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ABSTRACT 21 

During the Messinian Salinity Crisis (MSC), the entire Mediterranean basin 22 

experienced deep canyon incision along its margins as the result of sea-level 23 

variations and rapidly increasing salinity. Yet, the processes and water 24 

sources capable of generating such dramatic incision have never been 25 

quantitatively demonstrated. Using high-resolution 3-D seismic reflection 26 

data and paleo-stream network geomorphic analyses, we reveal that a section 27 

of the Messinian Ebro valley is characterized by two distinct phases of fluvial 28 

dynamics. The initial phase is associated with an exceptional discharge of 29 

240.103 m3/s, rapidly carving a 700-m-deep valley, and is followed by a period 30 

with more moderate discharge through the newly formed Messinian valley, 31 
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forming alluvial terraces.  Here we argue that the previously endorheic Ebro 32 

Basin was reached by regressive erosion during the MSC lowstand, 33 

triggering a major outburst flood and development of a wide and deep 34 

drainage system, transitioning to a more confined, meandering system. This 35 

study also refines the timing of this extraordinary outflow event to the MSC 36 

itself, contradicting earlier models that placed the Ebro Basin opening 37 

earlier.  To the best of our knowledge, the complete drainage of an endorheic 38 

basin induced by a Messinian drawdown regressive erosion has not 39 

previously been described from the stratigraphic archive on Earth.  40 



 

 

INTRODUCTION 41 

Abrupt transitions in fluvial dynamics, such as those leading to catastrophic 42 

flooding, are rare, yet they mark some of the most dramatic episodes of landscape 43 

evolution on Earth (Gupta et al., 2007) and Mars (Warner et al., 2010). Such 44 

changes that manifest as major outflow events significantly affect continental-scale 45 

drainage patterns and are usually caused by climatic or sea-level change (Baker & 46 

Milton, 1974), or multi-causal factors leading to significant erosion (Loget et al., 47 

2005). During the Messinian Salinity Crisis (MSC, 5.97-5.33 Ma, Krijgsman et al., 48 

1999), major regressive erosion was induced in the context of major base-level 49 

variations (Chumakov, 1973, Ryan, 1976, Clauzon, 1982, Aloisi et al., 2025). The 50 

crisis, known for massive salt accumulation (Haq et al., 2020), is associated with 51 

the formation of the Messinian Erosional Surface (MES, Fig. 1), a key surface 52 

detected in continental margins all around the Mediterranean Sea (Guennoc et al., 53 

2000; Lofi et al., 2005, Moneron et al., 2024).  54 

With advancements in 3D seismic imagery, the delineation of these Messinian 55 

drainage systems improved, allowing further investigation of this MES and related 56 

Messinian Canyons (Urgeles et al., 2011; Moneron and Gvirtzman, 2022, Moneron 57 

et al. 2025), and although Messinian canyons are widely analyzed across 58 

Mediterranean margins (Gargani & Rigollet, 2007, Moneron et al., 2025), the 59 

mechanisms and hydrological conditions driving such deep erosion remain largely 60 

underexplored. Here, we examine Messinian landforms derived from a depth map 61 

of the MES, using topographic analysis tools to decipher the evolution of the paleo-62 

Ebro River, akin to what is done on modern-day drainage systems.  Based on a 63 



 

 

high-resolution 3D seismic reflection survey covering 2700 km² of the Ebro Margin 64 

(see Data and Methods in the Supplementary Material¹), we identified a ~700 m-65 

deep Messinian valley, raising the question of how a comparatively small basin 66 

such as the paleo-Ebro (~100,000 km²; Fig. 1) could have driven such 67 

extraordinarily rapid erosion.  In what follows, we document the morphology and 68 

chronological development of the Ebro Canyon, quantify its hydrogeological 69 

evolution, and assess its role in this MSC large-scale event. This exceptional setting 70 

contrasts with earlier models proposing an earlier (13–8.5 Ma) basin opening by 71 

fluvial capture and sediment overfilling, with only minor influence from the 72 

Messinian sea-level fall (García-Castellanos et al., 2003, Urgeles et al., 2011). 73 

  74 

BACKGROUND 75 

The Ebro Drainage Before and During the MSC 76 

Whereas the current Ebro River drains the Ebro foreland basin (between the 77 

Pyrenees and Iberian ranges (Fig. 1), the main Ebro Basin was once endorheic (i.e., 78 

self-contained) during the Oligo-Miocene, and formed in response to tectonic 79 

shortening (Nichols, 2004). When drainage was restricted to the endorheic basin, 80 

alluvial-lacustrine sediment accumulated only in the foreland from the Late Eocene 81 

to the Late-Middle Miocene (Riba et al., 1983; Perez-Rivarés et al., 2002; Fig. 1). 82 

