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Abstract. The Palaeocene-Eocene Thermal Maximum
(PETM), a hyperthermal event ∼ 56 Ma ago, allows the
Earth system response to abrupt climate change to be ex-
plored. Recent investigations link the PETM with a negative
lithium isotope (δ7Li) excursion, interpreted as an increase
in continental silicate weathering fluxes, which can regu-
late Earth’s surface temperature over geological timescales.
However, the silicate weathering response under different cli-
matic regimes has yet to be constrained. Here we aim to ad-
dress the chemical weathering response to the PETM in the
semi-arid Southern Pyrenees, and to explore how different
archives (i.e. clays and carbonate nodules) record the weath-
ering changes.

We investigated two continental sections in the Southern
Pyrenees. In the Esplugafreda section, we measured δ7Li
values as a silicate weathering proxy and εNd values as a
provenance proxy in the clay minerals. In the Rin section,
we characterised the PETM locally by analysing δ13C val-
ues in organic matter and examined the clay mineralogy in
the paleosols, as well as measuring δ7Li values in clays and
carbonate nodules to trace silicate weathering. In the Esplu-
gafreda section, we observe temporally stable εNd values,
while the δ7Liclays record shows two small positive excur-
sions, one during the Pre-Onset Excursion (∼ 0.7 ‰) and a
second during the body of the PETM (∼ 0.8 ‰). In the Rin
section, the PETM is characterised by a negative carbon iso-

tope excursion of 2.8 ‰. The clays consist mostly of illite/s-
mectite, illite, kaolinite, and chlorite, consistent with a sea-
sonal climate in the region, and we find a positive δ7Liclays
excursion of ∼ 0.8 ‰.

The combined δ7Liclays and εNd records indicate increased
clay formation and increased silicate weathering fluxes in
the semi-arid Pyrenees, while the sediment provenance was
stable. The δ7Li values in the carbonate nodules indicate
more variability, potentially due to clay contamination. Con-
strained by the bedrock type of dominantly reworked sedi-
ments and the seasonal precipitation regime, the initially low
weathering fluxes, despite a comparatively high weathering
intensity, evolved towards higher weathering fluxes with en-
hanced erosion during the PETM.

1 Introduction

Continental silicate weathering is a critical feedback
mechanism that stabilises Earth’s climate over geological
timescales by regulating atmospheric CO2 through the long-
term carbon cycle (Maher and von Blanckenburg, 2023;
Raymo and Ruddiman, 1992; Walker et al., 1981). Through
the breakdown of silicate minerals, the transport of cations
in river systems, and the precipitation and burial of carbon-
ates in the ocean, silicate weathering sequesters atmospheric
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CO2, acting as a natural climate thermostat. Understanding
how this process responds to abrupt climate change is es-
sential for evaluating its capacity to modulate carbon fluxes
under a range of future warming scenarios.

The Palaeocene-Eocene Thermal Maximum (PETM), a
hyperthermal event ∼ 56 Ma ago, resulted from the rapid re-
lease of greenhouse gases that triggered a 5–8 °C global tem-
perature increase over a geologically brief interval (Dick-
ens et al., 1995; Kennett and Stott, 1991; McInerney and
Wing, 2011; Westerhold et al., 2009; Zachos et al., 2003,
2008). Global records from the PETM suggest increases in
silicate weathering fluxes (e.g. Hessler et al., 2017; Pogge
von Strandmann et al., 2021a; Jaimes-Gutierrez et al., 2025;
Rush et al., 2025), while some local records have been in-
terpreted to show increased weathering intensity (e.g. Ramos
et al., 2022; Chen et al., 2023), underscoring the potential for
weathering to buffer atmospheric CO2 during extreme warm-
ing events. In the context of modern anthropogenic warming,
these insights are crucial for understanding the capacity of
natural systems to mitigate rising CO2 levels (Zeebe et al.,
2016; Carmichael et al., 2017 and references therein).

In mid-latitude records, a range of sedimentological, geo-
chemical, and mineralogical proxies suggest that the PETM
resulted in a hydrological perturbation with episodic extreme
rainfall events, increased seasonality, and aridification, lead-
ing to a loss of vegetation, extreme flooding, and enhanced
channel mobility (Barefoot et al., 2022; Carmichael et al.,
2017; Chen et al., 2018; Rush et al., 2021; Schmitz et al.,
2001; Schmitz and Pujalte, 2007; Vimpere et al., 2023).
These changes were particularly pronounced in semi-arid re-
gions such as the Southern Pyrenees (∼ 35° N paleolatitude,
Fig. 1), where sedimentary records document hydrological
seasonality, enhanced erosion, and increased sediment trans-
port (Chen et al., 2018; Jaimes-Gutierrez et al., 2024; Prieur
et al., 2024, 2025; Pujalte et al., 2015; Rush et al., 2021;
Schmitz and Pujalte, 2007).

The Southern Pyrenees (Fig. 1) offer an exceptional setting
for investigating climate-driven weathering dynamics. This
region experienced tectonic quiescence during the PETM
(Rosenbaum et al., 2002), allowing for the isolation of
the effects of climate and hydrology on weathering. Sed-
imentary records indicate enhanced hydrological seasonal-
ity and increased runoff, consistent with amplified denuda-
tion rates during this interval (Pujalte et al., 2015; Rush et
al., 2021; Schmitz and Pujalte, 2007). In this study, we use
lithium isotopes (δ7Li) as a proxy for silicate weathering and
neodymium isotopes (εNd) as a tracer for sediment prove-
nance, in order to quantify the weathering responses in the
Southern Pyrenees and to assess their regional contribution
to CO2 regulation during the PETM.

We focus on two continental floodplain sections to answer
two primary questions: (i) What was the chemical weather-
ing response to the PETM in the semi-arid Southern Pyre-
nees? (ii) How do different sedimentary archives, such as
clays and carbonate nodules, record the weathering changes?

In the Esplugafreda section, we measured δ7Li values in
clay minerals as a weathering proxy, together with εNd val-
ues in two clay size fractions to determine sediment prove-
nance. In the Rin section, we characterised the PETM locally
through δ13C measurements in organic matter, and analysed
the clay mineralogy of paleosols, and δ7Li values in both
clays and carbonate nodules. These geochemical and miner-
alogical datasets allow us to reconstruct weathering dynam-
ics in the region and to assess how they compare with exist-
ing globally-distributed records of PETM weathering (Pogge
von Strandmann et al., 2021a; Ramos et al., 2022; Chen et al.,
2023; Jaimes-Gutierrez et al., 2025; Rush et al., 2025).

1.1 Silicate weathering as Earth’s surface thermostat

Silicate weathering rates are influenced by climate (Dessert
et al., 2003; West et al., 2005), vegetation (Moulton et al.,
2000; Porder, 2019), lithology (Caves et al., 2016; Dessert
et al., 2003; Murray and Jagoutz, 2024), and regolith prop-
erties (Caves Rugenstein et al., 2019; Kump and Arthur,
1997). Weathering is driven by the availability of fresh min-
eral surfaces, reactive fluids, and dissolution kinetics (Bufe et
al., 2021; Maher and von Blanckenburg, 2023; Riebe et al.,
2004). Denudation (D = erosion rate [E]+ silicate weather-
ing [W ]) links surface processes to the carbon cycle because
erosion supplies fresh minerals, enhancing CO2 sequestra-
tion through chemical weathering (Anderson et al., 2007;
Gaillardet et al., 1999; Hilton, 2023; Riebe et al., 2004; West
et al., 2005).

Two end-member regimes can be used to describe chemi-
cal weathering dynamics. In supply-limited regimes, mature
soils dominated by secondary clays shield bedrock, limiting
fresh mineral exposure and resulting in low weathering rates
(Goddéris et al., 2008). In kinetically-limited regimes, which
are typical of high-relief areas with thin soils, weathering
rates are controlled by mineral dissolution kinetics (Kump
et al., 2000; Riebe et al., 2004; West et al., 2005). Investigat-
ing how climate and erosion interact to shape these regimes
under hyperthermal events such as the PETM is thus essen-
tial for understanding the weathering mechanisms and rates
underpinning Earth’s carbon cycle feedbacks in a warming
climate.

1.2 Lithium isotopes as a chemical weathering tracer

Secondary clay minerals, which form as a by-product of pri-
mary silicate rock dissolution, preferentially incorporate 6Li
over 7Li, resulting in isotopically light clays and isotopically
heavy waters (e.g. Pogge von Strandmann et al., 2020). As
weathering progresses, both dissolved lithium and the clays
that precipitate from it become isotopically heavier, with the
δ7Li value of the water and soil being linked by an approxi-
mately constant fractionation factor (Pogge von Strandmann
et al., 2021b). Measuring δ7Li values in detrital and car-
bonate archives therefore allows past weathering regimes to
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Figure 1. (A) Location map. (B) Palaeogeography of the Tremp-Graus Basin during the late Palaeocene, modified after Jaimes-Gutierrez et
al. (2024) and references therein. (C) Sediment routing system during the late Palaeocene, with the floodplain Esplugafreda section and the
more coastal Rin section, at the marine-continent transition, modified from Prieur et al. (2025). (D) Stratigraphy and correlation between the
Esplugafreda and Rin terrestrial sections. CC, Claret Conglomerate. Alv. Ls., Alveolina Limestone.

be reconstructed. Because carbonate weathering has a min-
imal influence on riverine lithium budgets, δ7Li variations
primarily reflect silicate weathering processes (Kısakűrek
et al., 2005). Consequently, lithium isotopes have become
widely applied as a proxy for tracking clay mineral forma-
tion, thereby tracing silicate weathering intensity changes,
both in modern systems (e.g. Dellinger et al., 2015, 2017;
Pogge von Strandmann et al., 2023) and during past geologi-
cal events (e.g. Misra and Froelich, 2012; Pogge von Strand-
mann et al., 2013, 2021a; Ramos et al., 2022; Jones et al.,
2023).

