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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang We present a new magnetobiostratigraphic study of the Izaga composite section (South Pyrenean foreland basin),
performed to investigate the possibility of defining the Bartonian GSSP and to assess the yet unexplored sedi-

Keywords: mentary expression of the Middle Eocene Climate Optimum (MECO) in the deep palaeoenvironments of the

South Pyrenean basin basin. Our results indicate that the section spans from the uppermost part of Chron C19r to the uppermost part of

Magnetostratigraphy
Calcareous nannofossil biostratigraphy
Bartonian

C18n.2n, comprising calcareous nannofossil biozones CNE14 and CNE15. As found in most prospective sections
studied previously, the occurrence of delayed magnetizations has prevented precise delineation of the marker of

GSSP the Bartonian GSSP, the short lived Chron C19n, which reinforces the idea that an alternative biostratigraphic
C19n event might need to be chosen as the primary marker of the GSSP. In this regard, we propose the highest
MECO occurrence of Sphenolithus furcatolithoides B, whose persistent location close to the top of C19n has been
corroborated at the Izaga composite section. If this datum accepted, the Izaga composite section can be regarded
as one of the best prospective successions to host the Bartonian GSSP due to its expanded nature and superb
outcrop conditions. Our results also reveal an increase in the input of reworked calcareous nannofossils and
organic matter of continental origin concurring with a negative shift in the carbonate carbon and oxygen stable
isotope record around the C19r/C18n.2n boundary, and hence demonstrate that the enhanced hydrological cycle
induced by the MECO is manifested along a complete continental to deep marine transect along the South

Pyrenean basin.
1. Introduction mainly due to the lack of sections that satisfy the geological and logistic
requirements of the International Commission on Stratigraphy (see
The base of the Bartonian stage is the only Paleogene Global Stra- Remane et al., 1996). The name “Bartonian” was used for the first time
totype Section and Point (GSSP) that is still pending definition (Speijer by Prestwich (1847) and later by Mayer-Eymar (1858) to refer to the
et al.,, 2020; https://www.paleogene.org/working-group/bartonian/), Barton clays and sands exposed at Barton-On-Sea in the Hampshire
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Basin, southern England. The first proposal to define the base of the
Bartonian stage was made by Keeping (1887) who proposed a level rich
in Nummulites prestwichianus. This level is located in the upper part of
calcareous nannofossil zone NP16 (Martini, 1971) towards the middle
part of Chron C18r (Dawber et al., 2011; Hooker and King, 2019).
Currently, the International Commission on Stratigraphy provisionally
places the base of the Bartonian stage close to the LAD (Last Appearance
Datum) of the calcareous nannofossil Reticulofenestra reticulata in the
Contessa Highway section, but this event could be unsuitable due to its
diachronism between low-mid latitudes and southern high latitudes
(Berggren et al., 1995; Messaoud et al., 2021). There are not distinctive
biostratigraphic events close to the interval potentially corresponding to
the base of Bartonian and different markers have been proposed. The top
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of magnetic polarity Chron C19n has been proposed to be the most
useful marker for its GSSP (Jovane et al., 2010; Speijer et al., 2020).
Unfortunately, one of the sections where Chron C19n has been more
accurately identified (Contessa Highway section in Italy; Jovane et al.,
2007, 2010) is located at the entrance of an active quarry, where free
access, the possibility of fixing a permanent marker, and the long-term
protection of the site cannot be granted. Another Italian prospective
section, the Bottaccione section, is affected by delayed remanence
acquisition processes and by an important shift in sedimentation rates
across the Lutetian/Bartonian transition, which have resulted in a poor
delineation of Chron C19n (Coccioni et al., 2022) (Fig. 1a). A similar
problem affects the Oyambre section in northern Spain, where delayed
magnetizations have seemingly resulted in the erasure of Chron C19n
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Fig. 1. a) Location of prospective Bartonian GSSP sections (modified from Plaziat, 1981): (A) Alum Bay section (Cotton et al., 2021); (B) Bottaccione section
(Coccioni et al., 2022), also Contessa Highway (Jovane et al., 2007, 2010) is located in the same area; (O) Oyambre section (Payros et al., 2015a); (Ar) Aragén section
(Oms et al., 2003); (I) Izaga section (this study). b) Geological map of the studied area with location of the new magnetostratigraphic section (ICS) and other sections
of interest. AR: Aragdn section (Oms et al., 2003); LS: Latas section (Lasluisa et al., 2024); OL: Olsén section (Vinyoles et al., 2021); YB: Yebra de Basa section
(Vinyoles et al., 2021; Peris-Cabré et al., 2023). Ill: 1llén thrust; Ot: Oturia thrust; Ja: Jaca thrust; Le: Leire thrust; La: Larra thrust; Ga: Gavarnie thrust; Ec: Eaux-

Chaudes thrust.
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(Payros et al., 2015a) (Fig. 1a). The Aragdn section in the Spanish
Pyrenees has been shown to record Chron C19n, but it is also poorly
delineated given the relatively poor paleomagnetic quality and outcrop
conditions, and the presence of frequent and thick channelized erosive
turbidites, across the interval of interest (Oms et al., 2003) (Fig. 1a). A
final prospective section at Alum Bay (UK), considered as the classic
reference section for the Bartonian, has yielded inconclusive magneto-
stratigraphic results linked to tectonic disturbances, which has resulted
in a somehow ambiguous identification of Chron C19n that appears, in
any case, incomplete (Cotton et al., 2021) (Fig. 1a). Overall, it seems
that new areas need to be searched in order to locate prospective sec-
tions and open the range of possibilities for defining the Bartonian GSSP.

One of such locations is the Jaca-Pamplona Basin in the western part
of the South Pyrenean foreland basin (SPFB), an area well-known for the
presence of expanded Eocene successions deposited in a deep marine
environment (see Payros et al., 2015a; Barnolas et al., 2019). Although
initial surveys aimed at analysing the potential of the area for estab-
lishing the Bartonian GSSP produced negative results given the overall
poor-exposure conditions (Payros et al., 2014, 2015a), recent efforts
have enabled the identification of a thick (>1100 m) succession of
hemipelagic marls and minor distal turbidites that includes all the for-
mations recognized in the SPFB spanning the upper part of the Lutetian
and the whole Bartonian (Puigdefabregas, 1975; Remacha et al., 1987,
1998; Payros, 1997; Payros et al., 1999; Garcés et al., 2020; Roigé et al.,
2023). Especially relevant is the straightforward lithostratigraphic cor-
relation of this new section, named Izaga, with the upper half part of the
neighbouring Aragén section (Oms et al., 2003), which spans from
Chron C19r to C18n and, hence, includes Chron C19n. The more distal
position of the Izaga section, along with its superb exposure and free
access conditions, make it an ideal candidate to host the marker of the
Bartonian GSSP provided it can produce a good quality record of Chron
C19n. In addition to that, the Izaga section can also be of especial
palaeoclimatic significance because it is also expected to span the
Middle Eocene Climate Optimum (MECO), a global warming event
occurred around the C18r/C18n boundary that has been associated with
enhanced continental runoff and a concomitant progradation of deltaic
sedimentation in the eastern part of the Jaca-Pamplona Basin (Peris-
Cabré et al., 2023; Lasluisa et al., 2024).

In this work we present a new magnetostratigraphic study of the
Izaga section, which is combined with novel biostratigraphic and
palaeoenvironmental data based on calcareous nannofossils and carbon
and oxygen stable isotope analyses. This study has enabled us: 1) to
provide an improved age model for the Lutetian/Bartonian marine
sediments of the western SPFB and to discuss their bearings on the
definition of the Bartonian GSSP; and 2) to examine the sedimentary
expression of the MECO in the distal part of the SPFB and, hence,
complete the knowledge of its effects on the sedimentation along a
continental to deep marine transect across the SPFB.

