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5 Numerical modelling of terrace staircase 

formation in the Quaternary drainage system of 
the southern Pyrenees, Ebro basin, NE Iberia  

 

Abstract 

 The peripheral southern foreland basin of the Pyrenees (Ebro basin) is an exorheic 
drainage basin since Late Miocene times. Remnants of an early exorheic drainage 
system are not preserved, but the Ebro basin morphology provides evidence for the 
Pliocene–Quaternary drainage development. The incision history of the Ebro system is 
denoted by (i) extensive pediments associated with the denudation of the southern 
Pyrenean piedmont around the Pliocene–Quaternary transition, and (ii) deeply 
entrenched Quaternary river valleys. The Ebro basin pediments indicate a smooth, low-
gradient palaeo-topography. During the Middle–Late Pleistocene fluvial incision 
intensified involving the formation of extensive terrace staircases in the southern 
Pyrenees foreland. Terrace exposure dating in tributary rivers of the Ebro indicates 
climate-triggered terrace formation in response to glacial–interglacial cycles in the 
Pyrenean headwaters. The overall (semi)parallel longitudinal terrace profiles argue for 
progressive base level lowering for the whole Ebro drainage network. 

 We use a landscape evolution model, TISC, to evaluate different climatic, tectonic, and 
base level scenarios for terrace staircase formation in the Ebro drainage system. Model 
simulations are compared with morpho-climatic, tectonic and chronologic data. Results 
show that climate and sea-level fluctuations can trigger terrace formation, but the 
modelled incision magnitudes and convergent terrace profiles are not consistent with 
the (semi)parallel terraces in the Ebro basin. A scenario involving a potential Pliocene 
uplift event in the Ebro drainage basin results in rapid erosion along the fluvial network, 
little Middle–Late Pleistocene incision magnitudes and downstream convergent 
terraces, which are not in agreement with observations. In contrast, a model with 
continuous Quaternary uplift affecting the Pyrenees and the foreland basins produces 
(semi)parallel terrace staircases in the southern Pyrenean tributary rivers, being 
consistent with the Middle–Late Pleistocene incision magnitudes as inferred from the 
Ebro basin morphology and the drainage outlet in the Catalan coastal ranges. Forward 
model simulations indicate that the present Ebro drainage system is actively incising, 
providing further evidence for uplift. 

 

This chapter is based on: Stange, K.M., van Balen, R.T. Garcia-Castellanos, D., 2014 (b). 
Numerical modelling of terrace staircase formation in the Quaternary drainage system of 
the southern Pyrenees, Ebro basin, NE Iberia. Basin Research (Submitted March 2014). 
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5.1. Introduction 

 Deeply entrenched valleys and terrace staircases are typical features of 
Quaternary fluvial landscapes (e.g., Bridgland, 2000; Van den Berg and Van Hoof, 
2001; Santisteban and Schulte, 2007; Bridgland and Westaway, 2008; Gibbard 
and Lewin, 2009; Pazzaglia, 2013). They develop in the course of long-term fluvial 
incision in response to base level lowering (e.g., sea-level at the outlet; Bull, 
1991), or by catchment-scale uplift of the fluvial system (Maddy, 1997; Maddy et 
al. 2001). Tending to concave-up stream profiles (Sinha and Parker, 1996; 
Gasparini et al., 1999), rivers adapt to changing base level positions, which cause 
transient disequilibrium conditions in the stream profiles. Accordingly, rivers 
establish a new gradient equilibrium by modifying the channel gradient via 
aggradation or incision (i.e. profile smoothing or steepening; e.g., Howard et al., 
1994; Merritts et al., 1994; Sklar and Dietrich, 1998; Jones et al., 1999). Base level 
lowering induces knickpoints in the longitudinal profiles that progressively 
migrate upstream controlled by erosion and sediment redistribution along a river 
(Bishop et al., 2005; Crosby and Whipple, 2006; Harkins et al., 2007; Finnegan, 
2013). A sudden base level fall, for instance, creates a significant knickpoint in the 
lower part of a stream profile and may cause a rapid wave of erosion along a river 
(e.g., Crosby and Whipple, 2006; Loget and Van den Driessche, 2009). Stream 
power law river-incision models have shown their capacity to account for these 
geomorphic concepts (Howard et al., 1994). 

 Terrace staircases form by repeated terrace formation, superimposed on a long-
term trend of fluvial incision (Merritts et al., 1994; Vandenberghe et al., 2011). 
The formation of terraces is related to the sediment fluxes in a river and involves 
periods of lateral erosion and floodplain (or terrace) aggradation and incision 
episodes that are reflected by vertical terrace scarps. Sediment supply, sediment 
transport, and water discharge are climate-dependent parameters that, during 
Quaternary times, varied in response to the cold–warm–cold Pleistocene climatic 
fluctuations. It is generally accepted that aggradation of extensive (braided) 
floodplains occurs primarily during cold-climate (glacial) conditions, whereas 
erosion and vertical incision occurs mainly during climate transitions (e.g., 
Antoine, 1994; Kasse et al., 1995; Vandenberghe, 1995; Maddy et al., 2001; 
Cordier et al., 2006). Hence, terrace staircases reflect a combination of climate-
triggered terrace formation and long-term fluvial incision. Yet, the cause(s) of 
long-term incision may involve a range of external parameters (e.g., uplift, 
flexure, base level) that need to be clarified with regard to the specific morpho-
tectonic settings.  

 In the peripheral foreland basin of the southern Pyrenees (Ebro basin, Fig. 5.1) all 
major tributary rivers have prominent staircases with (semi)parallel longitudinal 
terrace levels (e.g., Gállego, Cinca, and Segre River; Peña 1983; Sancho, 1991; 
Lewis et al. 2009; Stange et al., 2013a,b).  
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Figure 5.1 Overview map of the study area. 

 Available (exposure) age constraints on terrace sediments suggest overall 
synchronous terrace formation between the southern Pyrenean streams in 
relation to Middle–Late Pleistocene glacial-interglacial fluctuations in the 
Pyrenean headwaters (e.g., Luque and Julià, 2007; Lewis et al., 2009; García-Ruiz 
et al., 2013; Stange et al., 2013b). Morphological observations and valley 
geometries disclose that the long-term incision magnitudes in the South Pyrenean 
Rivers are relatively consistent (e.g., Peña, 1983; Rodríguez Vidal, 1986; Sancho, 
1991). In combination with chronological constraints geomorphic indicators argue 
for uniform valley entrenchment in the Ebro drainage basin under (presumably) 
common external controls (e.g., climate, tectonics, base level; cf. Lewis et al., 
2009; Stange et al., 2013a, b). But, the magnitudes of external parameters like 
uplift, flexure, and base level changes, and their relative impacts on staircase 
formation and network entrenchment are not constrained. Stange et al. (2013a) 
hypothesized that the entrenchment of the Ebro drainage network during 
Quaternary times may relate to (i) regional-scale tectonic uplift, (ii) flexural 
erosional rebound in response to the long-term fluvial excavation, or (iii) 
progressive base level lowering at the Ebro drainage basin outlet controlled by 
lithologic knickpoint retention and/or uplift in the erosion resistant Catalan 
coastal ranges (location in Fig. 5.1).  
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 In this paper we aim at assessing and quantifying the relevant external drivers of 
fluvial incision and staircase formation in the Ebro drainage basin by combining 
numerical modelling with morphologic and neotectonic data, palaeoclimatic 
archives, and terrace exposure dating. Using a (stream power based) landscape 
evolution model (TISC, modified from Garcia-Castellanos et al., 2003) the relative 
impacts of structure, tectonics and climate on the Pliocene–Quaternary drainage 
development in the Ebro foreland basin and the Pyrenees are investigated.  

 

5.2. Regional setting 

5.2.1. Brief geologic history of the study area 

 In Palaeogene times, the collision and partial subduction of the Iberian plate 
beneath Europe caused the formation and uplift of the Pyrenees. In response to 
the lithospheric compression in Iberia, Mesozoic basins were inverted and 
uplifted, like the Iberian range and Catalan coastal ranges (CCR; Fig. 5.1; Roca, 
1996). The Palaeogene uplift in the CCR was estimated at 700–1,200 m based on 
the amount of erosion in the coastal ranges (López-Blanco et al., 2000; Gaspar-
Escribano et al., 2004). Contemporaneous subsidence caused the formation of 
the Ebro foreland basin in between the Pyrenees, the Iberian range and the CCR 
(Fig. 5.1). The Ebro basin underwent a long endorheic period and was filled by 
synorogenic deposits derived from the surrounding mountain chains. Due to the 
uplift of the ranges, also the rims of the Ebro basin were uplifted and tilted (e.g., 
Lewis et al., 2000; López-Blanco et al., 2000; Gaspar-Escribano et al., 2004).  

 After plate convergence rates between Iberia and Europe decreased during 
Oligocene–Miocene times and active compressive tectonic deformation migrated 
farther south to the Iberian–African collision zone (e.g., Betic ranges; Vergés et 
al., 2002; de Vicente and Vegas, 2009), the tectonic regime in NE Iberia drastically 
changed (Chevrot et al., 2011). Extension became the prevalent tectonic regime 
and rifting and subsidence took place in the CCR and Valencia trough (c. 30–15 
Ma; cf. Lewis et al., 2000; Roca, 2001; Chevrot et al., 2011). Situated on the rift 
shoulder of the Valencia trough (Fig. 5.1), the CCR were fragmented, and NE–SW 
and ENE–WSW striking horst and graben structures developed (e.g., Vallès-
Penedès and Barcelona basins, Gaspar-Escribano et al., 2004). Extension 
decreased during middle to late Miocene, and only a few major faults remained 
seismogenic during Pliocene–Quaternary times (e.g., Masana, 1996; Gaspar-
Escribano et al., 2004; Perea et al., 2006). 