Weathering congruency, which represents the balance be-
tween primary mineral dissolution and secondary clay min-
eral formation, determines the δ7Li composition of river wa-
ters and sediments (Dellinger et al., 2015; Zhang et al., 2022

and references therein). In rapidly eroding regions with low
W/D, congruent weathering results in minimal isotopic frac-
tionation, because clay formation is relatively low (Fig. 2).
In contrast, incongruent weathering in soil-mantled environ-
ments with moderate W/D, such as floodplains with high
clay formation, yields both clays and waters with higher δ7Li
values (Figs. 2 and 3). Finally, in supply-limited regimes
with high W/D, such as rainforests, there is no remain-
ing primary rock material to weather, so pre-formed clays
are re-dissolved, which drives solutions to low δ7Li values,
but with a very low weathering flux (e.g. Dellinger et al.,
2015). In modern rivers, clays take up their Li from solution
with an approximately constant fractionation factor (Pistiner
and Henderson, 2003; Pogge von Strandmann et al., 2023;
Ramos et al., 2024), so their composition also mimics this
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Figure 2. Large-river dissolved lithium isotope compo-
sition (δ7Lidissolved) corrected for bedrock composition
(17Lidissolved-bedrock) plotted versus weathering intensity (W/D).
Modified from Dellinger et al. (2015) and references therein.

boomerang curve (Pogge von Strandmann et al., 2023; Wei
et al., 2025; Winnick et al., 2022).

In detrital sediment archives, only part of this boomerang
trend is typically observed because of mixing of the neo-
formed clays with primary silicate material, especially at low
W/D conditions (Dellinger et al., 2017). Therefore, conti-
nental and marine detrital records may need to be interpreted
differently (e.g. Pogge von Strandmann et al., 2021a; Ramos
et al., 2022, 2024; Jones et al., 2023; Jaimes-Gutierrez et al.,
2025; Rush et al., 2025; Wei et al., 2025). Because finer sed-
iment fractions tend to be preferentially transported further
offshore due to hydrodynamic sorting during river to marine
transport, clay-sized records may be more clearly expressed
in some marine sedimentary records (e.g. Gibbs, 1977; Liu
et al., 2023). Such biases resulting from mixing with primary
silicate grains in bulk sediment samples can potentially be re-
duced by analysing the clay size fraction (< 2 µm), although
this fraction can still also contain some primary minerals.

Finally, lithium isotopes can also be fractionated by direct
climatic fluctuations. For example, temperature (Li and West,
2014; Vigier et al., 2008) and hydrological controls (Zhang
et al., 2022) have both been found to influence the δ7Li com-
position of river water, and consequently the composition of
the sedimentary archives that form in equilibrium with them
(Pogge von Strandmann et al., 2023). In particular, riverine
dissolved δ7Li values have been shown to have a negative
correlation with runoff, because it controls the water-rock in-
teraction time that affects clay formation, with the dry season
exhibiting enhanced clay formation and higher δ7Li values
than the wet season (Wilson et al., 2021; Zhang et al., 2022).

A detailed discussion on the lithium isotope interpretative
framework. including the roles of grain size, hydrodynamic

sorting, and lithology, is provided in Jaimes-Gutierrez et al.
(2025, Supplement).

During the PETM, Pogge von Strandmann et al. (2021a)
documented a ∼ 3 ‰ negative δ7Li excursion in several ma-
rine carbonate sections, indicating globally enhanced weath-
ering fluxes (50 %–60 %) and erosion rates (2–3×), and
a shift to an overall lower weathering intensity regime.
At a continental scale, detrital lithium isotope records
from North America show coherent negative δ7Li excur-
sions in both floodplain and deep-marine settings, indicat-
ing rapid propagation of erosion- and weathering-related sig-
nals through sediment-routing systems under intensified hy-
drological conditions, despite largely stable sediment prove-
nance (Ramos et al., 2022; Jaimes-Gutierrez et al., 2025;
Rush et al., 2025). On a regional scale, Ramos et al. (2022)
reported a rapid, sustained increase in silicate weathering in-
tensity in the Bighorn Basin floodplains that was attributed
to seasonal hydrological variability. Similarly, Chen et al.
(2023) identified a ∼ 100 % increase in silicate weathering
intensity in the Nanyang Basin, East Asia. These studies
highlight the roles of local hydrology, lithology, and ero-
sion in shaping regional weathering responses and the as-
sociated δ7Li changes. However, they also reveal signifi-
cant gaps in our understanding of how regional processes
integrate into driving global δ7Li records and carbon cycle
feedbacks. Notably, discrepancies between the proposed in-
creases in weathering intensity at a regional scale (Chen et
al., 2023; Ramos et al., 2022) and the inferred decrease at a
global scale (Pogge von Strandmann et al., 2021a; Jaimes-
Gutierrez et al., 2025; Rush et al., 2025) require further as-
sessment of how regional climatic and geological controls
translate into weathering responses.

To address these gaps, we focused on the silicate weath-
ering response to the PETM climatic perturbation in two
sections of the Southern Pyrenees (Espugafreda and Rin,
Fig. 1). With its semi-arid climate, seasonal precipitation,
and relatively unreactive lithologies comprising reworked
sediments and significant carbonate content (e.g. Eichenseer,
1988; Eichenseer and Luterbacher, 1992; Gómez-Gras et al.,
2016), this setting represents a contrasting regional weather-
ing regime to previous PETM studies. Our results contribute
to understanding how floodplain paleosols, which are often
overlooked in global weathering studies, respond to climatic
perturbations, with broader implications for the recovery of
Earth’s climate system after significant warming events.

2 Geological context

The Pyrenees formed as a result of convergence between the
Iberian and European plates, a process that initiated in the
Late Cretaceous and continued into the Miocene (Mattauer
and Henry, 1974; Roest and Srivastava, 1991; Rosenbaum
et al., 2002; Roure et al., 1989). The orogenic evolution be-
gan with the mid-Cretaceous hyper-extension of the Iberian
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Figure 3. Processes determining the lithium isotope composition of bulk sediments (δ7Lised) and dissolved lithium flux along a sediment
routing system from source to sink in relation to denudation. The weathering intensity (W/D) expresses the relative share of weathering (W )
over denudation (D), where D =W +E (erosion). Modified from Tofelde et al. (2021), Pogge von Strandmann et al. (2021b), and Bufe et
al. (2024).

margins, followed by the late Cretaceous subduction and col-
lision with the European plate (Teixell et al., 2016). Fore-
land basins formed on both sides of the fold and thrust belt
(Puigdefàbregas and Souquet, 1986; Muñoz, 1992; Gómez-
Gras et al., 2016). The Southern Pyrenean foreland basin was
active between the Late Cretaceous and the Oligocene, and
contains well-preserved sedimentary archives of continental
and marine environments.

The Tremp-Graus Basin is located in the South-Central
Pyrenean Foreland Basin (Spain), delimited by the Boixols
Thrust to the north and the Montsec Thrust to the south
(Fig. 1C). During the Palaeocene, the Tremp-Graus Basin
was dominated by continental sedimentation sourced from
the Pyrenees (Gómez-Gras et al., 2016). The continental de-
posits of the Thanetian Esplugafreda Formation (Fm.) pre-
dominantly represent floodplain sediment accumulation and
consist of clay, silt, carbonate nodules, and Microcodium
grains, with some isolated sandy to conglomeratic channels
(Dreyer, 1993; Puigdefàbregas and Souquet, 1986; Schmitz
and Pujalte, 2003, 2007).

2.1 Esplugafreda section

The Esplugafreda section (42°14′50′′ N; 0°45′13′′ E, Fig. 1B)
has been widely studied for its well-preserved Palaeocene-
Eocene sedimentary record (Baceta et al., 2005; Basilici et
al., 2022; Jaimes-Gutierrez et al., 2024; Khozyem, 2013;

Schmitz and Pujalte, 2003; Tremblin et al., 2022) (Fig. 1D).
The Upper Thanetian sediments belong to the Esplugafreda
Fm. in the Tremp Group of the Tremp-Graus Basin (Dreyer,
1993). This formation consists of coarse-grained stream de-
posits intercalated with red floodplain sediments that are rich
in carbonate nodules and characterised by mature paleosols.
The PETM sediments have been classified into five strati-
graphic members (Basilici et al., 2022; Colombera et al.,
2017; Pujalte et al., 2014; Pujalte and Schmitz, 2005). Mem-
ber 1 belongs to the Claret Fm. and consists of a fining-
upwards sequence of conglomerates and cross-laminated
sandstones, known as the Incised Valley Fill (IVF) sed-
iments. During this interval, a first negative carbon iso-
tope excursion (CIE) marks the Pre-Onset Excursion (POE)
(Khozyem, 2013; Tremblin et al., 2022). Member 2 at the
onset of the Ypresian is represented by the Claret Conglom-
erate (Pujalte and Schmitz, 2005), a 3–5 m thick conglom-
eratic unit, corresponding to a braid plain which has been
interpreted as the proximal part of a megafan (Schmitz and
Pujalte, 2007). Member 3, the Yellowish soils, consists of
yellow mudstone with purple mottling, and the main body
of the CIE is recorded during this interval (Pujalte and
Schmitz, 2005). Member 4, consisting of red soil with gyp-
sum, and Member 5, comprising light red mudstones with
scarce carbonate nodules, correspond to the recovery inter-
val of the PETM in this locality (Baceta et al., 2011; Basilici
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et al., 2022; Khozyem, 2013; Pujalte et al., 2014; Pujalte and
Schmitz, 2005; Tremblin et al., 2022).

