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ABSTRACT

Patterns of river water and sediment transport through time, or river intermittency factors, are
generally considered to be highly sensitive to climate and tectonics. Determining the
intermittency of rivers in ancient hothouse climates could provide a unique lens through which

to investigate Earth’s response to climate change. However, this requires strong constraints
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on both mean and bankfull sediment and water discharges through time, which are rare in the
stratigraphic archive due to the challenges of estimating material flux rates from source to
sink. To address these challenges, we calculate basin-scale sediment volumetrics and
palaeohydraulics to reconstruct water and sediment transport patterns in strata deposited
under an ancient extreme climate punctuated by hyperthermal warming events: the Montllobat
(52.0 — 50.5 Ma) and Castissent (50.5 — 49.7 Ma) formations of the Southern Pyrenees, during
the Eocene hothouse. We reconstruct water intermittency factors (/) in these ancient river
systems averaging 0.15-0.25, whereas sediment intermittency factors (/s) of 3x10 — 7x10-3 in
the Montllobat Formation increased up to 3-fold in the overlying Castissent Formation. This
implies that whilst rivers were likely perennial, sand-grade sediment was transported
significantly more often in the Castissent rivers (p<10-3). A comparison with a global database
of modern rivers also demonstrates that rivers during the Early Eocene Climatic Optimum
were able to transport sediment more efficiently than most modern rivers of similar types and
climate zones today. We hypothesise that a short-lived global warming event at c. 50.5 Ma
enhanced monsoon seasonality in the Pyrenean foreland, causing heightened sediment
transport efficiency which lasted up to 1 million years. This ancient example shows the long-
lasting, basin-wide geomorphic consequences of short-term climatic change, resolved from

river transport patterns in alluvial stratigraphy.
1 INTRODUCTION

Across the planet and throughout time, landscapes and sedimentary basins respond to climate
and tectonic forcings (Knox, 1984; Bull, 1991; Tucker & Slingerland, 1997; Westra et al., 2014;
Yin et al., 2023). Rivers, the most significant conduits of water, sediment and nutrients across
Earth’s continents, are particularly sensitive to climate change (Knox, 1993; Whittaker, 2012),
and they provide a lens through which to investigate surface processes during extreme climate
episodes of Earth’s past. Present-day climate change threatens significant geomorphic

ramifications (e.g., Alfieri et al., 2017; Best, 2019), and decoding how Earth’s surface has
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responded to climates of the past provides one way to constrain the future impacts of global

warming.

It is widely recognised that runoff regimes, discharge variability and river hydrographs are
strongly determined by weather patterns driven by climate, and are vital to understanding river
and landscape response to allogenic drivers from millennial to sub-daily timescales (Haines
et al., 1988; Nicholas et al., 2016; Hansford et al., 2020). Signals of climate-driven hydrological
change can be preserved in alluvial stratigraphy (Allen, 2008), and deciphering the patterns
of past river transport and discharge variability in the rock record is a critical way to reconstruct
the impact of past climate change on the Earth’s surface. Alluvial stratigraphy contains
geological observables that can be used to reconstruct both formative depositional conditions,
and mean transport rates in ancient rivers. Employing empirically- and theoretically-derived
numerical models and relations (e.g., Leclair & Bridge, 2001; Bradley & Venditti, 2017; Lyster
et al., 2020, 2021; Long, 2021), the architecture, bedforms and grain-sizes associated with
channel-fill and in-channel bar deposits can be employed to estimate key river characteristics
and behaviour such as flow depth, channel gradient, river planform, and water and sediment
discharge. Further, a range of downstream- and upstream-focused approaches are available
to reconstruct long-term average water and sediment fluxes (e.g., Lyster et al., 2020; Watkins
et al., 2020; Yan et al., 2025). To constrain the temporal patterns of river activity in response
to allogenic perturbations, we can extend previous approaches based on facies and
stratigraphic analyses (e.g., Flood & Hampson, 2014; Fielding et al., 2018; Lyster et al., 2020;
Wood et al., 2022) by directly comparing two key parameters that can be reconstructed from
independent geological observations: the maximum channel-forming transport flux and the

long-term average conditions.

River intermittency factors (/), introduced by Paola et al. (1992), describe the temporal
distribution of water or sediment transport through rivers which can be presented as a simple

ratio between the total flux over a set time scale and the potential bankfull flux if it were
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sustained over the same period—in other words, how much water or sediment a river is
moving versus what it could be moving (Fig. 1A):

20, ®
[ = 2o

) 1
Qsmop Lt W

where ) Qsw is the sum of the sediment or water discharge over time period t, and Qswpn t is
the potential bankfull sediment or water discharge multiplied by the sum of the time period.

This can be reformulated as:

Qs,w(avg)

I= : (2)

Qs w(vf)

where Qswavg) iS the average sediment or water discharge over an arbitrary long timescale
and Qswpn is the bankfull transport capacity of water or sediment if applied for the identical

timescale.

Intermittency factors are strongly indicative of river processes and climate (McLeod et al.,
2026), and reconcile the critical gap in timescales between reconstructions of instantaneous
channel-forming and mean flow conditions (Lyster et al., 2023). Intermittency factors do not
rely on assumptions of hydrograph shape, because for a given intermittency factor the integral
of the hydrograph could be distributed across an infinite number of shapes and could be
applied on any timescale (Fig. 1B, C). In general, however, with decreasing intermittency factor
(approaching zero), rivers are expected to concentrate activity in shorter, isolated periods of
discharge, separated by longer periods of low or no discharge—this would be considered an
ephemeral or intermittent river. Intermittent rivers (generally considered to have measurable
water discharge <10% of the time; Hedman & Osterkamp, 1982) corresponding to water
intermittency () < 0.1, are associated with particular climate characteristics (Hansford et al.,
2020). A high intermittency factor approaching 1, on the other hand, means water discharge

is perennial. Sediment hydrographs can be characterised by intermittency factors in the same
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way: where sediment discharge is concentrated into infrequent, extreme events in which
transport thresholds are surpassed, the ratio between Qsavg)and Qse), /s, is likely to be close
to zero (e.g., Fig. 1B, D, E). Ariver transporting sediment year-round will have a high /s value

approaching unity (e.g., Fig. 1C).
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Figure 1. Diagrams outlining intermittency factors. A) Conceptual illustration highlighting the
intermittency factor formula and its inputs where source — or upstream — approaches are used to
estimate precipitation and erosion rates, sink — or downstream — approaches are used to estimate
deposition rate, and palaeohydrology of alluvial deposits are used to estimate bankfull water and
sediment transport capacity. B) Schematic hydrograph illustrating the potential hydrograph shapes for
a low intermittency factor of /=0.1, where ti-to is an arbitrary time-step containing variability, for example
1 year; the blue area represents the water hydrograph and the beige area represents the sediment
hydrograph. As long as the integrated area of the hydrograph is maintained, a given intermittency factor
could indicate an infinite number of hydrograph shapes. C) Schematic hydrograph illustrating the
potential hydrograph shapes for a high intermittency factor of /=0.7. (D-E) Photographs of ephemeral
rivers in Greece at bankfull discharge (D) and during low or no flow stages (E) (McLeod et al., 2024).

Recent investigations of modern rivers demonstrate water intermittency factors are globally
linked to climate (McLeod et al., 2026), and that sediment fluxes in arid regions are tied to

individual rare storms, suggesting that sediment budgets in Mediterranean catchments could
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double by 2100 CE as a consequence of global warming (McLeod et al., 2024). If river
intermittency responds to allogenic forcing, then it should also be possible to resolve ancient
landscape-scale climate and tectonic change from the alluvial archive, and contextualise
future changes to river transport patterns due to global warming, which could dramatically alter
the carbon and nutrient cycle (Dunne et al., 2007; Gofi et al., 2013). New data describing
water and sediment intermittency in modern systems worldwide (Hayden et al., 2021; McLeod
et al., 2026) in theory enable calibration of interpretations of ancient tectonic and climatic
conditions from fluvial intermittency. However, constraints on the intermittency of both river
water and sediment transport are rare in the geological record, because they require estimated
bankfull material fluxes to be tied directly with corresponding mean fluxes in space and time
(Lyster et al., 2023). In practice, this means robust, high-resolution stratigraphic correlations
are required between alluvial strata and strata located downsystem in the corresponding
depositional sink (Watkins et al., 2019; McLeod et al., 2024), and/or or well-constrained
reconstructions are required for palaeo-catchment areas and climates (Lyster et al., 2023). It
also remains untested whether water or sediment transport patterns in ancient rivers exposed
to external perturbations were affected to a degree that has stratigraphic preservation

potential.

In order to address these research gaps, this paper aims to: (1) develop a framework to
estimate basin-scale depositional volumes and long-term water and sediment fluxes through
time in an Eocene source-to-sink system during an extreme hothouse period; (2) calculate
evolving water and sediment intermittency factors in this stratigraphic setting; and (3) leverage
reconstructed intermittency factors and palaeohydrological observations to determine
landscape response to an Eocene global warming event. Using palaeohydrological techniques
in parallel with geological and modelling approaches, we show that it is possible to reconstruct
the evolving patterns of river activity in response to changes in climatic boundary conditions
from the alluvial sedimentary record, using the stratigraphy of the Spanish Pyrenees as a

natural laboratory.
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Figure 2. Study area geological and location maps in the southern Pyrenees. A) Geological sketch map
highlighting the key sedimentary units of the Ypresian. B) Digital elevation model of the present-day
Pyrenees. C) Geographical location map.

139 The Pyrenees are a NW-SE-oriented compressional mountain belt on the boundary between
140 the Iberian and European plates (Fig. 2). The Alpine orogenic history of the Pyrenees was
141 initiated in the late Cretaceous, when seafloor spreading in the southern Atlantic and Indian
142  oceans drove northwards motion of the Iberian plate, resulting in the onset of convergence
143  between the Iberian and European plates (Capote et al., 2002; Martin-Chivelet et al., 2002).
144  Owing to prior Mesozoic crustal extension and attenuation, crustal loading and flexural
145  subsidence formed deep, narrow foreland basins on both the Iberian and European sides of
146  the mountain belt (Clark et al., 2017). Exhumation of the Axial Zone of the Pyrenees continued
147  through the late Cretaceous, and the southward propagation of a foreland fold-and-thrust belt
148 caused the redistribution of sediment through a series of piggy-back basins Compression
149  continued into the Palaeocene, Eocene,Oligocene and upper Miocene, until regional
150 convergence shifted to the southern margin of the Iberian plate by the Neogene (Clark et al.,

151 2017).
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The South-Central part of the Pyrenean foreland is characterized by thin-skinned thrusting on
Triassic and Paleogene evaporite decollements or basement-involved thrusting, in those
sectors where salt levels are lacking, both often connected laterally by oblique fault zones
(Mufioz et al.,, 2025). Three major thrust sheets can be recognized, which by order of
emplacement, are: the Cotiella-Bdixols thrust sheet, starting its emplacement by late
Cretaceous; the Pefia Montafiesa-Montsec sheet, starting in the Paleocene up to the Late
Ypresian; and the Sierras Exteriores—Serres Marginals sheet, emplaced from the Lutetian to
the Lower Miocene (Simé et al., 1985; Simd, 1986; Oliva-Urcia et al., 2019). The Eocene
foreland basin can be divided into four sub-basins, governed by the evolving thrust sheets and
their transfer zones: the Tremp-Graus, Ager, Ainsa, and Jaca basins (Garcés et al., 2020).
These four zones contained the major sediment routing systems of the South-Central

Pyrenees Foreland Basin in the lower Eocene.