It is argued that the formerly endorheic basin became externally drained through 83 

fluvial capture and sediment overfilling, with the Messinian sea-level fall likely 84 

exerting only a secondary influence, and the drainage shift of the Ebro Basin toward 85 



 

 

the Mediterranean occurring between roughly 13.5 and 8.5 Ma (García-Castellanos 86 

et al., 2003; Urgeles et al., 2011). 87 

Despite the progradation of coastal/deltaic deposits on the Ebro margin (Evans & 88 

Arche, 2002), no major Late Messinian fluvial incision is identified onshore. 89 

Consequently, the Messinian Ebro valley must have been relatively short in length, 90 

and regressive erosion was not extensive onshore, unlike other Messinian 91 

Mediterranean rivers (e.g., Nile and Rhône rivers; Pellen et al., 2019).  92 

On the Ebro margin in the western Mediterranean, the MES is manifested on 93 

seismic profiles by erosional truncations of the top of Miocene clinoforms (Urgeles 94 

et al., 2011; Fig. 1B). It is also characterized in this area by a broad incised valley 95 

attributed to the paleo-Ebro River system (Urgeles et al., 2011). 96 

The area of interest (Fig. 1) is located on the proximal-most part of the Ebro fluvial 97 

incision, characterized by several knickpoints along the system (Pellen et al., 2019). 98 

In this area, the MES is represented by a proximal, high relief region (Region I in 99 

Fig. 2) and distal low-relief area (Pellen et al., 2019, region II & III, Fig. 2). Both 100 

regions, initially documented by Urgeles et al. (2011), are parallel to the present-101 

day coastline. 102 

 103 

RESULTS 104 

The Messinian Ebro River 105 

Mapping of the MES reveals the presence of vast channelized features, aggrading 106 

above the Messinian paleo-landscape (Fig. 2). In region I, a major NW-SE, 2km 107 



 

 

wide valley, with ~1300 m of relief is visible over a map of the MES, with two 108 

major valleys (N-S and E-W) serving as tributaries of the main valley (Fig. 2A-C). 109 

Downstream, the valley widens to 3.5km in region II and up to ~4km in region III 110 

(Fig. 2).  111 

The first channel (dubbed “C0”) which is also the widest (width from 500m 112 

upstream up to 3500m downstream), is characterized by a high amplitude seismic 113 

reflector, also clearly visible in map-view, within a flat-based valley (Fig. 2A-C) 114 

with infilled morphology, overbank deposits and associated splays (Fig 2A-C). Its 115 

thalweg is mainly straight (sinuosity: 1.1) over the studied area. Further 116 

downstream secondary channelized systems (C1 to C4) clearly crosscut and 117 

overprint C0. C1, the deepest and longest system (Fig. 2A), is fed downstream by 118 

converging tributaries (C2 to C4). Although C0 and C1 share a common upstream 119 

thalweg (Fig. 2A), C1 remains confined throughout its path toward the deep basin 120 

while C0 is wider starting about 10 km downstream from the channel head. C1 then 121 

narrows relative to C0, with widths reaching 500–650 m in its deepest section. 122 

Numerous meanders are observed (mean sinuosity: 1.4 to 1.7) along its path.  123 

 Discharge Estimates and Topographic Analyses  124 

The map of the MES was analyzed (See Methods in the Supp Mat.1) to assess the 125 

features of the Messinian topography (Fig. 3A). The catchment of the channels C1 126 

to C3 is estimated to be at least 1070 km² (Fig. 3A). The longitudinal stream profiles 127 

show that the main trunk (C1) has the gentlest profile compared to C2 and C3 (Fig. 128 

3A, 3D). The stream profiles also show knickpoints on channels C2 and C3 (Fig. 129 

3D).  130 



 

 

To calculate River discharges, we used two approaches: one based on channel width 131 

(Fig. 3B, Fig. S3, Attal et al., 2008) and another applying Manning’s equation (Fig. 132 

3B-C, Fig. S2, Table S1). We calculated a discharge of C0 that reached ~2.4 × 10⁵ 133 

m³/s, indicating an extraordinary outflow regime (Figs. 3A, 3C). Fig. 3B reveals 134 

that in the downstream part of C0-C1, alluvial terraces are visible. Incising C0, 135 

where these terraces are found (Fig. 3B), the mean discharge estimated for C1 7.2 136 

103 m3/s, with a peak discharge downstream at 14.7.103 m3/s (Fig. 3C, 3E). 137 

Discharge values estimated from both methods (Manning formula and the width of 138 

C1) yield similar results (Fig. 3) and show an increase in downstream discharge 139 

after C2-C4 merged with C1, as expected for fluvial systems. Both methods indicate 140 

lower discharge for C1 than for C0, suggesting an initial abrupt outflow from the 141 

