


For permission to copy, contact editing@geosociety.org
q 2002 Geological Society of America 281

GSA Bulletin; March 2002; v. 114; no. 3; p. 281–297; 12 figures; 3 tables.

Syntectonic deposits and punctuated limb rotation in an Albian
submarine transpressional fold (Mutriku village,

Basque-Cantabrian basin, northern Spain)

L.M. Agirrezabala*
Estratigrafia eta Paleontologia Saila, Euskal Herriko Unibertsitatea, 644 postakutxa, 48080 Bilbao, Spain

H.G. Owen
Natural History Museum, Cromwell Road, London SW7 5BD, UK

J. Garcı́a-Mondéjar
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ABSTRACT

Deep-water syntectonic deposits and an-
gular unconformities record the denudation
and deformation history of the middle Cre-
taceous Aitzeta structure, interpreted here
as a monoclinal syncline associated with the
high-angle reverse Mutriku fault (Basque-
Cantabrian basin, northern Spain). Sedi-
mentological and structural analyses, com-
bined with a precise chronostratigraphy
based on ammonites, permit us to docu-
ment in detail the history of this syncline
during ;0.53 m.y. (Late Albian, Callihopli-
tes auritus Subzone). Tectonism occurred
during two major and two minor short-
lived pulses. The sedimentary signatures of
these pulses include unconformities and re-
sedimented deposits derived from the up-
lifted rocks, showing inverted clast stratig-
raphy. In contrast, intervening phases of
tectonic calm were characterized by gentle
hemipelagic sedimentation. The major tec-
tonic pulses were characterized by strong
rotation and uplift of the syncline limb. The
two major pulses coincided with the lower
and upper limits of the auritus Subzone, re-
spectively, and resulted in the following
limb-rotation and uplift values: 428 and 250
m in the first pulse and 668 and 100–140 m
in the second pulse. A maximum duration
of 0.12 m.y. for each major pulse has been
calculated, from which limb-rotation and
uplift rates of 0.358/k.y. and 2.08 m/k.y.
(first pulse) and 0.558/k.y. and 0.83–1.16 m/
k.y. (second pulse) are estimated. Growth
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strata and angular unconformity geome-
tries, temporal variation of deformation
rates, and bedding-parallel faulting indi-
cate folding by progressive limb rotation
and associated flexural slip. Local northwest-
southeast compression is deduced in for-
mation of the Aitzeta syncline. The pres-
ence of bedding-parallel oblique faulting
and minor drag folds suggests a component
of right-oblique movement along the Mu-
triku fault.

Keywords: Albian, Basque, folding, rates,
sedimentation, transpression.

INTRODUCTION

Precisely dated deposits that correlate with
the growth of tectonic structures provide a rec-
ord of deformation histories. In the peri-
Atlantic Mesozoic Basque-Cantabrian basin,
northern Spain (Boillot and Malod, 1988), the
deposition of deep-water strata and the devel-
opment of angular unconformities flanking the
Albian Aitzeta structure (Figs. 1 and 2) permit
us to establish its deformation history. This
local structure appears on a geologic map as
a fossilized homoclinal overturned succession
and is interpreted here as the overturned limb
of a fault-related monoclinal syncline with a
buried hinge. Biostratigraphical data, based on
ammonites and foraminifera, provide a high-
resolution temporal framework, which is used
to both reconstruct the depositional and de-
formation history and to determine deforma-
tion rates in the Aitzeta structure.

Fault-related growth folds and linked
growth strata have been widely documented in

Cenozoic foreland basins. Fewer cases have
been reported from strike-slip basins. Field
and modeling studies support two contrasting,
geometrically based kinematic models: instan-
taneous limb rotation and progressive limb ro-
tation. The former model is based upon kink-
band migration and displays constant dips on
the fold limbs (Suppe, 1983; Suppe et al.,
1997). The second model produces limb ro-
tation and increasing limb dips during growth
(Riba, 1976; Holl and Anastasio, 1993; Hardy
and Poblet, 1994; Vergés et al., 1996; Schnei-
der et al., 1996). In the case of the Cretaceous
Aitzeta syncline, the geometry of its preserved
growth strata suggests an origin of progressive
limb rotation. However, this geometry was
produced by repeated pulses of nearly instan-
taneous limb rotation that are recorded in an-
gular unconformities in syntectonic sedimen-
tary deposits.

This study is based on detailed sedimento-
logical and structural mapping at 1:5000 scale,
measurements of stratigraphic sections, bio-
stratigraphic dating of sedimentary units, fa-
cies analysis, and construction of structural
cross sections. The major tectonic phases rec-
ognized within the Aitzeta area occurred dur-
ing a period of ;0.53 m.y. (Callihoplites au-
ritus ammonite Subzone of the European
province zonation of the late Albian). The es-
timated local compressive deformation took
place in a general strike-slip regime (Chouk-
roune and Mattauer, 1978). Thus, this example
will be useful for comparison with deforma-
tion rates in similar regimes, both modern and
ancient.
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Figure 1. (A) Simplified geologic map of the Basque-Cantabrian region with location of B. (B) Simplified geologic map of the Mutriku
area. The square indicates the area of study (Fig. 2).

GEOLOGIC SETTING

The Aitzeta structure is located close to the
coastal Mutriku village in the northeastern
part of the Basque-Cantabrian region (Fig. 1).
During Cretaceous time the area was located
on the southwestern European plate margin,
which was created by oblique opening of the
Bay of Biscay rift. This rift was affected by
major sinistral strike-slip deformation (e.g.,
Choukroune and Mattauer, 1978), which in-

cluded the development of short-lived com-
pressional tectonic structures like Aitzeta.

In map view, the Aitzeta structure appears
as a fossilized overturned homocline, inter-
preted here as the rotated limb of a monoclinal
syncline (Figs. 1 and 2). It reaches 2 km (min-
imum) in strike length and 0.5 km (maximum)
in dip-direction width and strikes northeast.
The high-angle Mutriku and Garate faults sep-
arate the Aitzeta structure from two little-
deformed domains, one to the northwest and

another to the southeast (Fig. 1B). A cover of
syntectonic deposits overlaps the eastern mar-
gin of the structure. These deposits record the
punctuated growth of the Aitzeta syncline dur-
ing the late Albian auritus Subzone, a time
interval of ;0.53 m.y.

Tertiary deformation was relatively weak in
the study area (Figs. 1 and 2). It consisted of
(1) reactivation of the Cretaceous Mutriku
fault and diapirism of Triassic evaporites, (2)
reactivation of the monoclinal syncline and
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Figure 2. (A) Geologic map of the study area, showing locations of Figures 2B, 4, 5, and 7. (B) Noninterpretive shallow A–A9 cross
section. The submarine northwesternmost part has been projected from coastal data. Bold arrows in B indicate tops of beds.

tilting of its hinge line (average plunge: 238
toward 0738), and (3) appearance of northeast-
trending minor faults and gentle folds of meter
to decameter scale. This paper focuses on the
late Albian deformation.

STRATIGRAPHY

Figure 3 shows two representative strati-
graphic sections of the study area in both the

Aitzeta and southeast domains. Five lithostrat-
igraphic units of Middle Albian–Late Albian
age (Berriatu, Ondarroa, Mutriku, Alkolea,
and Deba, respectively) are recognized (Table
1). Complex stratigraphy and geometric rela-
tionships among the units are observed in the
key outcrop of Alkolea point (Figs. 2, 4, and
5). The units are composed of the following
main lithofacies: Berriatu unit—marls, lime-
stone megabreccias, lutites, and sandstones;

Ondarroa unit—siliciclastic conglomerates,
sandstones, and lutites; Mutriku unit—biotur-
bated muddy sandstones; Alkolea unit—me-
gabreccias, marls, and limestones (Figs. 4 and
6, A–C, and Table 2); and Deba unit—alter-
nating sandstones and lutites (Figs. 6D and 7).

The units are grouped into three distinct se-
quences: An early middle Albian (Lyelliceras
lyelli Subzone) to early late Albian (Hystero-
ceras varicosum Zone) pretectonic sequence,
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Figure 3. Schematic stratigraphic sections of the Aitzeta structure and southeast domain, with indication of pretectonic, syntectonic, and
posttectonic sequences; ammonite biozonation; and angular unconformities. Sbz.—subzone, SQ.—sequence, syntect.

a middle late Albian (Callihoplites auritus
Subzone) syntectonic sequence, and a late
late Albian (Mortoniceras rostratum Sub-
zone) posttectonic sequence. We utilize the
prefixes pre-, syn-, and post- to refer to the
phases of tectonic development of the Aitzeta
structure and the succession of sedimentary
sequences deposited during those phases.
The syntectonic sequence reflects the main
phase of deformation and creation of the

Aitzeta structure, and that sequence is de-
scribed in detail in this paper. Accurate
chronostratigraphy of the sedimentary units
is based on ammonites and foraminifera fos-
sils and is given in the faunal Appendix Table
A1. The ammonite zonation for the late Al-
bian used here follows that given in López-
Horgue et al. (1999) for the northern Tethyan
region. The exception to this approach is the
use of the European province Callihoplites

auritus Subzone (5 Mortoniceras (Mortoni-
ceras) inflatum Zone sensu stricto of the
Tethyan zonation). The exception is used to
facilitate discussion of the chronometry and
the tectonic phases in relation to the dating
work of Gradstein et al. (1994). Stratigraphy
of the area has been established in Agirre-
zabala (1996). Dating, description, and inter-
pretation of the sequences, units, and sub-
units are summarized in the Table 1.
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TABLE 1. SEQUENCES, UNITS, AND SUBUNITS

Sequences, units, and
subunits and dating
interpretation

Description Interpretation

Pretectonic sequence
Berriatu unit
Early middle Albian (L. lyelli

Subzone)

.60 m thick. In the Aitzeta domain, unit consists of black marls and lutites, limestone
megabreccias with #6-m-long olistoliths, and discrete calcarenitic turbidites.