The Ypresian Montanyana Group (Nijman & Nio, 1975; also “Montafiana Group”), represents
the first major phase of clastic sedimentation and alluvial progradation driven by Pyrenean
orogenesis. The first two megasequences of the Montanyana Group correspond to the fluvial
Montllobat and Castissent formations (Nijman & Nio, 1975; Nijman & Puigdefabregas, 1977;
Nijman, 1998), which are the focus of this study. The Montanyana rivers of the Tremp-Graus
basin transported sediment downsystem (northwest) into a shallow-marine setting dominated
by deltaic mouth bars (Marzo et al., 1988). In the Ainsa Basin, marine siliciclastic and
carbonate slope facies are incised by deep, composite submarine canyon fills (Marzo et al.,
1988; Nijman, 1990; Ayckbourne et al., 2024). Siliciclastic submarine channel sediments were
routed into the marine Hecho Group of the Jaca basin (Mutti, 1985a), which contains coarse
turbiditic lobes, distal turbidite deposits and Mega Turbidite (MT) beds (Labaume et al., 1987;
Labaume et al., 2016) on which various correlative schemes for the Jaca Basin are based.
We discuss this fluvial-to-submarine-fan correlation framework, variations upon it, and their
potential implications in detail in Section 3.1, and provide alternative stratigraphic correlation

schemes in the Supplementary Material (Fig. S2).
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Figure 3. Stratigraphic framework for the lower Eocene units of the southern Pyrenean foreland in the
Jaca, Ainsa, Tremp-Graus and Ager basins (modified after Mutti, 1985a; Labaume et al., 1987; Gupta
& Pickering, 2008; Caja et al., 2010; Scotchman et al., 2015; Garcés et al., 2020). Variations on this
framework could arise from different age-date interpretations and unit correlations. An alternative
correlative scheme is provided in the Supplementary Material and discussed in Section 5.2.

Deposition of the Ypresian Montllobat and Castissent formations of the Lower and Middle
Montanyana Group coincided with the later part of the Early Eocene Climatic Optimum
(EECO) (Westerhold & Rohl, 2009; Hyland & Sheldon, 2013), with global temperatures
gradually decreasing from a hothouse state that persisted through the start of the Ypresian.
Global mean annual temperatures (MAT) in the EECO were approximately 23-29°C
(Westerhold & Réhl, 2009; Honegger et al., 2020), compared to 14-15°C in the present-day.
Humidity reconstructions from CaO/Al;Os3 ratios in Castissent Formation palaeosols indicate
the climate of the southern Pyrenean foreland during the Ypresian was semi-arid (Honegger
et al., 2020). The lower Eocene climate was also characterised by hyperthermal events, short-
duration (40-200 kyr) periods of global warming which punctuated the overall, long-term
cooling trend of the late EECO (Lourens et al., 2005; Kirtland Turner et al., 2014; Westerhold
et al., 2017; Turner, 2018; Honegger et al., 2020). These hyperthermal events are
hypothesized to have affected continental sedimentation and fluvial dynamics in the Eocene

Pyrenean foreland (Honegger et al., 2020; Boyrie et al., 2025; McLeod et al., 2025).

The Montllobat Formation comprises the Ypresian fluvial deposits of the Lower Montanyana
(LM) Group in the Tremp-Graus basin. Approximately 150-250 m thick, it is composed of
overbank mudstones interbedded with channelised sandstone and conglomeratic bodies
(Nijman & Nio, 1975). The fluvial channel-fill deposits include structureless kilometre-wide
sheetflood deposits (Van der Meulen, 1989), multi-lateral and multi-storey sandstone bodies

with well-developed lateral (point-bar) accretion (Nijman & Nio, 1975; Cabello et al., 2018),
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and both simple and multi-storey ribbon channel bodies (Nijman & Nio, 1975). The
petrographic composition of the Montllobat Fm. is characterised by alluvial fan supply from
the northern margin of the basin (Nijman, 1998). New palaeohydrological reconstructions
(McLeod et al., 2025) show palaeo-river flow depths averaged 1.40 m across the Tremp-Graus
Basin, and field-based reconstructions indicate the median channel gradient was ca. 8.0x10*
(m/m), with a median bedload grain-size of medium sand (0.38 mm). The Montllobat
Formation has been interpreted to represent a mostly wandering or anastomosing multi-
threaded river system (Van der Meulen, 1989; McLeod et al., 2025) with distinct meandering
reaches (Van Eden, 1970; Nijman & Nio, 1975; Puigdefabregas & Vliet, 1977; Cabello et al.,
2018). The Montllobat Formation is subdivided by the Mid-Lower Montanyana (MLM)
unconformity, which marks a sequence boundary (Nijman, 1998), and the two subdivisions
are referred to herein as Montllobat members A and B (McLeod et al., 2025). With dominantly
north-west-directed palaeocurrents, the Montllobat rivers pass downsystem into the shallow-

marine clastic deposits of the Castigaleu Formation (Van Der Meulen, 1986).

The Montllobat Formation is overlain by the Castissent Formation, a widespread,
comparatively thin (50-150 m) fluvial unit comprising the alluvial deposits of the Middle
Montanyana (MM) Group. The Castissent Formation represents pronounced progradation of
the Montanyana clastic wedge (Nijman & Puigdefabregas, 1977; Marzo et al., 1988; Nijman,
1998), which has been attributed to an increase in hinterland tectonic uplift rates (Whitchurch
et al., 2011; Curry et al., 2021) and/or a climatic change (Honegger et al., 2020; McLeod et
al., 2025). The Castissent Formation, like the underlying Montllobat Formation, comprises
mottled overbank mudstone deposits and channelised fluvial sandstones (Marzo et al., 1988).
Its petrographic composition is carbonate-poor in comparison to the Montllobat Formation
(Nijman, 1998), with a white-weathering appearance and rounded exposure style that
distinguishes it from the other units of the Montanyana Group in the Tremp-Graus basin. The
fluvial deposits of the Castissent Formation are dominantly multilateral and multi-story sheet

sandstones, with some coarser conglomeratic channel fills. The fluvial deposits include
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lenticular-bedded sheet sandstone bodies, tabular bodies containing lateral-accretion and
ribbon-like channel fills (Marzo et al., 1988). The Castissent Formation is composed of three
main coarse-grained channel complexes (members A, B and C) separated by marine
incursions (Marzo et al., 1988; Honegger et al., 2020), and these represent successive alluvial
depositional phases (Martinius, 2012). The Castissent rivers were 1.40 m deep on average,
but in contrast to the Montllobat Formation, they were developed on a steeper gradient
(1.2x10%) and they transported a coarser bedload of coarse sand averaging 0.94 mm (McLeod
et al., 2025). The Castissent rivers have been interpreted as braided (Nijman &
Puigdefabregas, 1977; Marzo et al., 1988; McLeod et al., 2025), and McLeod et al. (2025)
reconstructed an increase in water and sediment discharge in comparison to the underlying

Montllobat Formation, reaching maximum transport capacity in Castissent member B.

Fluvial sedimentation also occurred south of the Montsec Thrust in the Ager Basin, coeval to
the Montllobat and Castissent rivers (Nijman, 1998). Cropping out in the Serres Marginals
thrust sheet (Fig. 2), the depositional duration of the Cor¢ca Formation was equivalent to, or
strongly overlapping with, that of the Montllobat and Castissent formations (Nijman, 1998;
Juvany et al., 2024) (Fig. 3). The Corga Formation is comprised of stacked sheet sandstone
complexes with north- to north-west-directed palaeocurrents, and a distinctly white-weathering
exposure style, bearing notable similarities at outcrop to the Castissent Formation. The
petrographic composition of the Cor¢a Formation suggests significant mixing with the
Castissent Formation, supported by detrital zircon geochronology (Clark et al., 2017; Thomson
et al., 2017). This mixing implies the two river systems had a similar source terrane, and they
have been interpreted to effectively represent components of the same axial sediment routing
system (Nijman, 1998; Martinius, 2012). The precise sediment routing palaeogeography,
however, may be more nuanced. The routing system was split around the emergent Montsec
Thrust (Martinius, 2012; Garcés et al., 2020; Juvany et al., 2024), but since transitional-to-
shallow-marine Cor¢a deposits do not outcrop in the Ager Basin, the down-system

continuation of the Corca river’s course is unclear. The compositional differences between the
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Corga and Montllobat formations (Nijman, 1998) suggest lower degrees of mixing earlier in
the Ypresian. Uncertainties in the source regions of the Castissent and Montllobat formations,
their catchment areas in relation to those of the Cor¢ca Formation, and the size of their
depositional sinks have the potential to affect interpretations of foreland-scale sedimentary
dynamics, including our intermittency analyses. We outline our approach to addressing this

uncertainty in the Methods section, below.
3 METHODS

In Section 3.1 we outline our methodology for reconstructing the depositional volumes of the
early Eocene sediment routing systems, first detailing our stratigraphic correlations and
subsequently describing our approaches to estimating sandstone thicknesses and calculating
sediment volumetrics. In Section 3.2 we provide our methods for estimating both bankfull and
mean water and sediment fluxes. These methods include utilising basin volumetrics to
estimate mean sediment flux and calculations of mean water flux, followed by a description of
our field-based workflow for palaeohydrological reconstruction of bankfull water and sediment
discharge. We also outline our approach to addressing uncertainties, including those arising
from multiple potential scenarios for specific sediment routing palaeogeographies in the
Tremp-Graus and Ager basins. These methods permit the quantification of foreland-scale
transport dynamics of river water and sediment during the Eocene hothouse, providing the

first insights to date into river transport patterns in the southern Pyrenean foreland.
3.1 Sediment volumes
Stratigraphic correlation

Understanding transport patterns using intermittency factors — a ratio between bankfull or
maximum rates and average conditions — requires the calculation of long-term water and
sediment discharge rates and instantaneous (bankfull) transport capacities. In order to
estimate basin sediment volumes and therefore long-term averaged sediment fluxes in the

Eocene Pyrenees, we first isolated the target stratigraphic intervals. As outlined above, the
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stratigraphic frameworks of the Tremp-Graus, Ainsa, and Jaca basins are extremely well-
developed individually. However, the Boltana Anticline, situated west (down-system) of the
Ainsa Basin (Fig. 2), has removed most sediment of Montanyana age from this region due to
post-depositional erosion. As a consequence, stratigraphic correlation across the Boltafa
Anticline, between the Ainsa and Jaca basins, is challenging and associated uncertainties
have resulted in differing published interpretations. We conducted a survey of existing
stratigraphic correlations based on measured sedimentary logs and outcrop sections. Below,
we outline the stratigraphic correlations used to estimate depositional volumes for our
intermittency analysis, and we provide an alternative correlation framework in the

Supplementary Materials (Fig. S2).

The last shallow-marine carbonate deposition in the Tremp-Graus and Ager basins before the
onset of major stable siliciclastic input was the llerdian Alveolina Limestone Formation, directly
overlain by the Figols Formation and related strata that record alluvial fan and delta
progradation (Fig. 3). The rivers of the Montanyana Group in the Tremp-Graus Basin
transported sediment downsystem (northwest) into a shallow-marine setting dominated by
deltaic mouth bars. In the Montllobat interval, these sediments comprise the Castigaleu
Formation. In the Ainsa Basin, marine siliciclastic and carbonate slope facies are incised by
deep, composite submarine canyon fills (Marzo et al., 1988; Nijman, 1990; Ayckbourne et al.,
2024). Siliciclastic sediment was further routed through submarine channels into the distal

Jaca Basin, which is dominated by Hecho Group turbidite deposits (Mutti, 1985a).