2.2 Rin section

The Rin section (42°19′42.01′′ N; 0°32′42.16′′ E, Figs. 1B
and 4) is a Palaeocene-Eocene sequence comprising
mudstone-dominated alluvial deposits and very shallow ma-
rine carbonate alternations, indicating episodes of transgres-
sion and regression on the coastal plain (Schmitz and Pu-
jalte, 2007) (Fig. 1). The upper Esplugafreda Fm. soils are
characterised by grey mottling and sparse iron nodules, with
preserved pedogenic features such as peds. Member 1, the
IVF, consists of 4 m-thick reddish-yellow soils that are rich in
carbonate nodules. Member 2, the Claret Conglomerate, out-
crops as a 3 m-thick calcareous conglomerate with pale red
clay pockets, and has sparse carbonate nodules and charo-
phyte occurrences. Member 3, the Yellowish soils, consists
of 13 m-thick reddish-yellow clays and silts. The base of
Member 3 records sparse occurrences of lignite and carbon-
ate nodules. Member 4 is not preserved in the Rin section,
and the upper 3 m of the sequence consists of Member 5,
which has light grey to reddish yellow soils with grey mot-
tling, before the overlying Alveolina Limestone.

3 Material and methods

3.1 Size fraction separation

Standard protocols (e.g. Adatte et al., 1996; Bauer et al.,
2016) were followed for decarbonation and size fraction sep-
aration at the Institute of Earth Sciences clay laboratory at the
University of Lausanne (ISTE-UNIL). Samples (∼ 5 g) were
leached with 10 % HCl for 30 min in a bubble bath, includ-
ing 3 min in an ultrasonic bath, to disaggregate sediments and
dissolve calcite. Distilled water was used to remove the acid
until a neutral pH was obtained. Subsequently, the < 2 µm
fraction was separated by settling and enhanced with a cen-
trifuge. Settling and extraction were repeated three times.

3.2 Clay mineralogy

The clay minerals were identified on air-dried and ethylene
glycol-solvated samples at ISTE-UNIL following the proto-
col described in Adatte et al. (1996). An aliquot of the sepa-
rated size fractions was pipetted on glass slides and dried at
room temperature. The air-dried samples were further anal-
ysed with a Thermo Scientific ARL X’TRA powder diffrac-
tometer equipped with a Cu anode, operated at 45 kV and
40 mA. The step size was 0.02°, with a scan rate of 0.5–
1.2° min−1. Samples were glycolated to identify smectite
(Moore and Reynolds, 1997). Diffractograms were analysed
using the XRDWin software, where the background was re-
moved, and a deconvolution was performed for overlapping
peaks (e.g. K002 and Ch004).

3.3 Nodule purification

Carbonate nodules were washed with running distilled wa-
ter until visible clay clumps were removed. They were then
placed in a beaker with distilled water and in an ultrasonic
bath to remove the remaining clay particles. A second round
in the ultrasonic bath was then carried out with some drops of
10 M HCl in order to remove the outermost layer. The nod-
ules were later washed in running distilled water, dried at
40 °C, and ground.

3.4 Rock-Eval pyrolysis

Organic matter analyses were performed on powdered bulk
rock samples using a Rock-Eval 6 at ISTE-UNIL, following
standard methodology (Behar et al., 2001; Espitalie et al.,
1985). For calibration, the IFP 160000 standard was used.
The Rock-Eval pyrolysis parameters measured were hydro-
gen index (HI, mg HC/g TOC, HC = hydrocarbons), oxy-
gen index (OI, mg CO2/g TOC), Tmax (°C), and total organic
carbon content (TOC, wt %). The HI, OI, and Tmax values
give an overall measurement of the type and degree of matu-
ration of the organic matter (e.g. Espitalie et al., 1985).

3.5 Isotope geochemistry

3.5.1 Organic matter carbon isotopes

The carbon isotope composition of the decarbonated bulk
rock samples was determined at the Institute of Earth Sur-
face Dynamics at the University of Lausanne (IDYST-
UNIL) by elemental analysis/isotope ratio mass spectrom-
etry (EA/IRMS). The EA/IRMS system consisted of a Carlo
Erba 1108 (Fisons Instruments, Milan, Italy) elemental anal-
yser connected to a Delta V Plus isotope ratio mass spec-
trometer via a ConFlo III split interface (both Thermo Fisher
Scientific, Bremen, Germany) operated under continuous he-
lium (He) flow (Spangenberg, 2006; Spangenberg and Zuf-
ferey, 2019). The carbon isotope compositions were reported
in the delta (δ) notation as permil (‰) variations of the mo-
lar ratio of the heavy to light isotope (13C / 12C) relative to
the international standard Vienna Pee Dee Belemnite lime-
stone (VPDB). For calibration and normalisation of the mea-
sured δ13C values to the Vienna Pee Dee Belemnite lime-
stone (VPDB) standard, a four-point calibration was used
with international reference materials and in-house standards
(Spangenberg and Zufferey, 2019). The used standards in-
cluded UNIL-Glycine (δ13C =−26.10± 0.05 ‰), UNIL-
Urea-1 (δ13C =−43.00± 0.04 ‰), UNIL-Pyridine (δ13C
=−29.25± 0.06‰), and the RM USGS24 graphite (δ13C
=−16.05±0.04 ‰). Analyses were done in duplicates. The
accuracy of the analyses was checked periodically through
the analysis of international RM standards not used for cal-
ibration. The reproducibility and precision of the EA/IRMS
δ13C analyses were determined by the standard deviation of
separately replicated analyses and were better than 0.1 ‰.
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Figure 4. Rin section between the upper Thanetian and lower Ypresian. Members 1–5 described in the literature for the Esplugafreda section
can be identified in the Rin section, except that Member 4 from the recovery phase of the PETM has not been preserved. E. Fm.: Esplugafreda
Formation.

3.5.2 Lithium isotopes

Sample digestion, column chemistry, and mass spectrome-
try were conducted in the London Geochemistry and Iso-
tope Centre (LOGIC) laboratories at University College Lon-
don (UCL) and Birkbeck, University of London. Clay sam-
ples were subjected to bulk digestion using concentrated HF,
HNO3, and HClO4 in Teflon beakers on a hot plate at 130 °C,
followed by steps in concentrated HNO3 and 6 M HCl. The
carbonate nodules were subject to leaching to separate the
carbonate and detrital fractions. The carbonate fraction was
extracted by leaching∼ 100 mg of sample in 8 mL 0.1 M HCl
for 1 h (Pogge von Strandmann et al., 2013; Wilson et al.,
2021), allowing a maximum of ∼ 40 mg of calcium carbon-
ate to be dissolved.

A standard method of elution was applied for lithium iso-
tope separation in 0.2 M HCl. Two-column passes were ap-
plied through AG50W-X12 resin to ensure matrix removal
(Pogge von Strandmann et al., 2013). Given that lithium iso-
topes are fractionated during ion chromatography, sample
splits were collected before and after the lithium collection
interval to assess column yields. For example, a 1 % loss
in yield at UCL has been assessed to lead to an offset of
1.7 ‰ (Wilson et al., 2021). Here, yields between two col-
umn passes were 99.8 %–100 %, indicating excellent recov-
ery.

Lithium isotope measurements were performed on a Nu
Plasma 3 MC-ICP-MS at UCL, using a Cetac Aridus 2 des-
olvation system, “super-lithium” cones, and standard-sample
bracketing with the IRMM-016 Li standard (Pogge von
Strandmann et al., 2019). Samples were measured at least
three times within an analytical session, with each measure-
ment integrating∼ 50 s, and the reported values are the mean
and standard deviation (2 SD) of these values, given in permil
(‰) relative to the IRMM-016 standard. Accuracy and exter-
nal reproducibility were assessed using seawater and USGS
standard BCR-2, which gave δ7Li values of +31.3± 0.6‰
(2 SD, n= 28 ) and +2.5± 0.3‰ (n= 5), respectively.

3.5.3 Neodymium isotopes and rare earth element
concentrations

After decarbonation using 10 % HCl for 30 min, clays were
separated from decarbonated sediments into < 0.5 and 0.5–
2 µm fractions (analytical protocol for size fraction separa-
tion reported in Jaimes-Gutierrez et al., 2024). A total of 18
samples (8 in the < 0.5 µm size fraction and 10 in the 0.5–
2 µm size fraction) were analysed for their neodymium (Nd)
isotopic composition and their Nd and samarium (Sm) con-
centrations. Aliquots of about 1.5 mg of each clay fraction
followed a sequential leaching procedure to remove Fe-Mn
oxides and organic matter, based on the protocol of Bayon
et al. (2002) and Gutjahr et al. (2007), slightly adapted. The
Fe-Mn oxides were removed using a solution of 0.5 M hy-
droxylamine hydrochloride in 20 % v/v acetic acid for 48 h.
Then, the organic matter was removed with a 5 % H2O2 so-
lution for 48 h.