In the southeast domain, unit is composed of black lutites and thin-bedded turbidite
sandstones.

Deep-water submarine slope

Ondarroa unit
Middle to early late Albian (D.

cristatum Zone)

80 m thick. Unit is found only in the Aitzeta domain and is composed of sandstone, pebbly
sandstone, and conglomerate turbidite beds alternating with lutites. Conglomerates consist of
quartzite and #15-cm-long quartz clasts.

Inner part of a coarse-grained
turbidite system

Mutriku unit
Late Albian (H. varicosum

Zone)

205 m thick (original thickness: ;250 m). Unit is found only in the Aitzeta domain and is
separated from the overlying syntectonic Alkolea unit by an angular unconformity (1 in Fig.
4). This unit is composed of highly bioturbated muddy sandstones, sandy lutites with
ammonites, and sparse thin-bedded turbidite sandstones.

Deep-water paleohigh

Deba unit
Early late Albian (D. cristatum

Zone–H. varicosum Zone)

;450 m. Unit is present only in the southeast domain and is composed of alternating black
lutites and sandy, plane-parallel, thin- and medium-bedded turbidites with a basal slump.
Abundant trace fossils of Nereites ichnofacies. Coarsening- and thickening-upward
succession.

Outer part of a prograding turbidite
system in a deep submarine trough

Syntectonic sequence
Alkolea unit
Late Albian (C. auritus

Subzone). This unit is
subdivided into the following
four superposed subunits
(Fig. 4):

11–50 m thick. At Alkolea Point (Fig. 4), the unit thickness is quickly reduced to 11 m to the
northwest at the cliff top (Fig 2B). The lower boundary is the faulted angular unconformity 1,
originally dipping 58 toward 1238 (angle with the overlying limestone beds); the underlying
Mutriku unit shows tectonic rotation of 428 toward 1258 (Figs. 4 and 5C). The upper boundary
is an unconformity surface, separating this unit from the posttectonic Deba unit (onlapping
turbidites in Fig. 4B).

Subunit A 0–10 m thick. Subunit is faulted, completely disappearing toward the northwest. Its lower
contact is angular unconformity 1, and its upper contact is a conformable surface with
subunit B (Figs. 4 and 5C). Subunit is a clast-supported breccia with angular sandstones and
#3.4-m-long lutite boulders and lutite matrix (Fig. 6A).

Erosion of the underlying rotated
rocks and downslope
(southeastward) resedimentation as
a cohesive debris-flow deposit

Subunit B 0–2.5 m thick. This folded subunit rests conformably on subunit A southeastward and
unconformably on Mutriku unit northwestward (angular unconformity 1) (Fig. 4). Subunit
disappears completely northwestward, being truncated by angular unconformity 2. Subunit is
composed of two similar marl-limestone couplets, the lower B1 and the upper B2. They merge
to the northwest, and couplet B1 is missing to the southeast, although blocks of subunit B
rest on subunit A. Limestones are nodular and micritic with planktonic fossils, and they have
sharply irregular tops with #10-cm-long quartzite clasts, borings, local Fe-rich crust,
ammonites, rare corals, bivalves, and reworked concretions encrusted by sponges.

Hemipelagic deposition with two
phases of hardground formation.
Resedimentation; also bypassing of
siliciclastic sediments on
hardground tops

Subunit C 0–15 m thick. Subunit C is concordant with subunit B, and both appear strongly folded. Folds
are truncated below angular unconformity 2, and synclines show maximum thickness.
Subunit is composed mainly of gray marls with sparse limestone concretions. In the
southeast, subunit has a 90-cm-thick nodular limestone orthobreccia (#42-cm-long clasts)
and sandy marls (Fig. 4).

Hemipelagic deposition with sporadic
resedimentation on a southeast-
oriented talus slope

Subunit D 12 m thick. Subunit is an olistostrome that crops out at Alkolea and in the southeast domain
(Fig. 2). At Akolea, the subunit’s base is angular unconformity 2, resting on subunits B and C
and the overturned Mutriku unit (Figs. 2, 4, and 5B). Top of subunit D is an unconformity
onlapped by posttectonic Deba unit toward the northwest. Subunit D is composed of a
massive, disorganized, clast-supported, polymictic, and heterometric breccia with #12-m-long
olistoliths (Fig. 6C). The matrix consists of sandy marls and lutites, similar to some crushed
clasts derived from Mutriku unit. Table 2 summarizes composition, maximum size, and
source rock of the main clasts. In southeast domain (Fig. 2), the olistostrome consists of a
single 12-m-thick and 230-m-long (minimum) slab of marls and nodular limestones, entirely
corresponding to subunit C (Fig. 7). Its top is onlapped by the posttectonic Deba unit. Three
northeast-striking internal anticlines (I, II, and III, Fig. 7) indicate that the transport direction of
the slab was toward the southeast.

Transport by cohesive debris flow and
free translation of individual blocks.
Deposition in a southeast-dipping
submarine slope at the end of a
phase of rotation, uplift, and
denudation of the underlying units

Posttectonic sequence
Posttectonic Deba unit
Late Albian (M. rostratum

Subzone)

;25 m (minimum).This subunit wedges out and onlaps toward the northwest onto the top of
the subunit D of the Alkolea unit (Figs. 6C and 7). Subunit is made up of turbidite
sandstones and lutites in couplets, with sand:lutite ratios of 2:1 (Fig. 6D). Sandstone beds
are 2–50 m thick and present Tb to Tbe Bouma sequences.

Outer part of a turbidite system

STRUCTURE

Southeast of the Mutriku fault, the main
Albian structure of the area beneath angular
unconformity 2 consists of two structurally
distinct domains: the uplifted Aitzeta struc-
ture and the undeformed southeast domain
(Figs. 1B and 2). The uplifted Aitzeta struc-
ture reveals an overturned homoclinal suc-
cession of pretectonic units. The narrow tran-
sition zone between the Aitzeta and southeast
domains in the southern part of the area co-

incides with the northeast-trending Garate
fault that cuts only pretectonic units. In the
northeastern coastal area (Alkolea), in which
the shallowest structural level is observed,
syntectonic deposits overlie and overlap the
structure of the transition zone, which is
therefore hidden.

The superb Alkolea sea-cliff exposure is
the only part of the area where the Aitzeta
structure is overlain by syntectonic deposits
of auritus Subzone age (Figs. 2 and 4).
Structural analysis of this key outcrop per-

mits the establishment of some of the de-
formation mechanisms that operated during
uplift of the Aitzeta structure and their ages.
In this outcrop, both the pretectonic se-
quence and subunit A of the syntectonic se-
quence show brittle deformation or faulting,
whereas subunits B and C of the syntectonic
sequence show marly deposits with ductile
deformation or folding. The analysis of all
these faults and folds shows that they
formed simultaneously following deposition
of the highest preserved unit of the auritus
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Figure 4. View of the Alkolea point outcrop from the sea. (A) Photograph. (B) Sketch showing lithostratigraphic units (Mutriku, Alkolea,
and Deba), subunits (A–D), angular unconformities (1–2), faults (Ft 1–2), and folds (Fd 1–4). The southeasternmost part of the drawing
lies 10 m outside of the photograph. Arrows indicate top of beds. Note that the bottom of the outcrop is not a perfectly vertical wall
and that some elements are on different planes. Inset shows the vertical arrangement of lithostratigraphic units and subunits.
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Figure 5. Stereographic plots with data from the Alkolea outcrop (Fig. 4).
They represent stratigraphic surfaces (bedding and angular unconformities),
faults (Ft 1–2), and folds (Fd 1–4). (A) Present-day data. (B) Data after un-
folding of angular unconformity 2 (top of auritus Subzone). (C) Data after
unfolding of angular unconformity 1 (base of auritus Subzone). In fault plots,
slickensides, slickenfibers, and sense of slip indicators (hanging wall) are in-
dicated by dots with arrows. In fold plots, squares represent fold axes and
lines are axial planes. Data are plotted on lower-hemisphere equal-area ste-
reographic projections.

Subzone (subunit C) and before the olistos-
trome deposits of the rostratum Subzone
(subunit D). The following description of
faults and folds is made on the basis of re-
stored data (Fig. 5).

Faults

Two northeast-striking faults (average
0348), faults 1 and 2, are present in the Al-
kolea outcrop (Figs. 4 and 5B). Fault 1 dips

688 toward 3038 (dip direction), is parallel to
the bedding of the Mutriku unit, cuts angular
unconformity 1, and shows slickenlines, slick-
enfibers, and small steps indicating hanging-
wall movement toward 3328 and 0198 (ends of
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TABLE 2. OLISTOSTROME CLASTS AT ALKOLEA

Clast lithology Other features Maximum
size
(m)

Provenance

Urgonian limestone Micritic, calcarenitic textures and breccia.
Partial silicification and dolomitization.
Fauna of late early to early middle Albian
(see Appendix)

12.0 Berriatu unit

Dolomite Local silicification 1.0 Berriatu unit
Bedded limestone Sponge spicules, benthic foraminifera, and

sand particles
1.8 Berriatu unit

Pebbly sandstone Quartz pebbles as large as 3 cm 2.2 Ondarroa unit
Muddy sandstone Bioturbation and inoceramids 4.6 Mutriku unit
Bedded carbonaceous

sandstone
Carbonaceous lamina 2.2 Mutriku unit (?)