2. Geological setting

The Pyrenees constitute a linear, asymmetric, double vergency
mountain belt formed at the boundary between the Iberian and the
European plates. From the Late Cretaceous to the Miocene, the
convergence, collision and subduction of Iberia underneath Europe
caused the end of sea floor spreading in the Bay of Biscay and the
initiation of compression along the northern Iberian margin, which led
to the inversion of the Pyrenean hyperextended rift system and, ulti-
mately, to the uplift of the Pyrenees (Choukroune, 1992; Munoz, 1992,
2002; Pedrera et al., 2023). The Jaca-Pamplona Basin represents the
westernmost part of the SPFB (central Pyrenees) (Fig. 1b), whose
Cenozoic rocks record the evolution of the basin within the framework
of the tectonic development of the Pyrenean range. A thin (<300 m-
thick) Paleocene-lowermost Eocene sequence, made up of limestones
and marls, indicates sedimentation in a shallow marine area during a
period of tectonic stability that preceded development of the SPFB
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(Payros et al., 1999; Labaume et al., 2016). The emplacement of the
Lakora-Eaux-Chaudes and Larra-Monte Perdido thrust systems to the
north during the early-middle Eocene drove rapid deepening of the
newly-born SPFB and the establishment of an axial turbiditic system
ultimately fed from the emerging areas of the South Pyrenean Central
Unit to the east. This system is represented by up to 4500 m of hemi-
pelagic marls and turbiditic sandstones that constitute the Hecho Group
(Mutti et al., 1972), which also includes the so-called South Pyrenean
Eocene carbonate megaturbidites, megabeds or megabreccias (MT,
Labaume et al., 1983; MB Barnolas and Teixell, 1994; SPECM, Payros
et al., 1999). These megabreccias are thick (up to 200 m) and extensive
(>130 km along strike) beds that represent the massive redeposition of
platform sediments in a deep basinal setting triggered by the rapid
oversteepening and collapse of the forebulge of the basin (e.g., its
southern margin) in response to tectonic loading on its active northern
margin (Barnolas and Teixell, 1994; Payros et al., 1999). As deformation
migrated towards the foreland, the activity of the Gavarnie thrust and its
splays into the cover (Oturia and Jaca thrusts) between the late Eocene
and the early Oligocene occurred synchronously with the westward
progradation of the sedimentary systems, which evolved first to pro-
deltaic deposits (Larrés, Urroz-Sabinanigo and Pamplona formations, up
to 500, 150 and 2000 m thick, respectively), later to deltaic sandstones
(Belsué-Atarés and Guendulain formations, <400 m thick) and, even-
tually, to continental mudstones and sandstones (lower part of the
Campodarbe Formation, <2000 m) (Puigdefabregas, 1975; Montes,
2009; Oliva-Urcia et al., 2019). Ongoing tectonic deformation during
this period led to the development of a pressure-solution cleavage
domain and an associated remagnetization event that affects the
northern fringe of the Jaca-Pamplona Basin (Oliva-Urcia et al., 2008;
Izquierdo-Llavall et al., 2013). Later deformation led to the southward
displacement of the basin atop the most external thrust unit, the Guarga
thrust, a process that is recorded by the sedimentation of the overlying
upper part of the Campodarbe and Uncastillo formations (late
Oligocene-early Miocene) (Millan et al., 1995, 2000).

The Izaga section is located in the northern limb of the eastern
termination of the Izaga syncline, which represents the broad syncli-
norium that characterizes the Jaca-Pamplona Basin in its western sector.
There, the syncline axis shows a gentle (<6°) dipping to the WNW that is
caused by the uplift of its easternmost continuation at the hanging wall
of the Leire thrust (Larrasoana et al., 2003a, 2004). The section is
located >8 km ahead of the cleavage and remagnetization fronts that
affect the northern fringe of the basin, which run along a NW-SE di-
rection that is oblique to the trace of the Illén thrust located further
north (Fig. 1b) (Izquierdo-Llavall et al., 2013, 2015). The section in-
cludes from the uppermost part of the Hecho Group (Jaca Turbidites) to
the lowermost levels of the Pamplona Marls Formation (Fig. 2).

3. Materials and methods
3.1. Stratigraphy and sedimentology of the Izaga section

The Izaga section was sampled across the badlands located in the
vicinity of Nardués-Andurra village (base: 42° 42’ 37.95” N. 1° 15
43.12” W; top: 42° 41° 49.57” N. 1° 17° 12.42” W). (Fig. 2). It is
composed of two parts, a short (147 m) subsection named Berroya and a
long (1016 m) subsection named Nardués-Andurra, which are located
about 2 km away from each other. We have logged and described the
lithology, colour, grain size and sedimentary structures and texture of
sediments along the two subsections. Their thickness was measured with
a Jacob’s staff and the bedding attitude along the profile was measured
with a compass. This methodology has allowed a reliable correlation
between the two subsections, which is fully supported by cartographic
criteria, and the construction of a composite section of 1116 m. X-ray
diffraction analyses of samples of special significance have been con-
ducted with a Bruker D8 Advance ECO, following standard procedures,
at the Universidad Pudblica de Navarra (UPNA) in order to determine
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Fig. 2. Detailed geological map, illustrating the location of the sampling points (red dots) and the stratigraphic log with the different stratigraphic formations and the
sampled subsections.

their main mineralogy. 3.2. Magnetostratigraphy and rock magnetic properties

A total of 173 magnetostratigraphic sites were evenly sampled with
an average spacing of 6.5 m along the composite section and were
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geolocated using a GPS. At least two oriented paleomagnetic samples
were collected at each site with a portable electrical power drill cooled
by water. The cores were oriented in situ with a magnetic compass
mounted on a core-orienting fixture and were later cut into paleomag-
netic standard specimens. Once in the Paleomagnetic Laboratory of the
Geo3BCN (CCiTUB-GEO3BCN-CSIC) in Barcelona, stepwise demagne-
tization and measurement of the natural remanent magnetization
(NRM) of one specimen per site was performed through thermal (TH)
demagnetization procedures using a furnace with separate heating and
cooling chambers (ASC TD48EU, ASC Scientific). The NRM was
measured with a superconducting rock magnetometer (2G Enterprises),
which has a noise level of < 7 x 10°® A/m, from room temperature to
500°C at up to eleven steps of 25°C-50°C. In each step, low-field mag-
netic susceptibility was measured using AGICO KLY-2 Kappabridge to
detect the neoformation of magnetic minerals upon heating. Charac-
teristic components directions (ChRM) were calculated by principal
component analyses (PCA, Kirschvink, 1980) after they were identified
through visual inspection of orthogonal demagnetization plots
(Zijderveld, 1967) using the VPD software (Ramon et al., 2017). Fisher
statistics (Fisher, 1953) were applied to ChRM using Stereonet software
(Cardozo and Allmendinger, 2013), and the stability bootstrap reversal
test (Tauxe et al., 1991) was conducted using PmagPy software (Tauxe
et al., 2016).

Rock magnetic data were measured to provide insights into the
magnetic carriers of the ChRM and into the palaeoenvironmental sig-
nificance of the studied sedimentary sequence. A first set of data in-
cludes the measurement of non-destructive magnetic properties for one
specimen per site, with the exception of 7 sites where no specimens were
left after thermal demagnetization. These properties include: 1) the low-
field magnetic susceptibility, which was measured with a KLY-3 Kap-
pabridge (AGICO, Czech Republic) susceptibility meter; 2) an anhyste-
retic remanent magnetization (ARM), which was applied with a an
alternating field (AF) Demagnetizer (D-Tech 2000, ASC Scientific) using
an AF of 100 mT and a bias field of 0.05mT and was measured with a
superconducting rock magnetometer (2G Enterprises); and 3) two
isothermal remanent magnetizations (IRM@go st and IRM@1 21) applied
with a pulse magnetizer (ASC IM10-30, ASC-Scientific) at fields of 0.3T
and 1.2T, respectively, which were measured with the superconducting
rock magnetometer. The low-field magnetic susceptibility (y) was
measured at the Magnetic Fabrics Laboratory of the Universidad de
Zaragoza, whereas ARM and IRM measurements were conducted at the
Paleomagnetic Laboratory of the Geo3BCN (CCiTUB-GEO3BCN-CSIC).
Relevant parameters and interparametric ratios (IRM@1.2T and
IRM@1.2T/y) have been obtained from this data set to establish relative
variations in the type, concentration and grain size of magnetic minerals
in the studied sediments (see Liu et al., 2012).

A second set of analyses includes magnetic properties that involve
invasive subsampling or destructive measurement of magnetic proper-
ties, which were applied to selected samples representative for the
different paleomagnetic behaviours identified along the succession.
Stepwise TH demagnetization of a three component IRM applied at
fields of a 1.2 T, 0.3 T and 0.1 T was measured at the Paleomagnetic
Laboratory of the Geo3BCN from room temperature to 600°C at 50°C
steps in order to identify magnetic minerals on the basis of their
unblocking temperatures and coercivities (Lowrie, 1990). Moreover,
low-temperature experiments of sister samples were measured using a
MPMS-XL7 (by Quantum Design) at the Laboratory of Magnetic Prop-
erties of the Universidad Ptblica de Navarra. Finally, thermomagnetic
runs were measured with a KLY-3 at the Magnetic Fabrics Laboratory of
the Universidad de Zaragoza and a KLY-4 at the Palaeomagnetiklabor
Gams of the Montanuniversitat Leoben.

3.3. Calcareous nannofossils

The calcareous nannofossil dataset is based on the analysis of 173
samples (6.3 m of average resolution), which were prepared as smear
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slides following standard methods (Bown and Young, 1998) and
analyzed using a Zeiss Axioplan transmitted-light microscopy at 1600
magnification. Additionally, the smear-slides were also examined at
2500 magnification in order to detect smaller species, observe greater
detail, and for photographic purposes.

The calcareous nannofossil study has been carried out in two rounds.
In the first round, five tracks (14.7 mm?) per sample were analyzed
through the 173 samples to detect all the species of the original
assemblage (see Appendix 1 and Plates 1-5 of the Supplementary ma-
terial). In this first round, only the presence or absence of the different
taxa was determined with the exception of Reticulofenestra reticulata,
Sphenolithus furcatolithoides B and Sphenolithus spiniger, for which a
specific count was carried out to determine their highest and lowest
common occurrences.

In the second round, a quantitative study was carried out at a lower
stratigraphic resolution (~22 m) on 50 of the 173 samples. A minimum
of 300 autochthonous specimens were counted and identified per sam-
ple to determine the relative abundance of species and genera, which is
expressed as percentage (%) of the total autochthonous assemblage. We
estimated the absolute abundance of calcareous nannofossils as the ratio
between the total autochthonous specimens and the total number of
FOV (fields of view) examined for each sample (N/FOV). Taking into
account that the area of a FOV at 1600 magnification is equal to
~0.0113 mm?, the number of specimens per mm? was calculated and
rounded up following standard practice. The reworked/autochthonous
proportion was calculated by dividing the number of reworked speci-
mens by the total number (autochthonous and reworked) of calcareous
nannofossils. Mesozoic, Paleocene and early Eocene taxa that were
extinct by Zone NP15 (Martini, 1971) times were classified as reworked
specimens.

