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Abstract Extreme hydroclimates impact sediment fluxes from mountainous catchments to the oceans.
Given modern global warming, a challenge is to assess the sensitivity of erosion in mountainous catchments to
extreme climate perturbations. Here, we reconstruct paleo‐sedimentary fluxes across an abrupt global warming,
the Paleocene‐Eocene Thermal Maximum (PETM, ∼56 Ma), using sedimentary archives and numerical
modeling. In the Tremp Basin (Southern Pyrenees, Spain), our results demonstrate that depositional volumetric
rates of siliciclastic sediments increased two‐fold during the PETM. According to the BQART and stream
power law models, changes in mean annual temperature and precipitation explain only 9%–27% of the flux
increase. This comparison between field data and model predictions suggests that even with high uncertainty on
paleoclimate data, extreme rainfall events and landslides may have been crucial sediment generation processes
during the PETM. This is consistent with predictions of enhanced climate variability in a warmer world, leading
to significant sediment flushing.

Plain Language Summary Climate change has an impact on rainfall through annual precipitation
and the occurrence of extreme storm events. In turn, rainfall impacts river floods, which are linked to erosion
and the transport of sediments from the mountains to continental plains and, ultimately, to the oceans. Our study
focuses on the excess sediments eroded from the mountains and transported to the continental plains during a
climate change that occurred 56 million years ago. We found that, in the Spanish Pyrenees, this amount was, on
average, multiplied by two. Numerical models suggest that the increase in mean annual temperatures and
rainfall are minor triggers of the observed increase in sedimentary fluxes. This suggests that other erosion
processes, for example, during extreme flood events and landslides, must occur more frequently during climate
change, constituting major risks for populations in mountainous areas.

1. Introduction
Sediment fluxes are fundamental metrics of Earth's surface dynamics and relate to erosion, transport, and
deposition of clastic material. Changes in sediment flux can provide information on surface processes from source
to sink and the effect of external forcings such as tectonics and climate (Allen et al., 2013; Peizhen et al., 2001;
Romans et al., 2016; Tucker & Slingerland, 1997). Sediments are primarily generated in mountainous catchments
from bedrock erosion via river incision, physical and chemical weathering, overland flow erosion, and landslides
(Tucker & Slingerland, 1997; Tucker &Whipple, 2002). The resulting sediment flux from the source area impacts
the volume of sediment eventually delivered to depositional sinks (Attal et al., 2015; Scherler et al., 2015; Tofelde
et al., 2019).

Mountain catchments are the primary source of the sedimentary systems on which society relies, particularly
floodplains and deltas (e.g., Viviroli et al., 2007). Global warming can lead to enhanced intensities of flood events
and sediment transport due to wetter climate (Li et al., 2021). In the scope of current climate change, it is crucial to
quantify the sensitivity of sediment generation and transport in a warming climate to predict the intensity and
frequency of future catastrophic erosional events and floods to mitigate risks for the population (e.g., Lane
et al., 2006). To that purpose, sedimentary archives and the estimation of paleo‐sedimentary fluxes provide
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narratives of how Earth surface processes responded to past global warming (Pancost, 2017). The Paleocene‐
Eocene Thermal Maximum (PETM, ∼56 Ma) was characterized by a rapid global rise in temperature of 3–8°C
(Dunkley Jones et al., 2013; McInerney & Wing, 2011) over an onset phase of a few thousand years (e.g.,
Turner, 2018) causing major disruptions in hydroclimate by increasing seasonality and the occurrence of extreme
floods (Carmichael et al., 2017;Rush et al., 2021).Moreover, the PETMcaused a turnover ofmarine fauna (Alegret
et al., 2009; Bowen et al., 2002) and a shift to sparser and less perennial vegetation (Schmitz et al., 2001; Wing
et al., 2005).

