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Abstract

During the Messinian Salinity Crisis (MSC), the entire Mediterranean Basins
underwent dramatic canyon incision along its margins due to fluctuating sea levels
and rapidly increasing salinity. However, the specific processes and water sources
responsible for such profound landscape transformations have yet to be
quantitatively demonstrated. In this study, we combine high resolution 3D seismic
reflection data with paleo-stream network geomorphic analyses to reveal two
distinct phases of fluvial activity within the Messinian Ebro Valley. The first phase
is marked by an exceptional discharge of 240,000 m?/s, which rapidly carved a 700-
meter-deep valley. This intense incision was followed by a period of more moderate

flow, during which the newly-formed valley developed alluvial terraces. Our
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findings suggest that regressive erosion during the MSC lowstand breached the
previously endorheic Ebro Basin, triggering a catastrophic outburst flood and the
formation of an extensive drainage network. This event marks the transition from a
broad, erosive system to a more confined, meandering river. By refining the timing
of this outflow event to the MSC, our study challenges earlier models that
positioned the Ebro Basin's opening at an earlier time. This most likely represents
the first documented case of an endorheic basin complete drainage due to MSC-
induced regressive erosion, providing new insights into the dynamics of this major
geological period. Keywords: Messinian Salinity Crisis, Catastrophic outburst

flood, Endorheic basin drainage, Seismic reflection data, Fluvial incision

Highlights

e 3D seismic reflection data analyses reveal relict Messinian Ebro drainage
patterns

e Discharge estimates show an initial outburst flood (~2.4x10° m%/s)

e Lowstand-induced regressive erosion breached the Ebro endorheic basin

e Post-outburst meandering channels cut terraces, recording rapid MSC
incision

e Results place Ebro Basin opening in the MSC, challenging pre-MSC

capture models
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1. Introduction
Abrupt transitions in fluvial dynamics, including catastrophic flooding, are rare but
represent some of the most dramatic episodes of landscape evolution on Earth
(Gupta et al., 2007) and Mars (Warner et al., 2010). Such events can profoundly
reorganise drainage systems at continental scales and are commonly linked to
climatic or sea-level change (Baker and Milton, 1974), multi-causal erosional
processes (Loget et al., 2005), or, more rarely, volcanic activity (Leverington,
2011). One of the most extreme natural contexts in which large-scale fluvial
incision occurred is the Messinian Salinity Crisis (MSC; 5.97-5.33 Ma; Krijgsman
et al, 1999), during which major base-level variations induced widespread
regressive erosion along Mediterranean margins (Chumakov, 1973; Ryan, 1976;
Clauzon, 1982). The MSC, known for massive evaporite accumulation in deep and
peripheral basins (Haq et al., 2020), is associated with the development of the
Messinian Erosional Surface (MES; Fig. 1), a regionally extensive unconformity
documented throughout the Mediterranean Sea (Guennoc et al., 2000; Lofi et al.,

2005, 2011; Heida et al., 2022; Moneron et al., 2024).

Advances in seismic reflection imaging have substantially improved the
identification and mapping of Messinian drainage systems, enabling more detailed
investigation of the MES and associated canyon networks in the western (e.g.,
Urgeles et al., 2011) and eastern (Moneron et al., 2024) Mediterranean Sea basins.
Messinian canyons have also been documented along numerous Mediterranean
margins, including the Nile Delta (Barber, 1981), the Rhone system (Clauzon,

1982; Gargani, 2004), the Ebro Margin (Urgeles et al., 2011), and the Levant
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margin (Druckman et al., 1995). Despite extensive documentation of these features
(Gargani and Rigollet, 2007; Moneron et al., 2025), the hydrological conditions and
process-based mechanisms capable of generating such deep and rapid incision

remain relatively poorly constrained.

The MSC itself has long been characterised by intense debate regarding the
magnitude, timing, and spatial extent of Mediterranean base-level drawdown,
particularly whether canyon incision occurred under conditions predominantly
subaerial (maximum drawdown estimated to be between 1.5 to 2 km, Clauzon,
1982, Loget et al., 2005, Bache et al., 2009; Aloisi et al., 2025) or mostly submarine
(Roveri et al., 2014b; Gvirtzman et al., 2022) with hundreds of studies covering the
debate (e.g., Madofet al., 2019; Moneron and Gvirtzman, 2022; reviewed by Roveri
et al., 2025). Although the existence of a Messinian fluvial pathway in the Ebro
region was previously debated (Evans and Arche, 2002; Garcia-Castellanos et al.,
2003; Babault et al., 2006), the publication of high-resolution 3D seismic data
(covering ~2700 km? of the Ebro region) demonstrated the presence of a deeply
incised Messinian valley and partly resolved the question of a fluvial setting along
this margin (Urgeles et al., 2011, Pellen et al., 2019). Urgeles et al. (2011)
documented a ~700 m-deep valley incised into the MES, characterised by a
dendritic drainage network, and used backstripping and isostatic modeling to argue
for a major Messinian sea-level drawdown and early opening of the Ebro Basin.
Supported by borehole calibration and onshore geological constraints, that study
established a robust stratigraphic and tectonic framework for Messinian incision