Nodular limestone Asphalt fills and impregnations 5.4 Alkolea unit, subunit B
Marl Massive 4.6 Alkolea unit, subunit C

Figure 6. (A) Lowermost massive, disorganized breccia from the Alkolea unit (subunit A, as in outcrop shown in Fig. 4), mainly composed
of muddy sandstone fragments from the underlying Mutriku unit (encircled hammer for scale). (B) Plan view of the top of the uppermost
nodular limestone from the Alkolea unit (subunit B2) showing nodular aspect and some borings (encircled lens cap for scale). (C) Alkolea
unit olistostrome (subunit D) in Alkolea locality showing massive, disorganized, polymictic megabreccia with angular fragments of the
underlying Alkolea (subunits B and C), Mutriku, Ondarroa, and Berriatu units. Note overlying sandstone turbidites from the Deba unit
(arrow at top of the photograph; encircled hammer for scale). (D) General aspect of turbiditic sandstone-lutite couplets from the Deba
unit (posttectonic sequence). The Alkolea outcrop is shown in the background (encircled backpack for scale).

spectrum values) (Fig. 5B). Based on direc-
tions of the slickenlines and slickenfibers, the
calculated components are 50 m for the normal
dip slip and 10–71 m for the dextral strike slip.
The strike-slip component is 20%–142% of the
dip-slip component; therefore, this bedding-
plane fault is classified as a dextral normal-slip
fault.

Fault 2 dips 588 toward 1268 and is parallel
to the angular unconformity 1. It forms a 1–
2-m-wide fault zone containing calcite veins
that are oriented parallel to the fault and that
fill right-stepping, en echelon extensional frac-
tures. Although no criteria to quantify slip
components have been found, absence of
stratigraphic separation across this fault sug-
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Figure 7. (A) Photograph and (B) sketch of the wave-cut platform in southeast domain showing an olistostromal slab (subunit D of the
Alkolea unit) composed of folded marls and nodular limestones from subunits B and C of the Alkolea unit. Turbidite sandstones (Deba
unit) onlap the top of the slab northwestward (note turbiditic marker bed). A person for scale is standing in the center background (see
location in sketch). Location of outcrop is shown in Figure 2A. (C) Poles to bedding plots of data from the three main anticlines (I, II,
and III) of the slab, both for present-day (data not rotated) and late Albian (data rotated) times. Data plotted on lower-hemisphere
equal-area stereographic projections.

gests very little slip movement. Data suggest
that it corresponds to the angular unconfor-
mity 1, slightly sheared by left-lateral move-
ments, similarly to other, Tertiary, small-scale
faults of the area (Fig. 5B).

Fault 1 and angular unconformity 1 end and
coalesce upward, bounding a triangular wedge
of Mutriku unit rocks several tens of meters
high and wide. The dip of beds in this wedge
is identical to that of the beds of the same unit
to the west. This triangular wedge was formed
by bedding-plane faulting (fault 1) of the Mu-
triku unit that cut and repeated the angular un-
conformity 1 surface.

Folds

The marly subunits B and C of the Alkolea
unit show four northeast-trending folds (av-
erage 0358), folds 1–4, which range from a
few meters to a few tens of meters in ampli-

tude (Figs. 4 and 5B). The continuity of the
folded unit with the underlying rocks and the
geometric relationship between folds and un-
derlying faults suggest that the folds are of
tectonic origin and are not slump folds. The
shortening estimate for this folding is 50 m
(48%).

Folds 1 and 2 are tens of meters wide, tight
(interlimb angles: 508–608), overturned, with
subhorizontal axes and axial planes striking
0378 and 0458, respectively. Fold 1 also shows
important thickening of weak rocks (marls) in
the axial zone together with slickenfibers on
bedding surfaces, indicating a flexural-slip
fold mechanism. Geometry and trend of folds
1 and 2 are clearly conditioned by the shape
of the underlying triangular wedge: (1) the
strikes of both axial planes, the lower fault
(fault 1), and bedding are subparallel; (2) the
fold limbs (fold 2) are subparallel to the
wedge boundaries; and (3) the anticlinal hinge

(fold 2) is located above the top of the trian-
gular wedge, the synclinal hinge (fold 1) co-
inciding with the cut-off plane of the hanging
wall (Figs. 4 and 5B). These geometric rela-
tionships suggest that folds 1 and 2 are drape
folds created by uplift of the underlying tri-
angular wedge.

Folds 3 and 4 are only a few meters wide,
with axial planes that dip 718 toward 1218 and
438 toward 1168 and axes plunging 188 toward
1988, respectively. The style of these folds
varies from tight (interlimb angle 408), box-
like geometry in the case of fold 3, to an open
(interlimb angle 868), chevron-like fold in the
case of fold 4. The mean strike of the axial
surfaces is oriented at 68 to the strike of the
fault 1 and, unlike major folds 1 and 2, folds
3 and 4 are not obviously associated with an
underlying fault. Although alternative inter-
pretations are possible, the observed obliquity
can be explained easily by drag folds consis-
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TABLE A1. FOSSIL CONTENT AND DATING

Sequences and
units and dating
interpretation

Fossils Horizons Other authors and comments

Pretectonic sequence: early middle Albian (Lyelliceras lyelli Subzone) to early late Albian (Hysteroceras varicosum Zone)
Berriatu unit: early middle Albian (L. lyelli Subzone)

Locality: Elantxobe
Metahamites cf. elegans (d’Orbigny) (ELAN-1) A
Kossmatella cf. muhlenbecki (Fallot) (ELAN-2, 6, 11) A

Locality: Ea
Metahamites sp. (EA-9) B
Parasilesites cf. kilianiformis (Fallot) (EA-8) B
Kossmatella sp. (EA-12) B
Eogaudryceras sp. (EA-5) B

Locality: Lekeitio
Hemiptychoceras gaultinum (Pictet) (LEK-18) D
Kossmatella agassizianum (Pictet) (LEK-30, 35) D
Lyelliceras pseudolyelli (Parona and Bonarelli) (LEK-50) D
Lyelliceras cf. lyelli (d’Orbigny) (LEK-37, F-16) D
Lyelliceras cf. gevreyi (Jacob) (LEK-4, 10, 20, 49) D
Lyelliceras sp. peruvianum-group (F-16’) D
Cleoniceras (Cleoniceras) cf. devisensis Spath (LEK-47) D

Ondarroa unit:: middle to early late Albian (Dipoloceras cristatum Zone)
Locality: Etxebarri (8 km south of Ondarroa)
Puzosia sp. (ETX-2) F

Horizon F (approx.): Reitner (1987) recorded Ticinella cf.
primula Luterb.

Oxytropidoceras (Oxytropidoceras) sp. (ETX-1) F Horizon G, in clasts: Reitner (1987) recorded
Locality: Ondarroa Orbitolina (Mesorbitolina) texana (Roemer),

Puzosia sp. (OND-5) G Simplorbitolina conulus Schr., and Orbitolina
In uppermost clasts: (Mesorbitolina) subconcava Leym.
Neorbitolinopsis conulus (Douvillé) (OND-1) G
Orbitolina (Mesorbitolina) aperta (primitive form) (Erman) (OND-1) G
Hensonina lenticularis (Henson) (OND-1) G

Ea unit: early middle Albian (L. lyelli Subzone)
Locality: Ea

Dipoloceroides sp. (EA-13) C
Locality: Lekeitio

Kossmatella agassizianum (Pictet) (LEK-41) E
Lyelliceras cf. gevreyi (Jacob) (LEK-44) E
Protanisoceras (Protanisoceras) sp. (LEK-45) E

Mutriku unit: late Albian (Hysteroceras varicosum Zone)
Locality: Mutriku Horizon H: Gómez de Llarena (1958) recorded

Puzosia mayoriana (Pictet) (JMNS-18) J Actinoceramus concentricus (Parkinson).
Puzosia cf. provincialis (Parona AND Bonarelli) (MUTR-12) L Horizon K (approx.): Plestch (1990) recorded
Hysteroceras cf. varicosum (J. Sowerby) (MUTR-1) L Hypophylloceras velledae, Idiohamites turgidus, and
Mortoniceras (Mortoniceras) sp. (GA-841) L Anisoceras arrogans.
Hamites sp. (MUTR-6) L Horizon L (approx.): Gómez de Llarena (1958) recorded

Puzosia mayoriana (d’Orbigny) and Mortoniceras
(Mortoniceras) potternense var. evoluta Spath. Plestch
(1990) recorded Pachydesmoceras cf. denisonianum
and Mortoniceras evolutum

Upper part of the unit:: Reitner (1987) recorded
Idiohamites sp., Mortoniceras sp., Biticinella roberti,
and Actinoceramus concentricus

Pretectonic Deba unit: late Albian (Dipoloceras cristatum and H. varicosum Zones)
Locality: Deba

Kossmatella cf. schindewolfi Wiedmann AND Dieni (DEBA-1, 2)
Hemiptychoceras sp. (DEBA-7)
Puzosia (Puzosia) sp. (DEBA-5)
Oxytropidoceras (Oxytropidoceras) cf. cantianum Spath (DEBA-6)
Hysteroceras sp. (DEBA-4)

I
I
I
I
I

Horizon I: Rat (1959) recorded Kossmatella,
Dipoloceras? , and Epihoplites? . Feuillée (1967)
recorded Thalmanninella trochoidea (Gandolfi),
Thalmanninella ticinensis (Gandolfi), and Ticinella
roberti Gandolfi. Magniez and Rat (1972) recorded
Hedbergella planispira (Tappen), Hedbergella
infracretacea (Glaessner)? , Hedbergella delrioensis
(Carsey), and Favusella washitensis (Carsey)

tent with a dextral-wrench model rather than
other fold types.

