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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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Garcı́a-Mondéjar, J., Agirrezabala, L.M., Aranburu, A., Fer-
nández-Mendiola, P.A., Gómez-Pérez, I., López-
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Pyrenees: Journal of Structural Geology, v. 19,
p. 443–461.

Tanner, P.W.G., 1989, The flexural-slip mechanism: Journal
of Structural Geology, v. 11, p. 635–655.

Vergés, J., Burbank, D.W., and Meigs, A., 1996, Unfolding:
An inverse approach to fold kinematics: Geology,
v. 24, p. 175–178.

Wiedmann, J., and Owen, H.G., 2001, Late Albian am-
monite biostratigraphy of the Kirchrode I borehole,
Hannover, Germany: Paleogeography, Paleoclimatol-
ogy, Paleoecology, v. 174, p. 161–180.

MANUSCRIPT RECEIVED BY THE SOCIETY JUNE 28, 2001
REVISED MANUSCRIPT RECEIVED AUGUST 22, 2001
MANUSCRIPT ACCEPTED OCTOBER 26, 2001

Printed in the USA



Author's personal copy

Geochemical correlation of pyrobitumen fills with host mid-Cretaceous
Black Flysch Group (Basque-Cantabrian Basin, western Pyrenees)

Luis M. Agirrezabala a,*, Carmen Dorronsoro b, Albert Permanyer c

a Estratigrafia eta Paleontologia Saila, Euskal Herriko Unibertsitatea, 644 P.K., 48080 Bilbo, The Basque Country, Spain
b Kimika Aplikatua Saila, Euskal Herriko Unibertsitatea, 1072 P.K., 20080 Donostia, The Basque Country, Spain
c Departament de Geoquímica, Petrologia i Prospecció Geològica, Universitat de Barcelona, Martí i Franquès s/n, 08028 Barcelona, Catalonia, Spain

a r t i c l e i n f o

Article history:
Received 4 September 2007
Received in revised form 18 March 2008
Accepted 19 March 2008
Available online 27 March 2008

a b s t r a c t

Abundant syndepositional pyrobitumen fills occur within Albian hydrothermal vent car-
bonates of the organic-rich Black Flysch Group in the Basque-Cantabrian Basin, indicating
that these carbonates were charged with oil during Albian times. A carbon isotopic study of
pyrobitumens and samples of candidate oil generating rocks (Jurassic and Albian host rock
units) as well as Carboniferous-sourced condensate was undertaken to test an Albian
source hypothesis for the pyrobitumens. On the basis of similar isotopic ratio values, the
pyrobitumens show a strong positive correlation with the host Black Flysch Group. This
is supported by Stahl-type curves and a Sofer plot, which show that the pyrobitumens best
match the host Albian deposits, whereas the Jurassic source rock and the Carboniferous
sourced condensate plot separately. This new Albian pyrobitumen-source correlation dem-
onstrates the existence of an oil generating rock unrecognised till now in the Basque-Can-
tabrian Basin – the mid-Cretaceous Black Flysch Group.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Albian authigenic carbonates containing abundant pyr-
obitumen fills crop out near the village of Mutriku in the
northern margin of the Basque-Cantabrian Basin (western
Pyrenees). The carbonates and pyrobitumen fills occur
within the organic rich Black Flysch Group, which is com-
posed of deep water siliciclastic turbiditic deposits. A
recent interdisciplinary study has interpreted these car-
bonate deposits as by-products of the oxidation of oil-rich
hydrothermal fluids vented at the Albian seabed, suggest-
ing a hydrothermal petroleum generation at shallow depth
sourced from host organic-rich deposits (Agirrezabala,
2007, unpublished results; Agirrezabala et al., 2007). The
aim of this paper was to investigate the hypothesis of an
Albian source by means of carbon isotopic analysis of the
pyrobitumens, the candidate oil generating rocks (Jurassic
black shales and Albian Black Flysch Group deposits) and

the hydrocarbons in the basin (Carboniferous-sourced
Gaviota condensate). The Jurassic and Carboniferous rocks
constitute the source of commercial oil and gas accumula-
tions, respectively, in the basin (Quesada et al., 1997;
Martínez del Olmo and Mallo, 2002), whereas the Albian
Black Flysch Group has never been proposed as a potential
oil generating rock.

2. Geological setting

The Middle Albian-Lower Cenomanian Black Flysch
Group is an extensive unit represented in the overall Pyre-
nean region and composed of deep water siliciclastic turbi-
dites and hemipelagic deposits. In the Basque-Cantabrian
Basin, these deposits are organic rich [total organic carbon
(TOC) around 1%] and filled small, confined strike-slip sub-
basins, where seabed sub oxic conditions favoured preser-
vation of the abundant organic input. Both petrographic
analysis and the presence of abundant macroscopic woody
fragments and trunks (up to 1.8 m in length) suggest a
mainly terrestrial origin for the organic matter. Some

0146-6380/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.orggeochem.2008.03.012
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sub-basin bounding active faults channelized the expul-
sion of hydrothermal fluids rich in hydrocarbons. The
expulsion occurred contemporaneously with intense vol-
canism in the basin. Oxidation of the vented hydrocarbons
led to the formation at or near the seabed of isotopically
depleted authigenic carbonates, which contain the abun-
dant pyrobitumen fills studied here (Agirrezabala, 2007,
unpublished results; Agirrezabala et al., 2007). These car-
bonate deposits were buried by a very thick (�8000 m) lat-
est Albian-Middle Eocene succession and subsequently
folded and faulted during the Late Eocene basin inversion
(Gómez et al., 2002). Host Black Flysch deposits in the
study area have a vitrinite reflectance of 2.13%.

The pyrobitumens appear as black, solid, brittle masses
up to 7 cm long and display a concoidal fracture when bro-
ken (Fig. 1A). They usually fill voids lined by hydrothermal
calcites and saddle dolomite (Fig. 1A and B) with oxygen
isotopic signatures indicative of formation temperatures
up to 109 �C. Under epifluorescence microscopy (UV) the
samples do not show any fluorescence, in accord with their
overmature stage.

3. Materials and methods

A set of 11 samples of pyrobitumen-rich carbonates, 17
samples of Jurassic and Albian candidate oil generating
rocks, as well as one Carboniferous-sourced condensate
(Gaviota field) were studied. All the rock samples were
submitted to Rock-Eval pyrolysis following the technique
described by Espitalié et al. (1985a, b, 1986). Of these, five
samples were selected on the basis of their TOC content
and stratigraphic position and analysed for their stable car-
bon isotopic composition: two pyrobitumen samples ex-
tracted from centimetric pyrobitumen fills using a hand
held microdrill, one sample from each candidate Jurassic
and Albian oil generating rocks and one Carboniferous-
sourced condensate. Carbon isotope measurements of the
whole oil as well as whole extracts, saturated and aromatic
hydrocarbon fractions, and NSO compounds were per-
formed using a Thermo Finnigan Series 1112 elemental
analyser coupled to a Finnigan Mat Delta C mass spectrom-
eter. The reference materials were graphite (USGS24),

saccharose (IAEA-CH6), polyethylene (IAEACH7) and oil
(NBS-22).

Fig. 1. Albian hydrothermal vent carbonates with pyrobitumen fills. (A) Outcrop photograph of pyrobitumens (arrows) filling tubular structures. (B)
Microphotograph of a carbonate tubular structure showing the main carbonate phases and the youngest pyrobitumen fill.

Table 1
Rock-Eval pyrolysis results from rock samples (HI, hydrogen index; OI,
oxygen index; TPI, total production index; RC, residual carbon)

Sample S1a S2a S3a TOC
(%)

HIb OIc Tmax

(�C)
TPI RC

Albian pyrobitumen-rich vent carbonates
HH-11 0.07 0.08 0.09 1.12 7 8 526 0.47 1.11
HH-12 0.08 0.36 0.23 1.91 19 12 537 0.18 1.87
HH-13 0.1 0.35 0.29 3.15 11 9 536 0.22 3.11
HH-14 0.07 0.1 0.26 1.25 8 21 529 0.41 1.24
HH-15 0.08 0.44 0.34 3.19 14 11 556 0.15 3.15
HH-16 0.12 0.54 0.4 2.9 19 14 545 0.18 2.85
HH-17 0.11 0.39 0.14 3 13 5 521 0.22 2.96
HH-34 0.26 0.32 0.15 3.17 10 5 482 0.45 3.12
HH-35 0.06 0.16 0.15 0.98 16 15 552 0.27 0.96
HH-36 0.24 0.44 0.42 3.27 13 13 563 0.35 3.21
HH-37 0.06 0.38 0.13 2.16 18 6 556 0.14 2.12

Albian Black Flysch Group deposits
BURU-

1
0.02 0.05 0.16 1.64 3 10 563 0.29 1.63

BURU-
2

0.03 0.07 0.05 1.1 6 5 563 0.3 1.09

BURU-
3

0.03 0.04 0.04 1 4 4 514 0.43 0.99

BURU-
4

0.02 0.02 0.09 0.69 3 13 446 0.5 0.69

BURU-
5

0.03 0.07 0.06 0.65 11 9 550 0.3 0.64

BURU-
6

0.08 0.04 0.03 0.69 6 4 463 0.67 0.68

SAT-1 0.02 0.01 0.17 0.5 2 34 463 0.67 0.5
SAT-2 0.02 0.02 0.15 0.43 5 35 473 0.5 0.43
SAT-3 0.02 0.16 0.07 1.16 14 6 533 0.11 1.15
SAT-4 0.02 0.05 0.26 1.49 3 17 572 0.29 1.48
HH-25 0.04 0.09 0.16 0.78 12 21 527 0.31 0.77
HH-26 0.03 0.06 0.08 0.84 7 10 528 0.33 0.83
HH-27 0.04 0.07 0.1 0.9 8 11 521 0.36 0.89
HH-28 0.04 0.07 0.05 1 7 5 529 0.36 0.99

Jurassic black shales
CP-1 0.03 0.02 0.3 0.44 5 68 525 0.6 0.44
CP-5 0.02 0.12 0.74 7.85 2 9 591 0.14 7.84
CP-6 0.03 0.12 0.6 5.05 2 12 589 0.2 5.04

a S1, S2 = mg HC/g rock; S3 = mg CO2/g rock.
b HI = mg HC/g TOC.
c OI = mg CO2/g TOC.
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4. Results and discussion

Rock-Eval pyrolysis results for all the rock samples
show high Tmax values and low hydrogen index (HI) values
(Table 1). Nevertheless, extremely low S2 yields (<0.2 mg
HC/g rock) make Tmax values unreliable (Espitalié et al.,
1985a, b, 1986). The Albian vent carbonate samples yielded
relatively high TOC values (up to 3.27%) consistent with
their abundant pyrobitumen fills. Mean TOC value from
the host Black Flysch Group is around 1% (0.43–1.64%), suf-
ficient to constitute an oil-generating unit. The Jurassic
black shales afforded values up to 7.85% and constitute
the best oil source rock in the basin.

Carbon isotopic composition was determined firstly for
whole pyrobitumen, condensate and source rock extracts,
and secondly for saturated and aromatic hydrocarbons
and polar (NSO) compounds (Table 2). All samples, except

GAV-1 condensate, are rich in sulfur, which could have
interfered with the isotopic measurements and caused a
small deviation in mass balance. Genetic relationships be-
tween hydrocarbons and their sources may be deduced by
using Stahl type (Stahl, 1978) and Sofer plots (Sofer, 1984)
(Fig. 2A and B). These diagrams show that the pyrobitu-
mens are genetically related and best match the Albian
oil generating rock. The Jurassic source rock and the Car-
boniferous-sourced condensate plot separately. According
to Schoell et al. (1990), there is a negligible isotopic frac-
tionation between organic source and hydrocarbons pro-
duced during hydrothermal alteration. Therefore, the
d13Cwhole value of the pyrobitumen can be used to con-
strain the source from which it was derived. The extracts
from the pyrobitumen and the Albian Black Flysch samples
exhibit similar mean d13Cwhole values (�25.28‰ and
�25.02‰, respectively), which coincide with contempora-

Table 2
Extract composition and d13C values (vs. PDB) for whole extracts, saturated and aromatic fractions, and NSO compounds

Sample Extract d13C‰

EOMa (mg) Sat (%) Aro (%) NSO (%) Whole Sat Aro NSO

Albian pyrobitumen fill (HH-34a) 4.06 15.27 11.58 73.15 �25.26 �27.19 �23.90 �27.34
Albian pyrobitumen fill (HH-36a) 2.72 17.47 11.15 71.38 �25.30 �27.41 �23.79 �27.51
Black Flysch Group deposits (BURU-5) 3.70 25.95 11.89 62.16 �25.02 �27.01 �25.09 �26.60
Jurassic black shales (CP-5) 8.49 11.31 1.53 87.16 �27.83 �27.00 �27.90 �28.40
Carboniferous-sourced condensate (GAV-1) 11.69 62.50 36.39 1.11 �23.26 �24.02 �22.93 ndb

a Extractable organic matter.
b Not determined.

Fig. 2. Carbon isotopic composition of whole, saturated and aromatic hydrocarbon fractions and NSO compounds for pyrobitumens, Black Flysch Group,
Jurassic source rock and Carboniferous-sourced condensate. (A) Stahl type curves. (B) Sofer type d13Csat vs. d13Caro diagram. Shadow areas indicate field
range for pyrobitumen and Black Flysch Group.
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neous Late Albian terrestrial organic matter values from
North Atlantic Ocean (Hofmann et al., 2000). The Jurassic
source rock (d13Cwhole �27.83‰) and Carboniferous
Gaviota condensate (d13Cwhole �23.26‰) afforded isotopic
values which clearly differentiate them from the pyrobitu-
men value. On the other hand, they are in accord with the
isotope signatures of the Jurassic oil from the Ayoluengo
field (Quesada et al., 1997) and worldwide Carboniferous
coals and fossil plants (e.g. Beerling et al., 2002),
respectively.

The carbon isotopic compositions of saturated and aro-
matic fractions and NSO compounds for the pyrobitumen
samples (mean values: d13Csat �27.30‰, d13Caro �23.84‰,
d13CNSO �27.42‰) and host Black Flysch samples (d13Csat

�27.01‰, d13Caro �25.09‰, d13CNSO �26.60‰) are similar,
with slightly depleted 13Caro and enriched 13CNSO values for
the latter (Fig. 2A and B). Normally, oils show d13C variations
of up to 1.5‰ relative to their source rock (Peters and Moldo-
wan, 1993). In fact, this is observed for the pyrobitumen ex-
tract when compared with its Black Flysch host. The
saturated and aromatic fractions and NSO compounds of
the pyrobitumens clearly obey this ‘‘1.5‰ maximum differ-
ence rule” when compared with the same fractions and com-
pounds from the Albian Black Flysch Group. On the other
hand, the Jurassic source rock shows a similar saturated frac-
tion signature (d13Csat �27.00‰) but isotopically much
lighter aromatic fractions (d13Caro �27.90‰) and NSO com-
pounds (d13CNSO �28.40‰) than those of the pyrobitumen.
In contrast, both saturated (d13Csat �24.02‰) and aromatic
(d13Caro �22.93‰) hydrocarbons of the Carboniferous con-
densate show a clear 13C enrichment when compared with
the pyrobitumen samples (Fig. 2A and B). Therefore, the iso-
topic dissimilarity between the pyrobitumens and both
Jurassic and Carboniferous samples suggests that neither
were a source for the pyrobitumens.

5. Conclusions

The carbon isotopic compositions of whole extracts as
well as saturated and aromatic fractions and NSO com-
pounds of the Albian pyrobitumen fills correlate positively
with those of the host Black Flysch Group, whereas both
Jurassic candidate source rock and Carboniferous-sourced
Gaviota condensate display a clear isotopic dissimilarity.
This pyrobitumen-source correlation demonstrates the
existence of a previously unrecognised petroleum-generat-
ing unit, the organic rich Black Flysch Group. On the other
hand, the syndepositional character of the pyrobitumen fills
and their association with high temperature carbonates pro-
vide evidence for a link between hydrothermal activity and
generation and expulsion of petroleum.
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ABSTRACT

A comprehensive study of authigenic carbonates and associated fauna in Late

Albian organic-rich, deep-water deposits (the Black Flysch Group) reveals that

carbonate precipitation was a by-product of the anaerobic oxidation of

hydrocarbon-rich hydrothermal fluids. The authigenic carbonates are exposed

along the Kardala and Alkolea sea cliffs in the western Pyrenees. The two vent

carbonates occur 1 km apart adjacent to the synsedimentary, right-reverse

Mutriku fault, but in contrasting structural domains: the Kardala carbonates

occur on a structural ridge (hangingwall) and the Alkolea carbonates are

positioned at the base of an erosional scarp (folded downward footwall). The

similarity in pattern of the carbonate phases and complex paragenetic events for

both vent precipitates implies that hydrothermal fluid generation processes and

pore-water evolution during early and late diagenesis were similar.

Nevertheless, a comparison of the geochemistry, fossil fauna and morphology

of carbonate structures of both precipitates suggests that the vented

hydrocarbon type, flow intensity and temperature of hydrothermal fluids

were different. At the Kardala vent, intense focused flow of hot (up to 109 �C),

oil-rich fluids were generated, allowing the development of a relatively

abundant chemosynthesis-based fauna. In contrast, at the Alkolea vent,

diffuse flows of warm, thermogenic methane-rich fluids were expelled to the

sea floor and no chemosynthetic fauna developed. These differences are related

to the contrasting structural setting of each locality. Similar d13Corg values for

both pyrobitumen-fills and host unit organic matter suggest that the

hydrocarbon source was the Black Flysch Group. Contact alteration of these

organic-rich sediments by syndepositional hydrothermal fluids generated

hydrothermal petroleum (oil and gas hydrocarbons) which probably migrated

updip to the sea floor by contemporary compression tectonics.

Keywords Authigenic carbonate, Basque-Cantabrian Basin, hydrothermal
vent, mid-Cretaceous, Pyrenees, transform margin.

INTRODUCTION

Hydrothermal vent and cold-seep carbonates are
associated with fluid flow along active and pas-
sive continental margins worldwide (Campbell,
2006). Carbonate precipitation is a by-product of
microbial activity which causes anaerobic oxida-
tion of methane (AOM) (Boetius et al., 2000;

Valentine, 2002). Hydrothermal vents are dis-
charges of warm to hot fluids derived from
interactions between hot igneous rocks and cir-
culating sea water. In contrast, hydrocarbon seeps
are usually discharges of cold fluids rich in
hydrocarbons released from buried sedimentary
basins (Campbell, 2006). Modern vent and seep
biota are dominated by chemoautotrophic
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microbes and communities of mega-invertebrates,
some with endosymbiotic bacteria (reviewed in
Van Dover, 2000). Analogous rocks have been
reported from ancient marine deposits of Early
Archaean to Quaternary age worldwide (reviewed
in Campbell, 2006). Stratigraphic, structural,
petrological, textural, geochemical and palae-
ontological characteristics and molecular bio-
markers are used for identifying ancient
hydrothermal vent and seep carbonates (Beau-
champ & von Bitter, 1992; Campbell & Bottjer,
1993; Little et al., 1998; Campbell et al., 2002;
Flügel, 2004; Peckmann & Thiel, 2004; Campbell,
2006). In contrast to numerous Cenozoic exam-
ples, the Mesozoic record of vents and seeps is
rather sparse (Beauchamp & Savard, 1992; Gail-
lard et al., 1992; Campbell & Bottjer, 1993; Kelly
et al., 1995, 2000; Kauffman et al., 1996; Camp-
bell et al., 2002; Gómez-Pérez, 2003; Little et al.,
2004). Moreover, ancient hydrothermal vents are
less abundant than cold seeps, and only four
Mesozoic examples have been reported world-
wide (Campbell, 2006).

Most of the fluids associated with cold seeps
have their origin in deeply buried hydrocarbon
reservoirs which emerge through various perme-
able pathways such as faults, other fractures and
sedimentary discontinuities (Orange et al., 1999).
In some hydrothermal vents, liquid and gaseous
hydrocarbons originate from hydrothermal alter-
ation of organic-rich sediments at shallow depth,
as documented in the Guaymas Basin (Einsele
et al., 1980; Simoneit & Lonsdale, 1982) and the
Northern Pacific Ocean (Rushdi & Simoneit,
2002a,b). The petrological and geochemical char-
acteristics of hydrocarbon-derived precipitates
are controlled largely by the nature of the fluids
and flow pathways (Levin, 2005). In modern vents
and seeps, the type of escaping hydrocarbon
determines the magnitude of the carbon isotope
depletion of the resulting precipitates (Aharon,
2000), whereas fluid temperature among other
factors (e.g. diagenesis, mineralogy, meteoric
water, hydrate dissociation, salinity) is recorded
by the oxygen isotopic signature. Fluid flow
intensity at the sea floor is reflected in the
abundance of mega-fauna (Sibuet & Olu, 1998;
Judd & Hovland, 2007) and the morphology of the
carbonate structures (Orange et al., 1999). This
multidisciplinary study characterizes and inter-
prets mid-Cretaceous authigenic carbonates from
the Kardala and Alkolea in the western Pyrenees.
The present study demonstrates that the authi-
genic carbonates are the by-products of hydro-
carbon-rich hydrothermal fluids adjacent to the

synsedimentary Mutriku fault. To identify and
characterize relationships between geological,
geochemical and biological processes, a number
of complementary methodologies have been em-
ployed, including sedimentological and strati-
graphic field studies, fossil biota characterization,
petrological and stable isotopic analyses of car-
bonate phases, and characterization and isotopic
analysis of organic matter. On the basis of the
results obtained, the main controls in the forma-
tion of both the Kardala and Alkolea authigenic
carbonates are interpreted and discussed in terms
of the nature of fluids (composition and temper-
ature), relative intensity of flows, hydrocarbon
source and fluid expulsion process.