Calcareous nannofossils were determined using taxonomic concepts
compiled in the updated online dataset Nannotax (https://www.mikr
otax.org/Nannotax3/index.html), except for Cribrocentrum, Dictyo-
coccites and Reticulofenestra, for which we followed Agnini et al. (2014).
The biostratigraphic zonation is based on the schemes of Martini (1971),
Okada and Bukry (1980), Fornaciari et al. (2010) and Agnini et al.
(2014). Four types of biohorizons were defined. The lowest occurrence
(LO) and the highest occurrence (HO) refer to the lowest and highest
continuous occurrences of taxa, respectively. It was considered that the
occurrence of a taxon is continuous when it appears in a series of suc-
cessive samples, even if it may be absent in a few interspersed levels. The
lowest common occurrence (LCO) and the highest common occurrence
(HCO) of a species mark the levels where its abundance crosses the
threshold of 5 specimens per mm?. The LO, LCO, HC and HCO positions
were defined at the midpoint between two successive samples, the
possible margin of error being expressed by the stratigraphic distance to
the closest underlying and overlying samples. Details on the preserva-
tion, reworking and abundances of the studied calcareous nannofossil
assemblages are given in the Supplementary Material, which also in-
cludes a list of all the autochthonous taxa identified in the Izaga section
and five plates where most of them are illustrated.

3.4. Carbonate carbon and oxygen stable isotopes

Carbon and oxygen stable isotope measurements were performed on
sixty whole rock powdered samples distributed throughout the studied
succession in the IsoTOPIK Laboratory at the University of Burgos
(Spain) Scientific and Technology Centre. Analyses were performed
using a Thermo Scientific Delta V Plus continuous flow — isotope ratio
mass spectrometer (IRMS) equipped with a Gas-Bench II carbonate
sample preparation and inlet system. Carbonate powder samples were
digested in He-flushed borosilicate exetainers at 70 °C using water-free
99.9% phosphoric acid. To assess the accuracy (external analytical
precision) and to calibrate the obtained isotopic values, the results were
measured against IAEA-603 (8'3C = +2.46%, 580 = -2.37%q) and
NBS18 (8'3C = -5.014%o, 580 = -23.2%0) international reference
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materials. Results are expressed as parts per thousand with respect to the
Vienna Pee Dee Belemnite standard (%o V-PDB). The average 1 sigma
internal precision error is 0.03%o for 580 and 0.03%o for 8'3C. Ac-
cording to the reference material analyses, stable carbon and oxygen
isotope values were measured accurate to the nearest 0.02%o and 0.02%o,
respectively. Reproducibility was checked by duplicate analysis of some
samples, and in the case of seemingly aberrant initial results, repeat
sampling and analysis was undertaken.

4. Results
4.1. Stratigraphy and sedimentology

The base of the Berroya subsection is located at the Areta River, ca.
2.1 km to the east of Nardués-Andurra village (Fig. 2). The subsection is
comprised of three distinctive lithostratigraphic intervals (Fig. 2). The
lowermost one (48 m-thick) consist of grey marls with some occasional
sandstone beds. Sandstones are medium to fine-grained, have a tabular
geometry and display a thickness ranging typically between 30 and 80
cm. Grey marls form dm- to m-thick intervals with a massive appearance
that is often interrupted by thin (<30 cm) calcareous marly beds that are
slightly lighter in colour (Fig. 3a). The second interval (52 m-thick)
corresponds to a sequence of grain-supported breccias with large (up to
several m) limestone and sandstone clasts embedded within a
conglomeratic matrix, that grade upwards into laminated calcarenites
with disperse, smaller (<2 cm) clasts (Fig. 3b). The upper part of the
Berroya column (46 m-thick) is similar to its basal interval, with the
main difference that turbidite sandstones are significantly thinner
(typically 2-8 cm).

The base of the Nardués-Andurra subsection is located 0.9 km north
of the homonymous village, about 2 km to the WNW following the
along-strike trace of the megabreccia identified in the Berroya subsec-
tion (Fig. 2). The subsection begins just atop the uppermost distinctive
calcarenite member of the megabreccia, and can be subdivided into four
distinct lithostratigraphic intervals. The basal one includes a ca. 350 m-
thick succession that is essentially identical to its lateral counterpart, the
third interval of the Berroya subsection (Fig. 3c). Thus, dm- to m-thick
marl beds dominate the succession and include frequent calcareous
marls and turbiditic sandstones with tabular geometries that are often
arranged in clusters and show parallel lamination, unidirectional rip-
ples, flute-marks and bioturbation traces. Most turbidite beds range
between 2 and 10 cm in thickness, although they can be as thick as 20
cm in few cases and, exceptionally, up to 90 cm-thick. Some isolated
marls and thin turbidites display distorted laminations that attest to
small-scale synsedimentary slumping (<10 cm). The only exception is a
3 m-thick slumped interval that affects marls and interbedded turbidites
at around meter 138 of the subsection.

The following interval of the subsection is represented by a 510 m-
thick succession of grey-bluish marls that include subsidiary calcareous
marls and thin (typically < 2 cm) turbidite sandstones (Fig. 3d). A sig-
nificant feature of this interval is the presence, in its upper part, of
conspicuous carbonate nodules that range typically from 10 to 100 cm in
size, show an external ochre patina and often display internal concentric
laminations (Fig. 2). They appear as subspherical, ellipsoidal or elon-
gated concretions arranged following the stratification (Fig. 3e, g) or,
less frequently, as smaller concretions placed perpendicular to bedding
that often preserve remains of the surrounding marls at their core
(Fig. 3f). In agreement with earlier mineralogical studies (Oliva-Urcia
et al., 2024), XRD analyses indicate that these nodules are composed by
ferroan dolomite, calcium carbonate, quartz, illite-muscovite and chlo-
rite. These nodules are accompanied by a slight increase in the abun-
dance of thin turbiditic sandstones.

The third interval of the Nardués-Andurra subsection is represented
by about 110 m of grey-blueish marls that include frequent thin beds
(<40 cm) of limolites and rare, thin (<2 cm) fine-grained sandstones
(Fig. 3h). These limolites cluster in three decametric-thick (20-25 m)
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groups located at the base, middle and top of the interval, which confers
it a distinctive appearance in the landscape. The Nardués-Andurra
subsection ends with a 56 m-thick sequence of homogeneous marls that
are grey-bluish in colour, show a massive appearance, and include some
rare limolite beds that are typically <30 cm-thick (Fig. 3i). As with the
rest of the studied marls within the succession, previous XRD analyses
indicate a homogeneous composition that is dominated by quartz, cal-
cium carbonate, illite-muscovite and chlorite (Sierra-Campos et al.,
2025).

The Berroya and Nardués-Andurra subsections can be tied into a
composite section (Izaga composite section, ICS) thanks to the
undoubtful lateral continuity of the megabreccia that is identified at the
middle part of the Berroya subsection and underlies the Nardués-
Andurra subsection. Several authors have proposed different names for
the stratigraphic units identified at different sectors of the Jaca-
Pamplona Basin (Mutti et al., 1972; Puigdefabregas, 1975; Remacha
et al., 1987, 1998; Payros, 1997; Payros et al., 1999; Oms et al., 2003;
Montes, 2009; Garces et al., 2020; Roige et al., 2023). We have followed
the updated nomenclature by Roigé et al. (2023) to name the different
intervals at the ICS, since its enables identification and correlation of the
different units across the entire basin. The basal 450 m of the ICS can be
identified as the upper part of the Jaca Turbidites, which constitute the
uppermost part of the Hecho Group (Figs. 2, 3a, 3c). This interval rep-
resents sedimentation in a deep-sea fan by distal, diluted turbidity cur-
rents (thin-bedded sandstones) and hemipelagic settling during periods
of decreased detrital input (calcareous marls). The megabreccia located
between m 48-100 of the composite section (Figs. 2, 3b), which we call
Berroya, most likely corresponds to the youngest base-missing mega-
breccia identified by Payros et al. (1999) in the upper part of the Hecho
Group succession about 15 km to the NW.

The next interval of the ICS (meter 450 to 950) can be assigned to the
distinctive Larrés Formation (Figs. 2, 3d). This 500 m-thick unit attests
to the transition undergone in the basin from an axial turbiditic trough
to a shallower slope setting in which deep-water turbidites were
replaced by distal prodeltaic marls (Payros et al., 1999; Labaume et al.,
2016; Roigé et al., 2023). The upper part of the Larrés Formation, be-
tween meters 770 and 930, includes ferroan dolomitic concretions that
have been identified at the same stratigraphic position across the Jaca-
Pamplona Basin (Figs. 2, 3e, 3f, 3g) (Remacha and Picart, 1991; Marti
Bono and Plana, 1996; Boya, 2018; Oliva-Urcia et al., 2024). The
magnetic, petrographic and geochemical properties of these concretions
indicate that they formed by dolomitic cementation of surrounding
marls in the methanogenesis zone during the early diagenesis (<200 m
of burial), a mechanism that demands large amounts of organic matter
in order to drive diagenetic reactions beyond the stage of depleting
dissolved seawater sulphate (Larrasoana et al., 2007; Roberts et al.,
2011; Oliva-Urcia et al., 2024).

