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ARTICLE INFO ABSTRACT

Keywords: Stratigraphic cycles preserved in sedimentary successions are controlled by the interaction of tectonics, climate,
Chmnomatigraphy sediment supply and sea-level variations. Understanding the influence of these drivers on sedimentary systems
Magnetostratigraphy dynamics is crucial to understand and extract information from sedimentary archives. In the deep marine de-

Stable isotopes

Deep marine
Sequence stratigraphy
Eustatism

posits of the Ainsa foreland basin (lower to middle Eocene, southern central Pyrenees, Spain), the origin of well-
preserved cyclicity between channelized sandy submarine fans and hemipelagic deposits remains subject to
debate because of the absence of chronostratigraphic constraints on high resolution geochemical proxies. Here,
we contrast a combination of newly acquired and legacy geochemical datasets (carbon and oxygen stable iso-
topes, organic matter content, major and trace elements and the mineralogical composition of bulk hemipelagic
sediments) tuned by a new age model to global “target” curves to discuss the possible drivers of the stratigraphic
cycles found in the deep marine sediment gravity flow deposits of the Hecho Group. Our new age model is based
on magnetostratigraphic and biostratigraphic datasets acquired on a composite section going from the Banaston
system to the distal deposits of the Sobrarbe deltaic complex. Four major polarity zones are identified in the
studied succession covering the time span from C21n (lower members of the Banaston system) to C19r (Sobrarbe
deltaic complex). Our age model is corroborated by the identification of the nannoplankton zone NP16 in the
Guaso system (C20n).

Comparison between global carbon isotope curve and local isotope dataset shows some differences, suggesting
the preservation of a local isotope signal modulated by eustatism, changes in the environment of deposition and/
or restriction in water circulation in the Ainsa basin. Yet, comparison of the stratigraphic record with global sea-
level curves highlights that sands are mainly delivered to the basin during lowstands, pointing to the important
role of eustasy even in an active foreland tectonic context. The exception to the rule is the Banaston member II,
whose deposition during a sea-level highstand seems to be controlled by the growth of tectonic structures.

1. Introduction detected in depositional environments from continental to deep marine
sinks worldwide. According to sequence stratigraphy, sedimentary
Stratigraphic cycles that characterize sedimentary records can be deposition is driven, through modulation of accommodation and
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sediment supply, by the interaction of (1) global sea-level and eustatic
variations related to climate and global tectonics, (2) local/regional
tectonics, and/or (3) sediment supply (itself linked to global climate and
tectonics) (e.g., Schlager, 1993; Castelltort and Van Den Driessche, 2003;
Covault and Graham, 2010; Romans et al., 2016). Thus, sedimentary
records contain crucial information regarding past climate and envi-
ronmental signals. Deep marine environments are perfect targets to
study these signals since large volumes of sediment are continuously
deposited in submarine fans where the preservation potential is high
(Hessler and Fildani, 2019).

In deep marine siliciclastic environments, cyclic patterns can be
detected in the alternation of coarse sediment deposits forming sub-
marine fans and low energy hemipelagic environments (e.g., Weltje and
de Boer, 1993). The drivers of these pulses of coarse sediments remain a
question mark in the study of deep-sea successions. Sands delivered to
slope, base of slope and deeper basin environments are traditionally
linked to sea-level lowstands (Vail et al., 1977; Posamentier and Vail,
1988). However, new models have been proposed in which sands are
delivered to deep water at all sea-level stands (e.g., Covault et al., 2007;
Castelltort et al., 2017). A better understanding of the drivers of
deep-sea sedimentation and the role of sea-level changes in these pro-
cesses is thus necessary given the source-rock/reservoir nature of
deep-water sand-shale alternations (Bouma et al., 1985; Piper and
Normark, 2001). By its response to sea-level changes, stable carbon
isotope ratio is an interesting proxy to test independently such re-
lationships (e.g., Jenkyns, 1996).

The Ainsa basin, in the southern central Pyrenees (Spain), is an ideal
site to study the drivers of stratigraphic-cyclicity and paleoenvironments
over multi-millennial times scales as an entire source to sink system is
preserved for the time slice of interest. During the lower to the middle
Eocene, the Ainsa deep marine basin is situated between the Tremp-
Graus (fluvio-deltaic sediments) and the Jaca (distal deep marine sedi-
ments) basins (Fig. 1; Clark et al., 2017). This basin is filled by very well
preserved syn-tectonic sediments typical of a proximal deep basin with
submarine fans and hemipelagic deposits of slope, base of slope and
basin floor environments. The Ainsa succession is made of eight major
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Sediment Gravity Flow (SGF) systems, including Fosado, Los Molinos,
Arro, Gerbe, Banaston, Ainsa, Morillo and Guaso (terminology after
Mutti, 1983 and Pickering and Bayliss, 2009, Figs. 3 and 4). SGF systems
were deposited during Ypresian and Lutetian (lower to middle Eocene)
ages (Bentham and Burbank, 1996; Pickering and Corregidor, 2005;
Payros et al., 2009; Castelltort et al., 2017; Cantalejo et al., 2020a).

The sand-shale packages of the Ainsa basin have been extensively
described and studied (e.g., Mutti, 1983; Mutti et al., 1985; Remacha and
Fernandez, 2003; Pickering and Corregidor, 2005; Heard and Pickering,
2008; Heard et al., 2008; Pickering and Bayliss, 2009; Pohl and McCann,
2014; Cantalejo and Pickering, 2014, 2015; Scotchman et al., 2015a;
Clark et al., 2017; Castelltort et al., 2017; Cantalejo et al., 2020a) but
one of the main issues in deciphering the relative roles of external forces
on stratigraphic records remains the availability of a robust chro-
nostratigraphic framework that could be used to tune geochemical
proxies in the basin. From Fosado to Banaston SGF systems, Castelltort
et al. (2017) noted that the stratigraphic cycles detected in the Ainsa
basin have periodicities of approximately 1 Myr (Million year). In Cas-
telltort et al. (2017), the Fosado, Gerbe, and Banaston sandy systems are
interpreted as being controlled by eustasy and deposited during
sea-level lowstands. The age of the Arro system is poorly constrained
and the connection with eustatism remains difficult. In Castelltort et al.
(2017), the Arro system was linked to enhanced sediment supply during
a sea-level highstand. Detrital zircon (U-Th)/He ages for the Arro sandy
system support the hypothesis of short-frequency tectonic or climatic
pulse during the deposition of this system (Thomson et al., 2017). More
recently, nannofossil Subzone NP14a was identified in the Arro SGF
system that could be associated with both sea-level highstand or low-
stand (Cantalejo et al., 2020a). From Banaston to Guaso SGF systems,
the relationship between sea-level, sediment supply, tectonic and cli-
matic modulations causing siliciclastic deposition in the deep marine
environment remain poorly known and acknowledged.

The main tasks of this study were to (1) improve the chronostrati-
graphic constraints on the studied succession, (2) tune newly acquired
geochemical proxies (e.g, stable carbon isotopes), (3) discuss the
response of these proxies to eustatism, (4) test the relationship between
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eustatism and deep marine sedimentation. Several studies and age
models based mainly on biostratigraphy (Jones et al., 2005; Pickering
and Corregidor, 2005; Scotchman et al., 2015a) and magneto-
stratigraphy (Holl and Anastasio, 1993; Bentham and Burbank, 1996;
Mochales et al., 2012a; Cantalejo et al., 2020a) exist in the Ainsa basin.
To build on these existing datasets, two approaches were used
conjointly: magnetostratigraphy and Dbiostratigraphy. Magneto-
stratigraphy provides accurate time lines by means of correlation with
the Geomagnetic Polarity Time Scale, but needs the support of external
age constraints provided here by established magnetostratigraphies in
neighboring successions and biostratigraphy. The new chronostrati-
graphic constraints were used to tune the geochemical records gener-
ated. Stable isotopes were secondly compared to target global curves
tied to accurate age models (e.g., sea-level curves of Miller et al., 2005
and Kominz et al., 2008, global carbon and oxygen isotope records of
Cramer et al., 2009 and Zachos et al., 2001) in order to test the rela-
tionship between eustatism, carbon isotope ratios and deep marine
sedimentation.

Magnetostratigraphy and isotope analyses were performed on three
sections (Labuerda, Forcaz, and Morillo de Tou; Figs. 4, 6 and 7) in the
deep marine sediments of the Ainsa basin. New and existing biostrati-
graphic data were used to calibrate and complement the magneto-
stratigraphy. With existing records in Castelltort et al. (2017), this
dataset provides a new chronostratigraphic framework for a
near-complete profile in the Ainsa basin deep marine succession. In
addition, we provide data on the total organic carbon content, the
elemental, and the mineralogical composition of bulk sediments to
constrain environmental conditions in the system.

