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Abstract This study focuses on the Paleocene-Eocene Thermal Maximum (PETM), a hyperthermal event
characterized by a rapid increase in global temperature (5-8°C) over 20 ka, in the Southern Pyrenean Foreland
Basin. Although there is evidence of increased flood discharge and erosion in the Southern Pyrenees, how
paleoclimatic conditions and weathering evolved remains to be assessed. This study focuses on the catchment
scale climatological changes recorded in the clay minerals of floodplain paleosols, giving insights into how
rainfall affected the weathering regime during and after the hyperthermal event. The oxygen (5'%0) and
hydrogen (8D) isotope compositions were analyzed in two clay fractions in paleosols of the Esplugafreda
continental section. The clay minerals comprise a dominant smectite-rich assemblage, which indicates a
predominantly seasonal, semi-arid climate throughout the section. Two positive excursions in the 8'*0 record
during the Pre-Onset Excursion (POE) and the Syn-PETM support an increase in air near-surface temperature.
Using the 8D and 880 smectite fractionation factors, we estimate a Mean Annual Air Temperature (MAAT) of
24.2 + 1.0°C for the POE and 27.0 = 0.8°C for the Syn-PETM. The 8D values show a relatively stable
composition during the climatic disturbance, which suggests that this mid-latitude catchment was overall
characterized by low yearly rainfall, with a peak in extreme events during the body of the PETM and a trend
toward aridification during the recovery phase of the PETM, supported by the paleosol morphotype. These
climatic conditions suggest a kinetically controlled weathering regime, where physical transport of the
sediments played a primary role as a denudation mechanism.

Plain Language Summary We investigate the Paleocene-Eocene Thermal Maximum (PETM), a
global warming event occurring 56 million years ago, and its local impact on the Spanish Pyrenees' climate.
During the PETM, global temperatures rose by 5-8°C, prompting us to examine its influence on local mean
annual temperature and precipitation. To understand how mountain rocks underwent physical and chemical
breakdown into smaller, compositionally different minerals (weathering), we aim to unravel the processes of
local climatic change during the PETM. Our study presents the hydrogen and oxygen isotopic composition of
clay minerals in river floodplains, reflecting the climate in which they formed. A rise in heavy oxygen isotopes
is observed before and during the PETM, confirming higher temperatures in the region by ~3°C. However,
hydrogen isotope composition remained unchanged, indicating minimal variations in annual rainfall. Although
overall yearly precipitation may have remained steady, the PETM led to infrequent but extreme rainfall events.
The precipitation variability implies that erosion played a significant role in the rock-wasting process, making
weathering efficiency the limiting factor in forming secondary clay minerals.

1. Introduction

Reconstructing temperature variability and precipitation amount and distribution throughout the year is critical to
understanding the implications of climate change for the denudational regime (e.g., Garcia-Garcia et al., 2023;
Gariano & Guzzetti, 2016; Haque et al., 2019; Herman et al., 2013; Molnar & England, 1990; Trenberth
et al., 2003). While regular, moderate rainfall enhances soil infiltration and promotes plant growth, precipitation
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concentrated in extreme rainfall events can lead to enhanced overland runoff, flooding, and even landslides,
impacting landscape evolution (Gariano & Guzzetti, 2016; Haque et al., 2019; Trenberth et al., 2003). Soil
temperature and moisture impact the soil's heat budget, resulting in critical feedback with air temperature
(Burgener et al., 2016; Gallagher & Sheldon, 2016; Gallagher et al., 2019; Garcia-Garcia et al., 2023; Kelson
et al., 2020, 2023; Peters et al., 2013; Tabor et al., 2013). With global warming, the Clausius-Clapeyron equations
indicate that a rise of 1°C increases the water-holding capacity of the atmosphere by 7% (Coumou & Rahm-
storf, 2012; Held & Soden, 2006), likely enhancing the occurrence of extreme precipitation events and the entire
hydrological cycle proportionally if a moisture supply is available (Carmichael et al., 2018; Huntington, 2010;
Pratap & Markonis, 2022; Rush et al., 2021). Yet the evolution of rainfall distribution and extreme precipitation
events with global warming remains unclear (e.g., Coumou & Rahmstorf, 2012; Donat et al., 2017; Edenhofer
et al., 2014).

1.1. The Paleocene-Eocene Thermal Maximum

The isotopic composition of hydrogen (SD) and oxygen (8'®0) can be used to trace processes influencing air
temperature, soil temperature, and rainout effect in modern and ancient environments (e.g., Bauer et al., 2016;
Grujic et al., 2018; Rosenau & Tabor, 2013; Sheppard & Gilg, 1996). Extreme warming events in the geological
record, like the Paleocene-Eocene Thermal Maximum (PETM), can provide insights into the response of the
hydrological cycle and landscape evolution to extreme climate warming. The PETM was a greenhouse-gas-
induced hyperthermal warming event occurring 56 Ma ago (e.g., Bralower et al., 2018; Charles et al., 2011;
Kennett & Stott, 1991; Thomas & Shackleton, 1996; Zachos et al., 2003, 2005). The PETM is identified at the
global scale by a negative carbon isotope excursion (CIE) of 3—5%o resulting from a massive release of isoto-
pically light carbon (Dickens et al., 1995; Kennett & Stott, 1991; Wright & Schaller, 2013; Zachos et al., 2005).
The CIE is presumed to have had a rapid onset (420 ka) (e.g., Kirtland Turner et al., 2017; Lyons et al., 2019),
followed by a 70-100 ka long phase of characteristic stable but anomalous low carbon isotopic composition
(8'>C) values (“body” of the PETM) (e.g., Zeebe & Lourens, 2019) and a final “recovery” phase of 50-100 ka
duration (e.g., Bowen & Zachos, 2010; Cui et al., 2011; Rohl et al., 2007; Westerhold et al., 2017). The PETM is
associated with ocean acidification and changes in the ocean circulation pattern (e.g., Penman et al., 2014;
Westerhold et al., 2009; Zachos et al., 2003, 2005).

