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Abstract

The Paleocene–Eocene thermal maximum (PETM) is represented in numerous shal-
low and deep marine sections of the south-central and western Pyrenees by a 2–4 m
thick unit (locally ca. 20 m) of clays or marly clays intercalated within a carbonate-
dominated succession. The massive input of fine-grained terrestrial siliciclastics into5

the Pyrenean Gulf recorded by that unit has been attributed to an abrupt hydrological
change during the PETM. However, the nature of such change remains controver-
sial. Here we show that, in addition to fine-grained deposits, large volumes of coarse-
grained siliciclastics were brought into the basin that were mostly accumulated in in-
cised valleys and a long-lived deep-sea channel, both spatially restricted settings. The10

occurrence of these coarse-grained deposits had been known for some time, but their
correlation with the PETM is reported here for the first time. The bulk of incised valley
PETM deposits are cross-bedded sands and pebbly sands, almost exclusively made
of quartz, currently being actively quarried. Proof of their belonging to the PETM in-
clude: (1) their stratigraphic position, sandwiched between upper Thanetian and lower15

Ilerdian marine carbonates, (2) organic carbon isotope data, and (3) the fact that clay
minerals from the sand matrix are more than 80 % kaolinite. The axially-flowing deep-
sea channel existed throughout Paleocene times in the Pyrenean Basin, within which
coarse-grained calciclastic turbidites, and lesser volumes of siliciclastic turbidites, were
accumulated. This Paleocene succession is capped by thick-bedded turbiditic quartz20

sandstones and pebbly sandstones, here assigned to the PETM based on calcareous
nannoplankton, clay mineral and organic carbon isotopic data. The large and simulta-
neous increase in coarse- and fine-grained terrestrial siliciclastic material delivered to
the Pyrenean Gulf is related to an increased intra-annual humidity gradient. During the
PETM longer and drier summer seasons facilitated the erosion of landscapes, whereas25

a dramatic enhancement of precipitation extremes during the wet seasons led to inten-
sified flood events with rivers carrying greater volumes of bed and suspended loads.
This scenario argues against the possibility that PETM kaolinites indicate a coeval
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warm and humid climate in northern Spain. Instead, the erosion of thick Cretaceous
lateritic profiles developed in the Hercinian basement is proposed here as the most
likely alternative.

1 Introduction

Paleocene and lower Eocene rocks of a whole range of facies are amply outcropped in5

the Pyrenean area (Fig. 1). The succession is up to 300 m thick and mainly consists of
limestones and dolomites in shallow marine settings, and of alternations of hemipelagic
marls and marlstones in deep marine settings. In these carbonate-dominated settings,
however, mapping by the Geological Surveys of Spain and of the Basque Country
made it evident the occurrence of a comparatively thin but laterally extensive fine-10

grained siliciclastic unit (FSU) around the Paleocene–Eocene (P–E) interval (e.g., Ríos
Aragüés et al., 1972; Garrote et al., 1991). Correlation of the FSU with the Paleocene–
Eocene thermal maximum (PETM) was first unequivocally confirmed in the deep ma-
rine Zumaia section by Schmitz et al. (1997) and in the shallow marine Urrobi and
Mintxate sections by Pujalte et al. (2003) (location of sections in Fig. 1).15

The FSU is usually 2–4 m thick, exceptionally reaching ca. 20 m, and it consists
predominantly of fine-grained calcareous mudstones, which are dark grey in fresh out-
crops but may change to reddish colours in weathered outcrops. The mudstones are
rich in kaolinite, which in the well-known Zumaia section constitutes up to 75 % of the
clay mineral assemblage (Knox, 1998; Gawenda, 1999). Carbonate content of the FSU20

in shallow marine sections ranges from 20–45 %, the carbonate fraction being largely
represented by tests of large foraminifers, notably lenticular Nummulites (Pujalte et al.,
2003). Carbonate content of the FSU is much lower in deep marine sections (0–10 %),
being partly represented by an impoverished assemblage of planktonic and benthonic
foraminifera and calcareous nannofossils (Schmitz et al., 1997; Orue-Etxebarria et al.,25

2004; Alegret et al., 2009). Additionally, in some sections such as Ermua (location in
Fig. 1), the FSU includes thin-bedded calcarenites with resedimented microfossils (Pu-
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jalte et al., 1994; Baceta, 1996; Schmitz et al., 2001). These data demonstrate that
a massive influx of terrestrial fine-grained siliciclastics was delivered to the Pyrenean
Gulf during the PETM, which diluted but not entirely suppressed the autochthonous
carbonate accumulation.

It is generally agreed that this siliciclastic influx was due to an abrupt hydrological5

change on the Pyrenean Gulf during the PETM. The nature of such change, however,
is controversial, some papers arguing in favour of intensified precipitation (e.g., Pujalte
et al., 1998a; Adatte et al., 2000), others of increased aridity (e.g., Bolle et al., 1998;
Schmitz et al., 2001). Bolle et al. (1998) argued that kaolinite from the Ermua section
was brought from lower latitudes by oceanic currents while arid conditions prevailed in10

the adjacent coastal area. Schmitz et al. (2001) reasoned that the increase of terrige-
nous siliciclastic detritus to the basin was associated with decreased grain size, a fact
considered to imply reduced hydrodynamic energy of freshwater into the ocean, and
drier conditions. The proposal of Schmitz et al. (2001) was also based on a tentative
correlation of the FSU with prominent evaporite deposits occurring in the continental15

Tremp area (Fig. 1). However, subsequent studies by Schmitz and Pujalte (2003, 2007)
established a robust correlation of the FSU with units of the Tremp area indicative of an
enhanced seasonal humidity-gradient during the PETM (i.e., Claret Conglomerate and
the Yellowish Soils). These authors found that, analogous to projected future changes
following the present increase in atmospheric CO2, semiarid regions during the PETM20

experienced prolonged and intensified drought during the summer seasons, and an
increase in the strength and frequency of storm events in the cooler parts of the year.
This circumstance, possibly in combination with a low sea-level, led to a dramatic in-
crease in erosion of the vegetation-barren landscape during PETM.