GEOLOGICAL SETTING

At the Kardala and Alkolea localities, authigenic
carbonates crop out near the coastal village of
Mutriku in the northern margin of the Basque-
Cantabrian Basin (Fig. 1). This Mesozoic basin is
200 km long and trends east–west in the west-
ernmost part of the Pyrenean realm, which
originated by rifting related to the Cretaceous
opening of the Bay of Biscay and the eastward
drift of the Iberian plate (Montadert et al., 1974).
During the mid-Cretaceous, the northern margin
of the Basque-Cantabrian Basin and the overall
Pyrenean realm were affected by transtension
due to sinistral strike–slip deformation, which
created numerous small sub-basins that were
filled with siliciclastic, deep-water, organic-rich
turbiditic deposits (Puigdefábregas & Souquet,
1986; Agirrezabala, 1996). These deposits consti-
tute the Middle Albian–Lower Cenomanian Black
Flysch Group which extends along the entire
Pyrenean realm (Souquet et al., 1985). In the
study area, the Black Flysch Group is subdivided
into seven informal lithostratigraphic units
(Agirrezabala, 1996; Agirrezabala et al., 2002)
(Figs 1B and 2). The Kardala and Alkolea
carbonates occur in the Kardala and Alkolea
units, respectively, and are composed of lutites,
nodular carbonates and local breccias. Strati-
graphic, sedimentological and structural data, as
well as the tectono-sedimentary interpretations
relative to these units, have already been docu-
mented in detail by Agirrezabala (1996) and
Agirrezabala et al. (2002, 2003).

The Kardala and Alkolea authigenic carbonates
are dated within the Callihoplites auritus ammon-
ite Subzone (European province zonation of the
Late Albian) pro parte (Agirrezabala, 1996;
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Agirrezabala et al., 2002, 2003) and, therefore,
they were formed within a maximum period of
1Æ3 Myr (Ogg et al., 2004). The outcrops of the
Kardala and Alkolea carbonate occur 1 km apart,
next to and on both sides of the north-east-
trending Mutriku fault, a high-angle, right-reverse
fault which was active during authigenic carbon-
ate precipitation (Figs 1 and 3A) (Agirrezabala
et al., 2002). During this period, the Kardala
carbonates precipitated on the uplifted
north-western hangingwall (Agirrezabala, 1996),

adjacent to a minor fault (Laugarren Hondartza
fault; Figs 1B and 3A). Contemporaneously, on
the south-eastern footwall, the south-east-dipping
Aitzeta monoclinal syncline developed in two
main pulses that were recorded in the deposits as
two high-angle, angular unconformities (AU1 and
AU2, base and top of the C. auritus Subzone,
respectively; Figs 2 and 4A) (Agirrezabala et al.,
2002). Both unconformities are overlain by resed-
imented blocks derived from denudated under-
lying units. The Alkolea carbonates overlie and

Fig. 1. (A) Geological map of the Basque-Cantabrian Basin in the western Pyrenees with an indication of the study
area. (B) Detailed geology of the two authigenic carbonate lenses (stars) of this study.
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onlap the older angular unconformity (AU1) and
are truncated by the younger unconformity
(AU2). Given the north-east trend of the Aitzeta
monoclinal syncline, local north-west to south-
east compression is deduced in its formation
(Agirrezabala et al., 2002).

METHODS

A total of 115 thin sections (35 · 20 mm and
85 · 40 mm) were examined by plane-polarized,
cross-polarized, epifluorescence [ultraviolet (UV)]
and reflected light microscopy. The observation
of thin sections using a white background under
reflected light allowed pure carbonates to be
distinguished from those containing pyrite and
organic matter, each of which displays a charac-
teristic reflection pattern (Folk, 1987). Pyrite
occurs as highly metallic, brassy yellow minerals
and organic matter occurs as black masses. Thir-
teen thin sections were also stained with a

mixture of potassium ferricyanide and alizarin
red to differentiate among mineral phases of
carbonate. X-ray diffraction (XRD) analysis of
seven powdered mineral samples was carried
out using an automated Philips PW1710 diffrac-
tometer (Philips Co., Eindhoven, The Nether-
lands). Semi-quantitative estimates were made
from peak areas on XRD patterns (Schultz, 1964).
Total organic carbon content (TOC; wt%) was
measured by a duplicated analysis of 41 samples
(limestones and lutites) with a FlashEA 1112
(ThermoFinnigan) elemental analyzer (Thermo
Fisher Scientific Co., Waltham, MA, USA) after
acid removal of carbonates by using hot (80 �C)
hydrochloric acid. Systematic sampling was used
to obtain representative TOC logs through both
authigenic carbonates and host deposits. Volu-
metrically major carbonate phases were selected
for oxygen and carbon isotope analyses. Thirty-
six samples were taken from the surfaces of
polished blocks using a hand-held microdrill
under a binocular microscope. For extraction of

Fig. 2. Basic stratigraphy of the Black Flysch Group in the study area (modified from Agirrezabala et al., 2002) with
an indication of the Kardala and Alkolea authigenic carbonates, syndepositional Mutriku fault and two angular
unconformities (A.U.1 and A.U.2).
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CO2 from each sample standard techniques were
followed (McCrea, 1950; Craig, 1957); the sample
was allowed to react with orthophosphoric acid
(90 �C), and analysed in an ISOCARB device
attached to a VG-Isotech SIRA-IITM mass spec-
trometer (both VG Isogas Co., Middlewich, UK).
Accuracy was monitored by repeated analysis of
both internal and international (NBS-19) carbon-
ate standards under identical analytical condi-
tions. For both carbon and oxygen, laboratory
precision was better than ±0Æ2&. Organic carbon
samples for stable isotope determinations were
combusted with a EuroVector elemental analyzer
linked to an ISOPRIME (GV Instruments Ltd,
Manchester, UK) mass spectrometer. Isotope
results are given in the usual delta notation
relative to Vienna Pee Dee Belemnite (PDB).
Details about laboratory methods employed for
expanded gas chromatography are presented in
Chaler et al. (2005).

DESCRIPTION OF AUTHIGENIC
CARBONATES

The mid-Cretaceous Kardala and Alkolea authi-
genic carbonates occur as stacked carbonate beds
enclosed in recessive hemipelagic silty to sandy
lutites of the turbiditic, deep-water Black Flysch
Group (Figs 2, 3A and 4). Lens morphology of
these carbonates can be verified by both outcrop
(Kardala, Fig. 4B) and stratigraphic criteria (cor-
relation of carbonates with contemporaneous
lutites and sandy turbidites; Fig. 2). At the
outcrop scale, the Kardala and Alkolea mounds
are composed of stacked lenticular to tabular
carbonate beds separated by interbedded sandy to
silty lutites similar to the enclosing deposits
(Fig. 4), which thus suggest separate episodes of
carbonate precipitation. The authigenic carbon-
ates are isotopically light in 13C (2Æ25& to
)41Æ50&), have a high carbonate content (67Æ7%

C D

BA

Fig. 3. Outcrops and typical field characteristics of the studied authigenic carbonates. (A) Kardala ‘K’ and Alkolea
‘A’ carbonate lenses (encircled) and traces of the syndepositional Mutriku and Laugarren Hondartza faults (MF and
LHF, respectively). Outcrop width (middle part) is ca 70 m. (B) Outcrop of disturbed concretionary carbonates and
interbedded lutites from the Kardala site. Lens cap is 5Æ5 cm in diameter. (C) Tubular carbonate concretion and host
lutites from the Kardala carbonates. Coin is 2Æ2 cm in diameter. (D) Vent carbonate breccia (left), autochthonous vent
carbonates (right) and intervening lutites (centre) at the Alkolea site. Sub-vertical bedding, top to the right. Hammer
is 34 cm in length.
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CaCO3 on average, up to 89%) compared with the
enclosing shale deposits (8% CaCO3 on average)
and show diverse structures such as nodules,
tubular concretions, stromatolites and septarias
(concretions displaying a mineralized crack set).

At Kardala, the carbonate precipitates consti-
tute a lens up to 5 m thick and 16 m long
(minimum) composed of oil-stained nodular
limestones, locally deformed, carbonate concre-
tions and tubular structures with abundant solid
bitumen-fills, as well as interbedded silty lutites
(Figs 3A to C and 4B). The inner part is composed
of massive to tightly packed nodular carbonates
and tubular carbonate concretions. The outer part
consists of nodular carbonates and concretion-

rich lutites. The tubular structures show a pre-
ferential orientation dipping on average 20�
towards the west-north-west (after bedding resto-
ration). These directions are sub-perpendicular to
the north-east-trending structural ridge and
faults. The carbonates include a relatively abun-
dant fossil biota and have high TOC values (up to
3Æ62%). Contact with the embedding rocks is
gradational, showing a progressive lateral de-
crease in carbonate concentration. In contrast,
the fossil fauna found in the carbonates is absent
in the enclosing silty lutites which are character-
ized by low TOC values (ca 1%), similar to the
background TOC value of the Black Flysch Group
(Agirrezabala et al., 2008) (Fig. 4B). A thin (0 to

A B

C

D

E

F

Fig. 5. Fossil biota from the Kardala
(A) to (D) and the Alkolea carbon-
ates (E) and (F). (A) ?Codakia
(Epilucina) sp., articulated lucinid
specimen. (B) Large clam, interior of
disarticulated valves. (C) Radiolitid
rudist. (D) Hemispherical stromato-
lites showing internal lamination
(lower half). (E) Cluster of vuggy
carbonate structures with a cup-like
shape attributed to fossil sponges,
top view. (F) Plate-like coral, top
view.
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3 cm thick) turbidite sandstone pinches out
towards the fossil-rich carbonates, suggesting that
the carbonate lens formed a relief on the sea
bottom during turbidite deposition (Fig. 4B).

At Alkolea, the authigenic carbonates and
interbedded lutites rest on an (high-angle) angu-
lar unconformity (AU1) and on an intraforma-
tional megabreccia composed of muddy
sandstone blocks; both carbonates and lutites
wedge out and onlap the angular unconformity
towards the north-west (Fig. 4A), suggesting
increasing sea floor relief in the same direction.
The top and lateral contacts with the host lutites
are not preserved because of modern erosion. The
minimum dimensions of the carbonate lens are
8 m thick and 40 m long, and internally it shows
two superimposed and partially equivalent parts
(Fig. 4A). The lower part is composed of carbon-
ate breccias and interbedded lutites; carbonate
breccias consist of angular fragments of nodular
carbonates (up to 2Æ5 m long) and rounded sep-
tarias (up to 80 cm long) embedded in a mud-
stone matrix with rare lutite clasts (Fig. 3D). The
upper part is composed of undisturbed, auto-
chthonous tabular to lenticular carbonates with
both plane-parallel and vuggy massive stratifica-
tion, and interbedded lutites (Figs 3D and 4A). In
contrast to what has been observed at the Kardala
site mound, bivalve fauna and tubular carbonate
concretions are absent at the Alkolea site, where
carbonate TOC values are very low (Fig. 4A).

FOSSIL BIOTA

The authigenic carbonates at Kardala have rela-
tively abundant benthonic macrofossils domi-
nated by bivalves (lucinids and large clams),
rare gastropods, a single coral, a rudist and
stromatolites (Fig. 5A to D), whereas the enclos-
ing lutites are devoid of macrobenthonic fauna. In
contrast, at the Alkolea locality the aforemen-
tioned fauna is absent and only calcified sponges
and a coral have been observed (Fig. 5E and F).
Other associated fossils which are present at both
localities are small ammonites (Hamitoides cf.
studerianus Pictet, Cantabrigites cf. nanoides
Wiedmann and Lechites sp.), belemnites, wood
fragments, radiolarians, planktonic and ben-
thonic foraminifera, sponge spicules, echinoid
fragments, and faecal pellets. Burrows and bor-
ings are also present.

At Kardala, the fossil assemblage is composed
mainly of scattered, relatively abundant lucinid
and scarcer large clams (Fig. 5A and B) often with

both valves still attached. The distribution of
these bivalves is restricted to the inner carbonates
of the structure (Fig. 4B). Infaunal lucinid bi-
valves, classified tentatively as Codakia (Epiluci-
na) sp. occur throughout the carbonate lens. The
bivalves are 8 to 27 mm long (average 18 mm),
most of them are closed-valved and show no
apparent preferred orientation (Fig. 5A). Large
clams are restricted to the south-western part of
the carbonate lens. Shells are up to 152 mm long,
moderately thick, oval–oblong and present a
surface with fine irregular growth lines (Fig. 5B);
their identification is problematic because their
dentition type has not been observed.

Two individual gastropods (abyssochrysid?,
trochoid?) have been found in the Kardala car-
bonate lens. The small fossil coral found at
Kardala resembles specimens of Discocyathus
(Moore, 1956), a solitary, discoid coral. The fossil
exhibits a flat, circular corallum base 13 mm in
diameter, lobate septa and a distal side with
calicular pit. The rudist bivalve is a cup-shaped,
12 cm long radiolitid, which shows no evidence
of transport or reworking (Fig. 5C). This occur-
rence is thought to be the first time that a rudist
has been documented in vent-related or seep-
related precipitates. The stromatolites are later-
ally linked carbonate hemispheroids up to 50 cm
wide with convex-up internal lamination
(Fig. 5D); they are restricted to the uppermost
part of the Kardala carbonate lens (Fig. 4B).

At the Alkolea locality only a plate-like coral
(Fig. 5F) and structures assigned tentatively to
sponges (Fig. 5E) were found. These sponges,
millimetres to centimetres in diameter, constitute
irregular, vuggy carbonate structures, typically
with cup-like shapes; they are present as both
solitary individuals and clusters.

CARBONATE PETROLOGY AND
PARAGENESIS

Petrological analyses of both the Kardala and the
Alkolea carbonates revealed the occurrence of
complex paragenetic sequences for carbonates
from both sites. The sequence includes 12 events
corresponding to four major carbonate phases, a
major asphalt fill, nine minor phases (carbonate
and quartz cements, and siliciclastic fill) and six
corrosion/fracturing events. A petrographic
description of all the mineral phases is summa-
rized in Table 1 and the proposed timing of the
different diagenetic events is illustrated in Fig. 6.
The order of the paragenetic events has been
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Table 1. Petrographic characteristics of mineral phases from the Kardala and Alkolea carbonates of this study with
an indication of the figure numbers.

Paragenetic
mineral phase Petrographic character

Crystal
morphology Crystal size Occurrence* Figure

Micrite 1
(m1)

Brown/grey, microcrystalline;
siliciclastics (quartz, feldspar, mica,
clay), pyrite, benthonic and planktonic
microfossils, sponge spicules, wood
fragments; ± oil stains, peloids,
macrofossils, bioturbation, microspar,
texture grumeleuse, stromatolithic
lamination

Anhedral Micrite < 4 lm;
microspar
5–20 lm

K, A 7A–F;
8A,C,D;
9A,B,D

Brown
calcite (b)

Brown, as lining laminae or as
aggraded mass

Anhedral 20–150 lm; 50–
200 lm thick
laminae

K, A 8A,C,D

Fibrous
calcite 1 (f1)

Light yellow/buff; as growth cements
in pores (layers, coatings); radiating
fibre fans, undulose extinction,
rhomb-tip terminations; clear areas
with inclusion-rich (oil) bands and
trails; locally recrystallized and/or
dolomitized

Coarse to fine
radial fibrous;
radiaxial
fibrous; locally
tabular habits

Up to 3 mm
thick botryoids

K, A 7F;
8A–E;
9A

Peloidal
calcite (p)

Brown/grey; micritic peloids and
microsparitic cement as pore-fills and
coatings; fenestral clotted fabric;
detritic-free; pyrite-rich peloids with
gradational boundaries (microbial?)

Anhedral < 4 lm;
microspar
areas 5–20 lm

K 8A,B

Sparry
calcite (s)

Clear; as fills in pores; usually dentate Subhedral
rhombs to
anhedral

Up to 160 lm K, A 7A,B,D;
9B

Micrite 2
(m2)

Dark brown/grey, microcrystalline;
pyrite (± pellets); as geopetal fills
(± clear spar, quartz grains; or as thin
linings in pores (microbial?)

Anhedral Micrite < 4 lm;
microspar
5–15 lm

K, A 8A,D

Isopachous
calcite (i)

Light to dark brown; inclusion-rich
(oil), very turbid (± clear regions); as
thin laminae lining pores, radiating
fibre fans, undulose extinction,
± pellets

Radial fibrous;
radiaxial
fibrous; also
adjacent
tabular habits

Up to 600 lm
thick botryoids

K 8D

Saddle
dolomite (sd)

Clear with inclusion-rich turbid
areas; as pore-filling cement, coarse
crystals with undulose extinction,
± intercrystalline pyrobitumen (py)

Conspicuous,
curved crystal
faces

Up to 2 mm;
variable
thickness (up to
2Æ5 mm)

K 7A;
8A,D–F;
9A

Pyrobitumen
(py)

Black; irregular, homogeneous masses
filling voids, ± internal blocky calcite
or saddle dolomite spherules and
fracture-fills

Up to 2 cm
thick masses

K, A 7A,C;
8D–F;
9A

Sulphates and
carbonates
mixture (sc)

Complex mixture; as replacive or
void-filling cement

Anhedral to
euhedral

Up to 1 dm
thick masses

A 9B

Blocky calcite
(bl)

Clear (± poikilotopic); as cements
filling fractures and subspherical
cavities (gas bubbles?) within
pyrobitumen (py)

Euhedral Up to 1Æ1 mm K, A 9A,C
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established by combining the following criteria:
cross-cutting (including replacement) and over-
growth relationships, habits of minerals and the
spatial distribution of all solids. Most events (1 to
18) of the paragenetic sequence are post-dated by
the overlying megabreccia (Alkolea site; Fig. 2),
indicating that they occurred within the early
Late Albian C. auritus Subzone (Agirrezabala
et al., 2002). In this respect, many resedimented
blocks of the overlying megabreccia are composed
of authigenic carbonates showing most of the
paragenetic phases cross-cut and post-dated by
fissures filled with matrix lutite. The most com-
plete record of the paragenetic events was
observed in the carbonate tubular concretions.
Based on petrographic and geochemical analyses,
the events of the paragenetic sequence have been
grouped tentatively into early and late diagenetic
stages. Early diagenetic events are unrestricted

spatially and their characteristics (borings, bio-
turbation and low-temperature cements) suggest
that they are sea floor and shallow sub-sea floor-
related events. Late diagenetic phases are
pore-filling cements formed by high-temperature
fluids which indicate burial conditions.

Early diagenesis

The earliest paragenetic event (event 1; Fig. 6)
corresponds to micrite 1 formation in the back-
ground siliciclastic mud sediments, simultaneous
with bioturbation and colonization of benthonic
macro-invertebrates. This detrital-rich micrite
constitutes the volumetrically most important
phase. It exhibits a brown to grey colour with
common oil-stained darker areas. Mineralogical
composition determined by XRD analysis is cal-
cite (67Æ7%), detrital clay minerals and mica (13%

Fig. 6. Relative timing and geo-
graphic distribution of the 20 para-
genetic events recorded in the two
carbonate lenses of this study.
Events 1 to 18 took place during
C. auritus ammonite Subzone pro
parte, i.e. a maximum duration of
1Æ3 Myr. Approximate separation
between early and late diagenesis
is shown. Thick lines indicate the
relative duration of each event and
thin lines indicate the probable
maximum extent. Columns to the
right show the geographic distribu-
tion (K, Kardala; A, Alkolea) and
relative occurrence (filled square,
major; open square, minor) of the
events.