Previous studies suggest that the PETM can be linked to enhanced global sediment fluxes (Carmichael
et al., 2017; Sharman et al., 2023). This is hypothesized from increased depositional rates in shallow and deep‐
marine environments (e.g., Dunkley Jones et al., 2018; Giusberti et al., 2007; Jin et al., 2022; John et al., 2008;
Schmitz et al., 2001; Self‐Trail et al., 2012; Sharman et al., 2023; Sømme et al., 2023; Vimpere et al., 2023), and
the progradation and lengthening of siliciclastic systems (Podrecca et al., 2021; Self‐Trail et al., 2017; Sømme
et al., 2023). These marine global observations correlate with enhanced erosion (John et al., 2012; Pogge von
Strandmann et al., 2021) and weathering in the hinterlands (Dickson et al., 2014; Dickson et al., 2015; Khozyem
et al., 2015; Pogge von Strandmann et al., 2021; Ramos et al., 2022; Ravizza et al., 2001; White & Schieb-
out, 2008), as well as enhanced channel mobility in the alluvial plains (Barefoot et al., 2021; Prieur, Whittaker,
et al., 2024).

The hypothesis of a worldwide trend of increased sediment flux during the PETM generally relies on studies using
one‐dimensional well‐log data instead of volume estimates (except Sømme et al., 2023). The issue is that 1Dwell‐
log data are inherently incomplete due to uneven deposition in time and space (Sadler, 1981; Straub & Espo-
sito, 2013; Tipper, 1983, 2014). For a given time interval, the rock record results from successive depositional,
stasis, and erosional events of unknown recurrence time and magnitude, reflecting different sedimentation
variability (Barefoot et al., 2023; Paola et al., 2018; Straub et al., 2009; Tipper, 1983, 2014). Local one‐
dimensional estimates of sedimentation rates based on well data tend to be irregular over a sedimentary sys-
tem (Sømme et al., 2023). Therefore, to capture all deposited and eroded sediments, we constrain volumes over a
large depositional area and in a closed sedimentary basin, which improves the spatial stratigraphic completeness
of the studied intervals (Aadland et al., 2018; Barefoot et al., 2023; Straub & Foreman, 2018) and allows a more
reliable estimation of average sediment fluxes.

Although a large range of observations suggests that sediment flux and erosion increased with global warming
during the PETM, the magnitude of this increase remains to be calculated from the rock record and across
sedimentary basins. Quantifying sedimentary fluxes across the well‐constrained PETM global warming is a
unique opportunity to assess the sensitivity of sedimentary systems to climate. Here, we take advantage of
temporally and geographically well‐constrained sedimentary records covering fluvial and marine depozones of a
small source‐to‐sink system.We compute sedimentary volumes before and during the climate crisis to reconstruct
paleo‐sedimentary fluxes and estimate how climate affected erosion. Then, we use two independent erosion
models to test whether the variation in sediment flux can be explained by a scenario where sediments are produced
by fluvial incision and associated overland flow erosion driven by changes in mean annual air temperature
(MAAT) and mean annual precipitation (MAP) for the range of values suggested by three independent paleo-
climate studies.

2. Study Area
2.1. The PETM in the South Pyrenean Foreland Basin

The PETM is well recorded in the stratigraphy of the South Pyrenean Foreland Basin (Spain). During the PETM,
MAAT increased by 3–8°C in the Southern Pyrenees (Jaimes‐Gutierrez et al., 2024; Khozyem, 2013; Rush
et al., 2021). The models of Rush et al. (2021) suggest an increase in MAP and extreme event frequency and
intensity. In marine deposits, increased terrigenous export during the PETM is inferred from a siliciclastic unit
inserted between calcareous turbidites in Zumaia (Dunkley Jones et al., 2018) (Figure 1a), the sandstone infill of
the Orio deep‐sea channel (Pujalte et al., 2015) (Figure 1a), and delta progradation in the Ainsa Basin (Pujalte
et al., 2016). Increased sediment flux during the PETM is also hypothesized from coarser sediments filling the
Laminoria continental valley sourced from the Ebro Massif (Pujalte et al., 2015) (Figure 1a) and from the Claret
Conglomerate in the Tremp Basin, sourced from the Pyrenees (Garcés et al., 2020; Gómez‐Gras et al., 2016;
Schmitz & Pujalte, 2007). The Claret Conglomerate corresponds to highly amalgamated conglomeratic fluvial
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Figure 1. Study area. (a) Location map. (b) Paleogeography of the Tremp Basin during the Thanetian (modified fromGómez‐Gras et al., 2016; Schmitz & Pujalte, 2007).
(c) Paleogeography during the Paleocene‐Eocene Thermal Maximum. (d) Correlation across the Tremp basin (Campo log modified from Eichenseer, 1988) (see all
detailed sections in Supporting Information S1). Same color code as on paleogeographic maps (b, c). The sea‐level curve fromMiller et al. (2020) is interpolated linearly
for each time interval.
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channels deposited at the onset of the PETM and is interpreted as a braidplain widening (Schmitz & Pujalte, 2007)
associated with increased water discharge (Chen et al., 2018) and enhanced channel mobility (Prieur, Whittaker,
et al., 2024). Therefore, the coarsening of the siliciclastic facies and the overall system progradation trends
hypothetically reflect an increase in sediment flux during the PETM in the Southern Pyrenees. However, no
quantification to test this hypothesis has been carried out to‐date.

