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Abstract. The topographic history of an orogen, key element to study the interactions of the climate and tectonic conditions
that drove it, can be reconstructed by inverting the sedimentary record of its adjacent basins. Previous tectono-stratigraphic
studies, including flexural models, and sparse stable oxygen and carbon isotope data from the South-Pyrenean foreland basin
30

suggest a major topographic rise occurred in the late Paleocene-early Eocene. To further test this hypothesis, we present a
stack of 658 stable isotope measurements on whole-rock marine carbonate mudstone from a 4800-m-thick composite
sedimentary succession which provides a 12 Ma continuous record of environmental conditions during the early to middle
Eocene (54 to 42 Ma). From the base of this record (at 54 Ma), oxygen isotopes (δ18O values) show a faster decrease rate than
the coeval global negative excursion associated with the Early Eocene Climatic Optimum (EECO). This local alteration of the
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global δ18O signal indicates that topographic growth during this period, associated with significant tectonic activity, perturbed
1
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the oxygen isotopic composition of foreland waters. Thus, our data suggest that significant topographic uplift of the Pyrenean
orogen started from at least 54 Ma and continued until ca. 49 Ma, reaching the maximum elevations of 2000±500m in this
phase from previous isotope and flexural studies. In addition, our record shows that the long-term carbon stable isotope
composition during this period remained relatively stable with no similarity to the global bell-shaped long-term trend of the
40

EECO. This is consistent with the restricted physiography of the South-Pyrenean foreland basin, mainly influenced by local
sedimentary and water inputs. Overall, the Pyrenean topographic growth from the late Cretaceous to the Miocene displays
several growth stages that seem to be primarily determined by episodes of increased rate of tectonic plate convergence. The
duration of these growth stages (several millions of years) is a possible documentation of the response time of mountain ranges
to tectonic perturbations. The results of this work therefore demonstrate that stable isotope measurements on whole-rock
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sediments in foreland basins can provide key information for tectono-climatic and topographic reconstructions of mountain
ranges.

Introduction
Knowing the paleotopographic evolution of orogenic systems is key to understand the relationship between tectonics
and surface processes, and their implications for the dynamics of sediment routing systems at geological timescales (e.g.,
50

Campani et al., 2012; Castelltort et al., 2015; France-Lanord et al., 1993; Romans et al., 2016; Sømme et al., 2009). In addition
to acting as physical topographic barriers, orogens also impact atmospheric circulation and the transport of moisture, making
the evolution of mountainous topographies an important factor in biodiversity evolution and adaptation (Hewitt, 2000;
M.E.Raymo and W.F.Ruddiman, 1992; Mulch, 2016). The isotopic composition of oxygen (δ18O) preserved in sediments has
been widely applied to reconstruct paleotopography and paleoelevation (e.g., Garzione et al., 2000, 2006; Rowley et al., 2001;
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Rowley and Garzione, 2007). Such approaches are based on principles linking the oxygen stable isotope composition of
precipitation with elevation and “continentality” determined by a Rayleigh distillation process (e.g., Ambach et al., 1968;
Dansgaard, 1964; Kukla et al., 2019; Siegenthaler and Oeschger, 1980). High topography and orographic precipitation induce
isotopically lighter water (lower δ18O values) in rainfall with a ratio of about 2.8 ‰ per km of elevation (Ambach et al., 1968;
Poage and Chamberlain, 2001). For instance, the ca. –20 ‰ δ18O value of precipitation measured in Himalayan catchments is
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significantly lower than their coastal counterparts of approximately –5 ‰ (Caves Rugenstein and Chamberlain, 2018; Cerling,
1984; Kukla et al., 2019). The δ18O values can be measured in lacustrine and paleosol carbonates (e.g., Currie et al., 2005;
Garzione et al., 2000, 2006), authigenic clay minerals (e.g., Chamberlain and Poage, 2000), mammalian tooth enamel (e.g.,
Fricke, 2003), or mollusk shells (e.g., Huyghe et al., 2012) deposited in basins adjacent to reliefs, making possible to
reconstruct paleotopography from a broad variety of records.

65
Decades of study, and active ongoing research in the Pyrenean orogen have provided a comprehensive dataset about its tectonic
and basin evolution (e.g., Chevrot et al., 2018; Grool et al., 2018; Macchiavelli et al., 2017; Puigdefabregas et al., 1986;
2
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Rosenbaum et al., 2002; Vergés et al., 2002; Whitchurch et al., 2011). Moreover, several studies have obtained constraints on
its topographic evolution through different methods such as flexural modelling (Curry et al., 2019; Millán et al., 1995) and
70

pollen records (Ortuño et al., 2013; Suc and Fauquette, 2012), including δ18O measurements (Huyghe et al., 2012, 2020;
Zamarreño et al., 1997). Motivated by the issue of the post-tectonic topographic evolution of the Pyrenees, several works have
focused on the appraisal of Miocene Pyrenean elevation (Huyghe et al., 2020; Ortuño et al., 2013; Suc and Fauquette, 2012;
Tosal et al., 2021). The timing and magnitude of the topographic evolution of the orogen during its primary collisional history
in the Late Cretaceous and Paleogene, have also received considerable attention. In a recent exhaustive exploration of flexural
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inversion of foreland stratigraphy, Curry et al (2019) have documented the significant topographic growth of the orogen that
took place in the late Eocene-Oligocene, from ca 2000m of maximum elevation in the early-middle Eocene to 3000-3500 m
by the end of the Oligocene. In addition, in agreement with tectonostratigraphic arguments and widespread evidence of a major
phase of convergence in the lower Eocene (e.g., Puigdefabregas and Souquet, 1986; Puigdefabregas et al., 1992), earlier
flexural inversion by Vergés et al (1995) and Millán et al (1995), as well as continental (Zamarreño et al., 1997) and marine
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(Huyghe et al., 2012) carbonate oxygen isotope compositions (δ18Ocarb) data consistently indicate early topographic
development of the range in the late Paleocene to middle Eocene. However, while these studies all suggest that the orogen
reached 1000-2000 m of maximum elevation during this early stage of growth, the timing over which this growth took place
remains largely undetermined, within a possibly greater than 10 My window. Resolving such uncertainty is important to draw
a complete picture of the topographic history of the Pyrenees and address its relationships with tectonics and climate.