(Urgeles et al., 2011). Importantly, it must also be noted that while the MES
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provides a robust stratigraphic marker for major incision along Mediterranean
margins, the absolute timing of excavation of the Ebro valley within the MSC relies
on the seismic—stratigraphic framework, borehole calibration, and regional
Messinian correlations developed by Urgeles et al. (2011), Cameselle et al. (2014)

and references therein, rather than on new direct chronological constraints.

Building on this foundation, we revisit the morphology of the MES with different
objective and methodological emphasis: rather than constraining the magnitude of
base-level fall or the timing of basin opening, we treat the MES as a paleo-
topographic surface and apply quantitative geomorphic analyses commonly used

for modern river systems to reconstruct the evolution of the paleo-Ebro River.

Our results reveal multi-phase fluvial erosion and raise the question of how a
comparatively small drainage basin such as that associated with the paleo-Ebro
(~100,000 km?; Fig. 1) could have generated such rapid and deep incision. We
interpret these observations to indicate that the formerly endorheic Ebro Basin was
breached and largely drained during the MSC, contrasting with earlier models that
proposed an earlier (13—8.5 Ma) opening of the basin through fluvial capture and
sediment overfilling, in which breaching was inferred to predate the MSC based on
Miocene drainage patterns and onshore geological constraints (Garcia-Castellanos

et al., 2003; Urgeles et al., 2011; Pellen et al., 2019).

In what follows, we document the morphology and chronological development of
the Messinian Ebro Canyon, quantify its hydrogeological evolution, and assess its

role within the broader context of the MSC.
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2. Background
2.1 Geological setting

The Ebro Margin is a passive continental margin forming the western branch of the
Valencia Trough, located between the Iberian Peninsula and the Balearic
Promontory (Fig. 1). It developed as an aborted back-arc rift during Oligocene—
Early Miocene extension related to rollback of the Apennines—Maghrebide
subduction system (Olivet, 1996; Gueguen et al., 1998). Extension reactivated
inherited Paleogene structures of the Catalan Coastal Ranges (CCR), producing a
NE-SW-oriented horst-and-graben architecture that controlled early sedimentation

along the margin (Roca, 2001).

Tectonic activity waned during the Middle Miocene, marking the onset of post-rift
subsidence and large-scale sediment progradation sourced from the Iberian
hinterland (Escutia and Maldonado, 1992; Roca, 2001). Two major post-rift
megasequences dominate the stratigraphic architecture of the Ebro Margin: the
Serravallian—-Messinian Castellon Group, up to ~1 km thick, and the Plio—
Quaternary Ebro Group, which records sustained shelf and slope progradation and
the development of a wide continental shelf extending more than 70 km into the

Valencia Trough (Bertoni and Cartwright, 2005; Kertznus and Kneller, 2009).

These two megasequences are separated by the Messinian Erosional Surface
(MES), formed during the MSC, when restriction of Atlantic—-Mediterranean
exchange led to major base-level fall (Hsii et al., 1973; Krijgsman et al., 1999;

Garcia-Castellanos et al., 2009), which, along the Ebro Margin, produced deep
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fluvial incision into Miocene clinoforms and the development of a prominent

Messinian canyon system (Urgeles et al., 2011; Cameselle et al., 2014).

The onshore Ebro Basin is the largest Cenozoic foreland basin of the Iberian
Peninsula, bounded by the Pyrenees, Iberian Ranges, and CCR. Following Late
Eocene uplift of the Pyrenees, the basin evolved as an endorheic system until its
connection to the Mediterranean, the timing of which remains debated. While some
models propose pre-Messinian capture during the Serravallian—Tortonian (Garcia-
Castellanos et al., 2003), others emphasise a Messinian linkage driven by base-level

fall and regressive erosion (Babault et al., 2006; Urgeles et al., 2011).

2.2 The Messinian Salinity Crisis

The MSC represents one of the most profound paleoceanographic events in the
history of the Mediterranean Sea, occurring at ca. 6 Ma (Hsi et al., 1973).
Progressive restriction of the Atlantic—-Mediterranean connection at the Strait of
Gibraltar over approximately 650 kyr (Krijgsman et al., 1999) led to a sharp
increase in basin salinity and the accumulation of kilometre-scale evaporitic
sequences across the deep Mediterranean basins. Early seismic reflection surveys
conducted in the 1970s (Ryan, 1978) revealed the presence of up to 2 km of high-
velocity, acoustically transparent evaporites, providing the first basin-wide

evidence for extreme Messinian drawdown and evaporite deposition.

