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A short episode (~170 kyr) of extremely high global temperatures that occurred ~56 Ma, known as the
Paleocene–Eocene Thermal Maximum, is widely considered an ancient analogue of the ongoing anthropogenic
warming. This ancient hyperthermal event consisted of three phases, onset, core and recovery, which are respec-
tively represented in the mid-latitude south Pyrenean Tremp-Graus Basin by three successive terrestrial units,
the Claret Conglomerate, the Yellowish Soils and the Gypsum-rich Unit, each of them recording a different sed-
imentary response to evolving climatic and hydrological regimes. The Claret Conglomerate is mainly made up of
calcareous conglomerates and is acknowledged to record an abrupt hydrological change during the onset phase.
This unit most likely formed in an alluvial megafan, an interpretation here reinforced with new architectural in-
formation and by comparisonwith naturally occurring small-scale fan-like accumulations. Assuming the similar-
ity between the onset of the Paleocene–Eocene Thermal Maximum and the anthropogenic warming, recent
hydrological and meteorological data from mid-latitude Spain were compiled for comparison purposes. This
comparison concurs with published modelling results about hydroclimate changes in the Pyrenees during the
hyperthermal event, postulating an enhancement of seasonal contrast with augmented frequency and intensity
of floods but no significant change in total rain. Furthermore, the comparison suggests that the Claret Conglom-
erate accumulated during extreme rainfall episodes that mainly occurred in autumn. The Yellowish Soils are
mostly composed of silty marls with ubiquitous small-sized carbonate nodules and intercalated calcarenites.
Themarls were deposited infloodplains and the calcarenites in point bars and crevasse splays ofmeandering riv-
ers. The scarcity of conglomerates entails a near absence of strong currents, and the carbonate nodules perennial
or seasonal arid conditions. These nodules occur within cumulate palaeosols, the development of which required
regular sedimentary increments during inundations on the floodplains. Sedimentation rates of siliciclastic mate-
rial on thefloodplains increased significantly during the core of the hyperthermal event, aswell as at river outlets
in coastal settings, which shows that erosion was accelerated and rules out the occurrence of protective, dense
vegetation. Combined, these characteristics suggest persistent very dry summers, but a smoothwet seasonwith-
out intense precipitation events. Lastly, the profusion of gypsum in the youngest unit is clear proof of an arid cli-
mate during the recovery of the hyperthermal event. In essence, the studied deposits provide a unique window
into the sequence of hydroclimatic change during the rise, peak anddecline of an ancient globalwarming event in
a mid-latitude terrestrial setting, against which ongoing climate-change data and future projections can be com-
pared.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

A massive emission of light carbon into the atmosphere and oceans
about 56 Ma caused a ~170 kyr long episode of intense global warming
known as the Paleocene–Eocene Thermal Maximum (PETM). The
hyperthermal event, recorded in marine and terrestrial sedimentary
.V. This is an open access article und
archives by a negative carbon isotope excursion, is widely considered
an ancient analogue of the ongoing anthropogenic warming of the
Earth (Thomas and Zachos, 2000; Sluijs et al., 2007; Zachos et al.,
2008; McInerney and Wing, 2011; Alley, 2016; Tierney et al., 2020).

One of the effects of the PETMwas an alteration of the global hydro-
logical cycle. Both geological proxy data and model simulations have
shown that the hydrological changes varied geographically, producing
aridification in some areas but greater precipitation in others
(e.g., Carmichael et al., 2017; Lunt et al., 2017). The latter resulted in in-
creased influx of terrestrial clastics into widely separated shallow
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (A) Location and simplified early Paleogene palaeogeography of the Pyrenean do-
main. (B) Reconstructed early Eocene cross-section along the Noguera Ribagorzana river
valley (modified after Teixell and Muñoz, 2000). (C) Outcrop map of the Tremp-Graus
Basin, with location of the Esplugafreda and Claret sectors and reference sections men-
tioned in the text.
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marine shelves and continental margins (e.g., Gibson et al., 2000;
Schmitz et al., 2001; John et al., 2008; Slotnick et al., 2012; Pujalte
et al., 2015, 2016, 2019; Pujalte and Schmitz, 2019; Jiang et al., 2021).
Terrestrial sedimentary archives, despite being less extensive than ma-
rine records, have a higher sensitivity to hydrological changes, as varia-
tions in rainfall in catchment areas rapidly modify the pattern of river
flows and the features of their deposits (Cecil and Dulong, 2003). For in-
stance, in the Piceance Creek Basin of Colorado, in the Uinta Basin of
Utah and in the San Juan Basin of NewMexico (USA), abrupt alterations
in the architecture offluvial deposits during the PETMare attributed to a
coeval hydroclimate change (Foreman et al., 2012; Foreman, 2014;
Plink-Björklund et al., 2014; Zellman et al., 2020).

The PETM is represented in the Tremp-Graus Basin (southern Pyre-
nees, Spain) by three terrestrial units, the Claret Conglomerate, the Yel-
lowish Soils, and the Gypsum-rich Unit. The Claret Conglomerate is a
sheet-like extensive unit 0.5–7 m thick, first described by Schmitz and
Pujalte (2007), that has been used by several authors to infer the effects
of the PETM hydrological change (e.g., Schmitz and Pujalte, 2007;
Pancost, 2017; Armitage et al., 2011, 2013; Carmichael et al., 2017,
2018; Colombera et al., 2017; Chen et al., 2018). However, the precise
depositional setting of the Claret Conglomerate is still somewhat con-
troversial, as both megafan and braided fluvial models have been con-
sidered (Schmitz and Pujalte, 2007; Colombera et al., 2017). The
Yellowish Soils are up to 20 m thick and mostly made up of silty calcar-
eous clays with intercalated calcarenites. The Gypsum-rich Unit is up to
10 m thick and, as implied by its name, contains abundant gypsum de-
posits. Although the contrasting lithological character of these three
units intuitively suggests a sequence of hydroclimatic changes during
the PETM, this possibility has received little attention to date.

The purpose of this paper is to establish the depositional conditions
of the three constituent units of the PETM in the Tremp-Graus Basin, a
crucial information to assess properly the impact of hydrological
changes associated to the hyperthermal event. New field studies were
conducted in two sectors of the Tremp-Graus Basin, Esplugafreda and
Claret, which respectively correspond to the most proximal and distal
outcrops available for the target units. The former sector is located on
the southern margin of the Esplugafreda ravine and provides a ~3 km
long near-continuous exposure of the entire Tremp Group. The latter
sector is situated around the Claret hamlet, about 2.5 km to the south-
west of the city of Tremp (Fig. 1). Prior data of Schmitz and Pujalte
(2007) and Pujalte et al. (2014) from other nearby sections
(e.g., Berganuy, Iscles, Serraduy) have also been taken into account.

Model predictions of the response of Earth's climate to anthropo-
genic carbon emissions suggest an intensified hydrological cycle in
arid to semiarid mid-latitude regions. Assuming the similarity between
the PETM and the anthropogenic warming, our empirical observations
can be crucial in calibrating model simulations of precipitation patterns
and the sedimentary response in Earth's future greenhouse world.