The purpose of this paper is to test whether there is additional evidence, based on25

studies in the western Pyrenees, for dramatic and abrupt changes in the hydrological
regime during the PETM. The most important new finding is that massive volumes of
coarse-grained quartz sands and pebbly sands, and not only fine-grained siliciclastics,
were supplied to the Pyrenean Gulf during the thermal event. The coarse-grained sili-
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ciclastics were accumulated in incised valleys in the shallow setting, and in a broad
deep-sea channel in the deep basin, the confined nature of both depositional envi-
ronments explaining why the occurrence of these coarse-grained deposits has been
previously largely overlooked. It will also be shown that kaolinite from the FSU was
likely supplied from Cretaceous lateritic profiles developed in the adjacent Hercynian5

basament of N Spain.

2 Data set and methods

This paper is mainly based on new field and laboratory data from three areas of the
western Pyrenees (boxes 1, 2 and 3 in Fig. 1). Field data include mapping of these ar-
eas and logging and sampling of the P–E interval of selected sections. Laboratory data10

comprise analyses of carbon isotopes, mainly from dispersed organic matter (δ13Corg)

but a few also from carbonate nodules (δ13Cinorg), clay mineralogy, and petrological

study of thin sections. The organic carbon 13C/ 12C analyses were carried out at the
Servizos de Apoio á Investigación (SAI) of the University of A Coruña, Spain. Sam-
ples were weighed in silver capsules, decarbonated using 25 % HCl, and measured by15

continuous flow isotope ratio mass spectrometry using a MAT253 mass spectrometer
(ThermoFinnigan) coupled to an elemental analyser EA1108 (Carlo Erba Instruments)
through a Conflo III interface (ThermoFinnigan). Carbon stable isotope abundance is
expressed as δ13C (‰) relative to VPDB. International reference standards (NBS-22,
IAEA-CH-6 and USGS 24) were used for δ13C calibration. Replicate analyses were20

carried out on some of the decarbonated samples, which revealed negligible mean
standard deviations.

Fine-grained samples were analyzed for their mineralogical content by X-ray diffrac-
tion (XRD) using a PANalytical Xpert PRO diffractometer at SGIker X-ray Facility of the
University of the Basque Country, Spain. Samples were mechanically ground to pow-25

der in order to determine their general mineralogy in randomly oriented samples. For
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analysis of clay minerals, samples were decarbonated using diluted HCl and the sus-
pension obtained was centrifuged until removal of chlorides. The < 2 µm fraction was
separated by centrifugation, and oriented aggregates of this fraction were analyzed
by XRD following three steps: first, air-dried without any additional treatment; second,
after ethylene glycol solvation for 48 h at room temperature, in order to identify smec-5

tite; and, third, after dimethyl sulphoxide solvation at 75 ◦C for 72 h, in order to identify
kaolinite and chlorite. Semiquantitative abundances were assessed using the intensity
(area) of the major XRD reflections and applying the corresponding correction factors.

This paper also makes use of stratigraphical, palaeontological and palaeogeograph-
ical data of lower Palaeogene deposits of the Pyrenean area obtained in previous stud-10

ies. However, these data were previously scattered in various publications, mainly two
field guides (Pujalte et al., 1994; Baceta et al., 2011) and a PhD Thesis (Baceta, 1996),
and are presented here in a coherent manner for the first time.

3 General setting

Throughout early Paleogene times the Pyrenean domain was an E–W elongated ma-15

rine embayment opening into the Bay of Biscay, with a central deep-water trough
(Basque Basin) flanked by a broad shallow marine carbonate platform, in turn sur-
rounded by subaerial coastal alluvial plains (Fig. 1; Plaziat, 1981; Baceta, 1996; Baceta
et al., 2011). The alluvial plain in the Tremp area was fed with calciclastic deposits de-
rived from Cretaceous carbonate rocks uplifted during a Santonian–early Maastrichtian20

tectonic phase in the eastern Pyrenees. In addition, the Massif Central in France and
the Ebro Massif in Spain, both made of Palaeozoic and lower Triassic rocks, sup-
plied siliciclastic sediments (Fig. 1). The carbonate platform is mainly represented by
a stack up to 300 m thick of shallow-marine carbonates, which can be broadly sub-
divided into inner and outer platform domains based on their fossil content and their25

respective dolomite/limestone proportions (Fig. 1). Significant amounts of sands and
sandstones also occur, which were mostly accumulated within valleys incised in the
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inner platform domain (Baceta et al., 1994). The base-of-slope apron, typified by the
Ermua section, is made up variable proportion of carbonate breccias, coarse-grained
and fine-grained calciturbidites and hemipelagic limestones and marls (Pujalte et al.,
1994, 1998b; Schmitz et al., 2001). These largely resedimented accumulations fringe
the carbonate platform, from which they were clearly shed. The deep-marine Basque5

Basin, which is situated down current from the base-of-slope apron, is much more
widespread (Fig. 1). It accumulated a rhythmic alternation of hemipelagic limestones
and marls with minor intercalations of thin-bedded turbidites, exemplified by the well-
known Zumaia section (Baceta, 1996; Pujalte et al., 1998b; Dinarès-Turell et al., 2003,
2007; Bernaola et al., 2006; Schmitz et al., 2011). The deep-sea channel is a long-lived,10

axially-flowing erosional feature that offers many clues for a correct understanding of
the sedimentation processes in the Basque Basin during Paleocene times. Scattered
outcrops of deep-sea channel deposits can be found from Pau, in the North Pyre-
nean zone, to Bilbao, in the westernmost tip of the Biscay synclinorium (Fig. 1; Pujalte
et al., 1994; Baceta, 1996). This paper focuses on two of these sedimentary environ-15

ments, the incised fluvial valleys and the deep-sea channel, discussing the architecture
and facies of their deposits across the P–E interval.

4 The P–E interval in the inner platform domain

The P–E interval is represented in the inner platform domain of the south-western
Pyrenees by two different kinds of successions. One of them, typified by the Korres20

section, is mostly comprised of shallow marine carbonates, and represents areas out-
side the incised valleys (Figs. 2, 3). Valley fill successions, of which the Laminoria sec-
tion is the most representative, are characterized by the presence of massive volumes
of siliciclastic sediments, notably sands and pebbly sands of fluviatile origin, which as
a rule overlie an erosion surface deeply carved into upper Thanetian marine carbonates25

(Fig. 3). Mapping demonstrates that valley fill successions are laterally discontinuous,
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the orientation of the valleys having been reconstructed using palaeocurrents (Baceta
et al., 1994; Fig. 2b).