The leached samples were dried and digested by alkaline
fusion following the protocol of Bayon et al. (2009), along
with certified standards (BHVO-2, BRC-2) from the United
States Geological Survey (USGS). Approximately 50 mg of
each sample underwent alkaline fusion in a carbon crucible
with 0.6 g of NaOH and 1.2 g of Na2O2 heated at 650 °C
for 12 min in a furnace, before adding ultrapure water in
which Fe-hydroxides precipitated, concentrating rare earth
elements. After centrifugation, the samples were dissolved
in 3 mL 4 M HCl.

From this solution, an aliquot of 0.3 mL was extracted for
analyses of Nd and Sm concentrations. Part of the samples
were measured for their Nd and Sm concentrations on an
Agilent 7500 quadrupole ICP-MS spectrometer in the Lab-
oratoire Magmas et Volcans (LMV) in Clermont-Ferrand
(France), and quantified using standard bracketing with a so-
lution of BHVO-2 during the session. Accuracy and repro-
ducibility were assessed using two BHVO-2 and one BCR-
2 samples among the samples. Deviations of Nd and Sm
concentrations from these standards were below 11 %. The
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other part of the samples was measured for their Nd and
Sm concentrations on a Thermo Scientific X-Series II® at
the Pole Spectrométrie Océan in Brest (France), and quanti-
fied using multi-element calibration standards prepared from
single element standards purchased from SCP science (Baie
d’Urfé, Québec, Canada). Accuracy and reproducibility were
assessed using one BHVO-2 and one BCR-2 sample, which
were analysed among the samples. Deviations of Nd and Sm
concentrations from these standards were below 7 %.

Purified neodymium fractions were isolated from the
mother solution by ion chromatography following the pro-
tocol described in Gaitan et al. (2023) for the low-pressure,
automated column chromatography PrepFAST-MC® system
device, using AG50W-X8 (200–400 mesh) resin for rare
earth element separation and Ln Spec (50–100 µm) resin
for Nd separation. Part of the neodymium isotopic mea-
surements was performed on a MC-ICP-MS Neptune Plus
(Thermo Scientific) at the Laboratoire Magmas et Volcans in
Clermont-Ferrand (France). Ratios were corrected for mass
bias using an exponential law and a 143Nd / 144Nd ratio of
0.7219. Mass-bias-corrected 143Nd / 144Nd were normalised
to a JNdi-1 value of 0.512115 (Tanaka et al., 2000). Repeated
measurements of JNdi-1 throughout the session gave an
external reproducibility of ±0.000009 (2σ , n= 15), corre-
sponding to ±0.18 in the standard εNd(0) notation. Analyses
of two BHVO-2 reference materials yielded a 143Nd / 144Nd
ratio of 0.512991±0.000005 for each, in excellent agreement
with the published value of 0.512990± 0.000010 (Weis et
al., 2005). The other part of the samples was analysed on an
MC-ICP-MS Neptune Plus (Thermo Scientific) at the ENS
of Lyon (France). Ratios were corrected for mass bias us-
ing an exponential law and a 143Nd / 144Nd ratio of 0.7219.
Mass-bias-corrected 143Nd / 144Nd values were normalised
to a JNdi-1 value of 0.512115 (Tanaka et al., 2000). Re-
peated measurements of JNdi-1 throughout the session gave
an external reproducibility of ±0.000018 (2σ , n= 16), cor-
responding to ±0.34 in the standard εNd(0) notation. Anal-
yses of four BHVO-2 reference materials gave an aver-
age 143Nd / 144Nd ratio of 0.512985± 0.000009 for each, in
agreement with the published value of 0.512990± 0.000010
(Weis et al., 2005).

The data are reported in the standard epsilon notation εNd
= [((143Nd / 144Nd)sample/(143Nd / 144Nd)CHUR) −1] ×104),
corrected for the radioactive decay of 147Sm to 143Nd based
on the Nd and Sm concentrations measured for each sample
(147Sm / 144Nd = Sm/Nd ×0.6049), an age of 55.8 Ma, and
the 147Sm radioactive decay constant λ (6.54× 10−12 yr−1;
Lugmair and Marti, 1978). The CHUR (CHondritic Uniform
Reservoir) 143Nd / 144Nd ratio was also corrected using a
147Sm / 144Nd ratio of 0.1960 and a present-day value of
0.512630 (Bouvier et al., 2008).

4 Results

4.1 Clay mineralogy in the Rin section

The clay mineralogy in the Rin section (Fig. 5D, Table S1
in the Supplement) comprises mixed-layer illite-smectite
(I/S), with a mean abundance of 34± 11 (1σ ) wt %; illite,
29±9 wt %; kaolinite, 30±11 wt %; and minor chlorite, 7±
5 wt %. The pre-PETM samples have a mixed-layer I/S abun-
dance of 42±10 wt %, decreasing to 32±10 wt % during the
body of the PETM. The kaolinite abundance increases from
22± 14 wt % to 32± 9 wt % during the PETM body, while
the illite and chlorite abundances remain stable.

4.2 Organic matter carbon isotopes in the Rin section

Throughout the section, the mean δ13COM value is−25.7‰,
with a standard deviation (1σ ) of 1.2 ‰ (Fig. 5A, Table S2).
The pre-PETM samples, between 5.8 and 9.4 m, have a
mean value of −23.5± 0.5‰. A negative excursion begins
in samples at 10.7 and 11.4 m, with values decreasing to
−24.6±0.1‰. The most depleted values occur between 12.8
and 38.9 m, with a mean of −26.3±0.5‰. The final sample
at 39.5 m, below the Alveolina Limestone, suggests a return
to pre-PETM levels, with a value of −23.7‰.

4.3 Lithium isotopes in the Rin and Esplugafreda
sections

The clays of the Rin section have a mean lithium isotope
composition of −2.9± 0.5‰ (1σ ) (Fig. 5B, Table S2). Be-
tween 5.8 and 18.2 m, the mean composition is−3.4±0.2‰.
Above this, from 20.3 to 39.5 m, the mean composition is
−2.6± 0.2‰, which corresponds to a shift towards more
positive values of ∼ 0.8 ‰. The minimum value of −3.7‰
is seen before the Claret Conglomerate, and the maximum
value of −2.2‰ occurs immediately after the Claret Con-
glomerate, indicating a total range of up to ∼ 1.5 ‰. The
δ7Li values measured on carbonate nodules have a maxi-
mum value of 8.6 ‰, a minimum value of −3.0‰, and a
mean composition of 0.9± 4.0‰ (Fig. 5C). No clear tem-
poral trend is observed in the δ7Linodules record. No system-
atic correlation is observed between δ7Liclays and the relative
abundance of individual clay minerals within analytical un-
certainty (Fig. S1 in the Supplement).

At the Esplugafreda section, the clays have a mean lithium
isotope composition of−3.7±0.7‰ (Fig. 6B, Table S3). The
pre-PETM samples (0–10 and 21–28 m, Jaimes-Gutierrez et
al., 2024 and references therein) have a mean composition of
−3.8± 0.2‰. The POE samples (∼ 15–21 m) have a com-
position of−3.2±0.2‰, and the syn-PETM sediments have
a composition of −3.0± 0.2‰, indicating a PETM shift to-
wards more positive values of∼ 0.8 ‰. The post-PETM sed-
iments have a composition of −4.5± 0.4‰. Samples from
the pre-PETM, Pre-Onset Excursion (POE), and syn-PETM
intervals display relatively higher δ7Liclays values, whereas
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Figure 5. Rin section isotopes and clay mineralogy. (A) The δ13COM record shows the negative Carbon Isotope Excursion (CIE), with
an onset before the Claret Conglomerate and sustained negative values until the Alveolina Limestone. (B) The CIE was accompanied by
a positive excursion in lithium isotopes of the clays (δ7Liclays), reaching a 0.9 ‰ excursion in the Yellowish soils member. (C) Lithium
isotopes in the carbonate nodules showed high variability and a less conclusive trend. (D) Rin section clay mineralogy. The pre-PETM and
body intervals were determined based on the δ13COM record and the stratigraphy. Dashed lines in panel (A) represent average values for
δ13COM in the pre-PETM and syn-PETM intervals. Grey bars in panel (B) outline the analytical uncertainty (2 SD) of δ7Liclays.

recovery-phase samples form a distinct cluster characterised
by lower δ7Liclays (Fig. S2).

4.4 Neodymium isotopes in the Esplugafreda sections

Throughout the Esplugafreda section, the 0.5–2 µm clays
have a mean εNd (t = 55.8 Ma) composition of−10.94±0.16
(2σ ), while the < 0.5 µm fraction has a mean composition
of −10.88± 0.11 (Fig. 6C, Table S4). In comparison, the
typical analytical uncertainty on any individual sample mea-
surement was 0.21 (2σ ). Hence, these values are considered
constant through time, with no deviation significantly out-
side the analytical uncertainty. The neodymium isotope mea-
surements on the< 0.5 µm fraction are also indistinguishable
from those on the 0.5–2 µm fraction (Fig. 6C).