2. Setting and previous information

2.1. Palaeogeography

During the Paleocene–Eocene boundary interval the Tremp-Graus
Basin was located at ~35°N palaeolatitude, on the southeastern margin
of an E–Welongatedmarine embayment surrounded by coastal alluvial
plains (Fig. 1A) (Plaziat, 1981; Baceta et al., 2011). Thebasinwas created
and transported piggy-back on top of a thrust sheet during a Santonian
−Maastrichtian interval of compressional tectonism (Burbank et al.,
1992; Ardèvol et al., 2000; Fernández et al., 2012; Chanvry et al.,
2018). During the tectonically quiescent late Maastrichtian−earliest
Ypresian interval the basin had a steep northernmargin on the forelimb
of the Nogueres thrust and a gentle southernmargin on the backlimb of
the Montsec thrust (Fig. 1B). During the main compressional Ypresian
−Oligocene interval, the basin was deformed, uplifted, and most of its
northern part eroded away (Teixell and Muñoz, 2000).
2

2.2. Stratigraphy

The eastern part of the Tremp-Graus Basin was mostly infilled with
terrestrial clastic deposits, informally named “Garumnian” (Rosell
et al., 2001) and formally Tremp Group (Puigdefabregas et al., 1989;
Cuevas, 1992; Dreyer, 1993; Pujalte and Schmitz, 2005; Pujalte et al.,
2014). These terrestrial deposits overlie the transitional Aren Sandstone
Formation (Maastrichtian), are overlain by the shallow marine
“Alveolina limestone” (lower Ypresian), and interfinger to the west
with lacustrine and shallow marine carbonates (Fig. 1C) (Serra-Kiel et
al., 1994; Pujalte et al., 2014). In the two studied sectors the Thanetian
to lowermost Ypresian interval comprises two lithostratigraphic units,
the Esplugafreda and Claret formations (Figs. 2, 3A, B) (Cuevas, 1992;
Dreyer, 1993; Pujalte and Schmitz, 2005; Pujalte et al., 2014).

The Esplugafreda Formation (Thanetian) is ~165 m thick at
Esplugafreda and ~350 m thick at Claret. In both sectors the unit is
mostly made up of overbank red silty marls with intercalated channels
infilled with calcareous conglomerates and calcarenites (Fig. 2A, D). The
channels occur either isolated or in laterally connected strings, in both
cases successive channels occupying slightly higher stratigraphic posi-
tions (Fig. 3B). At Esplugafreda the red marls contain Microcodium
(submillimetre-sized monocrystalline prisms of calcite originated on
roots of terrestrial plants; Klappa, 1978, 1980; Košir, 2004; Kabanov
et al., 2008), gypsum horizons and abundant palaeosol carbonate nod-
ules, 1.5–3 cm in diameter, usually concentrated in discrete palaeosol
horizons. (Fig. 2A, C). Carbonate nodules are less abundant at Claret
but gypsum is widespread, including accumulations up to 10 m thick,
deposited in saline lakes or continental sabkhas (García Veigas, 1997).

The Claret Formation contains five successive members (Fig. 2A, B),
briefly described below from older to younger. Member 1 comprises



Fig. 2. (A) Synthetic lithostratigraphy and δ13C isotopic profile of the Paleocene–Eocene interval in the Esplugafreda sector (modified from Pujalte et al., 2014). (B) Field view of the Claret
Formation lithological units. (C) Representative carbonate nodules of the Esplugafreda Formation and the Yellowish Soils. (D) Simplified blockdiagramby Colombera et al. (2017; redrawn
from part of their Fig. 13) showing the palaeogeographic reconstruction of the Esplugafreda sector during the deposition of the Claret Conglomerate.
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the deposits infilling several incised valleys, 1–1.5 km wide and 20–30
m deep, excavated during a lowstand period predating the PETM.
These valleys, which are floored by calcareous conglomerates and
coarse-grained pebbly calcarenites, were mostly filled-up by pale red
marls with sparse carbonate nodules at Esplugafreda and by light grey
calcarenites and marlstones rich in coal remains at Claret (Pujalte
et al., 2014, 2022).

Member 2, the Claret Conglomerate, is an extensive sheet-like unit,
0.5–7 m thick, of clast-supported calcareous conglomerates, pebbly
calcarenites and minor marls (Figs. 2D, 3A, B; Supplementary Fig. 1).
The genesis of sheet-like clastic accumulations is commonly attributed
to a reduction in accommodation space during tectonically quiescent in-
tervals (e.g., Heller and Paola, 1989). Although tectonic conditions in the
Tremp-Graus Basin were quiescent during the entire late Maastrichtian
−early Ypresian interval (Fernández et al., 2012), only the Claret Con-
glomerate shows sheet-like geometry. Hence, Schmitz and Pujalte
(2007) attributed the development of the Claret Conglomerate to an
abrupt increase of clastic supply caused by the PETMhydrologic change.

Member 3, the Yellowish Soil unit, is up to 20 m thick and mainly
consists of silty marls with occasional intercalations of calcarenites. In
weathered outcrops, the lower part of the silty marls has a yellow-
orange colour, which up section becomes increasingly lighter (Fig. 2A,
B). Neither Microcodium nor gypsum have been observed, but the
3

marls contain abundant small-sized (0.5–1 cm) palaeosol carbonate
nodules dispersed throughout the unit (Fig. 2A, C).

Member 4, the Gypsum-rich Unit, is represented at Esplugafreda by
deep-red marls that include numerous gypsum crystals and veins
(Fig. 3C), and at Claret by a massive package of alabastrine gypsum up
to 4 m thick (Fig. 3D). Neither conglomerates nor calcarenites have
been observed in any outcrop of the unit.

Member 5, the upper red unit, only exists at Esplugafreda,where it is
up to 17m thick and comprises light redmarlswithdispersed carbonate
nodules and occasional Microcodium. The overlying “Alveolina lime-
stone” is a time-transgressive marine unit, which onlaps member 4 at
Claret and member 5 at Esplugafreda (Fig. 2A).

2.3. The PETM in the Tremp-Graus Basin

The PETMwas first constrained in the Tremp-Graus Basin with δ13C
isotopes from palaeosol carbonate nodules of the Esplugafreda Forma-
tion, the incised valley fill, the Yellowish Soils and the upper red unit
(Schmitz and Pujalte, 2003). Later, carbonate nodules were also found
in red marls intercalated within the Claret Conglomerate, which pro-
duced δ13C values intermediate between those of the Esplugafreda For-
mation/incised valley fill and the Yellowish Soils (Schmitz and Pujalte,
2007). These data showed that the bulk of the Esplugafreda Formation



Fig. 3. (A) Panoramic Google Earth/Digital Globe image of the Paleocene–lower Eocene outcrop in the Esplugafreda sector, with indication of the lithostratigraphic units differentiated by
Pujalte et al. (2014) and the location of the Architectural Ensembles (AE) recognized in this study. (B, B') Enlarged view of part of the outcrop (location in (A)) illustrating the contrasting
large-scale architecture of coarse clastic channels intercalated in the Esplugafreda Formation and the Claret Conglomerate. (C, D) Field views of the Gypsum-rich Unit at the Esplugafreda
sector (some gypsum crystals indicated by arrows) and at the Claret sector.

A. Payros, V. Pujalte and B. Schmitz Sedimentary Geology 435 (2022) 106155
and the incised valley fill deposits predate the PETM, the Claret Con-
glomerate and the Yellowish Soils encompass the onset and core of
thehyperthermal event, respectively, and the Gypsum-richUnit records
the recovery to background conditions (Fig. 2A). Subsequent δ13C iso-
tope studies of bulk dispersed organic carbon essentially agree with
that conclusion (Domingo et al., 2009; Manners et al., 2013; Pujalte
et al., 2022).