The geometries of folds in the Alkolea unit
and faults in the Mutriku unit are considered
to be due to the differences in the mechanical
behavior of their respective lithologies. Im-
portant early-diagenetic calcite cementation of
the Mutriku muddy sandstones favored their
early lithification and brittle behavior. The Al-
kolea unit, on the other hand, behaved differ-

ently because of the predominance of marls in
it, deposited shortly before their deformation.

PHASES OF SEDIMENTATION AND
TECTONIC DEFORMATION

Integrated stratigraphic, sedimentological,
and structural analyses permit us to distinguish
different phases in the tectono-sedimentary
evolution of the Aitzeta structure. The timing

and general features of these phases are de-
scribed in 10 schematic cross sections (num-
bered in Fig. 8). Four phases of active tecton-
ism (1, 3, 5, 8–9) characterized by rotation,
faulting, folding, and uplift are represented by
angular unconformities, erosion surfaces, and
resedimentation deposits. The tectonic pulses
are separated by intervening phases of tecton-
ic calm and gentle sedimentation (2, 4, 6–7,
10).
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TABLE A1. (Continued.)

Sequences and
units and dating
interpretation

Fossils Horizons Other authors and comments

Syntectonic sequence: late Albian (Callihoplites auritus Subzone)
Alkolea unit: late Albian (C. auritus Subzone 5 Mortoniceras inflatum Zone of the Tethyan zonation)

Locality: Alkolea
Hamitoides cf. studerianus Pictet (ALK-3) N Top of hardground
Cantabrigites cf. nanoides Wiedmann (ALK-2) N Top of hardground
Lechites sp. (ALK-1)NTop of hardground

In limestone clasts in the upper olistostrome (limestone of late early to
early middle Albian age):

Horizon M: Plestch (1990) recorded Rotalipora
subticinensis and Hedbergella gr. planispira

Simplorbitolina conulus Schroeder (ALK-6) Q
Simplorbitolina manasi Ciry and Rat (ALK-6) Q
Orbitolina (M.) subconcava Leymerie (LEK-45) Q
Coskinolinella santanderensis Ramirez del Pozo (ALK-5) Q
Hensonina lenticularis Henson (ALK-6, LEK-45) Q

Posttectonic sequence: In marls of Kardal unit underlain by Alkolea unit and laterally equivalent of Deba unit, outcropping ;1 km westward from study area.
Late Albian, early Stoliczkaia dispar Zone, Mortoniceras rostratum Subzone

Locality: Mutriku
Anisoceras cf. perarmatum (Pictet and Campiche) (JMNS-2, 3)
Anisoceras picteti Spath (JMNS-4, 7)
Anisoceras pseudoelegans (Pictet and Campiche) (JMNS-21)
Mortoniceras (M.) alstonense (Breistroffer) (JMNS-9,11)
Mortoniceras (Mortoniceras) arietiforme group Spath (JMNS-14)
Mortoniceras (Mortoniceras) rugosum Spath (JMNS-12)
Mortoniceras (Mortoniceras) cf. pachys (Seeley) (JMNS-15)
Mortoniceras (Mortoniceras) sp. (JMNS-13)
Anisoceras saussureanum (Pictet) (JMNS-1, 6)
Anisoceras armatum (J. Sowerby) (JMNS-5)

P
P
P
P
P
P
P
P

P and R
R

Horizon O: Plestch (1990) recorded Hemiptychoceras
sp., Praeglobotruncana cf. stephani, Ammodiscus
gaultinus, and Hedbergella simplex

Phase 1

The Aitzeta structure was initiated with up-
lift and tilting (428 toward 1258) of the pre-
tectonic units. Subsequent erosional truncation
of the Mutriku unit created angular unconfor-
mity 1 (surface dip: 58 toward 1238). Frag-
ments of the Mutriku unit were resedimented
downslope (southeast) as a debris-flow brec-
cia, forming a wedge-shaped body (Alkolea
unit, subunit A) that pinched out toward the
uplifted area (northwest).

Phase 2

Under calm tectonic conditions, hemipelag-
ic marls and nodular limestones (Alkolea unit,
subunit B1) were deposited, producing a con-
densed interval. These sediments draped both
the breccia and the angular unconformity
formed during phase 1.

Phase 3

Downslope bypassing of sediments derived
from the underlying Ondarroa unit by gravity
flows caused erosion of the sea bottom and
exposure, local fragmentation, and resedimen-
tation of the hemipelagic nodular limestones
of phase 1 (Alkolea unit, subunit B1). These
flows deposited scattered quartzite clasts up to
10 cm long derived from the Ondarroa unit
and muddy sandstone clasts derived from the
Mutriku unit. These clasts record the exposure

and erosion of the two pretectonic units. Ex-
posure of the Ondarroa unit and development
of gravity flows reflect a gentle tectonic pulse
of uplift in the Aitzeta structure. The exposure
of the Ondarroa unit implies that at least 250
m of the overlying Mutriku unit must have
been removed by erosion during phases 1 and
3. Consequently, a minimum amount of 250
m (equivalent to eroded thickness) of accu-
mulated uplift is estimated for the Aitzeta
structure during these phases.

Phase 4

A second condensed section consisting of
hemipelagic marls and nodular limestones
(subunit B2 of the Alkolea unit) was deposited
under calm tectonic conditions.

Phase 5

Gravity flows carrying quartz and quartzite
clasts from the Ondarroa unit caused erosion
of the seafloor and local reworking of the pre-
viously formed nodular limestone (subunit B2

of the Alkolea unit). These flows left a lag of
scattered siliciclastic clasts (up to 10 cm long)
on the top of the limestone. Although there is
no geometric evidence of tectonic deformation
during this phase within the studied area, it is
likely that uplift in the source area promoted
the gravity flows and erosion of the underly-
ing Ondarroa unit in a phase similar to that
proposed for phase 3.

Phase 6

Exposure of the nodular limestone (subunit
B2 of the Alkolea unit) on the seafloor without
further sediment accumulation led to the for-
mation of a hardground. This was bored, en-
crusted by corals and sponges, colonized by
bivalves, and covered with an iron crust and
specimens of nektonic fauna (belemnites and
ammonites) (Fig. 6B). All these features sug-
gest a relatively long-lasting period of sub-
marine exposure of the hardground during tec-
tonic quiescence.

Phase 7

Renewed sedimentation under calm tectonic
conditions resulted in accumulation of concre-
tionary marls (subunit C of the Alkolea unit).
Sandy marls and sandstones were deposited
on the lower part of the slope along with
scarce small-scale gravity flow deposits.

Phase 8

A major pulse of tectonic activity caused
uplift and 668 (728 toward 3058) of tilting and
overturning of the pretectonic units of the
Aitzeta structure. Along the margin of the up-
lifted structure, at the structurally shallowest
depth, a bedding-parallel fault affecting pre-
tectonic units created decameter-scale drape
folds parallel to it within the overlying depos-
its (subunits B and C of the Alkolea unit).
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Associated dextral normal-slip movement
caused development of the meter-scale drag
folds oriented obliquely at 68 to the bedding-
parallel fault. The folded materials were short-
ened by 50 m (48%) as they were uplifted and
strongly truncated by erosion (angular uncon-
formity 2). As a consequence, the lowermost
pretectonic unit, the Berriatu, was exhumed.
A calculation of the minimum accumulated
uplift required to achieve this exhumation dur-
ing the tectonically active phases 1, 3, 5, and
8 gives a range of 350–390 m (equivalent to
the eroded thickness).

Phase 9

Fragments of the pretectonic units and the
three syntectonic subunits A–C were trans-
ported downslope to the southeast and depos-
ited at the base of the submarine slope as a
polygenic and chaotic olistostrome (subunit D
of the Alkolea unit). This unit contains blocks
as long as 230 m (minimum length at outcrop)
and covers and preserves the underlying struc-
ture. Its formation marked the end of the pre-
vious phase 8.

Phase 10

Tabular sandy turbidites (posttectonic Deba
unit), corresponding to a submarine fan of
northern provenance, progressively onlapped
the top of the previously deposited olistostro-
me to the northwest. They probably also cov-
ered a great proportion of the uplifted struc-
ture, sealing the tectonic structure described
completely.

Finally, in post–auritus Subzone time (?
Tertiary), successions of the Aitzeta structure
and the most closely adjacent southeast do-
main tilted 378 toward the southeast.