 In NE Iberia Pliocene terrigenous (littoral) sediments are preserved at altitudes of 
120–200 m asl, for instance in the CCR and the Balearic Islands – e.g., Monjuïc 
(Barcelona), Penedès and Llobregat valleys (Bartrina et al., 1992; Roca et al., 
1992). Their elevations argue for > 150 m of uplift at the northeastern Iberian 
margin during (or after) Pliocene times (Bartrina et al., 1992; Cloetingh et al. 
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1992; Roca and Deseglaux, 1992). Also quantitative modelling of subsidence in 
the Valencia trough supports a Pliocene uplift event, showing that uplift in the 
CCR and in the eastern part of the Ebro basin may be caused by flexural isostasy 
in the lithosphere (Janssen et al., 1993). In addition, local faults in proximity to 
the Ebro basin outlet in the CCR indicate a relatively recent period of front uplift 
of about 100–300 m, despite the fact that most of the Quaternary deposits are 
not deformed (Perea et al., 2012). The quantification of average uplift in the CCR 
is difficult due to the complex horst and graben structures and the very 
heterogeneous vertical fault offsets (e.g., 90 m, El Camp Fault;  275 m, Amer 
Fault), but estimates on Pliocene–Quaternary fault slip rates commonly yield 
0.02–0.15 mm yr-1 (Perea et al., 2006), indicating a low to moderate recent 
tectonic activity in the CCR (Masana, 1996; Ferrer et al., 1999; Perea et al., 2006).  

5.2.2. The Neogene climatic development in the Ebro foreland basin 

 The climate in the Ebro Basin is characterized by (semi)arid conditions and warm 
temperatures already since the Miocene (e.g., Bessais and Cravatte, 1988; 
Jiménez-Moreno et al., 2010). During Pliocene times aridification progressed and 
temperatures gradually decreased (Bessais and Cravatte, 1988; Jiménez-Moreno 
et al., 2010, 2013), including considerable cooling events at around 4.5 and 3.4 
Ma (Suc and Zagwijn, 1983). The long-term aridity and climatic cooling continued 
after 3.6 Ma (Blain et al. 2009) when the modern seasonal climate was 
established (Suc, 1984; Suc, 1986; Jiménez-Moreno et al., 2013).  

 Pollen records from the NW Mediterranean region show rapid alternations of 
steppes and forests (e.g., Jalut et al., 1992; Suc and Popescu, 2005; Leroy, 1997; 
Sanchez-Goñi et al., 2005) suggesting the onset of cold–warm climate fluctuations 
around 2.6 Ma (Suc and Cravatte, 1982; Suc and Zagwijn, 1983). The pollen 
archives also indicate that Pleistocene glacial periods were predominantly dry and 
interglacials rather humid in the western Mediterranean (Suc and Popescu, 2005; 
Sanchez-Goñi et al., 2005; Van Meerbeeck et al., 2011). Palaeoclimatic records 
disclose minor cold–warm climatic fluctuations in the Ebro region during the 
Quaternary (  MAT  2 C, Blain et al., 2009), but, overall, the climate of the Ebro 
basin remained stable, warm, and dry, without major climatic perturbations (Suc 
and Popescu, 2005; Blain et al., 2009). Compared to the Ebro basin, in the 
adjacent mountainous regions particularly precipitation (and runoff) was much 
more variable (e.g., Pyrenees and CCR; Leroy, 1997; López-Tarazón et al., 2010; 
López-García et al., 2012).  

 After the Mid-Pleistocene climatic transition (c. 900–600 ka; Ruddiman et al., 
1989; Berger and Jansen, 1994) climatic contrasts intensified and 100-kyr orbital-
climate cycles promoted the build-up of ice caps and valley glaciers in the 
Pyrenees (Calvet et al., 2011). Although, in the southern Pyrenees valley glaciers 
were relatively small, the timing of terrace formation in the Ebro foreland basin 
largely coincided with glacial-interglacial climatic fluctuations (e.g., Lewis et al., 
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2009; Stange et al., 2013b). Thus, sediment supply and discharge in the Ebro 
tributary rivers was controlled by glacier fluctuations in the Pyrenean headwaters 
(see also Luque and Julia, 2007; García-Ruiz et al., 2013). 

5.2.3. Brief history of the exorheic Ebro drainage system 

 A large lake was situated in the eastern part of the endorheic Ebro pro-foreland 
basin during Oligocene–Miocene times. Presumably, the endo–exorheic transition 
took place in the late Miocene and was caused either by Lake Overflow or 
sediment overfills, capture by a coastal river, or by a combination of the three 
mechanisms (Riba et al., 1983; Serrat, 1992; Garcia-Castellanos et al., 2003). The 
basin opening caused a base level drop at the drainage outlet that induced a large 
scale erosion wave in the Ebro basin and the coastal ranges (e.g., Evans and 
Arche, 2002; Gaspar-Escribano et al., 2004; Arche et al., 2010). The large-scale 
basin excavation considerably increased the sediment flux toward the Valencia 
trough so that thick sediment successions accumulated on the continental slope 
(i.e. Castellón sandstone group; cf. Evans and Arche, 2002). The large amounts of 
progradational siliciclastics (Bartrina et al., 1992) were sourced approximately 
from the position of the Ebro outlet, indicating the existence of a proto-Ebro 
River that drained an ample catchment beyond the CCR (Evans and Arche, 2002). 
Although different views exist (e.g., Field and Gardner, 1990; Coney et al., 1996; 
Babault et al., 2006), numerical modelling, biostratigraphy, and palaeomagnetic 
dating of the youngest endorheic sedimentary units in the Ebro basin suggest that 
the basin capture and opening took place between 13–8 Ma (Pérez et al., 1988, 
1994; Pérez-Rivares et al., 2002; Garcia-Castellanos et al. 2003; Urgelés et al., 
2010). 

 In the Valencia trough, the late Miocene sediments are capped by an erosive 
unconformity that is regionally preserved along the continental margin of 
Northeast Iberia (Fig. 5.2; cf. Alonso et al., 1990; Farrán and Maldonado, 1990; 
García et al., 2011; Urgelés et al., 2010). Stratigraphically, the hiatus marks the 
lower boundary for the Pliocene–Quaternary shelf sediments. Genetically, it is 
associated with the Messinian salinity crisis (MSC, 5.96–5.33 Ma, Clauzon et al., 
1996; Krijgsman et al., 1999). During the MSC, a dramatic Mediterranean sea-
level drop of 1,000–2,000 m (e.g., Gargani, 2004; Gargani and Rigollet, 2007) 
induced the desiccation of the abyssal plains and large-scale (subaerial) erosion of 
the continental margins (Krijgsman et al., 1999). Modelling results for the western 
Mediterranean basin argue for a relatively short duration (i.e. 50 ky) of the 
absolute water level low stands (e.g., Rhône River, W Mediterranean, Gargani, 
2004), although numbers of submarine canyons witness intense fluvial dissection 
of the shelves, for instance by the palaeo-rivers Nile, Rhône, and Ebro (Roveri and 
Manzi, 2006; Gargani and Rigollet, 2007).  
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Figure 5.2 Morphological sketch of the Ebro shelf (modified from Alonso et al., 1990), including 
basement (cross hatch), volcanic intrusions (crosses), pre-Messinian sediments (grey), and the 
Pliocene (squares) and Quaternary stratigraphic units (dots). The red (lower) line indicates the 
position of the Messinian erosional unconformity; the green (upper) line denotes the lower 
boundary of the Quaternary shelf sediments. (For colours see digital version of the thesis.) 

 Seismic data and mapping of the Ebro shelf indicates a dendritic Messinian 
drainage system with at least five stream orders including fluvial terraces, 
meanders, and a large, flat-bottomed valley that is attributed to the proto-Ebro 
River (e.g., Urgelés et al., 2010). In the proto-Ebro River, regressive Messinian 
incision did not reach beyond the coastal ranges (i.e. 30 km inland from the 
present-day shore, Garcia-Castellanos et al., 2003; Urgelés et al., 2010), but in the 
similar sized Rhône River (Gulf of Lions), knickpoints retreated 300 km inland 
from the present-day coast (Loget and Van den Driessche, 2009). Regionally 
different climatic conditions could explain the different extent of incision in the 
Ebro (Pyrenees) compared to the Alpine Rhône River, whose catchment yields 4–
8 times higher mean annual discharge (Urgelés et al., 2010). This would imply that 
knickpoint migration rates in the Ebro and Rhône are mainly a function of stream 
power (e.g., Bishop, 2005; Crosby and Whipple, 2006) so that bedrock erodibility 
is probably at most a secondary factor (e.g., Bishop, et al., 2005; Finnegan, 2013). 