2. Geological setting
2.1. The pyrenean orogeny and the south pyrenean peripheral basins

The formation of the Pyrenean mountain range began in the late
Santonian (upper Cretaceous, age, ~84 Ma) with the asymmetric colli-
sion and partial subduction of the Iberian plate below the Eurasian one
(Munoz, 1992; Roure and Chourkroune, 1998; Beaumont et al., 2000;
Fillon and van der Beek, 2012; Mouthereau et al., 2014). The Pyrenees
are conventionally subdivided in three structural zones, (1) the Axial
Zone formed by an antiformal stack of Paleozoic basement, (2) the
retro-wedge and foreland basins of the Northern Pyrenean Zone, and (3)
the pro-wedge and foreland basins of the Southern Pyrenean Zone
(Séguret, 1972, Fig. 1). The different phases of deformation associated
with the development of this asymmetric mountain range are here
described focusing on the Southern Pyrenean Zone. Counterclockwise
(~35°) rotation of the Iberian plate (Choukroune, 1992), synchronous
with the opening of the Bay of Biscay, led to an extensional rifting
context during the early Cretaceous. The extensional system was
replaced at the upper Santonian by a stage of inversion tectonics with
the reactivation of Mesozoic extensional faults and the development of
the firsts Pyrenean thrust sheets (e.g, Cotiella-Bdixols thrust sheet,
Munoz et al., 2013, Fig. 1). Associated foreland basins formed at the
front of these thrust sheets were primarily filled by deep marine turbi-
dites deposits (e.g., Vallcarga Formation, Puigdefabregas et al., 1992).
Coeval with the development of the Boixols thrust sheet, shallow marine
successions (Aren Sandstone Formation, Mey et al., 1968) and fluvial
and lacustrine deposits (Tremp Group, Pujalte and Schmitz, 2005) were
subsequently deposited in the eastern part of the Southern Pyrenean
Zone. The asymmetrical collision between the Eurasian and the Iberian
plate induced flow toward the WNW with the deposition of deep-water
carbonates and siliciclastic sediments in the western part of the Southern
Pyrenean Zone (Whitchurch et al., 2011; Thomson et al., 2019). During
the Ilerdian stage (early Eocene), a major transgression flooded the
southern basins leading to the deposition of the Alveolina Limestone
Formation (Puigdefabregas and Souquet, 1986). From the early to the
middle Eocene, the Pyrenees underwent an acceleration of shortening
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rates and an exhumation of the Axial Zone (Whitchurch et al., 2011;
Labaume and Teixell, 2018, Thomson et al.,, 2019). It led to the
compartmentalization of the south Pyrenean basins into several parallel
thrust-top structures forming the South-Central Pyrenean Unit (SCPU;
parallel thrust sheets from north to south: Cotiella-Bdixols, Pena Mon-
tanesa-Montsec, and Sierras Exteriores-Sierras Marginales; Puigdefa-
bregas et al., 1992, Fig. 1). Geometries and facies distribution amongst
the coeval piggy-back basins developed on top of these structures were
controlled by the loading of the lithosphere and the emplacement of
Mesozoic south verging faults (Puigdefabregas et al., 1992). The piggy
back basin of Tremp, on top of the moderately subsiding hanging wall of
the SCPU, was infilled by the fluvio-deltaic deposits of the Montanyana
Group (Tremp-Graus basin, Figs. 2 and 3, Puigdefabregas et al., 1992).
The sediments of the prograding fan of the Montanyana Group were
transported to the footwall of the Pena Montanesa-Montsec and the
Gavarnie thrust systems, filling the distal Ainsa and the Jaca basins
respectively (Munoz et al., 2018, Figs. 1 and 2). The transfer of clastic
sediments from proximal to distal environments was allowed by an east
to west river drainage system (Nijman and Nio, 1975; Payros et al.,
2009) linked to incised canyons (Atiart, Charo-Lascorz, Monclds, and
Formigales canyons) and channels along the marine lateral ramp (Clark
et al., 2017). In the Ainsa and Jaca basins, the Hecho Group (Mutti,
1983), a succession of deep marine turbidites and hemipelagic deposits
was accumulated between growing tectonic structures of the Mediano,
Anisclo, and the Boltana anticlines forming the present-day segmenta-
tion between Tremp-Graus, Ainsa, and Jaca basins (Figs. 1 and 2).

The last stage of the development of the South-Central Pyrenean Unit
is characterized by a decrease in subsidence rates due to the southward
migration of the deformation and a general progradation induced by the
development of the Pyrenean Axial Zone antiformal stack (Munoz, 1992;
Sinclair et al., 2005). From the upper Eocene to the Oligocene, succes-
sively shallow marine (Sobrarbe deltaic complex, Bartonian stage,
Dreyer et al., 1999; Mochales et al., 2012a; Scotchman et al., 2015a) and
continental fluvial sediments (Escanilla Formation, Bentham et al.,
1992; Michael et al., 2014, Vinyoles et al., 2021) were deposited in the
basins. During the late Priabonian, the Tremp-Graus-Ainsa-Jaca basins
were disconnected from the Atlantic Ocean, most probably as a conse-
quence of the emplacement of the Basque-Cantabrian units in the west
(Costa et al., 2010). The last tectonic activity related to the orogeny of
the Pyrenees occurred during the late Oligocene-early Miocene (Puig-
defabregas, 1975; Rosenbaum et al., 2002; Labaume and Teixell, 2018).

2.2. The Ainsa basin

The Ainsa basin was developed from Lutetian to Priabonian times
(Bentham and Burbank, 1996; Pickering and Corregidor, 2005; Payros
et al., 2009; Mochales et al., 2012a; Cantalejo et al., 2020a). Structur-
ally, the basin is defined by its confinement between the lateral ramp of
the Pena Montanesa-Montsec to the east, as well as the Gavarnie thrust
and Boltana anticline today to the west (Figs. 1 and 2). As such, the Ainsa
basin, open toward the deeper Atlantic waters to the west, was pro-
gressively syncline-deformed between three progressively growing an-
ticlines (Mediano, Anisclo and Boltana, Fig. 2).

The turbiditic succession of interest belongs to the Hecho Group
(Mutti et al., 1972) and has been extensively studied (e.g., De Federico,
1981; Mutti et al., 1988; Barnolas and Gil-Pena., 2001; Pickering and
Corregidor, 2005; Arbués et al., 2007; Pickering and Bayliss, 2009;
Arbués et al., 2011; Pohl and McCann, 2014; Cantalejo and Pickering,
2014; Scotchman et al.,, 2015a). All studies converge towards the
interpretation that the Hecho Group was deposited below the shelf-edge
of the Tremp-Graus basin into upper slope to base of slope depositional
environments by channels and canyons (Atiart, Charo-Lascorz, and
Formigales canyons, Payros et al., 2009). The sediments forming the
Hecho Group are composed of interbasinal and extrabasinal carbonates
as well as extrabasinal siliciclastic sediments (Gupta and Pickering,
2008). The main source of extrabasinal sediments was the fluvio-deltaic
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Montanyana Formation (Tremp-Graus system) fed by the uplift of the
early Pyrenean reliefs in the north and the Ebro foreland basin in the
south (Fig. 2; Gomez-Gras et al., 2016; Thomson et al., 2017).

At first-order, the deep marine stratigraphic series of the Ainsa basin
are made of approximatively 4 km thick syn-tectonic deposits consti-
tuted by an alternation of sandy formations, dominated by sediment
gravity flow facies forming submarine fans, and marly formations. The
latter are interpreted as slope deposits, levees deposits or distal turbi-
dites. In more detail, the Hecho Group in the area of Ainsa is formed by
eight subdivisions related to major unconformities and the migration of
the axis of deposition of the sandy formations: Fosado, Los Molinos,
Arro, Gerbe, Banaston, Ainsa, Morillo, and Guaso Sediment Gravity
Flow systems (SGF systems, following the nomenclature of Pickering
and Bayliss, 2009, Fig. 3). Each Sediment Gravity Flow system is
constituted by two to eight turbiditic sandbodies hundreds of meters

thick (Pickering and Bayliss, 2009) deposited between large sequences
of slope and hemipelagic marly deposits. Four major truncations are
identified in the basin, the Atiart, Charo-Lascorz, Monclis, and For-
migales canyons (Payros et al., 2009; Clark et al., 2017).

The deposition of the first sediment system of the Hecho Group in the
area of Ainsa (Fosado) was estimated around 51 and 49 Ma (Scotchman
et al., 2015a). More precisely, the Atiart canyon located at the base of
the Hecho Group deposits was dated between 50.2 and 50.5 Ma (Cas-
telltort et al., 2017; Clark et al., 2017). The deepening of the Ainsa basin
was associated with the enhanced subsidence of the footwall of the Pena
Montanesa-Montsec trust sheet with respect to the South-Central Pyr-
enean Unit (Garcés et al., 2020).

The deposition of the lower Hecho Group (Fosado, Los Molinos, and
Arro SGF systems) was marked during the late Ypresian by the activation
of the thrust system of La Fueba associated with the Pena Montanesa-
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Montsec thrust sheet development. The activation of La Fueba thrust
system was coeval with major truncations in the Ainsa basin and
induced deformation of the lower Hecho Group (Munoz et al., 2013). In
comparison, the upper Hecho Group (Gerbe, Banaston, Ainsa, Morillo,
and Guaso SGF systems) deposited during the Lutetian (Mochales et al.,
2012a; Castelltort et al., 2017; Cantalejo et al., 2020a) is less deformed
despite the active tectonic evolution of the basin (Pickering and Corre-
gidor, 2005). During the middle Eocene (early Lutetian), the Sobrarbe
fold system was developed. The Gavarnie thrust sheet was deformed and
the Ainsa basin progressively transformed into a piggy-back basin. Two
major anticlines separated by the Santa Maria de Buil syncline (Fig. 4)
were formed displaying an ESE-WNW axis (Munoz et al., 2013, Fig. 2).
The Mediano anticline was developed between Tremp-Graus and Ainsa
basins from the early Lutetian to the Bartonian (Poblet et al., 1998). The
growth of this anticline is associated with the development of the
smaller Anisclo anticline (Fernandez et al., 2012; Munoz et al., 2013).
The second major anticline of the basin, the Boltana anticline, is located
between the Ainsa and Jaca basins. Its growth, initiated during the
middle Lutetian, ended in the early Priabonian (Munoz et al., 2013).
According to Heard et al. (2008), the development of the Boltana anti-
cline could have led to a partial restriction of water circulations between
the Ainsa basin and the open ocean inducing periods of low oxygen
levels in the Ainsa basin. As deformation proceeded, the basin under-
went a progressive clockwise rotation (Mochales et al., 2012b) of
45°-60° (Munoz et al., 2013). As a result, paleoflows recorded at the
base of the Ainsa basin succession are, at present time, generally ori-
ented towards the NNW but were initially indicating west-oriented
sediment transport. In contrast, towards the top of the succession,
paleoflows are oriented towards the WNW closer to their initial di-
rections. From the late Lutetian to the Priabonian, the basin was filled
and, successively over-filled by the shallow marine Sobrarbe and the
fluvial Escanilla Formations (Bentham, 1992; Mochales et al., 2012a).