Two incised valleys have been recognized, respectively situated to the southeast
and to the west of the city of Vitoria (Figs. 1 and 2a). Their best outcrops occur in
the Laminoria and Villalain quarries, the valleys being therefore named after them.5

A width of ca. 6 km can be estimated for the Laminoria valley (Fig. 2b). Width of the
Villalain valley was probably similar, although outcrop constrains preclude its accurate
reconstruction. Elsewhere in the southern Pyrenees lower Palaeogene inner platform
outcrops are either eroded or buried under younger deposits (Fig. 1), which prevents
establishing whether or not additional valleys existed.10

4.1 Description of key sections

4.1.1 Korres section

The Korres section (42◦41′55′′N, 2◦26′11′′W), which is situated about 1 km east of
the extrapolated eastern margin of the Laminoria incised valleys (Fig. 2), exemplifies
a lower Palaeogene succession of the inner platform domain (Pujalte et al., 1994; Bac-15

eta, 1996). The Thanetian–lower Ilerdian interval is there represented by deposits of
two different depositional sequences separated by an important discontinuity (DS TH-2
and DS IL-1; Baceta et al., 2011). Both are rich in marine microfossils, including several
diagnostic larger foraminifera species (Fig. 3; fossil determination by Serra-Kiel, in Pu-
jalte et al., 1994), based on which the two depositional sequences can be respectively20

ascribed to the Shallow Bentic Zone (SBZ) 4, late Thanetian, and SBZ-5, early Ilerdian
(=earliest Ypresian) of Serra-Kiel et al. (1998).

Depositional sequence TH-2 rests abruptly on lower Thanetian recrystallized lime-
stones and dolomitic marls and consists of two lithological units (A and B in Fig. 3).
Unit A (ca. 10 m) is made up of an alternation of cross-bedded sandy limestones and25

sandy marls. Unit B (ca. 20 m) consists of thickly bedded grainstones and sandy grain-
stones rich in algal remains and larger foraminifera, and it is capped by a sharp surface
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of irregular morphology caused by a dense array of sub-vertical down-tapering pipes
up to 20 cm in diameter and no less than 1 m deep (Figs. 3 and 4a, b). The pipes
are filled with sandy calcarenites, similar in composition to the encasing bedrocks, but
which include numerous hardened coated grains, which give the pipe fills a distinc-
tive rugged appearance in weathered surfaces (Fig. 4c). Diameters of these coated5

grains vary between 2 and 35 mm, the smaller ones being typically spherical, the large
ones ovoidal in shape (Fig. 3d). They have large nuclei and thin cortices. The nuclei
are formed of quartz grains and lithoclasts set in a micritic matrix, the thin cortices by
vaguely laminated micrite with irregularly developed circungranular cracks (Fig. 4e).

Vertical to subvertical pipes with coated grains similar to that from the Korres section10

were described in recent soils of Tarragona, Spain, by Calvet and Julià (1983, their
Fig. 1b) and in the British West Indies by Jones (2011, his Fig. 2a), who respectively
named them pisoids and oncoids. In both cases the pipes were developed in exposed
Miocene carbonates, the coated grains occurring around roots of trees and bushes
penetrating the rocky substratum. Based on that, it is safely to conclude that the irreg-15

ular discontinuity capping unit B at Korres represents a surface of subaerial exposure
colonized by plants.

The DS IL-1 sequence also has two lithological units at Korres (F and G in Fig. 3).
Unit F is ca. 7 m thick, and it is made up of calcareous clays devoid of fossils but
containing scattered and small-sized (< 3 mm) soil carbonate nodules, indicative of20

poorly developed soils. The overlying unit G corresponds to the so-called Alveolina
limestone, a laterally extensive marine unit of the Pyrenees recording a basin-wide,
early Eocene transgression (e.g., Plaziat, 1975; Baceta et al., 2011; Pujalte et al.,
2014a). In the Korres section, unit G is at least 20 m thick (top not preserved) and it
is mostly composed of sandy calcarenites rich in shallow marine fauna, dominated by25

flosculinized alveolinids (Fig. 3).
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4.1.2 Laminoria and Villalain sections

The incised valley successions are accessible in four quarries (Fig. 2), two of which
are currently active, Laminoria (42◦46′45′′N, 2◦28′00′′W) and Villalain (42◦54′43′′N,
3◦35′19′′W). In these quarries the DS TH-2 is only represented by unit A, which is
truncated at its top by an erosional unconformity, the inherent hiatus involving the re-5

moval of, at least, 21 m of the sequence (Figs. 3 and 5a). By contrast, the DS IL-1
includes three lithological units not present in the Korres section or elsewhere outside
the valleys (units C, D and E in Fig. 3).

Unit C is poorly outcropped, not being of economic interest and therefore not quar-
ried (Fig. 5a). Exploratory shallow boreholes demonstrate that it is up to 7 m thick10

(J. R. Subijana, personal communication, 2015). In its scattered outcrops the unit
is mostly composed of red unfossiliferous clays with subordinate interbedded sand
lenses. Neither carbonate nodules nor carbonate-coated rizocretions have been ob-
served in the clays, only occasional root traces less than 1 mm in diameter. The sand-
stone lenses vary in thickness from 0.5 to 4 cm, exhibiting cross-laminations, sharp15

bases and undulating tops.They consist mainly of very fine to fine quartz grains ce-
mented by calcite. The lower and upper surfaces of many of the lenses are coated with
mm-thick crusts of hematite and goethite (Fig. 4a, inset).