 Most investigations suggest that at about 5.33 Ma the Mediterranean basin was 
rapidly flooded by Atlantic waters (Zanclean flood; cf. Clauzon et al., 1996; Blanc, 
2002; Garcia-Castellanos et al., 2009), probably owed to (i) geodynamic 
subsidence around the Atlantic inlet in the strait of Gibraltar (Govers, 2009), (ii) 
an eustatic sea level rise, (iii) intense regressive erosion in the Isthmus of 
Gibraltar (Loget and Van den Driessche, 2006), or a combination of the three 
mechanisms (e.g., Garcia-Castellanos and Villaseñor, 2011). 
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The Pliocene–Quaternary drainage development in the Ebro basin 

 In the Pliocene, large amounts of progradational siliciclastics were deposited on 
the Ebro continental margin (Bartrina et al., 1992) that were sourced from 
approximately the position of the present-day Ebro basin outlet, indicating the 
existence of a proto-Ebro River that drained an ample catchment beyond the CCR 
(Evans and Arche, 2002). Also during the Quaternary, sediment deposition on the 
Ebro shelf (Fig. 5.2) was largely controlled by the sediment fluxes from the Ebro 
basin drainage network and sea-level oscillations in the Mediterranean (Farrán 
and Maldonado, 1990; Nelson, 1990; Urgelés et al., 2010). Recurrent sea-level 
low-stands during cold-climate Pleistocene periods caused the entrenchment of 
canyons on the continental slope and promoted the progradation of the Ebro 
delta (Alonso et al., 1990; Nelson, 1990). The average sedimentation rates nearly 
doubled during the Pleistocene compared to the Pliocene estimates (Nelson, 
1990). This trend is in line with the global increase in erosion rates and associated 
sediment fluxes in response to Quaternary climate cooling and global sea-level 
lowering (Molnar and England, 1990; Peizhen et al., 2001; Herman et al., 2014). 
Sea-level high-stand conditions were characterized by transgressive systems 
extending across the inner shelf. Accordingly, the Holocene depocentre was 
mainly located in the coastal plain where 50  of the Holocene deposits were 
trapped (Fig. 5.2; Simón Gomez, 1984; Nelson, 1990).  

 The Pliocene–Quaternary topography in the Ebro drainage basin comprises two 
major geomorphic domains: (i) extensive low gradient pedimentation surfaces of 
presumably late Pliocene to early Quaternary age (Mensua and Ibañez, 1977; 
Peña, 1983), and (ii) deeply incised Quaternary river valleys with terrace 
staircases.  

 The extensive pediments are regionally preserved across the Ebro basin (Fig. 5.3; 
cf. Mensua and Ibañez, 1977; Peña, 1983; Rodríguez Vidal, 1986; Sancho, 1991), 
for instance in the southern Ebro basin where pedimentation surfaces occur 
abundantly at 235–240 m a.f. (i.e. above the present-day stream profile; Mensua 
and Ibañez, 1977). In the Pyrenean foothills they appear at comparable elevations 
of 250 m a.f. (Peña, 1983). This indicates a relative synchronous development of 
the northern and southern pediment units (Mensua and Ibañez, 1977) and it also 
implies a lack of differential uplift. The considerable lengths (up to 15 km) and 
shallow slopes of the pediments (c. 4°; cf. Mensua and Ibañez, 1977; Peña, 1983) 
argue for an open and low gradient Ebro basin palaeo-topography around the 
Pliocene–Pleistocene transition. The pediments comprise debris covers of up to 
12 m thickness (Peña, 1983) and, hence, they are not purely erosional surfaces. 
The mantled pediments (cf. Meléndez et al., 2011) developed during degradation 
of the Pyrenean and Iberian piedmonts by periodic sheet flooding processes 
under predominant subarid, warm climatic conditions (Peña 1983).  

 A striking morphological break separates the extensive low-gradient pediments 
from the deeply entrenched Quaternary valleys. Morphogenetically, this 
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transition implies a change from extensive denudation–aggradation processes 
under subarid, warm climatic conditions toward episodic vertical fluvial incision 
and terrace formation during the Pleistocene (Lewis et al., 2009; Stange et al., 
2013b). The pediments are a regional important geomorphic marker that 
provides an upper topographic limit for the fluvial network entrenchment in the 
Ebro basin after the Pliocene–Pleistocene climatic transition (Fig. 5.3; cf. Mensua 
and Ibañez, 1977).  

 
Figure 5.3 Distribution of Pliocene–Quaternary pedimentation surfaces and Pleistocene fluvial 
terrace staircases in the foreland of the southern Pyrenees (Ebro basin). Inset: Topographic cross-
section of the Ebro basin outlet in the Catalan coastal ranges (for location see background map). 

 Early Quaternary terraces are scarcely preserved among the southern Pyrenean 
tributaries of the Ebro. The highest and oldest Quaternary terrace levels are 
situated at elevations of 160–190 m a.f. (i.e. regional terrace T1; Lewis et al., 
2009; Peña et al., 2011). Palaeomagnetic analyses of fluvial deposits associated 
with the oldest Cinca River terraces (i.e. 180 m a.f.) indicate an Early Pleistocene 
age, prior to the Matuyama-Brunhes reversal (> 780 ka; e.g., Sancho et al., 2007). 
Morphogenetic studies on the oldest Cinca terraces disclosed alternations of soil 
formation, deposition, and reworking, potentially indicating multiphase erosion 
processes in relation to the early Quaternary 40-ky orbital-climatic cycles 
(Meléndez et al., 2011). Provenance studies on the oldest alluvial deposits in the 
lower Segre (e.g., Stange et al. 2013a) suggest the existence of large (presumably 
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early Quaternary) tributary channels sourced from the Pyrenean piedmont. 
Hence, it can be assumed that, during the early Quaternary, the Ebro tributary 
network was a marginally entrenched fluvial system. The onset of intensified 
incision and valley narrowing coincides with the abandonment of extensive 
middle Pleistocene terraces that are preserved at 100–120 m a.f., for instance in 
the Cinca and Noguera Ribagorzana rivers (e.g., Lewis et al., 2009; Meléndez et 
al., 2011; Stange et al., 2013a,b). 

The present-day Ebro basin outlet in the CCR is characterized by a relatively 
narrow breach that extends beneath low-relief (terrace-like) topographic levels, 
the lowest being situated at 200–250 m a.f. (Fig. 5.3, inset; Stange et al., 2013a). 
The equal magnitudes of incision at the Ebro basin outlet (i.e. 200–250 m) 
compared to the valley entrenchment in the Ebro foreland basin, and the 
consistent staircase geometries in the Pyrenean Ebro tributary rivers indicate 
relatively uniform amplitudes of incision across the Ebro drainage basin during 
Quaternary times. Based on a landscape evolution model (TISC) we aim at 
assessing the relevant external drivers of Quaternary valley entrenchment and 
terrace staircase formation in the Ebro drainage basin. 

 

5.3. Landscape evolution model (model description) 

 We use the stream power based numerical landscape evolution model TISC, 
which was previously applied for simulating the long-term development of 
foreland river basins (e.g., Guadalquivir and Ebro, Garcia-Castellanos, 2002; 
Garcia-Castellanos et al., 2003) and basin connectivity changes (e.g., Danube 
gateway, Leever et al., 2011). The Landscape evolution model (LEM) incorporates 
crustal-scale tectonic deformation, surface sediment transport, and regional 
isostasy (i.e. lithospheric flexure). The long-term sediment fluxes in the model are 
in line with field-based sediment budgets and large-scale erosion rates derived 
from thermochronological data in NE Iberia (Vergés et al., 1995; Fitzgerald et al., 
1999; cf. Garcia-Castellanos et al., 2003). 

The fluvial transport formulation in the LEM is a version of stream power 
developed by Beaumont et al. (1992) and Kooi and Beaumont (1994). Surface 
processes comprise (i) short-range diffusive transport on hillslopes and (ii) long-
range fluvial transport in the drainage network. Linear short-range diffusion 
depends on effective precipitation, bedrock diffusivity and topographic gradient 
(Kooi and Beaumont, 1994) and represents the smoothing of the landscape by 
diffusive processes (e.g., un-channelled sheet wash, landsliding, etc.). Long-range 
sediment transport in the fluvial network is related to the equilibrium transport 
capacity (qeq) of a river (Beaumont et al. 1992; Kooi and Beaumont, 1996; Van der 
Beek and Braun, 1999) that is proportional to mean water discharge (Qw) and 
slope (S): 
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                                                           qeq = Kf *S* Qw                                                         (1) 

where Kf is the fluvial transport coefficient (Table 5.1). For simplicity, river 
discharge (Qw) is assumed to be the result of effective (net) precipitation rate Pe 
(i.e. precipitation that contributes to surface runoff; Kooi and Beaumont, 1994). 
Evaporation is constrained to lakes, which may develop during the model 
simulations. Erosion at the lake outlets and lake overflow (e.g., due to sediment 
overfilling) ensures that lakes remain transitory phenomena (Garcia-Castellanos 
et al., 2003).  

 

Model parameters Assigned values  

Runoff (precipitation) distribution  (100 + 200 * altitude [km]) *(1 + (y - 
250)/500) mm yr-1 

Fluvial transport coefficient Kf 60 kg m-3 

Landscape diffusivity 0.05 m2 yr-1 

Lake evaporation 1,300 mm yr-1 

Length-scale erosion lf  

   Basement (hard rock units) 120 km 

   Basement (Ebro basin foreland) 90 km 

   Sediments 2 km 

Active layer thickness 2 m 

Length-scale deposition lf 1 m  

Time steps (erosion & deposition) 100 years 

Lithospheric elastic thickness 5–25 km 

Density of asthenosphere 3.25 * 103 kg m-3 

Density of basement and thrusts 2.8 * 103 kg m-3 

Density of sediment 2.2 * 103 kg m-3 

Time steps (tectonics & flexure) 1,000 years 

Model dimensions 709 * 500 km 

Gridding (forward models) 516 * 271 grid cells 

Gridding (Plio-Quaternary models) 207 * 109 grid cells 

Table 5.1 Empirical model parameter used during the LEM simulations. 
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 We used a pre-dam runoff distribution with regional differences linked to 
altitude and latitude that was compiled by Korzoun et al. (1977; cf. Garcia-
Castellanos et al., 2003). LEM runoff was calibrated to discharge at the Ebro 
outlet to the Mediterranean Sea (1530 m3 s-1; Garcia-Castellanos et al., 2003). The 
effective runoff Pe (mm yr-1) for each grid-cell is calculated following: 

                                                    Pe = (R + KR h) (1 + d / LR)                                              (2) 

where h is the altitude and d is the distance from the central latitude of the 
model (y = 250 km). This formulation allows for an orographic effect on 
precipitation under the assumption that runoff at sea-level (i.e. R) and the 
proportionality constants for altitude KR and latitude LR (Table 5.1) remain 
constant through time (Garcia-Castellanos et al., 2003). Hence, precipitation is 
strongest in the north (i.e. Pyrenees) and lowest in the south, relative to the 
central model latitude and sea-level (Table 5.1). The precipitation prediction for 
Zaragoza (i.e. Pe = 260 mm yr-1), a city that is situated close to the model centre at 
200 m asl, broadly corresponds to recent data from the Spanish Agencia Estatal 
de Meteorología (i.e. MAPZar = 318 mm yr-1). 