Despite decades of intensive research aimed at reconstructing the sequence of
events during the MSC, fundamental questions regarding its mechanisms, timing,

and hydrological consequences remain actively debated (see review in Roveri et al.,
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2014a). A widely adopted conceptual framework emerged following the CIESM
synthesis (2008), building on earlier two-stage models (Clauzon et al., 1996) and

subdividing the MSC into three main stages.

Stage 1 (5.97-5.60 Ma; ~370 kyr) is characterized by progressive restriction of
Atlantic inflow, increasing salinity, and the deposition of gypsum predominantly
within peripheral basins. Stage 2 (5.60-5.55 Ma; ~50 kyr) marks peak salinity
conditions, widespread erosion of continental margins, and massive halite
accumulation in deep basins, during which most authors infer the maximum
Mediterranean base-level fall (reviewed by Roveri et al., 2014a). Stage 3 (5.55—
5.33 Ma; ~220 kyr), commonly referred to as the Lago-Mare phase, records the
accumulation of gypsum and/or clastic sediments associated with brackish-water
faunal assemblages, reflecting fluctuating base level and partial reconnection

(Andreetto et al., 2021).

The MSC terminated abruptly at the onset of the Pliocene during the Zanclean,
when the re-establishment of normal marine circulation restored fully marine
conditions throughout the Mediterranean basin (Hsii et al., 1973; Garcia-

Castellanos et al., 2009).

2.3 The Ebro drainage before and during the MSC

Whereas the current Ebro River drains the Ebro foreland basin (between the
Pyrenees and Iberian ranges (Fig. 1), the main Ebro Basin was once endorheic (i.e.,
self-contained) during the Oligo-Miocene, and formed in response to tectonic

shortening (Nichols, 2004). When drainage was restricted to the endorheic basin,
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alluvial-lacustrine sediment accumulated only in the foreland from the Late Eocene
to the Late-Middle Miocene (Riba et al., 1983; Puigdefabregas and Souquet, 1986;
Perez-Rivarés et al., 2004; Fig. 1). It is argued that the formerly endorheic basin
became externally drained through fluvial capture and sediment overfilling, with
the Messinian sea-level fall likely exerting only a secondary influence, and the
drainage shift of the Ebro Basin toward the Mediterranean occurring between
roughly 13.5 and 8.5 Ma (2003 Garcia-Castellanos et al., 2003; Cameselle et al.,
2014). In contrast to models proposing a pre-Messinian opening of the basin based
on onshore drainage evolution (Nichols, 2004), offshore seismic stratigraphy
demonstrates that the most significant phase of incision affecting the margin is
strictly confined to the MES, indicating that deep canyon formation postdates
Miocene sedimentation and is genetically linked to Messinian base-level change

(Urgeles et al., 2011).

Despite the progradation of coastal/deltaic deposits on the Ebro margin (Evans &
Arche, 2002), no major Late Messinian fluvial incision is identified onshore.
Consequently, the Messinian Ebro valley must have been relatively short and
shallow in length and depth, respectively, and regressive erosion was not extensive
onshore, unlike other Messinian Mediterranean rivers (e.g., Nile and Rhone rivers;
Barber, 1981; Pellen et al., 2019; Do Couto et al., 2024). The main phase of valley
incision is most likely constrained to the MSC Stage 2, when Mediterranean base-
level fall and subaerial exposure of the margin were maximal (Roveri et al., 2014a;
Aloisi et al., 2025). A polyphase evolution of the MES involving a dominant

erosional phase followed by reduced fluvial activity under fluctuating base level
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can be considered according to studies regarding the terminal stage of the MSC
(Andreetto et al., 2021, 2022). This framework places the development of the
Messinian Ebro canyon system firmly within the MSC, with potential multiple

erosional pulses associated with distinct stages of the crisis.

2.4 Seismic-stratigraphy

The seismic stratigraphic analysis of the Ebro Margin follows the framework of
Urgeles et al. (2011) and identifies the MES as a regionally extensive unconformity
separating the pre-Messinian prograding deposits of Unit B (Castellon Group, see
section 2.1) from the post-Messinian deposits of Unit D (Ebro Group, see section
2.1) (Fig. 2). Unit B is truncated at its top by the MES, which evolves basinward
into a paraconformity and is recognised in seismic data either as a sharp reflector
termination or locally as a continuous high-amplitude negative reflection,
particularly along major valley floors (Fig. 2). Borehole calibration confirms the
Messinian age of this erosional surface (Lanaja et al., 1987; Urgeles et al., 2011).
Directly above the MES, a thin unit (Unit C; generally <100 ms two-way travel
time) onlaps the deepest incisions and distal portions of the erosional relief,
displaying stratified, low-amplitude reflections in proximal settings and partially
stratified to chaotic facies basinward, comparable to Messinian detrital deposits
described on other Mediterranean margins (Lofi et al., 2005; Bache et al., 2009).
The lateral pinch-out of Unit C coincides with an increase in slope gradient,

suggesting deposition near a transient Messinian base level. Given its close spatial
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and genetic association with the MES, Unit C, together with the underlying

erosional surface (Fig. 2), constitutes the primary focus of this study.