Unit D, the main objective of the quarrying, is up to 10.5 m thick and mainly com-
posed of fine-medium quartz sands (diameters 0.1–0.7 mm), mostly used in mould-20

ings for foundries and for quality glass. The sands may contain up to 20 % of clay
matrix, more than 80 % of which is kaolinite. Other minor components are pebbles
and heavy minerals, which are respectively separated from the target quartz sands by
sieving and wet spiral concentrators (J. R. Subijana, personal communication, 2015).
Pebbles occur randomly dispersed in the sands (Fig. 5b). They range 1–10 cm in di-25

ameter, most being subrounded fragments of white or pink vein quartz, but clasts of
quartzite and quartzarenites also occur. In the active front of the quarries the sands
have light brownish colours, but in the inactive Arenaza quarry (location in Fig. 2) ex-
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hibit a superficial reddish colour (Supplement Fig. 2a). Also in this inactive quarry,
the top 10–15 cm of the sands are intensely impregnated by hematite (Supplement
Fig. 2b and c). Some of the bigger clasts exhibit distinctive polished flattened facets
of ventifacts (Fig. 5c). These, at least, must have been ultimately derived from Per-
mian rocks, where ventifacts are comparatively frequent, and which are not uncom-5

monly resedimented into younger formations (Segura and Elorza, 2013). Neither body
fossils nor trace fossils have been observed, although hematite-coated root casts oc-
cur at some levels (Fig. 5e). Metre-thick sets bounded by internal erosional surfaces
can be seen at Laminoria and Villalain (Fig. 5d and f). The bounding surfaces have
a concave-up shape in the former quarry, which is oriented almost at right angles to10

the palaeocurrents, and near flat in the Villalain quarry, oriented approximately parallel
to the palaeocurrents. Further, unidirectional cross-stratification with decimetre to me-
tre scale foresets can be clearly perceived at Villalain (Fig. 5f). These geometries are
indicative of large-scale unidirectional trough cross-bedding, a type of bedding amply
described in fluviatile deposits (e.g., Allen, 1983; Bridge, 2003). The absence of marine15

body fossils or trace fossils, and the occasional occurrence of root casts, support the
fluviatile interpretation.

Unit E is up to 4 m thick and caps the incised valley succession in both the Laminoria
and Villalain quarries (Figs. 3 and 5d, f). At Laminoria it can be subdivided in two
parts (E1 and E2 in Figs. 3 and 5d). Part E1 (3 m) mainly consists of silts with a few20

intercalated sand beds 5–10 cm thick. At Laminoria at least two horizons crowded with
vertical root casts coated with iron oxides can be seen (Figs. 3 and 5e). At Villalain part
E1 is not represented. As a rule, unit E2 is sharply overlain by the Alveolina limestone
unit G, the abrupt lower boundary of which in all probability represents a ravinement
surface recording the Ilerdian transgression.25

4.2 Age model for the Laminoria and Korres clastic units

It is now firmly established that the PETM took place around the SBZ4/SBZ5 (or Thane-
tian/Ilerdian) boundary (e.g., Orue-Etxebarria et al., 2001; Pujalte et al., 2003, 2009;
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Scheibner et al., 2005; Zamagni, 2012; Drobne, 2014). The clastic units C, D, E and F
of Laminoria and Korres are all intercalated between SBZ4/SBZ5 marine deposits and,
consequently, it is reasonable to assume that at least some of them may be coeval
with the thermal event. To test this possibility thirteen samples from the Laminoria sec-
tions were analyzed for organic carbon isotopes, and nine samples for clay mineralogy5

(Fig. 6a). Routine analyses of the clay matrix of the sands of unit D always produce
a high kaolinite content (80–100 %; J. R. Subijana, personal communication, 2015). In
addition, four samples from the Korres section were analyzed for isotopes and one for
clay mineralogy, the results being shown in Fig. 6b, and discussed below.

A pulse of kaolinite accumulation in connection with the PETM has been documented10

on widely separated sections of the North Atlantic, such as Zumaia on the Bay of Bicay,
northern Spain (Knox, 1998; Gawenda et al., 1999) and the Bass River on the New
Jersey margin, USA east coast (Gibson et al., 2000; John et al., 2012). At Zumaia
kaolinites first appear in significant amounts (up to 25 % of the clay mineral assem-
blage) some 10 m below the onset of the PETM, the proportion increasing sharply (up15

to 75 %) at the onset of the thermal event (Knox, 1998). The origin of the pulse is con-
troversial (e.g., John et al., 2012) but, together with carbon isotope data, it is here used
to establish and age model for clastic units C–F.

The highest content in kaolinite occurs in unit D at Laminoria, which is accordingly
tentatively ascribed to the core of the PETM. Only one clay sample for isotopic anal-20

ysis could be collected from this unit, its isotopic value (−26.7 ‰ δ13Corg) being fully
compatible with that proposal (Fig. 6a). Indeed, analyses of well-constrained P–E conti-
nental and marine sections elsewhere in the Pyrenees concur in that the PETM interval
is characterized by δ13Corg isotopic values ranging from −26.0 to −28.8 ‰, while pre-
and post-PETM background values vary between −22.0 and −25.0 ‰ (e.g. Storme25

et al., 2012; Manners et al., 2013; Pujalte et al., 2014a).
In the same section the proportion of kaolinite in unit E decreases upward, in parallel

with a steady trend towards less negative δ13Corg values (Fig. 6a). Both sets of data are
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strongly indicative that unit E was accumulated, totally or in part, during the recovery
phase of the PETM, further reinforcing the ascription of unit D to the PETM.

Dating of unit C is less well constrained, mainly because no fresh samples suitable
for isotopic analyses could be obtained. However, a pre-PETM age is suggested by
its stratigraphic position below unit D, and also by the comparatively low amount of5

kaolinite in the six samples analyzed (Fig. 6a).
Three additional significant data have been obtained from the Korres section

(Fig. 6b): (1) the pisoids enclosed in the pipes at the top of unit B provide very negative
δ13Corg isotopic values (−26.1 and −28.1 ‰), (2) kaolinite is absent in the overlying unit
F, its clay assemblage being 100 % illite, and (3) the carbonate soil nodules in the same10

unit give comparatively light δ13Cinorg isotopic values (−5.1 and −5.8 ‰). According to
these data the karstic surface at the top of unit B was created during the PETM, while
unit F postdate the PETM.

4.3 Creation, evolution and filling of the incised valleys

It is widely acknowledged that the excavation of incised valleys in marine basin margins15

is usually triggered by a relative sea-level fall, the surface of subaerial exposure capping
unit B at Korres confirming that scenario. Incised valleys are filled with sediments during
the subsequent sea-level rise (e.g., Boyd et al., 2006; Strong and Paola, 2008).