 Glacial–interglacial variability in runoff was simulated by linking effective runoff 
to the Pleistocene sea-level curve by Miller et al. (2005), based on two reference 
values that reflect (Holocene) interglacial conditions (0 m asl = 100  runoff) and 
the last glacial maximum (-122 m asl = 50  runoff, Fig. 5.4, inset 1). These 
reference values are in line with palaeoclimatic archives (e.g., dry glacials and 
humid interglacials, Suc and Popescu, 2005) and pollen-based climate 
reconstructions that predict a MAP reduction of > 200 mm yr-1 in southern 
Europe during cold-climate periods (> 40  decrease in the Ebro basin; cf. 
Sanchez-Goñi et al., 2005; Bartlein et al., 2011; Van Meerbeeck et al., 2011). The 
model does neither account for seasonality effects, nor for increased runoff 
caused by temporarily frozen subsoil. However, the large reductions in cold-
climate runoff are partly not in agreement with palaeoclimatic reconstructions for 
the Ebro basin (cf. section 5.2.2.), but it should be noted that the model domain 
comprises both the Ebro drainage basin and also the surrounding mountain 
ranges (i.e. CCR, Pyrenees, and Iberian range). 
 

 

 

 

_______________________________________________________________________________ 

Figure 5.4 Setup for the climate variability model component. Inset 1: Coupled runoff-sea-level 
fluctuations in model scenarios A and B (i.e. forward models) including the time steps for the 
stream profile outputs (red dashed lines). Inset 2: Sea-level (or base level) fluctuations in the 
Quaternary model scenarios C (black) and D (red) – 2.6 Million model years representing present-
day. 
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 Water is routed along the elevation grid cells from topographic high to low. This 
setup allows for tributary junctions and segmentation of the fluvial network. 
Stream profile gradation is initiated at base level (sea-level) and knickpoints 
propagate headward on account of ungraded profile segments. For the common 
case that a river profile is not in equilibrium (Kooi and Beaumont, 1994), material 
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is locally eroded or deposited depending on the difference between equilibrium 
transport capacity (qeq) and the actual sediment load (qf): 

                                                    dqf / dl = 1 / lf (qf - qeq)                                                   (3) 

where lf is the erosion (or sedimentation) length-scale that is inversely 
proportional to the erodibility of the bedrock or the fluvial sediments (i.e. 
floodplain deposits). Hence, when qf > qeq sediment load is deposited, whereas qf 
< qeq causes incision along a river segment. Bedrock incision takes place once the 
fluvial sediment cover is removed and the underlying substrate becomes 
accessible. The thickness of the active layer (i.e. the depth to which bed sediment 
is accessible for active erosion and reworking; Table 5.1; Gasparini et al., 1999, 
2004) is within the same order of magnitude that was previously used in the 
Rhine-Meuse fluvial system (e.g., Van Balen et al., 2010).  

 The LEM is based on digital elevation models provided by the U.S. Geological 
Survey (i.e. GTOPO30, onshore; ETOPO5, offshore; cf. Fig. 5.5) in combination 
with the regional subsurface configuration previously used by Garcia-Castellanos 
et al. (2003).  

 
Figure 5.5 DEM-based topographic reconstructions (right) and TISC model dimensions (left; 
vertical spacing of coloured contour levels is 1,000 m). Insets 1: Present-day topography (i.e. 
Gtopo30, Etopo5), including the model’s drainage network configuration, the course of the Ebro 
River (thick blue line), and the extent of the Ebro (and Duero) Cenozoic basins (outlined). Insets 2: 
Reconstructed Ebro basin and Ebro shelf topography for the Pliocene–Quaternary transition (i.e. 
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GIS-modified Gtopo30 and Etopo5). 

 This setup comprises units (blocks) of differential erodibilities: The Ebro foreland 
basin (Fig. 5.5, inset 1) has easily detachable sedimentary rocks (lf = 90 km), and 
the surrounding mountain chains (i.e. hard rock units) are more resistant to 
erosion (lf = 120 km, Table 5.1). The mobile sediment layer (i.e. fluvial deposits) 
has been assigned an erosion-length-scale of lf = 2 km. The deposition-length-
scale for the sediments has a low value (lf = 1 m, Table 5.1), because there is no 
mechanical restriction on deposition (Kooi and Beaumont, 1994). 

 The plan-form flexure component in the LEM comprises a fluid asthenosphere 
that is overlain by a thin and elastic lithospheric plate. Large-scale mass 
redistribution is compensated by flexural isostatic subsidence or uplift (Garcia-
Castellanos et al., 2003). Following previous estimations on elastic thicknesses for 
the Pyrenees, Ebro basin and Valencia trough (Watts and Torné, 1992; Janssen et 
al., 1993; Gaspar-Escribano et al., 2001), isostatic flexure is based on an 
equivalent elastic thickness that ranges from 25 km (model centre) to 5 km at the 
western Ebro basin margin and in the Valencia trough in the East (Table 5.1; 
Garcia-Castellanos et al., 2003).  

 
Figure 5.6 Extended longitudinal stream profile of the present-day Segre River (black line) 
showing a large knickpoint cluster in the upper–middle reaches (cf. km 47–60), including the 
relative positions of Pleistocene terrace remnants, and the Pliocene–Quaternary Ebro basin 
pediments. Inset: Topographic cross-section of the Segre valley near the town of Serós, including 
major terrace staircase levels. Absolute terrace exposure ages from the lower Segre indicate 
terrace abandonment of TQ 2 at 138.8 ..  ka; TQ 3 at 99.6 .  ka; and TQ 4 at 61.8 ..  ka (for 
sampling sites see Stange et al., 2013b). (For colours see digital version of the thesis.) 

 For simulating the Pliocene–Quaternary development of the Ebro drainage 
system, the present-day DEM was re-gridded and modified for a reconstructed 
(late) Pliocene palaeo-topography of the Ebro basin and the continental shelf (Fig. 
5.5, inset 2; Table 5.1). Using a GIS, we refilled the excavated Ebro basin 
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sediments up to a (late) Pliocene palaeo-surface (e.g., Fig. 5.6) that was 
interpolated based on chronostratigraphic data from the Ebro basin, elevations 
and longitudinal gradients of the late Pliocene or early Quaternary Ebro basin 
pediments (Fig. 5.3; Fig. 5.6; Mensua and Ibañez, 1977; Peña, 1983), and incision 
magnitudes inferred from the morphology of the Ebro basin outlet in the CCR 
(Fig. 5.3, inset; cf. Stange et al., 2013a). Providing for a close to present-day 
drainage configuration, minor grid modifications were necessary to avoid 
displacements of confluences and undesired drainage captures. The Ebro shelf 
palaeo-topography was reconstructed in a GIS by removing estimated volumes of 
Pliocene–Quaternary offshore sediments as inferred from seismic data (Fig. 5.2; 
Alonso et al., 1990). 

 Terrace elevations were computed during post-processing of modelling results by 
combining the stored output maps and elevation distributions for different time 
steps. In most of the cases river segments did not migrate laterally and 
maintained their horizontal position during the model simulations, providing for 
continuous longitudinal profile outputs. In a case where a river cell did not 
coincide with those of the previous time steps (i.e. when the river migrates) a 
post-processing algorithm was applied to find the nearest cell associated with a 
river segment. In a few cases, for instance near tributary junctions, this procedure 
did not work correctly, but as the resulting outliers were well-defined they have 
been corrected manually. 

 

5.4. Tested scenarios for terrace staircase formation in the Ebro basin 

 Four model scenarios were developed in order to test the relative impacts of 
climate, base level, and (tectonic and isostatic) uplift on terrace staircase 
formation and valley incision in the Ebro foreland basin. The basic features to be 
reproduced by the models are (semi)parallel terrace staircases and the total 
amount of valley downcutting (incision) during Quaternary times. 

 The basic model A was used to evaluate stream profile development without 
additional external forcing (e.g., uplift, variable sea-level and precipitation) and to 
investigate the (gradient) equilibrium conditions in the present-day Ebro drainage 
network. The basic model comprises surface-processes, isostatic flexure, and 
different bedrock erodibilities (cf. Table 5.1). Effective runoff is steady, reflecting 
the present-day (Holocene) conditions in the Ebro basin – i.e. Pe (model centre; 
sea-level) equals 200 mm yr-1. Starting from the present-day topography (i.e. 
GTopo30; ETopo5), we ran the model over a total of 1.11 Million years into the 
future.  

 Model scenario B is used to investigate the impact of climate variability on 
stream profile development, and to study whether future fluctuations in sea-level 
and runoff cause terrace staircase formation and incision in the Ebro tributaries. 
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For this purpose, model A is extended by including sea-level and runoff 
fluctuations, which are based on the Late Pleistocene sea-level curve by Miller et 
al. (2005) and palaeoclimatic reconstructions (e.g., Bartlein et al., 2011). A full 
glacial cycle was repeated several times until 1.11 My in the future (i.e. MIS 5–
MIS 1, Fig. 5.4, inset 1). The stream profiles (terraces) presented in the Figures 
were chosen in order to compare similar sea-level (SL) and runoff (R) conditions 
(i.e. SL= -52 m, R= 79 , Fig. 5.4, inset 1) so that the profiles are not affected by 
the stage in the climatic cycle. According to the terrace staircase chronologies 
that are based on cosmogenic exposure dating (e.g., Stange et al., 2013b, 2014a), 
the resulting stream (or terrace) profiles reflect the time of floodplain (or terrace) 
abandonment during the (abrupt) climatic warming at the glacial–interglacial 
climate transitions (e.g., dashed red lines, Fig. 5.4, inset 1).  