2.5 Geomorphology and timing of the MES in the Ebro Basin

The MES is found between ~1.25 and 2.8 s two-way travel time (approximately
1.4-3.6 km depth, Urgeles et al., 2011) and forms a laterally continuous but
morphologically complex surface roughly parallel to the present-day coastline (Fig.
2A). Seismic geomorphological analyses made by Urgeles et al. (2011) reveal a
stepped longitudinal profile organised into three major domains from proximal to
distal settings (Fig. 2B): a rugged flat—steep domain (Region I), a relatively smooth
low-relief domain (Region II), and a basinward-steepening distal domain (Region
IIT), comparable to Messinian erosional landscapes described along other
Mediterranean margins, including the Nile Delta, the Gulf of Lions, and the Levant
margin (Barber, 1981; Bertoni and Cartwright, 2006; Lofi et al., 2005; Bache et al.,

2009).

Region I displays high-relief erosional topography and a dense dendritic drainage
network in which low-order tributaries coalesce into high-order, flat-floored
valleys, with local relief exceeding 600 m (Urgeles et al., 2011). Although minor
post-Messinian extensional tectonics locally affect the relief, particularly in the
southwestern part of the survey, MES morphology is dominantly erosional, and
comparable rugged landscapes extend beyond the study area in adjacent seismic
datasets (Stampfli and Hocker, 1989; Frey-Martinez et al., 2004; Bertoni and

Cartwright, 2005). Basinward, Region II corresponds to a gently southeast-dipping,
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low-relief surface where incision is restricted to higher-order channels and relief
generally remains below ~200 m, separated from Region I by an abrupt but non-
tectonic boundary (Urgeles et al., 2011). Region IIT occupies the outer margin near
the present shelf break and is overlain by partially stratified to chaotic deposits (Fig.
2), where assessment of MES relief is locally limited by time—depth conversion
uncertainties. Further down, channel disappearance and the pinch-out of Unit C
mark a relatively stable base level, indicating short-lived exposure of intermediate
domains and a dominantly subaerial, polyphase erosional history linked to
Messinian base-level fall (Fig. 2B). It should also be noted that, basinward of
Region III and along the downstream continuation of the mapped channels (Fig.
2B), mass-transport deposits (MTDs) and chaotic sediments have been identified

(e.g., del Olmo, 2011; Cameselle and Urgeles, 2017).

While the Ebro channel systems have been clearly recognised and mapped (Fig.
2B), the processes responsible for their formation, the hydrological conditions
under which they developed, and their relationship to Messinian base-level change
remain poorly constrained, highlighting a critical knowledge gap that this study

aims to address.

3. Data and Methods
3.1. Seismic dataset and processing
This study is based on a high-resolution 3D seismic reflection survey covering
~2700 km? of the Ebro Margin. The seismic data were acquired by British Gas BV

in 2002 and processed to near—zero phase using a single-pass 3D pre-stack time
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migration. The resulting seismic cube has an original horizontal sampling of 12.5 x
12.5 m and a vertical sampling interval of 4 ms two-way travel time (TWT). For
this study, the dataset was subsampled to a grid spacing of 25 x 25 m to optimise
computational efficiency while preserving geomorphic features.

The data are displayed in SEG (Society of Exploration Geoscientists) normal
polarity, such that an increase in acoustic impedance corresponds to a positive
amplitude. The stratigraphic interval analysed spans approximately the upper 2.5—
3.5 stwo-way travel time (TWT). Dominant seismic frequencies near the Messinian
Unconformity (MES) are ~30 Hz, yielding an average vertical resolution of ~35 m,
with seismic P-wave velocities immediately above the MES reaching ~4250 m s".
These values are estimated directly from the seismic data and from interval
velocities derived from P-wave velocity logs in the FORNAX-1 well used and

analysed in Urgeles et al. (2011, their METHOD section).