The Hecho Group (Fig. 3) is dominated by thick-bedded turbidites, interbedded with deep
water mudstones and thin-bedded turbidites (Mutti, 1985b). Each turbidite system in the Jaca
Basin (in stratigraphic order, the Pre-Torla, Torla, Broto, Cotefablo, Banaston, and Jaca
turbidite systems; Fig. 3) represents between 500 and 1000 m of stratigraphy, and these
successions are punctuated by 8 large-volume event beds, or Mega Turbidites (MTs; Seguret
et al., 1984; Labaume et al., 1987; Remacha & Fernandez, 2003), used to inform correlation

frameworks. There is, however, some inconsistency amongst published correlation schemes
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and stratigraphic frameworks for the Jaca Basin, and some schemes are directly contradictory
(Scotchman et al., 2015). In Figure 3 we present the stratigraphic framework selected for our
primary intermittency analyses, based on a compilation of correlations (Remacha &
Fernandez, 2003; Payros et al., 2009; Caja et al., 2010; Scotchman et al., 2015; Chanvry et
al., 2018). Alternatively, some schemes correlate the Castissent Formation to the Torla-
Fosado units in the Ainsa-Jaca Basin, and the Montllobat Formation to the Pre-Torla turbidite
system (Mutti, 1985b; Labaume et al., 1987; Gupta & Pickering, 2008; Garcés et al., 2020;
Mufoz et al., 2025). In the Supplementary Materials (section S4) we discuss these differing

correlation schemes in detail.

Different potential stratigraphic correlations somewhat alter depositional volume
reconstructions associated with each successive fluvial system, meaning the correlation we
use might result in minor differences in reconstructed sediment intermittency factors. However,
these uncertainties do not impact the duration of each depositional interval. To avoid
inconsistency, we have selected the correlation framework shown in Figure 3, based on a
compilation of schemes (Remacha & Fernandez, 2003; Payros et al., 2009; Caja et al., 2010;
Scotchman et al., 2015; Chanvry et al., 2018), and chosen for simplicity to avoid potential
disagreements in the exact correlations between the Tremp-Graus Basin, Ainsa Basin and the
individual MTs in the Jaca Basin. Henceforth, we assume the Arro and Fosado Channels in
the Ainsa Basin are correlated eastwards to the Castissent Formation in the Tremp-Graus
Basin (Poyatos-More, 2014; Chanvry et al., 2018) and westwards to the Torla and Broto
turbidite systems in the Jaca Basin (Mutti, 1985b; Labaume et al., 1987; Gupta & Pickering,
2008). Any Jaca Basin clastic sediment between the top of the Lower Eocene Alveolina
Limestone and the base of the Torla turbidite system should be associated with the pre-
Castissent fluvio-deltaic deposits of the Tremp-Graus-Ager Basin, including the Figols Group
and Montllobat Formation (Remacha & Fernandez, 2003). These intervals can be identified in
the Jaca Basin as the Figols and Castigaleu turbidite systems (Caja et al., 2010). The upper

Montanyana Group is correlated to the later Jaca turbidite systems. Hence, the stratigraphic
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correlation framework we prefer in our volumetric reconstructions is as follows: the Castissent
Formation in the Tremp-Graus Basin correlates with the Fosado-Arro channels in the Ainsa
Basin, and the Torla-Broto turbidite system in the Jaca Basin; the Montllobat and Castigaleu
formations in the Tremp-Graus Basin correlate with the uppermost succession of the Pre-Torla

turbidite system, also known as the Castigaleu turbidite system, in the Jaca Basin.

We note that this is not the only possible interpretation of the available stratigraphic
frameworks linking the Tremp-Graus, Ainsa and Jaca basins (e.g., Fig. S2). In Section 5.2 we
discuss the potential impacts of uncertainty in correlations on intermittency factor
reconstructions, provide alternative /s values, and conduct further analyses to corroborate the

results.

Sediment thickness

To calculate depositional volumes along the source-to-sink correlations described above, we
used a series of published outcrop measured sections, sedimentary logs and grain-size

distribution estimates through the Eocene foreland basin (Fig. 4).

In the Tremp-Graus Basin, we estimated the thickness of sandstone and coarser sediment
using 16 previously published measured sections (Tables S3, S4; Nijman, 1998; Chanvry et
al., 2018). To estimate the total apparent thickness of the units in the Jaca and Ainsa basins,
we used geological maps resolving the Torla-Broto and Pre-Torla turbidite systems (IGME,
2003; Remacha & Fernandez, 2003; Chanvry et al., 2018) to measure the apparent thickness
of these units based on the maximum topographic range of the mapped outcrop. In this
topographic approach, we measured the Torla-Broto unit to represent Castissent-age
sediment, and the Pre-Torla unit to represent Figols-to-Montllobat age sediment according to
our correlation framework (Fig. 3). We outlined 15 km boxes oriented parallel to palaeocurrent
direction along the mapped outcrop, determined based on sedimentological observations
(Marzo et al., 1988; Cornard & Pickering, 2020; McLeod et al., 2025) and measured the

maximum topographic range within the mapped outcrop for each turbidite system to attain an
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Figure 4. Sand thickness dataset locations for the (A) Castissent Formation and correlative strata (Fig.
3), and (B) Montllobat Formation and correlative strata (Fig. 3). Data points are coloured according to
total sand deposit thickness. See Supplementary Material (section S2) for the full thickness dataset.

estimate of total unit thickness. This approach, used in the context of our stratigraphic
framework, permits simple measurements of stratigraphic thickness. The thickness estimates
yielded by our approach are reasonable, with maximum values of 375 — 1300 m: they present
both a lower bound on thickness considering erosion that may have taken place following
exhumation, and an upper bound on thickness considering structural thickening of the units

due to compression.

To estimate sediment thickness in each member of the Castissent and Montllobat-age fluvial
and shallow-marine deposits, we used published measured outcrop sections in the Tremp-
Graus basin (Tables S3, S4; Nijman, 1998; Chanvry et al., 2018) to estimate the average
thickness ratio between the members within each formation. We extrapolated these thickness

ratios across the Ainsa and Jaca basins, assuming that the thicker members and sequences



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

in the alluvial domain correspond to thicker deposits downsystem in the marine domain of this
foreland basin. These approaches generate reasonable first-order estimates of stratigraphic

thickness through the Ypresian Pyrenean foreland.

Sand proportion

We next required estimates of the proportion of each unit comprised of sandstone, as a
counterpart to the bankfull sand transporting capacity we will calculate for the Castissent and

Montllobat rivers.

We employed an approach using total sediment thickness measurements and estimates of
sandstone proportion. According to the stratigraphic correlation framework used (Fig. 3) the
Castissent rivers correlate to the Torla-Broto turbidite systems and the Montllobat rivers to the
comparatively sand-poor Castigaleu turbidite system. In the continental Tremp-Graus Basin,
a high density of measured sections (Nijman, 1998; Chanvry et al., 2018) permitted direct
measurements of sandstone proportion in the Castissent and Montllobat deposits at those
locations. In the Ainsa and Jaca basins, there is more uncertainty associated with sandstone

proportion within each unit.

To estimate sand proportion in the Castissent- and Montllobat-aged units of the Ainsa-Jaca
basin, we first collated estimates of sandstone proportion across the basin. To obtain data
support for estimates of the amount of sand entering the deep marine basin, we used
measured sections from the Broto region for the Castigaleu turbidite system (Raimat Quintana
et al., 1997), and for Castissent-age sediment (Arro-Fosado deposits) in the Ainsa Basin we
used measured sections from Ayckbourne et al. (2024) and Chanvry et al. (2018). To
determine the proportion of the Pre-Torla sediment thickness that is attributed to the
sandstones of the Castigaleu turbidite system, we used the measured sections of Caja et al.
(2010). Based upon these estimates for the Broto region, where sand entered the deep marine
basin, we estimated a linear down-system trend of decreasing sand content that is calibrated

to measurements from the Broto turbidite system (Cornard & Pickering, 2020), which we
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applied to both Castissent- and Montllobat-age deposits. We subsequently estimated
sandstone thickness in the Jaca Basin by scaling our total unit thickness estimates from the
topographic approach described above, according to the sandstone proportions acquired from
the linear down-system fining trend. This approach permits the characterisation of sandstone

thickness from source to sink (Figure 6; Tables S3, S4).
Volume calculation

To estimate the deposit volumes based on the above constraints on sand thickness, we first
required estimates of sediment fairway geometry. To estimate the shape and size of the
sediment fairway in the Jaca Basin, we used reconstructions of palaeogeography (Remacha
et al., 2005; Vinyoles et al., 2021) and turbidite deposit extent based on the Broto turbidite
system (Cornard & Pickering, 2020). In the Tremp-Graus, Ager and Ainsa basins, fairway
extent was based on outcrop extent, palaeogeographic reconstructions (Juvany et al., 2024)
and structural controls including the positions of the Montsec and Boixols thrusts which
imposed constraints on sediment routing. We accordingly allocated the edge of the sediment
fairway zero sand thickness (Tables S3, S4). Thus, from outcrop sections, sedimentary logs
and, grain-size distributions and palaeogeographical reconstructions, we resolved 1D

sediment thicknesses across the early Eocene source to sink system.

Whilst folding and thrusting in the northern part of the Jaca basin (e.g., Mufoz et al., 2025)
modifies unit geometry and could therefore introduce uncertainty regarding true unit thickness,
average bedding dip is <10° basin-wide, meaning that true unit thicknesses could be c. 2%
less than their apparent thicknesses. This uncertainty is significantly less than those involved
in estimating Jaca Basin sediment fairway geometry and stratigraphic correlation, so it is
disregarded for further analysis, and we treat sediment thickness measurements as estimates

of true unit thickness.

Using industry-standard subsurface mapping software, we applied a convergent interpolation

method (Schlumberger, 2017) to interpolate our 1D sediment thickness dataset to a sediment
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thickness grid for the full fairway. To address uncertainty in sediment thickness grids arising
from the outcrop sections, logs, sandstone proportions and fairway geometries used, we
produced two isochores for each time interval: one in which the maximum thickness of the unit
was permitted to be 10% greater than the limit of input data, improving the smoothness of
isochore surfaces and implied basin geometry; and one with a 0% leeway on the maximum
unit thickness (Table S2). After manual smoothing, we then calculated the integrated volumes
of the interpolated sediment thickness grids. These volumes were decompacted according to
a sandstone decompaction factor, estimated as the ratio of compacted sandstone porosity
(0.1-0.25) to original (depositional) sandstone porosity (0.4-0.5) (Fisher et al., 1999; Kim &
Lee, 2018), and a denudational weathering rate due to carbonate dissolution between 0 and
20% (Schoonejans et al., 2016; Ott et al., 2025; see Table S4 in the Supplementary Materials

for a list of uncertainty bounds used in analysis).

3.2 Water and sediment fluxes and intermittency factors

Bankfull transport capacities

Our methodological approach for reconstructing bankfull water and sediment transport
capacities in ancient rivers using palaeohydrology follows a workflow which has been tested
in various geological settings (e.g., Ganti et al., 2019; Lyster et al., 2020; Wood et al., 2022,
McLeod et al., 2025). To characterise river transport patterns in the Tremp-Graus Basin, we
leverage the study of McLeod et al. (2025), which reconstructed the bankfull water and
sediment transport capacities for the Montllobat and Castissent formations. Their dataset
included a total of 1686 measurements of dune cross-set height, 221 barform accretion
heights, 147 grain-size measurements, 856 measurements of palaeocurrent direction, 703
measurements of barform accretion orientation and 46 measurements of accretion length
across 42 outcrops in the Spanish Pyrenees (19 in the Montllobat Formation and 23 in the
Castissent Formation). These primary field observations were combined with previous facies
analyses and stratigraphic correlations constrained by extensive outcrop mapping across the

Tremp-Graus Basin (e.g., Marzo et al., 1988; Nijman, 1998; Chanvry et al., 2018; Honegger
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et al., 2020) to obtain sequence-scale (member-scale) estimates of evolving river morphology

and style, and landscape-scale water and sediment transport rates in the Ypresian.