 The next two scenarios are model simulations on the Pliocene–Quaternary Ebro 
drainage system development (i.e. 2.6 Ma–present) that starts from the 
reconstructed late Pliocene Ebro basin palaeo-topography (Fig. 5.5; Fig. 5.6, inset 
2). The intent of model scenario C is to test the hypothesis of a Pliocene uplift 
event (or uplift acceleration; Bartrina et al., 1992; Janssen et al., 1993) that was 
previously invoked to explain the elevated topographic positions of Pliocene 
deposits along the eastern Iberian margin (Roca and Deseglaux, 1992; Bartrina et 
al., 1992; Janssen et al., 1993). We also intend to clarify whether uplift and 
lithologic knickpoint retention in the Catalan coastal ranges are plausible base 
level controlling mechanisms for the Quaternary entrenchment and (semi)parallel 
staircase formation in the Ebro drainage system (cf. Stange et al., 2013a). The 
reconstructed late Pliocene Ebro basin palaeo-topography was used (Fig. 5.5, 
inset 2), implicating an (initial) knickpoint of about 250 m in the lower Ebro profile 
at the outlet in the Catalan coastal ranges (Fig. 5.6). The dramatic knickpoint at 
the Ebro outlet reflects a 250 m uplift event immediately before the Pliocene–
Pleistocene transition. Like in the scenario B with climatic forcing, we use the 
coupled sea-level runoff variability – in this case correlated to the long-term 
Quaternary sea-level curve of Miller et al. (2005; Fig. 5.4, inset 2). This setup 
entails above-Holocene levels in runoff during sea-level high stands (i.e. > 0 m 
asl), for instance during early Quaternary warm periods and the Eemian 
Interglacial. 

 Model scenario D is designed to test if continuous Quaternary uplift (or base 
level lowering) can explain the magnitudes of valley entrenchment in the Ebro 
drainage system and the (semi)parallel terrace staircases in the Pyrenean 
tributaries. This scenario includes the long-term climate variability of the 
Quaternary (i.e. fluctuations in sea-level and runoff). Assuming that incision 
magnitudes can be used as a proxy for tectonic uplift (e.g., Maddy et al., 1997; 
Van Balen et al., 2000; Westaway, 2002), we estimate post-Pliocene (Quaternary) 
uplift in the Ebro basin to be maximal 250 m on the basis of chronostratigraphic 
data and morphology (e.g., Mensua and Ibañez, 1977; Peña, 1983; Sancho et al. 
2007; Lewis et al., 2009; Stange et al., 2013a). Practically, continuous tectonic 
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uplift is simulated by a gradual sea-level drop – reflecting steady base level 
lowering starting from the reconstructed topographic height of the Ebro outlet at 
the onset of the Quaternary (i.e. c. 250 m asl; cf. Fig. 5.3; Fig. 5.6). The climate-
induced sea-level fluctuations are superimposed on the long-term base level 
lowering (Fig. 5.4, inset 2). 

 

5.5. Modelling results and interpretations 

5.5.1. Model behaviour without additional external forcing (basic model A) 

 The progressive fluvial incision in the basic forward model A shows that the 
present-day Ebro drainage system is not in equilibrium, particularly in the central 
and upper reaches (Fig. 5.7). Incision magnitudes are largest in the upper reaches 
of the Ebro (Fig. 5.7, inset 2) and in the tributary rivers (e.g., Segre, Fig. 5.7, inset 
1). Along the Ebro stream profile, incision is relatively uniform and of short 
duration, arguing for close to equilibrium conditions in the (lower) Ebro basin 
drainage network (Fig. 5.7, inset 1, 2). Negligible incision in the coastal plain 
indicates that the present-day lower Ebro is adjusted to sea-level in the 
Mediterranean (Fig. 5.7, inset 1, 2).  

 The intense downcutting in the Segre River is caused by the generally steep 
gradient in the tributary profiles (e.g., upper Segre, Fig. 5.7, inset 1). The Segre 
stream profiles disclose several knickpoints (i.e. squares, Fig. 5.7, inset 1), which 
are levelled by sediment aggradation at the lower vertex of a knickpoint and 
erosion of its upper vertex. The continuation of this process results in the 
migration of knickpoints toward the drainage divide. Because scenario A does not 
involve any base level fluctuations (e.g., sea-level), the knickpoints are inherited 
from the initial stream profile of the DEM (e.g., initial knickpoint at the CCR, Fig. 
5.7, inset 1). Due to the steady sea-level and runoff conditions, knickpoint 
migration rates are relative constant and primarily controlled by long-range 
sediment transport along the river network in response to the local gradient 
disequilibrium in the profiles. Instead, the slowly progressing erosion and levelling 
of drainage divides is mainly controlled by the (less efficient) short-range diffusive 
transport so that the upper segments of the profiles steepen toward the drainage 
divides (i.e. DD, Fig. 5.7, inset 1).  

 After 360 ky model runtime the Ebro basin drainage network has adjusted to 
base level (i.e. Mediterranean sea-level) and is in close to equilibrium (Fig. 5.7). 
Incision mainly continues in the middle–upper tributary reaches, but also in the 
tributaries incision rates decline and equalize (e.g., Segre tributary; Fig. 5.8, inset 
2). After c. 1 My, tributaries like the Segre establish gradient equilibrium toward 
the base level of the tributary network (e.g., Ebro–Segre confluence, Fig. 5.7, 
inset 1, 2) so that valley entrenchment and sediment routing in the Ebro system 
approaches a minimum. 
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Figure 5.7 Longitudinal profiles derived from the basic model scenario A. Inset 1: Segre stream 
profile extended toward the outlet at the Mediterranean Sea by including the lower Ebro River 
profile. Inset 2: Initial longitudinal gradients in the Ebro drainage system and predicted stream 
profiles after 360,000 model years. (For colours see digital version of the thesis.) 

 The redistribution of sediment volumes in the fluvial system illustrates a typical 
development of drainage networks from detachment-limited (i.e. upper reaches) 
to transport-limited fluvial system (i.e. lower reaches; e.g., Howard, 1994; 
Hancock and Anderson, 2002; Loget and Van den Driessche, 2009). The (long-
term) source-to-sink sediment fluxes in model A trigger regional isostatic 
adjustments of the lithosphere. Due to the progressive sediment influx (loading) 
at the continental margin, the Ebro shelf and the Valencia trough subside (km 0–
80; Fig. 5.8, inset 1). The large-scale subsidence generates extra accommodation 
space for the excavated Ebro basin sediments and the sea-ward prograding Ebro 
delta (Fig. 5.8, inset 2). The long-term fluvial excavation causes regional erosional 
rebound in the Ebro basin and in the Pyrenees (Fig. 5.8, inset 1). The differences 
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in the magnitudes of deflection (Fig. 5.8, inset 1) result from the fact that 
subsidence of the margin accounts for the sediment influx from the entire Ebro 
drainage system, whereas most of the uplift (i.e. km 210–350, Fig. 5.8, inset 1) 
only reflects the excavation of the Segre tributary catchment.  

 

 
Figure 5.8 Long-term simulations and profile predictions of the basic model scenario A. Inset 1: 
Lithospheric flexure along the Ebro–Segre stream profile in response to the long-term sediment 
fluxes in the model. Inset 2: Ebro–Segre stream profile development during 1.11 Million model 
years. (For colours see digital version of the thesis.) 

 Lithospheric flexure is minimal during the first 360,000 model years, and flexural 
uplift accounts for less than 30  of the incision magnitudes in the Ebro–Segre 
profile (i.e. < 0.17 mm y-1). With progressing model runtime the flexural portions 
in downcutting increase to 46–74  (e.g., 1 My; Fig. 5.8, inset 1). This shows that 
in the beginning erosion is confined to the main channels of the fluvial network 
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(e.g., Ebro, Segre) and, hence, there is little eroded volume per unit time. 
Lithospheric flexure increases when erosion reaches tributary and headwater 
catchments of higher stream order (cf. Strahler, 1957), where incision propagates 
slower due to decreasing discharge (or catchment size). 

 The basic model A indicates that the Ebro network is not in equilibrium and 
actively incising, arguing for previous (and ongoing) external forcing. The present 
stream profile disequilibrium implies that terrace formation and incision in 
tributaries like the Segre will continue in the future. We evaluated the model 
predictions with regard to drainage development observed in the Ebro foreland 
basin. Model A (without additional forcing) predicts downstream convergent 
terraces profiles (Fig. 5.7, inset 1) and long-term sediment aggradation in the 
Segre (Fig. 5.8, inset 2). These model results are not in agreement with a parallel 
terrace development and active incision that is observed in the present-day Ebro 
tributary rivers, and additionally provides evidence for external forcing – e.g., 
base level, climate, or tectonics.  