3.2. Well control and stratigraphic calibration

Seismic interpretation has been calibrated using wireline logs from the FORNAX-
1 well in Urgeles et al. (2011), including P-wave velocity, S-wave velocity, and
gamma-ray logs. Additional stratigraphic constraints are derived from published
industry well reports on the Ebro Margin (Lanaja et al., 1987) and correlations with
regional seismic interpretations (Frey-Martinez et al., 2004; Bertoni and
Cartwright, 2005). A synthetic seismogram was also generated in Urgeles et al.

(2011; their Figure 4). A representative wavelet was extracted using frequency-
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matching techniques from seismic traces within a 500 m radius around the well.

This synthetic tie ensures consistent placement of stratigraphic horizons in time.

3.3 Identification and mapping of the Messinian Erosional Surface

The MES and associated fluvial features were mapped on zero-phase seismic data
in two-way travel time. The MES horizon used here is modified from the regional
interpretation of Urgeles et al. (2011), who demonstrated its Messinian age based
on borehole calibration and stratigraphic relationships. The MES is identified by
truncation of Miocene clinoforms, reflector terminations, and, locally, by a
continuous high-amplitude reflector at the base of major valleys.

Mapping and horizon propagation were performed using the SISMAGE-CIG™
interpretation platform. Channel bases and associated deposits were semi-
automatically propagated and manually quality-controlled to ensure consistency
across the seismic volume. Seismic sections are shown in two-way-time TWT.
Detailed descriptions of the seismic-derived paleotopographic analyses of the MES,
including drainage extraction, geomorphic metrics, and paleodischarge
calculations using Manning’s equation and an independent width—discharge

relationship (Attal et al., 2008), are provided in the Supplementary Material.

4. Results
4.1 The Messinian Ebro River

Re-investigation of the MES and further, more accurate mapping reveals the

presence of vast, detailed channelised features, aggrading above the Messinian
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paleo-landscape (Fig. 3). In region I, a major NW-SE, 2km wide valley, with ~1300
m of relief is visible over a map of the MES, with two major valleys (N-S and E-
W) serving as tributaries of the main valley (Fig. 3A-C). Downstream, the valley

widens to 3.5km in region II and up to ~4km in region III (Fig. 3).

At the stratigraphic base of the system, the widest channel (Channel “C0”) (width
from 500m upstream up to ~4000m downstream), is characterised by a high
amplitude seismic reflector, also clearly visible in map-view, flowing across an
entire flat-based valley (Fig. 3A-C), with infilled morphology, overbank deposits
and associated splays (Fig 3A-C). Its thalweg is mainly straight (sinuosity: 1.1) over
the studied area. Further downstream, narrower channelised systems (C1 to C4)
crosscut some CO paleo deposits (Fig. 3). Cl1, the longest and most laterally
continuous channel system (Fig. 3A), has numerous meanders (mean sinuosity: 1.4
to 1.7) along its path (Fig. 3). Although CO and C1 share a common upstream
thalweg (Fig. 3A), C1 remains confined throughout its path toward the deep basin
within the wide valley of CO. C1 then narrows relative to CO, with widths reaching
500-650 m in its deepest section. C1 is fed downstream by several tributaries (C2—
C4) that converge into its course, as seen on the amplitude map of Fig. 3A-B.
Seismic cross-sections show that C1 is consistently incising the basal surface of the
earlier, wider channel CO (as seen in 3D visualisation, Fig. 3C), while tributaries
C2—C4 terminate within the stratigraphic level of C1 and locally truncate CO
deposits (Fig. 3). In plan view, C2—C4 align with the meandering thalweg of C1
and display comparable sinuosity values, in contrast to the straighter geometry of

CO (Fig. 3A). In addition, crevasse splays associated with C1 locally crosscut CO
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deposits (Fig. 3B), demonstrating active sedimentation linked to CI1 after

abandonment of CO.

4.2 Discharge estimates and topographic analyses

The map of the MES was analysed to assess the features of the Messinian
topography (Fig. 3A). To calculate River discharges, we used two approaches: one
based on applying the Manning’s equation (Fig. 4B-C, Fig. S2, Table S1), and
another based on channel width (Fig. 4B, Fig. S3, Attal et al., 2008). Along cross
sections of CO (Fig. 4A), we calculated a discharge of CO that reached an average
of ~2.4 x 105 m?%/s, indicating an extraordinary outflow regime (Figs. 4A-C) (see
Discussion below). Fig. 4B reveals that in the downstream part of C0O-C1, alluvial
terraces are visible. The catchment of the channels C1 to C3 is estimated to be at
least 1070 km? (Fig. 4A). The longitudinal stream profiles show that the main trunk
(C1) has the gentlest profile compared to C2 and C3 (Fig. 4A, 4D). The stream
profiles also show knickpoints on channels C2 and C3 (Fig. 4D). Discharge
estimates derived from Manning’s equation are inherently sensitive to both channel
slope and the choice of the roughness coefficient (n), particularly when slopes are
measured on seismic-derived paleo-surfaces that may include local noise. To
account for these uncertainties, discharge was calculated using conservative slope
estimates and a fixed roughness coefficient (n = 0.05, Following Garcia-Castellanos
et al. 2009), and minimum—maximum discharge ranges were derived based on
channel geometry. Despite these uncertainties, discharge estimates obtained from

Manning’s equation and from width—discharge scaling are of the same order of
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magnitude and display consistent downstream trends (Fig. 4), including an increase

in discharge following the confluence of tributaries C2—C4 into Cl1.