Measurements of cross stratifications, clast imbrication, and sole
marks byDreyer (1993) and Colombera et al. (2017) at the Esplugafreda
sector indicate southward and southwestward palaeocurrents, an evi-
dence that the E-W Esplugafreda outcrop provides a near strike view
of the Thanetian−lower Ypresian terrestrial succession.
Puigdefabregas et al. (1989) and Dreyer (1993) interpreted this entire
succession as fluviatile, ascribing the vertical variations in the propor-
tion of conglomerates to changing tectonic conditions. Schmitz and
Pujalte (2007) considered that the Claret Conglomerate represents the
extensive braidplain of amegafan causedby an abrupt increase in clastic
supply during episodic high-energy rainstorms, severe floods and
greater avulsion frequency related to enhanced seasonality during the
PETM onset. Instead, Colombera et al. (2017) attributed the differences
between the Claret Conglomerate and the underlying deposits to the
development of a braided fluvial network (Fig. 2D), an interpretation
that will be discussed below.

Kiehl et al. (2018) modelled the climatic conditions of the Pyrenees
in pre-PETM and PETM times using the Community Climate System
4

Model framework, and compared their results with published proxy
data from the area. They concluded that the Pyrenees experienced en-
hanced seasonal amplitude in surface air temperature during the
PETM, which produced increased summerwarming by 8 °C. As a conse-
quence, summer evaporation also increased, causing excessive drying
from June to August. Seasonal precipitation increased by 50–200%,max-
imum increase in rainfall occurring fromOctober to January. However, if
maximum orbital forcing was also considered, the largest increase in
run-off was modelled in August, September and October.

Chen et al. (2018), also based on data from the Esplugafreda sector,
calculated that water discharge increased between 1.35 and 14 times
during the formation of the Claret Conglomerate. For their calculation,
they measured the b-axes of more than 5000 clasts, the depth and
width of 48 channels from the Esplugafreda Formation, the incised val-
ley deposits and the Claret Conglomerate, and took into account data of
channel dimensions from Dreyer (1993) and Colombera et al. (2017).
They found that the 50th percentile (D50) of clast size distributions in
pre-PETM deposits was 21.2 ± 5 mm, slightly diminishing to 19.5 ± 4
mm in the Claret Conglomerate. As per channel dimensions, it should
be noted that the only “Claret Conglomerate channels” illustrated by
these authors, in their supplementary Fig. 2, are from line drawings
reproduced from Dreyer (1993). These channels, however, do not be-
long to the Claret Conglomerate, but to the basal conglomeratic deposits
of one of the incised valleys (Supplementary Fig. 2), an error that casts
doubt on the accuracy of their calculations.
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3. Material and methods

This study is chiefly based on fieldwork focused on the Claret Con-
glomerate, the Yellowish Soils and the Gypsum-rich Unit. For the
study of the Claret Conglomerate our emphasis was placed on the
large-scale geometries of coarse-grained deposits, instead of focusing
only on clast sizes, sedimentary structures, barforms or dimensions of
individual channels. Thus, the entire ~3 km long outcrop of the Claret
Conglomerate in the Esplugafreda sector was walked along and its
best-exposed segments mapped andmeasured in detail. As a result, lat-
erally continuous tracks of the unit, up to 350mwide and plausibly hav-
ing palaeogeomorphic significance, were differentiated. These tracts are
here named “Architectural Ensembles” (AE), because theirmain distinc-
tive features are thickness and internal sedimentary geometries (Fig. 4).
The size of the largest clasts was routinely measured in most outcrops.
Photomosaics and Google Earth images were used to map large-scale
differences between the Claret Conglomerate and the coarse-grained
clastic units of the underlying deposits (Fig. 3A, B; Supplementary
Fig. 2).

The same approach could not be applied in the Claret sector, as sev-
eral segments of the Claret Conglomerate are inaccessible or poorly ex-
posed. However, field mapping of selected outcrops in strike and dip
sections permitted a reasonably accurate reconstruction of the architec-
ture of the unit in this sector. Palaeocurrents at Claret were determined
from clast imbrications and cross-stratifications.

The Yellowish Soils and the Gypsum-rich units are not as well ex-
posed as the Claret Conglomerate, often being overgrown with vegeta-
tion due to their predominantly fine-grained lithology. For this study,
their best outcrops were carefully mapped in both studied sectors. Spe-
cial attention was paid to the character of the calcarenites intercalated
in the silty marls of the Yellowish Soils and to the stratigraphic relation-
ships between the Yellowish Soils and the Claret Conglomerate. In addi-
tion, given that palaeosol colour can have compositional significance
(Eppes and Johnson, 2022), four samples were collected from the silty
marls of the Yellowish Soils, homogeneously distributed in ascending
stratigraphic order. The samples were ground to powder using an
agate mortar and stored in transparent, antiglare prismatic vials. The
colour of the powder samples was visually determined following the
Munsell system of hue, value and chroma, using a standard rock-
colour chart (Munsell Color, 2009). These determinations were further
verified using colour analysis software. To this end, the powder vials
were scanned at high resolution (600 dpi) using a desktop office scan-
ner in a dark room. Eight RGB measurements were made on each sam-
ple and mean RGB values were converted into the corresponding
Munsell colour keys using available calibration tables (Centore, 2013).
Fig. 4. Simplified sketches of the five Architectural Ensemb
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4. Results

4.1. Esplugafreda sector

4.1.1. Claret Conglomerate
The features of the Claret Conglomerate at Esplugafreda and

neighbouring outcrops change laterally. Its thickness, for instance, de-
creases from about 7 m near the Gurp and Esplugafreda hamlets to
about 2 m just to the east of the Noguera-Ribagorzana River (Fig. 1C;
Supplementary Fig. 1A, B). To the west of this river, the thickness of
the unit increases to about 8 m at the Berganuy pass and then dimin-
ishes again, eventually pinching-out near the abandoned Iscles hamlet
(Supplementary Fig. 1B, D). The Claret Conglomerate reappears near
the Serraduy village, further west decreasing in thickness and becoming
discontinuous (Fig. 1C; Supplementary Fig. 1E). Both in the Serraduy
and Berganuy pass areas, the base of the Claret Conglomerate is essen-
tially flat and its top slightly convex-up, an observation extrapolated
to the entire unit to explain its lateral thickness variations (Supplemen-
tary Fig. 1B, C).

The deposits of the Claret Conglomerate are generally clast-
supported, ungraded or with poorly defined inverse grading (Supple-
mentary Fig. 3A, B). However, stacked, decimetre-scale cycles of con-
glomerates grading up into calcarenites also occur (Supplementary
Fig. 3C). The nature and size of the clasts also vary laterally. Thus,
along the Esplugafreda outcrop grey clasts are predominant, probably
derived from upper Cretaceous carbonates, and clast diameters larger
than 20 cm are rare. Conversely, in the Berganuy pass section clasts
with 30–60 cm long axes are common, some of them reaching ca. 80
cm (Supplementary Figs. 3, 4B). Their lithologies are also more varied
as, in addition to upper Cretaceous grey carbonates, lower Cretaceous
orbitolinid-rich clasts and reddened Maastrichtian clasts are also com-
mon. These changes indicate that the Claret Conglomerate was fed
through several source points, as implied in Fig. 1D of Schmitz and
Pujalte (2007) and explicitly stated by Colombera et al. (2017). The de-
tailed analysis of the Esplugafreda outcrop carried out in this study has
revealed other lateral variations in the Claret Conglomerate, based on
which five different architectural ensembles (AE) have been differenti-
ated (Figs. 3A, 4), theirmain features beingdescribed below fromeast to
west.