The next interval of the ICS (meter 950 to 1060) corresponds to the
so-called Urroz limolites (Figs. 2, 3h), which have been classically
considered as the lateral counterpart to the west of the deltaic sand-
stones of the Sabinanigo sandstone (Puigdefabregas, 1975; Garcés et al.,
2020). The uppermost interval recorded in the ICS is represented by 56
m of marls attributed to the Pamplona Formation (Figs. 2, 3i) (Mangin,
1959-1960). This unit represents prodeltaic sedimentation sourced, as it
is also deduced for the the Larrés and Urroz formations, from the
westward-prograding deltaic system typified by the Belsué-Atarés For-
mation (Puigdefabregas, 1975; Garcés et al., 2020). The conspicuous
presence of the deltaic Sabindnigo sandstone between the prodeltaic
marls of the Larrés and Pamplona formations has been interpreted as an
isochronous progradation of the deltaic system in response to an
intensified hydrological cycle driven by the Middle Eocene Climate
Optimum (MECO) (Peris-Cabré et al., 2023; Lasluisa et al., 2024).

Planktonic foraminiferal faunas obtained both at the eastern
(Canudo and Molina, 1988; Canudo et al., 1988; Gonzalvo, 1992, 1997)
and western (Payros, 1997; Payros et al., 1999) parts of the Jaca-
Pamplona Basin consistently place the Lutetian/Bartonian boundary in
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Fig. 3. Illustrative pictures of the formations identified in the Izaga composite section.
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the middle part of the Larrés Formation. Recent calcareous nannofossil
data (Gonzalez-Lanchas et al., 2019; Lasluisa et al., 2024) have
confirmed the Bartonian age for the upper part of the Larrés Formation,
but have yielded a Bartonian age also for its lowermost part that sug-
gests, instead, that the Lutetian/Bartonian boundary is placed in the
uppermost part of the underlying Jaca Turbidites. This is fully consistent
with the occurrence of Chron C19n ~200 m below the boundary be-
tween the Larrés Formation and the Jaca Turbidites in the Aragdn sec-
tion (Oms et al., 2003).

4.2. Magnetostratigraphy

The average NRM of the samples is 179x10°® A/m, although samples
with values as low and as high as 62.7x10° and 1540.05x10°® A/m,
respectively, are also observed. In most of the samples it is possible to
identify two stable components. A low temperature component, which is
demagnetized between 100-150°C and up to 250-300°C, displays
northern declinations and steep, positive inclinations in in situ co-
ordinates; it is interpreted as a present-day field overprint, and will not
be considered further. From 250-300°C, and up to 325-475°C, an
additional high temperature component is identified and interpreted as
the ChRM. ChRM directions have been classified as a function of their
quality and paleomagnetic behaviour. With regards to their quality, we
have identified four main types. Quality 1 (Q1, about 25% of the

w NA165-3A
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samples) directions show a linear decay upon temperatures that follows
a clear trend towards the origin of the demagnetization plots (NA165-
3A, Fig. 4). Quality 2 samples (Q2, about 50% of the samples) show
either a less linear trend to the origin of the plots or an incomplete
demagnetization linked to the growth of new magnetic minerals in the
oven (NA171-2B, Fig. 4). Quality 3 (Q3, about 19% of the samples) di-
rections are defined by a cluster that can be fitted to the origin of the
demagnetization plots (NA081-1A, Fig. 4). In the remaining 6% of the
studied samples (Q4), unstable directions prevented calculation of any
paleomagnetic component (NA096-1A, Fig. 4). Only Q1 and Q2 ChRM
directions are considered to provide reliable directions and have been
used to calculate VGP latitudes and build the local sequence of polarity
changes (LPS).

The ChRM identified in the studied rocks shows three main types of
paleomagnetic behaviour, which are similar to those reported by pre-
vious authors in the northern fringe of the Jaca-Pamplona basin
(Larrasoana et al., 2003a, 2003b; Oms et al., 2003). In most cases, the
unblocking temperature of the ChRM clearly exceeds 375°C-400°C,
suggesting the dominant contribution of magnetite (Behaviour 1, e.g.
NA165-3A, Fig. 4). In other cases, an additional, smaller decay in in-
tensity below 350°C appears to signal the additional contribution of
magnetic iron sulphides to the ChRM (Behaviour 2, e.g. NA171-2B,
Fig. 4). When this happens, the fractions of the ChRM identified below
and above 350°C tend to be subparallel (NA171-2B, Fig. 4).
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Fig. 4. Thermal demagnetization plots of some representative samples from the Izaga section after bedding correction, showing the four different qualities and the
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These ChRM directions carried by magnetite and magnetic iron
sulphides in the same samples show either northerly, positive directions
or southerly, negative directions after tilt correction. Although a fold test
cannot be performed due to the homogeneous dipping of the succession,
ChRM directions are more similar to the expected reference direction
(Pedrera et al., 2023) after bedding correction (Fig. 5a) and its primary
character is fully supported by several fold test carried out in the
Lutetian-Bartonian rocks in the surroundings (Pueyo et al., 2002, 2025;
Larrasoana et al., 2003b, 2004; Silva-Casal et al., 2019). It is also worth
noting that the means of the normal and reverse polarity ChRM di-
rections are not fully antipodal, as evidenced by the reversal test
(Fig. 5b), probably due to the partial overlap between the ChRM di-
rections and the present-day-field component. Overall, these circum-
stances suggest that the ChRM in samples showing Behaviours 1 and 2 is
a primary magnetization acquired during the formation, or shortly after,
of the studied rocks (Fig. 5a, b).

In the last type of behaviour (Behaviour 3), the ChRM is associated
with a very sharp and conspicuous decrease in the NRM intensity

a) GEO
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observed below 325°C-350°C, after which no remanence is left (NA091-
1A, Fig. 4). This points to magnetic iron sulphides as the carriers of the
ChRM at the expense of magnetite, which appears to be absent in these
samples as it is derived from the rock magnetism analyses. These ChRM
directions are typically associated with positive but somehow low (e.g.,
15-60°) VGP latitudes (Fig. 6), which suggests a remagnetization process
occurred when the beds were slightly tilted. Behaviour 1 accounts for
about 78% of the calculated directions and is found throughout the
section, although it clearly dominates in its uppermost 300 m. Behaviour
2 (ca. 8% of the directions) is observed mainly in the Jaca Turbidites and
the Pamplona Formation. Behaviour 3 (8% of the directions) is found at
three distinctive intervals (125-200, 290-360 and 500-650m) within the
Jaca Turbidites and the Larrés Formation, broadly coinciding with parts
of the section where no ChRM directions could be identified due to the
low intensity and poor quality of the NRM signal (e.g., Q4 samples, 6%).
To calculate the VGP and establish the LPS, only the ChRM directions
carried by magnetite (Behaviours 1 and 2) are considered (Fig. 6).
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Fig. 5. a) Stereographic projection of the ChRM directions used to construct the local polarity sequence (Quality 1 and 2 ChRM directions regarded as primary in
origin, Behaviours 1 and 2), shown before and after tilt correction. b) Bootstrap reversal test (Tauxe et al., 1991) showing cumulative distribution of the normal and
reversed polarity directions (after tilt correction) in cartesian coordinates of the means of 1000 pseudo-samples which yield a negative result.



P. Sierra-Campos et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 680 (2025) 113368

Quality: ChRM-carrier: IRM@1.2T (10 °Am?kg)
ca1 o Mt 001 01 1
] 3 0 Q2 . . MIS(+Mt)  H—= 3 (T B
2z E vas | o o MIS E
] = X Q4 ! | T =
N i = H 3 3
ZE E E ! E 3
5- 1 1 ! E E [\
o E E } E E
= E E ‘ 3 E
-] - 4 1 3 3
[a] | 4 I - |
[e] 7 7 | 7 7
< E B 3 E
s E E E E
L 3 ] 3 3
1) 3 3 4 3
L i | 3| |
['4 i | |
4 3 = =
<C 3 = 3|
— I | |
E E E R2
| 2| E E E
§ . . .
S E E E
2 i 4 3
3 E E 1
< = = A
(7} 1 ] 7 f—
@ ] ] E
= - = =
a i | | —
Iw9) 3 1 7
x = = =
=) - 3 |
B E 3 E
o | 3 ]
2 E E E
E E E E
3 3 R1
90 180 270 360 450-90 45 0 45 90-90 -45 0 45 90 0.1 1 10

Declination (°)

Inclination (°)

VGP Latitude (°) IRM@1.2T/y, (kA/m)

Fig. 6. Lithostratigraphy of the Izaga composite section with magnetostratigraphic results (Declination, Inclination and VGP) using quality 1 and 2 samples, and the
local polarity sequence (LPS). IRM; o1 and the IRM; o1/ ratio are also shown. Grey areas are the iron sulphides areas. Mt: Magnetite; MIS(+Mt): Magnetic iron

sulphides + magnetite; MIS: Magnetic iron sulphides.