5 Discussion

5.1 The PETM in the Rin section

The PETM sediments in the Rin section represent an archive
of the climatic perturbation in a coastal terrestrial setting
(Prieur et al., 2025; Pujalte et al., 2014). This locality records
a negative δ13COM excursion of −2.8‰ from pre- to syn-
PETM (Fig. 5), in agreement with the CIE excursion of 3 ‰–
5 ‰ identified in other southern Pyrenean sections and other
global settings (e.g. Schmitz et al., 2001; Schmitz and Pu-
jalte, 2007; McInerney and Wing, 2011; Pujalte et al., 2015).
The slightly reduced magnitude compared to the global
record is consistent with observed systematic differences in
the CIE across different types of terrestrial archives, with pa-
leosol carbonates typically recording a 1 ‰–2 ‰ larger CIE
than paleosol organic matter (Bowen et al., 2004; Cotton et
al., 2015; Gallagher et al., 2019). We do not identify the POE
in the Rin section, and we suggest that it may have been
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Figure 6. Esplugafreda section isotopes and clay mineralogy. (A) The δ13C record from microcrystalline carbonate nodules (from Khozyem,
2013) shows a negative carbon isotope excursion during the Pre-Onset Excursion (POE) and during the main body of the PETM. (B) Positive
excursions in lithium isotopes of the clays (δ7Liclays) during both the POE and the main CIE of the PETM. (C) Neodymium isotopes (εNd
(t = 55.8 Ma)) show no variation throughout the section, indicating constant provenance. (D) Esplugafreda section clay mineralogy (modified
from Jaimes-Gutierrez et al., 2024).

missed due to its occurrence further down in the section.
Likewise, the recovery to pre-PETM values is also largely
absent, with just one sample below the Alevolina Limestone
showing less depleted δ13COM values.

The five members recognised in the Claret Fm. show an
evolution from the eastern terrestrial setting into the western
marine domain. At Esplugafreda (Fig. 6), the five members
are recorded (Basilici et al., 2022 and references therein), in-
cluding Member 1, IVF (pre-PETM); Member 2, the Claret
Conglomerate (Onset at Esplugafreda); Member 3, Yellow-
ish soils (syn-PETM, or body of the PETM); Member 4,
red paleosols with gypsum; and Member 5, consisting of red
mudstones with carbonate nodules (e.g. Schmitz and Pujalte,
2007; Baceta et al., 2011; Pujalte et al., 2014; Colombera
et al., 2017; Basilici et al., 2022). However, Member 4, the

gypsum-rich member, only occurs in the eastern part of the
basin (Pujalte et al., 2014). Given the coastal position of
the Rin section, at the marine-continental transition and only
∼ 20 km east of the Serraduy section, representing the west-
ernmost expression of the interfingering between continental
deposits from the Esplugafreda Fm. and marine carbonates
(Prieur et al., 2025), the absence of Member 4 supports a fur-
ther downstream position of the Rin section relative to the
Esplugafreda floodplain section.

Duller et al. (2019) estimated a lag time of approximately
16.5± 7.5 kyr between the CIE and the onset of coarse-
grained deposition at terrestrial sites in the Pyrenees. While
sections such as Tendrui, Claret, and Campo (Domingo et al.,
2009; Pujalte et al., 2009) display a stratigraphic offset con-
sistent with this lag, the Esplugafreda section does not show

Clim. Past, 22, 709–727, 2026 https://doi.org/10.5194/cp-22-709-2026



R. Jaimes-Gutierrez et al.: Silicate weathering in the semi-arid Southern Pyrenees 719

such an offset (Duller et al., 2019). In the Rin section dis-
cussed here, we observe a clear offset between the onset of
the CIE and the arrival of the Claret Conglomerate (Fig. 5).
To correctly position the lag time and explore the missing
POE, future work could focus on high-resolution δ13C char-
acterisation of the section.

The clay mineralogy at Rin further suggests a potential
signal propagation effect. A shift from smectite-dominated
clays during the pre-PETM interval to an increase in kaolin-
ite during the syn-PETM interval (Fig. 5D) could indicate
a transition to more hydrolysing conditions and to an in-
crease in weathering intensity, or enhanced erosion of for-
mer sedimentary formations rich in kaolinite. However, this
trend also corresponds to a downstream transition from au-
thigenic smectite-rich paleosols at Esplugafreda (Fig. 6D)
(e.g. Khozyem, 2013; Basilici et al., 2022; Jaimes-Gutierrez
et al., 2024) to kaolinite-dominated sediments in the Zumaia
deep-marine section (Bolle and Adatte, 2001; Gawenda et
al., 1999; Schmitz et al., 2001). This mineralogical gradi-
ent from Esplugafreda to Rin and Zumaia underscores the
system connectivity across the basin (Pujalte et al., 2014).
However, such variations in clay composition may also re-
flect differences in sediment provenance (although tempo-
ral changes are not observed in the εNd record from Esplu-
gafreda); differential mineral transport; enhanced floodplain
weathering; an increased proportion of eroded sedimentary
formations downstream, bringing reworked kaolinite (Pujalte
et al., 2015); or a larger catchment area feeding the marine
system (Chamley, 1989 and references therein).

An influence from Marine Authigenic Aluminosilicate
Clay (MAAC) formation is feasible in the coastal setting
of the Rin section, but is unlikely to have been a signifi-
cant driver of changes in the lithium isotope record given the
dominance of continental inputs. In marine sediments, clay
mineral assemblages dominated by kaolinite, illite, smec-
tite, and mixed-layer illite/smectite are generally interpreted
as mainly detrital in origin, reflecting continental weath-
ering and fluvial transport rather than in situ marine pre-
cipitation (Fagel, 2007; Thiry, 2000; Velde and Meunier,
2008). Although the authigenic formation of these clay min-
erals is known to occur in marine environments, it is typi-
cally restricted to specific conditions or processes, such as
the alteration of volcanic ash, or evaporitic or hydrother-
mal settings, and is therefore not expected to be significant
in shallow, nearshore depositional systems with high ter-
rigenous sedimentation rates (Meunier, 2005; Środoń, 2001;
Wise et al., 2001). In contrast to glauconite or other green
clays, which may form authigenically under low sedimenta-
tion rates, kaolinite and illite in coastal marine settings are
widely regarded as inherited from continental sources (Bern-
hardt et al., 2020; Fagel, 2007; Meunier, 2005; Presti and
Michalopoulos, 2008; Thiry, 2000). Given the dominantly
continental depositional setting of the Rin section and the
large detrital clay input inferred for the nearshore environ-
ment, any MAAC contribution is expected to have been mi-

nor relative to the terrigenous signal. MAAC form from iso-
topically heavy seawater or porewaters and are therefore ex-
pected to have δ7Li values substantially higher than detrital
clays (Pogge von Strandmann et al., 2021b). A simple mass
balance indicates that even under extreme assumptions (i.e.
2 wt % MAAC, 10 ‰ δ7Li values), such a contribution would
shift bulk δ7Liclays values by < 0.3‰, far smaller than the
observed PETM excursion.

5.2 Evolution of weathering intensity in the continental
realm of the Southern Pyrenees

Our δ7Liclays records from Rin and Esplugafreda both show
a positive (∼ 1 ‰) lithium isotope excursion in the conti-
nental Southern Pyrenees during the onset and body of the
PETM (Fig. 7). The δ7Li values from carbonate nodules at
Rin show greater variability (Fig. 5C), but remain inconclu-
sive due to potential clay contamination or cation exchange
between clays and carbonates (e.g. Pogge von Strandmann
et al., 2019). Given the high Li content in silicate miner-
als, even a minor clay particle content in the nodules could
contaminate the carbonate signature. Critically, the invariant
εNd composition of both size fractions throughout the Esplu-
gafreda record (Fig. 6C) supports a constant provenance of
the sediments, which suggests that the δ7Liclays records can
be reliably interpreted as a reflection of weathering regime
changes in response to the climatic perturbation.

In many other PETM records, both marine and terrestrial
δ7Li values show a negative excursion from pre-PETM to
syn-PETM conditions. Pogge von Strandmann et al. (2021a)
documented a negative δ7Li excursion of ∼ 3 ‰ during the
PETM in several marine carbonate sections and in detri-
tal shales, indicating intensified global erosion rates (by 2–
3×) and a 50 %–60 % increase in silicate weathering fluxes,
which was proposed to have contributed to climate stabili-
sation. Ramos et al. (2022) also found a negative δ7Liclays
excursion, albeit with a smaller magnitude of ∼ 1.5 ‰, in
fine sediments of the Bighorn Basin, North America, dur-
ing the PETM, and this change was sustained during the re-
covery phase. Marine records off the North American mar-
gin also reflect a negative excursion in the Gulf of Mexico
(0.4 ‰–1.5 ‰) and the Mid-Atlantic Coast (∼ 3 ‰) (Jaimes-
Gutierrez et al., 2025; Rush et al., 2025). Consistent with
these results, Chen et al. (2023) found a negative δ7Liclays
excursion of ∼ 3 ‰ in the Nanyang Basin, East Asia, which,
together with the negative δ7Li excursion in the lacustrine
carbonates, was interpreted as recording a doubling of the
regional silicate weathering intensity during the PETM.