3. Material and methods

A complete stratigraphic succession was sampled from Gerbe to
Guaso SGF systems in the Ainsa basin for (1) magnetostratigraphy and
(2) high resolution geochemical proxies. Two additional sites were
sampled for biostratigraphy to calibrate the magnetostratigraphy (see
star, Fig. 4). The succession studied is a compilation of three sub-sections
named Labuerda (1000 m), Forcaz (462 m), and Morillo de Tou sections
(1083 m, Figs. 4, 6 and 7) correlated on the field by marker units and
orthoimages. Stratigraphic thicknesses of the sections were measured
with a Jacob staff, and geometric calculations based on field dip and
strike data when direct measurements were not possible. The identifi-
cation of the different SGF systems is based on the geological maps of
Pickering and Bayliss (2009), Pickering and Cantalejo (2015), and
Cornard and Pickering (2019).

3.1. Magnetostratigraphy

The three sections were sampled for magnetostratigraphy (Figs. 4, 6
and 7) with a resolution of 10 m on average for Labuerda and Forcaz
sections and 20 m on average for the Morillo de Tou section. Such a
resolution coupled with a mean sediment accumulation rate of
approximately 30 cm/kyr in the Ainsa basin (Heard and Pickering,
2008) allows capturing all polarity reversals present in the time span of
interest. Paleomagnetic core samples were drilled in fresh mudstone
rocks focusing on the finest and less deformed marlstones. Thermal and
few additional alternating field progressive demagnetization techniques
were carried out on the samples at the Paleomagnetic Laboratory of
Barcelona (CCiTUB- ICTJA CSIC; details about the methods can be found
in Supplementary material I, S.1.).
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3.2. Biostratigraphy

For biostratigraphy using nannoplanktons zones, approximately 200
g of fresh rocks were collected in the finer and less deformed marlstones
of two sites of the Morillo de Tou section (Figs. 4 and 8; samples’ GPS
location in Supplementary material I, S.3).

3.3. Geochemistry

Approximately 200 g of marine carbonate mudstone were collected
per site targeting the finer and less deformed hemipelagic deposits at
30-40 cm below the weathering surface. A spacing of around 10 m
(stratigraphic depth) was applied between samples for each section. All
the geochemical analyses were performed at the laboratories of the
University of Lausanne. Carbon and oxygen isotopes (5'3C and 580
values, both expressed in %o relative to VPDB standard) were measured
in whole-rock carbonates (Supplementary material I, S.1.2.5). Major and
trace elements (X-ray fluorescence, Supplementary material I, S.1.2.2),
mineralogy (X-ray diffraction techniques, Supplementary material I,
S.1.2.3), and the organic matter content (Rock-Eval) were determined
on whole-rock material (Supplementary material I, S.1.2.4).

4. Results
4.1. Stratigraphy

The stratigraphic succession sampled comprises grey to dark massive
or laminated hemipelagic marlstones alternating with turbiditic sand-
stones with thickness varying between centimetric to metric scale. The
fine-grained sediments show evidence of (1) slides/slumps cohesive-
flow deposits of metric scale, (2) typical abyssal zone ichnofossils
(Nereites ichnofacies), (3) nummulitic packstones beds of centrimetric
scale interpreted as reworked material from nearby carbonate platform
deposited in deeper water during storm events (Cantalejo and Pickering,
2014), and (4) dark levels enriched in organic matter. Major SGF sys-
tems are characterized by debris flow deposits, erosive sandy channels,
and overbank hemipelagic deposits. These major clastic pulses of coarse
sediments often show fining-upwards sequences. Off-axis deposits are
characterized by marlstones dominant intervals.

4.1.1. Labuerda section (N42.456185° E0.136285°)

The Labuerda section (LB, Fig. 4) begins near the village of Labuerda.
It has a stratigraphic thickness of 1000 m. This section begins in the
Gerbe system and ends in the off-axis deposits of the Ainsa II submarine
fan (A-Il in Figs. 4 and 6). The lower part of this section is marked by an
unconformity related to the emplacement of a thrust (Fig. 4). The in-
terval above this thrust is composed of very fine marlstones interrupted
by heterolithic intervals at approximately 400 m. Based on the map of
Pickering and Bayliss (2009), we interpret this marlstone interval as the
lateral equivalent of the Banaston SGF system (Fig. 4). Due to the
paucity of sandy beds in the sampled section, uncertainty is high in the
identification of the second member (BII) of the Banaston SGF lateral
deposits. This member is therefore indicated with a question mark in this
study (B-II?, Fig. 6). At 879.5 m, the section reaches Ainsa I SGF sand-
bodies (A-Iin Figs. 4 and 6). The Labuerda section eventually ends in the
overbank deposits of Ainsa II (Al Fig. 6). Slumps are present at the base
and in the upper part of the section (Fig. 5A). The Labuerda section is
marked by two darker beds around 210 m and 920 m and a nummulitic
bed around 970 m (Fig. 6).

4.1.2. Forcaz section (N42.433169° E0.126997°)

The Forcaz section (FR, Fig. 4) localized near the Forcaz stream be-
gins at the base of Ainsa II SGF system (A-II, Fig. 4). It overlaps Labuerda
section (LB) with LB102 sample (Labuerda section) correlated to FRO01
sample (Forcaz section, based on a lateral mapping of strata). This sec-
tion of 462 m thickness begins at the base of Ainsa I SGF sandy package.
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Fig. 5. Interpreted field photographs from Labuerda, Forcaz and Morillo de Tou sections (A) Slumps in the Labuerda section (at 900 m). (B) Nummulitic bed in
the Forcaz section (around 340m). (C) Downlap geometry on erosive surface suggesting slump scar. (D) Dolomitic concretions. (E) San Lino level with typical

alternance of marlstones and isolated sandy beds.

A fining-upward sequence is observable at the top of Ainsa II sandbodies
followed by a hemipelagic dominant interval of approximately 200 m in
stratigraphic thickness (from 78 m to 287.5 m, Forcaz section, Fig. 6). At
the top of Forcaz section, heterolithic beds are interpreted as belonging
to Morillo I overbanks deposits (M-I, Figs. 4 and 6). Two darker levels
mark the Forcaz section at approximately 200 m and 260 m, and a
nummulitic bed occurs around 340 m (Figs. 5B and 6).

4.1.3. Morillo de tou section (N42.377686° E0.156158°)
The Morillo de Tou section (ML, Fig. 4) begins near the namesake
village, 6.5 km far from the former Forcaz section, and has a thickness of

1129 m. It begins in the marly interval between Ainsa and Morillo SGF
systems. Correlation with the Forcaz section based on orthoimages
places the base of the Morillo de Tou section approximately 10 m above
the top of the Forcaz section, which is corroborated later in this paper by
the consistency of isotopic values across both sections. The Morillo de
Tou section crosses Morillo I sandbodies (M-, Fig. 4) rich in large forms
of benthic foraminifers and various bioclasts, Morillo II-III (M-II, M-III),
and Guaso I-II (G-I, G-II) overbank deposits (Fig. 7). Three intervals are
notable in this section. First, an interval of massive marlstones of
approximately 40 m is found between 720 and 760 m (Figs. 7 and 9). It is
punctually characterized by centimetric scale darker beds (~10 cm and
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~60 cm thick) and follows a large interval of slumped deposits and
downlapping strata (Fig. 5C). Second, at 825 m, the so-called Castellazo
level was interpreted by Dreyer et al. (1999) as carbonate breccia with
meter-scale olistolithic blocks of bioconstructed carbonates collapsed
from fringing limestone formations. More recently, these features were
identified as dolomitic concretion by Hoareau et al. (2009, 2015;
Fig. 5D). Similar concretions are observed around 620 m (Fig. 7). Third,
the so-called San Lino level is a thick (about 1 m), regional level of dark
mudstones (Fig. 5E) identified in Dreyer et al. (1999), and interpreted as
a marker of a basin-wide episode of anoxia by Mochales et al. (2012a). It
also corresponds to a dark shale horizon and sample MFS-4 in
Scotchman et al. (2015a). This level is considered the base of the
overlying Sobrarbe deltaic complex (Arbués et al., 2011). Finally, the
Morillo de Tou section is characterized by a nummulitic bed at 100 m
(Fig. 7) and few dark mudstone levels around 440 m and 970 m (Fig. 7).

