact between pre-folding (Oiartzun Frmestones) and post-folding marls (with
indication of U2) on the SW limb of the Txoritokéetinticline. B) Outcrop photograph of the
contact between pre-folding (Oiartzun Fm. limes&)rend post-folding marls (with indication
of U2) on the NE limb of the Txoritokieta anticlin€) Outcrop photograph of the contact (U2)
between the post-folding marls and the Keuper depos the Txoritokieta anticline. D) Detail
of the U2 surface on the SW limb of the Txoritokietnticline: Planar fissures of the top are
filled with post-folding marls from above. E) Fraot in the Oiartzun Fm. limestones (pre-
folding strata) filled with sandy calcarenites frothe Oiartzun Fm. (neptunian dyke),
Txoritokieta anticline. F) Detail of the U2 surfaoe the NE limb of the Txoritokieta anticline
with pervasive borings, hardground features andiggmous crusts. Post-folding marls appear

onlapping the Oiartzun Fm. limestones. G and H)cégt photographs of Kostartzu Fm.
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breccias, compound by Aptian Albian heterometmaelstone (Buruntza Fm.) clasts and sandy

matrix.

Figure 9. Schematic evolutionary model of the esitamal forced folds around the Bortziriak —
Cinco Villas massif. Main evolutionary diapiric g&s and ages are illustrated with reference to
basement, decollement layer, pre-folding, syn-fajdind post-folding strata. The model is not
to scale and represents a synthesis of the datrvelosin the Errekalde, Txoritokieta and

Mugaire forced folds.
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Latest early Cenomanian to Turonian

Turonian to Campanian
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Uplift, inverse faulting and erosion caused
by forced folding; sedimentation of
resedimented material at toe-of-fold.

Extensional folding stops; sea-level rise
and hemipelagic sedimentation on toe of
fold

Hemipelagic sedimentation drapes folded
sequence

- Triassic Keuper decollement layer
Basement (Palaeozoic to Lower Triassic)

- Post-folding strata (earliest early Cenomanian to Campanian)
- Syn-folding strata (latest Albian to early Cenomanian)
I:l Pre-folding strata (Jurassic to late Albian)




Structural, stratigraphic and sedimentological data evidence the growth of forced-folds in a rift
margin.

Stratigraphic data suggest that folding occurred during late Albian to early Cenomanian.

The presence of a ductile layer triggered halokinesis related to basement faults in an
extensional setting.