INTERPRETATION OF THE
STRUCTURE

Stratigraphic and structural data from the
Aitzeta structure and its surrounding areas in-
dicate that it can be regarded as a southeast-
facing monoclinal syncline produced by the
Mutriku fault (Fig. 9). This fold is not evident
from the cartography because the hinge zone
is buried by syntectonic deposits and it is
sheared by the Garate fault to the southwest
(Figs. 1B and 2). Examination of the geologic
maps (Figs. 1B and 2) suggests that this struc-
ture can be interpreted as a pressure ridge sit-
uated between the Mutriku and Garate faults,
with homoclinal overturning of the inner suc-
cessions. However, the data we present best fit
a fold interpretation. A monoclinal syncline

interpretation is supported by the following
observations:

1. Bedding-plane faulting of the pretectonic
sequence cuts the overlying angular unconfor-
mity 1 and caused folding (drape folds) of the
syntectonic deposits. This event is interpreted
to have resulted from reactivation of a flexural-
slip fold. Kinematic indicators show normal
faulting in the overturned limb consistent with
the expected sense of flexural slip for the syn-
cline. Structures similar in character and size,
linked to reactivated folds, were described by
Alonso (1989).

2. In the northeast part of the transition
zone between the Aitzeta structure and south-
east domain there is no evidence of significant
faulting, and pre-, syn- and posttectonic se-
quences show overall continuity between the
domains. Therefore, the Aitzeta structure in
that area was not associated with significant
faulting.

3. The Garate fault is a branch of the major
Mutriku fault created at a bend in the latter. It
shows a progressive decrease in apparent slip
northeastward, becoming zero in the coastal
area (Figs. 1B and 2). Thus, the Garate fault
is interpreted as being the result of local shear-
ing on the hinge of the syncline during the
latest folding stage (latest auritus Subzone).

4. Post–auritus Subzone rotation of the
Aitzeta succession created the mapped syn-
cline (Figs. 1B and 2), a fold whose axial sur-
face is parallel to the boundary of Aitzeta do-
main. It is inferred that this fold originated by
reactivation of a previous Albian syncline.

5. Overturning of the Aitzeta succession by
fold-limb rotation is the simplest explanation
of the surface structure seen. Strong tilting of
a fault-bounded block does not provide an
easy solution to the space problems at depth
required by such a model.

In monoclinal structures, the development
of anticline-syncline pairs is common. In this
case, the absence of either tectonic deforma-
tion or significant unconformities in coeval
deposits of the northwest domain indicates the
lack of a deformation regime in that area. This
observation, together with the large uplift and
denudation of the rotated limb of the Aitzeta
syncline, suggests that the Mutriku fault cut
the whole sedimentary cover during the de-
velopment of the structure (Fig. 9, B–C).
Stratigraphic and structural data suggest that
reverse slip on the northwest-dipping Mutriku
fault caused down dropping of the footwall
and the growth of the Aitzeta syncline south-
east of the fault.

The growth strata and angular unconfor-
mities developed during the auritus Subzone
show increased dip with age, indicating that

the syncline grew by progressive limb rotation
rather than by instantaneous limb rotation
(Fig. 9B). Folds undergoing progressive limb
rotation have been documented in detachment
folds of foreland basins (Hardy and Poblet,
1994; Vergés et al., 1996) and in monoclines
that originated from basement-involved blind
reverse faults from strike-slip basins (Schnei-
der et al., 1996). We propose that the Aitzeta
syncline similarly formed in response to re-
verse slip on the high-angle emergent Mutriku
fault.

The Aitzeta syncline formation suggests lo-
cal northwest-southeast compression related to
the northeastern part of the Mutriku fault. This
fault is subperpendicular to the major north-
west-trending Elgoibar and Lekeitio faults
(Figs. 1A and 10), which are parallel to the
basin axis and had an important role during
the Cretaceous (Garcı́a-Mondéjar et al., 1996).
On the basis of sedimentological and structur-
al data, such as horst-and-graben basin config-
uration, en echelon drag folds (Fig. 10), and
strike-slip kinematic indicators (in the case of
the Elgoibar fault), these two regional faults
have been attributed to a sinistral strike-slip
regime, consistent with the Pyrenean sinistral
wrench system (Agirrezabala, 1996; Agirre-
zabala and Garcı́a-Mondéjar, 2001). The
northwest-southeast compression attributed to
the northeastern part of the Mutriku fault does
not conform to the strain ellipse of overall
northwest-southeast sinistral wrench, but it
can be explained by differential motion be-
tween the blocks separated by the Mutriku
fault (Fig. 10, inset). In this way, higher
strike-slip rates of the northwest block (hang-
ing wall) with respect to the southeast block
(footwall) along the Lekeitio fault would have
caused compression perpendicular to the Mu-
triku fault and uplift of the hanging wall.

Although no piercing lines were observed,
we consider that a dextral component was also
involved in the development of the monocline
(Fig. 10). This interpretation is based on the fol-
lowing arguments: (1) dextral-oblique flexural-
slip horizons in the pretectonic sequence are
compatible with transpression (oblique flex-
ural slip has been documented in folds of
transpressive regimes, e.g., Tanner, 1989) and
(2) oblique folds (drag folds) in the syntecton-
ic sequence are consistent with a dextral
wrench model. In agreement with such a mod-
el, the subordinate Mutriku fault is consistent
in both orientation and dextral component
with the expected antithetic movement in that
wrench system.
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Figure 9. Interpretive A–A9 cross section of
the Aitzeta structure for three different
times (location in Fig. 2). (A) Present-day
geometry. (B) Unfolded geometry at 2100.0
m.y. (top of auritus Subzone) corresponding
to the second major tectonic pulse (phases
8 1 9 of Fig. 8). (C) Unfolded geometry at
2100.53 m.y. (base of auritus Subzone) cor-
responding to the first major tectonic pulse
(phase 1 of Fig. 8). In B and C, the present-
day Mutriku fault (dashed; without resto-
ration) is located only for reference.

DEFORMATION RATES

Chronology of the Tectonic Pulses

Biostratigraphic data from the pre-, syn-
and posttectonic units permit us to establish
an intra–auritus Subzone age for the syntec-
tonic Alkolea unit described here (see appen-
dix) and, therefore, for all the sedimentation
and tectonic deformation phases recorded by
the unit. This age correlates with similar evi-
dence from elsewhere in western Europe for
tectonic activity and accompanying erosion of
sediments at the beginning and end of the au-
ritus Subzone (Owen, 1976; Wiedmann and
Owen, 2001). Geographically widespread se-
quence boundaries in the Boreal, European,
and Tethyan provinces at the beginning and
end of the auritus Subzone have been recog-
nized by Hardenbol et al. (1998). The duration
of the auritus ammonite Subzone in the cali-
bration scale of Gradstein et al. (1994) is 0.53
m.y. (from 100.53 to 100 Ma). Estimating ab-
solute durations of the individual phases of
sedimentation and tectonic deformation that
occurred within the auritus Subzone can be
very difficult, as they all fall below the reso-
lution threshold and error range of any radio-
metrically established age. Moreover, no as-
tronomically driven depositional cycles have
been found in the Basque-Cantabrian basin
successions of that age. Nevertheless, we have
made an estimation of the timing of the prin-
cipal tectonic phases (Fig. 11) in order to cal-
culate rates of tectonic deformation. This es-
timation of timing relies on the following
arguments and assumptions.

1. Each of the four phases of tectonic de-
formation distinguished in the Aitzeta area is
represented by an unconformity and its related
resedimented deposits. Therefore, the time
spans of the phases of tectonic deformation
correspond with sedimentation hiatuses in the
uplifted structure. If we assume that strain
rates did not vary much and, therefore, the
time span of these hiatuses is proportional to
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Figure 10. Schematic synsedimentary tectonic pattern of the region for middle Cretaceous
time. The Aitzeta syncline and Mutriku fault are structures associated with a general
sinistral strike-slip system (i.e., the Lekeitio and Elgoibar faults). Inset shows a model for
the northeastern part of the Mutriku fault, where northwest-southeast compression and
uplift result from differential slip rates along the Lekeitio fault.

Figure 11. Rates of limb rotation and uplift during growth of the Aitzeta syncline. Chron-
ostratigraphic distribution of the tectono-sedimentary phases represented in Figure 8 is
shown. Time scale based on Gradstein et al. (1994).

the intensity of the corresponding tectonic de-
formation, the duration of the two major phas-
es of tectonic deformation bounding the au-
ritus Subzone (cartoons 1 and 8 in Fig. 8,
represented by the angular unconformities 1
and 2) is assumed to be much longer than the
other corresponding two minor tectonic phas-
es (cartoons 3 and 5, in Fig. 8). On the basis
of this assumption and considering the diffi-
culty of attributing durations to the two minor
tectonic phases, we consider them negligible
for calculation purposes.

2. The intervening phases of tectonic calm
are represented mainly by deposition of hemi-
pelagic deposits (phases 2, 4, and 6–7 in Fig.
8). The duration of all sedimentation phases
can be estimated by using average sedimen-
tation rates for modern and ancient hemipel-
agic sediments (;0.0648 m/k.y.; Fig. 17 in
Scholle et al., 1983). Given that the maximum
thickness of hemipelagic deposits preserved in
Alkolea is 17.5 m, ;0.29 m.y. are indicated
for their deposition (Fig. 11). This calculated
interval is not the maximum, because the up-
per part of the hemipelagic deposits is lacking
(erosion and truncation after rotation related
to angular unconformity 2).