85
The objective of the work presented here is to generate an extensive dataset of stable oxygen isotope composition of carbonates
in the South-Pyrenean foreland basin, encompassing the early to middle Eocene. This should test and/or provide additional
constraints on a possible significant topographic growth during the early Eocene and place this important tectonic and basin
reconfiguration period within the evolution of the Pyrenees, from its initiation in the upper Cretaceous to the end of
90

convergence in the Miocene. Finally, results of this study might allow discussing the respective roles of climate and tectonics
on the topographic evolution of a mountain range.

3
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Figure 1 – Study location with stratigraphic and paleogeographic context of sampled material. A - Simplified geological map of the
study area showing the situation of sections 1, 2 and 3. Map based on the Mapa geològic de Catalunya (1:300 000, Institut Geològic
and Institut Cartogràfic de Catalunya). Inset zoomed on the marker beds Morillo and La Puebla limestones (after Bentham and
Burbank, 1996) used for physical correlation of sections 1 and 2. B - Chrono-litho-stratigraphic diagram of the Tremp-Graus and
Ainsa Basins during the Eocene with location of the sampled sections (after Chanvry et al., 2018). The diagram highlights the
progradation from East (Tremp-Graus Basin) to West (Ainsa Basin) of the clastic systems, and the paleogeographic situation of the
sections sampled in a proximal-distal profile. C – Paleogeographic map of the South-Pyrenean basins during the late Paleocene –
early Eocene at ~54 Ma from Vacherat et al (2017) and location of the Tremp and Ainsa basins.
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Pyrenean tectonic and climatic framework
Tectonic evolution
The Pyrenees are an E-W-oriented orogen that developed from the Upper Cretaceous to the Miocene due to the convergence
between the Iberian and Eurasian plates (Choukroune, 1989; Muñoz, 1992; Puigdefabregas et al., 1992; Séguret, 1972). With
105

the onset of convergence, thrust-related exhumation started in the eastern Pyrenees during the Late Cretaceous (Fig. 2, e.g.,
Puigdefabregas and Souquet, 1986; Filleaudeau et al., 2012; Mouthereau et al., 2014; Ternois et al., 2019; Thomson et al.,
2017; Vacherat et al., 2017; Whitchurch et al., 2011). In the South-Pyrenean basin, sediments were sourced mainly from the
south-east, and fed the Tremp-Graus sub-basin until the late Maastrichtian (Gómez-Gras et al., 2016). At this time, the early
Pyrenean orogenic wedge was overall submarine (Ford et al., 2016). Exhumation rates increased from ~0.5 to 0.8 mm/yr in
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the eastern Pyrenees from the late-Cretaceous to the Paleocene (Whitchurch et al., 2011). Moreover, thermochronological data
suggest that in the Northeastern Pyrenees, the Agly and Salvezine massifs were close to the surface between the late-Cretaceous
and early Paleocene (Ternois et al., 2019). Subaerial topography, if present, was thus limited to the eastern sector of the
Pyrenees. However, most of this area has been dismantled during the subsequent Neogene opening of the Gulf of Lions
(Gunnell et al., 2008; Huyghe et al., 2020), such that the paleo-elevation reached by these relief remains difficult to determine
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in the absence of nearby sedimentary records.
The Paleocene is considered as a period of relative tectonic quiescence in the northern and southern Pyrenean basins
(Rosenbaum et al., 2002; Ford et al., 2016; Whitchurch et al., 2011), with convergence rates between Eurasia and Iberia of ca.
0.8 mm/yr, (Macchiavelli et al., 2017; Rosenbaum et al., 2002) and shortening rates of less than 0.5 mm/yr (Fig. 2, Grool et
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al., 2018; Vergés et al., 2002). Motion between plates resumed with significantly higher rates (3.2 mm/yr) during Ypresian to
Lutetian times (Macchiavelli et al., 2017; Rosenbaum et al., 2002). The Ypresian period in particular, encompassing the Early
Eocene Climatic Optimum (EECO), is associated with high rates of shortening (4-4.4 mm/yr, Grool et al., 2018; Vergés et al.,
2002) coeval with a major pulse of exhumation of the Axial Zone at ca. 50 Ma (Fig. 2, Beamud et al., 2011; Fitzgerald et al.,
1999; Thomson et al., 2020; Whitchurch et al., 2011) and a major phase of foredeep subsidence in the Jaca and Ripoll basins
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(Garcés et al., 2020). This is also associated with an increase of clastic supply from the growing orogen and the initiation of
the progradation of large siliciclastic systems such as recognized for instance in the Ypresian Roda, Castigaleu and Castissent
fluvio-deltaic formations (Fig. 1, Castelltort et al., 2017; Chanvry et al., 2018; López-Blanco et al., 2003; Odlum et al., 2019;
Puigdefabregas et al., 1986; Thomson et al., 2019). During the Lutetian, the shortening rate of the Pyrenees decreased and
remained nearly constant at 1.5-2.6 mm/yr until the Oligocene (Grool et al., 2018; Vergés et al., 1995, 2002). It is estimated
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that most of the Pyrenean mountain range was subaerial by the end of the Lutetian (e.g., Vacherat et al., 2017). Another
important increase in tectonic activity, with exhumation rates from 3 to 4 mm/yr, occurred during the late Eocene to Oligocene
as shown by apatite and detrital zircon fission track analysis (Fig. 2, Beamud et al., 2011; Metcalf et al., 2009; Morris et al.,
1998; Whitchurch et al., 2011) and by 3D numerical modelling of orogenic loading and flexure (Curry et al., 2019). This was
5
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paired with the closure of the marine South-Pyrenean foreland basin at ca. 36 Ma (Costa et al., 2010) which led to widespread
135