Table 1. (Continued)

Paragenetic
mineral phase Petrographic character

Crystal
morphology Crystal size Occurrence* Figure

Quartz (q) Coarse, limpid to poikilotopic
(organics); as pore-filling cement

Euhedral to
anhedral

Up to 1Æ5 mm K, A 9C

Fibrous
calcite 2 (f2)

Clear; as vein-filling cements, very fine
fibres, perpendicular (± oblique,
curved) to fracture walls

Euhedral Up to 1Æ1 mm
thick veins

K, A 9D

*K, Kardala; A, Alkolea.
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A B

C D

E F

Fig. 7. (A) Micrite 1 (m1) with bored bivalve fragment (upper left), radiolaria with encrusted laminated micrite and
filled with sparry calcite (s), corrosion pore (C4) filled with saddle dolomite (sd) and pyrobitumen (py). KAR-21.
(B) Detail of (A) showing a laminated micrite crust around a radiolaria with internal sparry calcite cement (s). (C)
Bivalve internal micrite 1 (m1) fill showing numerous faecal pellets and replacive dolomite (d) (note pellet ghosts).
Bivalve shell (upper left) partially dissolved and filled with pyrobitumen (py). KAR-21a. (D) Micrite 1 (m1) showing
framboidal pyrite (black particles) and oil-stain (to the right). KAR-20b. (E) Laminated micrite 1 (m1) from a stro-
matolite. Note convex-upward alternating laminae of fenestral micrite (grey to white) and pyrite (black). KAR-20c. (F)
Dissolution pores (C2) enclosed in micrite 1 (m1) and filled with fibrous calcite 1 (f1) and siliciclastics (si). ALK-13.
All microphotographs with transmitted light.
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A B

C D

E F

Fig. 8. (A) Partial view of a tubular concretion showing cement stratigraphy. Outer micrite 1 (m1) and inner conduct
fill composed of brown calcite isopachous cement (b), fibrous calcite 1 (f1) enclosing bacterially mediated peloids,
peloidal calcite (p), sparry calcite (s), micrite 2 (m2) and saddle dolomite (sd). Note corrosion surfaces (C1 and C2)
and dark inclusion (organics?) trails crossing fibrous and sparry calcites. Top upright. KAR-2. (B) Detail of (A)
showing bacterially mediated peloids coated by alternating fibrous calcite (f1) and peloidal calcite (p) layers. Top
upright. (C) Corrosion vug on micrite 1 (m1) filled with brown (b) and botryoidal fibrous calcite 1 (f1). Note inclusion-
rich (organics?) growing bands and sub-perpendicular trails. ALK-12. (D) Partial view of a tubular concretion
showing micrite 1 (m1) and open conduit fill composed of isopachous brown calcite (b), fibrous calcite 1 (f1)
enclosing peloids, micrite 2 (m2), isopachous calcite (i), saddle dolomite (sd) and pyrobitumen (py). C1 and C3 to C5
correspond to corrosion surfaces. Top to right. KAR-27. (E) Fibrous calcite 1 (f1), saddle dolomite (sd), pyrobitumen
(py) and intervening corrosion surfaces (C4 and C5). LK-20a. (F) Same view as in (E), under UV light. Note non-
fluorescent pyrobitumen. (A) to (E) microphotographs with transmitted light.
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to 15%), grains of silt to fine sand-sized quartz
(9% to 15%) and feldspar (albite) (3% to 5%),
framboidal pyrite (5% to 9%) and organic matter.
Micrite 1 embeds abundant radiolaria tests,
planktonic and benthonic foraminifera tests,
sponge spicules, wood fragments, sub-spherical
faecal peloids, as well as ammonites and belem-
nites (Fig. 7A to D). In domal stromatolites or
around microfossils the micrite shows wavy
lamination (Figs 5D and 7A,B,E). Pyrite is usually
present as both disseminated framboids (2 to
100 lm) and, in stromatolitic lamination, as
massive crusts, up to 60 to 110 lm thick, upon
micrite laminae (Fig. 7D and E). The micrite is
recrystallized locally to a microspar with crystals
ranging in size from 5 to 20 lm. In places, the

micritic carbonate is bioturbated and brecciated
extensively. Weak corrosion and fragmentation
during the following phase (C1, event 2) created
irregular surfaces that post-date the micrite
(Fig. 8A, C and D).

The corrosion surfaces were coated and lined
subsequently by an anhedral, locally recrystal-
lized, brown to dark yellow calcite (b, event 3).
The calcite is relatively rich in organic matter
inclusions and forms irregular to isopachous
cement layers (Fig. 8A, C and D) which alternate
with layers of fibrous calcite 1 (f1, event 5). The
fibrous calcite coats and lines a corrosion and
fracturing surface (C2; Figs 7F, 8A and 9A) which
had formed previously (event 4). It is also char-
acterized by pyrite-free and siliciclastic-free

C

A B

D

Fig. 9. (A) Micrite 1 (m1) and corrosion vug (C2) filled with fibrous calcite 1 (f1), saddle dolomite (sd) and pyr-
obitumen (py), the latter enclosing spherules and fracture fills of saddle dolomite (sd); saddle dolomite on corrosion
surface (C4) post-dates numerous inclusion trails along microfractures (right); saddle-dolomite fracture-fill (C4)
revealed in upper left corner. LK-20a. (B) Replacive sulphate and carbonate mixture (sc) and blocky calcite (bl) in
host micrite 1 (m1) and sparry calcite (s); note needles of anhydrite (an) enclosed in barite (ba). ALK-11a. (C) Blocky
calcite (bl) and clear, limpid quartz (q). ALK-13. (D) Micrite 1 (m1) and a fracture (C6) filled with fibrous calcite 2 (f2)
which exhibits fibres oriented perpendicular to the fracture surface. ALK-8a. (A), (C) and (D) are microphotographs
with transmitted light, and (B) is with plane-polarized light.
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botryoids or isopachous layers of light yellow
radiating calcite fans (event 5), displaying rolling
extinctions under crossed nichols and rhomb-tip
terminations (Figs 7F, 8A to E and 9A). Growth
lines in the botryoids are marked by submicro-
metric inclusion-rich (solid bitumen?) bands
(Fig. 8C). Trails of dark micro-inclusions (organ-
ics?) occur along and cross-cut the calcite fibres
(Figs 8A,C and 9A). Locally, in the interior of
tubular concretions from the Kardala site, fibrous
cements grew around micrite peloids (Fig. 8A,B
and D). Encased peloids are different from faecal
pellets of the micrite 1 phase and generally rest
on the bottom of voids (geopetal structures),
showing a loose packing. These detrital-free and
pyrite-rich peloids are variable in shape and size,
ranging from 0Æ05 to 0Æ55 mm in diameter, and
exhibit indistinct (gradational) margins and dark
organic matter. The interiors of these peloids are
characterized by a brownish and cloudy micro-
crystalline texture with abundant framboidal
pyrite. Lumps of peloids were also observed.

Late diagenesis

The record of late diagenetic events (Fig. 6, events
6 to 20) is more complete at the Kardala site than at
Alkolea. A peloidal calcite phase formed as both a
thin lamina coating on previous fibrous calcite
and pore-filling masses (pc, event 6). This detrital-
free phase constitutes a brown to grey clotted
peloid microspar microfabric (Fig. 8A and B). The
pyrite-rich peloids range widely in size but are
generally < 100 lm, and most commonly < 60 lm;
their shape is roughly spherical and their margins
are typically poorly defined or gradational. Some
of the peloids form irregular clusters, creating a
complex clotted fabric within fenestral microspar.
Some pores from the Alkolea carbonates were
filled with a detrital silt (si, event 7) composed of
clays, quartz and organic matter, which appear
golden-brown to dark-brown in thin sections
(Fig. 7F). Local corrosion and fracturing (C3)
subsequently cross-cut previous phases (event 8).
Locally, recrystallization of previous calcite
phases took place during this event. Then sparry
calcite precipitated to partially or completely fill
previous porosity (event 9), constituting irregular
masses of clear dentate crystals (Figs 7A,B and
9B).

Geopetal fillings or linings of micrite (micrite 2)
were observed within the conduits of the tubular
concretions (event 10). This non-detrital to poorly
detrital micrite shows a recrystallized clotted
texture and abundant framboidal pyrite (Fig. 8A

and D). In some conduits of the tubular
concretions, a further lining phase of thin
(< 150 lm thick laminae) isopachous calcite was
observed (i, event 11). This phase is a brown,
recrystallized, turbid calcite with abundant or-
ganic inclusion trails sub-perpendicular to the
pore surface (Fig. 8D). The recrystallized calcite
shows fan-like inclusion trails, slight rolling
extinctions under crossed nichols and rhomb-tip
terminations, suggesting recrystallization from a
previous fibrous calcite or aragonite. Sub-
sequently, an extensive phase of corrosion and
fracturing (C4) took place (event 12), which
created a very irregular dissolution surface (pre-
ferentially along previous pores), V-shaped frac-
tures and microfractures (Figs 7A, 8D and 9A).
This event is characterized by widespread
inclusion trails cross-cutting the fibrous calcite 1
(f1) and sparry calcite, coinciding with micro-
fracture development (Figs 8A,C and 9A).

The following phase of carbonate precipitation
corresponds to pore-filling saddle (baroque) dolo-
mite, only recorded in the Kardala carbonates.
The cement formed during this phase lines and/
or fills pores and vugs (sd, event 13), and consists
of coarse, clear crystals with turbid, inclusion-
rich axial zones which exhibit conspicuous
curved faces and undulose extinctions under
crossed nichols (Figs 7A, 8A,D to F and 9A). In
addition, the dolomite crystals exhibit solid bitu-
men inclusions, aligned parallel to cleavage. Thin
(< 0Æ1 mm), discontinuous laminae of saddle
dolomite were observed prior to micrite 2 forma-
tion (Fig. 8A). Locally, matrix-replacive dolomite
occurs, showing ghosts of original carbonate
particles (Fig. 7C). Saddle dolomite constitutes a
good geothermometer, indicating formation at
temperatures between 60� or 80� and 150 �C
(Radke & Mathis, 1980; Warren, 2000), coinciding
with the oil window. The formation of similar
dolomites has been related to hydrothermal fluids
elsewhere (Davis & Smith, 2006), as well as the
thermochemical sulphate reduction of petroleum
at high temperatures (Machel, 1987). The follow-
ing paragenetic event includes corrosion and
indentation of the saddle dolomite crystals
located in the outer parts of the linings (event
14), producing an irregular surface with embay-
ments (C5) (Figs 8D to F and 9A). The porosity
(up to several centimetres long) is filled com-
pletely or partially with widespread black solid
bitumen (event 15) (Figs 7A, 7C, 8D to F and 9A).
This material is opaque in transmitted light, black
under incident light, non-fluorescent with
epifluorescence microscopy (UV) (Fig. 8E and F)
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and shows very low solubility. All these charac-
teristics are indicative of overmature pyrobitu-
men, probably impsonite (Gómez de Llarena,
1958). Locally, a thin pyrobitumen lamina occurs
between the C4 corrosion surface and the saddle
dolomite (Fig. 8E). Pyrobitumen interiors show
both dispersed spherules up to 1 mm (diameter)
and fracture fills composed of saddle dolomite
and/or blocky calcite (event 18) (Fig. 9A).

The following minor paragenetic phase consti-
tutes rare, up to decimetre-sized, elongate, porous
masses of a white mineral mixture found only at
Alkolea (sc, event 16; Fig. 6). Microscopic and
XRD analysis of these minerals revealed a com-

plex mixture composed of sulphates (celestine,
barite, gypsum and anhydrite), carbonates (stron-
tianite and calcite) and albite, which replaced
previous carbonate phases (Fig. 9B), or filled
pores and vugs. The mineral association of these
mixtures is indicative of a late diagenetic hydro-
thermal origin (Klein & Dutrow, 2008). The
subsequent pore-filling cements consist of coarse
blocky calcite and authigenic quartz (Fig. 9C)
which precipitated synchronously and com-
pletely filled any remaining porosity associated
with both carbonates and pyrobitumens (events 17
and 18, bl and q, respectively; Fig. 6). Blocky
calcite is composed of coarse, clear to turbid spar

Table 2. Stable carbon and oxygen
isotope values for Kardala and
Alkolea carbonates. Carbonate phase Sample ID

d 13C&

(PDB)*
d 18O&

(PDB)*

Kardala
Belemnite (rostrum) KAR-39 0Æ11 )3Æ37
Lucinid shell KAR-40-A )4Æ78 )12Æ44
Lucinid shell KAR-40-B )4Æ46 )12Æ38
Lucinid shell KAR-40-C )5Æ82 )11Æ53
Micrite 1 (m1) KAR-2 )12Æ06 )8Æ15
Micrite 1 (m1) KAR-3 )17Æ29 )8Æ08
Micrite 1 (m1) KAR-3i )16Æ52 )7Æ51
Micrite 1 (m1) KAR-8 )14Æ98 )8Æ16
Micrite 1 (m1) KAR-9 )12Æ17 )9Æ10
Micrite 1 (m1) KAR-14 )16Æ42 )8Æ07
Micrite 1 (m1) KAR-15 )14Æ78 )8Æ43
Micrite 1 (m1) KAR-16 )16Æ84 )7Æ44
Micrite 1 (m1) KAR-20 )12Æ90 )7Æ14
Micrite 1 (m1) KAR-27 )16Æ59 )7Æ66
Micrite 1 (m1) KAR-28-A )11Æ25 )7Æ47
Micrite 1 (m1) KAR-28-B )10Æ96 )8Æ55
Micrite 1 (m1) KAR-28-C )12Æ39 )7Æ10
Fibrous calcite 1 (f1) KAR-2-B )20Æ70 )5Æ73
Fibrous calcite 1 (f1) KAR-27-C )18Æ70 )7Æ07
Fibrous calcite 1 (f1), marginal septaria KAR-30 )5Æ78 )3Æ32
Fibrous calcite 1 (f1), marginal septaria KAR-33 )15Æ14 )2Æ47
Fibrous calcite 1 (f1), marginal septaria KAR-34 )4Æ43 )5Æ29
Fibrous calcite 1 (f1), marginal septaria KAR-35 )11Æ54 )3Æ16
Micrite 2 (m2) KAR-27-D )10Æ34 )10Æ06
Saddle dolomite (sd) KAR-2-A 0Æ94 )9Æ97
Saddle dolomite (sd) KAR-27-A 0Æ74 )10Æ07
Saddle dolomite (sd) KAR-36 2Æ25 )8Æ96

Alkolea
Micrite 1 (m1) ALK-8 )24Æ42 )3Æ72
Micrite 1 (m1) ALK-8i )23Æ87 )3Æ18
Micrite 1 (m1) ALK-9 )21Æ09 )5Æ54
Micrite 1 (m1) ALK-10 )22Æ48 )3Æ17
Micrite 1 (m1) ALK-11 )24Æ36 )5Æ68
Micrite 1 (m1) ALK-13 )5Æ62 )4Æ11
Micrite 1 (m1) ALK-16 )14Æ47 )4Æ53
Fibrous calcite 1 (f1) ALK-12 )41Æ49 )1Æ24
Fibrous calcite 1 (f1) ALK-12i )41Æ50 )0Æ92

i, Replicate samples.
*Uncertainty: ±0Æ2&.
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crystals (Fig. 9C), which locally enclose fragments
of pyrobitumen, indicating a solid state at this
time. Millimetre-sized, clear crystals of authigenic
quartz usually exhibit prismatic shapes (Fig. 9C),
but anhedral, poikilotopic crystals, including
solid bitumen fragments, are also present. Finally,
extensional fractures opened (event 19) and filled
with fibrous calcite 2 (event 20, Fig. 6). The most
fibrous veins are sub-vertical and local around
carbonate concretions (Fig. 9D). Crystal fibres are
perpendicular to oblique in orientation with
respect to the walls of the fractures.

GEOCHEMISTRY

Carbonate carbon and oxygen isotopes

The results of stable carbon and oxygen isotope
analyses of the Kardala and Alkolea carbonates
are summarized in Table 2 and plotted in Fig. 10.
The material analysed corresponds to volumetri-
cally major carbonate phases (micrite 1, fibrous
calcite 1, micrite 2 and saddle dolomite), a
belemnite (rostrum) and three lucinid shells.
Minor phases of carbonate cements were not
sampled because of the limited spatial resolution
of the microdrill. Most samples were depleted in

both 13C and 18O compared with sea water values.
Individual carbonate phases constitute discrete
isotope groups and authigenic carbonates can also
be discriminated by locality.

The data cluster into four distinct fields, com-
prising the carbonates from each of the two
localities, the lucinid shells and the belemnite
(Fig. 10). Stable 13C data from the Kardala and
Alkolea carbonate carbons generally overlap.
However, the Alkolea carbonate 13C generally
shows greater depletion than the Kardala carbon-
ate 13C when mean values of the same carbonate
phases are compared. The d13C values of Kardala
carbonates range between )20Æ7& and +2Æ2&,
showing a marked grouping for each carbonate
phase. The lowest values correspond to fibrous
calcite 1, micrite 1 and micrite 2 phases of the
inner part of the carbonate lens ()19Æ7&, )14Æ2&,
)10Æ3& mean values, respectively) and fibrous
calcite 1 phase of the outer part of the lens ()9Æ2&

average value). In contrast, with light carbon
phases, d13C values of Kardala saddle dolomites
range between +0Æ9& and +2Æ2&.

The carbonates from Alkolea present a wide
range of d13C values, )41Æ5& for fibrous calcite
and )24Æ4& to )5Æ6& for micrite 1. The isotopic
signatures of the belemnite rostrum and the three
lucinid shells are grouped into two separate
fields, yielding d13C values of +0Æ1& and )4Æ4&

to )5Æ8&, respectively.

Fig. 10. Stable carbon versus oxygen isotopic cross-
plot for Kardala and Alkolea carbonates (encircled
fields).

Fig. 11. Expanded gas chromatographic traces show-
ing the composition of the major hydrocarbons in a
pyrobitumen-rich sample (Chaler et al., 2005). UCM,
unresolved complex mixture; S, squalene.
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Oxygen isotopic values of carbonate phases
from both localities exhibit two overlapping
fields. Kardala carbonates show more negative
d18O values overall ()10Æ06& to )2Æ47&) than
Alkolea carbonates ()5Æ68& to )0Æ92&). More-
over, comparison of d18O values of similar, indi-
vidual, early diagenetic carbonate phases from
both localities reveals that the Kardala phases
exhibit more negative values than Alkolea phases.
In particular, Kardala micrite 1 and fibrous 1
carbonates from inner lens precipitates yielded
values from )9Æ10& to )7Æ10& and )7Æ07& to
)5Æ73&, respectively, and fibrous calcite 1 from
marginal precipitates showed values from
)5Æ29& to )2Æ47&. The same carbonate phases
from Alkolea show values of )5Æ68& to )3Æ17&

and )1Æ24& to )0Æ92&, respectively. The d18O
values of the three lucinid shells and belemnite
rostrum are clustered into two different fields,
yielding values of )12Æ44& to )11Æ53& and
)3Æ37&, respectively.

Organic matter

Three logs of TOC were measured. Two logs
crossed the carbonate lens at both Kardala and
Alkolea and a further log was carried out across
the lutite deposits adjacent to the Kardala car-
bonates (Fig. 4). The log across the Kardala
carbonates (log 1, Fig. 4B) reveals that both
carbonates and interbedded lutites have a high
TOC content, up to 3Æ62%, while underlying and
overlying deposits have values of about 1%
(background TOC value for Black Flysch deposits;
Agirrezabala et al., 2008). In contrast, the log
across adjacent lutite deposits (log 2, Fig. 4B)
exhibits relatively constant background TOC val-
ues, ranging between 0Æ70% and 0Æ98%. The
Alkolea TOC log presents a serrated shape with
minimum values coinciding with carbonates and

maximum values with lutites. Carbonates exhibit
very low TOC values, ranging from 0Æ17% to
0Æ27% (mean 0Æ20%), whereas lutites show back-
ground values between 0Æ71% and 1Æ27% (mean
0Æ90%). An expanded gas chromatogram (Fig. 11)
corresponding to a pyrobitumen-rich sample from
Kardala (Chaler et al., 2005) shows a relatively
low unresolved complex mixture (UCM) and the
presence of a squalene biomarker. On the other
hand, three samples of pyrobitumen and oil-
stained micrites from Kardala yielded a d13Corg

mean value of )25Æ28& ()24Æ27& to 26Æ33&)
which is very similar to the mean value of
)25Æ02& ()24Æ73& to )25Æ43&) corresponding
to five samples of the host Black Flysch Group
organic matter (Table 3).

INTERPRETATIONS AND DISCUSSION

Fossil biota

The Kardala and Alkolea carbonate lenses yielded
fossil invertebrate taxa that have been reported
from both modern and ancient vents and seeps
and a bivalve not reported previously from vents
and seeps. At Kardala, the most common
molluscan fossils are lucinid and large clams.
Modern lucinid bivalves are known to harbour
symbiotic, chemoautotrophic sulphur-oxidizing
bacteria; they are common members of biological
communities inhabiting present-day seeps
and vents (Dame, 1996; Sibuet & Olu, 1998;
Desbruyères et al., 2006). Although the identifi-
cation of the large clams is problematic, they
resemble symbiont-containing big bivalves that
colonize present-day seeps and vents. Some
ancient vent and seep carbonates also contain
lucinid and large clams in their fossil biota
(Peckmann et al., 2002; Goedert et al., 2003;

Table 3. Stable organic carbon
isotope values for Kardala carbon-
ates and hosting Black Flysch
succession.