5.5.2. Forward-model with climatic forcing (model scenario B) 

 Model scenario B involves sea-level and runoff variations, accounting for climatic 
variability. The results show generally a similar pattern of drainage development 
as the basic model A: incision magnitudes increase from the outlet at the 
Mediterranean Sea toward the upper reaches of the network (i.e. ungraded 
profile segments). The vertical entrenchment along the valleys diminishes with 
model runtime reflecting the progressive gradient adjustment and flattening of 
the profiles (Fig. 5.9, inset 1; Fig. 5.10; insets 2). Compared to model A, incision 
magnitudes across the Ebro–Segre system are generally minor in scenario B (Fig. 
5.9; insets 1, 2) because of the long-lasting reductions in runoff (e.g., cold-climate 
periods; Fig. 5.4, inset 1; Bartlein et al., 2011). Sea-level changes primarily affect 
the lower reaches of the Ebro network (e.g., Merritts et al., 1994). The recurrent 
sea-level low-stands promote progradation of the Ebro delta and episodic incision 
in the lower–middle profile of the Ebro (e.g., 0–360 ky, Fig. 5.9; insets 1, 2). The 
stepwise incision along the lower Ebro reaches thus reflects terrace formation in 
response to sea-level changes and runoff variability. 

 The results of scenario B also show that incision in the profiles is controlled by 
headward migrating knickpoints that, in this case, develop at base level during 
sea-level low-stand situations. Different to the evenly spaced (inherited) 
knickpoints in model A (Fig. 5.7, inset 1), high-amplitude climate variability (i.e. 
cold–warm runoff fluctuations, Fig. 5.4, inset 1) creates sets of stacked (or 
clustered) knickpoints indicating that knickpoint migration is uneven (Fig. 5.9, 
inset 1). The clustering of knickpoints in the upper reaches of the Segre (Fig. 5.9, 
inset 1) is the result of the upstream decrease in discharge (or its surrogate 
catchment area; Bishop et al., 2005; Crosby and Whipple, 2006). 
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Figure 5.9 Longitudinal profiles derived from the climate-adjusted model scenario B. Inset 1: 
Ebro–Segre stream profile development during 360,000 model years and unequal knickpoint 
migration and cluster formation (coloured shades) in response to gradient lowering and climate 
variability (i.e. runoff, sea-level). Inset 2: Initial longitudinal gradients in the Ebro drainage system 
and predicted stream profiles after 360,000 model years. 

 The long-term development of stream profiles under climate variability shows 
that incision in the lower–middle Ebro eventually ceases after about 735 ky (Fig. 
5.10, inset 2). In the tributary profiles gradient adjustments continue even after 1 
My (i.e. discharge effect; e.g., Segre River; Fig. 5.10, inset 2). Compared to model 
A, equilibrium establishment is slower due to the reduction and variability of 
discharge and the associated decrease in sediment fluxes (Fig. 5.8, inset 2; Fig. 
5.11). Accordingly, also flexural isostatic response is less intense than in the basic 
model A. This is the case at the Ebro margin and in the hinterland domains (cf. D 
in Fig. 5.8, insets 1).  
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Figure 5.10 Long-term simulations and profile predictions of the climate-adjusted model B. Inset 
1: Lithospheric flexure along the Ebro–Segre stream profile in response to the long-term sediment 
fluxes in the model (i.e. 1.11 My). Inset 2: Ebro–Segre stream profile development during 1.11 
Million model years. (For colours see digital version of the thesis.) 

 Similar to basic model A, also in the climate scenario (B) the Segre terrace 
profiles converge toward the Ebro–Segre confluence (Fig. 5.10, inset 2), which is 
not in agreement with the semi-parallel terraces staircases that are observed in 
the tributary valleys of the southern Pyrenees. Moreover, the convergence of the 
lower Ebro profiles (in the downstream direction) is not consistent with 
observations at the Ebro basin outlet in the Catalan coastal ranges that indicate 
equal (or larger) incision magnitudes compared to the Ebro basin hinterland. The 
failure of this model scenario in predicting the observed stream profile 
development in the Ebro system shows that climate variability alone cannot 
explain the staircase geometries and does not provide a mechanism for the 
progressive long-term entrenchment of the Ebro drainage system.  
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Figure 5.11 Comparison of sediment fluxes and coast-line migration in the basic model A (insets 
1, 2) and the climate-adjusted scenario B (insets 3, 4). Insets 1 and 3: Present-day coast-line (red) 
and model predictions for 1.1 Million years in the future (vertical spacing of coloured contour 
levels is 1,000 m). Insets 2 and 4: Long-term sediment fluxes showing the spatial distribution of 
erosion (blue) and sedimentation after 1.1 Million model years. Colour scheme reflects 0–200 m 
(green), 200–1,000 m (yellow), and 1,000–2,000 m sediment thickness (orange). 

5.5.3. Quaternary drainage development following a late Pliocene uplift event 
(model scenario C) 

 Model scenario C simulates the long-term Quaternary drainage development in 
the Ebro catchment (i.e. 2.6 M model years) starting from the reconstructed late 
Pliocene palaeo-topography, which involves an initial base level drop – i.e. 
previous Pliocene uplift event – of 250 m at the Ebro basin outlet in the Catalan 
coastal ranges (CCR). The predicted present-day Ebro stream profile (Fig. 5.12, 
inset 1) is reasonable consistent with the observed longitudinal gradient, except 
for the overestimation of incision in the lower and middle reaches. The Segre 
River shows an even better prediction for its present-day stream profile (Fig. 5.12, 
inset 2). The local mismatches with the bumpy real-world profiles are probably 
inherited from the DEM (e.g., resolution, reconstructed palaeo-topography) 
and/or model simplifications regarding differential bedrock lithology (e.g., major 
units), temporal and spatial sediment fluxes in the fluvial system (e.g., sediment 
routing), and threshold effects (e.g., bedrock erosion; Sklar and Dietrich, 1998, 
2004; Tucker, 2004).  
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Figure 5.12 Present-day longitudinal gradients and stream profile predictions of the block-uplift 
model scenario C after 2.6 Million model years (i.e. Quaternary period). 

 In scenario C (e.g., Fig. 5.13, inset 1), the Ebro profile development indicates that 
already in short succession of a Pliocene uplift event the lower Ebro adjusts its 
profile gradient to sea-level – despite the relatively low erodibility of the CCR (lf = 
120 km). The predicted vertical incision rates in the CCR range from 16–30 mm y-

1. In view of the basic model predictions (< 0.17 mm y-1) and the negligible flexure 
involved, they can be regarded as maximum estimates for fluvial bedrock erosion. 
The rapid downcutting of the initial knickpoint in the CCR shows that bedrock 
erodibility is not a first-order control on the magnitudes of (vertical) incision 
along the stream profiles (Fig. 5.13, inset 1, 2). Nevertheless, bedrock erodibility 
seems to have an effect on (horizontal) knickpoint migration rates, which, at the 
passage of the CCR, are relatively slow (c. 5 m y-1, 0–10 ky, Fig. 5.13, inset 1). 
Once reaching the Ebro foreland basin, migration rates increase to maxima of 22 
m y-1 because in the Ebro basin erosion propagates faster due to the less resistant 
sedimentary infill (lf = 90 km; Fig. 5.13, inset 1). When re-entering the hard-rock 
substrate in the upper Ebro catchment (lf = 120 km), stream power of the Ebro 
decreases, migration rates decline, and high-amplitude knickpoints are levelled 
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(e.g., 20–30 ky, Fig. 5.13, inset 1; Crosby and Whipple, 2006; Harkins et al., 2007). 
A similar (discharge) effect can be inferred from the lack of incision and 
knickpoint propagation in the middle and upper Segre profile (Fig. 5.13, inset 2).  

Results show that a rapid Pliocene uplift event would cause an almost instant 
erosion wave along the Ebro longitudinal profile. The efficient propagation of 
erosion along the main channel Ebro induces rapid base level lowering in the 
tributary network. The spatial effect of the base level drop is reflected by the 
streamwise extent of incision in the lower Segre stream profile (Fig. 5.13, inset 2). 
Due to the rapid base level lowering at the main river junction, early Quaternary 
terrace profiles in the lower tributary valleys are divergent (Fig. 5.13, inset 2). 

 The long-term profile development in scenario C shows that once the initial 
erosion wave decays the Ebro quickly approaches gradient equilibrium and 
establishes a concave-up profile (Fig. 5.13, insets, 3). In the smaller tributary 
rivers bedrock incision continues predominantly in the upper reaches (e.g., Segre, 
Fig. 5.13, inset 4), because in the lower stream profiles, base level effects 
promote rapid gradient adjustments already 20–30 ky after the initial uplift event 
(e.g., Segre, Fig. 5.13, inset 2). The diachronous timing of vertical incision causes 
terrace convergence toward the upper–middle reaches of the Segre (Fig. 5.13, 
inset 4), which is not consistent with the observed longitudinal terrace profiles in 
the Segre River (e.g., Stange et al., 2013a). Hence, comparing the model and real-
world stream profiles, results do not corroborate a Pliocene uplift event, not only 
because of mismatching terrace geometries, but also because of the predicted 
Middle–Late Pleistocene incision magnitudes (i.e.  30 m vs.  120 m observed in 
the Segre). 

 

 

 

 

 

 

 

 

 

 

 

 

__________________________________________________________________ 
Figure 5.13 Longitudinal profile development predicted by the block-uplift scenario C. 
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5.5.4. Stream profile development in response to Quaternary uplift and climate 
variability (model D) 

 The model scenario D including continuous Quaternary uplift provides an overall 
good prediction for the Ebro and the Segre present-day stream profiles (Fig. 
5.14). Similar to model C, mismatches mainly occur along the tributary rivers and 
are related to model simplifications and DEM reconstruction.  

 

 
Figure 5.14 Present-day longitudinal gradients and stream profile predictions of model scenario D 
with continuous uplift and climate variability after 2.6 Million model years (i.e. Quaternary 
period). 

 Stream profile development in model D shows that continuous Quaternary uplift 
induces large scale erosion in the Ebro basin and triggers uniform valley 
entrenchment in the main and tributary rivers (Fig. 5.15, inset 2). The modelled 
(semi)parallel stream profiles of the Ebro indicate continuous incision while 
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maintaining a concave-up profile, and a close to equilibrium gradient (e.g., 1–2 
My, Fig. 5.15, inset 3). 