Field data indicate that the sea-level drop trigering the incision of the Laminoria and
Villalain valleys occurred during the latest Thanetian, prior to the onset of the PETM,20

and that the sea-level rise started before the thermal event, with deposition of unit
C, and continued during and after it. Filling of the valleys occurred in three phases,
respectively recorded by units C, D and E (Figs. 3 and 6a). These three units are
considered of continental origin, based on the absence of fossils and the presence of
root casts, but their contrasting lithologies and sedimentary features are indicative of25

very different depositional conditions.
Unit C must have been accumulated in a low energy setting, probably a flood plain, as

demonstrated by the predominance of clays, the intercalated rippled sandstone lenses
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probably corresponding to distal crevasse splay deposits. Flood plains are best de-
veloped in meandering river systems. Therefore we speculate that point bar channel
sands also exist in unit C, although none has been observed in the few available out-
crops of the unit. The red colour of the clays suggests well-drained and oxidized soils,
the absence of calcite either suggesting that their moisture was too high for calcite5

accumulation or that accumulations of the clays was too rapid for nodules to form.
The sedimentary feaures of unit D implies a drastic change in depositional condi-

tions during the PETM. Indeed, the prevalence of sands and pebbly sands and the
large-scale trough cross-bedding require a much greater stream power, and therefore
water supply, than in the underlying unit C. Further, the scarcity of fine-grained deposits10

coupled with the large-scale trough cross-bedding or channelling in the pebbly sands
clearly indicate a braided river system stretching across most, if not all, the width of the
incised valleys.

The vertical reduction in grain size in unit E may denote a decrease in the river
discharge, but more likely it records the backstepping and ponding of the fluvial sys-15

tem as the sea level rose. The widespread hematite-coated root traces in subunit E1,
which suggest wet soil conditions, and the preservation of abundant coal remains in
subunit E2 indicative of a waterlogged environment, are both fully compatible with that
scenario. The eventual marine flooding of the valleys is demonstrated by the overlying
Alveolina limestones of unit G (Fig. 5d and f). Field data, and the age model discussed20

above, further indicates a small time lag in the re-establishment of fully marine condi-
tions outside the valleys (Fig. 3).

5 Paleocene deposits in the deep-water Basque Basin

The Paleocene Epoch is represented in the Basque Basin by two contrasting and mutu-
ally exclusive groups of deposits, hemipelagic and resedimented. Hemipelagic deposits25

occur in the central part of the deep basin and are represented by cyclic vertical alter-
nations of marls and limestones, with minor alternations of thin-bedded turbidites. They
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have been the objective of intensive study, particularly in the Zumaia section but also in
other coastal sections such as Sopelana, Hendaia or Bidart (Fig. 1), the papers result-
ing from these studies being too numerous to list here (e.g., Dinarès-Turell et al., 2014;
Storme et al., 2014; Clare et al., 2015; Hilgen et al., 2015, to name but some recent
publications). The hemipelagic Zumaia section is also the Global Stratotype Sections5

and Points for the Selandian and Thanetian Stages (Schmitz et al., 2011).
Resedimented deposits can in turn be subdivided in two groups. One group is mainly

composed of clasts- and mud-supported carbonate breccias and thickly-bedded calci-
clastic turbidites. As recognized by Plaziat (1975, his Fig. 13), they were clearly shed
from the shallow carbonate platform and were accumulated in the base-of-slope car-10

bonate apron fringing it (Fig. 1). The Ermua section is representative of this type of
accumulation (Pujalte et al., 1994; Baceta, 1996; Schmitz et al., 2001).

The second group of resedimented deposits include massive volumes of siliciclas-
tic turbidites, in addition to clasts- and mud-supported carbonate breccias and thickly-
bedded calciclastic turbidites (Figs. 7–11). These deposits, which occur in the axial part15

of the Basque Basin and provide many clues to properly understand its Paleocene and
early Eocene palaeogeography and evolution, were until recently largely overlooked
and sometimes misinterpreted. Thus, although their existence near Orio (location in
Figs. 1 and 7) was reported more than sixty years ago (Gómez de Llarena, 1954), only
two papers about them were produced in the following 28 years (Hanisch and Flug,20

1974; van Vliet, 1982). In the former paper the resedimented deposits were consid-
ered a diapiric mass outflowed during the Cretaceous from the nearby Zarautz diapir
(Fig. 7b). The latter paper provided a correct dating of the succession with calcare-
ous nannoplankton (Fig. 7a and Supplement Fig. 1), but the only interpretation offered
was that “this area [near Orio] remains stratigraphically anomalous until the earliest25

Eocene, as it also contains a localized very coarse-grained submarine fan body in the
basal Tribrachiatus contortus zone (NP 10)” (van Vliet, 1982, pp. 32). As explained be-
low, later studies by Pujalte et al. (1994) and Baceta (1996) made it evident that the
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second group of resedimented deposits were accumulate at the bottom of an axially
flowing deep-sea channel (Fig. 1).

5.1 The deep-sea channel: architecture and evolution

Deep-sea channels are erosional submarine features deeply incised into unconsoli-
dated sediment of ocean margin troughs or oceanic abyssal plains (Carter, 1988, p.5

42). The realization that the Paleocene coarse-grained resedimented deposits of the
axial part of the Basque Basin were accumulated on the floor of a deep-sea channel
was mainly based on the following facts:

1. They are not restricted to the Orio outcrop but are found from near Pau in the
northern Pyrenees to near Bilbao in the westernmost available outcrops (Fig. 1).10

2. Flute casts from the base of thick-bedded turbitites, both calciclastic and silici-
clastic, systematically indicate westwards directed palaeocurrents. In the case of
Orio, palaeocurrents demonstrate transport towards the Zarautz diapir, not away
from it (Fig. 7b).

3. A high resolution mapping of the eastern flank of the Zarautz diapir demonstrated15

that it had little influence in the accumulation of Paleocene resedimented deposits
(Baceta et al., 1991). Except at Orio, no Keuper diapirs occur in the vicinity of
axial Paleocene resedimented deposits, a further proof that diapirism played little
or no role in their accumulation.

4. The trend of the deep-sea channel was inferred from palaeocurrents, its cross-20

section through correlation of well-dated sections. As datum for correlation the
lower/upper Maastrichtian, Cretaceous/Paleogene and calcareous nanoplankton
NP10/NP11 boundaries were used (Figs. 7 and 9).

5. As a rule, the resedimented deposits rest directly onto Campanian-lower Maas-
trichtian flysch deposits, as exemplified by the Orio and Gonzugaria sections.25
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The lowermost part of the resedimented deposits at the Orio section is represented
by a chaotic breccia, which is considered a testimony of the carving of the deep-
sea channel (Fig. 7c). This breccia is mainly formed by large contorted blocks of
upper Maastrichtian reddish marls, but also includes some large clasts of Paleocene
hemipelagic limestones of the P1a planktonic foraminifera zone of Wade et al. (2011).5

The breccia is overlain by thickly-bedded calciturbidites with thin marly interbeds con-
taining well-preserved planktonic foraminifera of the P1c zone. These data indicate that
creation of the channel was initiated in early Danian times.