On land, the PETM resulted in significant hydrological changes (Carmichael et al., 2017, 2018; Chen et al., 2018;
B.Z. Foreman, 2014; Foreman et al., 2012; Prieur et al., 2024; Pujalte et al., 2015, 2016; Schmitz & Pujalte, 2007;
Vimpere et al., 2023), northward migration of plants in North America (e.g., Wing & Currano, 2013), and
mammalian biogeographic reorganization (e.g., Clyde & Gingerich, 1998). An increase in kaolinite influx in clay
mineralogical assemblages was recorded in several marine sections, for example, on the Bay of Biscay (Bolle &
Adatte, 2001; Bolle et al., 2000; Schmitz et al., 2001), the Eastern coast of North America (John et al., 2012), the
Antarctic offshore (Robert & Kennett, 1992), the Eastern North Atlantic (Bornemann et al., 2014), and Svalbard
(Dypvik et al., 2011). This kaolinite peak has been interpreted as increased physical erosion of previously formed
sediments (John et al., 2012; Pujalte et al., 2015). In addition, simulations based on coupled atmosphere-ocean
models subject to greenhouse forcing with Paleocene-Eocene paleogeography show a decoupling between the
mean and extreme distribution of precipitation in different regions of the world (Carmichael et al., 2018). This
decoupling raises the question of how the absolute amount of annual rainfall (Mean Annual Precipitation, MAP)
and its frequency-intensity distribution evolved with the climatic perturbation.

The PETM is well recorded in the Southern Pyrenees, where the sedimentary archives suggest a significant
change in the hydrological cycle (Baceta et al., 2011; Chen et al., 2018; Colombera et al., 2017; Prieur et al., 2024;
Pujalte et al., 2015, 2016; Schmitz & Pujalte, 2007). Detrital sediment accumulation rates in the paleo Bay of
Biscay increased more than 4-fold (Dunkley Jones et al., 2018) with increase in yearly water discharge in the
Southern Pyrenees during the early phase of the PETM (Chen et al., 2018). In the continental realm, changes in
paleosol coloration, presence and distribution of soil nodules, and calcite content have been suggested to record a
semi-arid climate with low soil moisture during the PETM (Basilici et al., 2022; Dreyer, 1993; Schmitz &
Pujalte, 2007). The Claret Conglomerate, deposited at the onset of the PETM, has been interpreted as the
inception and development of a mega fan associated with the abrupt change in seasonality with extreme rainfall
events (Baceta et al.,, 2011; Schmitz & Pujalte, 2003, 2007; Schmitz et al., 2001). Paleohydrological re-
constructions later suggested an increase of volumetric peak channel-forming discharge during the early PETM
(Chen et al., 2018), a number higher but not inconsistent with the CAMS (Community Atmosphere Model,
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version 5.3) modeled prediction of a 2.79-fold increase in MAP in the Southern Pyrenees by Rush et al. (2021)
during the PETM. Based on palynofloral climate reconstructions, hot, dry summers and mild, wet winters with
episodic rains throughout the year characterized the southern Pyrenean climate (Korasidis et al., 2022). Climate
modeling suggests atmospheric rivers were the dominant precipitation source during the PETM (Shields
et al., 2021). Overall, the climatic studies in the region indicate seasonality and an intensification of the hy-
drological cycle, consistent with global climatic models showing increased frequency and intensity of precipi-
tation events in the Pyrenees (Rush et al., 2021).

While several assessments and models of the climatic evolution during the PETM have been achieved, how the
MAP and rainfall distribution changed during this extreme warming event remains a significant issue. In the
South-Pyrenean basin, questions concerning the local climatic disturbance, the temperature increase in the air and
soil, and the intermittent nature of the precipitation maxima are still debated for the continental climatic regime in
the South Pyrenees (Basilici et al., 2022; Chen et al., 2018; Rush et al., 2021; Schmitz & Pujalte, 2007). In this
study, we bring insights into the response of the hydrological cycle to the extreme warming event based on clay
mineralogy and clay 8'30 and 8D composition in the Pre-, Syn- and Post-PETM paleosols of the Esplugafreda
section (Figure 1) located in the Tremp basin. These new data will allow us to (a) constrain the local climatic
perturbation in terms of temperature and precipitation, (b) calculate local temperature increase, and (c) define
changes in weathering regime.

1.2. Isotopic Composition of Pedogenic Clays as a Paleoclimatic Proxy

Amongst clay minerals, pedogenic smectite is characteristic of poorly drained soils, indicative of a seasonally
contrasted climate, and often associated with calcite nodules and hematite (Sheldon & Tabor, 2009; Tabor &
Myers, 2015). Basilici et al. (2022) identified paleosol morphotypes as belonging to the Vertisols order based on
mineralogical and morphological characteristics in the Esplugafreda section soils (e.g., Soil Survey Staff, 1999,
2022). The Vertisols along the Esplugafreda section consist of two phenotypes: (a) Pont d’Orrit, reddish horizons
with calcareous nodules indicative of semi-arid conditions, and (b) Areny, yellowish horizons, rich in goethite and
redoximorphic features, suggesting more humid (aquic) conditions (Basilici et al., 2022). Although paleosol
morphology and clay mineralogy reflect pedogenetic processes and paleoenvironment conditions (e.g.,
Kraus, 1999; Tabor et al., 2008; Tabor & Myers, 2015), sediment supply, depositional setting, and length of
pedogenesis could also affect their morphotype and maturity (McCarthy et al., 1998).