Why, then, do the Southern Pyrenees floodplains record a
positive δ7Liclays excursion during the PETM? We interpret
the positive δ7Liclays excursion during the PETM as a shift
towards increased incongruent weathering (moderate weath-
ering regime), characterised by enhanced clay formation in
the floodplain deposits. This regime would be characterised
by increased chemical weathering, but relatively greater in-
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Figure 7. Comparison of isotopic results from the Rin and Esplugafreda sections. Grey solid lines show the raw data, while dashed black
and red lines indicate typical values for different intervals, where red represents the syn-PETM. The pre-PETM and post-PETM shifts are
indicated with the black arrows, and the magnitudes of the δ7Liclays excursions are reported.

creases in physical erosion and sediment transport (e.g. Pu-
jalte et al., 2015; Chen et al., 2018; Prieur et al., 2024), due
to enhanced runoff causing short water residence times and
rapid sediment export (i.e. lower W/D; Fig. 8). Hydrolog-
ical changes during the PETM are widely documented in
the Southern Pyrenees (Chen et al., 2018; Jaimes-Gutierrez
et al., 2024; Prieur et al., 2024, 2025; Pujalte et al., 2015;
Rush et al., 2021; Schmitz and Pujalte, 2007) and likely
played a central role in driving those weathering changes.
A shift towards more intense, episodic rainfall, without an
increase in mean annual precipitation (Rush et al., 2021),
could have reduced infiltration, increased runoff, and short-
ened water–mineral interaction times. These processes would
lead to decreased clay formation in the uplands by shorten-
ing water-rock interaction times (Kump et al., 2000; Riebe
et al., 2004), while shifting clay production and accumula-
tion towards lowland environments, where longer sediment
residence times promote authigenic clay formation, consis-
tent with modern river floodplain processes (e.g. Dellinger
et al., 2015; Maffre et al., 2020). We also note that weather-
ing processes are highly heterogeneous, and therefore global
variability during the PETM can be expected (e.g. Frings,
2019). Critically, a decrease in W/D can lead both to pos-
itive or negative δ7Li excursions, depending on the starting
weathering regime (Krause et al., 2023).

Increasing evaporation, as recorded by gypsum lenses in
Esplugafreda (Baceta et al., 2011; Khozyem, 2013; Jaimes-
Gutierrez et al., 2024 and references therein), could also re-

sult in oversaturated pore waters, favouring clay formation.
Experimental and field-based studies show that enhanced
evaporation and reduced water availability increase the dis-
solved δ7Li values in soil and pore waters, leading to higher
δ7Li compositions of clays forming in equilibrium with these
fluids (Pogge von Strandmann et al., 2023; Xu et al., 2022).
Hydrological controls can also influence the δ7Liclays signa-
tures by regulating water-rock interactions, sediment trans-
port, and secondary mineral formation (Fig. 8). In supply-
limited weathering regimes, increased runoff shortens water–
rock interaction times and lowers dissolved δ7Li values in
river waters (Zhang et al., 2022), while enhanced sediment
transfer promotes sediment storage and prolonged water–
sediment interaction in floodplains, where continued clay
alteration and isotopic re-equilibration can yield relatively
higher δ7Li values in the clay fraction preserved in low-
land deposits. Overall, rapid sediment transport limits basin-
scale weathering intensity, despite localised clay formation
in floodplain environments.

In the Esplugafreda section, the recovery phase sees a shift
towards more negative values than the pre-PETM conditions.
During this interval, we observe a coeval increase in illite,
kaolinite, and chlorite abundances in the Esplugafreda sec-
tion (Jaimes-Gutierrez et al., 2024). This shift in the clay
mineral assemblage strongly suggests an increase in detrital
input. For this reason, we consider that the observed excur-
sion cannot be straightforwardly interpreted as a change in
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Figure 8. Weathering regime change from pre-PETM to syn-PETM
based on δ7Liclays in the continental deposits of the Southern Pyre-
nees. The floodplain records were characterised by a decrease in
weathering intensity and an increase in clay formation. Enhanced
transport efficiency resulted in a major increase in physical erosion,
with reaction kinetics limiting chemical weathering. Modified from
Dellinger et al. (2015, 2017). At low W/D, the empirical river sed-
iment mixing line includes the effects of mixing with primary min-
erals.

weathering intensity, but rather reflects the clay mineral as-
semblage (Fig. S2).

Temperature effects on lithium isotope fractionation are
minor in the Southern Pyrenees. While lithium isotope frac-
tionation during clay formation is temperature-dependent
(Li and West, 2014; Vigier et al., 2008), the fractionation
factor (α) for incorporation in smectite is nearly constant
across typical surface weathering temperatures (Vigier et al.,
2008). Using the ∼ 3 °C warming estimated for the conti-
nental Pyrenees across the PETM (Jaimes-Gutierrez et al.,
2024), the maximum temperature-driven change in clay δ7Li
values is expected to be only a few tenths of a per mil
(Li and West, 2014). This effect would shift clay δ7Li val-
ues slightly towards heavier values and could therefore con-
tribute marginally to the observed excursion, but it is in-
sufficient to explain the full magnitude of the ∼ 1 ‰ pos-
itive δ7Liclays shift observed in the records. Hence, climatic
and hydrological processes, rather than direct temperature ef-
fects, must dominate the δ7Li signal.

The differences in δ7Li values between river water and
bedrock are controlled by the balance between lithium re-
lease by mineral dissolution and lithium removal by sec-
ondary mineral formation (Bouchez et al., 2013). The South-
ern Pyrenees during the PETM was a relatively high-erosion
regime, such that physical erosion dominated, increasing the
sediment supply and exposing fresh minerals (Chen et al.,
2018; Prieur et al., 2024, 2025; Pujalte et al., 2015, 2016;
Schmitz and Pujalte, 2007). When erosion exposes fresh

minerals, weathering rates increase with total denudation, al-
beit less strongly than the increases in erosion, consistent
with shared controls on chemical weathering and physical
denudation rates (Riebe et al., 2004; West et al., 2005). Even
though high-relief regions produce weakly weathered sed-
iments, their high sediment yields and moderate clay for-
mation rates result in elevated weathering fluxes (Gaillardet
et al., 1999). Therefore, we propose that the Southern Pyre-
nean floodplains record a shift from a high-weathering inten-
sity regime to a moderate-weathering intensity regime during
the PETM (Fig. 8). The pre-PETM conditions were charac-
terised by a low reactivity of the parent lithology (Caves Ru-
genstein et al., 2019; Kump and Arthur, 1997), associated
with the carbonate-rich, reworked sediments in the flood-
plain deposits, and hence low total weathering fluxes. The
above scenario is also consistent with the “system-clearing”
event documented in western North America (Foreman et
al., 2012), where sediment transport surged in response to
rapid climatic forcing, as well as with other Eocene warming
events such as the Mid-Eocene Climatic Optimum, which
saw a shift towards enhanced clay formation and a lower
weathering intensity (Krause et al., 2023).

The progressive increase in kaolinite content from Esplu-
gafreda to Rin may reflect an evolving weathering signal
during sediment transport from the hinterland towards the
coastal plains, which potentially extended into the marine
realm. This scenario supports a basin-wide connectivity be-
tween climate-driven terrestrial processes and marine sedi-
mentary records. In addition, the increase in kaolinite content
from Esplugafreda to Rin supports a shift in clay formation
processes during the PETM. Kaolinite is typically associated
with intense leaching and more advanced weathering, often
forming under warm, humid, and periodically saturated con-
ditions (Chamley, 1989; Velde and Meunier, 2008). Hence,
its enrichment suggests either intensified in-situ clay forma-
tion in the floodplains or increased transport of weathered
material from the uplands to the lowlands. In either case, this
shift implies greater clay mineral production, consistent with
a more incongruent weathering regime driving the observed
positive δ7Liclays excursion. Alternatively, enhanced kaolin-
ite supply from the erosion-driven exhumation of older sedi-
ments cannot be ruled out based on the current evidence.

Despite these insights, key questions remain unresolved.
In particular, a comprehensive study of the provenance and
evolution of clay mineralogy is still needed to determine to
what extent the observed patterns along the sediment routing
system reflect changes in weathering intensity, differential
mineral transport, or sediment reworking. Equally important
is the need to constrain the precise age of the clay formation
in relation to the timing of the different phases of the PETM,
which is critical for reconstructing the temporal dynamics of
the weathering regime in the Southern Pyrenees. Addressing
these gaps will be crucial for better understanding how con-
tinental weathering systems responded to extreme climatic
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perturbations in the past and how they may behave under fu-
ture global warming scenarios.

6 Conclusions

We explored the silicate weathering response to the PETM
in two terrestrial sections from the Tremp-Graus Basin of the
Southern Pyrenees. These floodplain records show a posi-
tive δ7Liclays excursion, contrasting with the commonly ob-
served global negative δ7Li excursion in clays and carbon-
ates. We interpret this excursion as reflecting a shift towards
a moderate-intensity, incongruent weathering regime from an
initial high-intensity, supply-limited regime. The high ero-
sion rates associated with increased extreme rainfall events
and channel mobility may have been the central factor influ-
encing sediment residence times, with rapid sediment trans-
port limiting the extent of chemical weathering. Neverthe-
less, the elevated denudation rates would have led to higher
sediment and dissolved cation fluxes to the ocean, thereby
enhancing regional CO2 drawdown.