4.3. Rock magnetism

Of all the non-destructive magnetic properties measured and inter-
parametric ratios calculated, it seems that the most valuable one is the
IRM; 21/ ratio, because it enables an initial assessment of the dominant
magnetic mineralogy to be achieved (Peters and Dekkers, 2003;
Larrasoana et al., 2007; Liu et al., 2012). Values of <2 kA/m are
observed through the section and corroborate the dominant presence of
magnetite throughout the studied succession. It seems that the addi-
tional presence of magnetic iron sulphides suggested by paleomagnetic
results of Behaviour 2 samples is not detectable by means of IRM; o1/}
ratios, which points only to their subsidiary occurrence. The intervals at
125-200, 290-360 and 500-650 m are characterized, in contrast, by
larger-than-background IRM; o1/ ratios that range between 2 and 13
kA/m, which points to a larger concentration of magnetic iron sulphides
(Roberts et al., 2011) that is in consonance with the paleomagnetic re-
sults of Behaviour 3 samples. Although previous studies have reported
pyrrhotite as the magnetic iron sulphide present in Eocene marls of the
Jaca-Pamplona Basin (Larrasoana et al., 2003b, 2004), the range of
IRM; o1/ ratios presented here clearly points to greigite (Larrasoana
et al., 2007; Roberts et al., 2011). The fact that IRM; o7 values are
higher-than-background precisely at the intervals with highest IRM; o1/
¥ ratios clearly corroborates the somehow abnormal concentration of
greigite at these positions (Fig. 6).

Thermal demagnetization of the three-composite IRM (Lowrie,
1990) corroborates the results derived from IRM; o1/ ratios. Thus, the
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softest IRM component shows the highest intensities and is fully
demagnetized below 600°C in the vast majority of samples, which in-
dicates the dominance of magnetite regardless of the paleomagnetic
behaviour (Fig. 7b). The slight drop in remanence observed 300°-350°C
for the intermediate and hard IRM components, especially in Behaviours
2 and 3 samples, seems to confirm the additional presence of magnetic
iron sulphides. We attribute to the heterogeneous occurrence of these
sulphides the fact that they do not seem to dominate the IRM even in
Behaviour 3 samples. Low-Temperature experiments are very similar
regardless of paleomagnetic behaviour and show an exponential decay
below 50K that might signal the presence of superparamagnetic and/or
paramagnetic particles before diminishing more gradually up to room
temperature. The lack of a shift around ~120K prevents confirmation of
the presence of magnetite through it Verwey transition, probably
because it is present in low amounts or is partially oxidized (see Liu
etal., 2012) (Fig. 7a). Thermomagnetic runs are also very homogeneous
regardless of paleomagnetic behaviour, and provide no diagnostic tool
for identifying the magnetic mineralogy due to the neoformation of
large amounts of magnetite upon heating at >400°C at the expense of
pyrite, as it is deduced from the much more intense cooling curves and
their associated increase below 580°C (Larrasoana et al., 2003b)
(Fig. 7¢).

4.4. Calcareous nannofossil biostratigraphy

The autochthonous components of the ICS calcareous nannofossil
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Fig. 7. Rock magnetic data for representative samples of each of the three paleomagnetic behaviours. a) Temperature-dependent magnetization between 25 and 300
K. b) Thermal demagnetization of the IRM applied in the three orthogonal axes. c¢) Temperature-dependent susceptibility between 25 and 700 °C.

assemblages have allowed the recognition of the most significant bio-
events of the early Bartonian. The summary of recognized zones and
main biohorizons is given in Fig. 8 and described in detail below. It
should be noted that Chiasmolithus solitus is present throughout the
entire section, which together with the absence of Blackites gladius and
the sequence of biohorizons described below allows us to assign the ICS
to zones NP16 of Martini (1971), CP14a of Okada and Bukry (1980),
MNP16-MNP17A of Fornaciari et al. (2010), and CNE14-CNE15 of
Agnini et al. (2014) (Fig. 8). In the following, the biozonations of For-
naciari et al. (2010) and Agnini et al. (2014) have been used to build the
biostratigraphy of the ICS.

Reticulofenestra umbilica (>14 pm) and common Cribrocentrum retic-
ulatum, the lowest occurrences of which mark the base of zones CNE13
and CNE14 respectively, are present throughout the ICS. Their presence,
together with the absence of the zone CNE15 marker, Dityococcites
bisectus (>10 pm), in the first 842 m of the section indicates that this
interval corresponds to zone CNE14. The presence of Cribrocentrum erbae
from the base of the ICS is noteworthy. According to Agnini et al. (2014),
this taxon is present throughout the CNE16 zone but showing rare
abundances. In the ICS, however, it appears continuously and is rela-
tively abundant (2%) from zone CNE14 upwards.

Sphenolithus furcatolithoides A and B were introduced by Agnini et al.
(2014) to differentiate two morphotypes of this species that, despite
showing a similar morphology, presented a different birefringence and
extinction pattern. According to these authors, the differential optical
behavior of these morphotypes together with the stratigraphic distri-
bution suggest that they are separate taxa. For nomenclature stability,
these authors preferred to refer to both these morphotypes as
S. furcatolithoides, a criterion that we have maintained here. The HCO of
Sphenolithus furcatolithoides B is recorded at the base of the Larrés For-
mation at meter 441+3. However, it is continuously present up to meter
48944, where its HO is recorded, a datum that is used to mark the
boundary between subzones MNP16A and MNP16B of Fornaciari et al.
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(2010) (Fig. 8). The HCO and HO of Sphenolithus furcatolithoides B
appear separated because of the expanded nature of the succession,
which contrasts with other sections where sedimentation rates are much
lower (e.g., Alano, Fosio, ODP Sites 1052 and 1263) and both events
appear much closer to each other and, very frequently, even in the same
horizons (Fornaciari et al., 2010).

Dictyococcites bisectus (>10 pm), the marker species of the base of
zone CNE15 (Agnini et al., 2014) and subzone MNP16Bb (Fornaciari
et al., 2010), first occurs at meter 809.5+4.5. However, from meter 769
+4 we have registered the presence of relatively large Dictyococcites
hesslandii (9-9.9 pm), which can be erroneously ascribed to Dictyococcites
bisectus if an accurate measurement of each individual specimen is not
carried out.

Sporadic occurrences of Furcatolithus predistentus have been found in
the upper part of zone CNE14. These are isolated specimens in few
samples and therefore cannot be taken as the true lowest occurrence of
this species. We consider that the lowest occurrence (LO) refers to the
lowest continuous occurrences of taxa, and it is considered that the
occurrence of a taxon is continuous when it appears in a series of suc-
cessive samples. We observe the true continuous occurrence of Furca-
tolithus predistentus from meter 842+4 upwards.

The LO of Furcatolithus obtusus, which is used to mark the boundary
between subzones MNP16B and MNP17A of Fornaciari et al. (2010), is
recorded at meter 1054+3 at the top of the Urroz limolites. As with
Furcatolithus predistentus, Furcatolithus obtusus also appears sporadically
in a stratigraphically lower sample, in this case at meter 781. As it is an
isolated specimen in a single sample, it has not been taken into account
when defining the LO of this species.

The HCO of Sphenolitus spiniger at Izaga section has been recorded at
meter 1099+4, about 40 m above the base of the Pamplona Formation.
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4.5. Calcareous nannofossil assemblages

The calcareous nannofossil assemblages are mainly dominated by
placoliths, which represent an average of 82% of the recorded autoch-
thonous calcareous nannofossils. Among placoliths Coccolithus, Cri-
brocentrum, Cyclicargolithus, Dictyococcites and Reticulofenestra are the
most abundant taxa. Sphenolithus, Zygrhablithus, Lanthernithus, Discoaster
and braarudosphaerids are the secondary components of the calcareous
nannofossil assemblages but each of them never exceeds 12%. The rest
of the principal components of the calcareous nannofossil assemblages
are Helicosphaera, Pontosphaera, Neococcolithes Clausicoccus and Chias-
molithus, which never exceed 5% individually.

The calcareous nannofossil assemblages, however, show significant
changes throughout the ICS especially in a stratigraphic interval,
referred to as the disturbance zone, located in the upper part of the
Larrés Formation, between meters 640 and 930, where we observe a fall
in the total abundance of calcareous nannofossils and the increase in
reworked species (Fig. 9). The smaller representatives of the Noe-
laerhabdaceae family (Reticulophenestra minuta and specimens smaller
than 5 pm of Reticulofenestra dictyoda, Dictyococcites hesslandii and
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Cyclicargolithus floridanus; subsequently referred to as small retic-
ulofenestrids) show similar trends but opposite to those of the larger
reticulofenestrids (R. dictyoda and D. hesslandii larger than 5 pm, Retic-
ulofenestra umbilica, Dictyococcites bisectus, Cribrocentrum reticulatum and
Cribrocentrum erbae). The small reticulofenestrids represent around 40%
of the association in most of the studied samples. However, these mean
values are broadly exceeded in the disturbance zone between meters 640
and 930. This increase in small reticulofenestrids is abrupt, peaking in
the interval between meters 650 and 725, where they occasionally
exceed 80% of the autochthonous assemblages. The trend of large
reticulofenestrids is the opposite of that shown by the small retic-
ulofenestrids. The increasing relative abundance trend recorded by the
large reticulofenestrids throughout the succession (from 10% to 30%) is
interrupted by a pronounced relative abundance decrease in the
disturbance zone between meters 640 and 930 (Fig. 9).

The genus Coccolithus, which in the ICS is mainly represented by
C. pelagicus and C. formosus and in a lesser extent by C. eopelagicus, shows
smaller magnitude changes in relative abundance. It should be noted
that the minimum values for both C. pelagicus and C. formosus have been
recorded in the disturbance zone of the upper part of the Larrés
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Fig. 9. Calcareous nannofossil assemblage variations throughout the Izaga section, including the relative abundance of reworked forms, the autochthonous
calcareous nannofossil total abundance expressed in observed specimens per FOV (field of view) and the relative abundance of selected, environmentally significant
autochthonous taxa (see supplementary material for quantitative data). The thick black curves show 3-point running mean values and illustrate general trends. Note
that scale bars are different in each case. The main ecological preferences are also indicated (see supplementary material). Light orange shading indicates the lower
and upper parts of the disturbance zone, whereas light yellow shading marks the intervening interval described in the text.