Since the Jaca Basin was also supplied from the Ager Basin, we supplemented
palaeohydrological analyses of the Castissent and Montllobat formations with new estimates
for the Corga Formation, the major river system active in the Ager Basin during the Ypresian.
For this, we used field observations to estimate channel geometry and slope, and used an
analytical workflow based on a suite of theoretical-numerical models, experimental relations
and field observations (c.f. McLeod et al., 2025) to reconstruct the bankfull transport capacities
of water and sediment through the Corca river system. This approach is briefly described

below; further details are available in the Supplementary Materials (Section S1).

Cross-sets (Fig. 5B, E, H), the preserved remnants of river dunes, generally scale in size with
river flow depth (Bradley & Venditti, 2017), thus presenting an indicator of palaeo-flow depth.
To estimate mean cross-set thickness, hys, from fluvial deposits in the Corga Formation, we
obtained full thickness distributions by measuring thickness along the major axis of a cross-
set at 10-15 regular intervals. Original dune height, hq4, was estimated using the relation of
Leclair & Bridge (2001) where mean cross-set thickness is, on average, around 1/3 of the

original dune height:
hyg = Chys, (3)

and C is a bedform preservation ratio with a value of 2.9 £ 0.7, derived from observational
river datasets and flume experiments. The relation of Bradley & Venditti (2017) permits

estimates of median formative flow depth, H, from hq:
H = th , (4)

where x is a scalar based on compiled observational flow and dune dimension data, with an

interquartile range between 4.4 and 10.1, and a median value of 6.7 (Bradley & Venditti, 2017).
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The results of this approach were independently compared with the thickness of barform

accretion sets (Fig. 5A, D, G), which represent minimum constraints on formative flow depth.

In each observed cross-set, we measured median grain-size (Dso) (Fig. 5C, F, ) and lee face
orientation. Where grains were <2 mm in diameter, Ds; was estimated using the scheme of
Wentworth (1922), and in conglomeratic bodies with Dso 2 2 mm, grain size distributions were
measured according to the point-count method of Wolman (1954) with at least 100
observations, allowing reconstruction of maximum formative flow conditions according to

average bedload material grade.

Estimates of Dsp and H were used to reconstruct palaeo-channel gradient or slope, S, using
the approach of Trampush et al. (2014). This method is based on empirical data rooted in
hydrological theory and is appropriate for the range of grain-sizes observed in the Montllobat,
Castissent and Corc¢a formations, including applications to suspended, mixed and bedload

rivers. S (in units of m/m) is given by:
logS = ay + a;logDsy + aylogH , (5)

where ap, a1 and a, are constants given as -2.08+0.036, 0.254+0.016 and —-1.091£0.044

respectively.

We estimated water flow velocity using the formula established by Manning et al. (1890), from
which we used H estimates to reconstruct the per-unit-width water discharge, qw. To
reconstruct per-unit-width bankfull sediment transport capacity qs, we used the total load
predictor of Engelund & Hansen (1967) for sand-dominated deposits, and the bedload
predictor of Meyer-Peter & Muiller (1948) for gravel-dominated deposits (see Suppementary
Material S1 for further details). To upscale gs and qw estimates to the bankfull transport
capacity of ancient river channels, we estimate river width using scaling relations for low-
sinuosity rivers (Long, 2021). This provides estimates of individual channel width (i.e. a single
thread) based on values of H, and uncertainty is modelled using a rectangular distribution

within the interquartile range of H. Rates of bankfull water and sediment discharge per
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Figure 5. Exposures of the fluvial Montllobat, Castissent and Corga formations at (A, D, G) channel
scale; (B, E, H) bedform-scale; and (C, F, 1) grain-scale. Coloured outlines highlight interpreted alluvial
architectural features where green represents barform-bounding surfaces, blue represents barform-
accretion surfaces and yellow represents dune-scale cross-set bounding surfaces. See Supplementary
Material (Fig. S1) for an unannotated version.

channel, Qu, (with units m%/s) can be estimated according to Qw=qwW, where qu is the

discharge per unit width.

Finally, to obtain the total water and sediment discharge rates for a full river system, Qs wtotal),
the number of threads in an ancient system must be estimated according to Qiota = N:0Q,
where N is the average number of active river threads or channels. We used two approaches
described in detail by McLeod et al. (2025) to determine the likely channel count, sinuosity
and planform classification of the Montanyana rivers, and subsequently the total channel-
forming water and sediment discharge in the Corga rivers. This palaeohydrological workflow,
using primary field observations and an analytical toolkit based on empirical relations
grounded in hydrological theory and observations, provides a robust and tangible method of
understanding landscape-scale water and sediment transport capacities through river

channels.
Palaeo-routing scenarios

Despite well-constrained bankfull water and sediment transport capacities in the Montllobat

and Castissent formations in the Tremp-Graus basin, there are uncertainties as to the source
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regions of these river systems, their catchment areas in relation to those of the coeval Corga
Formation in the Ager basin, and the size of their depositional sinks. Current palaeogeographic
and palaeohydrological reconstructions are not able to determine the relative transport
capacities and depositional contributions of palaeo-rivers in the Tremp-Graus basin versus the

Ager basin.

Based on palaeogeographic reconstructions (Martinius, 2012; Garcés et al., 2020; Juvany et
al., 2024), petrological analyses (Nijman, 1998; Clark et al., 2017; Roigé et al., 2026) and
palaeohydrological reconstructions (McLeod et al.,, 2025), we identify two potential end-
member scenarios for the sediment routing systems of the Eocene foreland in the Ypresian,
considering uncertainties in the final depositional sink of the Cor¢ca Formation and the
catchments of the Corga, Montllobat and Castissent formations. We outline these scenarios
in Figure 6. In one scenario (Montllobat Scenario A), the petrographic differences between the
Corca and Montllobat formations are used to infer that the two river systems had mostly
distinct, separate catchments, both feeding into the same turbiditic sediment volume in the
Jaca basin by an unknown route over the Boltana Anticline. We may conversely treat the
Castissent and Corga rivers as one system, to account for the petrographic similarities
between the two formations (Castissent Scenario A). This Castissent/Corga axial system,
incorporating Ager and Tremp headwaters, might then have split either side of the Montsec

thrust before merging and feeding into the same Jaca Basin clastic sink (c.f. Martinius, 2012).
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Figure 6. Palaeo-sediment routing scenarios for the Montllobat and Castissent intervals, highlighting
two alternative scenarios for the source-to-sink palaeogeography of the Montllobat and Corga rivers
(Montllobat Scenarios A and B) and for the Castissent and Corga rivers (Castissent Scenarios A and B)
in the early Eocene south central unit of the Pyrenean foreland.

Another potential scenario (Montllobat Scenario B), arising from uncertainty as to the precise
sources of the Hecho turbidite systems, is that the Montllobat and Corga rivers contributed to
two separate depositional sinks. Turbidite deposits associated with the Corga rivers in the LM
interval may have been located elsewhere in the Jaca Basin, for example more proximal to
the Guara carbonates to the south of the basin, and/or these distal deposits are simply not
exposed today. Likewise, the same may have been true of the depositional sinks in the
Castissent interval (Castissent Scenario B). It is possible that, despite being two essentially
separate river systems, there was increased fluvial connectivity between the Castissent and
Corca rivers across the Montsec thrust (Nijman, 1998), but ultimately the marine depositional
sinks did not merge in the Jaca Basin. Equally, the Tremp-Graus (Castissent) and Ager
(Corga) branches of the rivers may not have been active at the same time: one possibility to
explain the petrological and palaeogeographical features of the Montllobat, Castissent and
Corca routing systems is river switching by large-scale avulsion, with alternating phases of

fluvial routing and deposition through the Ager Basin and the Tremp Basin. The Corca river
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system, which could have been mostly confined to the Ager Basin at ¢. 52-50.5 Ma could have
intermittently avulsed into the Tremp-Graus basin from c. 50.5-49.7 Ma, producing the
Castissent Formation. This would mean that the total transport capacity of the system would

be no greater than that of the river branches in each individual sub-basin.

To account explicitly for these uncertainties in sediment routing during the Ypresian, we
generated two intermittency scenarios for each time interval according to our Scenarios A and
B outlined above (Fig. 4). For Montllobat Scenario A, we combined the bankfull sediment
transport capacity of the Tremp-Graus Basin with that of the Ager Basin, acquired from the
Corca Formation. Likewise, for Castissent Scenario A, we combine the transport capacities of
the Tremp-Graus and Ager basins, but we treat the catchment area for the Corca and
Castissent rivers as the same, meaning that the Casisstent Scenario A catchment area is
double that of Montllobat Scenario A. In Montllobat and Castissent Scenario B, we assume
the depositional volume of the Montllobat sink can be directly compared with the bankfull
sediment transport capacity of the Tremp-Graus Basin, disregarding input from the Ager Basin.

The results we present, therefore, are represented in these two end-member scenarios.

These palaeo-sediment routing scenarios bound the palaeogeographical unknowns in the
lower Eocene. We combine these estimates of landscape-scale water and sediment transport
capacities with long-term discharge rates, below, to calculate evolving intermittency factors for

the Eocene Pyrenean foreland.
Mean sediment flux

To estimate long-term sediment flux from a decompacted depositional sandstone volume,
estimates of the duration of deposition must be incorporated into analysis. Based on a
compilation of age-date estimates (Bentham & Burbank, 1996; Nijman, 1998; Mochales et al.,
2012; Scotchman et al., 2015; Westerhold et al., 2017; Chanvry et al., 2018), we determined
that the duration of the Montllobat Fm is 1.3+0.1 Myr, and the duration of the Castissent

Formation is 0.9+0.1 Myr. For higher-resolution analysis of evolving sediment transport
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patterns, we also estimated the duration of the members of the two formations. Castissent A
(Cs-1) had a duration of 0.30+0.03 Myr, and Castissent B&C (Cs-2) lasted 0.6+0.03 Myr
(Nijman, 1998; Mochales et al., 2012; Westerhold et al., 2017; Chanvry et al., 2018).
Montllobat A had a duration between 0.6 and 1.0 Myr (Chanvry et al., 2018) with a preferred
estimate of 0.9 Myr (Bentham & Burbank, 1996), and Montllobat B had a duration between
0.3 and 0.6 Myr (Nijman, 1998) with a preferred estimate of 0.4 Myr (Westerhold et al., 2017).
Sand-grade depositional volumes were divided by these durations to obtain rates of deposition
for the intervals of focus. See Table S2 for the bounds used in Monte Carlo simulations to

address the uncertainties in duration.

In addition to our uncertainty analysis, we used two approaches to validate the results from
this methodology. Firstly, we divided estimated catchment areas (see Section 3.3 below) by
depositional volumes to estimate catchment averaged erosion rates for each time interval.
This revealed erosion rates which were aligned with estimates of exhumation rates based on
detrital zircon thermochronological data (Whitchurch et al., 2011). Secondly, we compared our
downstream approach to reconstructing long-term depositional fluxes with an upstream
approach based on the BQART model, a global multiregressional empirical model which
estimates suspended sediment load (Syvitski & Milliman, 2007). For this, Yan et al. (2025)
presented BQART-derived estimates of long-term bedload flux in the southern Pyrenees
based on similar catchments reconstructed from palaeo-digital elevation models (pDEMs) for
the slightly later Bartonian stage. These provide a useful, if not necessarily direct, comparison

for our stratigraphic volume-derived depositional flux estimates.