AE-1 comprises several exposures along a ~300 m wide tract in the
easternmost part of the Esplugafreda valley (Fig. 3A). The Claret Con-
glomerate is 6–7 m thick in this ensemble (Figs. 4, 5) and mostly com-
posed of stacked packages, a few meters wide and about 1 m thick, of
conglomerates bounded by concave-up, cross-cutting erosional surfaces
(Fig. 5B, C). The conglomerates lack grading, segregation or other
les recognized in this study (explanation in the text).
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internal organization, the long axes of their clasts being up to 20 cm, but
generally smaller. Some shallow scours are infilled with calcarenites
and dark-grey marls rich in plant remains (Fig. 4). Large-scale cross-
strata inclined nearly perpendicular to the south-directed
palaeocurrents are visible in one of the outcrops (Fig. 5D).

AE-2 is continuously exposed for about 280m to the east andwest of
an unnamed ravine (Figs. 3A, 6A). The ensemble is up to 4.6m thick and
consists of conglomerates and calcarenites arranged in laterally ac-
creted, low angle inclined strata separated by thin mudstone partings
(Fig. 4). Notably, lateral accretion is oriented in opposite directions on
Fig. 5. (A) Map of the Claret Conglomerate Architectural Ensemble-1 on a Google Earth/Digital
(location in (A)). Thickness of the Claret Conglomerate is ~6 m in (B), and ~7 m in (C) and (D)

6

each side of the ensemble, to the east on the eastern flank (Fig. 6B)
and to thewest on thewestern side (Fig. 6C). The thickness of individual
strata varies laterally, some of them ending in gross bulges of cross-
bedded conglomerates and pebbly sandstones, their palaeocurrents
being concurrent with the direction of accretion (Fig. 6D, E). A
channel-like depression about 10 m wide and 3 m deep separates
both flanks (Fig. 4).

AE-3 is the only ensemble in which individual channels can be
clearly delineated, as they are partly encased inmarls (Figs. 4, 7). It con-
tains three channels infilledwith conglomerates, calcarenites andminor
Globe image (location in Fig. 3A). (B–D) Field photos of selected outcrops of the Ensemble
. Explanation within the text.



Fig. 6. (A) Map of the Claret Conglomerate Architectural Ensemble-2, and of its underlying and overlying units, on a Google Earth/Digital Globe image (location in Fig. 3A). (B, C) Field
photos of the Ensemble's eastern and western branches. (D, E) Close-ups of selected parts of the western branch. Explanation within the text.
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marls.Width/depth dimensions are 23/4.5m in channel 1 and about 50/
3 m in channels 2 and 3. Channel 3 is located between the other two,
partly overlapping them (Fig. 7A). To the east and west of the channels,
the ensemble is ≤2 m thick and has a tabular shape (Figs. 4, 7A).

AE-4, which is more than 350 m wide, is exposed across the Les
Comes creek, a side-valley of the Esplugafreda ravine (Fig. 3A). The
thickness, lithology and morphology of the ensemble change laterally
7

(Figs. 4, 8). Thus, at reference points P1 and P2 in Fig. 8A the Claret Con-
glomerate is about 3 m thick and mostly made up of conglomerates, its
thickness slightly declining to the east and west of both points (Fig. 4).
However, between these two points the Claret Conglomerate has a
smaller thickness, so that a sort of topographic depression about 200
m wide is recognized (Fig. 8A). On the western side of the depression
the decrease in thickness is gradual, and different zones are



Fig. 7. General view (A) and close-up (B) of the channelized central part of the Claret Conglomerate Architectural Ensemble-3 (location in Fig. 3A). Explanation within the text.
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recognizable. In effect, between points P2 and P3 the Claret Conglomer-
ate is still mostly composed of conglomerates that have a flat base and
an undulating top, its thickness varying from up to 2 m in the crests to
less than 0.6 m in the inter-crest lows (Fig. 8B). The thickness of the
Claret Conglomerate further decreases to about 1 m between points
P3 and P4, where the unit is made up of conglomerates and pebbly
calcarenites arranged in laterally accreted, low-angle inclined strata,
and diminishes to a minimum of ~0.5 m between points P4 and P5
(Fig. 8C). In contrast, just west of reference point P1, on the eastern
side of the depression, the thickness of the Claret Conglomerate rapidly
diminishes from 3 to 1.5 m along a near straight line striking NNE–SSW,
creating a smooth cliff (Fig. 8D, E, Supplementary Fig. 4A).

AE-5, which is situated in the western part of the Esplugafreda out-
crop, is about 280 m wide and mostly overlies incised valley deposits
(Figs. 3A, 9A). It is mainly composed of near tabular conglomerates 2–
2.5m thick (Fig. 4) that, in parts of the ensemble, exhibit a sort of lateral
accretion arrangement in which successive strata terminate abruptly
against the underlying incised valley deposits (Fig. 9B). The most dis-
tinctive feature of the ensemble, however, is an erosional depression
about 150 m wide situated in its central part, within which the Claret
Conglomerate has been completely removed, so that Yellowish Soil
calcarenites rest directly on the incised valley deposits (Fig. 9A, C).
4.1.2. Yellowish Soils
In most of the Esplugafreda and Berganuy pass sectors the Claret

Conglomerate is directly overlain by friable silty marls (i.e., the Yellow-
ish Soils), which have been partly removed by recent erosion. As a re-
sult, the top of the Claret Conglomerate is widely exposed at several
places as a sharp surface with a gentle convex-up geometry (Supple-
mentary Fig. 4A, B).

Despite the distinctive colour of the Yellowish Soils, the silty marls
show different shades of yellow at different stratigraphic levels, as
they progressively become lighter coloured upsection (Figs. 2B, 6B).
Using the Munsell colour key, the lower half of the Yellowish Soils
shows yellowish grey (5Y 7/2) and moderate yellowish brown (10YR
5/4) colours, whereas the upper part shows greyish orange (10YR 7/4)
to pale yellowish orange (10YR 8/6) colours (Supplementary Fig. 5).
These determinations show that the Yellowish Soils are characterized
by progressively higher chroma upsection.

Locally, the Yellowish Soils also contain calcarenite beds, which rest
directly either on the Claret Conglomerate or, exceptionally, on incised
valley deposits. The architecture of these calcarenites ismarkedly differ-
ent from that of the Claret Conglomerate, the best examples occurring
8

within the central erosional depression of AE-5. In most of this depres-
sion alternating fine andmedium-grained calcarenites conform a single
cross bedded set about 3 m thick, its westward direction being almost
perpendicular to the mean palaeocurrents of the Claret Conglomerate
(Figs. 9C, 10A). In the westernmost part of the depression, however,
this laterally accreted set is almost solely composed of medium-
grained calcarenites. A fining-upward arrangement is also evident,
with medium-grained calcarenites, which downlap the basal erosional
surface of the depression, grading up into fine-grained calcarenites
and, eventually, into yellow silty marls (Fig. 10A).