piedmont aggradation (e.g., Babault et al., 2005) and topographic development to maximum elevations similar to the presentday (Curry et al., 2019). Eventually, convergence between Iberia and Europe slowed to 0.2 mm/yr in the earliest Miocene
(Macchiavelli et al., 2017) and orogenic growth nearly stopped (Fillon and van der Beek, 2012). Although we do not address
this issue in the present work, it is worth mentioning that the elevation reached by the Pyrenees in the Miocene is the subject
of ongoing debate between a number of tectonosedimentary observations (Puigdefàbregas et al., 1992) and recent
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paleobotanical reconstructions (Tosal et al., 2021), which suggest that the Eastern Pyrenees were at similar or higher elevations
than present-day, and other palynological and isotope data, which advocate for a period of topography decay in the Miocene
followed by uplift associated with volcanism and limited to the eastern Pyrenees during the late Miocene (Gunnell et al., 2008;
Huyghe et al., 2020; Ortuño et al., 2013; Suc and Fauquette, 2012).
Global and regional climate
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During the Eocene (56 to 33,9 Ma), Earth reached its warmest climate of the last 66 Ma (e.g., Zachos et al., 2001, Fig. 2). The
EECO (Early Eocene Climatic Optimum), broadly situated between 53.3 and 49.1 Ma (Westerhold et al., 2018), marks the
culmination of this warm period and is characterized by a long-term decline in δ18O and δ13C values with an overall minimum
at ca. 51.3 Ma (Fig. 2, Cramer et al., 2009). The end of the EECO marks the beginning of the transition from the Eocene
greenhouse to the present icehouse period with the progressive establishment of permanent Antarctic ice sheets since the
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Eocene-Oligocene boundary (Miller et al., 1991; Zachos et al., 2008).
In the Pyrenees, Payros et al. (2015) identified the EECO in oxygen isotopes of a deep-marine succession deposited in the
early Eocene Basque Basin and extracted a multiproxy record of increased rainfall, runoff and continental weathering. This is
in agreement with palynological data from the South-Pyrenean foreland basin which suggest an increase in temperature

155

culminating between 52 and 48 Ma and decreasing afterwards (Haseldonckx, 1973). At 50 Ma, during the EECO, Mean Annual
Precipitation estimates (Sheldon et al., 2002), together with the presence of iron-oxides and hydroxides nodules described in
the Castissent Formation suggest a semi-arid to sub-humid climate with seasonal humidity (Honegger et al., 2020).

6
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Figure 2 : Global climatic and Pyrenean tectonic signals of the past 80 Ma. The tectonic signal is represented by the estimated rates
of convergence and shortening, and by the cumulative number of active structures (from Whitchurch et al., 2011). The climatic
signal is represented by Zachos et al (2001) d18O and Cramer et al (2009) d13C compilations. MECO: middle Eocene climatic
optimum. EECO: early Eocene climatic optimum. PETM: Paleocene-Eocene thermal maximum. Peak exhumation periods from
Whitchurch et al. (2011). All information scaled to GTS2012. Modified after Clark et al (2017).

Material and methods
165

Sampling
A total of 658 samples were collected on three correlated and partially-overlapping sedimentary sections from the TrempGraus and Ainsa sub-basins (Fig. 1), which together build a continuous stratigraphic record from lower Ypresian to upper
Lutetian. Magnetostratigraphic constraints (Bentham and Burbank, 1996; Läuchli et al., 2021) on all sections provide robust
time lines for correlation with global target isotopic profiles. In order to avoid the possible influence of differential lithology
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and depositional conditions on the isotopic composition of bulk carbonates, all samples consist of marine carbonate mudstone
deposited in prodeltaic to upper-slope environments in depositional water depths estimated between few tens (Roda carbonate
7
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marls, e.g., López-Blanco et al., 2003) and a few hundreds of meters (Ainsa basin, Fosado and Arro slope carbonate marls,
e.g., Pickering and Corregidor, 2005).
175

The base of our record is at the La Puebla Limestone (Fig. 1) formation, which crops out in the Isábena river valley (Bentham
and Burbank, 1996 and mapping by C. Puigdefábregas in Clark et al., 2017) and marks the base of the Roda section (section
number 1, Fig. 1). The Morillo limestone, situated at the top of the Roda section, can be mapped to the adjacent Ésera river
valley in the West (Bentham and Burbank, 1996; Nijman, 1998), where marks the basis of the Campo section (section number
2, Fig. 1). The western flank of the Ésera valley marks the transition to deeper-water environments of the Hecho Group (Mutti,
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1977). A large-scale erosion feature (Atiart canyon), equivalent with the base of the Castissent fluvial formation in the Ésera
valley, allows correlation with the deeper basin as it marks the base of the Hecho Group in the El Pueyo section (section
number 3, Fig. 1) (Mutti et al., 1988).
Stable isotopes
Between 150 and 300 µg of whole marine carbonate mudstone were crushed and powdered in an agate mortar and analysed
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for stable carbon and oxygen isotope composition at the Institute of Earth Surface Dynamics of the University of Lausanne
(Switzerland) using a Thermo Fisher Scientific (Bremen, Germany) carbonate-preparation device and Gas Bench II connected
to a Thermo Fisher Delta Plus XL isotope ratio mass spectrometer. The carbon and oxygen isotope compositions are reported
in the delta (δ) notation as the per mil (‰) isotope ratio variations relative to the Vienna Pee Dee Belemnite standard (VPDB).
The standardization of the δ13C and δ18O values relative to the international VPDB scale was performed by calibration of the
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reference CO2 gas and working standard with international reference materials NBS 18 (carbonatite, δ13C = −5.01 ‰, δ18OVPDB
= −23.01 ‰) and NBS 19 (limestone, δ13C = +1.95 ‰, δ18OVPDB = −2.2 ‰) (values from Brand et al., 2014). The analytical
reproducibility (1 sigma) estimated from replicate analyses of the international calcite standards and the laboratory standard
Carrara Marble (δ13C = +2.05 ‰, δ18OVPDB = −1.7 ‰) was better than ±0.05 ‰ for δ13C and ±0.1 ‰ for δ18O.
Organic matter

195

Organic matter (OM) analyses (Fig. 3) were performed on 379 of our samples in the most proximal (Roda, section number 1,
Fig. 1) and most distal (El Pueyo, section number 3, Fig. 1) sections, using a Rock-Eval 6 at the Institute of Earth Sciences of
the University of Lausanne, following the method described by Espitalie et al. (1985) and Behar et al. (2001). Measurements
were calibrated using the IFP (Institut Français du Pétrole) 160000 standard. We use the Rock-Eval pyrolysis to assess the
total organic-carbon content (TOC, wt.%), hydrogen index (HI, mg HC/g TOC, HC = hydrocarbons), oxygen index (OI, mg
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CO2/g TOC) and Tmax (°C), which together characterize the preserved organic matter in terms of amount, nature (source), and
thermal maturity (e.g., Espitalie et al., 1985) and can be interpreted as proxies of environmental and basin evolution. HI, OI
and Tmax values were interpreted for TOC ≥ 0.2 wt.% and S2 values ≥ 0.2 mg HC/g, after a careful check of the corresponding
pyrograms.
8
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Sediment budget in the South-Pyrenean foreland basin
205