% Uncertain zone with indications
" of normal polarity
-(0)-Horizons mm Darker levels

4.2. Magnetostratigraphy and biostratigraphy

The marlstones of the Ainsa basin show a viscous component below
280 °C. Above this temperature, a Characteristic Remanent Magnetiza-
tion (ChRM) component is isolated for a majority of the samples. The
maximum unblocking temperature of the ChRM is observable from 400°
to 450 °C in stable samples (See Supplementary material I, Fig.S.2.1). This
range of temperature suggests that iron oxides such as magnetite are the
main magnetic carriers. Previous paleomagnetic studies (Munoz et al.,
2013; Mochales et al., 2012b) highlighted a rotation of the Ainsa basin
clockwise up to 60°. A north-east direction with downwards inclinations
is thus expected for normal polarity samples, and south-west direction
with upwards inclinations is expected for reverse polarity samples (See
Supplementary material I, Fig.S.2.1). The significant clockwise rotation
recorded by normal and reversed polarity ChRM components makes
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Fig. 7. Stratigraphic column (left) and magnetostratigraphic data (thermal demagnetization and Alternating-field demagnetization) for the Morillo de
Tou section (location Fig. 8). Note the clear reversal from reverse (R1) to normal (N3A) polarity at ca. 300 m followed by a large number of unclear and low-quality
data from 400 m to 976 m. Samples indicate reverse polarity for the top of the section. From N3A to N3D, despite ambiguous declination, inclination is always
positive suggesting normal polarity. Note the low quality of the alternating field data and ambiguous orientations and the position of two biostratigraphic sites (stars
A and B). Abbreviations: SL: San Lino level; CL: Castellazo level; N: Negative oxygen excursion level; MTC: Mass transport complexes; N: normal polarity; R: reverse

polarity; M: Morillo SGF; G: Guaso SGF; SB-D: Sobrarbe deltaic complex.

them easily distinguishable from north-directed recent overprints.
Samples showing unexpected orientations are indicated in white in
Figs. 6 and 7 and were not considered to define normal/reverse polarity
magnetozones in the local magnetostratigraphy. For sites where multi-
ple samples were measured, the specimen showing the best quality was
selected for VGP (Virtual Geomagnetic Pole) calculation. Samples with
magnetic moment non-conform to the expected Eocene magnetic
paleofield represent approximatively 45% of the results. They are
distributed on all the three sections with a cluster between LB0O09 and
LBO035 at the base of Labuerda section and one at the top of Morillo de
Tou section (MT35 to MT43 samples). Several causes may account for
samples showing flawed directions. At the base of the Labuerda section,
the cluster of flawed directions could be explained by slumps or tectonic

deformations associated with minor splays from the neighboring thrust.
The second cluster of flawed directions is again associated with a large
interval characterized by slumps (650-700 m in the Morillo section).
The application of an external high field generated, for instance, by a
lightning strike, can produce magnetic moment with intensity orders of
magnitude higher than regular samples overprinting the signal
(LB013-LB014). Finally, samples close to reversal boundaries can also
show unusual directions due to either the distinct non-dipolar behavior
of the Earth’s magnetic field during transitions and/or the delayed
locking and overprint of both normal and reverse components upon
burial (e.g., LBO58 to LB061, Fig. 6). Few samples also punctually
showing unexplained and unexpected directions were rejected
(LB017-1B, LB024-1B, LB033-1C, LB035-2A and B, LB037-1B,
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Fig. 8. Detailed magnetostratigraphic sections on high-resolution (LIDAR) digital elevation models (Fig. 4 for area 1 and 2 localizations). Sandy packages of
sediment gravity flow systems are indicated in color based on the geological map of Pickering and Bayliss (2009). Black dots indicate a normal polarity zone, white
dots indicate reverse polarity. The position of the San Lino level interval as indicated in Mochales et al. (2012a) and the negative oxygen excursion (N-level, section
4.3.1.1) are also indicated. (Digital elevation model from the Centro nacional de Informacion Geografica, PNOA, 264-4706; https://centrodedescargas.cnig.es,
MDT25 2015 CC-BY 4.0 ign.es). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

LB054-1B, LB055-1A, LB057-1B, LB059-1B, LB085.2A, LB109-2A and
FR20-2A). In total, 35 samples of quality one, 39 samples of quality two,
and 5 samples of quality three give a reliable record of the different
magnetozones occurring in the basin.

The Labuerda magnetic section begins with a clear normal polarity
zone (N1, LB0O03-LB008, Fig. 6) followed, from LBO09 to LB035, by a
cluster of noisy data. From LB035 to LB059, normal polarity is again
measured (N2, Fig. 6). At LBO60 (528 m, Fig. 6), a clear reversal from
normal polarity zone (N2) to reverse polarity zone (R1) occurs. From
LB060 (528 m) to FR040, almost all samples indicate reverse polarity
(R1, Fig. 6). As Forcaz and Labuerda sections are overlapping, the
reversal magnetozone identified in both sections corresponds to R1
(Fig. 6).

The quality of magnetostratigraphic samples for the Morillo de Tou
section (MT, Fig. 7) is lower than for the Labuerda and Forcaz sections.
Clear magnetozones can still be identified, but the larger proportion of
noisy samples lead to uncertainties in the exact position of the magnetic
polarity reversals. The magnetostratigraphic dataset begins 100 m above
the geochemical dataset of the Morillo de Tou section (ML section) with
a clear reverse interval (MT01-MT09, R1, Fig. 7). At MT10 (313 m), a
polarity reversal is recorded. The following normal polarity (MT10-
MT33, Fig. 7) is subdivided into three normal polarity zones N3A, N3B,
and N3C due to the unexpected declinations measured in the samples
(Fig. 7). Despite these unexpected declinations, inclinations remain
positive, indicating a normal polarity magnetozone. From MT35 to
MT47, measured samples show mixed declinations and inclinations.
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From MT48 to MT52, a clear reverse polarity is recorded (R2, Fig. 7).
The geographical localization of the samples as well as their polarity
(normal, reverse and unclear) are reported in Fig. 8.

The alternating-field method (AF, squared dots Fig. 7) was addi-
tionally performed on ten samples of the Morillo de Tou section. The
samples provide low quality results (50% of quality 3 samples) with
numerous unexpected orientations among quality 1 and 2 samples. Due
to the low resolution between samples and the low quality of the data,
AF results were not used further in this study.

Fisher means were calculated for all reliable reverse and normal
samples (See Supplementary material I, Fig.S.2.2). After tilt correction, a
mean declination/inclination of 44.4°/53.4° for the normal polarity and
221.3°/-39.7° for the reverse polarity intervals were obtained from all
the reliable samples. Those results are consistent with the measured
clockwise rotation of the basin (Munoz et al., 2013). Finally, paleo-
magnetic means in stratigraphic (tilt corrected) coordinates are better
clustered than in geographic coordinates which support a pre-folding
ChRM acquisition (See Supplementary material I, Fig.S5.2.2).

The two analyzed biostratigraphic sites, (sample A: MLO55 and B:
MLO75) are indicated in Fig. 7. Sample (A) bears the following nanno-
fossils: C. expansus, S. furcatolithoides, S. spiniger, R. hillae, R. umbilicus,
S. runus, D. wemmelensis, C. vanheckiae, S. obtusus, S. richteri, D. filewiczii,
and D. stavensis. They are ascribed to lowermost NP16 zone (Eocene-
Lutetian). In sample (B) the nannofossils D. bifax, S. furcatolithoides,
S. spiniger, C. vanheckiae, C. solitus, R. umbilicus, S. runus, and S. richteri
indicate early NP16 zone (Eocene-Lutetian). For the detailed
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Fig. 9. Isotope and Rock-Eval results (Labuerda, Forcaz, and Morillo de Tou sections). Note the negative excursion of oxygen isotope at 720.5 m. HI, OI and
Tmax are plotted for TOC > 0.2 wt %, stars indicate the position of biostratigraphic sites and numbers on the right refer to points mentioned in sec. 5.2.2. See sec. 5.1
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Sobrarbe deltaic complex.

nannofossils micropaleontology, refer to the Supplementary material I,
S.3.

4.3. Geochemistry
4.3.1. Stable isotopes

4.3.1.1. Oxygen isotopes. Oxygen isotope data vary between -6 and -4%o
in the studied succession (Fig. 9). The 5180 values show a general in-
crease in Labuerda and Forcaz sections (LBO01 to FR047, Fig. 9) inter-
rupted by a decrease of approximately 1%o at the base of the Morillo de
Tou section (MLOO1 to MLO10, Fig. 9). This decrease is followed by 5180
values around -5%o until 720.5 m in the Morillo de Tou section where a
negative excursion occurs (-6.97 + 0.07%o 580, ML065, N-level, Fig. 9).
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After this negative oxygen isotope excursion (N-level), 580 values
become progressively more positive, returning to pre-excursion values.

4.3.1.2. Carbon isotopes. The 5'3C records show large-scale positive and
negative shifts in all sections (Fig. 9). At the base of the studied section,
the Gerbe system is characterized by negative values showing small-
scale variations of the §'3C around -1.5%o (see Gerbe in Fi g. 9), which
is consistent with data in Castelltort et al. (2017). Banaston SGF system
is marked by a positive excursion of the 5'>C values (from -0.8%o to 0.4%o
in B-II? member, Fig. 9) also noticed by Castelltort et al. (2017). More
negative 5!3C values were measured on the succession covering the
Banaston off-axis deposits (B-III-IV-V-VI) and Ainsa (I-II) SGF systems
(Fig. 9). Above the Ainsa II sandy deposits (A-Il in Fig. 9), a progressive
shift to higher 5!3C values is measured.
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Fig. 10. HI vs OI (A) and HI vs Tmax (B). Organic matter is generally type III and IV kerogen which indicates a terrestrial plant-derived origin or eroded, reworked,
or biologically oxidized organic matter (McCarthy et al., 2011). Abbreviations: LB: Labuerda section; FR: Forcaz section; ML: Morillo de Tou section.

From Forcaz to Morillo de Tou sections, the §'2C profiles show more
positive values with small-scale variations between -1 and 0%. near
Morillo I sandbodies and Guaso II SGF packages (Fig. 9).