In summary, if the auritus Subzone spans
0.53 m.y., and of this, 0.29 m.y. (minimum)
represents the phases of tectonic calm (sedi-
mentation), the duration of all tectonic phases
or hiatuses is 0.24 m.y. (maximum). As there
are two main tectonic phases, each of the
phases is arbitrarily assumed to span 0.12 m.y.
(maximum, Fig. 11). If we consider this esti-
mated time span to be valid, the rates of tec-
tonic deformation of the Aitzeta syncline can
be estimated (Fig. 11).

Limb-Rotation Rates

Limb rotation in the Aitzeta syncline can be
demonstrated, geometrically, for at least two
major pulses and one minor pulse. For the
purpose of calculating rates, only the two ma-
jor limb-rotation pulses have been considered,
because estimating the time span of the minor
pulse is very difficult. The first pulse of limb
rotation occurred in tectono-sedimentary
phase 1 (Figs. 8, 9C, and 11), reaching a value
of 428. If a maximum duration of 0.12 m.y. is
assumed for this pulse, the minimum limb-
rotation rate calculated is 0.358/k.y. The sec-
ond major pulse corresponds to tectono-
sedimentary phases 8 and 9 (Figs. 8, 9B and
11), with 668 of limb rotation. If a time span
of 0.12 m.y. is also supposed for the second
major pulse, the minimum limb-rotation rate
calculated is 0.558/k.y.

Uplift Rates

Progressive exhumation of the pretectonic
units and their erosion in the uplifted fold
limb are demonstrated by the presence of in-
traclasts in the resedimented deposits of the
syntectonic unit. The total thickness of eroded
units has been estimated on the basis of the
difference in maximum measured thickness of
the pretectonic units and the residual thick-
nesses after erosion. This calculation gives
only a minimum value, because erosion did
not balance the tectonically generated topo-

graphic uplift and a residual relief was pre-
served before burial by posttectonic
sediments.

Two main uplift pulses occurred in the
northwest limb of the Aitzeta syncline. The
first took place during tectono-sedimentary
phase 1 (Figs. 8, 9C, and 11), with the result
that most of the original thickness of the pre-
tectonic Mutriku unit (250 m thick) was erod-
ed away. Erosion of this unit is indicated by
the presence of redeposited fragments of the
underlying Ondarroa unit in the unit being
formed (Alkolea unit, subunit B) by the next
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Figure A1. Schematic stratigraphic cross section of the Middle Albian–Upper Albian rocks
from the Basque coast between Elantxobe and Deba, showing the relationship between
different lithostratigraphic units and the stratigraphic location of the localities and fossil
horizons (A–R) reported in Table A1 (modified from Agirrezabala, 1996).

minor tectonic pulse (Figs. 8 and 11, phase 3).
The small amount of tectonic deformation and
the apparent short-lived character of this mi-
nor pulse suggest that it involved little erosion
and that the Mutriku unit had been largely
eroded away during the earlier main-uplift
phase. Thus, a minimum tectonic uplift of 250
m (eroded thickness) can be attributed to the
first main pulse, giving a rate of 2.08 m/k.y.

The second main pulse of tectonic uplift oc-
curred during tectono-sedimentary phases 8
and 9 (Figs. 8, 9B, and 11). At the end of this
pulse, erosion had reduced the thickness of the
Ondarroa unit by 100–140 m and had incised
down to the lowermost Berriatu unit of lime-
stone megabreccias. Consequently, this pulse
implies an absolute uplift of 100–140 m and
a tectonic uplift rate of 0.83–1.16 m/k.y.

Calculated rates show a nonlinear relation-
ship between limb-rotation and uplift values
(Fig. 11). Thus, from the first main tectonic
pulse to the second, the limb-rotation rate in-
creased (from 0.358/k.y. to 0.558/k.y.), yet the
uplift rate decreased (from 2.08 m/k.y. to
0.83–1.16 m/k.y.). Decrease of uplift rate does
not necessarily imply a decrease in tectonic
activity. It can be explained by rapid initial
crestal uplift followed by reduction of uplift
rate as the fold tightened progressively and the
limb overturned. This nonlinear relationship is
consistent with progressive limb rotations pos-
tulated for theoretical models (Hardy and Pob-
let, 1994) and with other field examples (Holl
and Anastasio, 1993; Vergés et al., 1996).

CONCLUSIONS

Deep-water syntectonic deposits and angu-
lar unconformities record the growth history
of the Aitzeta structure. Biostratigraphic data
based on ammonites provide a temporal
framework for the analysis of deformation and
sedimentation rates and permit reconstruction
of a detailed history of structure growth. Al-
though it is not evident from the surface map-
ping, structural and stratigraphic data support
the interpretation of the Aitzeta structure as a
fault-related syncline. It is a northeast-trending,
southeast-facing, monoclinal syncline formed
in response to reverse slip on the northwest-
dipping, high-angle Mutriku fault. The Aitzeta
syncline was mainly formed in response to lo-
cal northwest-southeast compressive stress
along the Mutriku fault. Nevertheless, oblique
flexural-slip faults and drag folds suggest that
dextral oblique movements took place at the
same time. This right-lateral component is
consistent with the expected antithetic move-
ment interpreted for the wrench system of the
Basque-Cantabrian basin as a whole.

Deformation of the uplifted limb was punc-
tuated and took place during the Callihoplites
auritus ammonite Subzone (late Albian), a pe-
riod of ;0.53 m.y. Growth strata and angular
unconformities show increasing dip with age,
indicating that the syncline grew by progres-
sive limb rotation rather than by instantaneous
limb rotation. Bedding-plane faulting within
the limb demonstrates that the fold grew by a
flexural-slip mechanism. In addition, pre-

served tectonic structures and inverted clast
stratigraphy prove the following: (1) total up-
lift is equal to or greater than the total exhu-
mation of older units (350–390 m), (2) bed-
ding was overturned (1088 of total limb
rotation), (3) reactivation of the syncline
caused complex tectonic deformation, and (4)
the limb was eroded, and exhumed deposits
were resedimented.

Two major and two minor tectonic pulses
occurred during the auritus Subzone time
span, each separated by phases of tectonic
calm and gentle hemipelagic sedimentation.
The two major tectonic pulses coincided with
the beginning and the end of the auritus Sub-
zone. On the basis of conservative estima-
tions, the maximum duration of each major
pulse was 0.12 m.y. The first major pulse
caused uplift of 250 m at a minimum rate of
2.08 m/k.y. and limb rotation of 428 at a min-
imum rate of 0.358/k.y. The second major
pulse caused uplift of 100–140 m at a mini-
mum rate of 0.83–1.16 m/k.y. and limb rota-
tion of 668 at a minimum rate of 0.558/k.y.
The deduced nonlinear relationship between
the rates of uplift and limb rotation—the limb-
rotation rate increased but the uplift rate de-
creased—is to be expected in folds undergo-
ing progressive limb rotation.

APPENDIX. FOSSIL CONTENT AND
DATING

Ammonites are comparatively rare; they are in-
digenous to the sediment in which they were buried
and are not always well preserved. However, they,
with the associated microfossils, have provided the
basis of an accurate dating of the various units. Ta-
ble A1 displays the various units’ fossils, their dat-
ing, the location of specimens in specific horizons,
and references to other authors for sequences and
units laterally equivalent to those described in this
paper. Figure A1 shows the stratigraphic location of
fossiliferous horizons (A–R) reported in Table A1.
The specimens listed in Table A1 are found in the
collections of the Euskal Herriko Unibertsitatea, Es-
tratigrafia eta Paleontologic Saila (EHUEPS), Leioa
(Bizkaia, Spain).
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logique de France, ser. 5, v. 20, p. 689–700.

Feuillée, P., 1967, Le Cénomanien des Pyrénées basques
aux Asturies. Essai d’analyse stratigraphique: Mémoir
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Fragments of ammonoids are rarely found in sandy turbidites, usually
preserved as internal moulds.

4.2.3. Ammonoid morphology and size
We focus here on the description of the main ammonoids morphol-

ogies present in the studied area, their occurrence and variability
through time. We follow the terminology of Westermann (1996) with
the updates given by Ritterbush and Bottjer (2012) and compare them
to the conch terminology of Korn (2010). Accordingly, we present here

eight morphological groups or morphotypes, each of them comprising
related forms of different taxa, which are representative of life modes in
the marine environment. In the Fig. 6 we summarize the distinguished
morphotypes and their relative proportion in a given sample according
to their zonal scheme. Despite the ammonoid sample is quite good with
about 250 specimens distributed in 44 levels, the aim of this work is not
to make an accurate analysis of the conch parameters and indeed the
morphological variation, but to make a first attempt to present the main
ammonoid morphotypes and their occurrences in a stratigraphic and

Fig. 5. Ammonoids from the study area: examples of morphotypes and biogeographical/biostratigraphical references. A. Lyelliceras cf. lyelli (d'Orbigny) (UPV/EHU). B. Cleoniceras (C.) cf.
devisensis Spath (UPV/EHU). C. Kossmatella cf. schindewolfi Wiedmann and Dieni (UPV/EHU). D. Labeceras sp. (MCNA 13472). E. Desmoceras latidorsatum (Michelin) (MCNA 13487). F.
Hypophylloceras subalpinum (d'Orbigny) (MCNA 13502). G. Mortoniceras (Deiradoceras) exilis (van Hoepen) (MCNA 13513). H. Mortoniceras (Deiradoceras) bispinosum (Spath) (MCNA
13520). I. Mortoniceras (M.) rugosum Spath (NM). J. Mortoniceras (M.) arietiforme Spath (NM). K. Craginites sp. (UPV/EHU). L. Anisoceras sp. (NM). M. Mortoniceras (M.) cf. pachys (Seeley)
(NM). Specimens deposited in the collections of: UPV/EHU, the University of the Basque Country, department of Stratigraphy and Palaeontology, Leioa, Basque Country; MCNA, Museo
de Ciencias Naturales de Álava, Gasteiz, Basque Country; NM, Nautilus Museum, Mutriku, Gipuzkoa, Basque Country.