Mean water flux

We calculated long-term average water discharge rates based on estimates of catchment area
and precipitation rates. The climate was semi-arid to sub-humid, and estimates of precipitation
rates from geochemical analyses of palaeosols (Honegger et al., 2020) reveal mean annual
precipitation (MAP) rates of 376 mm/yr, increasing to as high as 754 mm/yr during carbon

isotopic excursions (CIEs) associated with hyperthermal events. Since sedimentary palaeo-
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precipitation estimates are sparse in Montllobat-aged strata, we use the estimates of
Honegger et al. (2020) from the Castissent Formation for both intervals investigated in this
study. Environmental interpretations (Boyrie et al., 2025) of Montllobat-aged strata in the
northern Pyrenees confirm that the climate and palaeo-precipitation were likely not

significantly different from those of the Castissent interval.

These estimates of average precipitation rates were used to reconstruct mean runoff rates
within the palaeo-catchments of the Castissent and Montllobat rivers. Catchment areas were
primarily estimated based on Ypresian palaeogeographic constraints on sediment routing
(Juvany et al., 2024). We estimate catchment areas averaging 10,000 km? for Montllobat
Scenarios A and B and Castissent Scenario B, and 20,000 km? for Castissent Scenario A (Fig.
4). Palaeo-Digital Elevation Models (pDEMSs) for the later Bartonian Pyrenees (Yan et al.,
2025) confirm these estimates are reasonable for the Ypresian to within a factor of c. 2: the
primary fluvial catchment from that study supplying the Jaca Basin in the Bartonian (41.2-37.7
Ma), which corresponds roughly to the Bartonian counterpart of the Ypresian Montllobat and
Castissent catchments, had an estimated area of >7000 km?. We propagated all uncertainties

in catchment areas and precipitation rates through the remaining analyses.

Using field-derived palaeohydrological estimates of bankfull water and sediment transport
capacities, estimates of basin volumetrics, and reconstructions of precipitation volumes, we
are able to estimate the intermittency factors of water and sediment transport in these ancient

river systems by finding the ratio of Qs w(avg)t0 Qswbr) for each unit.
4. RESULTS
4.1 Sediment volumetrics

Using published measured sections and palaeogeographic reconstructions to inform sediment
thickness maps, we reconstructed the depositional volumes of sand-grade sediment
associated with the Montllobat and Castissent river systems (Fig. 7). The total volume of sand

in strata correlated with the Montllobat Formation across the Tremp-Graus-Ainsa-Jaca basins
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was 1.28+0.3x10" m?, or 128+30 km?3, where the stated uncertainty is derived from sediment
thickness grid interpolation end-members (Fig. 7D, E). The decompacted Montllobat sand
volume was 1.92+0.11 x10™ m?, or 192+11 km3. The estimated sand volumes associated with
Montllobat members A and B were 5.26+0.4x10"° m?® and 5.36+0.3 x10'° m3, respectively;
7.88+0.5x10" m? and 8.04+0.5x10'* m® once decompacted. These member-level sandstone
volume estimates were acquired independently using the grid interpolation method described

above, and within uncertainties they sum to the total unit volume.
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Figure 7. Sand volume isochores. (A) The structural and palaeogeographic context of the depositional
sand volumes in the southern Pyrenean foreland superimposed on the minimum sand volume for
Castissent-age strata (Fig. 7C), where the black line represents the palaeogeographic extent of the
Tremp-Graus-Ainsa-Jaca basin (modified after Remacha et al. (2005)) and the red lines represent major
thrust faults (N = Nogueres, B = Boixols, SPF = South Pyrenean Front). The volume is coloured
according to total sand thickness. (B) The maximum and (C) minimum sand volumes for Castissent-
age strata, where the white circles represent the thickness dataset. (D) The maximum and (E) minimum
sand volume for the Montllobat-age strata. See Supplementary Materials (section S2) for sediment
thickness data.
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Figure 8. Downsystem sand-grade sediment volumetrics. (A) The sand volume along a downsystem
transect (X-X' in Fig. 7A), where the Castissent-age volume is overlaid on the Montllobat volume.
Uncertainty margins are based on the volume range within 15 km boxes along the transect, according
to methodology for our topography approach (Methods). (B) The cumulative sand volume for each
formation.

The total sand volume in Castissent-age strata was 2.92+0.1 x10™ m?® (Fig. 7B, C), and
4.38+0.2x10"" m? after decompaction. For Castissent Member A the depositional sand volume
was 1.69+0.3 x10" m3, and for Castissent B&C it was 1.24+0.3 x10"" m3. After decompaction,
Castissent Member A and members B&C had sand volumes of 2.53+0.1x10" m3 and

1.86+0.1x10"" m3, respectively.

The down-system distribution of sand deposition is asymmetrical in both the Montllobat- and
Castissent-age strata (Fig. 8). In the continental deposits of the Tremp-Graus Basin, more
sand-grade deposition occurred in the Montllobat sediment routing system than in the
Castissent system (Fig. 8A). The Atiart canyon in the Ainsa Basin represents a significant

depositional sink of sand in Castissent-age strata, but in both units there is no sand volume
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reconstructed over the Boltafia anticline, as discussed above. The Torla-Broto turbidite system
in the Jaca Basin preserves a greater sandstone volume than the Castigaleu turbidite system,
meaning that the cumulative Castissent-age sand volume is a factor of 2.3 greater than that

for the Montllobat-age system (Fig. 8B).
4.2 Average water and sediment flux

Employing estimates of the duration of each depositional interval derived from regional
chronostratigraphy (Bentham & Burbank, 1996; Nijman, 1998; Mochales et al., 2012; Chanvry
et al.,, 2018), we use these volumes to reconstruct sand deposition rates in the Eocene
Pyrenean foreland basin. Based on decompacted sediment volumes, the sand-grade
deposition rate in the Montllobat-age interval was 147+8 km®/Myr, where the stated uncertainty
represents the interquartile range in the acquired results after Monte Carlo uncertainty
propagation. This represents the long-term mean sand flux in the Montllobat-age interval. In
strata equivalent to the Montllobat A Member, the mean sediment accumulation rate was
calculated as 94+9 km®/Myr, and in strata equivalent to the Montllobat B Member, this rate
was 188122 km3/Myr. For the Castissent-age interval, deposition of sand-grade sediment
across the Tremp-Graus-Ainsa-Jaca basins averaged 487+30 km?3/Myr, three times greater
than that for the Montllobat-age interval. Mean sedimentation rate peaked in strata equivalent
to the Castissent A Member at 846+51 km®Myr. Strata equivalent to the Castissent B&C

members had a reconstructed depositional flux averaging 310£19 km?/Myr.

As a check, we compared these reconstructed long-term averaged depositional fluxes to the
catchment areas estimated from palaeogeographic reconstructions, palaeo-DEMs and our
Scenarios A and B (Fig. 4). This enables calculation of the hinterland erosion rates that would
be required to supply the depositional sinks for each interval with sediment. In Scenario A for
the Castissent/Corga system, we estimated a catchment area of 20,000 km?, and in Scenario
B for this system, the catchment area is 10,000 km?. We use a 10,000 km? estimated
catchment area in both scenarios for the Montllobat system (see Supplementary Table S4 for

full uncertainty ranges). Montllobat-age volumes imply sand-grade sediment was eroded from



670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Pyrenean catchments at rates of 1.1+0.3x102mm/yr, and in the Castissent-age interval these
rates increased to 3.6+1.0x102 mm/yr. These rates are reasonable considering rock uplift and
exhumation rates reconstructed from thermochronological data (Whitchurch et al., 2011; Curry

et al., 2021), (see section 5.2 for further details).

Average water discharges in the southern Pyrenean foreland were reconstructed based on
published palaeo-preciptation rates (Honegger et al., 2020) and estimated catchment areas.
Average water discharge (Qu@avg) across the total catchment for both scenarios in the
Montllobat-age interval was reconstructed as 68+19 m?®/s, assuming a 20% evapotranspiration
rate (Wang & Alimohammadi, 2012), where the stated uncertainty represents the interquartile
range. Quavg) Was also 68+19 m?/s in Castissent Scenario B, which used the same estimated
values for precipitation rate and catchment area. However, in Castissent Scenario A, we
assume a larger catchment area to incorporate Corca headwaters. This yields an upper bound

on average water discharge of 123+42 m?/s.

These long-term estimates of mean water and sediment flux permit a unique insight into the
patterns of material transport through the Pyrenean foreland during the EECO. Using field-
based observations of grain-, bedform- and channel-scale architecture, we compare these
values to reconstructions of channel-forming (bankfull) conditions in these ancient river

systems.
4.3 Bankfull water and sediment flux

Based on 42 field sites in the Tremp-Graus Basin, McLeod et al. (2025) reconstructed evolving
river morphology and bankfull water and sediment discharge rates in the Montllobat and
Castissent formations. These results are essential to our analyses, but the key to unlocking
fully transport dynamics in the early Eocene is understanding the role of the Corga Formation
of the Ager Basin. Hence, we present new palaeohydrological results from the Corca
Formation (Fig. 9), in addition to briefly reiterating the key palaeohydrological characteristics

of the Montllobat and Castissent formations.
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Figure 9. Corca Formation palaeohydrology. (A) Bedform-derived palaeo-flow depth, (B) reconstructed
palaeo-channel gradient, and (C) total flow width at bankfull.

The heights of bar accretion sets in the Cor¢a Formation averaged 1.48 m, providing a
minimum channel-architectural constraint on palaeo-flow depth. By comparison, median
barform-derived flow depths in the Montllobat and Castissent formations were both 1.40 m
(McLeod et al., 2025). This represents a conservative lower bound on flow depth because
barforms are often not fully preserved in fluvial strata, and bars do not always accrete up to
the bankfull flow depth. To support this analysis we used dune cross-set height scaling
relations (Leclair & Bridge, 2001; Bradley & Venditti, 2017; Equations 3 and 4) to estimate the
formative flow depth. This approach yielded flow depths (H) of 1.47£0.3 m, where the stated
uncertainty represents the interquartile range, demonstrating these two approaches can be
used to accurately predict palaeo-flow depth (Fig. 9A). Dune-derived palaeo-flow depths
averaged 1.36+0.3 m in the Montllobat Formation and 1.26£0.3 m in the Castissent Formation

(McLeod et al., 2025).

Using our flow depth reconstructions and grain-size observations, we estimated channel
palaeo-gradient or slope, S (Trampush et al., 2014; Equation 5). Palaeoslopes in the Cor¢a
rivers averaged 7.9+0.8x10* (Fig. 9B), comparable with those of the Montllobat Formation

which had S values of 8.0£1.5x10*, but the Castissent rivers had steeper channel gradients,
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Figure 10. River discharge in the Tremp-Graus and Ager basins. (A) Total water discharge, and (B)
total sediment discharge in the Montllobat (yellow), Castissent (blue) and Corga (pink) formations.

averaging 1.2+0.3x10° (McLeod et al., 2025). Based on depth-scaling relations (Long, 2021;
Equation S8) the average bankfull channel width was estimated as 49+12 m, and considering
palaeo-planform analyses (McLeod et al., 2025), we reconstruct the total wetted width of the
Corca rivers as 318 m (Fig. 9C), compared to 225 m for the Castissent Rivers and 205 m for

the Montllobat rivers (McLeod et al., 2025).