4.3.2. Organic matter analysis

The total organic carbon content (TOC in wt.%) is generally low in
the marlstones of the Ainsa basin (0.26 wt% on average; Fig. 9). Two
distinct trends can be noted in the studied succession. From Gerbe to
Ainsa II, TOC concentrations are averaging around 0.24 wt% (LB0O01 to
FRO27, Fig. 9), while from Ainsa-II (FR028) to the Sobrarbe deltaic
complex (ML096), TOC concentrations average 0.32 wt%. This general
pattern is punctuated by few discrete increases in the TOC concentra-
tions in the Gerbe SGF package (Gerbe, Fig. 9), the Ainsa II SGF package
(TOC values up to 0.49 wt%, A-II, Fig. 9) and in the Forcaz section
(FRO30 to FR047, Fig. 9).

The few darker levels identified in the basin are not correlated with a
substantial increase in the TOC (e.g., San Lino level in the Morillo de Tou
section, SL, Fig. 9), except for a darker marlstone interval in the Guaso
SGF system (N-level in the Morillo de Tou section, 720.5 m, Fig. 9). This
darker level is characterized by a significant increase in the TOC (up to
0.70 wt%) and a negative excursion of the 5'%0 values (-6.97 + 0.07%o,
Fig. 9).

The ratio of HI (hydrogen index) versus Ol (oxygen index) and HI
versus Tmax (the temperature at the maximum rate of hydrocarbon
generation), for TOC higher than 0.2 wt %, inform about the type of
kerogen (II-III or IV) found in the basin and the different sources of
organic matter (McCarthy et al., 2011, Fig. 10). Type II kerogen is
sourced from plankton and algae in marine settings, type Il kerogen has
an important contribution of terrestrial plant-derived organic matter
deposited in marine environments and type IV kerogen corresponds to
eroded, reworked, or biologically oxidized organic matter (McCarthy
et al., 2011). For the upper Hecho Group, HI-OI and HI-Tp,ax plots sug-
gest that the organic matter is principally type III kerogen with few
samples within the fields of type II and IV kerogens (Figs. 9 and 10). The
predominant continental input of organic matter in the Ainsa basin is
punctually replaced by marine organic matter (kerogen II) and
reworked, oxidized, and eroded organic matter (kerogen IV). An in-
crease in HI can be noted in the Forcaz section coupled with the
occurrence of type II kerogen (Fig. 9 and FR samples in Fig. 10B). Most
type IV kerogen samples are clustering at the base of the studied section
(see Gerbe, B-II? And B-III members in Fig. 9). During Guaso SGF sys-
tems deposition, a decrease in HI values indicates a pronounced input of
terrestrial organic matter coeval with the negative 5'80 excursion.
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Finally, the general increase of Tpax with depth and the general shift
from immature to overmature organic matter in the basin with
increasing depth (LB, FR, and ML clusters in Fig. 10B) reflects the
increasing thermal maturation with burial (Fig. 9).

4.3.3. Mineralogy, major elements and trace elements

Detailed X-ray fluorescence and X-ray diffraction data for Labuerda
and Forcaz sections can be found in Fig. 14 and in the Supplementary
Material I, S.4. This dataset, acquired at low resolution, allows the
identification of the main sequences of fining and coarsening upward
and supports the main stratigraphic interpretation (See Supplementary
Material I, S.4). This dataset was additionally used to evaluate the
imprint of diagenesis on the marlstones (See sec. 5.3.1 Effects of
diagenesis).

4.3.4. Ainsa stack

The data in Castelltort et al. (2017) and this study generate a stable
isotope and Rock-Eval dataset for the complete Hecho Group in the
Ainsa basin (Fig. 11). Correlation between the Pueyo off-axis section
(Castelltort et al., 2017, Fig. 11) and the Labuerda section (this study)
was assessed with a geological map and supported by lateral correlation
of isotopic records (LB021=GB33, in B-II?, Fig. 11). In this work,
Banaston I was placed in the turbidite stack previously identified as
Gerbe II by Castelltort et al. (2017). Our interpretation follows the map
of Cornard and Pickering (2019) and sets the correlation between both
sections in the lateral equivalents of Banaston I (Fig. 11).

A geochemical dataset (carbon and oxygen stable isotopes, TOC, HI,
OI and Tpax) of 3767 m (stratigraphic thickness) covers the entire Hecho
Group (from Arro SGF system to the distal deposits of the Sobrarbe
deltaic complex, Fig. 11). High amplitude shifts of 3'>C ratio (1-2%.) can
be noted throughout the Hecho Group, with generally high values in
Morillo and Guaso SGF systems and the distal deposits of the Sobrarbe
deltaic complex (Fig. 11). The §'%0 values show a gradual increase to-
ward the top of the basin, interrupted by a negative excursion at 3455 m
(MLO065, Morillo de Tou section, N-level; Figs. 9 and 11). The marlstones
of the Ainsa basin have a TOC close to 0.3 wt% except for a clear interval
enriched at the base of Pueyo off-axis section (Fig. 11, blue rectangle in
the Pueyo off-axis section). In Fig. 11, the positive TOC excursion
observed during the N-level (N-level, see sec. 4.3.2 Organic matter
analysis, Fig. 9) is buffered by the 5-points moving average. High Hi
values can be observed in the marlstone interval succeeding Ainsa SGF
sandy packages (red rectangle, Fig. 11) suggesting major pulses of ma-
rine organic matter.
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Fig. 11. Compilation of data from Castelltort et al., 2017 and this study with 5-points moving average isotope, total organic content, hydrogen index,
oxygen index curves and Tmax (°C; raw data). The two new biostratigraphic samples (A and B) are indicated by stars in the Schematic canyon axis column. The

580 profile show a clear negative excursion at N-level in the Guaso system.

5. Discussion

5.1. Tectonic and climatic control on the deep marine sedimentation of
the Hecho Group

During the deposition of the Hecho Group, the tectonic activity is
characterized by a pulse of exhumation in the Axial Zone, followed by
the subsequent activation of thrust systems, the growth of anticlines, and
a progressive clockwise rotation transforming the Ainsa basin in a piggy-
back basin (see sec. 2 Geological setting for details). Several authors
studying the cyclicity of sediments gravity flow deposits and the timing
of deposition concluded that local tectonic controls the large-scale ge-
ometries of the deposits (e.g., Pickering and Bayliss, 2009; Scotchman
et al., 2015a; Castelltort et al., 2017; Clark et al., 2017; Cantalejo et al.,
2020b; Vinyoles et al., 2021).
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In more detail, a pulse of exhumation rates (Whitchurch et al., 2011)
and thrusts propagation were associated with the deposition of Fosado (
Chanvry et al., 2018) and Arro SGF systems (Castelltort et al., 2017). The
activation of the La Fueba thrust system during the late Ypresian was
associated with the deformation of the lower Hecho Group (Munoz et al.
2013). During C21n chron, the emplacement of the Gavarnie thrust
sheet modified the depozone boundaries in the basin (Vinyoles et al.,
2021). In addition, a significant rate of relief growth in the Axial Zone,
and the emplacement of the Montsec thrust sheet were linked to Gerbe I
and II members (Mutti et al., 1985; Munoz et al., 2013; Arbués et al.,
2011; Scotchman et al., 2015a). Finally, associated with the emplace-
ment of the Gavarnie thrust sheet, the development of the Sobrarbe fold
system took place during the early Lutetian with the progressive growth
of anticlines (Mediano anticline growth: early Lutetian — Bartonian;
Poblet et al, 1998; Boltana anticline growth: middle
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Lutetian-Priabonian; Munoz et al., 2013).

While these phases in the deformation of the Ainsa basin explain the
large-scale trends observed in the sediments, a more precise correlation
between tectonic and the deposition of each SGF system remains chal-
lenging. Although such relation cannot be excluded, we propose that the
presence of salt layers at the base of thrusts units (Munoz et al., 2013)
would generate predominantly ductile deformation unlikely to produce
the pulses observed at multimillennial scale in the sedimentary
succession.

Alternatively, studies suggested that cyclic stratigraphy at the
multimillennial scale may rather be controlled by climatic modulations
(Pickering and Bayliss, 2009). Cantalejo and Pickering (2014, 2015) and
Cantalejo et al. (2020b) recognized Milankovitch type cyclicities with
elemental and isotope records of several sections of the Ainsa basin.
Cantalejo and Pickering (2014) suggested control of Milankovitch
driven climatic cycle on sediment export through a change in humidity
or small scale eustatic variations directly related to climate. The
geochemical dataset of Schotchman et al. (2015b) in the Guaso system
also highlighted a dominant orbital component in the frequency of
terrigenous input in the Ainsa basin. More recently, however, Castelltort
et al. (2017) showed that §'3C variations in the lower systems of the
succession (Fosado to the lower Banaston systems) tied to the eustatic
curve of Miller et al. (2005) seem to indicate a dominant, but not
exclusive, eustatic control on the occurrence of SGF packages in the
basin. Additionally, Cantalejo et al. (2020b) proposed climate coupled
with eustatism as the main drivers of delivery of sand to deep marine
settings. The precise role of eustatism thus remains to be discussed and a
robust chronostratigraphy of the successions is crucial to decipher the
possible drivers behind such sedimentary signals. Previous age con-
straints in the Ainsa basin are provided by the magnetostratigraphic
studies of Holl and Anastasio (1993), Bentham and Burbank (1996),
Mochales et al., 2012a and Cantalejo et al. (2020a), the biostratigraphic
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data of Jones et al. (2005), Pickering and Corregidor (2005) and
Scotchman et al. (2015a), as well as by the carbon isotope stratigraphy
of Castelltort et al. (2017). In this paper, our high-resolution magneto-
stratigraphic dataset provides material to build a precise age model from
Banaston SGF system to the Sobrarbe deltaic complex.

5.2. New age model for the upper Hecho Group

The age model developed in this study is based on a new magneto-
stratigraphic dataset integrated into the frame of earlier magneto-
stratigraphic studies of Mochales et al. (2012a), Bentham and Burbank
(1996), and Cantalejo et al. (2020a). This age model is strengthened by
existing and new biostratigraphic data. Correlations with existing
studies are based on the lateral and vertical continuity of the sedimen-
tary series observed in the Ainsa basin. These correlations suggest the
absence of significant hiatuses, unconformities, and preservation of all
magnetozones.