 
Figure 5.15 Long-term isostatic response and profile development in model D, including 
continuous Quaternary uplift and climate variability. Inset 1: Lithospheric flexure along the Ebro–
Segre stream profile in response to the long-term (i.e. 2.6 My) sediment fluxes in the model. Inset 
2: Initial longitudinal gradients in the Ebro drainage system, and model predictions after 2.6 
Million model years (i.e. present-day stream profiles). Inset 3: Ebro stream profile development in 
response to continuous Quaternary uplift and climate variability. (For colours see digital version) 
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The large knickpoint (or knickpoint cluster) in the present-day Ebro profile (e.g., 
green line, km 370; Fig. 5.15, inset 3) is probably caused by uneven knickpoint 
migration in response to runoff fluctuations during the Middle–Late Pleistocene 
(i.e. 2–2.6 My in the model).  The Segre River profiles show that after initial 
smoothing and gradient adjustment (i.e. 0–1 My) the stream profile is lowered 
virtually by parallel downcutting (e.g., 1–2.6 My, Fig. 5.16, inset 1). Hence, vertical 
incision is at a relative constant rate and magnitudes are equal along the 
longitudinal profile. Model scenario D predicts about 180 m of incision in the 
Segre River during the last 1.6 My, and about 70 m from middle Pleistocene to 
present (i.e. last 600 ky). Similar to the Ebro (Fig. 5.15, inset 3), incision in the 
tributaries is on-going (Fig. 5.16, insets 1, 3) implying that (at present) the Ebro 
drainage system is not in gradient equilibrium and actively incising.  

The Gállego River is another major tributary of the Ebro foreland river (Fig. 5.1; 
Fig. 5.3). Sourcing in the elevated Pyrenees, this tributary shows a similar profile 
gradient development as in the Segre River (Fig. 5.16). In both, the Segre and the 
Gállego rivers, the observed incision magnitudes are slightly larger than the 
model predictions. Together, all results show that a model with continuous uplift 
and climate variability can well-explain (i) the parallel terrace staircase formation 
in the Pyrenean tributary valleys, (ii) the uniform Quaternary entrenchment of 
the Ebro drainage system, and (iii) the late stage downcutting and morphological 
development of the Ebro basin outlet in the Catalan coastal ranges. 

 

 

 

 

 

 

 

 

 

 

 

 

__________________________________________________________________ 
Figure 5.16 Long-term isostatic response and profile development in model D including 
continuous Quaternary uplift and climate variability. Inset 1: Ebro–Segre stream profile 
development in response to continuous Quaternary uplift and climate variability. Inset 2: 
Cumulative lithospheric isostatic flexure along two major Pyrenean tributary rivers after 2.6 
Million model years. Inset 3: Stream profile development predicted for the Gállego River. 
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5.6. Discussion  

5.6.1. Climate effects on stream profile development 

 Because of the inherited limitations of the model formulations (e.g., unconstraint 
parameters, Howard et al., 1994; DEM grid resolution, cf. Table 5.1), the obtained 
rates of knickpoint migration cannot be trusted in absolute terms, but only the 
relative parametric dependence can be evaluated. Ebro model scenarios with 
steady climatic boundary conditions (i.e. stable sea-level and runoff) predict 
relatively constant knickpoint migration rates (e.g., model scenario A). This 
indirectly confirms a relative gradual entrenchment of the Ebro drainage system 
during early Quaternary times (Fig. 5.15, inset 3; e.g., Jiménez-Moreno et al., 
2010, 2013), which were characterized by climatically stable (semiarid) conditions 
in NE Iberia in response to the prevailing low-amplitude 40-ky orbital climate 
cycles (Bessais and Cravatte, 1988; Suc and Popescu, 2005; Blain et al., 2009). 

 Regarding the Middle–Late Pleistocene high-amplitude 100-ky climate cyclicity, 
models predict unsteady knickpoint migration rates causing non-uniform 
lowering of longitudinal stream profiles (Fig. 5.9, inset 1; Fig. 5.15, inset 3). As a 
result knickpoint clusters develop in the middle–upper reaches of the fluvial 
network whose recent positions are mainly a function of (threshold) drainage 
area (e.g., Crosby and Whipple, 2006). This could apply for the major knickpoint 
cluster that is observed in the present-day Segre profile (e.g., km 47–60, Fig. 5.6), 
which is situated upstream of the first major tributary junction (i.e. Valira River). 
Because sea-level changes only affect the lower reaches of the Ebro (e.g., low-
stand knickpoints, km 0–75, Fig. 5.9, inset 1), the non-uniform incision in the Ebro 
drainage network is primarily owed to runoff fluctuations (e.g., variations in 
Pleistocene mean annual discharge; Suc and Popescu, 2005; Bartlein et al., 2011; 
Pazzaglia, 2013). The predicted slowdown of incision in response to cold-climate 
runoff conditions (e.g., Fig. 5.4, inset 1) and the associated decrease in average 
sediment fluxes (Fig. 5.11) is, however, not consistent with the observed Middle–
Late Pleistocene sediment influx on the Ebro continental margin (e.g., Nelson, 
1990), and on a global scale (Molnar and England, 1990; Molnar, 2001; Peizhen et 
al., 2001). This is probably an effect of the average runoff distribution used in the 
model, which does not account for (seasonal) peak discharges (and sediment 
supply) during the cold-climate Pleistocene periods (Fig. 5.4, inset 1; cf. Molnar, 
2001; Tucker, 2004). Because the present model does not account for seasonality 
of climate, it is not intended for reconstructing the precise timing of incision in 
response to climatic transitions (e.g., Kasse et al., 1995; Vandenberghe, 1995, 
2008; Maddy et al., 2001; Cordier et al., 2006). A change to higher runoff 
seasonality conditions would imply a higher transport capacity of rivers (Lague, 
2010), which in the model can only be represented by high river discharges. 
However, lacking reliable estimates for Pleistocene discharge variability in the 
Ebro system, the climate model component (i.e. runoff and sea-level) is based on 
palaeoclimatic reconstructions and is used to investigate stream profile 
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development in response to long-term climate variability. From this perspective, 
the model shows that cyclic runoff fluctuations influence the celerity of transient 
fluvial incision, but taking into account the convergent Segre terrace profiles (cf. 
Fig. 5.7; Fig. 5.9) neither steady climatic conditions nor climate variability triggers 
parallel terrace staircase development in the Ebro system. 

5.6.2. Tectonic uplift 

 Assuming that incision magnitudes can be used as a proxy for tectonic uplift 
(Maddy et al., 1997; Van Balen et al., 2000; Westaway, 2002), an abrupt Pliocene 
uplift event was invoked as a potential trigger for the late stage entrenchment of 
the Ebro drainage network and, in addition, the present-day elevated topographic 
positions of Pliocene sediments in NE Iberia (Bartrina et al., 1992; Roca and 
Deseglaux, 1992; Janssen et al., 1993). We tested this hypothesis with regard to 
fluvial incision and stream profile development in the Ebro river network in 
response to an initial base level drop at the Ebro basin outlet in the Catalan 
coastal ranges (CCR) toward the Mediterranean Sea (cf. Fig. 5.6). 

 The (late) Pliocene uplift model (C) shows that an initial uplift event (and 
knickpoint retention) in the CCR, in combination with climatic reinforced incision 
at the Ebro basin outlet (e.g., Stange et al., 2013a), does not provide a mechanism 
for (semi)parallel terrace development and long-term gradual incision in the Ebro 
drainage system: A Pliocene uplift event triggers an erosion wave in the Ebro 
drainage basin that migrates upstream across the fluvial network in 20–30 ky (Fig. 
5.13, insets 1 and 2). This implicates rapid lowering (and flattening) of the Ebro 
longitudinal profile (Fig. 5.13, inset 1). Consequently, efficient downcutting takes 
place at the Ebro–Segre confluence (tributary base level; Fig. 5.13, inset 2) 
involving rapid base level lowering also in the tributary network. Similar to the 
extent of sea-level effects (e.g., Ebro River, scenario B), the base level drop 
primarily affects the lower tributary reaches where intense vertical incision 
causes a downstream divergence in the (early Quaternary) terrace profiles (e.g., 
Segre, Fig. 5.13, inset 2). Although long term incision is gradual along the Ebro 
system (Fig. 5.13, insets 3, 4), the diverging early Quaternary terrace profiles and 
the minor late stage incision magnitudes conflict with the (semi)parallel 
Quaternary terrace staircases and the Middle–Late Pleistocene incision 
magnitudes in the southern Pyrenean foreland (e.g., Peña, 1983; Sancho, 1991; 
Stange et al., 2013a). Model scenario C also shows that the lower Ebro network 
quickly adjusts to Mediterranean sea-level, despite the lower erodibility of the 
basement in the CCR (e.g., Fig. 5.13). Hence, the harder bedrock lithology at the 
Ebro basin outlet in the CCR (cf. Fig. 5.3; Fig. 5.6) is at most a secondary control 
on long-term fluvial incision and stream profile development in the Ebro drainage 
basin. 