2.2. The Tremp Basin: Sedimentary Fill of a Local Sink

The Tremp Basin developed as a piggyback between the Bóixols and Montsec thrusts (Beaumont et al., 2000)
(Figures 1b and 1c). Its drainage area during the late Paleocene is restricted to the Pyrenees (Garcés et al., 2020;
Mouthereau et al., 2014; Vacherat et al., 2017), and provenance studies indicate similar sources during the Early
Eocene (Whitchurch et al., 2011), suggesting a constant drainage area across the PETM. To quantify sedimentary
volumes, the Tremp Basin is a well‐constrained example of a local sink located at the exit of the source catchment.

Tectonic features constrain the extent of the Tremp Basin. To the north, the Tremp Basin is bordered by the
Bóixols Thrust. To the south, the topographic high induced by the Montsec Thrust formed a physical barrier that
disconnected the Tremp Basin from the Ager Basin (Gómez‐Gras et al., 2016) (Figures 1b and 1c). On the eastern
side of the basin, provenance analyses carried out by Odlum et al. (2019) showed that the Tremp Basin is unlikely
to have been connected to eastern sub‐basins. Westward, the sedimentary system reached a marine embayment
(Figures 1b and 1c): during the Thanetian, a bioclastic tide‐dominated delta showed limited siliciclastic input
from the hinterland (Eichenseer, 1988) (Figure 1b). At the end of the Thanetian, an incision phase induced a large
valley network in the alluvial plain and the karstification of marine surfaces (Pujalte et al., 2014). After the filling
of these valleys by the Incised Valley Fill member (IVF), the deposition of the Claret Conglomerate during the
PETM records a lengthening of the siliciclastic system.

2.3. Time Constraints

The available chronostratigraphic constraints of the Paleocene to Lower Eocene infill of the Tremp Basin lead us
to subdivide the record into three study intervals for estimating sediment volumes: (a) Thanetian‐1 (Than‐1), (b)
Thanetian‐2 (Than‐2), and (c) the PETM (Figure 1). Than‐1 starts at the top of the Mid‐Paleocene Unconformity
(Baceta et al., 2001, 2005, 2011), dated at 58.5Ma based on biostratigraphic correlations (Baceta et al., 2001). The
limit between Than‐1 and Than‐2 corresponds to the boundary between the NP8 and NP9 calcareous nannofossil
zones (Baceta et al., 2005) coeval to the magnetozone C25n (Baceta et al., 2011; Raffi et al., 2016) dated at
57.1 ± 0.5 Ma (Westerhold et al., 2007). The age of the PETM initiation is 55.95 ± 0.05 Ma (Westerhold, Röhl,
Donner, & Zachos, 2018; Zeebe & Lourens, 2019), and its duration is 170± 30 kyr (Abdul Aziz et al., 2008; Röhl
et al., 2007; Westerhold, Röhl, Wilkens, et al., 2018; Zeebe & Lourens, 2019).