A conservative (minimum) estimate of sediment flux coming from the mountain belt can be obtained from preserved volumes
of sediments in the Foreland basin. Several studies have focused on those quantifications in the south-Pyrenean Foreland
basins, Ebro and Duero basins (Alonso et al., 1996; Filleaudeau, 2011; Garcia-Castellanos et al., 2003; Sinclair et al., 2005)
and also in the adjacent Valencia basin (Arche et al., 2010; Garcia-Castellanos et al., 2003; Watts and Torné, 1992a). These
studies are based on the compilation of seismic and wells data available in the basins. We here only report the total volumes
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of preserved sediments obtained from Filleaudeau (2011). The amount of in-situ biogenic carbonates and evaporites is
considered a minor fraction of the dominantly clastic composition of the foreland successions of the South-Pyrenean deposits,
and has thus not been corrected from the estimates presented in this work. In addition, the estimates of Filleaudeau (2011) also
were not decompacted, which may lead to overestimation of volumes of the upper part of the sedimentary fill with respect to
its lower part. In summary, the evolution of estimated preserved volumes in the South-Pyrenean foreland basin presented here

215

is preliminary and of indicative nature only.
Comparison with global records
The stack of new isotopic data obtained here and composing a nearly complete early Eocene profile of stable carbon and
oxygen isotopes is compared with the global benthic isotopic compilation of Cramer et al (2009) with timescale updated to the
Global Time Scale GTS2012. To compare both profiles, we use the Analyseries software of Paillard et al. (1996) and tie-lines
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given by the magnetic reversals of magnetochrons C24n to C19r identified on the Roda, Campo and El Pueyo sections
(Bentham and Burbank, 1996; Läuchli et al., 2021). The resulting correlation is consistent with previous biostratigraphic dating
in the Hecho Group (Scotchman et al., 2015).

Results and discussion
Absolute values and diagenetic overprint
225

The measured δ13C and δ18O values in all sections presented here (Fig. 4) are all considerably lower, i.e. ~5 ‰ and ~2 ‰ more
negative in oxygen and carbon respectively, than their time-equivalent fresh benthic counterparts (Fig. S1 and S2, Cramer et
al., 2009). This suggests that, although they may contain a primary record of the early–middle Eocene evolution, their absolute
values could have been altered as in other paleogene isotopic datasets in the Pyrenean domain (Castelltort et al., 2017; Molina
et al., 2003; Payros et al., 2015; Schmitz et al., 2001). The HI-Tmax relation (Fig. 3) shows that the samples from the Roda
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section are mostly in the immature zone (i.e., below 60 °C, Machel et al., 1995) of low diagenesis level, and that samples from
the El Pueyo section are mostly in the oil window suggesting burial temperatures of ca. 80-100 °C (Machel et al., 1995) and
thus underwent medium diagenetic overprint (Espitalie et al., 1985). Tmax values increase with depth for the first ca. 3500 m
of the El Pueyo section (Fig. 4), consistent with ~4 km of overburden in the Ainsa basin (e.g., Heard et al., 2008). However,
9
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we observe that Tmax values in the lowest 500 m of the same El Pueyo section decrease with depth back to values similar to
235

those found at the top of the succession (Fig. 4). Moreover, the global δ18O profile of Cramer et al. (2009) shows similar
correlation of δ18O with depth for the El Pueyo interval (r =0.82 and 0.83 for the global and Pyrenean records respectively,
Fig. S3), suggesting that the covariant decline of δ18O and increase of Tmax with depth on El Pueyo section are unrelated, i.e.
that the δ18O trend rather reflects a primary signal similar to its global equivalent. Low Tmax values in the Roda section (Fig.
4) imply relatively low burial-depth and diagenetic overprint, which can be extrapolated to the Campo section, which belongs
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to the same structural sector (Tremp-Graus sub-basin, Fig. 1) and involves similar sedimentary thicknesses (Chanvry et al.,
2018). Lastly, cross-plots of δ13C and δ18O show no systematic covariances between both stable isotope systems, with Pearson
coefficients of 0.48, 0.61, -0.03 and 0.26 for the El Pueyo, Campo, Roda, and combined sections respectively (Fig. S4), thus
also suggesting limited diagenetic influence (Marshall, 1992).
Carbon isotope evolution

245

The bulk δ13C data (Fig. 4C) show significant spread with a mean moving standard deviation of 1s = 0.53 ‰ (1 Ma window).
This dispersion is particularly important when compared to the magnitude of change of δ13C in the global ocean over the same
period (0.24 ‰), and it may thus mask climate-controlled δ13C signals such as hyperthermal events occurring during this
interval of the Cenozoic (e.g., Westerhold et al., 2018). Such spread can be attributed to the restricted physiography of the
South-Pyrenean foreland basin and its proximal position to the rising orogen, which may have hindered exchange and

250

equilibration (Saltzman and Thomas, 2012) with the open ocean, by frequent injections of very negative δ13C waters due to
oxidation of organic matter (Jenkyns, 1996; Kroopnick, 1985) of mainly terrestrial origin (type III), as evidenced in the
Hydrogen Index (HI, HC/g TOC) and Oxygen Index (OI, mg CO2/g TOC) from the El Pueyo and Roda sections (Fig. 3).
Oxygen isotope evolution and topography
Measured δ18O values show a bell-shaped evolution with a decline from –4.7 ‰ to –7.0 ‰ in the first 2’000 m of the section,

255

followed by an increase back to –4.5 ‰ at the top of the record (Fig. 4), and little dispersion with 1s = 0.29 ‰ of moving
standard deviation (200 m window).

10
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Figure 3 - Hi v. Tmax and Hi v. OI plots of the Roda (section 1, Fig. 1) and El Pueyo (section 2, Fig. 1) sections. HI-Tmax relation
shows that the samples from the Roda section are mostly in the immature zone, and that samples from the El Pueyo section are
mostly in the oil window suggesting low and medium diagenetic overprint respectively.