The information summarized above and illustrated in Figs. 7–9 demonstrates that
the Paleocene deep-sea channel was at least 200 km long, about 5 km wide and up10

to 350 m deep (i.e., the maximum thickness of the missing section at Orio and Gonzu-
garaia). The channel was carved into a succession (“pre-channel suite”) in which two
parts are recognized, the Campanian-lower Maastrichtian siliciclastic flysch and the
upper Maastrichtian reddish marls and marly limestones. After the initial excavation
of the channel during the early Danian, it persisted as a prominent geomorphologi-15

cal feature until the earliest Eocene. The channel had a dominantly erosive character,
acting essentially as a conduit for concentrated turbidite currents. Outside the channel
hemipelagic sedimentation was the rule. Consequently, three different types of Pa-
leocene sedimentary successions (“syn-channel suite”) are recognized in the Basque
Basin: (1) Basin floor association, typified by the Zumaia section, which is largely made20

up of a continuous stack of hemipelagic limestones and marls. (2) Channel-wall asso-
ciation, lithologically similar to the previous one, but getting thinner and with increas-
ingly important internal hiatuses towards the channel axis. The Balcón de Bizkaia, and
Trabakua pass west section are representative of this association (Fig. 9). (3) Channel-
bottom association, mostly composed of coarse-grained resedimented deposits, with25

thin and discontinuous intercalations of hemipelagic marls. The lower part of this asso-
ciation is dominated by thickly-bedded calciturbidites intermingled with intraformational
breccias derived from the slumps and collapses of the channel walls, while the upper
part is dominated by thickly-bedded siliciclastic turbidites (Figs. 8 and 10a).
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The deep-sea channel was created during an interval of comparative sediment star-
vation in the Basque Basin and lasted, while starvation persisted, until the earliest
Eocene. Sedimentation rates increased dramatically during the early Eocene and, in
the comparatively short time of the NP10 zone (1.39 My according to Berggren et al.,
2005), the deep-sea channel was filled up by the massive arrival of mixed calciclastic5

and siliciclastic turbidites (“post-channel suite”, Figs. 7 and 9).

5.2 The PETM interval at the Orio section

Given the scarce attention hitherto received by the Paleocene resedimented deposits of
the deep-sea channel it is hardly surprising that no attempt has been made to pinpoint
in them the PETM. The Orio section was selected to alleviate this information deficit for10

several reasons. One, it is the thickest section of resedimented deposits available in the
Basque Basin (Baceta, 1996). Two, its carbonate-dominated intervals are well dated
with planktonic foraminifera and/or larger foraminifera and/or calcareous nannofossils
(Fig. 7c, Supplement Fig. 1). Third, a recent enlargement of the road connecting the
N-634 road to the E-5 motorway has created a fresh outcrop of the upper segment15

of the section, (the target of this study), from which fresh samples could be collected
(Figs. 8d and 11a).

The target segment is situated above Thanetian calciturbidites and just below
deposits of the post-channel suite that contain Tibrachiatus contortus (Supplement
Fig. 1), a nannofossil species that post-dated the PETM (Aubry, 1996). The interval20

is exclusively made up of siliciclastic deposits, but two different parts can be readily
differentiated (parts A and B in Figs. 8d and 11b). Part A is composed of plane-parallel
turbidite beds separated by thin clay interbeds. The sandstones are medium-grained
and loosely cemented, probably due to superficial decalcification. Thin sections reveal
that, in addition to quartz, they contain around 5–7 % of feldspars and lesser amount25

of mica and rock fragment, and can thus be classified as subarkoses (Fig. 8d).
Part B is composed of amalgamated sandstones and pebbly sandstones, the lat-

ter with clasts up to 3 cm in diameter (Fig. 8f). They are thickly-bedded, beds ranging
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2–5 m in thickness. The sandstones are quartzarenites, composed of more than 95 %
of quartz, with just traces of mica and rock fragments, and are pervasively cemented
by quartz. Part B is therefore very resistant to erosion, creating a prominent ridge in
the landscape (Fig. 8a and b). Some of the sandstone bed surfaces are strewn with
coalified remains (Fig. 8e). The great thickness of the beds, their absence of grading5

or internal laminations and the occurrence of coalified remains of obvious continental
derivations strongly suggest that most, if not all the sandstones of part B are hyper-
pycnal flow turbidites, generated by direct river effluent (cf., Plink-Björklund and Steel,
2004). Clay interbeds are rare, thin and discontinuous (Fig. 11b).

The stratigraphic position of the target segment suggests that it, or a part of it, may10

pertain to the PETM (Supplement Fig. 1). To test that possibility 13 samples were ana-
lyzed for organic carbon isotopes, 12 of them from clays or plant remains, the remainder
from marls. Additionally, 6 samples were analyzed for clay mineralogy. Location of the
samples and the analytical results are plotted in Fig. 11.

The four samples analyzed from part A give a stable isotopic trend, with δ13Corg val-15

ues in the range −24.2 to −24.4 ‰ (Fig. 11b). This is the same value range obtained
from the uppermost Paleocene part of the Zumaia section by Storme et al. (2012) and,
accordingly, a pre-PETM age is assigned to part A. Values from the eight samples ana-
lyzed from part B drop to around −27.6 to −28.4 ‰, typical δ13Corg values of the PETM
at Zumaia, again according to Storme et al. (2012). Consequently, part B is assigned20

to the PETM. This inference is further supported by the stratigraphical position of part
B (Supplement Fig. 1) and by the δ13Corg value of −24.8 ‰ obtained from one marly
sample collected just above part B, which is indicative of the return to background
conditions after the thermal event.

The three clay samples from part A analyzed for clay minerals exclusively contain25

illite, while two out of the three samples analyzed from part B include a significant
percentage of kaolinite (Fig. 11b). Although somewhat ambiguous, the clay results do
not contradict the age inferred from the isotope data.
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6 Discussion

The three main findings of this study are that: (1) in the western Pyrenees the PETM
was preceded by a sea-level fall, recorded by the subaerial exposure of the inner ma-
rine carbonate platform and the excavation of incised valleys, (2) in connection with the
thermal event, massive volumes of sands and pebbly sands were stored in the incised5

valleys and in the bottom of the deep-sea channel, (3) the influx of kaolinite during the
PETM was especially important in the incised valleys.