Sample rock Sample ID d 13Corg& (PDB)*

Carbonate deposits (Kardala)
Pyrobitumen-fill (chimney) KAR-27-B )25Æ26 ± 0Æ12
Pyrobitumen-fill (chimney) KAR-3 )24Æ27 ± 0Æ25
Oil-stain micrite 1 (concretion) KAR-17 )26Æ33 ± 0Æ31

Hosting Black Flysch succession
Lutite (underlying Berriatua unit) SAT-3 )24Æ73 ± 0Æ47
Lutite (underlying Mutriku unit) BURU-3 )25Æ20 ± 0Æ16
Lutite (underlying Mutriku unit) BURU-5 )24Æ90 ± 0Æ08
Lutite (underlying Mutriku unit) BURU-6 )25Æ43 ± 0Æ04
Lutite (adjacent, Kardala unit) HH-26 )24Æ87 ± 0Æ05

*Standard deviation is indicated.
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Majima et al., 2005; Campbell, 2006). The two
gastropod specimens (abyssochrysid? and tro-
choid?) found at Kardala are also indicative of
vent-dwelling biota. Gastropods associated with
vents and seeps are recognized increasingly else-
where (Campbell, 2006). Both symbiont-contain-
ing and non-symbiont-containing gastropods
occur in present-day hydrocarbon seeps and
vents; non-symbiotic gastropods act as predators
of autochthonous organic matter (Sibuet & Olu,
1998; Van Dover, 2000). The stromatolites found
at Kardala suggest that microbial mats developed
on the sea floor during fluid flow; their internal
lamination and the deep-water depositional set-
ting suggest that their formation mechanism was a
process of binding fine sediment to bacterial mats,
together with encrustation by the precipitating
carbonate. Deep-water, vent-related and seep-
related stromatolites have been described in a
few present and past examples (Greinert et al.,
2002; Gómez-Pérez, 2003).

The radiolitid found at Kardala constitutes the
first rudist bivalve documented in a vent-related
or seep-related precipitate. Rudists are an
abundant and significant constituent of Tethyan
Cretaceous carbonate platforms and are
commonly absent from deep-water deposits; they
are usually considered to be shallow-water
bivalves adapted to living in symbiosis with
photosynthesizing zooxanthellae algae (Kauffman
& Johnson, 1988). However, the occurrence of
Late Cretaceous radiolitid rudists (e.g. Durania
gen.) in deep-water pelagic deposits in Israel and
Kansas, as well as the radiolitid specimen from
the Kardala carbonates, suggests that some rudists
were living in deeper water conditions than
previously thought and that they did not need
the putative endosymbiotic algae (Lewy, 1995).

All the macrobenthonic fossils observed at
Alkolea are small sponges with the exception of
a plate-like coral. Sponges are epibenthonic,
filtering organisms which are relatively common
in both present-day and ancient vents and seeps
(Sibuet & Olu, 1998; Peckmann et al., 1999;
Desbruyères et al., 2006), as well as in ‘normal’
marine environments. Recently, some carnivorous
sponges with internal methanotrophs have been
documented from a mud volcano (seep) in the
Barbados Trench (Vacelet et al., 1995).

Authigenic carbonate precipitation

The 13C depletion of pyrite-rich, early micrite
measured in samples from both Kardala and
Alkolea carbonates indicates that carbon is

derived from the anaerobic bacterial oxidation of
methane and other hydrocarbons in the sulphate
reduction zone (Han et al., 2004). Moreover, the
occurrence of organic-rich, anhedral brown to
yellow calcite at both localities is indicative of
bacterial oxidation of hydrocarbons under anoxic
conditions, as demonstrated previously for
Jurassic and Cretaceous seeps (Beauchamp &
Savard, 1992; Campbell et al., 2002). In present-
day hydrothermal vents and seeps, this process is
carried out by a syntrophic consortium of
methane-oxidizing archaea and sulphate-reduc-
ing bacteria, although the exact nature of the
interactions is understood poorly (Boetius et al.,
2000; Michaelis et al., 2002; Orphan et al., 2002;
Valentine, 2002). The net chemical reaction
involves oxidation of methane (and other
hydrocarbons) and reduction of sulphate (Ritger
et al., 1987; Paull et al., 1992):

CH4 þ SO2�
4 ! HCO�3 þHS� þH2O ð1Þ

The precipitation of carbonate takes place as a
consequence of an increase in alkalinity, whereby
HS) reacts with iron from the detrital minerals to
produce pyrite (Berner, 1984). The observed
detrital richness in the micritic cement (m1)
suggests that the micrite grew within a pre-
existing fine sediment and/or that detrital grains
and carbonate were mixed by intense biological
activity in the shallow sub-sea floor realm (e.g.
bioturbation, faecal pellets and fossil remains)
(Diaz-del-Rı́o et al., 2003; Mazzini et al., 2005).
Evidence for carbonate precipitation at, or imme-
diately beneath, the sediment–water interface on
the sea floor is inferred in this study from
bioturbated fossiliferous micrite and the occur-
rence of borings and stromatolites. The very high
carbonate content (average 67Æ7%) also suggests
that carbonate precipitation took place at a shal-
low depth prior to sediment compaction (Peck-
mann et al., 1999; Clari & Martire, 2000).

Fibrous calcite 1 (formerly aragonite?) is inter-
preted as a cement derived from the anaerobic
bacterial oxidation of thermogenic methane (and
other hydrocarbons) because of the extremely
negative d13C, particularly at Alkolea. Relatively
high d18O values suggest a low formation temper-
ature and precipitation at the sea bottom (Fig. 10).
Fibrous calcite is a common mineral phase in
seep and vent carbonates and has usually been
interpreted as a cement formed in association
with sulphate-rich diagenetic environments
where calcite precipitation is inhibited (Aloisi
et al., 2002).
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Bacterially mediated carbonate formation is
also supported by the microtextures formed dur-
ing the early diagenetic and earliest late diage-
netic phases. These microtextures include: (i)
laminated early micrite (m1) as both microfossil
coating (Fig. 7A and B) and domal stromatolites
(Figs 5D and 7E) (Campbell et al., 2002; Greinert
et al., 2002); (ii) pyrite-rich peloids with indis-
tinct margins (Fig. 8A and B) (Chafetz, 1986;
Peckmann et al., 2002; Shapiro, 2004); (iii) clot-
ted peloid microspar as both coating laminae or
pore-filling masses (Fig. 8A and B) (Chafetz, 1986;
Cavagna et al., 1999; Riding & Tomás, 2006); and
(iv) clotted late micrite (m2), which lined or filled
previous pores (Fig. 8A and D) (Cavagna et al.,
1999; Peckmann et al., 1999, 2003; Campbell

et al., 2002). The Basque examples are texturally
similar to the microbial fabrics documented in
seep carbonates from the Italian Miocene (Cava-
gna et al., 1999; Peckmann et al., 1999; Clari &
Martire, 2000) and the Californian Mesozoic
(Campbell et al., 2002).

The 18O depletion of the saddle dolomite
suggests that, during late diagenesis, hydrothermal
fluids reached their highest temperatures. Consid-
ering that saddle dolomite-forming hydrothermal
fluids are typically hypersaline brines (Davis &
Smith, 2006), it is possible that fluids at Kardala
had a salinity higher than that of normal sea water.
In this respect, outcropping Triassic evaporites
within the study area are invoked as the probable
source of hypersaline fluids (Figs 1B and 12). On

A

B

Fig. 12. (A) Interpreted transpressive geological setting of Kardala and Alkolea vents in Late Albian times (modified
from Agirrezabala et al., 2002). Hydrothermal fluids altered host Black Flysch organic matter generating hydro-
thermal petroleum (oil and methane). In the Kardala vent, fluid expulsion was controlled by a fault-zone (Laugarren
Hondartza fault: LHF), whereas at the Alkolea locality erosive scarp [and Garate (GF) and bedding-parallel faults?]
focused expelled fluids. (B) Comparative summary of data from and interpretations of the Kardala and Alkolea vents.
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the other hand, the presence of coarse-grained
saddle dolomite overgrowths on a pyrobitumen-
encrusted corrosion surface and the very low
solubility of the pyrobitumen suggest thermo-
chemical sulphate reduction conditions (Machel
et al., 1995) which take place at temperatures
higher than 100 �C (Machel, 2001). Carbonate
spherules enclosed in the pyrobitumen-fills are
interpreted as original spherical pores correspond-
ing to gas bubbles within the original petroleum,
whereas carbonate-filled fractures are similar to
typical alteration cracks present in pyrobitumens
(Jacob, 1989). These characteristics suggest that the
original petroleum was in a semi-solid to solid
state during formation of saddle dolomite and
blocky calcite. Widespread pyrobitumen fills
demonstrate that porous carbonates were once
charged pervasively with a mixture of oil and gas,
which was then altered to pyrobitumen by thermal
cracking. Similar late diagenetic pyrobitumen fills
have been documented in Palaeozoic hydrocar-
bon-seep carbonates from Germany and Morocco
(Peckmann et al., 2001, 2007). The mineral
association of the complex mixture of sulphates
and carbonates from the Alkolea carbonates is
indicative of a shallow burial hydrothermal origin.
Finally, fibrous calcite 2 (Fig. 9D) indicates a
progressive fracture opening and simultaneous
fibre precipitation because of compaction or
tectonic processes.

The six corrosion/fracturing events alternating
with carbonate precipitation recorded in the
paragenetic sequence (surfaces C1 to C6, Fig. 6)
indicate changes in fluid composition-pH and/or
brittle fracturing during the Basque vent carbon-
ate development. Corrosion surfaces have been
documented in many seep carbonates (Beau-
champ & Savard, 1992; Campbell et al., 2002;
Peckmann et al., 2003; Peckmann & Thiel, 2004).
These surfaces are often encrusted with pyrite
rims that precipitated due to the migration of Fe2+

and H2S from the reduction site to the reaction
place (Coleman & Raiswell, 1995; Peckmann
et al., 2003; Peckmann & Thiel, 2004). In this
scenario, pyrite formation is accompanied by an
increase in acidity that could be responsible for
carbonate corrosion. In the case of the Kardala
and Alkolea carbonates, the absence of pyrite
coatings on corrosion surfaces could be due to the
low availability of reduced iron whereas the input
of weak acidic H2S-charged fluids could have
lead to corrosion of the nearby carbonates.

The most complete record of the paragenetic
events found at the two sites occurs in carbonate
tubular concretions, probably because they acted

as open conduits for fluid flow during both the
early and the late diagenetic stages. The occur-
rence of carbonate breccias and local sedimentary
folds is interpreted either as the product of
authigenic carbonate resedimentation by gravity-
driven flows (Agirrezabala et al., 2002) or by
sudden hydrocarbon blowouts. Nevertheless, if
down slope movement occurred, this would have
been over short distances, as suggested by the
outcrop-scale lateral transition between resedi-
mented and autochthonous carbonates.

Carbonate isotopic signature

Carbon isotopes
Inorganic 13C depletion in the carbonates studied,
with d13C as low as )41Æ5&, indicates a hydro-
carbon-derived origin (Aharon, 2000; Campbell
et al., 2002; Peckmann & Thiel, 2004). At the
Kardala locality, the lowest inorganic d13C values,
corresponding to fibrous calcite 1, micrite 1 and
micrite 2 phases of the inner part of the carbonate
lens ()19Æ7&, )14Æ2&, )10Æ3& mean values,
respectively) and the fibrous calcite 1 phase of
the outer part of the lens ()9Æ2& average value),
are consistent with the principal source being oil.
This observation is also consistent with the
presence of common pyrobitumen-fills, organic
matter inclusions, pervasive oil-staining of car-
bonates, their high TOC content (up to 3Æ6%) and
the d13Corg ()25Æ28&, mean value) of pyrobitumen
and oil-rich samples (Table 3, see the section
Organic matter below). In this regard, Joye et al.
(2004) observed, in cold-seep sediments from the
Gulf of Mexico, that the carbon isotopic compo-
sition of carbonate ()10& to )20&) was typically
heavier (up to 15&) than those of the oil ()23& to
)26&) from which it was derived; the ranges of
these values are very similar to those of the present
study. The enrichment in inorganic 13C exhibited
by the fibrous calcite 1 cement from inner to outer
carbonates in the Kardala lens indicates a pro-
gressive diminishing of hydrocarbon-derived car-
bon (and a concomitant increment of sea water
inorganic carbon) from the inner to the outer part
of the lens. It suggests that there was a gradient in
the hydrocarbon input to the vent sediments from
the lens centre (high input) towards the outer
areas (low input). In contrast with light carbon
phases, the d13C values of Kardala saddle dolo-
mites (+0Æ9& to +2Æ2&) are consistent with an
early Late Albian sea water signature (about
+1Æ8&; Wilson & Norris, 2001). These isotopic
values could be interpreted as indicative of
hydrothermal fluids composed of heated, infil-
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trated sea water. Nevertheless, similar values
have also been documented in some examples
of authigenic carbonates derived from other pro-
cesses, such as the alteration and oxidation of
hydrocarbons by high-temperature thermochemi-
cal sulphate reduction (Machel et al., 1995),
carbonate dissociation (Hoefs, 1997) and exsolu-
tion of volatiles from magmas (Botz et al., 2002).

At the Alkolea locality, the most 13C-depleted
fibrous calcite values ()41Æ5&) indicate a princi-
pal source of thermogenic methane, given the
evidence for active petroleum generation in the
area (Sackett, 1978; Aharon, 2000; Campbell
et al., 2002). The more enriched values ()24Æ4&

to )5Æ6&) of micrite 1 reflect mixing of hydro-
carbon-derived carbon (thermogenic methane)
and sea water inorganic carbon during its forma-
tion (Haggerty, 1991).

The belemnite value is near 0&, which is
consistent with carbonate secretion near isotopic
equilibrium with sea water bicarbonate (Ander-
son & Arthur, 1983). The slight isotopic depletion
shown by the lucinid shells could suggest a
contribution from hydrocarbon-derived carbon
via endosymbiotic chemosynthesis (Rio et al.,
1992; Hein et al., 2006), or could indicate a
diagenetic overprint on the shells (Martin et al.,
2007).

Oxygen isotopes
Kardala and Alkolea carbonates show 18O-
depleted compositions. Similar 18O-depleted car-
bonates are not uncommon and a variety of
processes have been invoked to explain their
origins. The most common processes are:
(i) influx of meteoric water; (ii) recrystallization
during burial diagenesis; and (iii) precipitation at
high temperatures.

In this example, a possible influence of meteoric
waters in the carbonate cements seems improba-
ble because the sediments embedding the carbon-
ates were deposited in a wide, deep-water (600 to
2500 m depth; Garcı́a-Mondéjar et al., 2004),
turbiditic trough corresponding to the central axis
of the basin, far from continental areas. Low d18O
values of lutite-hosted lucinids ()12Æ44& to
)11Æ53&) point to an important diagenetic neo-
morphic alteration of their shells, confirmed by
petrological analysis (partial dissolution and
recrystallization), while the belemnite isotopic
value ()3Æ37&) is close to the early Late Albian
deep-water fossil value ()2Æ3&; Wilson & Norris,
2001), consistent with no significant diagenetic
resetting. Lucinid shells in many ancient rocks are
recrystallized easily or replaced during burial

diagenesis (Clari & Martire, 2000; Martin et al.,
2007). However, the following isotope and min-
eralogical characteristics indicate that the analy-
sed carbon and oxygen isotopic data of the
carbonate phases probably are not altered signif-
icantly compared with the primary precipitate:
Firstly, the most enriched isotopic values of both
early diagenetic Alkolea phases and the sampled
belemnite are similar to a sea water isotopic
signal. Secondly, early diagenetic d18O values
are substantially higher than late diagenetic val-
ues. Thirdly, late diagenetic d18O values and
saddle dolomite are consistent with high temper-
ature fluids. Fourthly, the observed isotopic trend
constitutes a common pattern in hydrocarbon
seeps, reflecting an increase in temperature and/
or burial (Campbell et al., 2002). Therefore,
primary hydrothermal fluids are the most proba-
ble source of the 18O-depleted cements, as the
occurrence of shallow burial saddle dolomite
suggests.

Increasing 18O depletion in the diagenetic
sequence of the Kardala carbonates suggests
precipitation from hot waters with progressively
higher temperatures. This interpretation is con-
sistent with the occurrence of late diagenetic
saddle dolomite, a palaeothermometer indicative
of temperatures higher than 60 to 80 �C (Radke &
Mathis, 1980; Warren, 2000). In contrast, the less
negative d18O values of the Alkolea early diage-
netic phases indicate cold to warm sea water
conditions during their formation. The enrich-
ment in 18O observed in the Kardala fibrous
calcite 1 from the inner to the outer part of the
carbonate lens, although based on a small data
set, denotes a progressive cooling of hydrother-
mal fluids towards the outside of the carbonate
body.

Organic matter

The TOC content of the authigenic carbonates
from Kardala (up to 3Æ62%) is significantly higher
than that of the embedding deposits (about 1%),
reflecting an organic carbon source linked to the
carbonate precipitate area. Overall, the high TOC
content, as well as the observed pervasive oil-
staining, organic inclusions, abundant void-fill
pyrobitumen and the carbonate isotopic signa-
ture, suggest that oil is the primary source of the
hydrocarbons that fuelled sulphate reduction at
Kardala. It is also suggested that systematically
lower TOC values of the authigenic carbonates
with respect to the embedding deposits at Alkolea
are not a consequence of lower input of organic
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matter, but are rather due to a dilution of the
organic matter by the addition of diagenetic
carbonate. The expanded gas chromatogram cor-
responding to a pyrobitumen-rich sample from
Kardala (Fig. 11) indicates a slight to moderate
biodegradation on the basis of the relatively low
unresolved complex mixture (UCM) and the
distribution of n-alkanes (Wenger & Isaksen,
2002). Moreover, the presence of a squalene
biomarker in these samples is indicative of anoxic
environments and a methanogenic archaea source
(Brassel et al., 1981; Elvert et al., 2000; Peckmann
& Thiel, 2004).

Hydrocarbon sources

The 13C depletion of the Alkolea and Kardala
carbonate phases, with the exception of the
saddle dolomite, indicates that the carbon was
derived from hydrocarbon sources. The carbon-
ates at Alkolea show overall lower d13C values
than those at Kardala and the early carbonate
phases are also more 13C-depleted at Alkolea than
at Kardala (Figs 10 and 12). Such a depletion
difference between contemporaneous vent car-
bonates is interpreted as being the result of
distinct hydrocarbon sources. The d13C values of
Alkolea fibrous calcite 1 and early micrite (mean
values )41Æ5& and )19Æ4&, respectively), to-
gether with the presence of pyrobitumen, suggest
a thermogenic methane primary source (Aharon,
2000; Campbell et al., 2002). Nevertheless, a
minor input of biogenic methane can be inferred
from the presence of the squalene biomarker
(Fig. 11). In contrast, d13C values of the Kardala
fibrous calcite 1, early micrite and late micrite
(mean values )19Æ7&, )14Æ2& and )10Æ3&,
respectively) are consistent with an oil source
(Aharon, 2000; Joye et al., 2004). The d13C values
of Kardala could be explained by the mixing of
methane-derived carbon and sea water inorganic
carbon. However, the pervasive oil-staining of
carbonates, abundant solid bitumen fills and high
TOC content (up to 3Æ6%) are indicative of oil as a
principal source. The higher TOC values found at
Kardala are very similar to those associated with
bacterial oxidation petroleum in the Gulf of
Mexico (Anderson et al., 1983).

Flow intensities

The abundance of lucinid and large clams at the
Kardala locality contrasts with the absence of
chemosymbiotic taxa at the contemporaneous
Alkolea vent. This relationship is interpreted as

caused by differences in intensity of fluid venting
in the two localities. A similar relationship
between chemosymbiotic megafauna type/abun-
dance and fluid flow intensity has been docu-
mented in several modern seeps and vents (Olu
et al., 1996, 1997, 2004; Barry et al., 1997; Sibuet
& Olu, 1998; Orange et al., 1999; Sahling et al.,
2002; Levin et al., 2003; Levin, 2005). Therefore,
the occurrence of fossil clams at Kardala suggests
a relatively vigorous hydrocarbon flow and high
rates of supply of H2S, high enough to maintain
endosymbiotic chemoautotrophic bacteria in
their megainvertebrate hosts. In contrast, the
absence of a chemosynthesis-based fauna at
Alkolea could be explained by fluid flow too
low to support them (Fig. 12) or, alternatively, by
sub-surface carbonate formation. However, the
latter hypothesis is unlikely, as the presence of
sessile epibenthonic fauna in the carbonates
(sponges and a coral) suggests that at least some
of them formed at the sea bed.

Another indicator of flow intensity and style of
fluid expulsion is the morphology of carbonate
precipitates. Nodular or tabular carbonates are
usually associated with diffuse and low intensity
flows, whereas tubular concretions indicate high
and/or discrete fluid venting (Kulm & Suess,
1990; Campbell & Bottjer, 1993; Orange et al.,
1999). Accordingly, the relative abundance of
tubular carbonate concretions only in the Kardala
outcrop indicates intense or, at least, concen-
trated conditions of hydrocarbon flow. Con-
versely, the tabular shapes of the Alkolea
carbonates and the absence of tubular concretions
suggest diffuse, low intensity fluid venting
(Fig. 12). Moreover, the most complete sequences
were detected in the tubular carbonate concre-
tions, suggesting that they acted as open conduits
for fluid flows during both early and late dia-
genetic stages.