3. Materials and Methods
3.1. Area of Deposition and Sediment Thicknesses

To calculate a closed sedimentary budget with the aim of providing a complete sedimentary record, the studied
area must encompass all the sediment exiting a catchment (Aadland et al., 2018; Barefoot et al., 2023; Straub &
Foreman, 2018). For the Tremp Basin, the study area (red polygon in Figures 1b and 1c) is delimited by the
Bóixols Thrust, Montsec High, and Montsec Thrust lateral ramp (see Section 2.2). The western limit of the study
area, located west of Mediano, corresponds to the maximum extent of the bioclastic delta, with little siliciclastic
input. Volume estimations do not include the Ainsa Basin, sourced by the Ebro Massif (Pujalte et al., 2016).

Sediment thicknesses are obtained from 8 outcrops and 5 wells (Figure 1; see detailed logs in the Supporting
Information S1). These 13 sections, spanning terrestrial to marine depositional environments, allow the calcu-
lation of sedimentary volumes deposited along the entire sediment routing system. The limits between the three
time‐intervals defined in the literature correlate throughout the basin (Figure 1d; Supporting Information S1). The
resulting one‐dimensional thicknesses are implemented in the QGIS software and linearly interpolated within the
study area to obtain the volume of sediments preserved in the basin per time interval.
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3.2. Volume Calculation

Siliciclastic sedimentary volumes and their uncertainties are estimated over the Tremp Basin using the GIS‐based
method developed by Guillocheau et al. (2012), accounting for in‐situ production, compaction, and porosity. In‐
situ production includes carbonate and evaporite precipitation and is calculated for each time interval (Supporting
Information S1). In‐situ production is significantly more important in marine carbonates. To reduce uncertainties,
the study area is divided into two sub‐areas: (a) an eastern area, mostly continental, and (b) a western area, mostly
marine (Figures 1b and 1c).

3.3. The BQART Model

The BQART empirical model developed by Syvitski and Milliman (2007) from a large data set of modern
erosional systems expresses the suspended sediment flux out of a catchment (Qs) as a function of its lithology (l),
soil erodibility (Eh), area (A), and relief (R), as well as the climate parameters: mean annual air temperature
(MAAT) and mean annual water discharge. Mean annual water discharge is a function of the mean annual
precipitation rate (MAP) and drainage area. As the temperatures were superior to 2°C in the PETM and given the
absence of ice caps suggested by the warmhouse Paleocene climate (Westerhold et al., 2020), we apply the
following equation (Syvitski & Milliman, 2007):

Qs = ω . l . Eh .MAP0.31 . A0.81 . R .MAAT (1)

In Equation 1,ω equals 0.02 forQs expressed in kg.s
− 1 (Syvitski &Milliman, 2007). The lithology factor equals 2

for sedimentary rocks (Gómez‐Gras et al., 2016; Nyberg et al., 2021; Syvitski & Milliman, 2007). The maximum
Pyrenean relief is 0.9 ± 0.3 km based on thermochronology synthesis (Milesi et al., 2023). MAAT estimates are
24.5 ± 4.5°C for the Paleocene and 30.5 ± 3.5°C for the PETM (±1σ; Jaimes‐Gutierrez et al., 2024; Kho-
zyem, 2013; Rush et al., 2021), and MAP increases from 1.5 m.yr− 1 to an average of 1.9± 0.5 m.yr− 1 (±1σ) over
the different climate models of Rush et al. (2021).

First, we calculate the drainage area from the inverted BQART equation using the Thanetian sediment fluxes
obtained from field data. Then, we estimate the increase in sediment flux resulting from increases in MAP and
MAAT in the range of values expected for the PETM. Finally, we test the sensitivity of Qs to wide ranges of
increases inMAP (up to 15 m.yr− 1), MAAT (up to 55°C), and Eh, the soil erosion parameter (up to 2). To estimate
results' sensitivity to input parameters uncertainty, we performed Monte Carlo simulations with 10,000 runs
(Nyberg et al., 2021; Zhang et al., 2018).

3.4. The Stream Power Law

The stream power law (SPL) expresses detachment‐limited bedrock erosion (ε) in a catchment by a river as a
function of its upstream drainage area (A), local slope (S), and erosion coefficient (K) (Howard et al., 1994;
Whipple & Tucker, 1999).