A pre-PETM fall of sea level has previously been documented in the eastern Pyre-
nees (Pujalte et al., 2014a), in the North Sea Basin (Dupuis et al., 2011) and even in
Egypt (Speijer and Morsi, 2002). The evidence here presented further reinforces that10

the fall was, at least, supraregional.
The PETM coarse-grained siliciclastics in the incised valleys and in the deep-sea

channel are clear proof of a large increase in, respectively, stream power (which re-
quired greater discharges), and the flow strength and capacity of turbidite currents.
Coarse-grained sands have also been documented in PETM deltas (Fig. 12a, Pujalte15

et al., 2014b). To evaluate the significance of such increases, however, it must be taken
into account that the volume of fine-grained siliciclastics delivered to the Pyrenean Gulf
during the PETM far exceeded that of sands and pebbly sands. As a result, a mud
blanket on average 3 m thick covered most of the outer platform (Pujalte et al., 2003),
the base-of-slope apron (Schmitz et al., 2001), the basin floor (Schmitz et al., 1997;20

Baceta, 1996) and, more remarkable, the deep-sea channel walls (Figs. 9b and 10b).
Two lines of reasoning converge to indicate that the most plausible explanation of the

hydrological change in the Pyrenean Gulf during the PETM was an abrupt enhance-
ment of seasonal precipitation extremes in an overall dry environment. One, models
predict that the ongoing global warming will increase the frequency of interannual pre-25

cipitation extremes, especially the wet extremes (e.g., Berg and Hall, 2015). Two, it
is well established that in semi-arid areas interannual variation in precipitation rates
are strong and that, during flood events, suspended sediment concentrations in rivers
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are very high. For example, data compiled from the semi-arid Carapelle watershed in
southern Italy by Bisantino et al. (2011, their Table 3) show that the concentration of
suspended sediments in the Carapelle torrent during intense flood events may be as
high as 43 gL−1. Even higher suspension load concentrations (250 gL−1) during flood
events have been measured in the Wadi Wahrane of Algeria (Benkhaled and Remini,5

2003).
Semi-arid to arid climates prevailed during Palaeocene times in the Pyrenean Gulf,

as demonstrated by paleosols rich in calcareous nodules and gypsum in the continental
Tremp Group of the eastern Pyrenees (Schmitz and Pujalte, 2003). Accordingly, the
rise in temperatures during the PETM, would prolong and intensify summer drought10

but increase the frequency and magnitude of cool-season flood events. This would
increase the river channel competence and the volume of suspension loads.

The change in channel pattern recorded in the incised valleys, from meandering dur-
ing accumulation of unit C to braided during accumulation of unit D (Fig. 12b), is con-
gruent with the hydrological change proposed above. The possibility that this change15

was caused by a tectonic event is considered highly unlikely, since tectonic quies-
cence prevailed in the Pyrenean domain throughout the latest Maastrichtian–middle
Ilerdian interval (e.g., Fernández et al., 2012; Pujalte et al., 2014a). Further, Bridge
(2003) maintains that river channel patterns are determined by the type of flows at
averaged bankfull discharges (“channel-forming discharges”), a configuration that is20

only slightly modified at low discharges. Bridge (2003, his Fig. 5.9) also indicates that
the width/depth and degree of braiding of rivers increase as their channel-forming dis-
charges increase. Thus, the observed change to a braided pattern can reasonably be
attributed to the higher frequency and magnitude of flood events during the PETM.

Changes registered in the deep sea-channel can also be explained in the context25

of the PETM hydrological change. The deep-sea channel acted mainly as a conduit
towards deeper water of turbidite currents reaching the central part of the Basque
Basin. During most of Paleocene time these turbidites mainly carried coarse clastics,
either carbonate or siliciciclastics, while channel-walls were subjected to erosion and
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the basin floor mainly received hemipelagic sediments (Fig. 12c). During the PETM
interval field evidence demonstrates that hyperpycnal flow turbidites entering the deep-
sea channel carried, in addition to coarse-grained sands and pebbly sands, an even
larger fraction of fines in suspension that overflowed the channel bottom and were
deposited on the channel walls an in the basin floor, greatly diluting the hemipelagic5

contribution (Fig. 12c).
The influx of kaolinite during the PETM has been reported in widely separated

basins, although its origin is somewhat controversial (John et al., 2012). Kaolinites
have been reported in several PETM sections of the Pyrenean Gulf in variable percent-
ages, ranging from up to 15 % of the total clay assemblage in the continental Tremp10

Basin (Schmitz and Pujalte, 2003) to up to 75 % in the Zumaia section (Knox, 1998).
Here we show that kaolinites occur at even higher percentages in unit D, within the
incised valleys (Fig. 6a), which were probably sourced from the Hercinian Ebro Massif
(Fig. 1). The Ebro Massif is currently buried by younger Tertiary sediments (Lanaja and
Navarro, 1987). However, the Hercinian basement outcrops further south and it is am-15

ply documented that it was covered by a thick lateritic profile developed under tropical
conditions during the Cretaceous, the remains of which may be more than 50 m thick
(Molina Ballesteros, 1991). The remnants of this profile are directly overlain by a lower
Palaeogene alluvial unit named “Siderolithic Series”, which at least in part was derived
from the lateritic profile (Santisteban Navarro et al., 1991; Molina Ballesteros et al.,20

2007). The Siderolithic unit consists of channelized conglomerates and sandstones
and overbank fines, their main components being quartz and kaolinite. Also significant,
the conglomerates and sandstones are cemented by silica and by variable amounts of
Fe oxyhydroxides, the latter giving the unit its name.