The oxygen and hydrogen isotopic composition of clay minerals formed in paleosols can be used to assess
changes in temperature and precipitation conditions at the time of formation of the clays (limited in resolution by
the rate of clay formation) (Bauer et al., 2016; Delgado & Reyes, 1996; Grujic et al., 2018; Rosenau &
Tabor, 2013; Sheldon & Tabor, 2009). Paleosols form in direct equilibrium with contemporary climate conditions
(e.g., Sheldon & Tabor, 2009). During clay formation, the parent rock constituting minerals, formed at high
pressure and temperature conditions, undergoes a hydration process at surface conditions due to their interaction
with the aqueous fluids out of the primary stability field of the mineral (Meunier, 2005). As equilibrium is
reached, the amount of fluid increases, and the more soluble elements are removed from the primary minerals.
The residue of more immobile elements constitutes secondary clay minerals. Different factors control the frac-
tionation in the §'®0 and 8D isotope fingerprints of the clays, some of them in opposing trends. The mineral-
specific fractionation factors include (a) the isotopic composition of the meteoric water, (b) the temperature of
the environment (air and soil) during clay formation, and (c) whether the clays reached isotopic equilibrium with
the environment (Savin & Epstein, 1970; Sheppard & Gilg, 1996; Velde & Meunier, 2008). Pedogenic clay
minerals retain their 8D and §'®0 unless exposed to extreme diagenetic conditions (Sheppard & Gilg, 1996).
Therefore, studying the isotopic composition of the smectite-rich clays has excellent potential as a paleoclimate
proxy because they likely form in equilibrium with the Mean Annual Air Temperature (MAAT) (Bauer
et al., 2016; Sheldon & Tabor, 2009).

2. Geological Context

The Pyrenees are associated with a history of strike-slip and convergence between the Iberian and the European
continental plates, which took place from the Late Cretaceous to the Miocene (Angrand et al., 2020; Chevrot
et al., 2018; Muiioz, 1992; Rosenbaum et al., 2002; Roure et al., 1989). However, the Paleocene corresponds to a
relatively quiescent period (Rosenbaum et al., 2002). During the Paleocene, an extensive mixed clastic-carbonate
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Figure 1. (a) Location of the study section (map of Spain) and paleogeography during the late Paleocene and early Eocene. Redrawn and modified from Pujalte
et al. (2016). (b) Sediment routing system, modified from Tremblin et al. (2022). (c) Sampling divided into four transects. (d) Stratigraphy, modified from
Khozyem (2013) and Pujalte et al. (2009) and sample distribution.

system, opening toward the west to the Atlantic Ocean, developed in front of the growing orogen. Shallow-marine
limestones from a range of depositional environments (e.g., tidal flats, lagoons, shoals, reef buildups) and a minor
share of siliciclastic and evaporitic rock (Baceta et al., 2011) emplaced coevally with a prominent continental
system of transverse alluvial fans and axial streams corresponding to the Tremp Formation (Fm) and co-eval
strata (Figure 1) (e.g., Dreyer, 1993; Schmitz & Pujalte, 2003, 2007).

This study focuses on the Esplugafreda and Claret formations from the Tremp-Graus basin, more precisely on the
well-preserved continental deposits ranging from Thanetian to Ypresian age (Baceta et al., 2005; Colombera
etal., 2017). The Esplugafreda Fm consists of a 165 m thick sequence of red mudstones, intercalated with sandy to
conglomeratic channels and abundant carbonate nodules (Baceta et al., 2005, 2011; Schmitz & Pujalte, 2007).
Pujalte et al. (2014) define the basal boundary of the Claret Fm as an erosional surface resulting from a sea-level
drop and subsequent incision of a network of valleys.

The Esplugafreda section (Figure 1, coordinates: 42°14’50"N; 0°45'13”E) has been extensively studied and
corresponds to the continental-most section of the well-preserved South Pyrenean Foreland Basin (e.g., Baceta
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et al., 2005; Basilici et al., 2022; Khozyem, 2013; Pujalte et al., 2003; Schmitz & Pujalte, 2007; Tremblin
et al., 2022). Several well-developed paleosols with preserved B horizons (see e.g., Kraus, 1999; Tabor &
Myers, 2015 for paleosols horizonation in the geological record) are present throughout the sequence (Basilici
et al., 2022). These paleosols are often rich in micritic (mm to cm long) and microcrystalline carbonate nodules
(<3 mm in diameter) (Khozyem, 2013). Five distinct stratigraphic intervals have been recognized in this section
(Figure 1d) (Baceta et al., 2011; Basilici et al., 2022; Colombera et al., 2017; Pujalte et al., 2009). Interval I
consists of the Incised Valley Fill (IVF) in the upper part of the Esplugafreda Fm, capped by the Claret Fm. The
IVF consists of an upward fining sequence of conglomerates and cross-laminated sandstones. Interval 1 can be
subdivided into the Pre-PETM record and the Pre-Onset Excursion (POE), the first negative CIE in the record,
during the late Paleocene (Khozyem, 2013; Tremblin et al., 2022). Interval 2 represents the Claret Conglomerate,
a 3-5-m-thick clast-supported calcareous conglomerate. Interval 3 consists of 10-20-m-thick yellowish silty
mudstone with purple mottling and dispersed carbonate nodules, with interbedded channelized sandstones. In-
terval 3 corresponds to the body of the PETM (Syn-PETM) (e.g., Baceta et al., 2011; Pujalte et al., 2009). Interval
4 consists of 10 m-thick red silty mudstones with a variable amount of gypsum. Interval 5 is a 20 m-thick light red
mudstone with scarce carbonate nodules (Baceta et al., 2011). Intervals 4 and 5 constitute the recovery phase of
the PETM in this section (Post-PETM). The Alveolina Limestone marks a transgressive event at the top of the
Claret Formation (Baceta et al., 2011 and references therein).