ε = K .Am .Sn (2)

The exponents m and n relate to the dependence of erosion on water discharge and local slope, and they are
commonly used with values of 0.5 and 1, respectively (Whipple & Tucker, 1999). Along the fluvial system, the
drainage area is expressed as a power law of the distance to the divide (x) given two constant parameters (ka and h)
(Hack, 1957). Moreover, the erosion coefficient is a function of precipitation rate (MAP) (Whipple &
Tucker, 1999), leading to the following equation for the rate of change in elevation (dz/dt), expressed as a function
of x for a given uplift rate (U):

(
∂z
∂t
)
t
= U − Kʹ .MAPm . ( ka.xh)

m
. (
∂z
∂x
)

n

(3)

First, we initialize the model. The duration of the initialization, that is, the time needed to build the topography, is
set such that the uplift and the altitude of the orogen meet Thanetian conditions. The range of K' values is
determined such that, for a Thanetian MAP, the sedimentary flux out of the catchment reaches the Thanetian
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calculated values. With such values, note that the system is still transient. Following the initialization, we simulate
a change in climatic conditions by imposing a step change in MAP over 200 kyrs. First, we calculate Qs cor-
responding to MAP in the range of PETM values. Then, we test the sensitivity of Qs to a wide range of MAP. The
range of K' values is implemented in a Monte Carlo loop of 1,000 simulations. The model's output is the sediment
flux at the exit of the catchment, which is then compared to field observations.

4. Results
4.1. Sedimentary Fluxes Across the PETM

The volumes of siliciclastic sediments deposited and preserved within the Tremp Basin are 181.4 ± 59.7 km3

during Than‐1, 150.5± 48.5 km3 during Than‐2, and 46.3± 14.3 km3 during the PETM.According to the duration
of these three periods (see Section 2.3), the sediment fluxes were 129.6 ± 42.7 km3.Myr− 1 during Than‐1,
130.9± 42.2 km3.Myr− 1 during Than‐2, and 272.5± 83.9 km3.Myr− 1 during the PETM (Figure 2a). Therefore, Qs
is constant during the Thanetian and increases by a factor of 2.1, on average, during the PETM global warming
episode, the increase factor ranging from 1.1 to 4.

The subdivision between the eastern continental area and the western marine part of the basin suggests that
continental deposits constitute 85%–92% of the sediment accumulation in the basin and decrease slightly with
time (Figure 2b). Most of the siliciclastic volume comprises fine lithologies, with 89% made of silts and clays
during the Thanetian and 76% during the PETM (Figure 2b).

4.2. Modeling

Using the BQART equation with Thanetian MAAT and MAP (Rush et al., 2021) and the calculated Thanetian Qs
yields a median drainage area of 1,150 ± 600 km2 for the Tremp Basin.

From the BQART model, the increases in MAAT and MAP (Rush et al., 2021) lead to a median sedimentary flux
estimate of 168 km3.Myr− 1 during the PETM, ranging from 119 km3.Myr− 1 to 232 km3.Myr− 1 at a 75% con-
fidence interval (Figure 3a). Correcting the BQART suspension flux by a contribution of 20% bedload material,
adequate for the considered drainage area (Hinderer et al., 2013) and the proportion of coarse sediments deposited
in the basin (Figure 2b), results in a median PETM Qs of 202 km3.Myr− 1, ranging from 143 km3.Myr− 1 to

Figure 2. Sedimentary fluxes obtained from volume estimations. (a) Volumetric fluxes for each interval. The uncertainties
are calculated after Guillocheau et al. (2012). (b) Repartition of the siliciclastic volumes in the eastern and western parts of
the Tremp Basin for each period and ratios of conglomerate and sand lithologies versus silts and clays.
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278 km3.Myr− 1. Changing MAP in the SPL leads to a sedimentary flux of 144 ± 10 km3.Myr− 1 at 75% confi-
dence interval during the PETM (Figure 3b). These estimates correspond to a multiplication of Qs by 1.1–1.6
from the Thanetian to the PETM, which fits within the lowest range of the values observed from the stratigraphy
(Figure 2b).