Ebro endorheic basin, followed by more moderate flow (C1–C4)  (Fig. 3B) (See 142 

Discussion). 143 

Further analysis of the topography of the drainage system shows a value of the 144 

Hack’s law h-constant of ~0.48 (Rigon et al., 1996; Hergarten et al., 2015). While 145 

the h-constant is usually 0.6-0.5 , deviation from this value may indicate a large 146 

drop of the base-level of these paleo-streams (Fig. 3D). Flint’s law analyses yields 147 

a concavity index (θ) of 0.30° and channel steepness (ks) of ~8.2 (Fig. 3E), values 148 

usually related to margins subject to uplift (Hergarten et al., 2015, Bahia et al., 149 

2019).        150 

 151 



 

 

DISCUSSION 152 

Can Climatic Conditions Alone Explain the Formation of Major MSC Rivers? 153 

While it has been argued that the opening of the Ebro Basin (1) started long before 154 

the MSC; and (2) was probably due facilitated by periods of wetter climatic 155 

conditions (Garcia-Castellanos et al., 2003; Urgeles et al., 2011), our results suggest 156 

a different story. Although major discharge in rivers can be historically explained 157 

by climatic changes (i.e., from arid to wet), this exceptional outflow (~2.4 × 10⁵ 158 

m³/s) is 20 times higher than that of the Ebro River historic floods of 1787 and 1907, 159 

which reached a peak discharge of 12.9×103 m3/s  and 11.5.103 m3/s Balasch et al., 160 

2019), respectively. The estimated value is in the range of apparent paleo-161 

discharges observed for outburst floods such as that in Lake Agassiz (i.e., 100-162 

600.103 m3/s, Tinkler & Pengelly, 1995) but lower than flooding discharge 163 

estimated during the MSC on the Gibraltar sill (108 m3 s-1, Garcia-Castellanos et al., 164 

2009) and on the Sicilian sill (47.4 106 m3s-1, Spatola et al., 2020). The estimated 165 

apparent paleo-discharge of C1 (7.2.103 m3/s) is in the same range or lower than the 166 

maximum historical flood of the Ebro River in 1787 and 1907 (10.5.103 -12.9.103 167 

m3/s; Ruiz-Bellet et al., 2017, Balasch et al., 2019).  168 

Despite generally arid conditions in the western Mediterranean, the Messinian Ebro 169 

margin experienced comparatively wetter climates and higher mean precipitation 170 

(Fauquette et al., 2006), consistent with the observed channel morphology and 171 

inferred discharges following the major C0 outflow. Moreover, the lack of chaotic 172 

reflections or amphitheater-shaped heads in the 3D seismic data, together with 173 

continuous reflectors and well-preserved meanders, points to a dominantly fluvial 174 



 

 

origin governed by discharge dynamics rather than slope failure or sapping due to 175 

extreme climatic conditions. 176 

Taken together, these observations indicate that only a catastrophic lake-outburst 177 

flood can account for such extreme flow within a basin of this size. We therefore 178 

infer that the Ebro paleo-lake was fully drained during the Messinian sea-level fall, 179 

its outburst explaining the scale and morphology of channel C0. 180 

Driving Mechanisms and Chronology of Events 181 

This study provides the first documentation of a basin-scale response to the MSC: 182 

the complete drainage of an endorheic lake system induced by base-level fall (Fig. 183 

4A-B). The resulting outflow represents a previously unrecognized mechanism 184 

linking Mediterranean drawdown to continental drainage reorganization. Notably 185 

we provide the first evidence of Messinian alluvial terraces, documenting post-186 

outburst fluvial re-incision, probably contemporaneous with flexural uplift (see 187 

Figure S9). 188 

The pronounced ~1300 m relief of the MES (Fig. 4A-B) was generated between the 189 

onset of Mediterranean drawdown (~5.60 Ma) and the ensuing transgressive stage 190 

(~5.36 Ma; Pellen et al., 2019), implying erosion rates of 5.4–9.3 mm/yr, values 191 

comparable to the most rapidly incising modern landscapes (Hergarten & 192 

Kenkmann, 2019). The stacked C0–C1 terraces record at least ~150 m (Figs. 2-3) 193 

of relative vertical motion during the MSC, indicating renewed incision following 194 

the initial lake outburst. This vertical offset likely reflects a second phase of 195 

deformation linked to isostatic rebound, superimposed on the broader flexural 196 



 