3. Materials and Methods
3.1. Materials

The sample material (aliquots of 1-3 kg) consisting of clays-rich paleosols (n = 28) was collected from both the
Esplugafreda and Claret formations (Figure 1), specifically in intervals 1, 3, 4, and 5. Interval 2 was not sampled
due to the conglomeratic nature of the interval.

3.2. Methods
3.2.1. Size Fraction Separation

Decarbonization and size fraction separation were performed in the clay laboratory at the Institute of Earth
Sciences at the University of Lausanne (ISTE, UNIL), following standard protocols (e.g., Adatte et al., 1996;
Bauer et al., 2016). Approximately 5 g of sample were leached with 10% HCI for 30 min with a bubble bath,
including a 3-min-long ultrasonic bath to disintegrate aggregations of sediments and dissolve calcite. The acid
was then removed with distilled water until a neutral pH was measured and once the supernatant was cloudy. An
aliquot of the decarbonated bulk rock was saved for later analyses. Subsequently, the <0.5 pm fraction was
separated following Stokes law and enhanced with a centrifuge. This size fraction was removed three times, and
the <2 pm fraction (depleted in the finer fraction) was separated from the bulk rock. Although the second fraction
(0.5-2 pm) was depleted in <0.5 pm, we refer to it as <2 pm fraction, given that many more repetitions of the
centrifugation would have been required to obtain a pure 0.5-2 pm fraction completely free of <0.5 pm clays.
Size fraction separation for the bulk clay mineral assemblage (the entire <2 pm) was performed at Bio-
géosciences, University of Burgundy, in an aliquot of the decarbonated samples from Lausanne. Based on
Stokes's law, the clay-sized fraction was separated, calculating the time for the <2 pm particles to settle given a
known height.

3.2.2. Clay Mineralogy

The clay minerals were identified on air-dried and ethylene glycol-solvated samples at ISTE (UNIL) following
the protocol described in Adatte et al. (1996). An aliquot of the separated size fractions was pipetted on glass
slides and dried at room temperature. The air-dried samples were further analyzed with a Thermo Scientific ARL
X’TRA powder diffractometer equipped with a Cu anode, operated at 45 kV and 40 mA. The step size was 0.02°,
with a 0.5-1.2°/min scan rate. Samples were glycolated to identify smectite (Moore & Reynolds, 1992). The
diffractograms were then analyzed using the XRDWin software, where the background was removed, and a
deconvolution was performed for overlapping peaks (e.g., KOO2 and Ch004). A Bruker Endeavor D4 diffrac-
tometer equipped with a Lynexeye detector, CuKa radiations, and Ni filter at 40 kV voltage and 25 mA intensity
was used for characterizing the bulk clays (<2 pm) and the bulk rock at Biogéosciences, University of Burgundy.
Clays were pipetted onto a glass plate, glycolate, and heated at 550°C. Bulk rocks were side-loaded onto metallic
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holders for disoriented analyses. Semi-quantitative analyses were performed using the software MacDiff, using
the position of mean diffraction peaks and the area of their main diffraction peak.

3.2.3. Stable Isotope Geochemistry

The 28 samples separated into two clay-size fractions were analyzed for oxygen and hydrogen isotopes at the
Stable Isotope Laboratory at the Institute of Earth Surface Dynamics (IDYST, UNIL) (Bauer & Ven-
nemann, 2014; Bauer et al., 2016; Lacroix & Vennemann, 2015; Sharp, 1990). To ensure the stable isotope
measurements were performed on the structural water of the clay minerals, adsorbed water was removed from the
samples by heating to 250°C for 3 hr while pumping to vacuum (Bauer et al., 2016). The oxygen isotope
composition of the clay samples was measured with a CO, laser-based extraction line and F, as a reacting gas
coupled to a Finnigan MAT 253 mass spectrometer. For details on the procedure at the University of Lausanne,
see Lacroix and Vennemann (2015). Sample weights used vary between 1.0 and 2.5 mg.

Hydrogen mass spectrometry followed the method described by Bauer and Vennemann (2014). The 8D and 5'%0
were measured in a Thermo Finnigan MAT 253 isotope ratio mass spectrometer in dual inlet mode and are re-
ported relative to Vienna Standard Mean Ocean Water (VSMOW) in delta notation.