Combining estimates of slope, depth and river width, total bankfull water discharge across the
Corga river system was reconstructed as 5601144 m%/s (Fig. 10A), compared to 420115 m?/s
in the Castissent rivers and 280+75 m?/s in the Montllobat rivers (McLeod et al., 2025). Total
bankfull sediment flux was estimated to have been 0.91+0.59 m?s in the Corga river system
(Fig. 10B), 0.64+0.40 m®/s in the Montllobat rivers and 0.68+0.41 m3/s in the Castissent rivers

(McLeod et al., 2025).
4.4 Intermittency factors

We have reconstructed both average and bankfull water and sediment transport conditions in
the river systems of the Ager and Tremp-Graus basins in the early Eocene, including
formation- and member-level constraints on water and sediment discharge in the Montllobat

and Castissent formations. The ratio of average to bankfull conditions describes the river
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Figure 11. Evolving intermittency factors through time. (A) Sediment intermittency factors reconstructed
using palaeo-routing Scenario A (Fig. 4), where boxplots represent average intermittency factors in the
Montllobat and Castissent formations, and the evolution chart illustrates the changing /s through time
between members of the Montllobat and Castissent formations (x-axis). (B) Corresponding sediment
intermittency factors reconstructed using palaeo-routing Scenario B (Fig. 4). (C, D) Water intermittency
factors reconstructed using (C) palaeo-routing Scenario A and (D) palaeo-routing Scenario B (Fig. 4).

intermittency (/), or the fraction of time a river would require to transport its long-term water or
sediment load if maximum transport conditions were sustained. We have investigated the
uncertainties associated with depositional volume, catchment area and sediment routing
pathways, and account for these uncertainties with two end-member scenarios A and B for the
Montllobat-age and Castissent-age intervals (Fig. 4) which encompass the possible results

(Fig. 11).

Water intermittency factors (/) in Montllobat-age rivers averaged 0.25+0.13 in scenarios A
and B (Fig. 11C, D). In other words, considering the long-term water hydrograph of the river
system, the average water discharge was 25% of the water discharge that carried out the
majority of channel-forming work, likely representing bankfull conditions. This requires
conditions in which around 3 months of sustained bankfull conditions would theoretically be
required to complete the annual water budget. Castissent-age rivers had lower |, values of
0.21+0.11 in scenario A (Fig. 11C) and 0.10+0.05 in scenario B (Fig. 11D), meaning average
water discharges were 10-21% of potential bankfull rates. This means annual water budgets

would be completed in 5-10 weeks if bankfull flow was to be sustained. Two-tailed KS tests
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demonstrate that there is a statistically significant difference between |/, distributions in the

Montllobat Formation and the Castissent Formation (p<10-3).

Sediment intermittency factors (/) in all cases are lower than [, values, reflecting the
thresholded nature of sediment transport in rivers. The Montllobat rivers had /s values
averaging 3.7+1.9x107 in scenario A (Fig. 11A): the average sediment flux was 0.37% of the
maximum transport capacity at bankfull conditions. This means that, if the Montllobat river
system sustained bankfull conditions, the annual sediment load could be completed in as little
as 1 day. In scenario B, Is was slightly higher at 6.7+1.2x103, corresponding to 2.5 days of
bankfull conditions required to complete the annual sediment load (Fig. 11B). These
intermittency values suggest significant sediment transported occurred infrequently,
potentially during extreme events which surpassed sediment transport thresholds. Yet in both
scenarios, Is was greater in Castissent-age rivers than Montllobat rivers, despite the fact that
the Castissent system had lower I, value: Is is 7.0£0.6x102 in scenario A (Fig. 11A), and
2.0+0.3x102in scenario B (Fig. 11B), meaning average sediment transport fluxes were 0.7-
2.0% of bankfull rates, corresponding to around 3-8 days of bankfull transport. Significant
sediment transport occurred more often in the Castissent-age interval than the previous
Montllobat-age interval. Member-specific /s estimates show intermittency factors reached

maximum values in Castissent A rivers. Two-tailed KS tests demonstrate that there is a
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Figure 12. Comparison between sediment intermittency factors estimated for Castissent rivers using
our approach outlined, and estimates from a BQART-derived equivalent.

statistically significant difference between the distributions of /s in the Montllobat Formation

and the Castissent Formation (p<10-3) for both scenarios.

We checked these sediment intermittency results from our downstream approach against an
alternative upstream approach. We used BQART-derived estimates of long-term bedload
sediment flux in the Bartonian, at c. 40 Ma (Yan et al., 2025), and our estimates of Qs for the
Castissent-age interval as an illustrative example (Fig. 12). This provides an independent
estimate of /s based on palaeo-catchment and climate characteristics, albeit for a later time
time interval than our Castissent-age data. Nonetheless, this test yielded /s values of
4.4+1.3x1072, which within uncertainty is of a similar magnitude to the estimate we derive from

our downstream approach, suggesting our field-based analyses produce reasonable results.

5 DISCUSSION
5.1 Comparison with modern systems

We reconstructed water intermittency factors (/) in the Montllobat Formation of 0.25, and
0.15-0.21 in the overlying Castissent Formation, meaning that annual water budgets could
have been completed in 2-3 months (15% - 25% of the year) if bankfull conditions were
sustained for that period. Practically, rivers with I, > 1 are considered to be non-intermittent,

(Hedman & Osterkamp, 1982) containing water year-round. Sediment intermittency factors of
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3-7x1072 in the Montllobat Formation increased 3-fold to 1-2x1072 in the Castissent Formation.
This means the Montanayana river systems theoretically would have required as little as 1 day
to transport their annual sediment load from 52.0-50.5 Ma, but the Castissent river systems
required at least 3-8 days to achieve this result from 50.5-49.7 Ma. These reconstructed
intermittency factors provide quantitative constraints on water and sediment transport patterns
in the ancient river systems of the Eocene Pyrenean foreland for the first time. However,
interpretations of environmental conditions in the lower Eocene are limited without comparison
to intermittency factors in modern systems. Recent data describing present-day water and
sediment intermittency on a global scale (McLeod et al., 2026) make it possible to

contextualise Montllobat and Castissent river activity with modern systems.

We compared our intermittency results from the Montllobat and Castissent formations to 297
modern river reaches with both /, and /s values across all continents, climate zones, and river
planforms (Fig. 13) taken from McLeod et al. (2026). It is known that there is significant
variability in intermittency factors worldwide, especially for sediment transport (Hayden et al.,
2021; McLeod et al., 2026). For example, river reaches with the same /., could display a 4
order-of-magnitude variation in s (Fig. 13). The water and sediment intermittency factors of
the Montanyana Group rivers all plot within the range of these modern bounds, however,
suggesting that water and sediment transport patterns in these ancient systems can be
compared with modern analogues, with /, and /s values largely most similar to today’s arid

systems (Fig. 13).

We can illustrate this clearly on a cumulative curve of intermittency factors (Fig. 14A). Water
intermittency factors averaging 0.25 in the Montllobat river system broadly lie at the median
value (approximately 0.5 on the cumulative probability function) in comparison to the global
dataset (McLeod et al., 2026) across all river planform types, from braided to meandering. To
provide examples of rivers with comparable water discharge patterns, the Montllobat river
system had /. values similar to the Kabul River in Afghanistan and the Zambezi River in

Mozambique, both characterised by seasonal water discharge regimes. The Castissent river



805

806

807

808

809

810

811

812

813

814

815

816

817

10°

—
Q
®

102 F e

Scenario A
A Castissent
A Montllobat
107 F | Scenario B
[l Castissent

E Montllobat
Modern global database
e N=297
Medians ° ®
@ Tropical
4 Temperate e
m  Arid
A Cold &polar

Sediment intermittency factor, /,

—_

Q
FN
T

10° l :
1073 102 10" 10°
Water intermittency factor, /,,

Figure 13. Comparison of intermittency factors for Montllobat and Castissent rivers with those for a
global dataset of modern rivers (McLeod et al., 2026).

system had somewhat lower /y, plotting in the more ephemeral half of river reaches today,
indicative of more intermittent (less perennial) water discharge conditions. Sediment
intermittency factors were lower than average in the Montllobat and Castissent rivers
compared to modern analogues: they transported sediment more often than the 15% most

ephemeral systems but less often than the 55% most perennial rivers (Fig. 14A).

Planform reconstructions of the ancient Montanyana river systems, however, permit more
detailed analysis of river sediment transport dynamics. Considering palaeohydrological and
facies analyses, which demonstrate that the Castissent rivers were most likely braided (Marzo
et al., 1988; Nijman, 1998; McLeod et al., 2025), we compare Castissent intermittency factors
to modern braided rivers (Fig. 14B). This analysis reveals that sediment intermittency factors
were relatively high in the Castissent rivers compared to a dataset of braided rivers across all
climates today. Water intermittency factors, on the other hand, were in the lower 50% of the

cumulative probability function, more ephemeral on average than the braided Kabul River.
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This shows that the Castissent system transported sediment more perennially than most
modern braided rivers, yet had a more intermittent water discharge regime than typical braided

rivers today.

Montllobat rivers had meandering and multi-threaded reaches, and are interpreted to have
had a wandering planform (McLeod et al., 2025). Therefore, we also compared intermittency
factors in modern wandering rivers to those reconstructed for the Montllobat system (Fig.
14C). Similarly to the Castissent rivers and their modern braided analogue (Fig. 14B), the
Montllobat system had /,comparable to the median of modern wandering river reaches across
all climate zones, but higher than average /s, meaning sediment export occurred more

frequently than in most rivers with a similar planform today.

The Montanyana rivers also therefore differed with respect to most modern rivers: they
transported sediment with higher s than the majority of modern systems with similar planform,
size and aridity. Temperatures and precipitation rates can impose important bounding
conditions on river activity, and potentially determine sediment export timescales and transport
efficiency. The EECO represents a hothouse climate state that does not exist on Earth today,
with MATs 8-15°C higher than today in what would be considered semi-arid conditions in
modern climates. In order to explore the potential role of climate drivers and sediment supply
in determining the unique transport patterns of both the Montllobat and Castissent rivers
(Section 5.4), we first discuss the uncertainties in our analysis (Section 5.2) and then the

implications of stratigraphic preservation (Section 5.3).

5.2 Impact of uncertainties

We have conducted a rigorous palaeohydrological analysis based on sediment volumetrics
and field observations, and have accounted for uncertainty in our results using Monte Carlo
simulations, as outlined in the Methods section. We now outline the impact of uncertainties on
our key results. We used a stratigraphic framework based on a compilation of correlations

(Remacha & Fernandez, 2003; Payros et al., 2009; Caja et al., 2010; Scotchman et al., 2015;
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Chanvry et al., 2018), selected for simplicity and consistency (Fig. 3). Alternatively, some
schemes correlate the Castissent Formation to the Torla-Fosado units in the Ainsa-Jaca Basin,
and the Montllobat Formation to Pre-Torla TS, and we present this scheme in the

Supplementary Materials (Fig. S2).

We assess the impact of using an alternative stratigraphic framework on our intermittency
results (see Supplementary Material section S4 for an extended explanation). If we assume
the Ainsa-Jaca depositional volumes represent the total sand sink and the sand proportion in
the Torla turbidite system is comparable to that of the Broto turbidite system, a competing
stratigraphic framework (e.g., Mutti, 1985c; Labaume et al., 1987; Gupta & Pickering, 2008;
Garcés et al., 2020; Mufioz et al., 2025) would reduce decompacted sedimentation rate in the
Castissent-age units by 50%, and consequently reconstructed /s in the Castissent rivers would
halve, from 0.009-0.020 to 0.005-0.010. The decompacted sandstone volume of the
Montllobat Formation could be interpreted to correlate to the total volume of the clastic
sediment beneath the Torla TS. The reconstructed /s for the Montllobat Formation using this
alternative correlation framework and subsequent estimates would increase from 0.0029-
0.0067 to 0.0033-0.0076, an increase of up to 13%. Consequently, we conclude that our

intermittency factors are robust in terms of order-of-magnitude trends.
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Figure 14. Cumulative probability functions of intermittency factors for a global compilation of modern
rivers (McLeod et al., 2026). (A) The cumulative probability functions of I, and /s for modern rivers of all
planform types, with intermittency factor values for the Eocene Montllobat and Castissent rivers
superimposed. (B) The cumulative probability function for modern braided rivers, with intermittency
factors for Castissent rivers shown for comparison. (C) The cumulative probability function for modern
wandering rivers, with intermittency factors for Montllobat rivers superimposed.