Calcarenites also exist in the Yellowish Soils that filled the western
part of the AE-4 central depression. Their arrangement, however, is
somewhat more complex than in the AE-5 example, perhaps because
they were deposited on the undulating top of the Claret Conglomerate
(Supplementary Fig. 6). Other examples of alternating fine and
medium-grained calcarenites have been observed directly on top of
the Claret Conglomerate in parts of AE-1 and AE-2. Neither exposure
is good, as the finer-grained calcarenites are largely covered by vegeta-
tion. The medium-grained calcarenites, however, are reasonably well
exposed, their fining-up arrangement and low-angle inclined geometry,
indicative of lateral accretion, being distinctly perceived (Fig. 10B, C).
4.2. Claret sector

4.2.1. Claret Conglomerate
Only one relatively large outcrop of the Claret Conglomerate occurs

in the Claret sector. It is situated around the Claret hamlet, erosively
overlying the grey calcarenites and marls of the incised valley fill
(Fig. 11A). This outcrop is about 1.5 km long inN− S direction, reaching
a maximum thickness of about 4 m in its central part and progressively
decreasing to ~1 m in the Palau and Ricos creeks, eventually pinching
out a little further to the north and south. In the Claret road section, im-
brication in basal conglomerates of the incised valley deposits and
cross-stratifications in the Claret Conglomerate indicate WSW-
directed palaeocurrents (Pujalte et al., 2022) (Fig. 11A). The close paral-
lelism between the palaeocurrents of these two units can also be clearly
perceived in the three-dimensional exposure created by the Palau creek
(Fig. 11B), where both units display large-scale trough cross-bedding. In
both units, in effect, foresets indicative of west-directed currents occur
in the northern and southern margins of the creek (Fig. 11C, E), while
cross-cutting scoop shaped erosional surfaces are visible in the N–S ori-
ented outcropwithin the creek itself (Fig. 11D). The areal coincidence of
the outcrops of both units and their near identical palaeocurrents,



Fig. 8. (A) Simplified sketch of Architectural Ensemble-4 (location in Fig. 3A), with indication of reference points P1 to P5 (CC: Claret Conglomerate). (B–D) Field photos of different seg-
ments of the ensemble, all of them looking south. (E) Field photo of the easternmost side of the ensemble's central depression, looking north. Note the rapid thickness reduction of the
Claret Conglomerate along line P1. Explanation within the text.
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strongly suggest that the incised valley was not entirely fill-up before
the onset of the PETM and acted as a trap for the gravels of the Claret
Conglomerate.

The remainder outcrops of the Claret Conglomerate in the Claret sec-
tor are discontinuous and always overlie directly the Esplugafreda For-
mation. All of them are of modest dimensions, the largest one,
situated on the southern margin of the St Adria valley, being about
170 m wide and up to 2 m thick (Figs. 11A, 12A).

4.2.2. Yellowish Soils
As in Esplugafreda, in the Claret sector the Yellowish Soils aremainly

composed of silty marls, which show progressively lighter colours
upsection, interspersed with some intercalated calcarenites, of which
two types are recognized, channelized and unchannelized, (Fig. 12).
The best example of the channelized type, located on the southernmar-
gin of the St Adria valley (Fig. 11A), is up to 5 m thick and about 50 m
9

wide. It is mainly composed of 5–15 cm thick calcarenites separated
by thin marly interbeds that abut on a concave-up lower surface
(Fig. 12B, C). These calcarenites are arranged in several stacked pack-
ages, each of them having a low-angle inclination indicative of lateral
accretion (Fig. 12C). Other examples of channelized calcarenites, with
a similar character and arrangement, were reported by Pujalte et al.
(2022) in the Ricos creek and in the Claret road. The unchannelized
calcarenites consist of 5–15 cm thick individual tabular beds, most of
them with flat erosional bases, intercalated within the silty marls.
They are usually poorly exposed, being partly covered by silty marls,
whichmakes it difficult to assess their number and extension. However,
several examples can be traced laterally for tens of meters (Fig. 12D).

The large Claret Conglomerate outcrop around the Claret hamlet is
almost everywhere overlain by friable silty marls of the Yellowish
Soils, the erosion of which has exhumed wide portions of the sharp
and nearly flat upper surface of the Claret Conglomerate (Fig. 11C;



Fig. 9. (A, A') Google Earth/Digital Globe image of the western part of the Esplugafreda outcrop with a superimposed map of the Claret Conglomerate Architectural Ensemble-5 and un-
derlying and overlying units (location in Fig. 3A); note the erosional depression in the central part of the ensemble, inwhich theClaret Conglomerate has been eroded away. (B) Close up of
part of the Claret Conglomerate (CC); encircled geologist on the left gives scale. (C) Enlarged viewof part of the ensemble's central depression and of the infilling Yellowish Soil calcarenite
channel (see also Fig. 10A for a close-up of part of the channel).
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Supplementary Fig. 4C, D). In the St Adria valley, however, the Yellowish
Soils indistinctly rest on the Claret Conglomerate or directly on the
Esplugafreda Formation (Fig. 12A, D).

5. Discussion

5.1. Setting and climate during pre-PETM times: the Thanetian Esplugafreda
Formation

As mentioned above, deposits from the proximal part of the north-
ern margin of the Tremp-Graus Basin were largely removed by erosion
10
after the Ypresian−Oligocene tectonic deformation (Fig. 1B). However,
a minor part was preserved in a small outlier near the Coll de Nargo vil-
lage, about 35 km to the east of Tremp (Supplementary Fig. 1A). In this
outlier the former mountain front is girded by Paleocene alluvial fans of
comparatively modest dimensions, mostly composed of conglomerates,
which grade into red marls with intercalated channels of the
Esplugafreda Formation within a few hundreds of metres (Supplemen-
tary Fig. 7A). Based on this observation, Schmitz and Pujalte (2007) as-
sumed that the entire northern margin of the Tremp-Graus Basin was
flanked by similar alluvial fans in pre-PETM times (Supplementary
Fig. 7B).



Fig. 10. Examples of laterally accreted calcarenite channels of the Yellowish Soils from the Esplugafreda sector (CC: Claret Conglomerate). (A) Developedwithin the erosional depression of
Architectural Ensemble-5; note the predominance of medium-grained calcarenites in the western part of the depression. (B, C) Developed directly on top of the Claret Conglomerate in
Architectural Ensembles-2 and 1, respectively.
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Thewidespread palaeosol carbonate noduleswithin the redmarls of
the Esplugafreda Formation provide some climatic information. Carbon-
ate nodules, in effect, form under water deficit conditions. These condi-
tions are generally met in climatic regimes characterized by either
perennial arid conditions or a very marked dry season, with a narrow
11
range of annual precipitation from about 100 to 900 mm (Retallack,
2001;He et al., 2015). The co-occurrence of palaeosol carbonate nodules
with remains of Microcodium (a proxy for Mediterranean climate;
Calvet et al., 1991; Kabanov et al., 2008; Pujalte et al., 2019) and, espe-
cially, with profuse gypsum deposits, proves that the accumulation of



Fig. 11. (A) Outcropmap illustrating the discontinuous character of the Claret Conglomerate in the Claret sector and the near parallel mean palaeocurrent directions of this unit and of the
incised valley deposits. (B) Enlarged outcrop map of the Palau creek section with location of the field photos in (C), (D) and (E). Explanation in the text.
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the Esplugafreda Formation took place under a prevailing arid/semiarid
climate. In addition, Puigdefabregas et al. (1989) reported rootlet sur-
faces and mud cracks within the channels intercalated in the red
marls, which were regarded as evidence of a highly ephemeral alluvial
regime.