Discharge values estimated from both methods (i.e., Manning formula and the
width of C1) yield similar results (Fig. 4) and show an increase in downstream
discharge after C2-C4 merged with CI1, as expected for fluvial systems. Both
methods indicate lower discharge for C1 than for C0, suggesting an initial abrupt
outflow from the Ebro endorheic basin, followed by more moderate flow (Fig. 4B)

(see Discussion).

As a complementary analysis, we explored scaling relationships of the drainage
network developed on the MES using Hack’s and Flint’s laws, with the aim of
characterising the geometry and degree of adjustment of the fluvial system rather
than independently constraining uplift magnitude or base-level change. Application
of Hack’s law yields an h-exponent of ~0.48 (Fig. 4D), a value well within the broad
range reported for natural river systems under relatively homogeneous conditions
(approximately 0.4-0.7; Rigon et al., 1996; Hergarten et al., 2016). Scaling
relationships derived from Hack’s and Flint’s laws were explored to characterise
the geometry of the drainage network developed on the Messinian Erosional
Surface, but not to independently infer uplift magnitude or base-level change.
Hack’s law analysis yields an h-exponent of ~0.48 (Fig. 4D), a value that lies within
the range of ~0.4-0.7 reported for drainage systems evolving under relatively
homogeneous conditions (Whipple et al., 2013; Hergarten et al., 2016). A much
wider range of h-values, from <0.2 in steep headwater channels to >1 in some

alluvial systems, has been documented elsewhere and reflects variations in drainage
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maturity, lithology, and relief rather than a single controlling process (Brummer
and Montgomery, 2003; Sofia et al., 2015). Given the scatter observed in the
length—area relationship and the limited spatial extent of the analysed catchments
(Fig. 4E), the estimated h-exponent is therefore to be taken with caution for our

diagnostic of base-level change.

Flint’s law analysis yields a concavity index 0 of ~0.30 and a channel steepness
index ks of ~8.2 (Fig. 4E). As noted by Hergarten et al. (2010), a strong positive
correlation between surface elevation and channel slope exists in several orogens,
implying that apparent concavity indices may increase simply due to systematic
variations in elevation and uplift rate along river profiles. Such behaviour is
consistent with drainage systems developed in small, recently formed, hard-rock
mountain belts such as the Catalan Coastal Ranges, where relatively high slopes
persist across scales (Hergarten et al., 2016). Importantly, because both Hack’s and
Flint’s laws assume drainage systems close to equilibrium, their applicability to a
transient system affected by rapid incision and short-lived high-discharge events
remains limited, and these metrics are therefore used here in a descriptive rather

than strictly diagnostic sense.



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

5. Discussion

5.1 Did CO represent a (fluvial) valley-scale flow event?

A key assumption underlying the discharge estimates for CO is that flow occupied
a large fraction of the flat-floored valley during incision. An alternative
interpretation is that the wide valley resulted from progressive lateral migration or
repeated occupation by a narrower channel, subsequently abandoned and terraced
prior to incision by C1. Several observations argue against this latter scenario. First,
the CO surface is laterally continuous over several kilometres and displays a
remarkably uniform, flat basal morphology, inconsistent with the diachronous
widening expected from sustained meandering or lateral erosion by a confined
channel (Fig. 3). Second, internal seismic facies within CO lack evidence for
multiple stacked point-bar accretion surfaces or lateral migration packages, and
instead show laterally extensive, low-relief geometries compatible with rapid
aggradation or abandonment following a high-discharge event (Fig. 3, Figs S6-8,
S10). Third, crevasse splays and overbank deposits associated with CO extend
across the full width of the valley (Fig. 3A), indicating flow overtopping channel
margins rather than confinement to a narrow thalweg. Finally, the sharp incision of
C1 into CO deposits, together with the preservation of flanking amplitude contrasts,
and terrace-like remnants across the valley floor, implies rapid abandonment of a

broad depositional surface rather than gradual narrowing through time.