We interpreted a 3-fold increase in /s at the onset of Castissent sedimentation. Using an
alternative correlation framework which could yield greater Montllobat-age depositional
volumes and smaller Castissent-age depositional volumes, this would be modified to a
minimum 1.5-fold increase in /s at the onset of Castissent sedimentation. Whilst there is a
degree of uncertainty associated with stratigraphic correlations in this setting, this uncertainty
would only change the /s results by a factor of up to 2. Therefore, we suggest that sediment
transport patterns likely changed at 50.5 Ma regardless of specific stratigraphic correlations in

the Jaca Basin.

To provide additional corroboration of our original intermittency results beyond our Monte Carlo
uncertainty analysis and considerations of stratigraphic correlation, we conducted further

upstream-focused analyses to complement our primarily downstream-focused approach.

We estimated long-term sediment fluxes in the southern Pyrenean Foreland by calculating
sand-grade depositional volumes along the sediment-routing fairway. As outlined in the

Results, we compared the long-term sediment fluxes acquired from this volumetric approach
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to sediment fluxes acquired from BQART-derived reconstructions of mean bedload sediment
flux (Fig. 12; Yan et al., 2025). The volumetrics derived from the BQART analysis correlate
with those from our depositional approach, but reconstruct /s values that are marginally higher
than those reconstructed for the Castissent Formation (Fig. 11), suggest that reconstructed
basin volumes may be slightly underestimated. On the other hand, we also corroborated our
volumetric calculations by estimating catchment-averaged palaeo-erosion rates. By
distributing the compacted sandstone volumes across our reconstructed catchment areas, we
were able to estimate a lower-bound on erosion rates of 1.1+0.2x102 mm/yrin the Montllobat-
age interval and 2.0+0.3x102 mm/yr in the Castissent-age interval. Accounting for average
ratios of bedload to suspended load in the depositional sink of c. 0.1, based on our compilation
of published stratigraphic sections (Supplementary Material section S2), these erosion rate
estimates, to a first-order, align with rock uplift and exhumation rates reconstructed from
thermochronological data of c. 0.2-0.8 mm/yr (Curry et al., 2021), including a reconstructed
increase in exhumation rate at c. 50 Ma. This alignment implies that we have estimated

reasonable values of sand volume deposited in the southern Pyrenean foreland.

Our field-based approach and analytical workflow reconstruct ancient intermittency factors to
a reasonable degree of accuracy, as corroborated by comparison with independent, upstream-
and downstream-focused methods. Having established sediment intermittency factors in this
ancient setting, we now discuss the implications of our results for the preservation of

geological time.
5.3 Intermittency and stratigraphic preservation

Our recovered sediment intermittency factors, between 3x102 and 2x102, show the
Montanyana rivers had an average sediment flux that was between 0.3% and 2% of potential
instantaneous bankfull rates. It also suggests that the rivers were not actively moving sediment
all the time. Considering the long-term hydrograph implied by these intermittency factors, one
theoretical end-member for a low /s could involve significant bankfull-capacity sediment

transport occurring infrequently, only during extreme discharge events that surpass sediment
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transport thresholds, with negligible sediment transport in-between those events. However,
the stratigraphic record in the Montanyana Group and globally is not dominated by extreme
events: most fluvial stratigraphy is not dominated by supercritical bedforms and other
indicators of extreme activity. Rather, fluvial stratigraphy mostly preserves signatures of
“ordinary” sediment transport (Sambrook Smith et al., 2010; Paola et al., 2018). Another
theoretical end-member would involve the long-term sediment hydrograph distributed such
that low sediment transport rates occur most of the time (e.g., Fig. 1B), which could support
the observation of dominantly sub-critical or ordinary river sedimentation. Modern geomorphic
observations suggest the more likely state of the long-term sediment hydrograph is
somewhere between these two end-members, since geomorphic theory shows channel
morphologies are self-organised such that sand-transporting conditions are surpassed close
to bankfull water discharge rates, rather than only in extreme floods or in small amounts year-
round (Phillips & Jerolmack, 2019). Significant sediment transport occurs during bankfull

discharge events and floods, but these events do not have to be extreme.

The logical extension of this notion is that the Montllobat and Castissent formations preserve
mostly ordinary time when sediment transport thresholds were surpassed, allowing dunes to
migrate downstream when local aggradation and progradation cause local stratigraphic
preservation. However, the direct implication of our reconstructed intermittency factors is that
rivers were moving sediment a small proportion of the total time interval represented in
stratigraphy, potentially as low as 0.3-2%, totalling only 7.5-50 kyr of the 2.5 Myr studied

interval.

This is a common observation in sedimentary successions (e.g., Sadler, 1981; Paola et al.,
2018; MclLeod et al., 2023), and Paola et al. (2018) summarised this with the axiomatic notion
that the overall low completeness of stratigraphy is caused by spatial and temporal
intermittency of sediment transport and interaction. Spatial variability in alluvial settings
causing local stratigraphic incompleteness can be viewed as variability in the spatial location

of the river within the basin. Locally, the stratigraphic record may be incomplete as one
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relatively brief phase of deposition is represented at outcrop, but the river will subsequently
have migrated elsewhere and caused deposition in a different part of the basin. Over
geological timescales it is to be assumed that every part of the basin will be visited by the river

such that overall aggradation meets accommaodation.

The other driver of stratigraphic incompleteness, temporal intermittency, can manifest at a
range of timescales and could arise due to autogenic or allogenic processes. Autogenic or
internal causes of temporal intermittency, and therefore local stratigraphic incompleteness,
include enhanced bedform preservation as a consequence of morphodynamic hierarchy
(Miall, 2015; Paola, 2016), and planform morphology which has been shown to change
sediment transport thresholds (McLeod et al., 2026). Allogenic or external causes include
climate and tectonic forcing, which can affect stasis periods, subsidence rates, and sediment
generation and mobilisation (Paola et al., 2018). Paola et al. (2018) suggest that at sub-basin
spatial scales (smaller than the sediment routing system of interest), allogenic forcings are
unlikely to explain most signals of stratigraphic completeness, and that autogenic factors are

the best way to frame investigations into the preservation of geological time (Muto et al., 2007).

Our analysis, on the other hand, has reconstructed sediment volumetrics and dynamics at the
basin scale: we measured the stratigraphic volume of two units from the most proximal to the
most distal occurrence of sand-grade sediment in the basin. Erosion and lack of exposure
means that this may not represent the full sand fraction within the lower Eocene Foreland
Basin of the Southern Pyrenees, but as we have shown above through checks that use
upstream- and downstream-focused approaches, it is a reasonable approximation. This
means we are able to consider sand-transporting conditions from source to sink, at the scale
of a full sedimentary basin. One significant benefit of this approach is that, by measuring
deposition across an entire basin, our observations contain all spatial variability in aggradation
and therefore can be considered to fully account for spatial intermittency, as discussed by

Paola et al. (2018).
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Despite a spatially complete record of sand grade sedimentation, our low reconstructed /s
values show clearly that geological time is not preserved completely in the alluvial part of this
basin. Therefore, we must turn to temporal incompleteness and the final remaining cause of
low stratigraphic completeness: temporal intermittency. Because we are dealing with broadly
full spatial preservation, our sediment intermittency factors should map closely onto the
proportion of time preserved in stratigraphy, and temporal intermittency must in this case be
due to allogenic forcing. For example, the reconstructed increase in s at the base of the
Castissent interval must indicate an increase in stratigraphic completeness, and be attributed
to an allogenic driver. We note that in our approach, /s is measured over the geologically short
timescales represented by dune- and barform-scale cross-strata in channel-fill deposits, and
it is measured and compared consistently on these deposits (and their implied durations).
Consequently, our analysis is not biased by the 'Sadler effect' arising from interpretation of

sedimentation rates across varying temporal scales (Sadler, 1981).

Paola et al. (2018) suggest variable external forcing is not necessarily important for regulating
time completeness at sub-basin scales. We are suggesting that, given the spatial scale and
temporal consistency of our study, we are able to assert that external forcing due to climate
and tectonics is the most likely cause for a change in stratigraphic completeness that we infer
at 50.5 Ma. Having established this, we are able to make important interpretations of the
climate and tectonic state of the lower Eocene, and specific allogenic drivers that occurred at

50.5 Ma.

5.4 Eocene climate change in the Pyrenees

Our reconstructed intermittency factors in the Montllobat and Castissent formations permit
interpretations of allogenic forcings in the lower Eocene. Is increased markedly at the base of
the Castissent interval at 50 Ma, by a factor of 3. This significant increase in sediment
intermittency factor suggests sediment transport occurred more frequently and more efficiently
in the Castissent Formation. The variation in water intermittency factors across the Montllobat

and Castissent intervals was more modest, with a 15-60% reduction of /,, into the Castissent
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interval. Considering a theoretical long-term hydrograph (Fig. 15), these results show the
integrated area of the sediment hydrograph was greater in the Castissent interval than the

previous Montllobat interval for a similar water intermittency.

Intermittency factors make no assumptions on hydrograph shape, only reflecting the
integrated area of water or sediment transport beneath the hydrograph curve. However, this
shift in /s permits detailed interpretations of changing hydrological regimes. The observed
signal of changing intermittency could be achieved with an enhanced hydrological seasonality
that would distribute the same integrated water discharge (similar /) such that a greater
proportion of the annual water budget in the Castissent rivers was above the threshold for
sediment transport (greater /s) (Fig. 14). The same overall water budget could be maintained
whilst the extremes were enhanced, meaning sediment transport could occur in greater
volumes, resulting in higher Is. The changing maximum water and sediment discharge rates
that are implied by this inferred change in hydrograph shape, as illustrated in Figure 14, would
also be consistent with the palaeohydrological reconstructions of McLeod et al. (2025) which

showed that Quenand Qsprincreased at the base of the Castissent Formation.

This interpreted change in hydrograph shape is supported by geochemical data acquired from
Castissent floodplain deposits which show humidity patterns were strongly seasonal
(Honegger et al., 2020). Palaeobotanial proxies also suggest that throughout the early-mid
Eocene, Earth's climate was controlled by a global monsoon cycle, driving seasonal
precipitation patterns (Greenwood & Huber, 2011). The most likely cause for the observed shift
in seasonality and Is, therefore, is a change in climate. It is well-documented that hyperthermal
events caused intense warming for short periods of time in the lower Eocene. There were 39
of these hyperthermals in the early Eocene (Lourens et al., 2005; Kirtland Turner et al., 2014,
Westerhold et al., 2018), and it has been hypothesised that at least one of these impacted
sedimentation in the Tremp-Graus Basin, causing the observed geochemical and hydrological
changes in the Castissent Formation on a timescale of 150-800 kyrs (Honegger et al., 2020;

McLeod et al., 2025). These hyperthermal events had widespread effects beyond fluvial
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Figure 15. Schematic diagram illustrating theoretical water and sediment hydrographs during (A) the
Castissent interval and (B) the Montllobat interval. The blue shaded region indicates the water
hydrograph, and the stippled regions represent the integrated area of the water hydrograph above the
threshold for sediment transport (Q*, the dashed line). The yellow shaded region indicates the area of
the sediment hydrograph. Two different water hydrograph shapes with the same /w can result in different
Is.

dynamics, including significant disruption to the carbon cycle and increased terrigenous input

to marine basins (Honegger et al., 2020).

Global warming is well-documented to cause reductions in mean annual precipitation and
enhanced precipitation extremes in the present-day, especially in arid and semi-arid regions
(Goubanova & Li, 2007; Miranda et al., 2011; Quintana-Segui et al., 2011; Westra et al., 2014;
Tramblay & Somot, 2018; He et al., 2022), in addition to enhancing monsoon cycles (Loo et
al., 2015). This is observed and projected to cause dramatic increases in sediment loads in
semi-arid regions on decadal timescales (McLeod et al., 2024). Whilst mean annual
temperatures were gradually decreasing during the Montanyana Group towards the end of the
EECO, hyperthermal events could have increased temperatures by 1-3°C on 10° yr timescales
(Stap et al., 2010; Honegger et al., 2020) resulting in long-term (<10° yr) changes to the

hydrological cycle, resolvable in the alluvial stratigraphic record.