However, to reach the average PETM fluxes, MAP values must reach 5.7 m.yr− 1 according to the BQART model
and 7.8 m.yr− 1 according to the SPL simulation (Figure 3c). Fluxes from the BQART equation meet field values
with a MAAT of 43.8°C (Figure 3d). These values are not realistic. Alternatively, Qs values in the range of the
mean calculated for the PETM could be reached with an increase in soil erodibility by 40% (Figure 3e), which is
more plausible given the change in vegetation from perennial during the Thanetian to seasonal during the PETM
(Schmitz et al., 2001).

5. Discussion
5.1. Increase in Qs During the PETM Global Warming

Sediment flux is constant during the Thanetian at the time scale of the studied intervals, which is consistent with
the absence of major changes in tectonics (Macchiavelli et al., 2017; Roest & Srivastava, 1991; Rosenbaum

Figure 3. Model simulations compared to field results. (a) Qs simulated by the BQART equation. (b) Qs simulated by the
stream power law (SPL). In panels (a, b), mean annual precipitation (MAP) andMAAT vary in the range of literature climate
data. (c) Qs as a function of MAP from BQART and SPL. (d) Qs as a function of MAAT from BQART. (e) Qs as a function
of soil erodibility from BQART. In panels (c, d, and e), red arrows indicate the MAP, MAAT, and Eh values that would be
necessary to reach the calculated Paleocene‐Eocene Thermal Maximum Qs.
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et al., 2002) or climate (Westerhold et al., 2020) occurring during this period. Subsequently, sediment fluxes
doubled during the PETM, which we hypothesize is not attributed to changes in drainage area, as detrital
provenance in the Tremp Basin is similar from Paleocene to Early Eocene (Whitchurch et al., 2011). This two‐
fold increase is coherent with the conclusions drawn from the volumetric estimates of Qs in the Froan Basin
(Norwegian Sea), where PETM fluxes are 2–4 times greater than pre‐PETM and post‐PETM fluxes (Sømme
et al., 2023).

Nevertheless, we note each Thanetian interval spans 1.5 Myr, which is much longer than the 0.17 Myr duration of
the PETM. Therefore, Qs variability for Than‐1 and Than‐2 over shorter timescales is averaged. In the context of
uneven sedimentation, the possibility of missing high sedimentary flux events during the Thanetian is higher than
during the PETM (Barefoot et al., 2023; Sadler, 1981; Straub et al., 2020; Straub & Foreman, 2018). However, the
stratigraphic record of the syn‐PETM Claret Conglomerate is unique as no other horizon is marked by such
channel amalgamation and system progradation to the marine domain. Moreover, the Claret Conglomerate
progradation occurs during a phase of sea‐level rise (Figure 1d; Miller et al., 2020; Pujalte et al., 2014), which
would have favored a retrogradation of the system, and it is unlikely to be driven by an autogenic advance of the
system (Guerit et al., 2020) as it deposited over the interfluves of the Late Thanetian incised valleys (Pujalte
et al., 2014). If a similar pulse in Qs had occurred during the Thanetian, we would expect it to be preserved in the
stratigraphy (Straub & Esposito, 2013). Thus, it is unlikely that major Qs inputs are missed in our data during the
Thanetian.

Sediment completeness is also altered by erosional stages (Barefoot et al., 2023; Sadler, 1981; Straub et al., 2020;
Straub & Foreman, 2018). In the Tremp Basin, accounting for a mean thickness of 20 m for the late Paleocene
incised valleys (Pujalte et al., 2014) and multiplying it by the entire continental area leads to a maximum estimate
of the eroded volumes of about 40 km3. This overestimation is smaller than the considered uncertainty. Although
the IVF marks the only major erosional event described during the Thanetian in the Tremp Basin, the associated
erosion had little effect on the trends observed in this study. Therefore, the incompleteness of the record falls
within the uncertainties of the study.

The calculated volumes and Qs are minimum estimates due to (a) potential export toward the open ocean to the
west and (b) underestimation of sediment thicknesses, especially at the footwall of the Bóixols Thrust, where
subsidence was the highest. However, during the PETM, sediment export to the marine domain was enhanced
(Dunkley Jones et al., 2018), subsidence was supposed to be constant (e.g., Macchiavelli et al., 2017), and
sediment accumulation in alluvial fans likely increased due to enhanced Qs and subsequent increase in slope
(Armitage et al., 2011). Therefore, PETM volumes are underestimated even more than the Thanetian ones, and the
calculated increase in Qs is a lower bound.