The interpretation of CO as a valley-scale flow event is consistent with a dominantly
subaerial fluvial origin for the drainage system in Region I, as previously proposed

by Urgeles et al. (2011). We acknowledge that branching channel patterns alone are
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not diagnostic of subaerial conditions, as dendritic networks may also develop in
submarine canyon systems (e.g., Moneron and Gvirtzman, 2022). However, in the
Ebro Margin, the combination of low-gradient thalwegs, meandering planforms,
valley-filling overbank deposits, terrace development, and the absence of neither
evaporitic material over the MES, nor headward-sapping geometries anywhere
along the observed drainage systems collectively favours erosion dominated by
discharge-driven fluvial processes rather than submarine slope-controlled incision.
In any case, while base-level lowering does not uniquely require eustatic sea-level
fall, the stratigraphic confinement of CO0 incision to the MES links this valley-scale
flow event to Messinian base-level change, irrespective of whether drawdown was

fully subaerial or partly submarine.

5.2 Can climatic conditions alone explain the formation of major MSC rivers?

While it has been argued that the opening of the Ebro Basin started long before the
MSC; and most likely facilitated by periods of wetter climatic conditions (Garcia-
Castellanos et al., 2003; Urgeles et al., 2011), our results suggest a different story.
Although major discharge in rivers can be historically explained by climatic
changes (i.e., from arid to wet), this exceptional outflow (~2.4 x 10° m3/s) is 20
times higher than that of the Ebro River historic floods of 1787 and, which reached
a peak discharge of 12.9x10° m3/s and 11.5:10° m?/s, Ruiz-Bellet et al., 2017 ;
Balasch et al., 2019), respectively. The estimated apparent paleo-discharge of C1
appears to be in the same range or lower than these floods. The estimated value of

the CO discharge is in the range of apparent paleo-discharges observed for sudden
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outburst floods such as that in Lake Agassiz (i.e., 100-600-10° m%/s, Tinkler &
Pengelly, 1995) but lower than flooding discharge estimated during the MSC on the
Gibraltar sill (108 m?s™!, Garcia-Castellanos et al., 2009) and on the Sicilian sill
(47.4 10° m’s!, Spatola et al.,, 2020). These comparisons should be viewed
cautiously as the contributing drainage areas, stored water volumes, and boundary
conditions differ substantially among these systems, and similar discharge

magnitudes do not imply directly comparable basin sizes or flood mechanisms.

Despite generally arid conditions in the western Mediterranean, the Messinian Ebro
margin experienced comparatively wetter climates and higher mean precipitation
(Fauquette et al., 2006), consistent with the observed channel morphology and
inferred discharges following the major CO outflow. Moreover, the absence of
chaotic seismic facies, headwall scarps, or amphitheater-shaped heads typical of
submarine landslides, together with the presence of laterally continuous reflectors
and well-preserved meandering channel geometries, indicates that these features do
not result from mass-transport processes but instead reflect a dominantly fluvial
origin governed by discharge dynamics rather than slope failure or sapping under

extreme climatic conditions.

Taken together, these observations suggest that a catastrophic lake-outburst flood
provides the most plausible explanation for such extreme flow within a basin of this
size. We therefore infer that the Ebro paleo-lake was fully drained during the
Messinian sea-level fall, its outburst explaining the scale and morphology of

channel CO.
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5.3 Driving mechanisms and chronology of events

This study provides the first documentation of a basin-scale response to the MSC:
the complete drainage of an endorheic lake system induced by base-level fall
(estimated to be around 1200 to 1500m in the western Mediterranean Sea, as
suggested by Clauzon, 1982, Loget et al., 2006, Bache et al., 2009) (Fig. SA-B).
The resulting outflow represents a previously unrecognised mechanism linking
Mediterranean drawdown to continental drainage reorganisation. Notably we
provide the first evidence of Messinian alluvial terraces, documenting post-outburst

fluvial re-incision, potentially contemporaneous with flexural uplift (see Figure S9).

The stacked CO—C1 terrace remnants record up to ~150 m of relative vertical motion
across the valley floor (Figs. 2—4), indicating renewed incision following
abandonment of the initial high-discharge channel. While this change primarily
reflects fluvial re-incision, its magnitude is comparable to the range of post-
Messinian flexural rebound predicted for the Ebro margin (Urgeles et al., 2011;
Heida et al., 2021). Flexural modeling presented in the Supplementary Material,
assuming effective elastic thicknesses of 10—20 km, yields rebound amplitudes of
~80-140 m, suggesting that isostatic adjustment may have contributed to the
observed vertical separation between terrace levels. We therefore interpret the
terrace offsets as recording a combination of renewed fluvial incision superimposed
on longer-wavelength flexural uplift associated with Messinian base-level change,
rather than attempting to quantitatively partition incision and uplift components.
The spatial relationship between terrace preservation, valley geometry, and

predicted flexural response is discussed qualitatively in the Supplementary
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Material, where sensitivity tests illustrate the first-order influence of elastic

thickness on rebound magnitude (Fig. S9).