 

response to Mediterranean drawdown. (see Fig. S9 for additional details regarding 197 

isostatic rebound calculations). 198 

Here, our observations collectively indicate that canyon incision along the Ebro 199 

margin reached its peak during the lowstand phase of the MSC, when rapid 200 

regressive erosion triggered the opening of the Ebro endorheic basin and a short-201 

lived but catastrophic lake outburst flood (Fig. 4C, t₁–t₂). This event excavated the 202 

broad, high-discharge channel C0 and initiated deep canyon formation. The 203 

subsequent decrease in discharge during continued lowstand conditions and flexural 204 

isostatic rebound allowed for renewed incision by narrower, meandering channels 205 

(C1–C4; Fig. 4, t₃) and formation of alluvial terraces, consistent with a transition 206 

from catastrophic outflow to sustained fluvial reorganization as base level and 207 

hydrological conditions stabilized. The return to normal marine conditions led to 208 

progressive burial of the Messinian landscape under Pliocene–Quaternary 209 

sediments, preserving its relict fluvial morphology Fig. 4C, t₄). 210 

From a broader perspective, this interpretation also contrasts with earlier models 211 

proposing that the Ebro Basin opened well before the Messinian (13-8.5 Ma), 212 

through fluvial capture and progressive sediment overfilling, with the Messinian 213 

sea-level fall playing only a minor role (García-Castellanos et al., 2003). Our results 214 

instead point to a later, MSC-linked drainage event, in which the rapid base-level 215 

fall directly triggered basin breaching and catastrophic lake outflow. 216 

 217 

 218 



 

 

CONCLUSION 219 

This work provides the first integrated evidence that the MSC triggered the 220 

complete drainage of an endorheic basin through base-level fall. The Ebro margin 221 

underwent two successive fluvial phases: an initial lake outburst flood formed 222 

during Mediterranean drawdown, followed by a lower-energy, meandering system 223 

incised under continued regressive erosion and isostatic rebound. These results 224 

refine the timing of the Ebro Basin opening, demonstrating that external drainage 225 

developed synchronously with the late Messinian lowstand at odds with what was 226 

previously proposed. The fluvial landforms were then preserved under a thick 227 

sedimentary unit, offering a rare record of transient canyon formation and rapid 228 

landscape adjustment to extreme base-level change.  229 
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FIGURE CAPTIONS 357 

Fig. 1. A. Map showing study area on the Ebro margin, western Mediterranean 358 

Sea, offshore NE Spain. Black polygon outlines the extent of the 3D seismic 359 

dataset used in this study. Messinian river incision (in dark red, from Pellen et al., 360 

2019) affected all Mediterranean margins, including the Valencia Trough and 361 

Gulf of lions. Inset of A is from Haq et al., 2020. B. Typical cross section 362 

showing the MES and prograding Plio-Quaternary sediments. Inset of B is 363 

modified after Lofi et al., 2005. More regional seismic cross sections are provided 364 

in the Supp. Mat.1 (Fig. S4). AOI-Area of interest, L-PB--Liguro-Provençal Basin 365 

ALB—Algero-Balearic Basin. 366 
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Fig. 2. A-B MES depth map and morphological features in the Ebro valley during 367 

the MSC: C0 represents the outflow channel and C1-C4, the meandering channel 368 

observed with 3D seismic data. Seismic sections indicated on the map are shown in 369 

Fig. S5, and more 3D visualizations are shown in Fig. S6-8. C. 3D view of the main 370 

channel C0 being crosscut by the C1 meandering channel. D-D’, E-E’. Seismic 371 

sections illustrating the vertical and lateral arrangement of channels C0-C4.  See 372 

Fig. S10 for uninterpreted version of A. Grid resolution is 12.5m. 373 

Fig. 3. A. Drainage map extracted from the Messinian Erosional Surface (MES) 374 

showing the main channel network (C1–C3) and its ~1070 km² catchment. B. 375 

Cross-section showing channel C1 incising the earlier high-discharge channel C0. 376 

C. Quantitative approach for discharge estimation using Manning’s equation. The 377 

area where calculations were made for C0 is shown in Fig. 3A. D. Longitudinal 378 

stream profiles highlighting knickpoints in C2–C3. E.  Discharge estimates for C1 379 

derived from Manning’s law and width–area scaling. F. Stream length–area and 380 

slope–area relationships fitted to Hack’s and Flint’s laws.  381 

Fig. 4. A–B 3D geomorphic framework showing the Messinian Erosional Surface 382 

(MES) paleo-relief, and channel organization (C0–C4). C Four-stage model 383 

illustrating the transition from sea-level drawdown and regressive erosion (t₁), to 384 

catastrophic lake outburst, canyon formation and accumulation of C0 deposits (t₂), 385 

renewed incision by meandering channels C1–C4 under lowstand conditions (t₃), 386 

and final burial during Pliocene–Quaternary (P-Q) sedimentation (t₄). 387 
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