The quartz-rich character of unit D at Laminoria and Villalain, and its content on25

hematite and goethite strongly suggest that it resulted from the erosion of a similar
Cretaceous lateritic profile developed on the Ebro Massif. Therefore, the high content
in kaolinite of the unit can best be explained by enhanced erosion of this old profile, in-
stead than recording intense chemical weathering under the greenhouse climate of the
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PETM. The variable content in kaolinite in the different PETM sections of the Pyrenees
can thus be attributed to differences in the source areas, the highest and lowest fluxes
being respectively derived from the Ebro Massif in the south and from the calcareous
mountains in the east (Fig. 1), the intermediate values in the Basque Basque sections
probably recording a mixed contribution from both source areas.5

7 Conclusions

The important change in sedimentary conditions recorded in the western part of the
Pyrenean Gulf across the P–E boundary interval can satisfactorily be explained by
a dramatic and abrupt change in hydrology and a pre-PETM sea-level fall. During the
PETM drier periods were longer and interval of intense rain more frequent. In a dry,10

vegetation-barren landscape seasonal precipitation extremes effectively eroded the
landscape. As a result, during rainy intervals fluvial currents carried coarser bed loads
and massive suspension loads. Delivering of these loads to the marine basin was fa-
cilitated by the lowering of the sea level. A fraction of the bed load was accumulated
within incised valleys, excavated during the sea-level fall, and on deltas at the val-15

ley mouths. The remainder coarse-grained fraction, transported by hyperpycnal flows,
reached a deep-sea channel excavated along the axial part of the Basque Basin. Distri-
bution of the suspension load was much more widespread, its deposits covering much,
if not all, the outer platform, the base-of-slope, the basin floor and even the walls of
the deep-sea channel. This implies that the rivers transported and delivered a much20

larger volume of fine-grained sediments than of coarse-grained sediments, another in-
dication of precipitation extremes. The evidence that the influx of kaolinite coeval with
the PETM was due to enhanced erosion of Cretaceous lateritic profiles developed on
the Hercinian basement reinforce this conclusion.

Based on an entirely different set of data from the Tremp–Graus Basin, in the east-25

ern Pyrenees, a similar hydrological change to the one discussed here was proposed
by Schmitz and Pujalte (2007). The data from the western Pyrenees here presented
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reinforce such a proposal, and indicate that the hydrological change affected the entire
Pyrenean domain.

The Supplement related to this article is available online at
doi:10.5194/cpd-11-2889-2015-supplement.
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Figure 1. Early Palaeogene palaeogeography of the Pyrenean area, (modified from Baceta
et al., 2004). The separation of inner and outer platform sub-domains (white broken line) is ap-
proximate. Boxes mark the location of study areas (1, incised valleys; 2 and 3 deep-sea channel
deposits). Note the two different source areas, respectively supplying calciclastic and siliciclas-
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Figure 4. Field images of the Korres section. (a) General view of the irregular karstified surface
capping the upper Thanetian marine carbonates of unit B. (b and c) Overview and close-up of
the prominent vertical dissolution pipes of the top part of unit B. (d) Polished hand sample of
the pisoid-bearing infilling of the dissolution pipes. (e) Microphotograph of pisoids.
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Figure 5. Incised valley deposits. (a) Abandonned quarry to the north of Virgara: general view of
unit C (continental red clays with sandstone lenses) abruptly overlying upper Thanetian sandy
marls and limestones of unit A. The inset illustrate the upper surface of a sandstone lens
coated with goethite-hematite. (b) Close-up of a pebble-rich part of Unit D. (c) Examples of
sub-rounded pebbles of unit D preserving flattened facets suggestive of ventifacts. (d) General
view of units D–G in the active quarry front of Laminoria. Note concave-up internal erosional
surfaces in unit D (quartz sands). The dumper is about 6.5 m high. (e) Close-up of a part of
the Laminoria quarry, the white arrows indicating horizons with hematite-coated root casts. (f)
Units D–G in the Villalain Quarry; note large-scale unidirectional cross-bedding in unit D.
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Figure 8. (a) General view of deep-sea channel deposits to the east of Orio (the village is sit-
uated in the bottom left hand corner of the image). The broken thick white line and the small
white arrows indicate the base of the deep-sea channel succession, the big white arrows point
to the prominent ridge created by the PETM quartzarenites; Ccl, part of the succession dom-
inated by calciclastic deposits; Scl, part of the succession dominated by siliciclastic deposits.
(b and c) General view and close up of Ccl deposits in quarries next to the N-634 road; (d)
field view of upper part of the Scl-dominated succession, corresponding to the P–E interval,
with indication of the two parts (a and b) differentiated. (e) Coal remains on the top surface of
a quartzarenite bed from part B. (f) Close up of the pebbly quartzarenite at the lower part B.
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Figure 9. (a) Outcrop map, with superimposed palaeogeography, of the segment of the Pale-
ocene deep-sea channel in the Gonzugaia-Trabakua pass area (location: box 2 in Fig. 1). (b)
Correlation of representative sections using two datums: X, lower-upper Maastrichtian bound-
ary; Y, Cretaceous-Palaeogene boundary. Note that PETM clays drape the channel walls (Tra-
bakua W section) and cover the basin floor (Trabakua E section). Modified from Baceta (1996).
Explanation within the text.
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Figure 10. Field images of representative sections of the deep-sea channel in the Gonzugaraia-
Trabakua pass area. (a) Gonzugaraia section; (b) Trabakua west section; (c) Trabakua east
section (locations in Fig. 7). Scl: siliciclastic-dominated intervals; Ccl, claciclastic dominated
intervals; Php, Paleocene hemipelagic deposits; Ehp, Eocene hemipelagic deposits.
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Figure 11. (a) Simplified geological map of a sector to the east of Orio, with location of the
studies P–E interval (arrowed). (b) Columnar sections across the P–E interval of the Orio sec-
tion and stable isotope profile of organic carbon. Asterisk indicate samples analyzed for clay
minerals and their respective percentage.
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Figure 12. (a) Reconstructed S–N transects of the southwestern margin of Pyrenean Gulf dur-
ing the PETM interval: coarse-grained sands and pebbly sands were accumulated within the
incised valleys, deltas and within a deep-sea channel, while fine-grained siliciclastics mantled
most other parts of the gulf. (b) Reconstructed architecture of the incised valleys. (c) Simplified
graphic models depicting the depositional conditions in the Basque Basin during two different
time intervals: during most of Paleocene times (lower image) clastic bed load and suspension
load were largely confined to within the deep-sea channel, while hemipelagic deposition domi-
nated on the basin floor; during the PETM (upper image), clastic input increased dramatically:
coarse-grained bed-load remained confined to the deep-sea channel bottom, but suspension
load became widespread over the entire basin, including the channel walls and the basin floor,
diluting hemipelagic deposition.
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