Fluid palaeotemperatures

Low d18O values in carbonates have often been
interpreted as a consequence of diagenesis. How-
ever, as discussed earlier, the isotopic signatures
of the studied carbonates from both Kardala and
Alkolea probably were not altered significantly
after carbonate precipitation. The influence of
meteoric waters has also been excluded. In this
scenario, low d18O values in authigenic carbon-
ates are commonly interpreted as the result of
precipitation under elevated temperatures (Fried-
man & O’Neil, 1977). On the basis of this
assumption, precipitation palaeotemperatures
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can be calculated using the isotopic equilibrium
equation of Anderson & Arthur (1983) for calcites
and that of Friedman & O’Neil (1977) for saddle
dolomites, by assuming that the parent fluid is
heated Late Albian sea water. The local d18O
standard mean ocean water (SMOW) of Late
Albian sea water is +0Æ5& (from Wilson & Norris,
2001). Hence, the Alkolea and Kardala carbonates
precipitated from warm to hot hydrothermal
fluids. At Kardala, the mean temperature esti-
mates obtained from micrite 1, fibrous calcite 1,
micrite 2 and saddle dolomite are 60�, 51�, 74�
and 109 �C, respectively. At Alkolea, the mean
temperatures estimated from micrite 1 and fibrous
calcite 1 are 39� and 23 �C, respectively. A
comparison of these results indicates that hydro-
thermal fluids were hotter at Kardala than at
Alkolea (Fig. 12B). Moreover, a comparison of the
temperatures of early carbonate phases from both
localities shows 21� to 27 �C hotter temperatures
for Kardala. At Kardala, the temperatures of
carbonate precipitation increase with the para-
genetic sequence (except for the fibrous calcite 1).
This relationship is interpreted as the result of the
burial process and the geothermal gradient in the
hydrothermal system. At the Kardala locality, the
calculated temperature of formation of micrite 1
indicates that embedded mega-invertebrates lived
in 60 �C waters. In present-day hydrothermal
vents, dense invertebrate communities have usu-
ally been documented in waters up to 40 �C (Van
Dover, 2000; Desbruyères et al., 2006). This fact
suggests that the micrites may have been over-
printed during late diagenesis by warm burial
fluids, thereby affecting their oxygen isotopic
signature. The lowest precipitation tempera-
tures were found for the fibrous calcite 1 phase
at both localities, and are consistent with their
precipitation in contact with cold to warm sea
waters.

In the case of saddle dolomite-forming fluids,
estimated palaeotemperatures may be errone-
ously low, as the assumed parent fluid is sea
water. Parent fluids of hydrothermal systems are,
however, typically hypersaline brines enriched in
18O compared with contemporaneous sea water
(Spencer, 1987; Davis & Smith, 2006). Assuming
this typical enrichment in 18O, estimated temper-
atures could be up to 50 to 100 �C higher than that
calculated for a sea water parent fluid.

Hydrocarbon source and petroleum formation

The Kardala and Alkolea vent carbonates are
hosted by the Black Flysch Group, an organic-

rich, deep-water turbiditic unit. Since TOC
values from the Black Flysch Group are 1% on
average (Agirrezabala et al., 2008), they constitute
a potential source rock for hydrocarbons (Tissot &
Welte, 1984). The analysed pyrobitumen-fills and
oil-stained micrite from the Kardala carbonates
showed a mean d13Corg value of )25Æ28&. In
comparison, the embedding Black Flysch silici-
clastic deposits yielded a mean d13Corg value of
)25Æ02&, consistent with that of contemporane-
ous terrestrial organic matter from the North
Atlantic Ocean (Hofmann et al., 2000). Because
there is negligible isotopic fractionation between
organic source and hydrocarbons produced dur-
ing hydrothermal alteration (Schoell et al., 1990),
the carbon isotope value of the pyrobitumen can
be used to constrain the source from which it was
derived. Accordingly, the similarity in isotope
values for pyrobitumen and the Black Flysch
Group deposits suggests that the latter was the
source of oil and methane at Kardala and Alkolea
(Fig. 12). In conventional basins, the onset of
petroleum generation begins at 50 �C and at
depths greater than 1 km, with peak generation
occurring at about 80� to 100 �C and depths of
3 km (Tissot & Welte, 1984; Hunt, 1996). In
contrast, hydrothermal petroleum is produced
by the rapid diagenetic/catagenetic alteration of
sedimentary organic matter which occurs within
a higher temperature window (100� to 400 �C;
Hunt, 1996; Rushdi & Simoneit, 2002a). In the
present case, recorded fluid palaeotemperatures
up to 109 �C (or higher, assuming 18O-rich parent
fluids) indicate that Late Albian hydrothermal
fluids were hot enough for rapid hydrothermal
petroleum formation sourced from shallow-depth
Black Flysch deposits.

Structural and hydrothermal controls on fluid
expulsion

Kardala and Alkolea hydrothermal vent activity
was contemporaneous with the transpressive
tectonics associated with the synsedimentary
activity of the Mutriku fault and the growth of
the adjacent Aitzeta fold during the Late Albian
C. auritus Subzone (Agirrezabala, 1996; Agirreza-
bala et al., 2002, 2003). This coincidence in space
and time suggests a possible link between tecto-
nism, hot fluids and hydrocarbon-rich fluid
expulsion (Fig. 12). The formation of transpres-
sional structures indicates that tectonically in-
duced compression, pore-space reduction and
overpressuring could have been the main driving
forces controlling fluid movement and expulsion.
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Similar processes have been documented at many
modern accretionary complexes (Bray & Karig,
1985; Lewis & Marshall, 1996), and in modern
and fossil transpressive margins (Orange et al.,
1999; Aiello, 2005), where initially hydrocarbon-
rich, water-saturated sediments were squeezed
and fluids expelled. In the study area, transpres-
sion-induced fluid expulsion around the Mutriku
fault could have allowed the focusing of fluid
venting in two different settings in relation to the
local structure and geomorphic environment. The
Kardala vent developed adjacent to the Laugarren
Hondartza fault, a minor branch of the Mutriku
fault on the uplifted ridge (hangingwall) (Fig. 12).
Fluids migrated up the fault through fractured
rocks of the Black Flysch Group and updip to the
crest of the ridge (Fig. 12), as the orientation of
tubular carbonate concretions (sub-perpendicular
to the north-east-trending structural ridge) indi-
cates. In this sense, tubular concretions would be
part of the sub-surface plumbing system of the
Kardala vent. A similar structural control of fluid
migration has been documented in modern vents
and seeps of accretionary prisms and transpres-
sive margins (Kulm & Suess, 1990; Orange et al.,
1999; Eichhubl et al., 2000; Aiello, 2005). In
contrast, the Alkolea vent developed at the base
of a south-east-facing, erosional tectonic scarp,
corresponding to the local high-angle, angular
unconformity which post-dated the first growth
pulse of the Aitzeta monoclinal syncline, located
on the downward footwall of the Mutriku fault
(Fig. 12). This geomorphic indentation localized
diffuse flow of warmer hydrothermal fluids
because of the relatively low permeability (inter-
granular) of the underlying sandy mudstone
deposits (Agirrezabala et al., 2002). A similar
control of fluid focusing has been documented
in modern seeps developed on submarine
scarps and canyons (Orange et al., 1999). In
addition to geomorphic indentation, rock fractur-
ing related to the Garate fault and bedding-
parallel faults (Agirrezabala et al., 2002) is also
considered as a possible cause of flow focusing at
the Alkolea site.

The hydrothermal petroleum (oil and hydro-
carbon gas) that sourced the authigenic carbon-
ates was probably generated from Black Flysch
organic matter by hydrothermal activity at shal-
low depth. In the present-day Guaymas Basin and
North-eastern Pacific Ocean, hydrothermal petro-
leum is produced at shallow depths from sedi-
mentary organic matter by contact alteration with
hydrothermal fluids related to intrusion of basal-
tic sills (Einsele et al., 1980; Simoneit & Lonsdale,

1982; Rushdi & Simoneit, 2002a,b). In the north-
ern margin of the Basque-Cantabrian Basin, thick
volcanic successions and magmatic intrusions
formed during the Late Albian and Late Creta-
ceous (Rossy, 1988). Moreover, the main volcanic
activity phase occurred during the auritus Sub-
zone (Castañares et al., 2001), penecontempora-
neously with the development of the vents
studied. Volcanic materials do not crop out in
the study area, but the Mutriku fault trace
connects this area with the nearby (ca 6 km)
southern volcanic region where very thick volca-
nic successions and intrusive basalts occur
(Rossy, 1988; Agirrezabala, 1996). Taking into
account this relationship, it is possible that a
deep magmatic intrusion existed near the study
area; this would account for the high heat flow
that supported the hydrothermal activity and
petroleum generation at a shallow depth
(Fig. 12). In this respect, magmatism-related
hydrothermal fluids have also been documented
from Late Albian mineralizations in other local-
ities of the basin (Aranburu et al., 2002).

CONCLUSIONS

Combined petrographic, geochemical and palae-
ontological analyses indicate that the mid-Creta-
ceous authigenic carbonates exposed at Kardala
and Alkolea constitute microbially mediated
by-products of hydrocarbon-rich (oil and
thermogenic methane) hydrothermal venting
associated with the episodic activity along the
Mutriku fault. These two contemporaneous vent
carbonates exhibit a consistent, complex para-
genetic sequence indicative of similar fluid
generation processes and pore-water evolution.
Nevertheless, the comparison of the geochemical
and palaeontological data, as well as of the
morphologies of the concretions between the
carbonate localities, is indicative of differences
in vented fluid and flow characteristics. The
carbon isotopic signatures, the relative abun-
dance of oil-stainings and pyrobitumen-fills, and
the total organic carbon values of the authigenic
carbonates indicate that oil was the main hydro-
carbon expelled at the Kardala vent whereas
thermogenic methane-rich fluids sourced the
carbon for the authigenic carbonates at Alkolea.
Fluid palaeotemperatures estimated from the
d18O of carbonates, assuming that the parent fluid
was contemporaneous sea water, suggest hotter
hydrothermal fluids at Kardala (maximum 109 �C)
than at Alkolea (maximum 39 �C). Considering
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that the formation of saddle dolomite is indicative
of 18O-rich hypersaline parent fluid, fluid tem-
peratures could have been even higher than
calculated. Both chemosymbiotic fauna and tubu-
lar carbonate concretions are relatively abundant
at the Kardala vent whereas they are absent at the
Alkolea. This fact suggests a stronger fluid flow at
Kardala and a more diffuse flow at Alkolea.

The previous differences are interpreted as the
result of contrasting local tectonic and
geomorphic settings at the vent sites studied. At
the Kardala, the highly permeable fault zone
provided a conduit for hot hydrothermal fluids
to flow to the surface. In contrast, at Alkolea
the relatively low permeability (intergranular) of
the underlying deposits at the base of the
erosive scarp caused diffuse flow of warmer
hydrothermal fluids.

Tectonically induced compression, pore-space
reduction and overpressuring were the main
driving forces that controlled hydrothermal fluid
movement and expulsion, as the contemporane-
ous growth of transpressive structures indicates.
Estimated fluid palaeotemperatures, together
with organic geochemical data, suggest that
vented oil and methane were generated at shallow
depths from Black Flysch organic matter by
contact alteration with hydrothermal fluids. The
heat source for hydrothermal activity is related to
the regional contemporaneous volcanism in the
basin, and a possible connection with deep
magmatic intrusion is invoked.
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Abstract – Stratigraphic, structural, palaeocurrent and palaeomagnetic analyses of Upper Albian
deep-water deposits in and around the Deba block (Northern Iberia) are presented. Results indicate
an anticlockwise vertical-axis rotation of this block by 35◦ during a maximum time span of c. 1 Ma
(Late Albian intra-C. auritus ammonite Subzone). This Albian syndepositional block rotation is
interpreted to be the consequence of the coeval activity of conjugate major sinistral strike-slip faults and
minor (antithetic) dextral strike-slip faults, which border the Deba block. On the base of conservative
estimations, a minimum block-rotation rate of 35◦ Ma−1 and a sinistral strike-slip rate of 1.2 km Ma−1

are calculated. As a consequence of the interaction of the rotated Deba block with adjacent non-
rotated blocks, its corners experienced coeval transpressive (NW and SE corners) and transtensional
deformations (SW and, possibly, NE corners). At the transtensional SW corner, two domal high-
reflective seismic structures have been recorded and interpreted as high-level magmatic laccoliths.
These magmatic intrusions triggered the development of a mineralizing hydrothermal system, which
vented to the Late Albian seafloor warm to hot hydrocarbon-rich fluids. Vented hydrocarbon was
generated from Albian organic-rich sediments by contact alteration with hydrothermal fluids.

Keywords: block rotation, palaeocurrent, palaeomagnetism, Albian, Basque–Cantabrian Basin.

1. Introduction

Crustal block rotation about vertical axes is a common
feature of intra-continental strike-slip fault zones, in
particular of areas in which deformation is distributed
over a wide zone (e.g. Ron et al. 1984; Luyendyk et al.
1985; McKenzie & Jackson, 1986; Nicholson et al.
1986; Mattei et al. 2012). Classically, palaeomagnetic,
geodetic, seismic and structural studies have provided
compelling evidence for block rotation. In addition, in
a few cases palaeocurrent directions have been used
as geometric markers for tracking strain in areas of
tectonic vertical axis rotation or orocline bending with
variable success (e.g. Shaw et al. 2012). Debate over
models for block rotation has concentrated on two main
groups, continuum and discrete models (e.g. McKenzie
& Jackson, 1986; King et al. 1994; Peacock et al.
1998). Discrete models involve rigid block rotation
accommodated by sets of large faults, which causes
the development of triangular overlaps (shortening)
and voids (extension) at the zone margins. In areas
of overlap local convergence produces folding and
reverse faulting (e.g. Şengör et al. 1985), while areas
of voids are filled by magmatic intrusions (Tikoff &
Teyssier, 1992), salt diapirs (Hudec & Jackson, 2007)
or sedimentary basins (Luyendyk et al. 1980).

The Pyrenean domain has been traditionally con-
sidered the Cretaceous transcurrent boundary between
Europe and Iberia plates. Most studies point out
a distributed wide wrench boundary where sinistral

†Author for correspondence: l.agirrezabala@ehu.es

strike-slip movements along E–W to NW–SE faults
were responsible for transtension (e.g. Van der Voo,
1969; Puigdefàbregas & Souquet, 1986; Choukroune,
1992; Larrasoaña et al. 2002) (Fig. 1a). In the western
Pyrenees, the mid-Cretaceous tectonic pattern of the
Basque–Cantabrian Basin indicates that the filling
of this basin was mainly controlled by transtension,
particularly during Albian times. In this basin, a lot
of different syndepositional tectonic structures and
other features related to strike-slip tectonics have been
documented (García-Mondéjar et al. 1996). Besides
sedimentation, other coeval geological processes such
as hydrothermal venting and mineralization (Aranburu
et al. 2002; Agirrezabala 2009; López-Horgue et al.
2010), iron carbonate ore formation, magmatism
(Castañares et al. 2001; Fernández-Mendiola & García-
Mondéjar, 2003) and hydrocarbon accumulation has
been interpreted as controlled by Albian tectonic
structures (García-Mondéjar, 1989). The aim of this
work is to provide new stratigraphic, structural, pa-
laeocurrent and palaeomagnetic data supporting Albian
vertical-axis rotation of the c. 7 km2 Deba block. The
obtained results allow us to construct a comprehensive
block rotation model which explains coeval tectonic
deformations, emplacement of magmatic intrusions,
hydrocarbon venting and hydrothermal mineral form-
ation recorded in the margins of the Deba block.

2. Geological setting

The Basque–Cantabrian Basin in the western Pyrenees
(Fig. 1a) was a Mesozoic peri-cratonic rift related to the
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Figure 1. (Colour online) (a) Geological map of the Basque–Cantabrian Basin with indication of the study area depicted in (b).
LF: Lekeitio fault; BF: Berriatua fault; EF: Elgoibar fault. (b) Detailed geological map of the Deba block and neighbouring areas.
Palaeocurrent localities (squares) and palaeomagnetic sites (circles) are indicated. Inset shows equal-area stereographic projection of
stratification poles of the conical Aitzeta syncline (AS) and resulting best-fit small circle, conical fold axis and its semi-apical angle
(α/2). X–X′ indicates the trace of the cross-section shown in Figure 4b, and Y–Y′ indicates the trace of the seismic section shown in
Figure 12.

opening of the Bay of Biscay and North Atlantic Ocean
(Montadert et al. 1974; Choukroune & Mattauer, 1978;
Rat et al. 1983; Engeser & Schwentke, 1986; Rat, 1988;
García-Mondéjar, 1989) and inverted during Tertiary
compression (Cámara, 1997; Gómez et al. 2002). The
basin experienced a mid-Cretaceous phase of quick
subsidence in a regional transtensional regime related
to the left-lateral drift of Iberia (Van der Voo, 1969; Rat
et al. 1983; Puigdefàbregas & Souquet, 1986; García-
Mondéjar, 1989; García-Mondéjar et al. 1996, 2004a,
b; Olivet, 1996). Resulting sinistral strike-slip move-

ments were distributed in a wide zone along the Iberia–
Europe plate boundary (Choukroune, 1992; García-
Mondéjar et al. 1996). The extreme stretching and
thinning of the crust reached a maximum during mid-
Cretaceous times (Pedreira et al. 2003, 2007; García-
Mondéjar et al. 2004a; Jammes et al. 2009), with the
occurrence of submarine volcanism and shallow-level
magmatic intrusions (Rossy, 1988; Castañares et al.
2001; Fernández-Mendiola & García-Mondéjar, 2003)
but without full development of an ocean. Magmatic
intrusions emplaced in organic-rich deposits triggered

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 08 Oct 2013 IP address: 158.227.7.10

988 L . M . AG I R R E Z A BA L A A N D J. D I NA R È S - T U R E L L

contact metamorphism of host organic matter and the
generation of hydrocarbon-rich fluids, which seeped to
the Albian palaeoseabed (Agirrezabala et al. 2013).
In addition, local high-temperature metamorphism
(Azambre & Rossy, 1976) and hydrothermal Zn–Pb
(among others) ore formation (García-Mondéjar, 1989;
Agirrezabala & García-Mondéjar, 2001a; Aranburu
et al. 2002; López-Horgue et al. 2010) took place
in the basin during the mid-Cretaceous period. The
local distribution of magmatic rocks, hydrothermal ore
deposits and hydrocarbons in the basin is interpreted
to have been controlled by the intersection of two
NW- and SE-trending fault systems (García-Mondéjar,
1989; García-Mondéjar et al. 1996; Castañares et al.
2001).

Mid-Cretaceous strike-slip tectonics affected mainly
the northern margin of the Basque–Cantabrian Basin,
where both syndepositional transtensional and trans-
pressive deformations (faults and folds) and vertical-
axis block rotations have been documented (Agir-
rezabala & García-Mondéjar, 1992, 1994; García-
Mondéjar et al. 1996; Agirrezabala et al. 2002;
Larrasoaña et al. 2002). This margin constituted in
Albian–Cenomanian times a sinistral wrench corridor
composed of both ESE- to E-trending strike-slip major
faults and transversal NE- to N-trending minor faults
which compartmentalized the margin in small blocks
(the Deba block studied here), creating small deep-
water sub-basins (Agirrezabala & García-Mondéjar,
1994, 2001a; García-Mondéjar et al. 1996). These sub-
basins were filled by NE-derived siliciclastic turbidite
systems, which constitute the Middle Albian – Lower
Cenomanian Black Flysch Group (Souquet et al.
1985). Regional turbiditic dispersion systems and
palaeocurrents were parallel to the confining tectonic
structures, usually showing a L-shaped pattern with
SSW-directed proximal dispersion and palaeocurrents
and ESE-directed distal dispersion and palaeocurrents
within the inner part of the basin (Agirrezabala &
García-Mondéjar, 1994; García-Mondéjar et al. 2004b;
Agirrezabala & Bodego, 2005).

3. Stratigraphy

Rocks cropping out in the Deba block and adjacent
areas belong mainly to the Black Flysch Group, which
is subdivided into seven informal Middle – Late Albian
lithostratigraphic units (Figs 1b, 2). Stratigraphic,
sedimentological, geochemical and structural data and
interpretations relative to these deep-water units have
been documented in detail by L. M. Agirrezabala
(unpub. Ph.D.thesis, Euskal Herriko Unibertsitatea,
1996), Agirrezabala et al. (2002, 2003, 2008) and
Agirrezabala (2009). The stratigraphic record of the
area is marked by two important tectono-sedimentary
events that occurred at the Late Albian C. auritus
ammonite Subzone (M. inflatum Zone). Ammonite
biozonation has been the traditional primary standard
for subdividing most of the Cretaceous period and
yields the maximum biostratigraphic resolution for

the Albian stage. The Albian absolute time scale
and durations of its biozones are derived from cyclo-
stratigraphy (Grippo et al. 2004; Ogg et al. 2004). In the
case of the Late Albian M. inflatum ammonite Zone, a
duration of 5.5 Ma is estimated. That zone is composed
of four subzones with an assigned equal duration of
1.3 Ma (Ogg et al. 2004).

At the north-western margin of the Deba block, a
wedge of syntectonic deposits with abundant coarse
breccias and two (high-angle) angular unconformities
(AU1 and AU2) of C. auritus Subzone age (Alkolea
unit, Figs 1b, 2) record the growth of a monoclinal
syncline interpreted to be associated with the Mutriku
fault (Agirrezabala et al. 2002). Overlying post-auritus
turbidites (Arbe unit) onlap north-westwards and fos-
silize the resultant fold (Figs 1b, 2) (Agirrezabala et al.
2002). Two contemporaneous authigenic carbonate
lenses occur in C. auritus syntectonic deposits adjacent
to the Mutriku fault (Fig. 2). A multidisciplinary
study of these carbonates indicates that they constitute
microbially mediated by-products of hydrocarbon-rich
hydrothermal venting associated with the activity of
the Mutriku fault (Agirrezabala, 2009). Estimated fluid
palaeotemperatures up to 109 ◦C, together with organic
geochemical correlation, indicate that vented oil and
thermogenic methane were generated at shallow depths
from Black Flysch organic matter by contact alteration
with hydrothermal fluids (Agirrezabala et al. 2008;
Agirrezabala, 2009). Pre-auritus rocks of the south-
western part of the study area host hydrothermal
mineralizations, Pb–Zn deposits (EEE, 2003) and
pyrobitumen fills (Figs 1b, 2).