Fig. 6. Ammonoid morphotypes distinguished among studied associations with indication of the relative proportion in a given assemblage and representative examples. Based on the
proportion of different morphotypes, associations are distinguished according to their zonal distribution. Morphotypes are illustrated in the lower part of the figure. Morphotypes after
Westermann (1996) and Ritterbush and Bottjer (2012), with precisions on the planispiral shape sensu Korn (2010).
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sedimentological frame.
Ammonite sizes range in diameter from several mm to almost

500 mm, being common up to 100 mm size. Biggest forms occur mainly
in the M. inflatum to M. rostratum Zones interval where they are
common. According to the size groups defined by Stevens (1988), these
ammonites are of the “large” size-class; however, they really represent
oversized (giant) forms if considering the median sizes of their family-
level representatives. Concerning the conch ornamentation, we only
differentiate planispiral leiostracan elements (such as the genera
Hypophylloceras, Desmoceras and Tetragonites), planispiral trachyostra-
can elements (such as the genera Lyelliceras, Mortoniceras and Cantab-
rigites), and finely ribbed/strongly ribbed heteromorphs (e.g. Labeceras/
Anisoceras) as a first attempt to differentiate conch sculptures from
smooth to finely ribbed and strongly ribbed/tuberculated. In the BCB,
we observe that less ornamented forms are common in offshore deeper
environments, meanwhile ornamented forms are comparatively more
abundant in offshore shallower areas (e.g. López-Horgue et al., 1999,
2009).

4.2.4. Ammonoid bioevents
Bioevents are levels or thin stratigraphic intervals with a distinctive

fossil association characterized by exotic elements, striking abundance
of a taxon and/or morphological changes (e.g. Wilmsen, 2008); they
respond to short-term (up to ~100 kyr) evolutionary, ecologic and/or
biogeographic turnovers of organisms due to changing environmental
conditions, occurring at local, regional or global scale (Kauffman and
Hart, 1996). The relative abundance of the ammonoids in the expanded
sediment successions of the northern margin of the BCB, the accuracy of
the stratigraphic studies (e.g. Agirrezabala et al., 2002) and the known
biogeographical affinities of the ammonoids (López-Horgue et al.,
1999, 2009) allow us to distinguish bioevents of the following types:
a- evolutive changes, with first and last occurrences at generic level; b-
palaeobiogeographical changes, determined by the variations of taxa of
different affinities; c- abundance and diversity changes; d- changes in
the morphotype composition of the ammonoid associations and in the
shell size. These bioevents are shown in Fig. 7 and are the following: 1-
sudden basal Middle Albian occurrence of the first ammonoids in the
area after the total absence during the Late Aptian and Early Albian; the
association is diverse and of Tethyan affinities, but with scarce typical
South American and European elements; 2- first occurrences of
cosmopolitan Hysteroceras sp. and European Epihoplites sp. in the Upper
Albian D. cristatum Zone to H. orbignyi Subzone transition, after an
interval without sedimentary record of most of the Middle Albian; 3-
incursion of the South African Labeceras sp. (López-Horgue et al., 2009)
during the H. orbignyi to H. binum subzones transition-time; 4- Tethyan
leiostracan elements dominate in a well diversified association of
mainly juveniles of the H. binum Subzone; 5- incursion of the typical
North American Craginites sp. during times of the basal H. choffati
Subzone (López-Horgue et al., 2009); trachyostracan ammonoids
(cosmopolitan but essentially Tethyan Mortoniceratinae) dominate
with some South African elements; 6- last occurrence of Hysteroceras
sp.; 7- first occurrence of Mortoniceras sp. in the area at around the
middle part of the H. choffati Subzone; 8- first occurrences of the
heteromorphs Idiohamites sp. and Anisoceras sp. at around the middle
part of the M. inflatum Zone, together with giant leiostracan forms of
Tethyan affinities; 9- abundance of cosmopolitan ammonoids at the
upper part of the M. inflatum Zone; and 10- giant trachyostracan
(cosmopolitan but essentially Tethyan Mortoniceratinae), leiostracan
(typically Tethyan Desmoceratidae) and spiny heteromorphs (Anisocer-
atidae) occur at the base of the M. fallax Zone, being the most common
forms up to basal M. rostratum Zone.

5. Discussion: Albian environmental changes and bioevents

In this chapter we will focus on the integration of mainly ammo-
noid-based palaeontological data with stratigraphic and sedimentolo-

gical data from the studied Albian sedimentary record. Fossil preserva-
tion and host rock characteristics make the ammonoid associations be
considered autochthonous, with null or very low degree of lateral
transport (e.g. Fernández-López, 1991). Ammonoids are not considered
facies-dependent (e.g. Lukeneder, 2015). Their common occurrence in
fine-grained facies in domains without important coarse-grained input,
suggest they were inhabitants of offshore (oceanic) waters with an
important siliciclastic suspension input. Conch morphology and onto-
genetic stages are primary elements to understand interpretations on
ammonoid habitat, which together with their palaeobiogeographical
affinities and the information obtained from the facies analysis, allow
us to make a conceptual model of the environment inhabited by them in
the northern margin of the Basque-Cantabrian Basin.

5.1. Margin water depth, width and connectivity

The Albian sequences record an important pulsating deepening and
widening of the margin, which coincides with back-faulting pulses
occurred at the sequence boundaries (U2–U4). During the Early Albian
(sequence 1) the development of deltaic to platform environments
indicates coastal to neritic water depths with low bathymetric gradi-
ents. At the earliest Early Albian (sequence 2), an important transten-
sive tectonic pulse faulted the northern margin and created a horst and
graben system where shallow-water conditions maintained only on
small, isolated uplifted blocks adjacent to deep-sea troughs developed
on grabens. The deepening of these syn-tectonic depositional systems
suggests that back-faulting widened the margin northeastward. During
the Late Albian, after an erosion/non-deposition phase (Middle Albian
pro parte), the instauration of an extensive and more distal deep-water
environment (sequences 3 and 4) indicates a new deepening and back-
faulting pulse. It is also supported by the occurrence in offshore wells of
Upper Albian deposits overlying the Landes Palaeozoic massif (NE part
in Fig. 3), as well as on other Palaeozoic massifs around the BCB (e.g.
Bodego et al., 2015). The proliferation of planktonic microfossils
(foraminifers and radiolarian) suggests that the deepening and widen-
ing of the margin led to the link with the open ocean (Bay of Biscay).
Biofacies data suggest that most of the margin sea floor was located at
mesopelagic depths (Castañares et al., 2001; García-Mondéjar et al.,
2004). In this deep-water realm, structural ridges constituted hemi-
pelagic palaeohighs, in which the presence of rare zooxanthellate corals
and rudist indicates photic conditions and epipelagic water depths
(< 200 m).

The sequence 2 yields a diverse association in which sculptured
ammonoids (both trachyostracan planispirals and heteromorphs) com-
prise< 50% of the sample with respect to leiostracan planispirals. This
ratio indicates offshore waters (e.g. Westermann, 1996; Kawabe, 2003)
compatible with the suggested epipelagic to upper mesopelagic depths
after sedimentological data. Despite being a less rich association,
ammonoids from the basal sequence 3 (D. cristatum and H. orbignyi
biozones) also suggest a similar offshore environment. The association
of the H. binum Subzone (sequence 3) is dominated by planispiral
leiostracan juveniles, usually pyritized; there are also some inoceramids
Actinoceramus. These Upper Albian inoceramids occur in variable
oxygenated conditions (Crampton and Gale, 2005); their occurrence
in the study area in muddy intervals with very scarce bioturbation and
pyritic ammonoids may suggest hypoxic bottoms and a likely expansion
of the oxygen minimum zone, in contrast to other muddy intervals with
more bioturbation and lack of inoceramids and pyritic ammonoids. This
interpretation is compatible with relative deeper conditions that can
also be suggested by the dominance of leiostracan planispirals. The
upper part of the sequence 3 and sequence 4 yield ammonoid
associations in which leiostracan represent about 2/3 of the sample.
This reflects the persistence of the offshore conditions in the study area.

Sea-water masses of different origin can be mixed due to the
opening of seaways after different mechanisms such as tectonics and
relative sea-level rises. The admixtures of ammonoids of different
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biogeographical affinities or the punctuated introduction of species
typical of other areas are evidences of sea connections (e.g. Lehmann
et al., 2015). The studied area is dominated by Tethyan and cosmopo-
litan elements with punctuated incursions of exotic elements (as also
indicated in the southern BCB; López-Horgue et al., 1999). Middle
Albian is typically Tethyan but with elements from South America and
Europe, indicative of a net connection of the basin after an important
faulting phase. The margin preserved its connectivity for the entire Late
Albian with punctuated incursions of ammonoids from other regions,
mostly associated with tectonic pulses (Fig. 7): 1- north European
elements during the early Late Albian; and 2- typical South African (e.g.
Fig. 5 G) and North American (e.g. Fig. 5 K) elements, also coinciding
with the onset of magmatism and seepage of hydrocarbons and other
fluids in the margin.