The total composite magnetostratigraphic section consists of five
long magnetozones (Figs. 6, 7, and 12) correlated to the existing strat-
igraphic divisions of the Ainsa basin by regional marker levels. The
section begins with the normal polarity N1 in the Gerbe system, followed
by a normal polarity for the lower systems of Banaston (N2, Fig. 12). A
shift to reverse polarity (R1) is observed up to Morillo SFG system where
polarity shifts back to normal (N3A, B, C, and D, Fig. 12). The distal
deposits of the Sobrarbe deltaic complex are characterized by a reverse
polarity (R2, Fig. 12). The correlation with Mochales et al. (2012a) was
done by identification of the San Lino regional marker level in N3
(Figs. 5, 7, 9, and 13). In Mochales et al. (2012a), this dark level is
located 20 m below the C20n to C19r boundary (ca. 42.4 Ma recali-
brated to GPTS 2012), which suggests that N3 corresponds to C20n and
R2 to C19r. Interpretation of N3A, B, C, and D as belonging to the same
normal interval is consistent with the data of Mochales et al. (2012a)
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that identified a long normal polarity zone below the San Lino level
(Coscollar section, Fig. 13). This interpretation is also in concordance
with the C20n chron identified below the Sobrarbe delta by Bentham
and Burbank (1996) (Mediano section, Fig. 13) and is coherent with the
identification of NP16 nannoplankton zone in two new biostratigraphic
sites in the Guaso SGF system (ML065 (A) and MLO75 (B) in Fig. 12). The
exact position of the reversal between C20 and C19 chrons is ques-
tionable in our section due to the scarcity of good quality data in this
stratigraphic interval. However, it was placed 20 m above the San Lino
level in accordance with Mochales et al. (2012a) dataset. In Mochales
et al. (2012a) the identification of C19r was confirmed by two
biostratigraphic data (GO and EO) indicating SBZ15 in the Coscollar
section (Fig. 13).

Considering continuous sedimentary series, R1 is interpreted as C20r
and N1 and N2 as C21n. The identification of C21n in the Banaston SGF
system is supported by the presence of large benthic foraminifera and

nannoplanktons characteristic of SBZ13 and NP14, respectively
(Scotchman et al., 2015a). The N1 normal zone is identified as belonging
to the C21n chron following the Castelltort et al. (2017) age model. This
large-scale interpretation is consistent with Cantalejo et al. (2020a) age
model based on magnetostratigraphy acquired in different sections in
the basin. Both models have however the following differences
regarding the position of the two reversals found in the succession of the
upper Hecho Group. First, Cantalejo et al. (2020a) place the transition
from C21n to C20r between Banaston V and IV. Secondly, in this study,
the transition from C20r to C20n is recorded below the second member
of Morillo (M-II) while Cantalejo et al. (2020a) placed it in M-III mem-
ber. As shown in Fig. 13, the sedimentary successions are condensed
near the Boltana anticline (Coscollar section of Mochales et al., 2012a)
and on the eastern flank of the Mediano anticline (Bentham and Bur-
bank, 1996; Fig. 13).

According to this age model, the Hecho Group was deposited
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between 50.5-50.2 Ma (Castelltort et al., 2017) and ~42.3 Ma (this
study). More precisely, the marlstones above Banaston III-IV SGF sys-
tems are dated at 45.72 Ma and the base of Morillo II at 43.43 Ma (GTS,
2012; Gradstein et al., 2012, Fig. 12). Thus, rough sediment accumu-
lation rates are estimated at (1) 54.1 cm/kyr between Banaston IV and
Morillo II SGF systems, (2) 51.5 cm/kyr between Morillo II SGF deposits
and the San Lino level (Fig. 12).

5.3. Isotope records

5.3.1. Effects of diagenesis

One of the main sources of uncertainty in the interpretation of car-
bonate stable isotopes comes from the potential diagenetic alteration of
the primary signals. During burial, the '°C and §!80 values of marine
carbonates are often shifted toward more negative values (e.g., Brand
and Veizer, 1981; Marshall, 1992). Changes in pore water compositions
and a temperature increase can lead to recrystallization and neo-
morphism and a shift of 5'3C and 5'80 values to lower values (Marshall,
1992; Knauth and Kennedy, 2009, Fig. 14C). In such cases, a 513C vs.
§'80 covariation is often observed (Brand and Veizer, 1981; Knauth and
Kennedy, 2009). During burial diagenesis, the isotopic composition of
formation fluids and the higher water/rock ratio of oxygen, compared to
carbon, tend to shift the §'80 to lower values while §'3C shows minor
changes (see alteration arrow in Fig. 14C; Knauth and Kennedy, 2009).
In the marlstones of the Hecho Group, 5'C and 580 values are gener-
ally lower than their global marine equivalents (Eocene benthic marine
foraminifera records of Cramer et al., 2009) and plot on the left border of
the lithification domain as defined by Knauth and Kennedy (2009)
(Fig. 14C). This shift, combined with meteoric water temperature esti-
mated at 150°C from calcite veins in the Hecho Group (Mansurbeg et al.,
2009), suggests some diagenetic overprint on the studied deposits. In
addition, Hoareau et al. (2015) showed several pieces of evidence for
phases of diagenesis, based on facies and geochemical evaluation of
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Compilation of data from
Castelltort et al. (2017)
and this study
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Compilation of data from

Castelltort et al. (2017)
and this study
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dolomite concretions, foraminifera and host-marlstones in the vicinity of
concretions in the Sobrarbe deltaic complex. Therefore, the primary
513C and 5'®%0 values were probably modified by post-depositional
processes (i.e., meteoric diagenesis, fluid-rock interaction, temperature
changes, isotopic resetting). However, the following points suggest that
diagenesis did not affect significantly our dataset.

(1) Absence of the characteristic inverted-J covariation trend of 5'°C-
580 linked to meteoric diagenesis, the moderate 5'3C vs. §!%0
covariance (Pearson correlation r = 0.53, p-value<0.001), and
the lack of field evidence of subaerial exposure point to the
absence of significant meteoric influence on the studied
successions.

The 5'3¢C-5'%0 cross-plots are often used to assess lithification and
alteration of marine carbonate deposits (e.g., Brand and Veizer,
1981; Heydari et al., 2001; Schobben et al., 2016; Knauth and
Kennedy, 2009) and can be used to compare different endmem-
bers of the system. In the Hecho Group, a petrographic evaluation
of the marlstones in the slope deposits of the Sobrarbe deltaic
complex by Hoareau et al. (2009) suggests that marlstones are
composed of approximately 50% of micritic magnesian calcite
and 50% of detrital grains. The detrital fraction is composed
predominantly of clays and to a lesser amount of quartz,
small-rounded dolomite and calcite (< 5% in the studied samples
of Hoareau et al., 2009), K-feldspar and minor diagenetic dolo-
mite rhombs and calcite (Hoareau et al., 2009, 2015). Rare
foraminifera are also found in the marlstones (Hoareau et al.,
2009, 2015). Most of the isotope signal is thus controlled by
precipitation of micritic cements during lithification as high-
lighted by the cluster of the carbonate mudstones on the left
border of the lithification field in Fig. 14C. The 5'3C values of
whole-rock marlstones are similar or slightly more negative than
their marine equivalent (Eocene marine benthic foraminifera,
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Cramer et al., 2009), whereas 5180 values are significantly more
negative (Fig. 14C). The timing and depth of lithification are not
well constrained, however, Hoareau et al. (2015) suggested that
lithification took place at temperatures below 50°C for the slope
deposits of the Sobrarbe delta. They found several phases of
diagenesis preceding or coeval with lithification formed in
equilibrium with pore water of marine origin. Later stages of
diagenesis identified in veins and foraminifera were character-
ized by fluids indicating a mixture of meteoric and seawater
(Hoareau et al., 2015). Thus, the exact composition of pore water
during lithification remains unconstrained, however, we propose
a mainly marine origin as cementation at equilibrium with
meteoric water would have produce a larger scatter of the data,
similar to the one observed in diagenetic endmembers such as
calcite and dolomitic cements found in the Hecho Group
(Fig. 14C; Trave et al., 1997; Mansurbeg et al., 2009). Further-
more, clays-rich marlstones, distant from veins or concretions,
probably acted as closed diagenetic systems by their low porosity
and permeability trapping seawater in pore space during burial.
The formation of new phases in equilibrium with seawater at
higher temperature relative to the surface, could explain the large
shift observed in §'80 values with depth (Fig. 14D; Marshall,
1992). Due to the lower sensitivity of the §!°C values to tem-
perature, and the moderate increase in temperature during burial
(e.g., Marshall, 1992), a primary environmental §'3C signal is
well preserved in closed systems or systems with restricted inflow
of postdepositional fluids. Additionally, in the scenario of lithi-
fication at shallow depth and because of the similarities between
local and global 5'80 records, the preservation of primary envi-
ronmental 5!80 signals cannot be completely ruled out.