We hypothesize that increasing /s into the Castissent interval may be indicative of a significant
increase in monsoon seasonality, driven by climate change. Our /s reconstructions imply
sediment could have been in motion as river bedload for at least one week per year: we

hypothesise sediment flux was sustained over longer periods in the Castissent interval during
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prolonged monsoon discharge above sediment transport thresholds, increasing /s values.
Whilst fossil woody debris are observed in the erosional bases of channel scours (Marzo et
al., 1988), there is not abundant evidence of strongly seasonal discharge regimes and
seasonally dry river channels such as in-situ roots and plant fossils within river channels
(Fielding et al., 2009; Plink-Bjorklund, 2015). However, the relatively high I, of the Montllobat
and Castissent formations indicates that channels were most likely not seasonally dry: instead
sediment transport thresholds were surpassed only infrequently, meaning sand-transporting

conditions may have occurred on a seasonal basis.

Another factor potentially contributing to the observed increase in s is a tectonically-driven
increase in sediment supply, related to the orogenic evolution of the Pyrenees. In a climate
which potentially grew more arid over time, as evidenced by the 15-60% reduction in / values
(Fig. 11C, D), a change in seasonality could only result in higher /s on 100 kyr timescales if the
system was not supply-limited. McLeod et al. (2025) reconstructed greater palaeochannel
gradients and bedload grain-sizes in the Castissent Formation, consistent with strong
progradation of fluvial facies at c. 50 Ma. An increase in hinterland uplift rates (Curry et al.,
2021) likely stimulated increased sediment generation and availability, facilitating more

frequent sediment transport in the Castissent rivers.

Our member-level intermittency analyses permit further interpretation of ancient climate
change at c. 0.5 Myr resolution (Fig. 11). In each palaeo-routing scenario we observed
sediment intermittency starting to increase in the upper Montllobat Formation, peaking in the
Castissent A Member at c. 50.5-50.2 Ma before decreasing in the Castissent B and C
members. This pattern suggests a discrete change in sediment transport patterns with a
duration of 0.8-1.0 Ma before fluvial facies, petrology and inferred hydrological conditions
returned to the pre-Castissent baseline (Nijman, 1998). Thus, hyperthermal events, with
comparable timescales and magnitudes to current global warming, were the likely cause of a

significant change to monsoon seasonality which drove marked fluvial progradation, a marked
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increase in sediment transport efficiency, and a reduction of sediment export timescales which

lasted up to 1 million years.

It is projected that by 2100 CE river systems in semi-arid regions could experience a doubling
of their sediment load as a result of increasing weather extremes (McLeod et al., 2024).
Present-day global warming is coupled with major land-use change, a combination that is
already dramatically altering the global water and carbon cycle, presenting significant flood
and drought hazards to over 3 billion people living on large river corridors (Best, 2019). The
lower Eocene represents an example of the long-term consequences of short-term climatic
change comparable to current global warming. The ancient river systems of the Montllobat
and Castissent formations saw marked changes in water and sediment discharge, morphology
and planform, and sediment intermittency, which resulted in heightened sediment transport
efficiency and a 20 km downsystem progradation of alluvial facies. Climate change, as
evidenced by this ancient example, can cause major geomorphic upheaval from source to
sink. Further fluvial geomorphic change in the modern day, on the scales quantified for here
for the first time in the Montanyana Group and observed throughout geological history, would

have long-lasting consequences for landscapes and communities.
CONCLUSIONS

We reconstructed sediment and water transport patterns in Eocene river systems in an active
tectonic setting, the South Pyrenean foreland, which comprised the Tremp-Graus, Ager, Ainsa
and Jaca basins, during the Early Eocene Climatic Optimum (EECO), an ancient greenhouse
climate punctuated by hyperthermal warming events. In order to estimate river intermittency
factors, we calculated long-term sediment fluxes by measuring the total sand-grade
depositional volumes of two units in the Montanyana Group of the Tremp-Graus Basin, the
Montllobat and Castissent formations, and their down-system equivalents in the Ainsa and
Jaca basins. We also reconstructed palaeohydraulics in the rivers of the Cor¢a Formation to
determine channel-forming water and sediment discharge rates through the Ager Basin in

addition to the Tremp-Graus Basin. Palaeohydrology of river channel deposits and basin-scale
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volumetric reconstructions reveal the rivers of the Montanyana Group had water intermittency
factors (lw) of 0.15-0.25, whereas sediment intermittency factors (/s) averaging 3x103 — 7x10
3 in the Montllobat Formation increased 3-fold in the overlying, strongly progradational,
Castissent Formation. This suggests that whilst rivers were likely perennial, sand-grade
sediment was transported significantly more often in the Castissent rivers, and our data enable
us to constrain temporal incompleteness in the geological record. By comparing intermittency
results to a global database of modern rivers, we also demonstrate that rivers during the EECO
were able to transport sediment more efficiently than most modern rivers of similar types and
climate zones today. We hypothesise that short-duration Eocene hyperthermal warming
enhanced monsoon seasonality in the Pyrenean foreland, causing significant changes in river
behaviour, morphology and style lasting up to 1 million years. Coeval tectonic uplift of the
Pyrenean hinterland is also required to increase the supply of available sand. This ancient
example shows the long-lasting geomorphic consequences of climatic change with a similar
magnitude to present day global warming, impacting timescales of sediment export and

landscape dynamics at the mountain-belt scale.
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Figure/Table captions

Figure 1. Diagrams outlining intermittency factors. A) Conceptual illustration highlighting the
intermittency factor formula and its inputs where source — or upstream — approaches are used to
estimate precipitation and erosion rates, sink — or downstream — approaches are used to estimate
deposition rate, and palaeohydrology of alluvial deposits are used to estimate bankfull water and
sediment transport capacity. B) Schematic hydrograph illustrating the potential hydrograph shapes for
a low intermittency factor of /=0.1, where ti-to is an arbitrary time-step containing variability, for
example 1 year; the blue area represents the water hydrograph and the beige area represents the
sediment hydrograph. As long as the integrated area of the hydrograph is maintained, a given
intermittency factor could indicate an infinite number of hydrograph shapes. C) Schematic hydrograph
illustrating the potential hydrograph shapes for a high intermittency factor of /=0.7. (D-E) Photographs
of ephemeral rivers in Greece at bankfull discharge (D) and during low or no flow stages (E) (McLeod
et al., 2024)
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Figure 2. Study area geological and location maps in the southern Pyrenees. A) Geological sketch map
highlighting the key sedimentary units of the Ypresian. B) Digital elevation model of the present-day
Pyrenees. C) Geographical location map.

Figure 3. Stratigraphic framework for the lower Eocene units of the southern Pyrenean foreland in the
Jaca, Ainsa, Tremp-Graus and Ager basins (modified after Mutti, 1985a; Labaume et al., 1987; Gupta
& Pickering, 2008; Caja et al., 2010; Scotchman et al., 2015; Garcés et al., 2020). Variations on this
framework could arise from different age-date interpretations and unit correlations. An alternative
correlative scheme is provided in the Supplementary Material and discussed in Section 5.2.

Figure 4. Sand thickness dataset locations for the (A) Castissent Formation and correlative strata (Fig.
3), and (B) Montllobat Formation and correlative strata (Fig. 3). Data points are coloured according to
total sand deposit thickness. See Supplementary Material (section S2) for the full thickness dataset.

Figure 5. Exposures of the fluvial Montllobat, Castissent and Cor¢a formations at (A, D, G) channel
scale; (B, E, H) bedform-scale; and (C, F, I) grain-scale. Coloured outlines highlight interpreted alluvial
architectural features where green represents barform-bounding surfaces, blue represents barform-
accretion surfaces and yellow represents dune-scale cross-set bounding surfaces. See Supplementary
Material (Fig. S1) for an unannotated version.

Figure 6. Palaeo-sediment routing scenarios for the Montllobat and Castissent intervals, highlighting
two alternative scenarios for the source-to-sink palaeogeography of the Montllobat and Corga rivers
(Montllobat Scenarios A and B) and for the Castissent and Corga rivers (Castissent Scenarios A and B)
in the early Eocene south central unit of the Pyrenean foreland.

Figure 7. Sand volume isochores. (A) The structural and palaeogeographic context of the depositional
sand volumes in the southern Pyrenean foreland superimposed on the minimum sand volume for
Castissent-age strata (Fig. 7C), where the black line represents the palaesogeographic extent of the
Tremp-Graus-Ainsa-Jaca basin (modified after Remacha et al. (2005)) and the red lines represent major
thrust faults (N = Nogueres, B = Boixols, SPF = South Pyrenean Front). The volume is coloured
according to total sand thickness. (B) The maximum and (C) minimum sand volumes for Castissent-
age strata, where the white circles represent the thickness dataset. (D) The maximum and (E) minimum
sand volume for the Montllobat-age strata. See Supplementary Materials (section S2) for sediment
thickness data.

Figure 8. Downsystem sand-grade sediment volumetrics. (A) The sand volume along a downsystem
transect (X-X' in Fig. 7A), where the Castissent-age volume is overlaid on the Montllobat volume.
Uncertainty margins are based on the volume range within 15 km boxes along the transect, according
to methodology for our topography approach (Methods). (B) The cumulative sand volume for each
formation.

Figure 9. Corca Formation palaeohydrology. (A) Bedform-derived palaeo-flow depth, (B) reconstructed
palaeo-channel gradient, and (C) total flow width at bankfull.

Figure 10. River discharge in the Tremp-Graus and Ager basins. (A) Total water discharge, and (B)
total sediment discharge in the Montllobat (yellow), Castissent (blue) and Cor¢a (pink) formations.

Figure 11. Evolving intermittency factors through time. (A) Sediment intermittency factors reconstructed
using palaeo-routing Scenario A (Fig. 4), where boxplots represent average intermittency factors in the
Montllobat and Castissent formations, and the evolution chart illustrates the changing /s through time
between members of the Montllobat and Castissent formations (x-axis). (B) Corresponding sediment
intermittency factors reconstructed using palaeo-routing Scenario B (Fig. 4). (C, D) Water intermittency
factors reconstructed using (C) palaeo-routing Scenario A and (D) palaeo-routing Scenario B (Fig. 4).

Figure 12. Comparison between sediment intermittency factors estimated for Castissent rivers using
our approach outlined, and estimates from a BQART-derived equivalent.

Figure 13. Comparison of intermittency factors for Montllobat and Castissent rivers with those for a
global dataset of modern rivers (McLeod et al., 2026).
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Figure 14. Cumulative probability functions of intermittency factors for a global compilation of modern
rivers (McLeod et al., 2026). (A) The cumulative probability functions of I/, and /s for modern rivers of all
planform types, with intermittency factor values for the Eocene Montllobat and Castissent rivers
superimposed. (B) The cumulative probability function for modern braided rivers, with intermittency
factors for Castissent rivers shown for comparison. (C) The cumulative probability function for modern
wandering rivers, with intermittency factors for Montllobat rivers superimposed.

Figure 15. Schematic diagram illustrating theoretical water and sediment hydrographs during (A) the
Castissent interval and (B) the Montllobat interval. The blue shaded region indicates the water
hydrograph, and the stippled regions represent the integrated area of the water hydrograph above the
threshold for sediment transport (Q*, the dashed line). The yellow shaded region indicates the area of
the sediment hydrograph. Two different water hydrograph shapes with the same /w can result in different
Is.