The oxygen isotopes were corrected to the daily session value of the in-house quartz standard (LS-1) which was
calibrated against the NBS-28 Quartz Standard with a value of 9.64%0 (Lacroix & Vennemann, 2015). The
deviation to the accepted value of 18.1%o is routinely better than 0.3%o; the standard deviation is routinely better
than 0.2%o (1) based on replicate analyses of the LS-1 standard. Duplicates of clay samples are better than 0.2%o.
In-house standards used for hydrogen isotope mass spectrometry were Kaolinite 17, with a standard value of
—120 £ 3.6%0 (n = 31), and Biotite G18526, with a standard value of —89.8 + 2.4%o (n = 11), with a clay sample
duplicate reproducibility of +2%eo.

3.2.4. Oxygen and Hydrogen Isotope Fractionation in Clay Minerals

Crystallization temperatures of the clay mineral assemblage were calculated (Craig, 1961; Dansgaard, 1964;
Delgado & Reyes, 1996; Sheppard & Gilg, 1996; Yeh, 1979). The equations used assume a clay assemblage of
100% smectite. Therefore, after an initial analysis of all clay compositions, only the 15 samples containing a
minimum of 80 wt% smectite (in the bulk clay assemblage) were considered. Two different approaches were
implemented: (a) calculation of isotherms for smectite (Equations 1-5) and kaolinite (Sheppard & Gilg, 1996;
Yeh, 1979), and (b) calculation of smectite crystallization temperature (Equation 6, Delgado & Reyes, 1996)
using 8'%0 and oD,

smectite smectite.

The 6'80 and 8D of the smectite-rich samples allow calculation of the isotopic composition of water in equi-
librium with the clay minerals at the time of formation. In the hydrological cycle, the "0 and 8D of meteoric
waters are linked, and the isotopic composition of the precipitations and of groundwaters are distributed along a
line called the meteoric water line (Craig, 1961):

ODyaier = 85180waler + 10 Q)

When applying Craig's equation (Equation 1), we assume that no evaporation takes place, and in doing so, we
calculate a maximum temperature. Although carbonate nodules in the paleosols testify to the evaporation in the
locality, their presence throughout the Pre- to Syn-PETM suggests that these assumptions would not affect the
relative temperature changes temporally, though the absolute temperature will be overestimated. Developing the
Sheppard and Gilg (1996) equation, where T, is the temperature (K) of the soil where clay mineralization

occurs, the 8'%0 can be derived as:

water

2.55 % 10°
T2

soil

5]80waler =- +4.05 + 5ISOsmeclile @)

Using Yeh (1979):
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103

6Dsmectite =—19.6 X +25+ 6Dwater (3)

soil
Replacing Equation 1 in Equation 3:

3

10
ODgmectite = —19.6 X +35+ Sélsowater )

soil

We then replace the 8'%0,,,,., from Equation 2 in Equation 4 with temperature in Kelvin.

10’ 103
ODgmeciite = —2.04 X = 19.6 x

soil soil

+67.4+ Sﬁlsosmeclile (5)

Equation 5 can be solved iteratively to calculate the soil crystallization temperature. Alternatively, the approach
by Delgado and Reyes (1996) presents a single mineral geothermometer to estimate the smectite crystallization
temperature based on the combined oxygen and hydrogen isotope composition of this clay mineral. Equation 6
allows the calculation of the clay crystallization temperature (K) using 830, cire and 8D eeie-

3.54 x 10T = 6" Ogmeciite — 0-1256Deciite + 8-95 6)

4. Results
4.1. Clay Assemblages and Bulk Rock Mineralogy

The bulk clay mineralogy is characterized by a high and relatively constant smectite and mixed-layer illite/
smectite of more than 80 wt% through intervals 1 to 3 (Figure 2). Smectite fluctuates above 80% during Interval 1
and remains dominant during Interval 3 (the body of the PETM, Figure 2). Intervals 4 and 5 are characterized by
decreased smectite content and a coeval increase of kaolinite, illite, and chlorite. Results on the <0.5 pm and
<2 pm are reported in Supporting Information S1.

The bulk rock mineralogy (see Supporting Information S1) is dominated by more than 50 wt% calcite, which
consistently increases from the base of the section until Interval 5, reaching more than 70 wt%. Clays account for
about 35 wt% at the base of the section, decreasing to around 12 wt% toward the top. Quartz is relatively constant
at approximately 10 wt%, while feldspar remains below 5 wt%. The plagioclase versus K-feldspar shows a
positive peak around the yellowish soils (35-48 m). Goethite increased from 3 to 10 wt% in Interval 4.

4.2. Stable Isotopes

The 8'0 varies from 18.1 to 20.9%o, while the 8D in the section ranges from —83 to —64%. (Figure 3). Oxygen
isotopes between the two size fractions show an almost identical evolution (within analytical error). Hydrogen
isotopes, on the contrary, show a distinct lag between the two size fractions before the POE and after Interval 4. In
the <0.5 pm fraction, Interval 1 (excluding the POE record) had an average 5'0 composition of 19.6%0 with a
standard deviation (o) of 0.3 and a 8D of —75.2%o, with ¢ of 5.2. The segment of Interval 1 corresponding to the
POE had an average 8'%0 of 20.3%o with & of 0.5, and a 8D of —77.7%o with & of 3.7. Interval 3 had an &'%0 of
19.7%e with ¢ of 0.5, and 8D of —76.8 with ¢ 4.2. At last, intervals 4 and 5 had an §'%0 of 18.5%¢ with a 6 of 0.3,
and 8D of —71.0%o with ¢ of 3.3. Intervals 1 POE and three show two distinct positive 5'%0 excursions.