5.2. Sea water column and sediment characteristics

The Early Albian shallow submarine environment (sequence 1) was
subject to extensive reworking by waves and currents and was well
oxygenated (García-Mondéjar, 1990). In Middle to Late Albian times
(sequences 2–4) the deposition of deep-water black to dark gray lutites
rich in organic matter, framboidal pyrite and siderite concretions
indicate a muddy dysoxic sea floor (Potter et al., 2005). Here, aerobic
oxidation of the organic matter caused depletion of oxygen in the
shallowest sediments. At some greater burial depth (several centi-
metres) organic matter was oxidized in suboxic conditions by bacteria-
mediated iron reduction, leading formation of early diagenetic pyrite
and siderite (Gil et al., 1986). The quiet sedimentation of mud in the
deep-sea was punctuated by gravity-driven flows of different concen-
trations, increasing temporary the energy, turbidity and oxygenation of
the bottom waters.

Ammonoid morphotypes from the study area are indicative of a

demersal to planktic lifestyle in an offshore environment (e.g.
Westermann, 1996; Ritterbush and Bottjer, 2012). The occurrence of
demersal morphotypes (e.g. brancoceratids such as Mortoniceras sp.) is
indicative of an oxygenated water column, since these forms do not
survive in hypoxic conditions (e.g. Batt, 1993). Actually, these demersal
forms are scarce or absent in the intervals with pyritized juveniles (e.g.
H. binum Subzone), suggesting that oxygenated waters were only in the
upper water column. Both planktic vertical migrants, such as Hypo-
phylloceras sp. and Jauberticeras sp., and planktic drifters, such as
Desmoceras sp., Tetragonites sp. and probably Puzosia sp., are abundant
throughout the Upper Albian succession. Ammonoids are suggested to
be of high metabolism (Lukeneder, 2015) and so they needed oxyge-
nated waters. However, there are examples of associations of small
heteromorphs in hypoxic facies (e.g. Lukeneder, 2007) which are
interpreted to have been adapted to oxygen-deficient conditions for
short time for preying or migrations; this scenario might be also
suggested, although with cautions, for the abundant juveniles and
small adults of the H. binum Subzone.

5.3. Magmatism, geofluids emissions and trophic level

During the early Late Albian (sequence 3, H. binum Subzone-M.
inflatum Zone) magmatic activity led formation of high-level magmatic
intrusions and submarine deposition of extrusive (effusive and explo-
sive) rocks. Hydrothermal and submarine alteration of these magmatic
rocks may have provided a larger-than-normal iron flux to the sea
water. Many evidences link iron fertilization from volcanic eruptions to
increases of primary productivity and fish abundance (Cather et al.,
2009; Langmann et al., 2010). In the case of the northern margin of the
BCB, the relatively abundance of altered magmatic rocks suggest that
they may have constituted a significant iron source which could
promote fertilization of the Albian sea waters.

Fig. 7. Characteristics of ammonoid fauna from the northern margin of the BCB and time-correlation to the main geological events that controlled environmental conditions and basin
development. Ammonoid biostratigraphy and other ammonoid occurrences as in López-Horgue et al., 2009. Other sources: Agirrezabala et al., 2013; Rat, 1959; Gómez de Llarena, 1958;
Reitner, 1987; Pletsch, 1990. U: Sequence-bounding unconformities. Circled numbers refer to main local bioevents and related steps of ammonoid turnover: 1- sudden occurrence of
ammonoids (of the L. Lyelli Subzone) considered as the FO (first occurrence) for Albian ammonoids in the Northern margin of the Basque Cantabrian Basin; mainly a Tethyan association
with cosmopolitan elements, western Tethys elements (Lyelliceras gr. peruvianum) and one specimen typical of the European province (Cleoniceras cf. devisense). 2- FO of Hysteroceras sp.
and incursion of European Epihoplites sp. 3- Incursion of South African Labeceras sp. 4- Abundance of Tethyan elements and FO of Desmoceras latidorsatum. 5- Incursion of North American
Craginites sp. 6- LO (last occurrence) of Hysteroceras sp. 7- FO of Mortoniceras sp. 8- FO of Anisoceras sp. and Idiohamites sp. 9- Abundance of cosmopolitan elements. 10- Onset of abundant
cosmopolitan and Tethyan large elements.

L.M. Agirrezabala, M.A. López-Horgue Journal of Sea Research xxx (xxxx) xxx–xxx

10



The formation of authigenic carbonates during the early Late Albian
(sequence 3, H. binum Subzone-M. inflatum Zone) records the expulsion
to the northern margin palaeoseabed of thermogenic methane, oil and
CO2 formed by contact metamorphism around magmatic intrusions
(Agirrezabala et al., 2008, 2013, 2014; Agirrezabala, 2009, 2015). In
these seeps, expelled hydrocarbons were anaerobically oxidized by
microbial communities at or just below the seabed, promoting the
precipitation of carbonate and constituting chemosynthetic oases in the
largely deserted deep seabed (Agirrezabala, 2009; Agirrezabala et al.,
2013). Here bacteria and archea flourished and abundant chemosym-
biotic megafauna inhabited the seabed, leading to an important
biomass increment. This biomass may have constituted a food source
which attracted non-obligate diverse megafauna species, finally con-
tributing to an increase in the biomass. Moreover, seep carbonate
formation at or near the seabed created local hardground substrates
which could have been attractive to attached species, fishes and other
megafauna (Judd and Hovland, 2007). The likely escape to the sea of
hydrocarbons in the northern margin of the BCB could have also caused
a fertilizing effect on the water column with an increase in the total
nutrients and primary production, as invoked for present-day highly
productive seas (Hovland et al., 2012; and references therein).

The relatively abundant organic matter of terrestrial origin through-
out the studied succession suggests that the water-column was rich in
continent-derived nutrients. Late Albian ammonoid associations chan-
ged due to variations in the primary production in the water column
inferred from the study of calcareous nannofossils (SE France, Tethyan;
Reboulet et al., 2005), recording changes from mesotrophic to oligo-
trophic conditions in the surface waters. Anisoceras sp. from offshore
epipelagic habitats is suggested to be dominant, together with other
heteromorphs, during mesotrophic conditions and more competitive
than planispirals during oligotrophic conditions in surface waters;
planispiral Mortoniceras sp. was suggested to inhabit the lower epipe-
lagic zone with a demersal mode of life (Reboulet et al., 2005). Both
morphotypes are common in the study area, being forms representative
of planktic and demersal feeders in an area with fertilization in both
deep and surficial waters.

5.4. Conceptual model on ammonoid habitats

Accordingly to the discussed environmental characteristics, ammo-

noids in the study area thrived in good conditions for most of the Late
Albian: warm temperatures, enough nutrients, epipelagic to upper
mesopelagic depths in oceanic waters (Fig. 8). Frequent incursions of
other Tethyan elements and only one typical European specimen
suggest no substantial changes in the water temperature. In this
scenario, marine areas above shallower uplifted tectonic blocks in the
study area show examples of large ammonoids. Temperature and
nutrient availability may have triggered growth and maturity
(Reboulet, 2001; Lukeneder, 2015). Size variations along a depth
gradient, with larger forms in shallow waters, have been studied in
the Early Cretaceous of South France (e.g. Reboulet, 1996); besides,
dwarfed forms have been interpreted as size dependency on higher
hydrostatic pressure (Reboulet, 2001). Isotopic studies in Cretaceous
ammonoid conchs show an ontogenetic change of habitat, with early
and adult stages inhabiting deeper and shallow areas respectively (e.g.
Lukeneder et al., 2010), in accordance with previous studies suggesting
a sexual and age separation in many ammonoid taxa (Kennedy and
Cobban, 1976).

6. Conclusions

Albian ammonoids from the northern margin of the BCB provide a
biostratigraphic framework for the sedimentary succession of the whole
margin and allow us to distinguish 10 bioevents of three types:
evolutionary changes, palaeobiogeographical changes, and abundance
and diversity changes. The integration of ammonoid-based palaeonto-
logical data with stratigraphy and sedimentology data from the studied
Albian sedimentary rocks indicates that bioevents are coeval to
environmental and sedimentary changes. Time-correlation of faulting
pulses with ammonoid bioevents indicates that Albian transtensive
tectonics was ultimately the major control of the marine environmental
changes. Transtensive tectonics triggered changes in the water depth,
sea bottom physiography, seaways, sedimentary systems and sea-water
chemistry. Accordingly, this two-fold study is the base for a conceptual
model of the ammonoid habitats, in which adult and large forms
dominated in fault-bounded epipelagic highs and juvenile and small
ammonoids in deeper mesopelagic sub-basins.

Fig. 8. Conceptual model of the different ammonoid habitats for the Late Albian of the northern margin of the BCB based on the integration of sedimentological and palaeontological
data. Both groups of data suggest epipelagic to upper mesopelagic depths in an oceanic zone with distinct shallow areas on uplifted tectonic blocks surrounded by deeper sub-basins.
Deeper areas were prone to develop hypoxia in the lower waters. Continent-derived organic matter and seepage of hydrocarbons and other hydrothermal fluids were the main nutrient
sources. OMZ: oxygen minimum zone.
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