Figure 4 – Oxygen (B) and carbon (C) isotopic record, and Tmax (D) values of samples measured from the Roda-Campo-El Pueyo
composite section (A). Magnetostratigraphic anchor points from Bentham and Burbank, 1996 and Läuchli et al., 2021).

11
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265
Despite the difference in absolute values, this pattern of bell-shaped evolution is similar to the global δ18O record of Cramer
et al (2009) (Fig. 2, 5, S2, and S3). This shows values evolving from –0.5 ‰ to –1.3 ‰ in the early Eocene paired with global
warming of the EECO (corresponding to an increase in global temperature from ca. 9.5 to 12 °C, Zachos et al., 2001) and
270

followed by values increasing from –1.3 ‰ to 0.5 ‰ during the subsequent global cooling (Fig. 2 and 5, ca. 12 to 6.5°C,
Zachos et al., 2001). However, a locally weighted linear regression shows that the measured δ18O reaches minimum values
(below 97th percentile) between 49.4 and 49.0 Ma, i.e. ca 2.1 Ma later in the Pyrenean succession than in the deep-sea global
record, where it occurs at 51.3±0.2 Ma (lower 97th percentile). In addition, the rate of decline of δ18O before 51.3±0.2 Ma is 3
times higher in the Pyrenean record than in the global profile (Fig. 5).

275
Figure 5 – Comparison between South-Pyrenean (blue, left), global (orange, middle) and North Iberian (right, bold) continental
margin δ18O records. δ18O global record from Cramer et al. (2009), north Iberian continental margin δ18O record from Payros et
al. (2015). Pyrenean shortening rates from Grool et al. (2018), Iberia-Europe convergence rates from Macchiavelli et al. (2017).
EECO extension from Westerhold et al. (2018). Compared with the global benthic record (orange profile, middle), the oxygen isotope
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evolution of the Pyrenean carbonates (blue profile, left) shows a four times greater rate of decline towards negative values in the
early Eocene, and reaches peak minimum at ca. 49 Ma, i.e. ca. 2 Ma later than peak global minimum of the EECO at 51 Ma.

Aside from diagenetic effects, the δ18O signature of carbonates depends primarily on the temperature of calcification (related
to water temperature in the environment), and on the δ18O of the surrounding water (δ18Ow), which is in turn dependent on the
285

mixing of global and local waters as well as salinity and evaporation (Garzione et al., 2004; Pearson, 2012).
The 2.1 Ma lag in the measured δ18O minimum values identified here is not observed in coeval measured δ18O in the BarinatxeGorrondatxe section (Fig. 5, Payros et al., 2015) ca. 200 km west of the study area, suggesting that our observation could imply
a local warming, limited to the central part of the South-Pyrenean foreland basin, yet sustained for ~2 Ma. Although there
might have been some latitudinal diachrony in the onset and end of the EECO warming event (Payros et al., 2015), the globally-

290

homogeneous climate and reduced latitudinal gradient of the EECO period (Andreasson and Schmitz, 2000) rather excludes
the long-term presence of a local temperature difference of several degrees for 2.1 Ma in such a spatially-limited area. We
therefore consider unlikely the possibility that warming continued in the Pyrenees until 49.2 Ma while cooling already started
globally 2.1 Ma earlier.

295

Alternatively, we here hypothesize that the perturbation of the δ18O signal in the South-Pyrenean foreland basin observed in
these data primarily signals the major topographic development of the mountain range between ca. 54 and ca. 49 Ma.
Hereinafter we describe the two main processes that support this hypothesis.
First, the increase of the mean elevation of the Pyrenees during that period, would deliver increasingly negative δ18O waters

300

to the basin, because oxygen isotopic composition of precipitation decreases with increasing elevation through Rayleigh
distillation process during orographic rainout (e.g., Caves Rugenstein and Chamberlain, 2018; Poage and Chamberlain, 2001;
Rowley and Garzione, 2007). Huyghe et al (2012) demonstrated with a morphological-hydrological model that such process
could explain the negative offset between δ18O values measured on early to middle Eocene mollusc shells in the SouthPyrenean foreland basin and those recorded in coeval deposits of the Paris basin. Our extensive dataset spanning a longer (12

305

Ma) and denser (658 measurements) record than previously presented by Huyghe et al. (2012) (5 Ma and 12 measurements)
suggests that the phenomenon identified by their study may have been effective already at 54 Ma and continued until 49 Ma.
By constantly adding negative δ18O waters to the restricted foreland reservoir, and assuming hindered mixing and equilibration
of the restricted Tremp-Graus and Ainsa sub-basins (also presumably increasingly restricted with ongoing shortening) with
the global ocean, the growth of the orogen steered the local δ18O composition of foreland carbonates towards more negative

310

values at a faster pace than the global trend and forced a perpetuation of this trend during ca. 2 Ma longer than in the global
oceanic reservoir. A higher Pyrenean topographic development, via surface drainage area expansion and elevation growth
(mean and maximum), imposed an increasingly higher discharge of increasingly negative (isotopically light) δ18O waters to
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the immediately adjacent foreland basin, which superimposed on the global δ18O decrease and forced the divergence of the
two δ18O profiles (local and global, Fig. 5).
315
Second, nearshore and relatively enclosed environments are strongly influenced by freshwater input and evaporation effects.
Since δ18O increases with salinity by approximately 0.2‰/psu (1 psu = 1 g of NaCl per kg water, Maclachlan et al., 2007;
Marshall, 1992) a higher proportion of freshwater input in the relatively confined South-Pyrenean foreland basin during Eocene
times (Vacherat et al., 2017) could potentially be the cause of the local lower (more negative) δ18O values. An input of
320

freshwater shifting the δ18O minimum from –5.5 ‰ at 52 Ma to –6.5 ‰ at 49 Ma would imply a change in salinity of ca. 5
psu during this period. This is roughly the difference between two contrasted marine environments such as mean proximal
Bengal Bay (31 psu, Akhil et al., 2016) and mean Atlantic salinity values (35 psu, Le Vine et al., 2007). Past salinity is difficult
to constrain (Huyghe et al., 2012), but a decrease in salinity due to freshwater input alone would imply a relative salinity
change equivalent to an environmental change from proximal to open ocean in the South-Pyrenean foreland basin. Developing