We explored two potential archives for recording con-
tinental weathering processes using lithium isotopes. The
clay records show a distinct response, reflected in posi-
tive δ7Liclays excursions synchronous with the negative CIE.
However, the δ7Linodules signal recorded in the carbonate
nodules is less conclusive, and we interpret the high tempo-
ral variability as a sign of potential contamination by clays
in the nodules. Given that Li concentrations in silicate min-
erals are higher than in carbonates by several orders of mag-
nitude, even minor amounts of clays could have resulted in
a mixed response in the nodules. Future studies should ex-
plore weaker leaching approaches on such nodules and seek
to validate such data with major and trace element analyses.

Provided coeval formation, the increase in kaolinite con-
tent from Esplugafreda to Rin provides mineralogical sup-
port for more hydrolysing conditions and clay formation dur-
ing the PETM in the Tremp-Graus Basin, reinforcing the in-
terpretation of more incongruent weathering under altered
hydroclimatic conditions. Notably, the parent material in
these floodplain paleosols is carbonate-rich and relatively un-
reactive. These results highlight the critical role of hydrolog-
ical controls, especially rainfall intensity, runoff dynamics,
and sediment residence time, in shaping continental weath-
ering responses during extreme climate events.

Finally, we propose that to fully quantify weathering dy-
namics during the PETM in the Southern Pyrenees, further
work is needed to: (1) constrain the chronology of clay for-
mation; (2) trace the evolution of clay mineralogy and prove-
nance from source to sink; and (3) integrate continental and
marine weathering records across the sediment routing sys-
tem. Together, these steps will be essential for refining our
understanding of weathering behaviour and the associated
climate feedbacks under rapid climatic perturbations, and for

improving predictions of Earth’s surface processes in semi-
arid floodplain systems in future global warming scenarios.
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Kısakűrek, B., James, R. H., and Harris, N. B. W.: Li and δ7Li in Hi-
malayan rivers: proxies for silicate weathering?, Earth Planet. Sc.
Lett., 237, 387–401, https://doi.org/10.1016/j.epsl.2005.07.019,
2005.

Krause, A. J., Sluijs, A., van der Ploeg, R., Lenton, T. M., and Pogge
von Strandmann, P. A. E.: Enhanced clay formation key in sus-
taining the Middle Eocene Climatic Optimum, Nat. Geosci., 16,
730–738, https://doi.org/10.1038/s41561-023-01234-y, 2023.

Kump, L. R. and Arthur, M. A.: Global chemical erosion during
the Cenozoic: weatherability balances the budgets, in: Tectonic
Uplift and Climate Change, edited by: Ruddiman, W. F., Springer
US, Boston, MA, 399–426, https://doi.org/10.1007/978-1-4615-
5935-1_18, 1997.

Kump, L. R., Brantley, S. L., and Arthur, M. A.: Chemical weather-
ing, atmospheric CO2, and climate, Annu. Rev. Earth Pl. Sc., 28,
611–667, https://doi.org/10.1146/annurev.earth.28.1.611, 2000.

Li, G. and West, A. J.: Evolution of Cenozoic seawater lithium
isotopes: Coupling of global denudation regime and shift-
ing seawater sinks, Earth Planet. Sc. Lett., 401, 284–293,
https://doi.org/10.1016/j.epsl.2014.06.011, 2014.

Liu, C.-Y., Wilson, D. J., Hathorne, E. C., Xu, A., and Pogge
von Strandmann, P. A. E.: The influence of river-derived parti-
cles on estuarine and marine elemental cycles: Evidence from
lithium isotopes, Geochim. Cosmochim. Ac., 361, 183–199,
https://doi.org/10.1016/j.gca.2023.08.015, 2023.

Lugmair, G. W. and Marti, K.: Lunar initial 143Nd/144Nd:
Differential evolution of the lunar crust and mantle, Earth
Planet. Sc. Lett., 39, 349–357, https://doi.org/10.1016/0012-
821X(78)90021-3, 1978.

Maffre, P., Goddéris, Y., Vigier, N., Moquet, J.-S., and
Carretier, S.: Modelling the riverine δ7Li variability
throughout the Amazon Basin, Chem. Geol., 532, 119336,
https://doi.org/10.1016/j.chemgeo.2019.119336, 2020.

Maher, K. and von Blanckenburg, F.: The circular nutrient
economy of terrestrial ecosystems and the consequences
for rock weathering, Front. Environ. Sci., 10, 1066959,
https://doi.org/10.3389/fenvs.2022.1066959, 2023.

Mattauer, M. and Henry, J.: Pyrenees, Geo-
logical Society Spec. Publ., 4, no. 1, 3–21,
https://doi.org/10.1144/GSL.SP.2005.004.01.01, 1974.

McInerney, F. A. and Wing, S. L.: The Paleocene-Eocene Ther-
mal Maximum: a perturbation of carbon cycle, climate, and bio-
sphere with implications for the future, Annu. Rev. Earth Pl.
Sc., 39, 489–516, https://doi.org/10.1146/annurev-earth-040610-
133431, 2011.

Meunier, A.: Clays, Springer, Berlin, New York, 472 pp.,
https://doi.org/10.1007/b138672, 2005.

Misra, S. and Froelich, P. N.: Lithium isotope history
of Cenozoic seawater: changes in silicate weather-

ing and reverse weathering, Science, 335, 818–823,
https://doi.org/10.1126/science.1214697, 2012.

Moore, D. M. and Reynolds, R. C.: X-ray diffraction and the iden-
tification and analysis of clay minerals, 2nd Edition, Oxford
University Press, New York, 401 pp., ISBN 978-0-19-508713-0,
1997.

Moulton, K. L., West, J., and Berner, R. A.: Solute flux and mineral
mass balance approaches to the quantification of plant effects on
silicate weathering, Am. J. Sci., 300, 539–570, 2000.

Muñoz, J. A.: Evolution of a continental collision belt: ECORS-
Pyrenees crustal balanced cross-section, in: Thrust Tectonics,
edited by: McClay, K. R., Springer Netherlands, Dordrecht, 235–
246, https://doi.org/10.1007/978-94-011-3066-0_21, 1992.

Murray, J. and Jagoutz, O.: Palaeozoic cooling modulated by
ophiolite weathering through organic carbon preservation, Nat.
Geosci., 17, 88–93, https://doi.org/10.1038/s41561-023-01342-
9, 2024.

Pistiner, J. S. and Henderson, G. M.: Lithium-isotope fractionation
during continental weathering processes, Earth Planet. Sc. Lett.,
214, 327–339, https://doi.org/10.1016/S0012-821X(03)00348-0,
2003.

Pogge von Strandmann, P. A. E., Jenkyns, H. C., and Woodfine,
R. G.: Lithium isotope evidence for enhanced weathering
during Oceanic Anoxic Event 2, Nat. Geosci., 6, 668–672,
https://doi.org/10.1038/ngeo1875, 2013.

Pogge von Strandmann, P. A. E., Fraser, W. T., Hammond,
S. J., Tarbuck, G., Wood, I. G., Oelkers, E. H., and Mur-
phy, M. J.: Experimental determination of Li isotope be-
haviour during basalt weathering, Chem. Geol., 517, 34–43,
https://doi.org/10.1016/j.chemgeo.2019.04.020, 2019.

Pogge von Strandmann, P. A. E., Kasemann, S. A.,
and Wimpenny, J. B.: Lithium and lithium isotopes
in Earth’s surface cycles, Elements, 16, 253–258,
https://doi.org/10.2138/gselements.16.4.253, 2020.

Pogge von Strandmann, P. A. E., Jones, M. T., West, A. J.,
Murphy, M. J., Stokke, E. W., Tarbuck, G., Wilson, D.
J., Pearce, C. R., and Schmidt, D. N.: Lithium isotope
evidence for enhanced weathering and erosion during the
Paleocene-Eocene Thermal Maximum, Sci. Adv., 7, eabh4224,
https://doi.org/10.1126/sciadv.abh4224, 2021a.

Pogge von Strandmann, P. A. E., Cosford, L. R., Liu, C.-Y., Liu, X.,
Krause, A. J., Wilson, D. J., He, X., McCoy-West, A. J., Gisla-
son, S. R., and Burton, K. W.: Assessing hydrological controls on
the lithium isotope weathering tracer, Chem. Geol., 642, 121801,
https://doi.org/10.1016/j.chemgeo.2023.121801, 2023.

Pogge von Strandmann, P. A. E., Dellinger, M., and West,
A. J.: Lithium isotopes: a tracer of past and present
silicate weathering, 1st ed., Cambridge University Press,
https://doi.org/10.1017/9781108990752, 2021b.

Porder, S.: How plants enhance weathering and how weath-
ering is important to plants, Elements, 15, 241–246,
https://doi.org/10.2138/gselements.15.4.241, 2019.

Presti, M. and Michalopoulos, P.: Estimating the contribu-
tion of the authigenic mineral component to the long-term
reactive silica accumulation on the western shelf of the
Mississippi River Delta, Cont. Shelf Res., 28, 823–838,
https://doi.org/10.1016/j.csr.2007.12.015, 2008.