4. Block bordering faults and deformation structures

The Deba block is bordered by two ESE-trending
main faults, namely the Lekeitio fault to the NE and
the Berriatua fault to the SW, and two transversal
NE- and N-trending minor faults, namely the Mutriku
fault to the NW and the Deba fault to the E. These
define a trapezoidal-shaped non-faulted rock unit of c.
7 km2 (Fig. 1b). Based on different geological data,
ESE- and E-trending major faults of the northern
margin of the basin have been traditionally interpreted
as mid-Cretaceous sinistral strike-slip faults along
which eastwards movement of the Iberian plate took
place (Rat et al. 1983; García-Mondéjar et al. 1996;
Larrasoaña et al. 2002; Iriarte, 2005). Moreover,
kinematic indicators from the fault zones confirm left-
lateral movements along them (Agirrezabala & García-
Mondéjar, 2001a), although no displacement mag-
nitudes for individual faults are available. Stratigraphic
and structural analysis of the minor NE-trending
Mutriku fault and associated Aitzeta growth fold
(Fig. 1b) suggests Late Albian right-lateral movements
along this fault (Agirrezabala et al. 2002). The N-
trending Deba fault zone shows kinematic indicators
such as striation on shear planes, slickenfibres, en
échelon extensional veins and foliation indicative
of dextral strike-slip faulting (Fig. 3). Additionally,
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Figure 2. (Colour online) Lithostratigraphy and ammonite biostratigraphy of the Black Flysch Group deposits in the study area.
Palaeocurrent localities (squares) with their corresponding succession interval (segment line) and palaeomagnetic sites (circles) are
shown. AU1 and 2 are angular unconformities.

mapping of the Deba fault also shows a right-lateral
offset of 200 m and a reverse dip-slip component in its
southern part of c. 200–300 m (Fig. 1b).

In the NW corner of the Deba block, the Aitzeta
monoclinal syncline (Figs 1b, 4) appears adjacent and
parallel to the Mutriku fault (Agirrezabala et al. 2002).
At present, it reaches 2 km (minimum) in strike length
and 0.5 km (maximum) in dip-direction width and
strikes NE. The Aitzeta monocline depicts a vertical
limb striking NE which crops out for 2 km immediately
west of the Mutriku fault while its horizontal limb is
interpreted to underlie the rest of the Deba block. The
vertical limb brings up to 500 m of the Middle–Upper
Albian rocks to the surface in the NW, while it becomes
narrower to the SW until it disappears. Both mapping
and bedding attitudes indicate that the Aitzeta syncline
is a conical fold (axis: 255/67◦; semi-apical angle
α/2: 64◦) (Fig. 1b). The wedge of syntectonic deposits
(Alkolea unit) that overlaps the south-eastern margin
of the structure and related angular unconformities
(AU1 and 2) record the two-pulse growth of the Aitzeta
monoclinal syncline during the Late Albian auritus
Subzone. A cross-section of the structure restored at the
end of auritus Subzone time shows that it constitutes
the subvertical limb of a fault-related syncline (Fig. 4).
Structural analysis and clast stratigraphy of syntectonic
deposits indicate that the growth of this structure
carried out the uplift and erosive denudation of 350–
390 m (minimum) of underlying rocks (Agirrezabala
et al. 2002). The presence of bedding-parallel faults

which cut overlying angular unconformity 1 and cause
drape folding of the syntectonic deposits (Fig. 4) is
interpreted as a result of flexural slip folding (Alonso,
1989). During the rotation and uplift of the limb
a SE-facing erosive talus developed; fragments of
underlying units were resedimented at the base of this
(Fig. 4).

5. Palaeocurrents

A total of 282 palaeocurrents distributed at 9 localities
were measured from sole mark structures (flute, prod,
crescent, groove, bounce and skip casts) of sandy
turbidite successions (Figs 1b, 2, 5). Four of these
successions were also sampled for palaeomagnetic
analyses. Obtained palaeocurrent data and statistical
parameters are listed in Table 1 and corresponding
rose diagrams are plotted in Figure 6a. They were
collected from pre- and post-auritus strata both inside
and outside of the Deba block. No palaeocurrents have
been measured NW of the Mutriku fault because of the
absence of good-quality outcrops of turbiditic strata.
Folds in the measured sections indicate a horizontal
axis; tilting of sedimentary structures was therefore
corrected by rotation about the horizontal axis.

5.a. Palaeocurrent results

The palaeocurrent rose diagrams for each locality show
low dispersion (Table 1, Fig. 6a). The palaeocurrent

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 08 Oct 2013 IP address: 158.227.7.10

990 L . M . AG I R R E Z A BA L A A N D J. D I NA R È S - T U R E L L

Figure 3. (Colour online) Outcrop of the Deba fault zone at the Deba beach. (a) Photograph of the Deba fault zone and adjacent
thin-bedded turbidite succession (Deba unit); (b) detail photograph of (a); (c) drawing of (b) showing different kinematic indicators
(slip plane, slickenfibres, en échelon extensional veins, foliation and fractured zone) suggesting dextral strike-slip faulting; and (d)
equal-area stereographic projection of two major shear planes and associated slickenfibres from the Deba fault zone indicative of
dextral strike-slip movements.

Table 1. Palaeocurrent statistical data. Measured sedimentary structures are sole marks from sandy turbidites. Location numbers
correspond to those in Figures 1b, 2; N population size; L% vector length (%); k concentration factor.

Setting Age Location Unit N Vector mean (◦) L% k

Deba block Post-auritus 8 Arbe 12 215 98 69.2
9 Arbe 21 222 98 48.3

Pre-auritus 2 Berriatua and Deba 49 65 89 9.3
3 Berriatua 7 68 94 17.7
4 Deba 38 64 93 15.5
5 Deba 31 79 99 164.8

Outside Deba block Pre-auritus 1 Berriatua and Deba 14 101 97 42.7
6 Deba 83 110 66 2.9
7 Deba 27 96 87 7.8

directions map indicates three directional groups of
palaeocurrent roses related by their stratigraphic and
structural position (Fig. 6a). In the Deba block,
palaeocurrents from pre-auritus rocks yield mean pa-
laeoflow directions toward N 64◦ E to N 79◦ E whereas
mean palaeocurrents from post-auritus strata indicate

palaeoflows toward N 215◦ E to N 222◦ E. Outside
of the Deba block, mean palaeocurrents from pre-
auritus rocks indicate N 96◦ E- to N 110◦ E-directed
palaeoflows. Among the three directional groups
there are no transitional palaeocurrent directions even
between very close localities.
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Figure 4. (Colour online) Cross-section of the NW margin of
the Deba block restored at the end of auritus Subzone, showing
the Aitzeta monoclinal syncline adjacent to the Mutriku fault
(modified from Agirrezabala et al. 2002) (lower). For location,
see Figure 1b. Interpretative block diagram illustrating limb
rotation, uplift, denudation and resedimentation processes as
a consequence of the growth of the Aitzeta syncline at the end
of the auritus Subzone (upper).

6. Palaeomagnetism

A total of 75 samples for palaeomagnetic study were
collected from 9 sites corresponding to the turbiditic
Black Flysch Group deposits (lutites and siderites)
(Figs 1b, 2, 5a). Five of these palaeomagnetic sites
coincide with palaeocurrent localities. Samples were
collected and oriented in situ with a gasoline-powered
drill and orienting device, respectively. Core samples
were cut in the laboratory in standard palaeomagnetic
samples for measurements. Natural remanent mag-
netization (NRM) and remanence following demag-
netization steps were measured on a 2G Enterprises
DC SQUID (superconducting quantum interference
device) high-resolution pass-through cryogenic mag-
netometer (manufacturer noise level of 10−12 A m2)
operated in a shielded room at the Istituto Nazionale
di Geofisica e Vulcanologia (INGV) in Rome, Italy.
A Pyrox oven in the shielded room was used for
thermal demagnetizations and alternating field (AF)
demagnetization was performed with three orthogonal
coils installed inline with the cryogenic magnetometer.
A stepwise AF protocol and a combined AF and
thermal protocol were used for demagnetization of

Figure 5. (Colour online) (a) Outcrop of a distal sandy turbidite
succession of the Deba unit. All the palaeocurrent measurements
and most of the palaeomagnetic data were obtained from similar
turbidite successions. (b) Detail photograph of a sandy turbidite
sole with flute casts (flow to the right). Pencil for scale (centre
of the photograph).

samples. The presence of siderite (antiferromagnetic)
in much of the studied samples (Gil et al. 1986),
which easily oxidizes to secondary magnetic minerals
(magnetite, maghemite and hematite; e.g. Ellwood et al.
1988; Pan et al. 2000), prompted us to use a specifically
designed thermal demagnetization protocol. Samples
were initially demagnetized in four AF steps up
to 20 mT before stepwise thermal demagnetization.
After each thermal step remanence was measured, a
single step of 20 mT was applied and remanence was
remeasured before the next thermal step. This strategy
aimed to minimize spurious secondary remanence
acquisition produced by the by-products of eventual
siderite alteration upon heating.

Demagnetization data were plotted on standard
orthogonal plots. NRM components were calculated
using principal component analysis and standard Fisher
statistics was applied to compute mean directions.
For samples demagnetized using the combined AF
and thermal protocol, the characteristic remanent
magnetization (ChRM) is computed using only the
measurement after the 20 mT step after the heating
step (Fig. 7). In addition, inclination-only means were
computed using the software PmagTools (Mark W.
Hounslow, CEMP, Lancaster, UK) using statistics in
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Figure 6. (Colour online) Palaeocurrent and palaeomagnetic declination data obtained from the study area. (a) Palaeocurrent map
showing rose diagrams of pre-auritus and post-auritus localities (Table 1). (b) Mean palaeomagnetic declinations obtained for pre-
auritus and post-auritus sites (Table 2).

McFadden & Reid (1982). Tectonic-corrected data
implied a simple bedding correction with the exception
of data from site DB5 which is affected by a
plunging cylindrical fold (Aitzeta syncline) (Fig. 1b).
Consequently, palaeomagnetic declination has been
corrected for apparent palaeomagnetic rotation (sensu
lato) by –26◦ following Pueyo et al. (2003, p. 354).

In order to evaluate the presence of tectonic rotations
around the vertical axis in the studied zone, the
European reference direction has been used. The

western Pyrenees, and more specifically the studied
zone, has been traditionally considered as part of
the European plate; the European reference direction
has therefore usually been used in palaeomagnetic
studies (Vandenberg, 1980; Schott & Peres, 1988; Van
der Voo, 1993; Schott & Parés, 1996; Larrasoaña
et al. 2002). The mean Lower Cretaceous (Kl, 98–
144 Ma) palaeopole for the European plate computed
by Van der Voo (1993) from a selection of four
poles with reliability criteria Q>3 (Lat/Long = 70/193)
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Figure 7. (a)–(d) Bedding-corrected orthogonal plots of demagnetization data from representative pre-auritus and post-auritus rocks.
Solid (open) circles represent projections onto the horizontal (vertical) plane. The fitted ChRM component is shown. For the combined
AF and thermal demagnetization (a, c) shaded points indicate the heating step excluded for the ChRM calculation. The intensity of the
initial NRM and the demagnetization treatment for some steps are indicated.

implies a reference direction of declination/inclination
or D/I = 354/42 in the study area.

6.a. Palaeomagnetic results

NRM intensities were of the order 0.05–0.8 mA m−1.
AF and combined thermal demagnetization protocols
provide similar results (Fig. 7). Samples normally
unblock a viscous component at 5 mT probably related
to drilling or storage. A low-coercivity and low-
temperature component is then removed by fields
of c. 25–20 mT or 150–200 ◦C. This component
represents a recent secondary overprint conforming to
the present geomagnetic field. At higher fields up to
100 mT and maximum temperatures of 420–500 ◦C a
characteristic component (ChRM) that normally trends
to the origin of the diagram is finally removed. Data
from a Deba site in Vandenberg (1980) has also been
taken into account in this study. Palaeomagnetic data
and statistical parameters for all sites are listed in
Table 2 and corresponding site means are plotted

in Figures 6b, 8, 9b, c. The polarity of all ChRM
components is normal as it would correspond to a
primary direction of the Albian age of the rocks,
which falls in the Cretaceous Long Normal superchron.
The distribution of sites in different tectonic blocks
and their limited bedding attitudes prevents a proper
fold test being performed. Moreover, the presence
of internal vertical-axis rotation in the Deba block
also hampers a regional fold test. An inclination-
only mean considering all sites has been computed
at sample level. The mean inclination after tectonic
correction (I = 41.9, α95 = 3.8, k = 14.26, N = 79) has
only slightly better statistical parameters than the
mean inclination before tectonic correction (I = 54.6,
α95 = 4.7, k = 15.36, N = 79) denoting the overall
similar bedding attitude. Despite no conclusive field
test, we interpret the computed ChRM as representative
of a primary Albian direction that records vertical-axis
block rotation. The mean directions for the pre- and
post-auritus rocks from the Deba block calculated at
sample level are listed in Table 3. The angle of rotation
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Table 2. Site mean palaeomagnetic results (N/n number of samples measured/used to compute mean direction; D declination; I
inclination; k Fisher’s precision parameter; α95 radius of the 95% confidence cone)

In situ
Tectonic
corrected

Setting Age Site Unit Lat (N) Long (W) N/n α95 k D I D I

Deba block Post-auritus DB1 Arbe 43◦ 18′ 31.15′′ 2◦ 22′ 06.44′′ 15/12 15.4 8.9 337.2 56.6 355.1 37.3
DB2 Arbe 43◦ 18′ 30.65′′ 2◦ 22′ 06.73′′ 10/6 18.7 13.8 10.8 51.4 15.7 27.0
DB3 Arbe 43◦ 18′ 30.25′′ 2◦ 22′ 08.73′′ 6/5 9.0 73.3 333.3 77.4 358.2 64.7
DB5 Arbe 43◦ 18′ 34.55′′ 2◦ 22′ 10.54′′ 10/10 7.8 39.5 16.4 46.1 15.3 51.4

Pre-auritus DB7 Berriatua 43◦ 17′ 44.10′′ 2◦ 21′ 21.26′′ 9/9 13.2 16.1 306.5 69.4 338.1 40.5
DB10 Deba 43◦ 18′ 11.36′′ 2◦ 21′ 21.21′′ 8/3 26.8 22.3 254.7 48.2 306.5 52.5

Outside Deba block Post-auritus DB9 Kardala 43◦ 18′ 53.24′′ 2◦ 22′ 54.97′′ 11/10 9.8 25.5 300.5 56.6 329.6 37.3
Pre-auritus DB8 Kardala 43◦ 18′ 50.19′′ 2◦ 22′ 52.00′′ 12/10 11.3 19.3 315.5 52.1 336.7 37.0

VB∗ Deba 43◦ 18′ 00.32′′ 2◦ 20′ 46.14′′ 27/27 3.4 – – – 359.6 45.0
DB4 Berriatua 43◦ 17′ 55.76′′ 2◦ 22′ 51.76′′ 18/14 9.6 18.0 235.2 59.5 355.8 51.2

∗Vandenberg’s (1980) Deba site data

Table 3. Site group mean palaeomagnetic results for the Deba block data calculated at sample level (N/n, D, I, k, α95 as for Table 2; R angle
of rotation; �R error)

In situ Tectonic corrected

Setting Age Sites N/n D I α95 k D I α95 k R �R

Deba block Post-auritus DB1+DB2+DB3+DB5 41/33 359.3 57.1 7.9 11.1 5.9 44.6 7.8 11.3 11.9 ±7.0
Pre-auritus DB7+DB10 17/12 286.5 66.2 11.9 13.1 331.5 44.3 12.0 14.0 –22.5 ±9.5

R calculated by comparing the measured declination
with the European reference direction and its error �R
following the statistical method proposed by Demarest
(1983) are provided.

7. Discussion

7.a. Evidence for Albian block rotation

Different contemporaneous geological processes such
as local deformation, hydrothermal venting and pos-
sibly magmatic and/or salt diapiric intrusions recorded
at the corners of the Deba block are interpreted to
have occurred as the consequences of the anticlockwise
rotation of this block during Late Albian auritus
Subzone. This block rotation is supported by obtained
palaeocurrent directions and palaeomagnetic results.

7.a.1. Local transpression

In the NW corner of the Deba block, syntectonic
deposits of auritus Subzone age (Figs 1b, 2) record
the growth of the NE-trending SE-facing Aitzeta
monoclinal syncline, interpreted as the subvertical limb
of a fault-related syncline (Agirrezabala et al. 2002).
A restored cross-section to the top of growth deposits
indicates that tectonic shortening for the end of auritus
Subzone is c. 500 m (Fig. 4). It formed in response
to local NW–SE compressive stress along the north-
eastern part of the dextral-reverse Mutriku fault. The
attenuation and end of the Aitzeta syncline to the SW
indicates the progressive diminishing of the shortening
in the same sense, from at least 0.5 km (Fig. 4) to
zero. This differential shortening along the Mutriku
fault suggests an anticlockwise rotational movement of
the adjacent Deba block.

Figure 8. Equal-area projections of the ChRM directions before
(in situ) and after tectonic correction for all sites (Table 2). The
95% confidence ellipse for the mean directions is plotted.

Rigid block rotation can happen in synthetic or
antithetic senses. A synthetically rotated block model
postulates block bordering antithetic minor faults at
high angles to the main faults (Freund, 1974; Nicholson
et al. 1986). An antithetically rotated block model
predicts block bordering synthetic minor faults at
low angles to the main faults (Jordan, 1991; Gross
et al. 1997). In the Deba case, sinistral block rotation
occurs between left-lateral major strike-slip faults and
is bordered by minor antithetic right-lateral faults,
as the synthetically rotated block model postulates.
This block rotation model also predicts the formation
of transpressive structures at opposite corners and
transtensive structures at the other two corners as a
solution to the space problems (Fig. 10). Following
this model, we interpret the transpressive Aitzeta fold
formation at the NW corner of the Deba block as the
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Figure 9. (Colour online) (a) Palaeocurrent roses of pre-auritus
and post-auritus rocks from inside and outside the Deba block.
(b) Stereographic projection of pre-auritus and post-auritus site
means (Table 2) from the Deba block and group mean directions
calculated at sample level (Table 3). (c) Two-stage (pre- and
post-auritus) sketch showing palaeocurrent and palaeomagnetic
declination mean directions and interpreted rotation of the Deba
block.

direct consequence of the local compression resulting
from the anticlockwise rotation of that block (Fig. 11).
In the opposite SE corner of the block, the southern
part of the Deba fault shows a dextral-reverse character
affecting pre-auritus rocks (Figs 1b, 3). Although the
dextral-reverse movement cannot be precisely dated
because of a lack of auritus and post-auritus deposits,
we interpret this movement as the result of local E–
W compression triggered by the Deba block rotation
during C. auritus Subzone times (Fig. 11).

7.a.2. Hydrothermal vents and magmatic intrusions

In recent studies, two hydrothermal vent carbonate
lenses and associated chemosymbiotic fauna hosted
in the syn-rotational auritus Subzone deposits from
both sides of the Mutriku fault (Figs 1b, 2) have
been documented in detail (Agirrezabala et al. 2008;

Figure 10. (Colour online) Sketch of synthetic block rotation
model: (a) initial situation and (b) synthetically rotated block
bordered by antithetic minor faults and formation of trans-
pressive structures (teeth) at opposite corners and transtensive
structures (hachures) at the other two corners.

Agirrezabala, 2009). These carbonates have been
interpreted as microbially mediated by-products of
hydrocarbon-rich (oil and termogenic methane) hot
fluids (up to 109 ◦C) expelled to the Late Albian sea
floor (Agirrezabala, 2009). Geochemical correlation
between pyrobitumen-fills from vent carbonates and
host rock organic matter suggests that the hydrocarbon
source was the Black Flysch Group (Agirrezabala
et al. 2008). Magmatic intrusion-related contact
metamorphism of these organic-rich sediments would
have triggered the generation of hydrocarbons, which
migrated updip through the Mutriku fault and the steep
limb of the Aitzeta monocline to the sea floor.