The present day coastal zone of the Granada province, in south-
eastern Spain, has geographic and climatic characteristics similar to
those of the Tremp-Graus Basin in pre-PETM times, as it is situated at
12
about 37°N latitude, is flanked bymountains andhas a semiarid climate.
The former is, therefore, a suitable analogue to reconstruct the charac-
teristics and processes on the latter. The Granada coastal zone is drained
by a comparatively large river (Guadalfeo) and several smaller ravines,
locally named “ramblas”, all of which have developed fan deltas at their
mouths (Supplementary Fig. 8A). The biggest fan delta, with a radius of
~6 km in its subaerial part, is fed by the Guadalfeo River, which has a
drainage area of ~1300 km2. The ramblas have smaller drainage areas



Fig. 12. Field views of PETM units in the St. Adria valley (location in Fig. 11A). (A) The Claret Conglomerate (CC) on the southern (right hand) margin of the valley, locally overlain by a
Yellowish Soil calcarenite channel. (B) Eastern pinch-out of the calcarenite channel, with a close-up of its calcarenites (inset). (C) Frontal view of the calcarenite channel illustrating its
composite nature. (D) Field view of the Yellowish Soils on the northern (left hand) margin of the valley, with indication of some of their intercalated unchannelized calcarenites; note
the light (high chroma) silty marls in the upper part of the unit (indicated by an asterisk).
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(≤170 km2), the subaerial parts of their attached fan deltas being corre-
spondingly smaller, with radii between 1 and 2.5 km (Supplementary
Fig. 8B, C). The distal expression of these fan deltas is represented by
shallow subaquatic coastal clastic wedges ~1 km wide (Hernández-
Molina et al., 1995). The development of these fan deltas was intermit-
tent, mainly occurring during occasional rainstorm episodes. For in-
stance, the subaerial part of the fan delta at the mouth of the Albuñol
rambla experienced rapid seaward progradation of up to 270 m after a
single, exceptional rainstorm (locally >600 l/m2) on October 18, 1973
(Capel Molina, 1974; Pujalte et al., 2022).

5.2. Setting of the Claret Conglomerate at the onset of the PETM

As indicated above, the Claret Conglomerate has been interpreted as
having been deposited either by braided rivers (Dreyer, 1993;
13
Colombera et al., 2017) or in the vast braidplain of an alluvial megafan
(Schmitz and Pujalte, 2007), the latter interpretation entailing that the
PETM caused amore radical environmental change than the former. Fa-
cies analysis has limited value to weigh the merits of these two alterna-
tives, as lithofacies of gravel-dominated braided rivers and alluvial fans
are very similar. However, the architectural features of the Claret Con-
glomerate described above support the megafan interpretation. On the
one hand, rather than the near homogeneous lateral thickness implicit
in braided fluvial models (Fig. 2D), the Claret Conglomerate exhibits a
large-scale mounded profile at Esplugafreda and nearby sectors, with
a convex-up upper surface (Supplementary Fig. 1). Such a profile is typ-
ical of the transverse cross-section of alluvial fans, the thickest parts rep-
resenting their axial zones. On the other hand, the discharge of braided
rivers usually increases down current, but the discontinuous character
of the Claret Conglomerate in the distal Claret sector implies diminished
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discharge, which is typical of alluvial fans. Last, but not least, the fea-
tures of the five architectural ensembles recognized at Esplugafreda
can be satisfactorily explained through comparison with recent small-
scale fan-like accumulations.

Indeed, the controls on the architecture of ancient and recent allu-
vial/fluvial systems are increasingly being investigated with the help
of small-scale models created in laboratory flumes (e.g., Strong and
Paola, 2006; Reitz and Jerolmack, 2012; Van de Lageweg et al., 2013).
In this study, however, we compared the architecture of the Claret Con-
glomerate with some natural, small-scale fan-like accumulations found
during our field studies. The analogues that best match the lateral vari-
ability of the Claret Conglomerate in the Esplugafreda sector are those
illustrated in Figs. 13−15, all of which developed on near flat, slightly
sloping surfaces.

The multiepisodic fan in Fig. 13 was formed next to the trench of an
active sand quarry in England. Its innermost zone, here labelled
braidplain core (BPc; see Fig. 13 for acronyms), consists of a dense net-
work of braided channels infilled with clean sands (whitish colour in
Fig. 13A). Down current from the core different parts can be differenti-
ated, the most prominent being lobe-shaped accumulations of brown-
coloured sands (LBb) fed from braided channels (Bch). Similar coloured
sands fringing the fan core represent previous lobes (LBa), partly
encroached by the core expansion. These lobes have a convex-up
Fig. 13. (A) Field view and interpretative sketch of a recent small-scale alluvial fan developed on
m). (B) Enlarged view of a lobe-shaped accumulation fed from a braided channel. Explanation

14
upper surface, their flanks sloping to the right and left of the feeding
braided channel (Fig. 13B). Intervening zones between lobes contain
finer grained sediments and a network of smaller channels (SSd). Lastly,
clays (DCl)were accumulated in themost distal part of the fan. The core,
braided channels and lobes must have been active during and just after
rainy episodes, as they contain the coarsest deposits of the system. After
cessation of the rain, diminished runoff flowed preferentially through
small channels within the depressed inter-lobe zones (FCh in Fig. 13A).

This model accounts for most of the features of the Claret Conglom-
erate in the Esplugafreda area. The braidplain core probably existed in
the most proximal part of the Tremp-Graus Basin, but is not preserved
today (Fig. 1B). However, Architectural Ensembles 1, 2, and 3 can, re-
spectively, be ascribed to different parts situated down current from
the core.

Thus, AE-1 can be assigned to either the external part of the
braidplain core or to a major braided channel similar to the Scott
type of Miall (1978). The predominance of coarse-grained conglom-
erates in this ensemble is, in effect, a proof of strong currents, the
great mobility of the constituent minor channels and interchannel
bars being respectively recorded by pervasive cross-cutting ero-
sional surfaces and large-scale cross-strata (Fig. 5B−D). Scour-and-
fill relationships, which are common in braided channels, also exist
in this ensemble.
the nearly flatfloor of a sand quarry in England (height andwidth: approximately 8 and 4
within the text.



Fig. 14. (A, B) Field view and interpretative sketch of a recent small-scale alluvial fan de-
veloped on a nearly flat floor in southeastern Spain (height and width: approximately 2
and 4 m). (C) Interpretation of the Claret Conglomerate (CC) Architectural Ensemble-4
based on this small-scale alluvial fan.

Fig. 15. Field view of a recent small-scale alluvial fan (height and width: approximately 2
and 3 m) developed after a summer storm on a nearly flat surface near Tremp, southern
Pyrenees, in which three parts can be differentiated, respectively developed at peak dis-
charge (part 1, whitish), during decreasing discharge (part 2, light grey, still wet), and at
low discharge (part 3, dark grey, outlined in yellow in the online version).
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The low-angle inclined strata of AE-2, with near opposite senses of
accretion, are best explained by deposition on both flanks of a lobe, its
central depression corresponding to the lobe-feeding channel. The var-
iable thicknesses of the strata in the lobe flanks and the coarse-grained
nature of their terminal protuberances can respectively be attributed to
an intermittent growth of the lobe and to avalanching processes at the
toes of the inclined strata. Lastly, the well-defined central channels of
AE-3, which cut into ≤2 m thick tabular-shaped conglomerates
(Fig. 7A), suggest autogenic compensation processes and most likely
represent small channels flowing through inter-lobe depressions
(Ventra and Nichols, 2013, and references therein).