Prieur, M., Whittaker, A. C., Nuriel, P., Jaimes-Gutierrez, R.,
Garzanti, E., Roigé, M., Sømme, T. O., Schlunegger, F.,

https://doi.org/10.5194/cp-22-709-2026 Clim. Past, 22, 709–727, 2026

https://doi.org/10.5194/cp-19-1623-2023
https://doi.org/10.1038/353225a0
https://doi.org/10.1016/j.epsl.2005.07.019
https://doi.org/10.1038/s41561-023-01234-y
https://doi.org/10.1007/978-1-4615-5935-1_18
https://doi.org/10.1007/978-1-4615-5935-1_18
https://doi.org/10.1146/annurev.earth.28.1.611
https://doi.org/10.1016/j.epsl.2014.06.011
https://doi.org/10.1016/j.gca.2023.08.015
https://doi.org/10.1016/0012-821X(78)90021-3
https://doi.org/10.1016/0012-821X(78)90021-3
https://doi.org/10.1016/j.chemgeo.2019.119336
https://doi.org/10.3389/fenvs.2022.1066959
https://doi.org/10.1144/GSL.SP.2005.004.01.01
https://doi.org/10.1146/annurev-earth-040610-133431
https://doi.org/10.1146/annurev-earth-040610-133431
https://doi.org/10.1007/b138672
https://doi.org/10.1126/science.1214697
https://doi.org/10.1007/978-94-011-3066-0_21
https://doi.org/10.1038/s41561-023-01342-9
https://doi.org/10.1038/s41561-023-01342-9
https://doi.org/10.1016/S0012-821X(03)00348-0
https://doi.org/10.1038/ngeo1875
https://doi.org/10.1016/j.chemgeo.2019.04.020
https://doi.org/10.2138/gselements.16.4.253
https://doi.org/10.1126/sciadv.abh4224
https://doi.org/10.1016/j.chemgeo.2023.121801
https://doi.org/10.1017/9781108990752
https://doi.org/10.2138/gselements.15.4.241
https://doi.org/10.1016/j.csr.2007.12.015


726 R. Jaimes-Gutierrez et al.: Silicate weathering in the semi-arid Southern Pyrenees

and Castelltort, S.: Fingerprinting enhanced floodplain re-
working during the Paleocene–Eocene Thermal Maximum
in the Southern Pyrenees (Spain): Implications for chan-
nel dynamics and carbon burial, Geology, 52, 651–655,
https://doi.org/10.1130/G52180.1, 2024.

Prieur, M., Robin, C., Braun, J., Vaucher, R., Whittaker, A. C.,
Jaimes-Gutierrez, R., Wild, A., McLeod, J. S., Malatesta, L.,
Fillon, C., Schlunegger, F., Sømme, T. O., and Castelltort,
S.: Climate control on erosion: evolution of sediment flux
from mountainous catchments during a global warming event,
PETM, Southern Pyrenees, Spain, Geophys. Res. Lett., 52,
e2024GL112404, https://doi.org/10.1029/2024GL112404, 2025.

Puigdefàbregas, C. and Souquet, P.: Tecto-sedimentary cycles and
depositional sequences of the Mesozoic and Tertiary from the
Pyrenees, Tectonophysics, 129, 173–203, 1986.

Pujalte, V. and Schmitz, B.: Revisión de la estratigrafía del
Grupo Tremp (“Garumniense”, Cuenca de Tremp-Graus, Piri-
neos meridionales), Geogaceta, 38, 79–82, 2005.

Pujalte, V., Schmitz, B., Baceta, J. I., Orue-Etxebarria, X., Bernaola,
G., Dinarès-Turell, J., Payros, A., Apellaniz, E., and Caballero,
F.: Correlation of the Thanetian-Ilerdian turnover of larger
foraminifera and the Paleocene-Eocene Thermal Maximum: con-
firming evidence from the Campo area (Pyrenees, Spain), Geol.
Acta, 7, 161–175, 2009.

Pujalte, V., Schmitz, B., and Baceta, J. I.: Sea-level changes
across the Paleocene–Eocene interval in the Spanish
Pyrenees, and their possible relationship with North At-
lantic magmatism, Palaeogeogr. Palaeocl., 393, 45–60,
https://doi.org/10.1016/j.palaeo.2013.10.016, 2014.

Pujalte, V., Baceta, J. I., and Schmitz, B.: A massive input of coarse-
grained siliciclastics in the Pyrenean Basin during the PETM:
the missing ingredient in a coeval abrupt change in hydrological
regime, Clim. Past, 11, 1653–1672, https://doi.org/10.5194/cp-
11-1653-2015, 2015.

Pujalte, V., Robador, A., Aitor Payros, and Samsó, J. M.: A
siliciclastic braid delta within a lower Paleogene carbon-
ate platform (Ordesa-Monte Perdido National Park, Southern
Pyrenees, Spain): Record of the Paleocene–Eocene Thermal
Maximum perturbation, Palaeogeogr. Palaeocl., 459, 453–470,
https://doi.org/10.1016/j.palaeo.2016.07.029, 2016.

Ramos, E. J., Breecker, D. O., Barnes, J. D., Li, F., Gin-
gerich, P. D., Loewy, S. L., Satkoski, A. M., Baczynski, A.
A., Wing, S. L., Miller, N. R., and Lassiter, J. C.: Swift
weathering response on floodplains during the Paleocene-
Eocene Thermal Maximum, Geophys. Res. Lett., 49, 1–10,
https://doi.org/10.1029/2021GL097436, 2022.

Ramos, E. J., Larsen, W. J., Hou, Y., Muñoz, S., Kemeny, P. C.,
Scheingross, J. S., Repasch, M. N., Hovius, N., Sachse, D.,
Ibarra, D. E., and Torres, M. A.: Competition or collaboration:
clay formation sets the relationship between silicate weathering
and organic carbon burial in soil, Earth Planet. Sc. Lett., 628,
118584, https://doi.org/10.1016/j.epsl.2024.118584, 2024.

Raymo, M. E. and Ruddiman, W. F.: Tectonic forc-
ing of late Cenozoic climate, Nature, 359, 117–122,
https://doi.org/10.1038/359117a0, 1992.

Riebe, C. S., Kirchner, J. W., and Finkel, R. C.: Erosional and cli-
matic effects on long-term chemical weathering rates in granitic
landscapes spanning diverse climate regimes, Earth Planet. Sc.

Lett., 224, 547–562, https://doi.org/10.1016/j.epsl.2004.05.019,
2004.

Roest, W. R. and Srivastava, S. P.: Kinematics of the plate
boundaries between Eurasia, Iberia, and Africa in the
North Atlantic from the Late Cretaceous to the present,
Geology, 19, 613–616, https://doi.org/10.1130/0091-
7613(1991)019<0613:KOTPBB>2.3.CO;2, 1991.

Rosenbaum, G., Lister, G. S., and Duboz, C.: Reconstruc-
tion of the tectonic evolution of the western Mediter-
ranean since the Oligocene, J. Virtual Explor., 08, 107–130,
https://doi.org/10.3809/jvirtex.2002.00053, 2002.

Roure, F., Choukroune, P., Berastegui, X., Munoz, J. A., Villien,
A., Matheron, P., Bareyt, M., Seguret, M., Camara, P., and Der-
amond, J.: Ecors deep seismic data and balanced cross sections:
Geometric constraints on the evolution of the Pyrenees, Tecton-
ics, 8, 41–50, https://doi.org/10.1029/TC008i001p00041, 1989.

Rush, W., Zachos, J., Blackburn, T., and Pogge von Strand-
mann, P. A. E.: Continuous sediment sourcing and changes
in weathering during the PETM in the Salisbury Em-
bayment, Paleoceanogr. Paleocl., 40, e2025PA005116,
https://doi.org/10.1029/2025PA005116, 2025.

Rush, W. D., Kiehl, J. T., Shields, C. A., and Zachos,
J. C.: Increased frequency of extreme precipitation
events in the North Atlantic during the PETM: Obser-
vations and theory, Palaeogeogr. Palaeocl., 568, 110289,
https://doi.org/10.1016/j.palaeo.2021.110289, 2021.

Schmitz, B. and Pujalte, V.: Sea-level, humidity, and land-erosion
records across the initial Eocene thermal maximum from a
continental-marine transect in northern Spain, Geology, 31, 689,
https://doi.org/10.1130/G19527.1, 2003.

Schmitz, B. and Pujalte, V.: Abrupt increase in seasonal extreme
precipitation at the Paleocene-Eocene boundary, Geology, 35,
215, https://doi.org/10.1130/G23261A.1, 2007.

Schmitz, B., Pujalte, V., and Nunhez-Betelu, K.: Climate and sea-
level perturbations during the Initial Eocene Thermal Maximum:
evidence from siliciclastic units in the Basque Basin (Ermua, Zu-
maia and Trabakua Pass), northern Spain, Palaeogeogr. Palaeocl.,
165, 299–320, 2001.

Spangenberg, J. E.: Hydrocarbon biomarkers in the Topla-Mezica
zinc-lead deposits, Northern Karavanke/Drau Range, Slovenia:
paleoenvironment at the site of ore formation, Econ. Geol., 101,
997–1021, 2006.

Spangenberg, J. E. and Zufferey, V.: Carbon isotope compositions
of whole wine, wine solid residue, and wine ethanol, determined
by EA/IRMS and GC/C/IRMS, can record the vine water status
– a comparative reappraisal, Anal. Bioanal. Chem., 411, 2031–
2043, https://doi.org/10.1007/s00216-019-01625-4, 2019.
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