In the present-day Guaymas Basin and NE Pacific
Ocean, hydrothermal petroleum and methane is pro-
duced at shallow depths from sedimentary organic
matter by contact metamorphism around shallow-level
magmatic intrusions (Einsele et al. 1980; Simoneit
& Lonsdale, 1982; Rushdi & Simoneit, 2002). Sim-
ilarly, this hydrocarbon-generating process has also
been interpreted from magmatic sill-intruded ancient
sedimentary basins worldwide (Jamtveit et al. 2004;
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Figure 11. (Colour online) Schematic block diagram showing
anticlockwise rotation of the Deba block during Late Albian
auritus Subzone times. Contemporaneous to block rotation
and, as a consequence of the space problem, transpressive
deformations took place in its NW and SE corners and
transtension in its SW (and NE?) corner. In the transtensive SW
corner, magmatic intrusions emplaced by the local discharge of
lithostatic pressure triggered the development of a hydrothermal
system. This hydrothermal system mineralized host rocks and
vented warm to hot fluids rich in oil and methane to the
Albian seafloor. These hydrocarbons were generated at shallow
depths from Black Flysch organic matter by contact alteration
with hydrothermal fluids. AS: Aitzeta monoclinal syncline; Mf:
Mutriku fault.

Svensen et al. 2004, 2009; Ganino & Arndt, 2009). In
the Basque–Cantabrian Basin, intrusive and extrusive
volcanic activity was important in Late Albian and
Late Cretaceous times (Rossy, 1988), distinguishing
a main activity phase during the auritus Subzone
(Castañares et al. 2001) penecontemporaneously with
the development of the hydrothermal vents here. In
this respect, a seismic profile across the SW corner
of the Deba block shows the presence of two domal,
highly reflective structures at c. 0.7 s depth (Fig. 12).
Their concordant, high-amplitude reflections, convex-
up tops and flat bottoms and dimensions are compatible
with an interpretation of both structures as magmatic
laccoliths (Corry, 1988; Thompson, 2007) and salt-
related domes (Talbot, 1993; Schultz-Ela & Jackson,
1996; Hudec & Jackson, 2006). An interpretation
of the structures as magmatic intrusions is favoured
based on the local high heat flow that supported the
hydrothermal activity and hydrocarbon generation at a
shallow depth as well as the occurrence of pervasive
hydrothermal mineralizations, Pb–Zn deposits and
abundant pyrobitumen-fills (EEE, 2003) concentrated
in rocks over the domal seismic structures (Figs 1b, 2).
In addition, the features have length/thickness ratios
comparable to documented magmatic laccoliths from
different geological settings (Corry, 1988; McCaffrey
& Petford, 1997). The igneous character of the seismic

Figure 12. (Colour online) Seismic section across the SW
corner of the Deba block showing two highly reflective
domal structures. Based on their geometries, dimensions and
relationship with the overlying hydrothermal system they are
interpreted as magmatic laccoliths. For location see Figure 1b.

structures is also favoured by the important Late Albian
magmatism in the area, recorded by the presence of: (1)
pyroclastic beds within the studied succesions (auritus
and varicosum subzones) (Agirrezabala & García-
Mondéjar, 2001b); (2) mapped magmatic intrusions
enclosed in pre-auritus rocks 4 km to the SW (EEE,
2003); and (3) thick volcanic successions and magmatic
intrusions along the northern margin of the basin, where
the main volcanic activity phase occurred during the
auritus Subzone (Rossy, 1988; Castañares et al. 2001).

Magmatic intrusions (and related hydrothermal
fluids) in strike-slip settings are usually emplaced
in areas subjected to transtension (e.g. Aydin et al.
1990; Ventura, 1994; Chetty, 1995; Aranguren et al.
1996; Marra, 2001; Adiyaman & Chorowicz, 2002;
Breitkreuz & Mock, 2004; Sapiie & Cloos, 2004;
Busby et al. 2005; Tibaldi et al. 2010). In these
areas, a discharge of lithostatic pressure favours the
emplacement of magmatic intrusions, and the faults
provide preferential magma conduits. In this study,
we interpret the emplacement of possible magmatic
intrusions and the formation of hydrothermal deposits
at the SW corner of the Deba block to have taken place
under local extension (Fig. 11). This is in agreement
with the SW termination of the compressive Aitzeta
fold, which does not reach the SW corner of the Deba
block (Fig. 1b). This fact could indicate a transition
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from compression at the NW corner to extension at the
SW corner (Fig. 11).

7.a.3. Palaeocurrent and palaeomagnetic evidence

At the Deba block, pre-auritus palaeocurrent rose dia-
grams (ENE-directed) show a systematic anticlockwise
deviation if comparing with contemporaneous adjacent
(and regionally distal) palaeocurrents (ESE-directed)
(Fig. 6a). The average of all pre-auritus palaeocurrent
directions from the Deba block localities shows a
mean palaeoflow direction toward N 69◦ E, while the
sum of coeval palaeocurrents at localities outside
the Deba block yields a mean palaeoflow direction
towards N 105◦ E, resulting in a mean deviation of
36◦ (Fig. 9a). Moreover, the magnetic declinations
of pre-auritus rocks at Deba block sites also show
a similar anticlockwise deviation of 22◦ (± 9) from
the Albian European magnetic reference direction
(N 354◦ E; Van der Voo, 1993) (Table 3, Fig. 9b).
In contrast, overlying post-auritus rocks at the Deba
block yield palaeocurrent roses concordant with a
‘normal’ regional proximal direction (towards SSW)
(Fig. 9a), and the mean of their magnetic declinations
shows a clockwise deviation of 12◦ (±7) from the
Albian magnetic reference direction (Table 3, Fig. 9b).
Consequently, the anticlockwise rotation of the Deba
block is pre-dated by pre-auritus rocks and post-dated
by post-auritus rocks, constraining the age of the
rotation process to the Late Albian auritus Subzone.

In summary, the palaeocurrent results suggest an
anticlockwise rotation of the Deba block of 36◦

(Fig. 9a) and the palaeomagnetic results indicate a
similar rotation of 34◦ (difference between pre- and
post-auritus means at the Deba block; Table 3 and
Fig. 9b). The agreement of results obtained from
independent datasets provides strong support for the
interpretation of the Deba block rotation of c. 35◦ (mean
value between palaeocurrent and declination rotations;
Fig. 9c). Moreover, the similar results obtained from
palaeocurrent and palaeomagnetic data from the same
localities reinforce the inferred rotation of the Deba
block. This anticlockwise rotation is in concordance
with the Albian sinistral strike-slip tectonics deduced
by many authors for both the Basque–Cantabrian
Basin (Rat et al. 1983; García-Mondéjar, 1989;
García-Mondéjar et al. 1996) and the Pyrenean realm
(Choukroune & Mattauer, 1978; Puigdefàbregas &
Souquet, 1986; Olivet, 1996, Larrasoaña et al. 2002).

West of the Deba block two sites of pre- and post-
auritus rocks (DB8 and DB9) show anticlockwise
declination deviation of 18◦ and 33◦, respectively, from
Albian magnetic reference direction, suggesting for
that area an anticlockwise rotation process younger
than Late Albian rostratum Subzone (Figs 6b, 9c).
Based on geological maps and structural criteria,
rotation of this area has been related to the Tertiary
inversion tectonics of the basin (L. M. Agirrezabala,
unpub. PhD thesis, Euskal Herriko Unibertsitatea,
1996). On the other hand, palaeocurrent directions of

the study area show a sharp change from ESE to SSW,
coinciding with the auritus Subzone (Figs 6a, 9a, c).
This fact suggests that the same tectonic pulse that
triggered the rotation of the Deba block also caused
the disappearance of the confining southern structural
slope responsible of the ESE deflection of pre-auritus
turbidity flows. The disappearance of that topographic
barrier allows post-auritus turbidity currents to flow in
a SSW direction.

7.b. Block rotation rates

Recent work based on sedimentological and structural
analyses, combined with precise biostratigraphy of
ammonites, documents in detail the growth history
of the Aitzeta syncline in the NW corner of the
Deba block (Agirrezabala et al. 2002, 2003). It
developed in two main pulses that were recorded in
the Late Albian syntectonic deposits as two high-
angle, angular unconformities (AU1 and AU2, base
and top of auritus Subzone, respectively; Figs 1b, 2).
These two unconformities and related resedimented
deposits record strong limb-rotation and uplift of the
syncline limb (42◦ and 250 m in the first pulse and
66◦ and 100–140 m in the second pulse). Nevertheless,
the occurrence of hemipelagic deposits between both
angular unconformities indicates an intervening phase
of tectonic calm, which lasted c. 0.29 Ma (minimum
duration estimated by using average sedimentation
rates of hemipelagic sediments; Agirrezabala et al.
2002). If the auritus Subzone spans 1.3 Ma (Ogg
et al. 2004), and 0.29 Ma (minimum) of this represents
the tectonic calm (hemipelagic sedimentation), the
duration of all deformation phases or angular uncon-
formities is c. 1 Ma (maximum). Consequently, if there
is a cause–effect relationship between the Aitzeta fold
growth and the Deba block rotation, then two phases
can also be invoked for the Deba block rotation with
an estimated time span equal to the duration of the
two folding pulses, that is, 1 Ma (maximum) for the
sum of both pulses. If this duration is assumed for the
total rotation (35◦) of the Deba block, the minimum
block rotation rate calculated is 35◦ Ma−1. Similar
rapid rotation rates have been documented in other
strike-slip basins, particularly in areas where blocks are
small. Based on palaeomagnetic data from California,
Johnson et al. (1983) estimated Quaternary rates of
35◦ rotation in less than 0.9 Ma for the Vallecito–
Fish Creek Basin; Seeber & Bogen (1985) documented
20–30◦ rotation in the past 0.7–1 Ma in sediments
adjacent to the San Jacinto Fault; and Horns & Verosub
(1995) documented rotation rates of 20◦ Ma−1 in the
San Gregorio fault zone. Rapid rates of rotation of
small blocks have also been observed in geodetic data
from central California (17◦ Ma−1; Prescott et al.
1981) and Alpine fault system in New Zealand (8◦

Ma−1; Walcott, 1984). Simple trigonometry and 35◦

rotation of the 2.1-km-wide Deba block gives 1.2 km
displacement (strike-slip component); we therefore

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 08 Oct 2013 IP address: 158.227.7.10

998 L . M . AG I R R E Z A BA L A A N D J. D I NA R È S - T U R E L L

derive an estimate of 1.2 km Ma−1 for minimum slip
rate on the two major faults.

7.c. Block rotation model

Stratigraphic, structural, subsurface, palaeocurrent and
palaeomagnetic data described above support the
anticlockwise rotation of the Deba block by c. 35◦

during Late Albian times (Figs 9c, 11). The rotation of
the Deba block is interpreted as related to the left-slip
of the NW-trending Lekeitio and Berriatua boundary
faults, which belong and are parallel to the wider
sinistral wrench corridor defined in the northern margin
of the basin (Agirrezabala & García-Mondéjar, 1994,
2001a; García-Mondéjar et al. 1996; Agirrezabala
et al. 2002). Second-order bordering Mutriku and Deba
faults trend NE and N, respectively, and show right-
lateral slip. Because these faults are oriented at high
angles to the general trend of the wrench corridor,
and because the sense of slip is in the opposite sense,
they can be considered as antithetic strike-slip faults
or conjugate Riedel (R’) shears (Tchalenko, 1970)
characteristics of strike-slip regimes (e.g. Christie-
Blick & Biddle, 1985; Sylvester, 1988). This structural
scenario is concordant with the anticlockwise synthetic
rotation of the Deba block (Fig. 11), as the block
rotation models predict (e.g. Freund, 1974; Ron et al.
1984; McKenzie & Jackson, 1986; Nicholson et al.
1986; Jordan, 1991).

In models of rigid block rotation, blocks do not show
internal strain and involved rotation is accommodated
by sets of bordering faults (e.g. Ron et al. 1984;
McKenzie & Jackson, 1986). Rotation of rigid blocks
causes a space problem at the boundaries between
rotated and non-rotated blocks, resulting in triangular
areas of overlap (transpression) and void (transtension)
in the opposite corners (Fig. 10). This is concordant
with the anticlockwise rotation of the Deba block
transpressive deformations (reverse faulting, uplift and
fold growth) recorded in the opposite NW and SE
corners of the block, whereas coeval transtension took
place in the alternate SW (and NE) corner where high-
level magmatic laccoliths emplaced and the related
hydrothermal system developed (Figs 11, 12). In this
respect, it has been shown that in a block rotation
scenario magmatic intrusions and hydrothermal fluid
flow usually locate in transtension corners as a
result of local lithostatic discharge (Christie-Blick &
Biddle, 1985). These corners may be likely sites for
decompression melting, and the faults and fractures
could provide preferential conduits for magma and
hydrothermal fluids (Chetty, 1995; Marra, 2001; Sapiie
& Cloos, 2004; Tatar et al. 2004; Tibaldi et al. 2010).

8. Conclusions

Studied deep-water deposits record the syndepositional
vertical-axis rotation of the Deba block during Late
Albian C. auritus Subzone times. Stratigraphic, struc-

tural, subsurface, palaeocurrent and palaeomagnetic
data suggests 35◦ anticlockwise rotation of the Deba
block during that time. Deduced anticlockwise block
rotation is consistent with the ESE-trending sinistral
wrench system of the Basque–Cantabrian Basin.
Published biostratigraphic data based on ammonites
allow us to constrain the block rotation process to a
maximum period of 1 Ma. On the basis of conservative
estimations, the block rotation took place at a minimum
rate of 35◦ Ma−1 resulting in a sinistral strike-slip
minimum rate of 1.2 km Ma−1.

Vertical-axis rotation of the Deba block caused
geometric problems along its contacts with non-
rotated adjacent blocks, triggering coeval transpressive
and transtensive deformation around its corners. At
the NW and SE opposite corners, syndepositional
compressive faulting, folding and uplift took place,
whereas alternate SW and, possibly, NE corners would
have experienced extensional faulting and fracturing. In
the extensional SW corner two domal high-reflective
structures recorded by seismic profiles have been
interpreted as high-level magmatic laccoliths emplaced
by local discharge of lithostatic pressure. The em-
placement of these magmatic intrusions triggered the
development of a mineralizing hydrothermal system,
which expelled warm to hot fluids rich in hydrocarbon
(oil and methane) to the Albian seafloor. Vented
hydrocarbons were generated at shallow depths from
Black Flysch organic matter by contact alteration
with hydrothermal fluids. The applicability of the
comprehensive model is apparent, and it could be
relevant to mineral and hydrocarbon exploration in the
Basque–Cantabrian Basin and other strike-slip basins.
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A B S T R A C T

The opening and ocean floor spreading of the Bay of Biscay began in the earliest Albian. The integrative study of
the Albian sedimentary record and its ammonoid fauna (around 250 specimens) from the northern margin of the
Basque-Cantabrian Basin indicates that environmental changes, occurred as a consequence of the Bay of Biscay
opening, triggered significant ammonoid bioevents. Main bioevents are diversity changes in the ammonoid
associations, occurrence of large forms (diameter up to 0.45 m) and the incursion of elements from other basins.
Time-correlation of faulting pulses with ammonoid bioevents indicates that transtensive tectonics was ultimately
the major control on the marine environmental conditions such as depth, sea bottom physiography, seaways,
sedimentary systems and sea-water chemistry. The pulsating faulting during the Albian led to the increment of
the subsidence rate, the deepening and widening of the margin and the progressive increase in the oceanic
circulation between the margin and the nascent Bay of Biscay and North Atlantic. In addition, Albian
synsedimentary faults constituted conduits for ascending magmas and hydrocarbon-rich hydrothermal fluids,
which expelled to the seafloor, causing changes in the sediments, the sea-water chemistry (fertilization) and
biota. The integration of sedimentological and palaeontological data has given the basis for a conceptual model
of the ammonoid habitats.

1. Introduction

Mesozoic rocks deposited in the northern margin of the Basque
Cantabrian Basin (BCB) record rifting processes that led to the opening
of the Bay of Biscay (Rat, 1988). During the Albian, and coeval to the
beginning of the seafloor spreading in the western part of the Bay of
Biscay, hyperextension of the crust caused faulting, maximum sub-
sidence and deepening of the margin (Jammes et al., 2009). This
allowed for the deposition of a thick succession of deep-water sedi-
ments, i.e. the Black Flysch Group, which host a rich and diverse fauna
of ammonoids. Besides the biostratigraphical value of these ammonoid
associations, which have been the basis for timing the otherwise
difficult to date the thick and facies-changing sedimentary successions,
their value to understand the environmental conditions and changes in
a deepening marine basin are of key interest.

In the last years, ammonoid habitats have been inferred from the
study of the conch parameters and hydrodynamic characteristics (e. g.,
Westermann, 1996) and from the relationship to the sedimentary facies
(e. g., Batt, 1993). Recently, new evaluations of the morphology (e. g.,
Ritterbush and Bottjer, 2012) and the use of stable isotope analysis of

the conch (Lukeneder et al., 2010), in addition to new advances in their
palaeobiology, have permitted to better understand the environments
inhabited by ammonoids (e. g., Lukeneder, 2015). Based on collected
ammonoids, this study establishes an Albian biozonation for the entire
northern margin of the Basque Cantabrian Basin, distinguishes several
local bioevents and addresses the response of the ammonoid fauna to
environmental changes inferred from the accurately studied Albian
sedimentary record. The integration of these sedimentological and
palaeontological data is the basis for the construction of a conceptual
model of the ammonoid habitats which provides an improved under-
standing on the environments in which they thrived and on the
environmental changes in a fastly evolving margin of the Bay of Biscay.

2. Geological and palaeontological background

The studied Albian sedimentary rocks and their ammonoid fauna
belong to the northern margin of the Basque-Cantabrian Basin (BCB), a
Mesozoic peri-cratonic rift basin related to the opening of the North
Atlantic and the Bay of Biscay (Fig. 1). The Bay of Biscay is a V-shaped
oceanic embayment widened toward the west, formed between Early
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Albian and Santonian times (Montadert et al., 1974). The oceanic floor
spreading led to the anticlockwise rotation of the Iberian plate by
35–37° with respect to Eurasia and the opening of the Bay of Biscay
(Van der Voo, 1969). In the front of this propagating ocean three main
Mesozoic rift basins, i.e. Basque-Cantabrian, Parentis and Maule-Arzacq
basins, were formed (Vergés et al., 2001). These basins experienced an
Albian phase of maximum extension and subsidence coincident with
the initiation of the sea floor spreading in the Bay of Biscay (Brunet,
1994). Recent works interpret these basins as magma-poor hyperex-
tended rifts characterized by extremely thinned crust and locally also
exhumed mantle (Jammes et al., 2009), but without oceanization.
Cenozoic inversion of the BCB led to intense folding and thrusting of
their sedimentary records (Vergés et al., 2001).

The Cretaceous northern margin of the BCB belongs to the European
plate and exhibits a main NW-SE structural orientation (Fig. 2). This
margin is adjacent to the Landes Palaeozoic massif (European plate) by
the NE and is limited to the SW by the Leitza-Elgoibar fault which is
assigned to the plate boundary between the Iberia and Eurasia plates
(Agirrezabala, 1996; García-Mondéjar et al., 1996; and references
therein). The stratigraphic architecture and sedimentologic character-
istics of the Albian sedimentary record of the margin indicate an overall
southwest sedimentary polarity (Agirrezabala, 1996). During the
Albian the northern margin was sited at a palaeolatitude of ca. 35°
with a subtropical warm and wet climate (Dercourt et al., 2000). Open
sea waters on the margin were warm and with a normal salinity
(García-Mondéjar, 1990).

In the last thirty years, the collection of an important sample of
Middle and Upper Albian ammonoids hosted in offshore marine
successions made possible the accurate dating of these successions.
This collection is today hosted in the Department of Stratigraphy and
Palaeontology of the University of the Basque Country (UPV/EHU;
Leioa), in the Museo de Ciencias Naturales de Araba (MCNA; Vitoria-
Gasteiz) and in the Nautilus Museum of the Basque Coast Geopark (NM;
Mutriku, Gipuzkoa). However, no Lower Albian ammonoids have been

found up to date; the dating of this part of the succession has been
possible by means of orbitolinids (foraminifers). The first references to
ammonoids in the study area come from Gómez de Llarena (1958), Rat
(1959) but they only refer to identifications of scarce specimens with
biostratigraphic value. The only descriptive works on ammonoids of the
study area are those of Wiedmann and Boess (1984) and Agirrezabala
et al. (1992). Afterwards, the accurate biostratigraphy for the Middle-
Upper Albian with indication of the associated species has been given in
Agirrezabala (1996) and Agirrezabala et al. (2002) for the eastern part
of the study area, and in López-Horgue et al. (2009) and López-Horgue
and Bodego (2012) for the western part.

3. Methods

This paper presents a synthesis of stratigraphic, sedimentological
and palaeontological data from twelve main Albian sections distributed
along the northern margin of the BCB, summarized in a cross-margin
transect to illustrate the history of the Albian environmental changes
and local bioevents. In each section, detailed description and inter-
pretation of sedimentary facies and collecting and study of fossils
(principally ammonoid) have been carried out. A total of> 250
ammonoid specimens have been considered, spanning from the basal
Middle Albian to the Upper Albian. These ammonoids were published
in two previous papers by Agirrezabala et al. (2002) and López-Horgue
et al. (2009). The correlation among the sections is based on ammonoid
biostratigraphic data and, to a lesser extent, on inoceramid and
foraminifera data. In addition, published detailed mapping of lithos-
tratigraphic units, physical event deposits (megabeds, bentonite beds,
volcanic flows) and erosional/non-depositional features (unconformi-
ties), and chemostratigraphic intervals (13C–depleted deposits) are used
as complementary correlation tools (Robles et al., 1988; Agirrezabala,
1996, 2009; Agirrezabala and García-Mondéjar, 1989). Thus, a margin-
scale robust chronostratigraphic framework was obtained in which 6
ammonoid zones and subzones are distinguished, previously recognized
by Agirrezabala et al. (2002) and López-Horgue et al. (2009). Although
the specimen richness of collected ammonoids is not enough for an
exhaustive statistical analysis, it is high enough for inferring major
changes in the ammonoid assemblages, which may be related to
environmental perturbations.