Formation, coinciding with the interval where the main changes in
calcareous nannofossil assemblages take place (Fig. 9). Other taxa, such
as Zygrhablithus bijugatus and in lesser extent Discoaster, also recorded
their minimum relative abundance values in the disturbance zone. The
sphenoliths, mainly represented by the species S. furcatolithoides,
S. moriformis and S. spiniger, show highly fluctuating values throughout
the section. Postosphaera and Neococcolithes are very scarce throughout
the Jaca turbidites and the lower part of the Larrés Formation. However,
they show two abundance peaks, the first in the Larrés Formation, in
connection with the interval with the highest percentage of reworked
species, in the upper part of the disturbance zone, and the second in the
middle part of the Urroz limolites, where a slight increase of the
reworked species is also recorded.

4.6. Carbonate carbon and oxygen stable isotopes

At the ICS, 5'80 values are characterized by very negative values
between -3.5 to -6%o that might signal an important diagenetic over-
print. Most of the variability concentrates in the lower parts of the
succession and the disturbance zone, respectively. The running average
indicates just rather constant 5'®0 values throughout the succession,
with a faint shift to lighter §!80 values within the disturbance zone and
around the R2/N2 boundary that is just below the average value of
-4.7%o. 8'3C values range from -1.5 to 0.6%o and display and average of
-0.6%o (Fig. 10) that is more similar to what is reported in most sections
elsewhere (see Giorgioni et al., 2019), likely in response to a higher
stability against diagenetic overprints. Although individual 5!3C values
are somehow scattered, especially in the lower half of the succession, the
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running average provides a consistent view on the main variations
observed within the section. Thus, it indicates relatively heavier values
in the lower part of the section that show a progressive trend to lighter
values upwards from 300 m. Distinctively, the lightest values are
observed within the disturbance zone between 620 and 930 meters,
thereby encompassing the uppermost and lowermost parts of R2 and N2,
respectively (Fig. 10). This shift is followed by a trend to heavier values
within N2 that extends towards the top of the section. The trends
observed in our section are comparable to those in the Belsué and Yebra
de Basa sections located about 80 km to the SE, where slight shifts to
lighter 5'C and 520 signals have been also reported around a transition
from reverse to normal polarities placed at a similar stratigraphic posi-
tion (uppermost part of the Larrés Formation, Peris-Cabré et al., 2023).
This indicates a consistent response of the South Pyrenean basin to the
palaeoenvironmental changes undergone during deposition of the
disturbance zone.

5. Discussion
5.1. Magnetobiochronology of the Izaga composite section

The combination of paleo- and rock magnetic results indicates that
magnetite is the dominant magnetic mineral in the studied succession,
and that it records a primary magnetization acquired at or shortly after
deposition (Behaviours 1 and 2). Given the turbiditic and prodeltaic
origin of the studied sediments, a detrital origin for magnetite is
considered as the most likely in agreement with previous authors (Oms
etal., 2003; Larrasoana et al., 2003b). Minor amounts of greigite present
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in Behaviour 2 samples appear to carry also a remanence that is sub-
parallel to that carried by magnetite. In the context of the studied suc-
cession, we interpret that this greigite formed authigenically shortly
after deposition of the sediments, as a result of an incomplete pyritiza-
tion process that occurred during the early diagenetic degradation of
organic matter and the establishment of reductive conditions
(Larrasoana et al., 2007; Roberts et al., 2011). Such reductive conditions
were likely not too strong in order to enable the preservation of detrital
magnetite particles carrying a stable primary remanence. As opposed to
this, larger amounts of greigite in Behaviour 3 samples appear to be
associated to erratic ChRM directions, to the absence of paleomagnetic
directions carried by magnetite, and to the identification of relatively
lower amounts of magnetite in rock-magnetic experiments. We interpret
this as the result of authigenic growth of greigite at a later diagenetic
stage at which only coarser magnetite grains survived reductive disso-
lution. Given the presence of methane-derived, ferroan dolomitic con-
cretions in the upper part of the Larrés Formation (Oliva-Urcia et al.,
2024), we interpret that greigite in Behaviour 3 samples formed below
the sulphate-reduction zone in response to the more severe reductive
conditions, as has been reported in other marine sediments (Larrasoana
et al., 2007; van Dongen et al., 2007).

In light of these results, and for the sake of consistency through the
studied succession, we have constructed the local polarity sequence of
the (ICS) using ChRM directions that are carried by magnetite in
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Behaviour 1 and 2 samples that display only quality types Q1 and Q2
(66% of the directions). The criteria used to define a magnetozone is that
it is delineated by at least two consecutive sites with the same polarity;
single site magnetozones are not considered reliable and are represented
as half-width bars in the LPS. We have defined an upper normal mag-
netozone, labelled N2, that spans the uppermost 286 m of the ICS
(Fig. 6). The rest of the succession is dominated by reverse polarity di-
rections with the exception of some single-site levels that are located just
below N2 and scattered within the Jaca Turbidites. The two single-sites
located below N2 can be readily interpreted as slightly delayed rema-
nences occurred in the upper part of the underlying reverse interval.
Concerning the single-site normal-polarity intervals at the base of the
Jaca Turbidites (110-150 m interval), a striking feature is the conspic-
uous clustering of three of them within a 40 m-thick interval located just
above the Berroya megabreccia (Fig. 6). Given their position, it is highly
unlikely that they represent slightly delayed remanences comparable to
those found just below N2. Instead, they appear to be located at a
stratigraphic position equivalent to that of Chron C19n in the neigh-
bouring Aragén section (Oms et al., 2003). If so, this interval can be
regarded as a poorly preserved, normal polarity chron that we tenta-
tively label as N1 and that splits the long interval of reverse polarity
directions into two parts, R1 and R2 (Fig. 6).

Whatever the case, correlating the sequence of polarity changes of
the ICS to the updated Geomagnetic Polarity Time Scale of 2020 (GPTS
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2020, Speijer et al., 2020) is straightforward in light of the nannofossil
results. Thus, the first appearance of Dictyococcites bisectus (>10 pm) in
the uppermost part of R2, which marks the boundary between CNE14
and CNE15 (Agnini et al., 2014) near the top of Chron C18r, enables the
correlation of R2 and N2 with chrons C18r and C18n.2n, respectively
(Fig. 11). In the upper part of the studied succession, the lack of reverse
directions within the lowermost part of the Pamplona Formation in-
dicates that the studied record does not reach Subchron C18n.1r, which
constrains the top of the section to be older than 39.666 Ma (GPTS 2020,
Speijer et al., 2020). This is consistent, keeping in mind errors associated
with biostratigraphic data (Messaoud et al., 2021), with the identifica-
tion of the HCO of Sphenolithus spiniger in the upper part of C18n.2n. In
the lower part of the ICS, the identification of the purported normal
polarity interval N1 as Chron C19n is rather feasible, because it results in
broadly homogeneous sedimentation rates for the whole succession of
around 68 cm/kyr, which are consistent, albeit a bit higher, with those
reported by Oms et al. (2003) for the same interval of the Aragén section
(~63 cm/kyr). Such accumulation rates were only interrupted by the
geologically instantaneous deposition of the Berroya megabreccia and
by somehow reduced sedimentation rates between the first appearance
of Dictyococcites bisectus (>10 pm) and the base of Chron C18n.2n. In this
regard, however, it is worth noting that only very accurate measure-
ments have enabled the differentiation between Dictyococcites bisectus
(>10 pm) and relatively large specimens (9-9.9 pm) of Dictyococcites
hesslandii; the misidentification of the former species by the latter might
result in a slightly older apparition Dictyococcites bisectus, smoothing the
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sedimentation rates across the studied succession (Fig. 11). The corre-
lation of N1 with C19n is fully supported by the identification of the
highest occurrence of Sphenolithus furcatolithoides B within the middle
part of R2, because this event has been widely reported within the
middle part of C18r in different land-based sections (e.g., Alano, Bot-
taccione, Contessa, Massignano, Souar; Jovane et al., 2006, Jovane
et al., 2007, Jovane et al., 2010; Fornaciari et al., 2010; Agnini et al.,
2011; Messaoud et al., 2021; Coccioni et al., 2022) and deep-sea sedi-
ment cores (e.g., ODP Sites 1050-1052, ICDP Sites 1331-1334; For-
naciari et al., 2010; Bown and Dunkley Jones, 2012; Agnini et al., 2014)
worldwide, including the neighbouring Aragon section (Gonzdlez-Lan-
chas et al., 2019). In the southern part of the Jaca-Pamplona Basin,
chron C19n has been located in different magnetostratigraphic sections
along the External Sierras at the very top of the Guara Limestones For-
mation, which represents the lateral counterpart of the Jaca Turbidites
in shallow water facies (Rodriguez-Pinto et al., 2012; Silva-Casal et al.,
2019).