Here, our observations collectively indicate that canyon incision along the Ebro
margin reached its peak during the lowstand phase of the MSC, when rapid
regressive erosion triggered the opening of the Ebro endorheic basin and a short-
lived but catastrophic lake outburst flood (Fig. 4C, ti—t2). This event excavated the
broad, high-discharge channel CO and initiated deep canyon formation. The
subsequent decrease in discharge during continued lowstand conditions and flexural
isostatic rebound allowed for renewed incision by narrower, meandering channels
(C1-C4; Fig. 4, t3) and formation of alluvial terraces, consistent with a transition
from catastrophic outflow to sustained fluvial reorganisation as base level and
hydrological conditions stabilised. The return to normal marine conditions led to
progressive burial of the Messinian landscape under Pliocene—Quaternary

sediments, preserving its relict fluvial morphology Fig. 4C, t4).

From a broader perspective, this interpretation also contrasts with earlier models
proposing that the Ebro Basin opened well before the Messinian (13-8.5 Ma),
through fluvial capture and progressive sediment overfilling, with the Messinian
sea-level fall playing only a minor role (Evans and Arche, 2002; Garcia-Castellanos
et al., 2003; Cameselle et al., 2014). Our results instead point to a later, MSC-linked
drainage event, in which the rapid base-level fall directly triggered basin breaching

and catastrophic lake outflow.
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6. Conclusions
This study provides integrated seismic, geomorphic, and hydrological evidence that
the Messinian Salinity Crisis triggered the complete drainage of a formerly
endorheic Ebro Basin through rapid Mediterranean base-level fall. Analysis of the
Messinian Erosional Surface reveals a polyphase fluvial evolution along the Ebro
Margin, characterised by two fundamentally different incision regimes. An initial
phase involved a lowstand-induced regressive erosion that triggered a short-lived,
high-magnitude lake-outburst flood that excavated a broad, flat-floored valley (CO0)
and initiated deep canyon formation. This phase was followed by a second stage of
lower-energy, more sustained fluvial incision, during which narrower, meandering
channels (C1-C4) reworked the valley floor, producing stepped alluvial terraces.
These observations indicate a transition from catastrophic outflow to organised
fluvial adjustment as hydrological conditions evolved and base level stabilised
during the later stages of the MSC. The scale of the inferred discharge, the valley-
wide extent of C0, and the stratigraphic confinement of incision to the MES together
support a model in which basin breaching and drainage were directly linked to

Messinian drawdown, rather than inherited from earlier Miocene drainage capture.

The preservation of this relict fluvial landscape beneath thick post-Messinian
deposits provides an exceptional stratigraphic archive of transient canyon formation
and rapid landscape adjustment to extreme base-level change. More broadly, this
study illustrates how short-lived, high-magnitude hydrological events can exert a
first-order control on continental-scale drainage reorganisation and margin incision

during periods of abrupt environmental change.
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Fig. 2 Typical cross section showing the MES and prograding Plio-Quaternary
sediments. Inset of B is modified after Lofi et al., 2005, 2011. More regional
seismic cross sections are provided in the Supp. Mat.! (Fig. S4). Units B-D from

Urgeles et al., 2011.
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observed with 3D seismic data. Seismic sections indicated on the map are shown in

Fig. S5, and more 3D visualisations are shown in Fig. S6-8. C. 3D view of the main

channel CO being crosscut by the Cl1 meandering channel. D-D’, E-E’. Seismic

sections illustrating the vertical and lateral arrangement of channels C0-C4. See

Fig. S10 for uninterpreted version of A. Grid resolution is 12.5m.
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Fig. 4. A. Drainage map extracted from the Messinian Erosional Surface (MES)
showing the main channel network (C1-C3) and its ~1070 km? catchment. B.
Cross-section showing channel C1 incising the earlier high-discharge channel CO.
C. Quantitative approach for discharge estimation using Manning’s equation. The
area where calculations were made for CO is shown in Fig. 4A. D. Longitudinal
stream profiles highlighting knickpoints in C2—C3. E. Discharge estimates for C1
derived from Manning’s law and width—area scaling. F. Stream length—area and
slope—area relationships fitted to Hack’s and Flint’s laws. Note the significant data
scatter and sensitivity to outliers, which limit the precision and interpretability of

fitted parameters.
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832  illustrating the transition from sea-level drawdown and regressive erosion (), to
833  catastrophic lake outburst, canyon formation and accumulation of CO deposits (z2),
834  renewed incision by meandering channels C1-C4 under lowstand conditions (#3),

835  and final burial during Pliocene—Quaternary (P-Q) sedimentation ().