The study and correlation of the ammonoid faunas from the
northern margin of the BCB allows us: i) to discriminate stratigraphic
intervals with different diversities (number of species) at a resolution
level of ammonoid biozones (maximum resolution for margin-scale
correlations); ii) to distinguish ammonoid associations with different
features (morphology, ornamentation and size of the conch, and
palaeogeographical affinity); and iii) to recognize local bioevents. In
this paper, we use the term “local bioevent” as a short-term evolu-
tionary, ecologic and biogeographic change recorded in the fossil biota
of a limited area (100 mi) in response to rapid environmental changes
(see Kauffman and Hart, 1996); these environmental changes (tec-
tonics, climate, sea-level, volcanism, chemistry, etc.) may also cause
correlative changes in the sedimentological record (Kauffman and Hart,
1996). Finally, we discuss the interrelationships between the ammonoid
record and the environmental changes deduced from both the sedi-
mentary facies and depositional architecture.

4. Results

4.1. Albian sedimentary record

The main stratigraphic and sedimentologic characteristics of the
Albian sedimentary record of the northern margin are documented in
Robles et al. (1988), Agirrezabala and García-Mondéjar (1989) and
Agirrezabala (1996). In addition, many specific and detailed geological
studies have been recently carried out in the area. Fig. 3 depicts a
synthetic NE-SW stratigraphic cross-section for the Albian record of the

Fig. 1. Albian (100 Ma) palaeogeographic map of the North Atlantic showing the nascent
Bay of Biscay between Iberia and Laurasia plates. The studied northern margin of the BCB
is indicated.
Source: http://cpgeosystems.com.
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northern margin where main sedimentary facies, stratigraphic se-
quences, and ammonoid biozones are shown. The Albian stratigraphic
record can be divided into four main sequences bounded by the
intervening unconformities U1 to U4. The sequence 1 is composed of
deltaic to shallow-water marine deposits, and sequences 2–4 consist of
deep-water clastic deposits (Black Flysch Group) and local shallow-
water carbonates. The cross-section shows in a southwestward direction
that: i) the Albian sedimentary record thickens greatly, ii) clastic
deposits are progressively finer, and iii) sedimentary facies are pro-

gressively deeper water, indicating that during the Albian the margin
had a southwestward sedimentary polarity with increasing subsidence
in the same direction. It also shows NE- and N-trending transverse
synsedimentary faults that compartmented the margin during the
Albian.

4.1.1. Sequence 1 (uppermost Aptian–Lower Albian)
The age of the bounding unconformity U1 and overlying basal

deposits of this sequence is poorly constrained, ranging from uppermost

Fig. 2. Geologic map of the BCB with indication of the studied northern margin. L-E F: Leitza-Elgoibar fault.

Fig. 3. Synthetic stratigraphic cross-section of the Albian northern margin deposits with indication of stratigraphic sequences (1–4), sequence boundaries (U2–U4) and main sedimentary
facies. A–H letters indicate outcrop photographs shown in Fig. 4.
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Fig. 4. Outcrop photographs of Albian tectono-stratigraphic sequences and main sedimentary facies (for location see Fig. 3). A) Deltaic sandstones and lutites arranged in thickening- and
coarsening-upward sequences (sequence 1, Gorliz locality). B) Deltaic sandstone and lutites (sequence 1) overlaid by shallow-water massive limestones corresponding to a carbonate bank
(sequence 2, Ogoño cape). C) Wedge-shaped limestone megabreccias with olistoliths up to 30 m long interbedded with organic-rich lutites (sequence 2, Ea locality). D) Turbiditic channel-
fill composed of conglomerates and sandstones (sequence 2, Ea locality). Note a person for scale at the base of the channel-fill. E) Thick, parallel turbidite sandstones interpreted as
turbidite lobe deposits (sequence 3, Bakio locality). F) 5 m-thick magmatic sill (sequence 3) intruded in organic-rich lutites (sequence 2). Contact aureole records formation of
thermogenic methane, oil and CO2 which migrated upward and escaped to the palaeoseabed (Gorliz locality). G) Hydrocarbon-derived authigenic carbonate lens filling a palaeopockmark
(sequence 3, Ispaster locality). H) Mudstones deposited on a submarine structural palaeohigh under quiet, hemipelagic conditions (sequence 4, Mutriku locality).
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Aptian to lowermost Albian. In the NE part of the margin, this sequence
is composed of conglomerates, sandstones and organic-rich mudstones
(Fig. 4A,B) interpreted as deposited in two retreating fan-delta systems
(Robles et al., 1988; Agirrezabala, 1996) sourced from the NE. These
deltaic systems pass southwestward to interbedded sandstones, mud-
stones and fossil-rich (rudists, corals, ostreids, orbitolinids, etc.)
micritic and calcarenitic limestones deposited in a siliciclastic-carbo-
nate mixed platform (Agirrezabala, 1996). More to the southwest,
rudist- and coral wackestones dominate in a shallow-water carbonate
platform. Marl deposits of slightly deeper intra-platform troughs occur
locally and adjacent to carbonate platforms. This sequence was
deposited in a general shallow-water marine environment with rela-
tively gentle depositional gradients.

4.1.2. Sequence 2 (Middle Albian, H. dentatus Zone)
Basal bounding unconformity U2 is an erosive surface cross-cut by

coeval NW- to NE-trending normal fault scarps. Some fault scarps show
hardground features (borings, encrusting oysters and Fe mineral
crusts), indicating their submarine exposition. Overlying deposits onlap
fault scarps. The sequence is composed of two distinct deposit types:
shallow-water limestones and adjacent deep-water resedimented clastic
deposits. The boundaries between both deposit types are sharp and
subvertical and are interpreted as syndepositional fault scarps. The
shallow-water limestones are composed of massive rudistid and coral
wackestones constituting lithosomes of reduce area (1–5 km2) but great
thickness (up to 400 m) surrounded by deep-water deposits (Fig. 4B).
They are interpreted as small aggrading carbonate banks formed on
horsts or diapirs (Agirrezabala and García-Mondéjar, 1989; Poprawski
et al., 2014).

The deep-water resedimented clastic deposits occur between the
carbonate banks and fill NE-SW oriented fault-bounded grabens. They
belong to the lowest part of the Black Flysch Group characterized by the
presence of relatively organic-rich (TOC ca. 1%), black to dark gray
lutites with abundant framboidal pyrite and Zoophycos ichnofacies;
petrographic and Rock-Eval analyses indicate that organic matter was
mainly of detrital character and derived from the continent
(Agirrezabala et al., 2008, 2014). These deposits present two main
parts, a lower calciclastic part and an upper siliciclastic part. The lower
part is composed mainly of organic-rich lutites and thick limestone
orto- and para-megabreccias with olistoliths up to 40 m long (Fig. 4C),
with minor sandy turbidites. These deposits are interpreted as formed in
a deep-water base-of-slope environment where quiet sedimentation
(mud) was punctuated by down-slope catastrophic debris flow and rock
falls (megabreccias) sourced from northern carbonate platforms. The
upper part of the sequence is composed of coarse-grained siliciclastic
turbidite systems characterized by proximal thick conglomeratic chan-
nel-fills (Fig. 4D) which pass down-slope to thinner tabular sandy
turbidites interpreted as fan lobe and fan fringe deposits. These
turbidite systems were sourced from northern fan-deltas and filled L-
shaped pull-apart sub-basins (Agirrezabala and García-Mondéjar,
1994). In addition, limestone megabreccias with very limited lateral
extension (200–400 m) and olistoliths with dimensions up to 280 × 40
m occur adjacent to carbonate banks, which are interpreted as rock fall
deposits piled at the base of fault scarps (Agirrezabala and García-
Mondéjar, 1988; Poprawski et al., 2014).

4.1.3. Sequence 3 (Upper Albian, D. cristatum–M. inflatum Zones)
Northern offshore wells document the presence of Upper Albian thin

siliciclastic deposits overlying Palaeozoic rocks of the Landes Massif.
Onshore, the lower boundary of the sequence (U3) is either a
palaeokarst surface (top of the underlying carbonate banks) or an
erosive surface. The existence of local angular unconformities and
megabeds (seismites?) related to the lower boundary suggests a tectonic
origin. The sequence boundary is overlaid by widespread deep-water
siliciclastic deposits recording the drowning (after subaerial exposition)
of the previous carbonate banks. The sequence consists of thick

turbidite systems filling fault-bounded subsident depocenters separated
by structural highs. Turbidite systems are composed of tabular sandy
turbidites showing Nereites ichnofacies, relatively organic-rich lutites
(TOC ca. 1%) and siderite thin beds (Fig. 4E) interpreted as turbiditic
lobe and fan fringe deposits. On structural palaeo-highs, bioturbated
(Zoophycos ichnofacies) sandy lutites with scattered thin-bedded sandy
turbidites and siderite beds are interpreted as the result of relatively
quiet hemipelagic deposition punctuated by occasional diluted turbid-
ity currents.

In addition, in the upper part of the sequence (H. binum Subzone–M.
inflatum Zone), sedimentary deposits record different contemporaneous
syn-depositional process, i.e. tectonic, magmatic, metamorphic and
fluid expulsion processes. Local angular unconformities and related
megabreccias record the transpressive deformation and uplift caused by
sinitral vertical-axis block rotation of small cortical blocks in a strike-
slip context (Agirrezabala et al., 2002; Agirrezabala and Dinarès-Turell,
2013). Basalts and pyroclastic deposits are interbedded with deep-
water deposits (Agirrezabala and García-Mondéjar, 2001; Castañares
et al., 2001), and magmatic laccoliths and sills intrude Albian sedi-
mentary units (Fig. 4F). Intrusion of magmas caused syndepositional
folding and fracturing of overburden rocks and formation of intrudites
and extrudites (Agirrezabala et al., 2013; Agirrezabala, 2015). In the
contact aureole of those magmatic intrusions, metamorphism of
organic-rich host lutites led to the formation of overpressured hydro-
thermal fluids rich in thermogenic methane, oil and CO2, which
migrated upward and were expelled to the seabed (Agirrezabala
et al., 2008, 2014). 13C-depleted authigenic carbonates occur in these
seep areas (Fig. 4G) and enclose chemosymbiotic fauna, archea
biomarkers, bitumen and non-obligate relatively rich fauna, i.e. abun-
dant radiolarian and planktonic foraminifers, gastropods, bivalves,
ammonoids, arthropods, sponges and rare corals (e.g. Agirrezabala,
2009, 2015; Agirrezabala et al., 2013). Some of these corals are
zooxanthellate (Hannes Loeser, 2016, personal communication).

4.1.4. Sequence 4 (Upper Albian, M. fallax Zone)
In onshore outcrops, the basal bounding unconformity U4 shows

different features basinwide: erosive surface, angular unconformity or
onlap surface. The sequence is composed of thick- to thin-bedded
tabular sandy turbidites showing Nereites ichnofacies interpreted as
deposited in the distal part of submarine fans. These relatively thick
turbidite deposits filled subsident depocentres separated by faulted
ridges where hemipelagic mudstones were deposited (Fig. 4H). Locally,
adjacent to these ridges, occurrence of angular unconformities and
megabreccias record fault-related transpressive folding.

4.2. Albian ammonoid fauna

More than 250 specimens have been collected from the Albian
succession of the northern margin of the BCB, spanning from the lower
Middle Albian to the Upper Albian (see Fig. 2: sequences 2, 3 and 4);
despite of the accurate field-exploration, Upper Aptian-Lower Albian
sediments (sequence 1) did not yield ammonoids. In this sample,
compiled in Table 1, a total of 58 species assignated to 34 genera and
subgenera have been identified from all recognized biozones
(Agirrezabala et al., 2002; López-Horgue et al., 2009). Ammonoids
occur in 44 distinctive intervals of limited thickness, ranging between 5
and 6 cm and 4–5 m. Ammonoid occurrences are then widely distrib-
uted along the succession but are representative of the relative richness
in these expanded series.

4.2.1. Ammonoid biostratigraphy
Ammonoid associations are representative of their corresponding

biozones (Table 1). Biostratigraphy is well discussed and ammonoid
associations represented in the works of Agirrezabala et al. (2002) and
López-Horgue et al. (2009), where they follow the Albian zonal scheme
for the Tethyan province proposed in López-Horgue et al. (1999) and
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Owen (1999) with discussions in Wiedmann and Owen (2001) and
Owen and Mutterlose (2006).

The Middle Albian is only represented by its basal biozone, the
Lyelliceras lyelli Subzone of the Hoplites dentatus Zone, with 7 strati-
graphic levels distributed in a sedimentary succession 100 to 500 m
thick (sequence 2 in Fig. 3). Typical elements of this association, with
15 species from 11 genera/subgenera, are the marker Lyelliceras lyelli
and Oxytropidoceras cf. roissyanum. A basin-wide unconformity sepa-
rates Middle Albian sediments from the overlying Upper Albian
succession (sequences 3 and 4 in Fig. 3).

The Upper Albian sequence 3 in the study area is represented by the
Dipoloceras cristatum, Hysteroceras varicosum and Mortoniceras inflatum
Zones. Basal sediments of this sequence yield 2 levels with 7 species
from 7 genera/subgenera corresponding to the Dipoloceras cristatum
Zone and to the Hysteroceras orbignyi Subzone of the H. varicosum Zone,
with characteristic Dipoloceras sp. and Hysteroceras sp. Overlying
Hysteroceras binum Subzone of the H. varicosum Zone is well represented
by 6 levels; the marker H. binum occurs among 20 species distributed in
14 genera/subgenera. Hysteroceras choffati Subzone of the H. varicosum
Zone has been distinguished from an interval bearing 8 levels with a
total of 13 species from 11 genera; typical elements of this Subzone are
Mortoniceras spp. with a tendency to show a subtle mid-flank tubercle.
Mortoniceras inflatum Zone sediments are characterized by an interval
with 5 levels bearing Mortoniceras spp. with a mid-flank tubercle from a
total of 4 species distributed into 4 genera/subgenera.

The Upper Albian sequence 4 is represented by the Mortoniceras
fallax Zone and part of the Mortoniceras rostratum Zone, so not reaching
the uppermost Albian. Corresponding sediments crop out in the Kardala
and Armintza sea-cliffs, showing 16 levels with at least 10 species from
2 genera/subgenera; this association is characterized by Mortoniceras
spp. transitional to typical M. rostratum. Ammonoids of the M. inflatum,
M. fallax and M. rostratum biozones are currently being studied in more
detail and will constitute the basis of a new paper.

4.2.2. Ammonoid-bearing levels and preservation
Ammonoids occur mainly in thin intervals of fine-grained siliciclas-

tic sediments and associated diagenetic carbonates, being very scarce in
coarse-grained sediments. Most of these levels originated in offshore
marine areas adjacent to main terrigenous-dispersal systems, being rich
in terrestrial organic matter.

Ammonoids from the lutites and calcareous muddy siltstones are
preserved as crushed internal moulds with dissolved conch or replaced
by diagenetic calcite, a finely preserved sculpture, entire body cham-
bers and no signs of epibiont encrustation or boring (e.g. Fig. 5 A–D, K);
in some intervals, the phragmocone is preserved as undistorted pyritic
nucleus (e.g. Fig. 5 E, F). Ammonoids hosted in local hydrocarbon seep
carbonates are common (Agirrezabala, 2009); hosted fossils usually
preserve their original dimension (phragmocone and body chamber)
but a shell replaced by diagenetic calcite. Siderite concretions are
widespread in some fine-grained intervals and atop of some diluted
turbidites; they bear well preserved undistorted ammonoids, with the
conch (phragmocone and body chamber) preserved as diagenetic
calcite, occasionally with its upper part dissolved, and no signs of
epibionts (e.g. Fig. 5 G–J, L, M). In this type of concretions, delicate
structures such as apertural rostra of Mortoniceras spp. are preserved.

Table 1
Albian ammonite zones, subzones and ammonite content in the northern margin of the
BCB. Data are compiled from Agirrezabala et al. (2002, 2003) and López-Horgue et al.
(2009). We introduce here some modifications concerning the former Upper Albian
Stoliczkaia dispar Zone, previously discussed in Gale et al. (2011) and Reboulet et al.
(2014).

Zones, subzones and levelsa Ammonites

M. fallax–M. rostratum Zones. Levels: P, R, meters 551–563
Anisoceras cf. perarmatum

(Pictet & Campiche)
Mortoniceras (Mortoniceras) cf. pachys
(Seeley)

Anisoceras picteti Spath Mortoniceras (Mortoniceras) sp.
Anisoceras pseudoelegans

(Pictet & Campiche)
Anisoceras saussureanum (Pictet)

Mortoniceras (Mortoniceras) alstonense
(Breistroffer)

Anisoceras armatum (J. Sowerby)

Mortoniceras (Mortoniceras) arietiforme
group Spath

Mortoniceras (Mortoniceras) sp. indet.
cf. gr. rostratum

Mortoniceras (Mortoniceras) rugosum
Spath

M. inflatum Zone. Levels: N, meter 536
Hamitoides cf. studerianus Pictet Lechites sp.
Cantabrigites cf. nanoides Wiedmann Mortoniceras (M.) crassinodatum (van

Hoepen)

H. varicosum Zone (H. choffati Subzone). Levels: K, L, meters 468–528
Puzosia cf. provincialis

(Parona & Bonarelli)
Hypophylloceras velledae (Michelin)d

Hysteroceras cf. varicosum (J. Sowerby) Idiohamites turgidus (J. Sowerby)d

Mortoniceras (Mortoniceras) sp. Anisoceras arrogans (Giebel)d

Hamites sp. Puzosia mayoriana (d'Orbigny)
Craginites sp. Pachydesmoceras cf. denisonianumd

Mortoniceras (Deiradoceras) exilis (van
Hoepen) & cf. ex.

Idiohamites sp.c

Arestoceras cf. splendidum van Hoepen Mortoniceras sp.c

Mortoniceras (Deiradoceras) bispinosum
(Spath)

H. varicosum Zone (H. binum Subzone). Levels: J, meters 455–475
Labeceras sp. Desmoceras latidorsatum (Michelin)
Bhimaites sp. Desmoceras sp. juv.
Hamites sp. juv. Hypophylloceras moreti (Mahmoud)
Hysteroceras sp. juv. Hypophylloceras subalpinum

(d'Orbigny)
Kossmatella oosteri Breistroffer Hypophylloceras seresitense

(Pervinquière)
Hypophylloceras sp. cf. Anagaudryceras sp.
Bhimaites cf. aontzyensis Collignon Kossmatella schindewolfi Wiedmann

and Dieni
Puzosia (Anapuzosia) sp. juv. Kossmatella muhlenbecki (Fallot)
Kossmatella romana Wiedmann Parasilesites kilianiformis (Fallot)
Tetragonites sp. juv. Hysteroceras varicosum (J. de C.

Sowerby)
Jauberticeras jaubertianum

(d'Orbigny) & cf. jaubert.
Hysteroceras binum (J. Sowerby)

Protetragonites sp. juv. Puzosia (Anapuzosia) tucuyensis (von
Buch) and cf. tuc.

Puzosia mayoriana (d'Orbigny)

D. cristatum Zone–H. varicosum Zone (H. orbigyi Subzone). Levels: G, I
Puzosia sp. Oxytropidoceras (Oxytropidoceras) cf.

cantianum Spath
Kossmatella cf. schindewolfi

Wiedmann &Dieni
Kossmatellab

Hemiptychoceras sp. Dipoloceras?b

Puzosia (Puzosia) sp. Epihoplites?b

Hysteroceras sp.

H. dentatus Zone (L. lyelli Subzone). Levels: A, B, C, D, E, F, meter 430
Metahamites cf. elegans (d'Orbigny) Lyelliceras pseudolyelli

(Parona & Bonarelli)
Kossmatella cf. muhlenbecki (Fallot) Lyelliceras cf. lyelli (d'Orbigny)
Metahamites sp. Lyelliceras cf. gevreyi (Jacob)
Parasilesites cf. kilianiformis (Fallot) Lyelliceras sp. peruvianum-group
Kossmatella sp. Cleoniceras (Cleoniceras) cf. devisensis

Spath
Eogaudryceras sp. Protanisoceras (Protanisoceras) sp.
Dipoloceroides sp. Puzosia sp.
Hemiptychoceras gaultinum (Pictet) Oxytropidoceras (Oxytropidoceras) sp.

Table 1 (continued)

Zones, subzones and levelsa Ammonites

Kossmatella agassizianum (Pictet) Oxytropidoceras cf. roissyanum
(d'Orbigny)

a Letters A-R indicate levels of Agirrezabala et al. (2002, 2003; Table A1 and Fig. A1)
and meters indicate levels of López-Horgue et al. (2009; Fig. 5).

b Ammonites after Rat (1959).
c Ammonites after Reitner (1987)
d Ammonites after Pletsch (1990).
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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.
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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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