The 8D versus 8'30 shows distinct populations for each interval, with lower 8D values for the <2 pm size fraction
(Figure 4). The Pre-PETM &'%0 has an average of 19.7%c VSMOW in both size fractions, with 8D being about
—75%0 VSMOW and —79%0 VSMOW for the <0.5 and <2 pm, respectively. The POE and the Syn-PETM record
show more positive values in the §'®0. The 8D record is more negative for the <2 um size fractions during the
Syn- than Pre-PETM, with larger variations during the Pre-PETM in the <0.5 pm fraction. The behavior between
the two clay-size fractions has an opposing trend during the POE. During the Post-PETM, Interval 5, both size
fractions show the lowest 5'®0 values, with the 8D record for the finer size fraction having the less negative
values.
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Figure 2. Esplugafreda section cumulative clay mineralogy. The clay mineralogy assemblage is dominated by smectite
throughout the section, with a constant amount during the Pre- and Syn-PETM (intervals 1 and 3) and a decrease in smectite
during the Post-PETM (intervals 4 and 5). Illite, kaolinite, and chlorite are present in minor amounts, peaking during
intervals 4 and 5.

5. Discussion
5.1. Clay Assemblages and Paleoclimate Conditions

Pedogenic smectite, as seen in the Esplugafreda section, forms in poorly drained soils with strong seasonal
precipitations (Sheldon & Tabor, 2009). Although kaolinite is abundant in paleosol profiles in paleotropical sites
(Meunier, 2005; Velde & Meunier, 2008), it can be a minor constituent in soils dominated by 2:1 clay minerals
(Sheldon & Tabor, 2009). The clay assemblage in paleosols is a mixture of pedogenic, detrital, and diagenetic
clays (Grujic et al., 2018). Furthermore, the clays form in or close to isotopic equilibrium with meteoric waters
and record surface environmental conditions (Bauer et al., 2016; Rosenau & Tabor, 2013; Sheppard &
Gilg, 1996). The general smectite-rich assemblage here suggests a predominantly pedogenetic origin (Cham-
ley, 1989), further supported by Scanning Electron Microscopy (SEM) images showing preserved authigenic
mineral structures of the smectite (Supporting Information S1).

A first estimate of annual precipitation conditions can be obtained from the morphotype of the palaeosols (Basilici
etal., 2022). Interval 1, rich in smectite with abundant carbonate nodules, can be interpreted as a Calcic Vertisol,
thus suggesting subhumid to semiarid environments with seasonal precipitation and drainage (Tabor &
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Figure 3. Stable isotope climatic proxies. The carbon isotopes from Tremblin et al. (2022) mark the different sections of the PETM. The 8D and §'#0 were measured in
two size fractions, <0.5 and <2 pm. The confidence interval for 8'%0 constitutes the analytical uncertainty (0.2%o) and that of 8D constitutes the sample replicate

reproducibility.

Myers, 2015; Tabor et al., 2008). The formation of carbonate nodules, an evaporative feature in Calcic Vertisols,
suggests a relatively dry climate with seasonal or annual aridity (Sheldon & Tabor, 2009; Tabor et al., 2008).
Although it has been suggested that Vertisols are unreliable indicators of climate (Thiry, 2000), pedogenic
carbonate nodules, in combination with soil abundance and mineralogy, suggest that they are a reliable seasonal
indicator (Chamley, 1989; Khozyem, 2013; Schmitz & Pujalte, 2007). Based on channel dimensions and sedi-
ment grain size, Interval 2 has been interpreted as a massive discharge event (e.g., Chen et al., 2018; Schmitz &
Pujalte, 2007). Interval 3 displays a characteristic yellowish color with mottling, a feature indicating reducing
conditions with periodic to complete water soil saturation and a sustained enrichment in smectite (Pujalte
et al., 2014; Schmitz & Pujalte, 2003, 2007). The reducing condition suggests that Interval 3 has the highest
hydrolyzing potential, in agreement with Basilici et al. (2022).

Intervals 4 and 5 are interpreted as Gypsic Vertisols, suggesting a more aridic climate (Tabor & Myers, 2015).
However, gypsum could reflect post-depositional precipitation (Basilici et al., 2022). In a post-depositional
precipitation scenario, one would expect gypsum to be present throughout the entire Esplugafreda section and
not only in the interval pointing to more aridic conditions. Therefore, the primary precipitation hypothesis is
preferred. The thermodynamic conditions at which gypsum and anhydrite can coexist in equilibrium have been
recently estimated to be 42 + 1°C (Voigt & Freyer, 2023). The absence of anhydrite and gypsum preservation,
suggests that the clays were not subject to diagenesis and, therefore, preserved the climatic signal. In modern soils,
gypsum nodules are unlikely to be preserved if rainfall exceeds 300 mm/yr, thus indicative of arid conditions
(Tabor & Myers, 2015; Watson, 1992). While soil morphotypes can inform about past climate variability,
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Figure 4. Cross plots of the 8D versus 8'%0 of clays, color, and symbol coded according to the different intervals described. (a) Presents all the data points in both size
fractions, and (b) displays the average isotopic composition in each interval for each size fraction. Data points in the two size fractions are coded according to the period
relative to the PETM. Global Meteoric Water Line (GMWL) and isotherms for kaolinite and smectite at 0, 10, 20, and 30°C from Sheppard and Gilg (1996) and
Yeh (1979). The kaolinite isotherms have a lower 8'30 for the same crystallization temperatures. Hence, the cluster of the Post-PETM to the left of the Syn- and Pre-
PETM clusters reflects a change in the mineralogy. (b) Average values in each size fraction for the four periods.