The resulting age model for the ICS indicates, therefore, that the
section spans from the uppermost part of C19r (ca. 41.3 Ma) in the latest
Lutetian to the uppermost part of Chron C18n.2n (ca. 39.7 Ma) in the
middle part of the Bartonian. This age model constrains the emplace-
ment of the Berroya megabreccia to the latest Lutetian (ca. 41.1 Ma),
and hence indicates that the causes for SPECM emplacement (i.e, the
rapid oversteepening and collapse of the southern margin of the basin in
response to enhanced tectonic activity of the Lakora-Larra-Monte Per-
dido thrust systems) persisted till the latest Lutetian. It is also worth
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noting that the resulting age model for the ICS yields an average tem-
poral resolution of ~9 kyr and ~32 kyr for the biostratigraphic and
palaeoenvironmental data, respectively, which is considered to be high
enough to provide reliable results.

5.2. Implications for the Bartonian GSSP

Our results strongly suggest that the ICS includes Chron C19n, but its
record appears to be incomplete and, hence, of insufficient quality to
represent a significant improvement with respect to other sections that
have been previously proposed to host the Bartonian GSSP. In this re-
gard, our results concur with those of Oms et al. (2003) in portraying a
Chron C19n that is not only poorly recorded by alternating normal and
reverse polarity sites, but also spans a stratigraphic interval apparently
shorter than its duration might demand. Thus, Chron C19n spans around
40 m at both the Izaga and Aragoén sections, which according to its
duration (e.g., 150 kyr, Speijer et al., 2020) yields mean accumulation
rates of around 27 cm/kyr, considerably lower than that of the hosting
sedimentary sequence (63-68 cm/kyr). These circumstances suggest, as
already indicated by Oms et al. (2003), that the occurrence of short
delays in the lock in of the magnetization carried by magnetite during
the long, reverse polarity Chron C18r resulted in the partial erasure and
blurring of Chron C19n. It is important to recall that problems with
delayed remanences have also compromised the record of Chron C19n at
most prospective sections of Botaccione and Oyambre (Payros et al.,
2015a; Coccioni et al., 2022), the inaccessible Contessa Highway section
being a remarkable exception (Jovane et al., 2007, 2010). Keeping in
mind the very short duration of Chron C19n and the common occurrence
of delayed remanences in marine sequences, we anticipate severe diffi-
culties in finding a land-section where Chron C19n can be resolved at a
resolution high enough to be used as marker of the Bartonian GSSP. The
record of the short Chron C19n is often elusive also in deep-sea sediment
cores. Thus, either incomplete or poor records have been reported at
ODP Sites 1050 and 1052 (Ogg and Bardot, 2001), 1090 (Channell et al.,
2003), and 1263 (Zachos et al., 2004). Of those sites where Chron C19n
has been reliably recorded (ODP/IODP Sites 1051, Edgar et al., 2010;
1260, Westerhold and Rohl, 2013; U1331 and 1333, Pilike et al., 2010;
U1403 and U1410, Norris et al., 2014), usually spanning a stratigraphic
interval of 2 to 5 m, nannofossil biostratigraphic data are available only
for Sites 1051 (Agnini et al., 2014), U1333 (Toffanin et al., 2013) and
U1410 (Norris et al., 2014). Noticeably, the HO of Sphenolithus furca-
tolithoides B is always reported towards the middle part of C18r in these
three cases.

Our results from the ICS validate the consistent identification of the
HO of Sphenolithus furcatolithoides B within the middle part of Chron
C18r (Jovane et al., 2007, 2010; Fornaciari et al., 2010; Bown and
Dunkley Jones, 2012; Toffanin et al., 2013; Norris et al., 2014; Agnini
etal., 2014; Messaoud et al., 2021; Coccioni et al., 2022),relatively close
to the top of Chron C19n and at a chronostratigraphic position very
similar to the base of the Bartonian (Nummulites prestwichianus level) as
originally proposed in its type area of the Hampshire Basin (Dawber
et al., 2011; Hooker and King, 2019). This reinforces the view that the
HO of Sphenolithus furcatolithoides B represents one of the most suitable
biostratigraphic alternatives to mark, or approach, the base of the Bar-
tonian Stage (Payros et al., 2015a). In this regard, the expanded nature
of the Izaga section, along with its superb outcrop and access conditions,
place it as one of the best prospective successions to host the Bartonian
GSSP.

5.3. Palaeoenvironmental inferences based on calcareous nannofossil
assemblages

The high relative abundances of species prone to dissolution, such as
Zygrhablithus bijugatus and Reticulofenestra minuta, as well as the scarcity
of dissolution-resistant taxa, such as Discoaster, throughout the studied
succession, show that the incipient dissolution observed in the studied
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nannofossil assemblages of the ICS has not significantly modified their
original composition. Therefore, we regard the reported variations in the
assemblages of autochthonous taxa as original and valid to interpret the
palaeoecological changes occurred during the deposition of the sedi-
mentary succession.

The most important changes observed in the calcareous nannofossil
assemblages throughout the studied succession enable, keeping in mind
the ecological preferences attributed to each taxon or group of taxa in
this work (see Supplementary Material), to reconstruct the palae-
oenvironmental shifts recorded across the disturbance zone (Fig. 9). At
the beginning of this zone, between meters 640 and 720, the drop in the
total abundance of calcareous nannofossils and the increase in the
smaller reticulophenestrids (which occasionally exceed 82% of the
assemblage) are observed simultaneously to a slight decline of warm and
oligotrophic taxa, such as Discoaster, Coccolithus formosus and Zygrha-
blitus and to an increase of the cold and eutrophic specimens of the genus
Chiasmolithus. The increase and dominance of r-strategist small retic-
ulofenestrids in this interval suggests increased nutrient supply and
eutrophic conditions. The near absence of nearshore taxa such as Pon-
tosphaera and Neococcolithes and the increase in cool water Chiasmolithus
suggest an increased nutrient supply due to enhanced upwelling.

After a short interval between meters 720 and 770, in which the
aforementioned trends are slightly reversed, another pulse occurs in the
upper part of the disturbance zone, between meters 770 and 930. The
total abundance of calcareous nannofossils remains low and the small
reticulofenestrids continue to be the dominant component of the as-
semblages. However, the most significant changes recorded in this in-
terval are: (1) a significant increase in reworked calcareous nannofossils,
which reach their maximum value between meters 800 and 870, where
they represent more than 10% of the total calcareous nannofossil
assemblage; (2) a new decline in oligotrophic taxa Discoaster, Coccolithus
formosus and Zygrhablitus after a slight recovery; (3) the near absence of
Chiasmolithus; and (4) an increase in the near shore taxa Pontosphaera
and Neococcolithus. These observations suggest that the upper part of the
disturbance zone was still under high nutrient supply and eutrophic
conditions. However, contrary to what was occurring in the lower part
of the disturbance zone, the increase in reworked species and the pres-
ence of nearshore taxa suggest that the increased supply of nutrients was
likely due to continental input.

Noteworthy is the presence, between meters 821 and 850, of a very
narrow variant of Neococcolithes minutus, being a transient aberrant form
of this taxon. The holotype of Neococcolithes minutus (Perch-Nielsen,
1971) is a narrowly elliptical murolith with pointed ends, H-shaped
cross bars and a length/width ratio of 2. The transient aberrant forms
found at the ICS show a length/width ratio greater than 4, being the
width of the central area less than a 1pm. These aberrant Neococcolithes
minutus are reminiscent of the aberrant Discoaster species found in
relation to the Paleocene-Eocene Thermal Maximum (PETM) (Bybell
and Self-Trail, 1995; Aubry, 1998). Bralower and Self-Trail (2016)
proposed that this transient Discoaster represents malformed ecophe-
notypes that calcified in a deep photic zone refuge during the height of
the PETM due to unusually high rates of organic matter remineralization
at these depths. We interpret that similar conditions associated with
mineralization of organic matter in the ICS, led to the malformation of
Neococcolithes in a similar manner to that in which the malformation of
the Discoaster occurred during the PETM. A final aspect worth noting
concerning the upper part of the disturbance zone is its striking coin-
cidence with the occurrence of ferroan dolomite concretions of meth-
anogenic origin, which implies degradation of large amounts of organic
matter in the deep-sea environments of the Jaca-Pamplona Basin (Fig. 9)
likely in response to increased fluxes of continental runoff (Oliva-Urcia
et al., 2024).
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5.4. Implications for unravelling palaeoenvironmental changes across the
MECO

Calcareous nannofossil data from the lower part of the disturbance
zone (meters 640 to 720) indicate eutrophic conditions and an associ-
ated increase in the supply of nutrients that was likely driven by a period
of enhanced upwelling or changing local marine currents. After a tran-
sient (meters 720 to 750) shift to background conditions, the upper part
of the disturbance zone (meters 770 to 930) records the return of
eutrophic conditions and an increase in the supply of nutrients in
response to enhanced runoff from the continent. Such conditions are
fully supported by the methane-driven formation of ferroan dolomite
concretions within the upper part of the disturbance zone (Fig. 9), since
their formation has been linked to a substantial increase in the supply of
labile organic matter derived from the continent (Oliva-Urcia et al.,
2024). As proposed for different Eocene hyperthermal events and the
Early Eocene Climate Optimum, we interpret that enhanced runoff
during the disturbance zone can be related to an intensified hydrological
cycle and a concomitant increase in weathering conditions and sediment
production on land (Schmitz and Pujalte, 2003; Sluijs et al., 2009;
Toffanin et al., 2011; Payros et al., 2015b; Intxauspe-Zubiaurre et al.,
2018; D’Onofrio et al., 2021; Gandolfi et al., 2023, 2025).