The two small-scale fans in Figs. 14 and 15 were originated in east-
ern Spain after single summer downpours and, consequently, have a
simpler configuration. The example in Fig. 14 consists of two coalescent
fans, a fact that precluded the full development of a fan-like geometry.
However, the radial arrangement of distributary channels is perceptible
on the left hand side of fan 1 (Fig. 14A, B). A depression infilled with
somewhat finer sediments exists along the axis of this fan, with its low-
est zone situated along its central part. This low zone is flanked by ter-
races, locally crossed by small channels, the terrace on the left being
bordered by a small cliff (Fig. 14A, B). An axial depression also exists
in fan 2, but not so well developed. The configuration of both small
fans was a result of changing discharge after the storm: water spread
over the entire fan at peak flow but, as the flow receded, it became re-
stricted to a progressively narrower and deeper depression along the
axial zone.

The features of this small-scale model are strikingly similar to those
of AE-4 (cf., Figs. 8 and 14A, B), from which it is reasonable to conclude
that this ensemble also records a strong variation inwater discharge, al-
though not necessarily after one single event. Thus, the parts of the
15
ensemble situated east and west of points P1 and P2 record phase
(s) of high discharge. The central depression must have been created
during diminishing discharge, the undulating zone between points P2
and P3 satisfactorily comparing to the channelled part of the terrace in
Fig. 14, and the segment between points P4 and P5 in Fig. 8C being as-
cribable to the phase of minimum streamflow.

The small-scale fan in Fig. 15 also records a strong variation in dis-
charge. The fan must have grown, laterally and frontally, at peak dis-
charge, when sedimentation occurred on the entire fan, as recorded
by the dry part of themodel (whitish, 1 in Fig. 15).With decreasing dis-
charge,flowingwater became restricted to discrete channels (light grey,
2 in Fig. 15, still wet) and, after further decrease, to a single channel that
became fully entrenched into the fan (dark grey, 3 in Fig. 15).

Two key features of AE-5 can adequately be explained by thismodel.
Thus, the lateral accretion arrangement and abrupt termination of con-
glomeratic strata (Fig. 9B) are readily attributable to the intermittent
lateral growth of the fan during episodes of high discharge, whereas
the central depression of the ensemble (Fig. 9A) clearly records current
entrenchment at low discharge (Fig. 15).

In summary, the architectural features of the Claret Conglomerate in
the Esplugafreda sector are best explained by deposition in a megafan,
rather than in separate braided rivers. This implies that the small allu-
vial fans fringing the northern margin of Tremp-Graus Basin in
Thanetian times rapidly expanded and coalesced into the braidplain of
a megafan at the onset of the PETM, their deposits mantling most of
the northern half of the basin. This interpretation also explains the dis-
continuous and generally modest dimensions of the Claret Conglomer-
ate outcrops in the Claret sector, which probably represent distal
segments of individual lobes. The lens-like shape of the large outcrop
around the Claret hamlet suggests a composite package, probably the
result of the concentration of lobes along a former, partly buried incised
valley.

5.3. Hydroclimatic change at the onset of the PETM

Climate modelling results by Kiehl et al. (2018) indicated that sea-
sonality enhanced in the Pyrenees during the PETM. Both surface air
temperature and evaporation increased in summer (June–August),
whereas rainfall increased by 50–200%, especially in autumn (Octo-
ber–January), which also led to increased runoff.

To our knowledge, the only specific attempt to quantify the hydro-
logical change induced by the PETM using proxy data from the Tremp-
Graus Basin is that of Chen et al. (2018). However, leaving aside that
some key data used in their calculation are flawed (see above and Sup-
plementary Fig. 2), it is not clear whether their postulated 1.35 to 14
times increase in water discharge during the PETM refers to individual
events or to an augmentation in annual rainfall.
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Here an alternative approach is used, based on historical and recent
records of floods and meteorological data from mid-latitude Spain dur-
ing the last century (Supplementary Fig. 9). The rationale for this ap-
proach is that, although global boundary conditions were different in
PETM times, both the palaeogeographic and palaeoclimatic characteris-
tics of the Tremp-Graus Basin were similar to those of today's south-
eastern Spain, as discussed above. Therefore, historical and recentmete-
orological records from Spainmay provide some clues about the hydro-
logical changes in the Tremp-Graus Basin at the onset of the PETM,
assuming that the anthropogenic warming and the PETM are compara-
ble events.

The Spanish records demonstrate that from 1916 to 2019 the num-
ber of floods caused by exceptional rainfall events has increased steadily
(see Supplementary Fig. 9A for actual data and plot). This trend can also
be observed in the floods of rivers debouching into the Mediterranean
in SE Spain (“SE coastal basins” in Supplementary Fig. 9A). In the
Guadalfeo River, for example, five large floods were recorded between
the years 835 and 1985 (a return period of 230 years), and another
five between 1917 and 1973 (a return period of 56 years) (Rodríguez-
Martínez and Mesa-Garrido, 2016. The effect of these recent floods on
the fan deltas is minimized by the construction of dams and other cor-
rective measures in the river courses. However, as mentioned above,
the fan delta attached to the Albuñol rambla, in which no dam exists,
prograded up to 270 m after a single rainstorm in 1973. Interestingly,
historical meteorological data show that out of 27 exceptional rainfall
events in the Mediterranean Spanish SE coastal basins between 1916
and 2019, 20 occurred in October and November and another four in
September; only one occurred in January and two in February. This
compares well with the palaeoclimatic conditions modelled for the
PETM Tremp-Graus Basin, which deduced increased rainfall and runoff
in autumn (Kiehl et al., 2018).

Yet, data from four meteorological stations from coastal Mediterra-
nean Spanish cities demonstrate that, in the last eighty years, the cumula-
tive amount of rain during successive quinquennia, although variable, has
not changed significantly (Supplementary Fig. 9C). Consequently, assum-
ing that the recent hydrological changes in Spain are comparable to those
during the PETM onset, it is reasonable to conclude that the single most
important cause of the expansion of the Claret Conglomeratewas a strong
enhancement of seasonality, with a concomitant increase in the fre-
quency and intensity of rainstorms in autumn, but without a significant
variation in the volume of averaged total annual precipitation.

5.4. Setting and hydroclimate during the core of the PETM: The Yellowish
Soils

The lateral accretion and fining upward arrangement of the
calcarenites intercalated in the Yellowish Soils at Esplugafreda are
clear proof of accumulation on point bars ofmeandering rivers. The reg-
ular alternation of very fine- and medium-grained calcarenites in these
point bars suggests a rather stable fluvial regime (Fig. 10). Medium-
grained calcarenites, however, are dominant in the westernmost part
of the point bar encased within the central depression of AE-5
(Fig. 10A). Likely, the lateral growth of the point bar progressively
infilled the depression, narrowing the channel cross-section and in-
creasing flow velocity, which hindered the deposition of fine-grained
load. Themultistorey character of the channelized calcarenites included
in the Yellowish Soils of the Claret sector, together with the lateral ac-
cretion of their stacked packages, are indicative of fluvial meander
belts. The unchannelized calcarenites, on the other hand,most likely re-
cord crevasse splay deposits. The high proportion of fine-grained sedi-
ments in the Yellowish Soils, both at Esplugafreda and Claret, requires
extensive floodplains. This fact provides additional evidence for a
meandering fluvial system, since abundance of suspended load and co-
hesive banks favours meandering courses.