325

a mixing model of freshwater input and oceanic boundary conditions to assess the resulting composition of basin waters would
require constraining not only the precipitation regime but also the size of drainage areas and the physiographic configuration
(areal and bathymetric) of the receiver basin. These constraints are beyond the scope of the present work but certainly highlight
the need for further research and modeling to assess the local distortion of isotopic proxies by tectonically-induced topography.
Nevertheless, the effect of increasing freshwater on the local decrease in salinity may have exacerbated the divergence between

330

the local and global δ18O records.
After the δ18O minimum values at ~49 Ma, the δ18O preserved in the South-Pyrenean foreland basin shifts back towards more
positive values with a normalized rate of 0.14‰ per Ma comparable to that of the global δ18O record over the same period
(0.12 ‰/Ma). The evolution of δ18O in the Pyrenees between 49 and 42 Ma mirrors the post-EECO global increase in δ18O

335

values towards cooler climatic conditions (Cramer et al., 2003). This indicates that topographic expansion and elevation change
of the orogenic domain, if they took place, did not perturb the isotopic signal in the same way as they did between 54 and 49
Ma. Since previous studies consistently point out stable shortening and convergence rates from 49-47 Ma to at least 42 Ma
(Fig. 5, Machiavelli et al., 2017; Grool et al., 2018; Vacherat et al., 2017; Vergés et al., 1995), we interpret this lack of
perturbation of the δ18O profile as consistent with negligible topographic growth from 49 to 42 Ma (our youngest data point).

340

A composite narrative of Cenozoic Pyrenean topographic development
Comparing the oxygen stable isotopic signature of molluscs between the South-Pyrenean foreland basin and the stable Paris
basin, Huyghe et al. (2012) estimated that the Pyrenees had reached an elevation of 2000±500 m between 49 and 41 Ma. Our
data indicate that the Pyrenees grew between 54 and 49 Ma (2nd growth period on Fig. 6) and then remained relatively stable
until 42 Ma. Based on oxygen isotopic composition of fluvio-lacustrine stromatolites, Zamarreño et al (1997) suggest early

345

Eocene change in altitude of the Ebro basin margin (Catalan Coastal Ranges) of the order of 1000m, followed by no further
14
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change until mid-upper Eocene. Taken together, these converge toward suggesting a ca. 1000 m topographic development of
the Pyrenees during the early Eocene, followed by relatively stable elevation until middle-upper Eocene.
Curry et al. (2019), based on flexural-modeling scenarios matching topographic loads and South-Pyrenean foreland basin
350

stratigraphy, found a significant increase of topography from the Bartonian to the end of the Eocene (ca. 41-34 Ma, Fig. 6),
i.e. after the period investigated in the present work, and that topography then remained relatively stable since the end of the
Eocene (Fig. 6) (Curry et al., 2019). These constraints combined with our findings suggest that Pyrenean topography developed
in a punctuated manner, alternating periods of topographic growth and periods of topographic stability/quiescence. A first
period (Fig. 6) of topographic development, with an emerged topography limited to the eastern Pyrenees, took place in the

355

early stages of collision (Santonian to Paleocene, e.g., Puigdefabregas and Souquet, 1986), and was followed by a period of
topographic quiescence during the Paleocene (Rosenbaum et al., 2002). A second period of topographic development occurred
in the early Eocene and lasted until ca. 49 Ma (this study and Huyghe et al., 2012), followed by a second period of stability
(2nd period of growth and stability on figure 6). The last period of growth took place in the middle Eocene and lasted until the
end of the Eocene to early Oligocene, when it was in turn followed by a period of relative stability according to Curry et al

360

(2019).
Tectonics, climate and topography
In Figure 6 we show a comparison between the history of Pyrenean topographic growth documented here, with global climatic
records provided by the δ18O record of ocean temperature (Zachos et al., 2001; Cramer et al., 2009) and global sea-level change
(e.g. Kominz et al., 2008), as well as with regional plate dynamics (Iberia-Eurasia convergence, e.g. Machiavelli et al., 2017),

365

regional deformation (shortening rates in the Pyrenean domain, Grool et al., 2019), and exhumation (Whitchurch et al., 2001).
Climate
We observe that the two periods of major topographic growth documented in the Pyrenees, in the early Eocene (54-49 Ma)
and late Eocene-Oligocene (41-34 Ma), do not show a consistent correlation with climate. Indeed, the early Eocene topographic
growth took place in a period of global warming that initiated in the Paleocene and culminated in the Ypresian (early Eocene)

370

at ~50 Ma (EECO). On the contrary, the next period of major topographic development (Fig. 6) occurred within the global
cooling trend of the middle to late Eocene, which is notably marked by the development of Antarctic ice sheets at the EoceneOligocene transition (EOT, Zachos et al., 2001).
Models of erosion and sediment transport generally consider a positive relationship between mean temperature, precipitation

375

and global erosional efficiency through weathering and runoff-discharge dependent incision and transport (e.g., Tucker and
Slingerland, 1997). Assuming such a positive relationship between climate (“climate” being here considered as the mean values
of temperature and precipitation) and erosional efficiency, landscape evolution models (e.g., Whipple, 2001; Bonnet and
Crave, 2003; Whipple and Meade, 2006) usually predict that the “topography” of a steadily uplifting orogen would decrease
15
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with increased erosional efficiency during climate warming, such as in the early Eocene, and would be accompanied by a
380

transient pulse in sediment flux out of the orogen. Conversely, the topography would be predicted to increase with cooling,
such as during the mid-late Eocene, and be accompanied by a transient decrease of sediment flux out of the orogen. Despite
the broadly indicative nature of the sediment accumulation data presented here, both periods of topographic growth
documented in this work are accompanied by important increase of sediment supply to the south-Pyrenean basin (Fig. 6).
Therefore, the early Eocene period (54-49 Ma) is consistent with climate-controlled erosion in terms of sediment flux out of

385

the orogen (flux increases is consistent with more erosive climate with warming), but not in terms of topographic growth (more
erosive climate should induce topographic decline). On the other hand, the late Eocene topographic growth (41-34 Ma) is
consistent with a shift towards less erosive climate, but inconsistent in terms of sediment flux (topographic growth induced by
less erosive climate should manifest itself by a decrease of sediment flux out of the orogen).