The total amount and type (terrestrial or marine) of organic
matter buried can affect the §'3C of dissolved inorganic carbon
(DIC) in pore fluids (e.g., Marshall, 1992). In this study, the low
variability in the TOC contents and the organic matter of pre-
dominantly terrestrial origin (type III kerogen, Fig. 9) does not
seem to explain variations in the carbonate 5'3C values.
Strontium, manganese, iron, and magnesium can be used to trace
diagenetic processes in carbonate rocks due to their divergent
behaviors during burial (Brand and Veizer, 1980). Manganese
and iron are usually enriched in meteoric waters with respect to
seawater and tend to be enriched in newly formed diagenetic
phases (Brand and Veizer, 1980). Conversely, strontium and
magnesium are depleted in meteoric fluids (Travé et al., 1997).
Thus, new phases formed during diagenesis tend to have lower
Sr/Ca and Mg/Ca ratios. In the upper Hecho Group, Fig. 14A
shows that the ratio of these elements over calcium remains
stable in the Labuerda and Forcaz sections. The lack of variability
of these ratios suggests that, if present, the signature of diagenesis
is homogenous on the marlstones, or restricted to veins and
concretions. This assumption is confirmed by the lack of corre-
lation between Sr/Ca or Mn/Ca and 5'3C (Fig. 14B). Interestingly,
an increase in the Sr/Ca ratio is observed around 300 m in the
Forcaz section which could suggest lower diagenesis (Fig. 14A).
This interval is also characterized by a 'C of around 0.1%o and a
5180 approximately -4.9%, consistent with less alteration (Fig. 9).
However, the increase of §13C values from -1.5%o to 0.1%o (100 to
300 m, Forcaz section, Fig. 9) is initiated before the increase in
Sr/Ca. Thus, relative changes in the carbon isotopic record
cannot be directly linked to diagenesis.

(5) Significant dolomitization can be excluded in the upper Hecho

Group because dolomite abundance is low in the Forcaz and
Labuerda section (average=2.89%) and lacks correlation with
§13C values (Pearson’s R = 0.01 for data where dolomite abun-
dance is above detection limit; See Supplementary material I, Fig.
S.4.3).
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A complete facies analysis of the hemipelagic deposits of the studied
succession would be necessary to completely ruled out an impact of
diagenesis on isotopic records, such work would however be beyond the
scope of this study. The lack of evident relationship between isotopic
records and proxies for diagenetic processes suggests a preservation of
primary environmental signal.

5.3.2. Local isotope signal versus global records

The new age model based on magnetostratigraphy and biostratig-
raphy was used to tune the isotope dataset. If preserved, the primary
carbon and oxygen isotope composition of the whole-rock carbonates,
which precipitated in equilibrium with the DIC, will reflect the isotopic
signal of the surrounding oceanic water. Therefore, the 5'3C and §'%0
data were compared to global isotope target curves (Cramer et al., 2009,
recalibrated to GTS 2012; Gradstein et al., 2012, by Grossman, 2012a,b)
and eustatic global records (Miller et al., 2005; Kominz et al., 2008) in
order to explore the origin of the isotope signal and the possible rela-
tionship between stratigraphy and sea-level variations (Fig. 15).

5.3.2.1. Oxygen isotopes. Oxygen isotopes are well known to be a proxy
for paleotemperatures (e.g., Lisiecki and Raymo, 2005). The middle
Eocene climate is characterized by transient conditions from greenhouse
to icehouse climate (e.g., Tripati et al., 2005) with indicators of devel-
opment of Antarctic ice sheets (e.g., Pekar et al., 2005). During the
deposition of the upper Hecho Group, the climate underwent a pro-
gressive cooling initiated after the Early Eocene Climate Optimum
(EECO, ~49 Ma). This progressive cooling was interrupted by the global
Middle Eocene Climatic Optimum event (MECO), which followed the
deposition of the Hecho Group (ca. 40.5 Ma to 40 Ma; Sluijs et al., 2013;
Westerhold and Rohl, 2013; Boscolo Galazzo et al., 2014). During the
deposition of the Hecho Group, the general trend toward more positive
5180 values (Fig. 15) could be explained by a gradual cooling that
mirrors the global record. The progressive shift in the oxygen isotope
record is only interrupted by a negative excursion in the Guaso SGF
system, possibly reflecting a local warming event or a restriction of the
connectivity in the basin that would enhance the influx of meteoric
waters signal from the continent. A detailed petrographic description of
the marlstones would be necessary to decipher diagenetic (see sec. 5.3.1
Effect of diagenesis) and climatic imprint on the 5'%0 record. Such work
would go beyond the scope of this study focusing on carbon isotope
record.

5.3.2.2. Carbon isotopes. The 5'3C values of the Hecho Group show
discrepancies with the global record of Cramer et al. (2009; Fig. 15).
Large-scale shifts are observed in the marlstones of the Ainsa basin 3¢
values varying between -3 and 0.56%o; Fig. 11) whereas the global
carbon isotope signal remains stable between ca 50.5 and 42 Ma (5!3C
values ranging between 0.38 and 1.2%o; Cramer et al., 2009 recalibrated
to GTS2012 by Grossman, 2012a,b). Such variations and the proximal
position of the basin during the time of deposition suggest a local
imprint in the isotopic record (Saltzman et al., 2012). In the vicinity of
the continental margin, variations in the carbon isotope composition of
DIC and carbonates can result from (1) changes in productivity and
burial rate of organic matter triggered by sea-level changes, (2)
discharge of fresh water and nutrients from terrestrial runoff, (3)
changes in the stratification of the water column, the water circulation
pattern, and depositional environment, and (4) inputs of detrital car-
bonates with distinct §'°C and §'%0 values.

(1) An increase in primary productivity together with higher organic
matter burial on the shelf is often observed during transgression
and sea-level highstands (e.g., Jenkyns, 1996). Both processes
efficiently remove 12¢C from seawater and trigger positive excur-
sions in the §'3C values of carbonates (e.g., Scholle and Arthur,
1980; Jenkyns and Clayton, 1986; Arthur et al., 1987; Jenkyns,
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1996; Marshall, 1992; Jarvis et al., 2002). Conversely, re-
gressions are often characterized by strengthening the reworking
of shelf organic matter and releasing '2C-enriched carbon into the
DIC reservoir (Jenkyns, 1996; Jarvis et al., 2002). Thus, a rela-
tionship between sea level and the §'°C values can often be
established (Scholle and Arthur, 1980; Arthur et al., 1987; Jen-
kyns et al., 1994; Jenkyns, 1996). More complex interactions
between sea level and carbon isotopes were also observed (Jarvis
et al., 2001; Voigt, 2000). For instance, Harper et al. (2015)
described the export of siliciclastic sediments from the shelf to the
slope during sea-level rise. The flooding of shallow-water car-
bonate factories due to a rapid sea-level rise could also impact
5'3C values of the DIC (Jarvis et al., 2002). Finally, a release of
methane, probably caused by pressure changes at the ocean floor,
could cause a negative excursion of the 8'3C record (e.g., Dickens
et al., 1995; Hesselbo et al., 2000).

High influx of freshwater with 2C-enriched DIC compared to
seawater combined with enhanced oxidation of organic matter
from continental margins during regression could lower the §'3C
values (Jenkyns et al., 1996).

(3) The 8'3C signature of DIC varies with water depth. At shallow
water depth, high productivity and the preferential uptake of 12C
by organisms cause a relative increase in the §'>C of the DIC. At
deeper water depth, oxidation of sinking organic matter releases
12C in seawater. The 5!3C values of the DIC decrease accordingly
(e.g., Kroopnick, 1985; Marshall, 1992). Therefore, stratification
of the water column and associated oxic-anoxic regimes can
affect the 5'3C values.

Finally, a significant input of detrital carbonates could cause
shifts in the 5'3C values.

(2)

(€]

In the Hecho Group, the petrographic description of the sandstones
of the SGF systems by Gupta and Pickering (2008) showed that the
proportion of extrabasinal carbonated grains remains low in the systems
of the Hecho Group (Fosado: average value of 2%, Arro: 2%, Gerbe:
0.9%, Banaston: 3%, Ainsa: 5%, Morillo: 13%, and Guaso: 10%). The
slight increase of extrabasinal carbonated grains in Morillo and Guaso is
considered negligible in the marlstones composed of approximately 50%
of micritic calcite and 50% of detrital grains (marlstones samples from
the slope deposits of the Sobrarbe delta complex; Hoareau et al., 2009,
2015).

The §'3C values in the Hecho Group were compared to the eustatic
global records of Miller et al. (2005) and Kominz et al. (2008). Due to
limitations in the resolution of both records and the discrepancies be-
tween the two curves, eustatic changes are considered here as phase
values rather than absolute values. In the Pueyo off-axis section, a robust
correlation was found between the sea level and the §'3C values from
Fosado SGF system to Banaston SGF system (R=0.81, Castelltort et al.,
2017, Fig. 15). To explain the observed correlation between negative
(respectively positive) carbon isotope excursions and sea-level re-
gressions (respectively transgressions), Castelltort et al. (2017) invoked
the influx of freshwaters with low §'3C-DIC to the site of deposition
during lowstands and higher 5!C DIC during transgressions, caused by
enhanced burial of organic matter (depleted in 13¢) on the shelf (Jen-
kyns, 1996).

From Banaston II? SGF system to the distal deposits of the Sobrarbe
deltaic complex (see Fig. 15), the trends highlighted in Castelltort et al.
(2017) can still be recognized for most of the SGF systems.

(1) Banaston-II? shows a positive excursion during a sea-level high-
stand coherent with the patterns found in Castelltort et al. (2017);
point 1 in Figs. 9 and 15). It is interesting to note that B-II? lateral
deposits are related to an input of reworked, eroded, or oxidized
organic matter (type IV kerogen, Fig. 9).

(2) Banaston-III to VI SGF systems are characterized by a negative
excursion of 5!3C values that can be associated with the initiation
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of a global regression (point 2, in Fig. 9 and 15). The sharp
transition from a positive 813C excursion in B-II? to a negative
5'3C excursion in B-III is coeval with an increase in grain size (See
Supplementary material I, Fig.S.4.1., Si/Al, Ti/Al, and Zr/Al ra-
tios), and took place close to a turning point in the sea-level curve
(Fig. 15). A sea-level decrease could have enhanced the influx of
coarse grains and 12C-enriched freshwaters to deep marine set-
tings, leading to a negative excursion in 5'>C values.