The abundant small-sized carbonate nodules of the Yellowish Soils
suggest perennial or seasonal (semi)arid conditions, since that kind of
16
nodule is only formed under water deficit conditions (Retallack,
2001). The conspicuous absence ofMicrocodium and gypsum in the Yel-
lowish Soils attests to a generallymore humid (or less arid) climate than
in pre-PETM times. Furthermore, clastic sedimentation rates during the
accumulation of theYellowish Soils increased5–10 fold, an increase also
observed in coeval marine sections of the Pyrenees. This increase indi-
cates a high yield of detritus in the river discharge and deep physical
erosion of the landscape, which suggests long and dry summers leading
to the absence of a dense, protective vegetation cover (Schmitz et al.,
2001; Schmitz and Pujalte, 2003). Interestingly, the carbonate nodules
of the Yellowish Soils are homogeneously dispersed throughout the
silty marls in the two studied zones (Fig. 2A, B), a distribution typical
of cumulate soil profiles (in the sense of Wright and Marriott, 1996,
and Kraus, 1999). These soils develop by (near) steady aggradation
through frequent increments of sediments, so that the upper part of
their profile is buried and reorganized by processes occurring at deeper
levels (Wright and Marriot, 1996, p. 908). Carbonate nodules typically
form in the lower horizon of the soil profile, the so-called calcic horizon
or Bk (Retallack, 2001). Therefore, their occurrence throughout the
whole thickness of the Yellowish Soils is clear proof of the destruction,
through reworking, of the upper palaeosol horizons. Additional incre-
ments of sediments eventually placed the Bk horizons below the zone
of active pedogenesis, which accounts for their preservation and ex-
plains the small size of the nodules. These processes necessarily entail
frequent inundation of the floodplains represented by the silty marls
of the Yellowish Soils, but the absence of coarse-grained deposits dem-
onstrates a drastic diminution of the high magnitude floods inferred for
the Claret Conglomerate. Taken together, these facts indicate recurrent
but rather tranquil stream flows and, consequently, a more evenly dis-
tributed rain during the wet season. Finally, the progressively higher
chroma of the silty marl palaeosols towards the upper part of the unit
(Supplementary Fig. 5) suggests a trend to increasingly drier conditions
(cf., Armengolt et al., 2019).

The generally sharp boundary between the Claret Conglomerate and
the Yellowish Soils (Supplementary Fig. 4) might be interpreted as an
abrupt transition between their respective hydroclimate states. How-
ever, the transition from the onset to the core phases of the PETM in
δ13C isotopic profiles is gradual (e.g., Fig. 2A; see also Zachos et al.,
2008), which should have resulted in a similarly progressive sedimen-
tary change. Evidence for such a gradual change is provided by the cen-
tral depressions in architectural ensembles 4 and 5 of the Claret
Conglomerate, which, as discussed above, are attributable to a progres-
sive reduction in flow magnitude (Figs. 14, 15). In effect, avulsion pro-
cesses are particularly common in low gradient alluvial fans (Gole and
Chitale, 1996) and so, at different times, sediments would accumulate
on most parts of the Claret Conglomerate. However, the decrease of
highmagnitudeflowswould reduce avulsion frequency, the diminished
flows becoming restricted, and eventually entrenched, along specific
tracts of the former megafan, creating depressed zones in its upper
part. The occupation of both central depressions by meandering rivers
most likely culminated the transition between the sedimentary and hy-
droclimatic regimes represented by the Claret Conglomerate and the
Yellowish Soils.

5.5. Setting and hydroclimate during the recovery of the PETM: the
Gypsum-rich Unit

As previously noted by several authors (e. g., Schmitz and Pujalte,
2003; Domingo et al., 2009; Pujalte et al., 2022), the climate became
quite arid in the Tremp-Graus Basin during the recovery phase of the
PETM, an aridification process heralded by the high chroma palaeosols
of the upper part of the Yellowish Soils. In effect, in addition to its tell-
tale gypsum abundance, a distinctive feature of the Gypsum-rich Unit
is the complete absence of carbonate nodules, which suggests that dur-
ing the recovery phase of the PETM annual precipitation was less than
100 mm (cf., Retallack, 2001). Furthermore, the absence of
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conglomerates and calcarenites within the unit demonstrates that the
currents resulting from occasional rains were only capable of
transporting silts and clays (Fig. 3C), and must therefore have been of
reduced volume and strength. Lastly, the accumulation of alabastrine
gypsum in the Claret area is proof that the eventual flows reaching the
Claret area evaporated in saline lakes (Fig. 3D).

6. Conclusions

The notion that the PETM induced an important change in
hydroclimate is far from new. The data here presented confirm that
change, but also show that in the mid-latitude terrestrial Tremp-Graus
Basin the hydroclimate varied in parallel with the three phases of the
hyperthermal event, profoundly altering depositional conditions as
the CO2 content in the atmosphere varied.

In this basin, in effect, an arid/semiarid climate persisted during
Thanetian times, when the mountainous northern margin of the basin
was fringed by alluvial fans of comparatively small dimensions. The
rapid addition of CO2 during the onset of the PETM prompted an en-
hancement of seasonality, inducing frequent rainstorms and high mag-
nitude floods in autumn. This hydroclimate forced a rapid expansion of
the previous marginal alluvial fans, which coalesced to create an exten-
sive conglomeratic braidplain in the proximal part of a megafan that
mantled the northern half of the basin, represented by the Claret Con-
glomerate.

During the core of the PETM the percentage of CO2 in the
atmosphere was higher, but remained more or less stable. Seasonality
became less contrasted, still with long, dry summers but without, or
with few, high magnitude floods and with the rain more equally
distributed throughout the wet season. As a result, meandering rivers
with extensive floodplains encroached onto the entire basin.
Inundations of the flood plains were frequent in the wet season, the
concomitant sedimentary flux causing their aggradation. The absence
of a dense vegetation cover led to deep physical erosion of the
landscape and high fluvial sediment yield, which induced a significant
increase in sedimentation rate relative to pre-PETM times, an increase
also recorded inmarine settings of the Pyrenees. Total annual rain, how-
ever, diminished towards the end of this phase, initiating a trend that
culminated in an arid hydroclimate during the recovery of the PETM,
when saline lakes developed in the central part of the basin.

During the PETM the Tremp-Graus Basin was situated at ~35°N
palaeolatitude, between the dry subtropical zone to the south and the
subhumid temperate climate zone to the north, a transitional area espe-
cially sensitive to global climate changes. This specific latitudinal loca-
tion most probably enhanced the hydroclimate variations during the
successive phases of the hyperthermal event.

The PETM is widely acknowledged as an ancient analogue of the on-
going anthropogenic warming, which seems to be in its onset phase.
Continental outcrops like the unique Pyrenees sections studied herein
provide the most informative records of the succession of climate
change phases during the PETM. If the current rates of CO2 emissions
continue unabated, a sequence of hydroclimatic and environmental
changes similar to those registered in the Tremp-Graus Basin can be ex-
pected in mid-latitude terrestrial basins and coastal plains adjacent to,
and fed from, nearby mountainous areas.
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