390

In the following, we present and discuss the more straightforward link that is manifest between topographic growth, sediment
flux, and tectonics.
Tectonics
The Pyrenean tectonic evolution documented here shows that periods of topographic growth are consistent with periods of

395

increased convergence between plates (Fig. 6), and periods of topographic stability occur during intervals of more constant
plate convergence. First, at 56 Ma, the convergence rate between Iberia and Europe records an important increase from near
zero in the Paleocene to 3.2 mm/yr in the Eocene (Macchiavelli et al., 2017). This major perturbation of the boundary
conditions marks an acceleration of Pyrenean mountain building and is expressed by a fourfold increase of shortening rates in
the South Pyrenees, from 1 mm/yr to 4 mm/yr (Grool et al., 2018; Vergés et al., 2002), a ca. twofold increase in the number

400

of recorded active structures (Clark et al., 2017) and a pulse of exhumation centered at ca. 50.9 Ma ± 5 Ma (Beamud et al.,
2011; Fitzgerald et al., 1999; Thomson et al., 2019; Whitchurch et al., 2011). Additionally, these major changes from at least
56 Ma onwards correspond to a the main onset of flexural subsidence (Vergés et al., 1995), the regional flooding of the basin
at the base of the Eocene (Ilerdian transgression, represented in stratigraphy by the basal Alveolina limestones) and the
subsequent arrival of the main siliciclastic (i.e. Corones system in the eastern Pyrenees, Roda, Castigaleu and Castissent fluvio-

405

deltaic systems in the central Pyrenees, Garcés et al., 2020; Puigdefàbregas and Souquet, 1986; Vergés et al., 2002), which is
also expressed in a pronounced increase of sediment supply to the South-Pyrenean foreland basin. This period is also marked
in the North Pyrenean domain by the activation of important coarse-grained depositional systems such as the Poudingues de
Palassou Formation (Vacherat et al., 2017). Altogether, these observations point to a scenario in which increased convergence
and tectonic uplift lead to topographic growth and augmentation of sediment flux, as predicted by classical landscape evolution

410

principles (e.g., Bonnet and Crave, 2003; Whipple and Meade, 2006). If the early Eocene warming played a role in this period,
it may have been in enhancing erosion and sediment supply out of the orogen, thereby possibly inhibiting topographic growth,
which remains to be further tested.
16
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After this period of growth, the subsequent topographic stability indicated by our isotopic record (coeval evolution of local
415

and global d18O) corresponds well with a period of overall constant convergence (Fig. 6C) with rates in a range of 2-3 mm/yr
that lasted until the end of the Eocene.
Topographic growth resumed in the late Eocene to Oligocene (41-34 Ma), with increase of maximum elevation to values
similar to the present-day (Curry et al., 2019). This was paired with increased convergence rate from 3 to 4 mm/yr at 33.9 Ma

420

(EOT, Macchiavelli et al., 2017), which persisted until the Oligocene-Miocene boundary, and a major increase of sediment
flux. Those observations, as above, are consistent with a scenario according to which tectonics drove surface uplift, increased
erosion and sediment flux to peripheral basins. Contrary to the situation in the early Eocene however, the coeval shift towards
colder climates that took place in the background, including the abrupt cooling at the EOT boundary, may have enhanced
topographic growth by decreasing the overall erosional efficiency, and thus possibly inhibited sediment flux out of the orogen.

425

Indeed, it is remarkable that several valleys on the southern flank of the orogen became progressively filled by continental
deposits from the middle to late Eocene (Birot, 1937; Reille, 1971; Vincent, 2001; Beamud et al., 2003; Babault et al., 2005,
Costa et al., 2010). In this view, cooling and aridification may have decreased the sediment transport capacity of fluvial systems
draining the orogen and induced their aggradation on the wedge-top, possibly in combination with closing and
continentalization of the Ebro basin from 36 Ma onwards (Costa et al., 2010). In turn, as suggested by Costa et al (2010), the

430

aggradation of sediment in the foreland could have lowered the orogenic wedge taper, stabilizing frontal thrusts, and hence
forced a renewal of exhumation of the axial zone by out-of-sequence thrusting and underplating in the inner wedge (e.g.,
Puigdefabregas et al., 1992; Vergès & Burbank, 1996; Sinclair et al., 2005). The fact that wedge-top sediment aggradation in
the middle to late Eocene precedes the acceleration of exhumation in the Axial Zone as deduced from fission track data (e.g.,
from 35.0 to 32.0Ma, Fitzgerald et al.,1999; Sinclair et al., 2005; peak exhumation at 30 Ma according to Whitchurch et al.,

435

2011, Fig. 6) implies it does not need to be linked to increased sediment flux, but rather to interruption of sediment bypass and
increasing accommodation as could possibly be due to a transition to colder climate and a decline of the transport capacity of
Pyrenean fluvial systems, enhanced at 36 Ma by disconnection from the ocean basin. In this scenario, climate (decreasing
erosional efficiency) could have forced topographic growth before the acceleration of Iberia-Eurasia convergence rate, and
then contributed to enhance the effect of tectonically driven topographic growth that is clearly responsible of the major increase

440

of sediment flux in the Oligocene (Fig. 6). Yet, timing is the key to cause and effect, and the timing of variations of geological
parameters that we discuss here (convergence rate, exhumation, topographic growth, sediment flux), as well as their relations
of subsequence or antecedence, are dependent on the resolution of the data used to infer them, among which the segmentation
of geological time in discrete periods of variable duration (Ypresian, Bartonian, Priabonian, Oligocene, or magnetozones)
which probably impose artificially abrupt changes of the rates presented here, and thus must be interpreted with caution.

445

17

https://doi.org/10.5194/se-2021-12
Preprint. Discussion started: 4 March 2021
c Author(s) 2021. CC BY 4.0 License.

Although beyond the scope of this paper, we also note that the documented period of topographic stability in the middle Eocene
(49-41 Ma), in the general context of cooling and decreasing erosional efficiency discussed above, could also be consistent
with Babault et al (2005), who proposed that continental sedimentation in the foreland paired with constant elevation of the
range may have initiated a decrease of local relief within the Axial Zone of the Pyrenees as early as the middle Eocene, and
450

not incompatible with the subsequent increase of maximum elevation in the late Eocene-Oligocene (41-34 Ma) also discussed
above. This could be responsible for the origin of high-elevation, low-relief surfaces that are a subject of debate (see among
others Babault et al, 2005; Ortuño and Viaplana-Muzas, 2018; and the synthesis by Calvet et al., 2020).
Eventually, convergence slowed to 0.2 mm/yr in the Miocene (Macchiavelli et al., 2017) and topography began to slowly

455

decline (Curry et al., 2019), paired with a sharp drop in sediment flux out of the orogen. This slow topographic decline coeval
with cessation of tectonics, despite the warmer climates of the Miocene compared to the Oligocene, also advocates for a weak
influence of climate, or only secondary to tectonics, in the topographic evolution of the Pyrenees. perhaps also enhanced by
the colder climates, which is consistent with Both observations support a stronger tectonic, rather than climatic, control on the
long-term topographic evolution of the Pyrenees.