In the lateral deposits of the sandbodies of the Ainsa SGF system
(A-I and A-II, point 3 in Figs. 9 and 15), the measured negative
813C excursion is coupled with a global regression.

The marlstone interval between Ainsa Il and the heterolithic beds
identified at the top of the Forcaz section (point 4 in Figs. 9 and
15) are characterized by a gradual increase in 8'°C values.
Although our age model is poorly constrained for this interval,
the higher HI values (Fig. 11, red rectangle) and the repeated
occurrence of type II kerogen (Fig. 9) suggest a dominant marine
influence. A progressive increase in 5'3C values and the general
fining-upward observed in this interval (see Supplementary ma-
terial I, Fig.S.4.1., Si/Al, Ti/Al, and Zr/Al ratios) would be
consistent with more storage on the shelf as the sea-level rises
after 44.8 Ma.

@3

~

(4

—

Despite the tectonically active setting of the Ainsa basin during the
Eocene and the possible discrepancies between relative sea-level
changes and eustatism, the systematic relationship described above
suggests a dominant imprint of eustatism on carbon isotopic records. We
thus propose a link between 5!3C values and eustatism as a highly
plausible scenario to explain our record.

From Morillo SGF system to the Sobrarbe deltaic complex (point 5 in
Figs. 9 and 15), the 8'3C signal does not mirror the trends predicted by
Castelltort et al. (2017). Here, high 513C values are linked to a global
regression. The tectonic history, with the progressive integration of the
basin into the wedge-top and its transformation into a piggy-back basin
(Vinyoles et al., 2021), and global eustatic curves point toward a relative
sea-level decrease. A transition from deep marine environments, where
5!3C DIC is controlled by oxidation of organic matter and input from
proximal settings, to shallower water characterized by high productivity
and high 5'3C DIC (Marshall, 1992) could explain such trends. Similarly,
a restriction in ocean circulation related to the growth of the Boltana
anticline (Heard et al., 2008) and severe anoxic conditions in the water
column could trigger higher 5'3C values. The occurrence of major darker
levels (e.g., San Lino level) and slightly higher TOC contents recorded in
the marlstones of Morillo and Guaso (0.32 wt % vs. preceding 0.24 wt %
on average, Fig. 9) is consistent with this scenario. A decrease in the
oxygenation of the basin suggests the Th/U values recorded in the
Morillo and Guaso SGF systems (Cantalejo and Pickering, 2015). Testing
in more detail these scenarios would require 613C0rg measurements not
performed within the scope of this study.

In conclusion, our isotopic data seem to indicate that the relation
between sea level and the stable carbon record highlighted in Castelltort
et al. (2017) is robust, as long as there is no significant change in the
environment of deposition or in the geomorphology of the basin (e.g.,
restriction in the water circulation due to the growth of anticlines). It is
interesting to note that carbonates isotope composition responds rela-
tively fast to sea-level changes, as shown by the drastic decrease in the
53C values associated with the turning point in the sea-level curve at ca.
47.5 Ma (Miller et al., 2005; Kominz et al., 2008).

5.4. Pulses of sand delivery versus global sea-level record

The structural conditions during the deposition of the Hecho Group
in the Ainsa basin are well constrained (Vinyoles et al., 2021). The
deposition of Fosado SGF system is coeval with the major fluvial pro-
gradation and incision of the Castissent Fm linked, in literature, to thrust
activities, a pulse in exhumation rates (Puigdefabregas and Souquet,
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1986;Whitchurch et al., 2011; Chanvry et al., 2018) and a sea-level
fall/lowstand ((Puigdefabregas and Souquet, 1986)Marzo et al., 1988;
Pickering and Bayliss, 2009; Castelltort et al., 2017). Subsequently, the
Arro SGF system, also formed by the erosion of the Castissent Fm, is
deposited during a sea-level highstand in Castelltort et al. (2017). Cas-
telltort et al., 2017 hypothesized the deposition of the Arro SGF system
to be driven by an increase in exhumation rates in the Pyrenees. This
hypothesis was refined by Thomson et al. (2017) detrital zircon
(U-Th)/He ages, which suggested a short-frequency climatic or tectonic
pulse. Recently, Cantalejo et al. (2020a) proposed a younger age for the
Arro system by identifying the nannofossil Subzone NP14a, making
more difficult a direct linkage between stratigraphy and eustatism.

Gerbe I and II are the response to the Montsec thrust sheet
emplacement and a significant rate of relief growth in the Axial Zone.
This system is linked to the deposition of the Campanue Conglomerates
(Mutti et al., 1985; Munoz et al., 2013; Arbués et al., 2011; Scotchman
et al., 2015a). Finally, Banaston to Guaso systems of the Hecho Group
were deposited during the growth of the Mediano and the Boltana an-
ticlines associated with the Sobrarbe Fold system (Munoz et al., 2013).
In these structural conditions controlling the large geometries of depo-
sition, the accommodation, and the supply of sediments to the shelf, a
comparison of global sea-level curves and the stratigraphic records of
the Ainsa basin still suggests eustasy as an essential driver in delivering
coarse sediments to deep-waters.

In the Pueyo off-axis section tuned by the isotopic record, Fosado,
Gerbe I and II, and Banaston I members are systematically deposited
during sea-level lowstands. Additionally, Banaston III to IV, Ainsa,
Morillo, and Guaso systems are deposited during regressive events.
Notably, Banaston III to VI and the Ainsa members were deposited
during the regressive event from ca 45.8 Ma to 44.9 Ma (Fig. 15).
Morillo, Guaso SGF systems, and the distal deposits of the Sobrarbe
deltaic complex were deposited between 44 Ma to 42 Ma, during the
subsequent regressive event (Fig. 15). The only exceptions to these
systematic depositions during sea-level regressions and lowstands are
the Arro SGF system (see above) and Banaston II? member, possibly
associated with a sea-level rise and/or a highstand. Interestingly, Gupta
and Pickering (2008) showed that the abundance of intrabasinal car-
bonate grains is higher in these two SGF systems (average of 16% for
Arro system and 11% for Banaston system; Gupta and Pickering, 2008)
than in the remaining systems of the basin (1.2% for Fosado, 2% for
Gerbe, approximately 9% for Ainsa, 4% for Morillo, and 3% for Guaso
system; Gupta and Pickering, 2008). Intrabasinal carbonate grains are
sourced from coeval carbonates platforms on the shelf and/or the
erosion of older carbonates on the Mediano and Boltana structures
(Gupta and Pickering, 2008). The development of these tectonic struc-
tures could explain the deposition of B-II? system in the context of a high
sea-level stand. Finally, the thick marlstones interval between Ainsa and
Morillo systems (point 4 in Figs. 9 and 15) is associated with an exten-
sive transgressive period. The preferential deposition of sandstones
enriched sediments during sea-level lowstands or regressive events, and
vice versa thick marlstone intervals during transgressive events, sug-
gests that in the Ainsa basin sedimentary fill, eustatic variations played a
major role in the deposition of clastic sediments.

6. Conclusions

We highlight the importance of studying deep-sea environments by a
multi-proxy approach to disentangle complex signals recorded in set-
tings (such as the deep-marine) with a high preservation potential.

This study provides a new age model for the deep marine sediment
gravity flow deposits of the upper Hecho Group (from Banaston SGF
system to the distal deposits of the Sobrarbe deltaic complex) in the
Ainsa basin (southern central Pyrenees). It integrates Castelltort et al.
(2017) dataset from Fosado to Banaston SGF systems with magneto-
stratigraphic and biostratigraphic constraints from Banaston SGF system
to the distal deposits of the Sobrarbe deltaic complex in the deep marine
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stratigraphic series of the Ainsa basin.

New magnetostratigraphic data are corroborated by biostratigraphy
suggesting magnetozones C21n, C20r, C20n, and C19r for the sediments
deposited from the Banaston SGF system to the Sobrarbe deltaic com-
plex. New biostratigraphic sites strengthened this interpretation by
detecting NP16 for two locations in the Guaso SGF system. Our new
integrated data indicate a deposition age of 45.72 Ma for the Banaston
IV SGF system, 43.43 Ma for the Morillo II SGF system, and 42.3 Ma for
the distal deposits of the Sobrarbe delta. These results give relative
constant net sediment accumulation rates of (1) 54.1 cm/kyr between
Banaston III or IV and Morillo I, and (2) 51.5 cm/kyr between Morillo I
and the distal members of the Sobrarbe delta.

These chronostratigraphic constraints were used to correlate the
isotope records and compare them with global “targets” curves. While
oxygen isotope might be overprinted by diagenesis, the carbon isotope
local signal seems to be preserved and controlled by sea-level modula-
tions as long as the waters circulation is not restricted and/or as long as
the environment of deposition does not change. A mismatch between the
local isotope curve and the eustatic variations was observed for Morillo
and Guaso SGF systems that might be explained by a partial restriction
in water circulation or a transition to shallower environments.

Finally, despite the complex tectonic setting of the Ainsa basin dur-
ing the deposition of the Hecho Group, a trend can be detected between
the deposition of sandstone enriched sediments and global eustatic
variations. Most SGF systems (Fosado, Gerbe, Ainsa, Morillo, and Guaso)
and the distal deposits of the Sobrarbe deltaic complex are preferentially
deposited during sea-level falls or lowstands. Respectively, major
marlstones intervals are deposited during transgressive events. The only
exceptions might be Arro SGF system possibly associated with a climatic
and a tectonic pulse, and Banaston II member associated with the
growth of tectonic structures in the basin.
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