The chronostratigraphic position of the disturbance zone and the
ferroan dolomitic concretions, spanning the boundary between calcar-
eous nannofossil zones CNE14/CNE15 and chrons C18r/C18n.2n, along
with their palaeoenvironmental significance, clearly point to what we
interpret as one of the most expanded (e.g., 290 m) records of the Middle
Eocene Climatic Optimum (MECO) worldwide. The association between
the disturbance zone and the MECO is further supported by the shift to
lighter 5!3C and 6'®0 values in calcite observed precisely within the
disturbance zone (Fig. 10). In the case of 5'%0 values, the shift to lighter
values is minimal probably due to the imprint of diagenetic effects, yet it
is consistent with the trend towards warmer conditions that character-
izes the MECO worldwide (e.g., Jovane et al., 2007; Giorgioni et al.,
2019; Krause et al., 2023). Concerning 613C, the shift towards lighter
values differs from other records worldwide, which, in any case, do not
show a common response to the carbon cycle perturbations associated
with the warming event (Giorgioni et al., 2019). In the ICS, the most
negative 5'°C values observed throughout the disturbance zone might
have been driven by the enhanced arrival of ‘2C-richer waters of con-
tinental origin or by an increase in the degradation of organic matter
(Giorgioni et al., 2019). Both processes might have been operating at the
ICS during the MECO, as indicated by the presence of the ferroan
dolomitic concretions within the disturbance zone in response increased
continental runoff and input of labile organic matter (Oliva-Urcia et al.,
2024). As also happens in other Neo-Tethyan successions (Toffanin
etal., 2011; Giorgioni et al., 2019; D’Onofrio et al., 2021; Gandolfi et al.,
2023, 2025), the MECO at the ICS appears to be linked to a combination
of shifts in oceanic circulation (e.g. lower part of the disturbance zone)
and a concomitant shift towards wetter conditions (e.g. upper part of the
disturbance zone). According to our age model (Fig. 11), the MECO at
the ICS spans from ca. 40.4 to 39.95 Ma, which appears to be slightly
earlier than reported in other MECO records worldwide (ca. 40.3-39.8
Ma when rescaled to GPTS 2020, see Giorgioni et al., 2019) but
matches the MECO duration inferred at the southern Atlantic and the
equatorial Pacific Oceans from the novel study of lithium isotopes as
markers of global weathering (ca. 40.4-40 Ma, Krause et al., 2023). We
attribute the slight differences in the ages attributed to the MECO to its
gradual onset and termination and also to the inter-site variability of the
proxies (mainly O and C isotopes) used in its delineation (see Giorgioni
et al., 2019).

Whatever the case, our results from the ICS portray the sedimentary
expression of the MECO in the deep environments of the SPFB, and
complement what has been reported from the continental and shallow
marine sectors of the basin. At the Olsén section, in the continental part
of the basin towards the SSE, a period of rapid fluvial progradation
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represented by the amalgamation of the Olsén conglomerate sheet has
been reported in response to the MECO around the C18r/C18n boundary
(Vinyoles et al., 2021; Peris-Cabré et al., 2023; Sharma et al., 2024)
(Fig. 12). About 40 km to the NNW, down the sedimentary routing
system, the Yebra de Basa section records a coeval, rapid progradation of
the deltaic deposits of the Sabinanigo sandstone on top of the slope marls
of the Larrés Formation (Peris-Cabré et al., 2023). There, the peak of the
MECO is recorded around the C18r/C18n boundary by shifts to more
negative 5'%0 and 5'3C values, comparable to those in the ICS, observed
within the Sabinanigo sandstone. Such isotopic shifts are preceded by a
period of enhanced supply of terrestrial organic matter recorded in the
uppermost part of the Larrés Formation (Fig. 12). In the nearby Latas
section, just 7 km to the NNW of Yebra de Basa, the MECO is also
recorded by the progradation of the deltaic Sabinanigo sandstone above
the prodeltaic marls of the Larrés Formation, and is also manifested by a
conspicuous increase in the percentage of reworked calcareous nanno-
fossils in response to an enhanced hydrological cycle (Lasluisa et al.,
2024). The coeval progradation of fluvial and deltaic sediments reported
from the Olsén and Latas/Yebra de Basa sections has been taken as ev-
idence for the isochronous progradation of the SPFB sedimentary sys-
tems in response to an intensified hydrological cycle during the MECO
(Peris-Cabré et al., 2023). We identify the significant increase in the
percentage of reworked calcareous nannofossils, the enhanced input of
organic matter, and the occurrence of ferroan dolomitic concretions
reported around the C18r/C18n boundary at the Izaga section as the
sedimentological expression of such MECO-induced progradation in the
deep sink of the basin (Fig. 12). From the late Lutetian to the early
Bartonian, the SPFB underwent a period of continued flexural subsi-
dence driven by tectonic loading along the northern fringe of the basin
(Barnolas et al., 2019). This context of continued subsidence and crea-
tion of accommodation space was not favorable for the progradation of
deltaic systems. Therefore, we consider that the deltaic progradation at
different environments across the SPFB during the MECO (this work;
Vinyoles et al., 2021; Peris-Cabré et al., 2023; Sharma et al., 2024;
Lasluisa et al., 2024) leaves the acceleration of the hydrological cycle as
its main underlying cause. The evident imprint of the MECO along a
complete continental to deep marine transect across the SPFB reinforces
the idea that the MECO exerted a more important influence on the
environmental conditions of mid latitude settings than previously
thought (Peris-Cabré et al., 2023).

Our results also indicate that the Sabindnigo sandstone correlates
with the uppermost part of the Larrés Formation to the west, and not
with the Urroz limolites as has been classically assumed, which would
explain the lack of a direct continuity between the Sabinanigo and Urroz
formations reported near the eastern termination of the Leire thrust
(Puigdefabregas, 1975). These results imply that the Urroz limolites are
located at a stratigraphic position similar to that of the Ezkaba turbidites
in the western part of the basin (Payros et al., 1997), and are therefore
more likely to represent the marginal part of a turbiditic system sourced
from the northern side of the basin (Payros et al., 1997).

6. Conclusions

Our magnetobiostratigraphic study of the Izaga composite section
indicates that the section spans from the uppermost part of C19r (ca.
41.3 Ma) in the latest Lutetian to the uppermost part of Chron C18n.2n
(ca. 39.7 Ma) in the middle part of the Bartonian, and encompass
calcareous nannofossil biozones CNE14 and CNE15. The record of Chron
C19n at the Izaga composite section has been partially blurred due to the
occurrence of slightly delayed magnetizations and could therefore not
be clearly delineated as is commonly reported in other marine succes-
sions, including those previously proposed to host the Bartonian GSSP.
Given its short duration, we envisage severe difficulties in finding a
pristine record of C19n, which reinforces the idea that an alternative
biostratigraphic event might need to be chosen as the primary marker of
the Bartonian GSSP. We have identified the HO of Sphenolithus
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Fig. 12. W-E correlation panel across the South Pyrenean basin, showing the sedimentary expression of the MECO (pink shaded) and the associated deltaic pro-
gradation (blue shaded). Izaga section (this study); Latas section (Lasluisa et al., 2024); Yebra de Basa section (Peris-Cabré et al., 2023); Olsén section (Vinyoles et al.,
2021). The overall increase observed in sedimentation rates (SR) along an E-W direction is only altered in the Yebra de Basa section, where significantly higher rates

attest for the presence of the then active Oturia thrust (Vinyoles et al., 2021).

furcatolithoides B within chron C18r and at a close stratigraphic prox-
imity to the top of Chron C19n, as has been also found in most sections
worldwide. Based on this, we propose the HO of Sphenolithus furcatoli-
thoides B as the most suitable biostratigraphic alternative to mark the
base of the Bartonian Stage. If this proposal is accepted, the expanded
nature of the succession (>1100 m), the dominance of fine-grained
(marly) sedimentary facies, the superb outcrop conditions, and the
accessibility to the area place the Izaga composite section as one of the
best prospective successions to host the Bartonian GSSP.

Our results further reveal an interval of increased percentages in
reworked calcareous nannofossils and more negative values of 580 and
513C, which concur with the presence of the methane-driven ferroan
dolomitic concretions, around the boundaries between calcareous nan-
nofossil zones CNE14/CNE15 and chrons C18r/C18n.2n. This indicates
increased organic matter supply from the continent in response to an
enhanced hydrological cycle during the MECO. These results demon-
strate, along with results from neighbouring sections, that the sedi-
mentological expression of the MECO is manifested along a complete
continental to deep marine transect along the South Pyrenean foreland
basin, and reinforces the idea that the MECO exerted a more important
influence on the environmental conditions of mid latitude settings than
previously thought.

Our age model constrains the emplacement of the Berroya mega-
breccia to the latest Lutetian (ca. 41.1 Ma), which indicates that the
mechanism that triggered deposition of the South Pyrenean Eocene
carbonate megabreccias persisted, at least, till the latest Lutetian. The
age model also implies that the Urroz limolites do not correlate with the
Sabinanigo sandstone as has been classically assumed. This places the
Urroz limolites at a stratigraphic position similar to that of the Ezkaba
turbidites in the western part of the SPFB, and suggests that this for-
mation does not represent the prodeltaic counterpart of a deltaic system
prograding from the east but the marginal part of a turbiditic system
sourced from the active northern fringe of the basin.
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