Vertisols can develop under various climatic regimes with strong seasonality (Basilici et al., 2022 and references
therein).

5.2. Oxygen and Hydrogen Isotopic Composition of Paleo-Meteoric Water

The Esplugafreda section records two 8'0 positive excursions, one coinciding with the POE (Interval 1) and one
during the PETM (Interval 3) (Figure 3). Both 8'30 positive excursions are associated with negligible variations
in 8D (Figure 3). The variations in 8'%0 could be either explained by (a) an increase in air temperature, globally
recorded during the POE and the PETM, (b) a decrease in soil temperature, or (c) a decrease in water saturation of
the soils (either by a decrease in rainfall or an increase in evaporation) (Bauer et al., 2016). The 8D isotopes could
reflect two processes at surface conditions, an increase in rainfall or a mineralogical change (Merseburger, 2022;
Sheppard & Gilg, 1996). The 6D in kaolinite, smectite, and illite is relatively insensitive to temperature changes
(0-350°C) (Merseburger, 2022). Hence, the stability in the 8D during the POE and body of the PETM, as opposed
to 8'80 positive excursions, suggest a temperature-controlled climatic change, that is, an increase in the air
temperature in the catchment area and floodplain deposits where pedogenesis took place during the POE and the
PETM.

Sample clusters on the smectite and kaolinite lines (Figure 4) give a first clay crystallization temperature. The Pre-
PETM samples fall on the smectite crystallization line at 20°C (Figure 4a). Interval 1, POE samples, and Interval
3, Syn-PETM samples, suggest roughly the same temperature of 20°C. However, intervals 4 and 5 (Post-PETM)
samples fall closer to the 30°C smectite line. Intervals 4 and 5 also correspond to a decrease in smectite and an
increase in illite and kaolinite relative proportions in the mineral assemblage (Figure 3). As kaolinite records
lower 8'%0 values and/or higher 8D than smectites when formed in the same environmental conditions, a soil
temperature overestimation has been found experimentally in smectite-rich soils containing illite and kaolinite
(Myers et al., 2012). In addition, the concomitant increase in illite and kaolinite proportions, two clay minerals
that form in different environmental conditions, suggest that some of the clays from intervals 4 to 5 are reworked
from ancient sediments, therefore recording different water isotopic composition and temperature than the
pedogenic smectites. Therefore, the decrease in 8'%0, as well as the lag between the two clay size fractions in 8D
(Figure 3), could reflect a change in the clay mineral assemblage with an increase in illite and kaolinite and a
decrease in smectite rather than a change in temperature or precipitation amount. This mineral assemblage change
is interpreted as an increase in detrital input exhuming older clays, which were formed under a different climatic
regime.
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Figure 5. Single-mineral geothermometer from Delgado and Reyes (1996) calculated with the 8'%0 and 8D measured in clays
(<0.5 um fraction) for bulk clays containing more than 80% smectite. From left to right, lithology, smectite content through
the section, 8'®0 smectite of the <0.5 pm clay fraction, and crystallization temperature calculated with Equation 6. For the
POE, we calculated a relative error of 1.0°C, a standard deviation of 2.1°C, and an average Monte Carlo error propagation of
3.0°C. For the Syn-PETM, we calculate a relative error of 0.8°C, a standard deviation of 1.3°C, and an average Monte Carlo
error propagation of 2.5°C.

Clay crystallization temperature can be used as a proxy for air temperature, assuming that 7;. < T, especially
for dry and warm environments (Garcia-Garcia et al., 2023; Molnar, 2022). For the clay crystallization tem-
perature calculated after Delgado and Reyes (1996), we assume that soil temperature reflects the MAAT at
equilibrium with the meteoric water with which the clays formed (e.g., Bauer et al., 2016; Grujic et al., 2018;
Sheppard & Gilg, 1996). Given the clay mineral composition variability and the accumulated error propagation,
we consider only soil crystallization temperatures for the POE and the Syn-PETM, which had the highest smectite
proportions. Hence, the fractionation equations used applied the best. The variability of the detrital clay minerals
in the rest of the section renders the accumulated error (when accounting for 8D, 8'30, and fractionation factors
for varying proportions of clay minerals) too large to be considered. Using the Delgado and Reyes geo-
thermometer for smectite, we calculate a soil crystallization temperature of 28.2°C during the POE, with a
standard deviation of 2.1°C (1o) and an average Monte Carlo error propagation of 3.0°C (see Supporting In-
formation S1 for Python code). For the Syn-PETM, we calculate a soil crystallization temperature of 31.0°C, with
a1.3°C (1o) and an average Monte Carlo error propagation of 2.5°C. We calculate a relative error (analytical error
for a given isotope and the isotope value in relation to the crystallization temperature calculated) of 1.0°C for the
POE and 0.8°C for the Syn-PETM. We calculate the air temperature using the calculated POE clay crystallization
temperature of 28.2 + 1.0°C and a Syn-PETM of 31.0 £ 0.8°C (Figure 5). Applying the AT = T;-T,;, for dry
and arid environments of 4°C (Gallagher et al., 2019; Molnar, 2022), the POE MAAT obtained is 24.2 = 1.0°C
and Syn-PETM of 27.0 £ 0.8°C. These results are consistent with the modeled MAAT in this region (Rush
et al., 2021). The calculated temperature increase is a lower threshold because the smectite abundance ranges
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between 80% and 93% in intervals 1 and 3. Hence, the uncertainty of the temperatures presented here is directly
linked to the changes in the clay mineral assemblage. Uncertainty increases with decreasing proportions of
smectite and increasing proportions of illite, kaolinite, and chlorite (reflecting different age populations and
crystallization temperatures). Comparing the crystallization temperature estimates with Equations 5 and 6 results
in different temperatures, and it can be attributed to the natural variation in the composition of the smectites used
for the fractionation factor calculations and the difference in the slope of the equations used. However,
considering the relative temperature changes instead of the absolute temperature estimations serves as a first
approach to understanding the magnitude of the local air temperature variation.