5.2. Sensitivity of Erosion to Climate

The sedimentary volumes in the Tremp Basin recorded a doubling in Qs during the PETM. Coevally, paleo-
climate studies suggest a MAAT increase of about 6 ± 2°C (±1σ) (Khozyem, 2013; Rush et al., 2021), and a
27 ± 33% (±1σ) rise in MAP (Rush et al., 2021). Yet, implementing these MAP and MAAT estimates in the
BQART and the SPL explains only 9%–27% of the increase in Qs calculated from sedimentary volumes. This is
because the BQART and SPL express Qs as a function of MAP to the power of 0.31 and 0.5, respectively.
According to these equations, doubling Qs would require a quadrupling or more in MAP. Even if larger values
were used form and n in the SPL (e.g., Lague, 2014), usingm= 1 would still require a doubling of MAP to double
Qs. Therefore, even though paleoclimate reconstructions bear uncertainties (e.g., Lunt et al., 2013), the MAP and
MAAT values that would be needed to explain the rise in Qs according to the BQART and SPL are unrealistically
too high (Rush et al., 2021).

5.3. Sedimentary Processes in a Warming World

Climate models also suggest enhanced intensity of extreme rainfall events during the PETM in the Southern
Pyrenees (Rush et al., 2021). Therefore, processes of sediment generation were likely not limited to bedrock
fluvial incision and overland flow erosion controlled by mean annual climate conditions, as modeled by the
BQART and SPL. The “system‐clearing” event scenario (Jerolmack & Paola, 2010) could explain the abrupt
progradation of coarse materials down‐system once a threshold is reached, as demonstrated by Armitage
et al. (2011) and observed during the PETM in the Tremp Basin (Chen et al., 2018; Duller et al., 2019) and other
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basins in the USA (Barefoot et al., 2021; Foreman, 2014; Foreman et al., 2012), and in Peru (Schlunegger
et al., 2023). Under this hypothesis, dramatic sediment evacuation from the source area would have propagated
along the sedimentary system driven by landslides (Hovius et al., 1997), floods (Baynes et al., 2015; McLeod
et al., 2024), and floodplain reworking (Prieur, Whittaker, et al., 2024).

The trigger for exceeding the erosion threshold may be due to the significantly warmer temperatures during the
hothouse PETM (Westerhold et al., 2020), linked to a higher frequency of extreme rainfall events (Coumou &
Rahmstorf, 2012; Domeisen & Butler, 2020) and enhanced landslides (Gariano & Guzzetti, 2016) leading to
increased sediment fluxes (Cecil & Dulong, 2003; Molnar, 2001). The discrepancy between this study's field and
model results shows that more complex erosional processes were at play during the PETM global warming, also
likely influenced by wildfires and vegetation changes (Denis et al., 2017). Further studies are needed to test if
increased rainfall variability during the PETM (Carmichael et al., 2017; Rush et al., 2021) would explain the
observed rise in Qs.

6. Conclusions
We quantify the impact of a past climate perturbation on erosion and sediment flux. During the PETM in the
southern Pyrenees, we document an average 2‐fold increase in sediment fluxes compared to that generated for the
previous 2.6 Myr. According to paleoclimate studies, this doubling in Qs concomitates with a 3–8°C increase in
MAAT and a 27% increase in MAP. However, BQART and SPL erosion models indicate that such changes in
MAP and MAAT seem insufficient to generate the change in documented sediment volumes. These results
suggest that river incision driven just by mean annual climate parameters cannot adequately explain variations in
Qs during a sudden climate warming event. Instead, we hypothesize that changes in seasonality likely played a
key role in the erosion and transport of sediments. In today's warming world, this study suggests that climate
averages are likely to underpredict the erosional impact of environmental change, and we argue that further
studies constraining the impact of seasonality and climate extremes are urgently needed to reconcile PETM
sediment budgets effectively.

Data Availability Statement
The Matlab code used for the BQART and stream power law models is available from Zenodo (Prieur, Robin,
et al., 2024).
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