460
Therefore, the topographic development of the Pyrenean orogen documented here appears to be primarily determined by the
dynamics of plate convergence (Eurasia and Iberia) over the Cenozoic, with climate playing an influence that remains to be
demonstrated.
465

Response times
Considering those caveats, assuming that the timing of the acceleration of plate convergence is correct (at 56±2 Ma,
Machiavelli et al., 2017), and that the topography reached maximum elevation of 2000±500 m at 49 Ma (this work), a firstorder estimate of 7 ± 2 Ma for the response time of the Pyrenean orogen to tectonics in the early Eocene is proposed. This is
similar to the duration of the late Eocene topographic growth from 41 to 34 Ma obtained by Curry et al (2019). Despite all the

470

uncertainties mentioned above, these estimates are nevertheless in excellent agreement with classical model predictions for
the response time of topography to increase in tectonic uplift in orogens (e.g., Whipple, 2001). Likewise, the resilience of hightopography after the decline of convergence such as outlined by Curry et al (2019) for the post-Oligocene evolution of the
range is also consistent with the long response times predicted in situation of decreasing tectonic uplift (Whipple, 2001).

475

The timescales of several millions of years over which the early Eocene warming, and middle to late Eocene cooling, took
place (the 30Ma-long early Cenozoic climate “hump”), are much larger than the response time of the Pyrenean orogen
estimated here (with respect to tectonics) and also than the response time to climate estimated in landscape evolution models
(e.g., less than several Ma, Whipple 2001; Whipple and Meade, 2006). In such conditions, where the timescale of a perturbation
(here climate) is larger than the timescale of orogen response, the erosional system is predicted to remain in a constant state of
18
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dynamic equilibrium with changing erosional efficiency (e.g., Paola et al., 1992, Whipple and Meade, 2006). This is consistent
with our observation that the main periods of topographic growth and sediment flux in the Pyrenees at 54-49 Ma and 41-34
Ma are primarily forced by increased tectonic convergence and uplift over these intervals. Such estimates of response times
are key elements to further knowledge about landscape response to environmental perturbations and understanding the
stratigraphic record of climate and tectonics (e.g., Castelltort and Van Den Driessche, 2003, Romans et al., 2016, Tofelde et

485

al., 2020).
This result does not challenge other findings of several studies which have documented the effect of warming events such as
the PETM and other hyperthermals on enhancing erosion and transport (e.g., Schmitz and Pujalte, 2003, 2007, Foreman, 2012,
Chen et al., 2018, Honegger et al., 2020) because such observations are consistent with the prediction of landscape evolution

490

models that erosion can be reactive to high-frequency climate perturbations (e.g., Whipple, 2001, Bonnet and Crave, 2003).
Interestingly, if maximum elevation stayed at 2000±500 m from 49 to 41 Ma during a period of generally continued and
constant convergence, the Pyrenees could have reached a form of “steady state” topography and exhumation (e.g., Willett and
Brandon, 2002) during 8 Ma in the early to middle Eocene (49-41 Ma).
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Figure 6 – Paleotopography evolution of the Pyrenees. Eocene to present maximum paleotopography modified after Curry et al.
(2019) with estimates from Huyghe et al. (2012) and this study (red). The main periods of topographic growth are consistent with
the peak exhumation periods from Whitchurch et al. (2011). Emerged Pyrenean mountain range timing from Vacherat et al. (2017)
and end of deformation timing from Vergés et al. (2002). Dashed grey lines in shortening rates indicate high uncertainty (Grool et
al., 2018). Maximum elevation here is presented with reference to Huyghe et al. (2012) and Curry et al. (2019), but our study does
not carry constraints on absolute elevation values. Gray area represent the uncertainty based on Curry et al., 2019 for Lutetian to
present, and on Huyghe et al., 2012, for the early Eocene.

Conclusions
Our study presents the first continuous isotopic record from marine whole-rock material from the South-Pyrenean foreland
505

basin, and uses it to discuss the topographic evolution of the Pyrenees in the context of its tectonic evolution and of major
climate variations of the Paleogene. We measured 658 samples collected on three correlated sections in the adjacent
Tremp-Graus and Ainsa basins providing a novel 12 Ma-long oxygen isotope record on marine carbonates encompassing the
entire early to middle Eocene succession of the South-Pyrenean foreland basin. This record allows us to significantly refine,
and provide additional evidence of major topographic growth of the Pyrenees between 54 and 49 Ma to a maximum elevation

510

of 2000±500m. Despite the important uncertainties inherent to such estimates in deep time, this result, combined with previous
constraints on middle Eocene to late Oligocene topography, provides a first-order narrative of the topographic growth of the
Pyrenees from its initiation to the end of convergence. This narrative, when compared with the current knowledge about the
tectonic and climatic boundary conditions of the Pyrenean orogen, suggests that tectonics was the primary driver of topographic
growth. Although climate may have played a role in enhancing or inhibiting topographic growth and erosion, the correlation

515

between periods of increased convergence, increased sediment supply and increased elevation all point out to the dominant
role of tectonics in driving the topographic evolution of the Pyrenees.
Our study also provides consistent estimates of 7±2Ma for the response time of the Pyrenean orogen to tectonics, a result in
agreement with classical predictions of landscape evolution models. Our results highlight that the Pyrenees are an ideal natural
laboratory providing a wealth of data amenable to test conceptual and analytical/numerical models of landscape evolution,

520

especially coupling landscape evolution, tectonics of orogenic wedges and sedimentation.
Finally, these results demonstrate that δ18O whole-rock data from foreland basins have the potential to faithfully record
paleoenvironmental variations and can corroborate results from oceanic sites, if not altogether offer an alternative to oceanic
sites, while providing tools for a better understanding of the interaction between tectonic and climatic signals in active settings.
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