The Areny Vertisols characteristic of the Syn-PETM (Interval 3) indicates more humid conditions (Basilici
et al., 2022), thus affecting the local climate and the isotopic record in the clays. Under warm and seasonally wet
conditions, soil temperatures can be cooled by releasing latent heat by evaporation of the moist soils, increasing
the soil's water content and precipitation rates (Garcia-Garcia et al., 2023). The water saturation buffers tem-
perature fluctuations in the soil. The Syn-PETM Interval 3 would be, therefore, characterized by warm tem-
peratures with intense rainfall events, as indicated by the channel width and grain size evolution (Chen
et al., 2018; Pujalte et al., 2015; Schmitz & Pujalte, 2007). Overall, the precipitation regime during Interval 3, the
body of the PETM, led to more extreme precipitation events but not an increase in the MAP, given the stable 5'80
composition observed during this interval.

Conversely, during PETM recovery, intervals 4 and 5 in the Pont d'Orrit pedotype (Basilici et al., 2022), local
trends show a pattern of aridification supported by the abundant gypsum in the soils. The decrease in 5'0 values
in both clay-sized fractions could also reflect aridification, but quantification is difficult due to the mixed
authigenic and detrital nature of the clays in this interval. Net radiation could have further warmed the soil
temperature as a result of the increased air temperature during the body of the PETM, resulting in desiccated soils
by the recovery phase (Garcia-Garcia et al., 2023). This soil desiccation would further limit moisture availability.
The aridification driver could have been, therefore, a lack of a local moisture source despite the increased water-
holding capacity (Coumou & Rahmstorf, 2012; Held & Soden, 2006). The gypsum present in this interval is either
of authigenic origin, indicative of more aridic conditions (Khozyem, 2013; Schmitz & Pujalte, 2007), or sec-
ondary origin resulting from the oxidation of pyrite (Basilici et al., 2022). The absence of gypsum in the lower
horizons supports the first hypothesis.

Our data suggest that the climatic disturbance was primarily controlled by temperature fluctuation during the POE
and the Syn-PETM. The stratigraphic record indicates a hydrological disturbance characterized by episodic
rainfalls and a subsequent increase in the sediment fluxes to the deep ocean (Chen et al., 2018; Prieur et al., 2024),
which Schmitz and Pujalte (2007) describe as high-energy floods linked with high-flux precipitation of short
duration. However, these perturbations do not reflect a mean annual increase in precipitation but rather extreme
short-lived events, consistent with an increase in the seasonality and intensity of precipitation events (Rush
etal.,2021; Shields et al., 2021). One implication for the denudation regime includes an increase in the rainwater's
carbonating capacity, which controls the weathering front (Maher, 2010). Given the increase in erosion rates, the
kinetics of the mineral reactions would be the limiting factor in this climatic regime (e.g., Gabet & Mudd, 2009;
Riebe et al., 2004; West et al., 2005). Silicate weathering has increased in other sections worldwide during the
PETM, for example, Svalbard, Fur, and the Big Horn Basin (Pogge von Strandmann et al., 2021; Ramos
et al., 2022). Further research is crucial to understand how silicate weathering has changed under different cli-
matic regimes, such as the semi-arid conditions in the Southern Pyrenees. Understanding the weathering regime is
essential for recognizing the role of denudation in recovering the climate to pre-warming conditions.

6. Conclusions

The combination of hydrogen (8D) and oxygen (5'%0) isotopes in clays and the different fractionation factors
suggest that changes in MAAT, rather than changes in MAP, have characterized local climatic disturbances in the
Southern Pyrenees. The positive 8'%0 excursion and negligible 8D change during the POE and Syn-PETM
(Interval 3, body of the PETM), together with the high authigenic clay mineral production of smectite suggest
a MAAT increase. We calculate a POE clay crystallization temperature of 28.2 + 1.0°C and a MAAT of
24.2 + 1.0°C. For the Syn-PETM, we estimate a clay crystallization temperature of 31.0 £ 0.8°C, with a MAAT
of 27.0 £ 0.8°C. The variability in clay minerals composition limits these minimum temperature estimates.
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The PETM in the Tremp-Graus basin was characterized by massive precipitation events, as recorded in the
literature, with negligible variations in the MAP based on the minor variations in the 8D during the Syn-PETM.
Water availability, not atmospheric carrying capacity, would have been the limiting factor for a MAP increase. At
Esplugafreda, air and soil temperature increase, desiccation of the soils, and reduced water availability in the soils
played a positive feedback role in the climate aridification during the recovery phase of the PETM. The increase in
extreme rainfall events suggests a denudation regime in which mineral kinetics rather than transport capacity
governed the silicate weathering efficiency. The silicate weathering regime needs to be further analyzed with
additional weathering proxies that quantify the amount of chemical alteration of paleosols in relation to the
erosional capacity of the system.
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