 Model scenario D including continuous Quaternary uplift and climate variability 
generates gradual and uniform incision along all stream profiles and it provides a 
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good prediction for the present-day profiles and terrace staircases in the Ebro 
and the southern Pyrenean tributaries. The model results indicate that, also in the 
Pyrenean tributary rivers, continuous uplift causes (semi)parallel incision 
throughout the Quaternary period (e.g., Fig. 5.16, inset 1, 3) while rivers maintain 
close to equilibrium (concave-up) stream profiles (Fig. 5.15, inset 3). As for the 
Segre, this uplift scenario predicts about 180 m of semi parallel incision since 1.6 
Ma (i.e. 0.11 mm y-1), and about 70 m of valley entrenchment from Middle 
Pleistocene to present (i.e. 0.12 mm y-1, Fig. 5.16, inset 1). The Middle–Late 
Pleistocene incision magnitudes are slightly underestimated in the model due to 
model limitations (e.g., no seasonal peak-discharges), but the predicted amount 
of incision is within the range of those inferred from morphology and terrace 
exposure dating in the Pyrenean tributaries (Fig. 5.6; cf. Lewis et al., 2009; Stange 
et al., 2013a,b). The steady Quaternary incision rates in model scenario D indicate 
that the uniform Quaternary valley entrenchment in the Ebro drainage system 
can be explained by continuous tectonic uplift. 

 Evidence for such Quaternary tectonic uplift in N Iberia is provided by recent 
vertical offsets along major faults in the CCR (Perea et al., 2012) and in the 
Pyrenees (Vergés et al., 2002; Alasset and Meghraoui, 2005; Chevrot et al., 2011; 
Lacan and Ortuño, 2012). With regard to the Pyrenean drainage systems, 
neotectonic motions were inferred from displaced and deformed Quaternary 
terraces in the Têt River (Carozza and Delcaillau, 1999), Segre River (Peña, 1983; 
Stange et al., 2013a,b), Adour River (Baize et al., 2002), and in the Aspe River 
(Lacan et al., 2012). In addition, recent tectonic activity is evidenced by 
halokinetic uplift of anticlines in the northern and southern Pyrenean piedmont 
region (e.g., Peña, 1983; Baize et al., 2002; Lucha et al., 2012; Stange et al. 
2013b). The Quaternary uplift rates that were used in Ebro basin model D (0.1 
mm y-1) are in agreement with average estimates obtained from the CCR in the 
east (0.02–0.15 mm y-1; Perea et al., 2012) and from the Cantabrian range in the 
West (e.g., 0.1 m ka-1, Miño River, Viveen et al., 2014) supporting uniform 
regional uplift in N Iberia. Although, this partly contradicts GPS-derived ground 
motion rates for present-day Iberia that indicate regional variable subsidence (cf. 
Serpelloni et al., 2013), the vertical velocities measured in NE Spain are close to 
zero, including also positive values (i.e. uplift) in the eastern Pyrenees and in the 
Central System of Iberia (e.g., up to 1 mm y-1, Serpelloni et al., 2013). The 
undulations of the velocity pattern could be related to lithospheric folding 
(Serpelloni et al., 2013), which also provides a potential mechanism for tectonic 
uplift (Cloetingh et al., 2005; Fernandez-Lozano et al., 2011) and recommencing 
tectonic compression since presumably Pliocene times (Vergés et al., 2002; 
Vernant et al., 2013). Alternatively, dynamic topography models show a positive 
signal over N Iberia suggesting Quaternary uplift (and volcanism) in response to 
small-scale convection in the mantle (e.g., Faccenna and Becker, 2010). Mantle 
dynamics (e.g., convection, asthenospheric rise, and slab detachment) have also 
been invoked to account for uplift and erosion in other peripheral foreland basins 
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(Roure, 2008; Duretz et al., 2011; Baran et al., 2014). Most likely, late stage uplift 
is linked to post-orogenic heating or detachment of the lithospheric root beneath 
the orogen (e.g., Desegaulx et al., 1991; Cloetingh, 2004; Genser et al., 2007; 
Gunnel et al, 2008), determined by the rheology and coupling in the lithosphere 
(cf. Tesauro et al., 2009), and enhanced by isostatic flexure in response to 
erosional unloading of the Pyrenees and the peripheral foreland basins (e.g., 
Desegaulx et al., 1991; Genser et al., 2007; Garcia-Castellanos and Cloetingh, 
2012; Vernant et al., 2013). Similar inferences have been made for the western 
Alps and their foreland basins (Baran et al., 2014). 

5.6.3. Lithospheric flexural isostasy 

In all model scenarios, long-term source to sink sediment fluxes (e.g., Fig. 5.17, 
insets 2, 3) cause extensive isostatic subsidence of the Ebro continental margin 
and the Valencia trough due to sediment loading and flexural erosional rebound 
(i.e. isostatic uplift) in the Ebro basin and the Pyrenees (Fig. 5.8 and 5.15, insets 1; 
Fig. 5.17, insets 2, 3). Regional isostatic adjustments to rapidly propagating 
incision along the main channels of the fluvial network are insignificant because 
of the small eroded volumes involved. Isostatic uplift of the lithosphere increases 
with time when erosion also affects the tributary catchments of higher stream 
order (cf. Strahler, 1957) where incision propagates slower due to decreasing 
stream power (i.e. discharge effect; e.g., Crosby and Whipple, 2006; Harkins et al., 
2007). The Ebro model scenarios also indicate that the Catalan coastal ranges are 
only marginally affected by isostatic flexural uplift. This is probably due to 
erosional parameters – e.g., the large erosion length-scale lf and the confined 
network of small rivers and creeks in the CCR – and intense subsidence of the 
continental margin and the Valencia trough (Fig. 5.8 and 5.10, insets 1; Fig. 5.17, 
inset 3). 

 In agreement with modelling results by Vernant et al. (2013), progressing 
landscape denudation in both Quaternary models (i.e. scenarios C and D) induces 
relatively uniform isostatic uplift in the Ebro foreland basin (Fig. 5.15, inset 1), 
which gradually increases towards the Pyrenees crest zone where the largest 
sediment volumes are excavated. Isostatic rebound to erosion also affects the 
(central) northern Pyrenean foreland (i.e. Aquitaine Basin) and the Balearic island 
arc (Fig. 5.17, inset 3), the latter probably in compensation for the significant 
sediment loading and subsidence in the Valencia trough (> 400 m, Fig. 5.15, inset 
1; c. 380 m following Negredo et al., 1999). The differences in delta progradation 
in the model in comparison to the real-world Ebro margin (Fig. 5.17, insets 1, 2) 
can be explained by simplifications in the model setup (i.e. no currents, no tilting; 
cf. Farrán and Maldonado, 1990; Nelson and Maldonado, 1990). 
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Hence, next to tectonic 
uplift, erosional isostatic
rebound provides a
mechanism for valley
entrenchment in the North
Pyrenean Rivers (e.g.,
Garonne River, Stange et
al., 2014a). Based on our 
model it is evident that
isostatic rebound to 
erosion contributes to
fluvial incision in the river
network of the Pyrenees. 
The predicted magnitudes
of flexural uplift across the 
foreland basins (i.e. < 60 m)
are, however, not sufficient 
to fully explain the extent 
of valley entrenchment in 
the Aquitaine and Ebro 
basins (Stange et al., 
2013a, 2014a) and the 
amount of regional uplift of 
Pliocene deposits, for 
instance in the CCR and in
the Balearic Islands (e.g.,
Roca and Deseglaux, 1992), 
arguing for additional 
tectonic forcing (see 
above).

Figure 5.17 Fully coupled Quaternary model scenario D, including gradual tectonic uplift and
climate variability. Inset 1: Model prediction for drainage and topographic development after 2.6
Million model years (i.e. present-day). Inset 2: Predicted pattern of erosion (blue) and sediment
deposition (yellow) for the Quaternary period. Inset 3: Isostatic flexural response of the
lithosphere to sediment routing showing subsidence (D) in the Valencia trough and uplift (U)
onshore, including the Ebro (and Duero) Cenozoic basins (green), the Pyrenees, and the Balearic
Islands (vertical spacing of contour lines is 10 m; U<UU).
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5.6.4. Model implications for the Messinian sea-level drawdown 

 The Pliocene uplift scenario (C) provides important insights on patterns of fluvial 
erosion and Ebro drainage development in succession of a dramatic base level 
drop at the Ebro basin outlet (e.g., Coney et al., 1996; Evans and Arche, 2002). 
Model estimates on knickpoint migration rates in the Ebro drainage basin (c. 
85,820 km2) are in line with previous modelling results that predict much higher 
rates in even smaller catchments (Crosby and Whipple, 2006). In the Rhône – a 
western Mediterranean river with comparable length and catchment area – 
comparable knickpoint migration rates like those predicted by the Ebro model are 
calculated for the far inland reaching erosion wave in response to the dramatic 
Messinian sea-level fall (i.e. 1,000–1,500 m; 1–5 m y-1, Loget and Van den 
Driessche, 2009). This suggests that also in the Messinian palaeo-Ebro River 
incision should have propagated far into the hinterland of the Catalan coastal 
ranges (e.g., Babault et al., 2006). Seismic data from the Ebro continental margin 
confirm this incision offshore (e.g., Urgelés et al., 2010), but the equivalent 
onshore evidence is missing.  

 Several reasons were invoked to explain the contrasts of the Ebro and the nearby 
Rhône, among others, differences in discharge and bedrock lithology, flexural 
uplift, and the presence of a lithologic barrier at the Ebro basin outlet (i.e. CCR; 
Urgelés et al., 2010). Based on the celerity of fluvial downcutting at the Ebro 
drainage outlet in the CCR predicted in model scenario C, and taking into account 
other stream power based incision models (e.g., Bishop, et al., 2005; Finnegan, 
2013), we can exclude the persistence of a lithologic knickpoint in the CCR for the 
duration of the Messinian salinity crisis or the Lago Mare stage (i.e. 5.59–5.33 
Ma, Clauzon et al., 1996; Krijgsman et al., 1999). Hence, if it is true that Messinian 
incision in the proto-Ebro did not propagate farther than 80 km (e.g., Urgelés et 
al., 2010), the lack of fluvial erosion in the Messinian proto-Ebro is probably due 
to (low) discharge and/or (high) sediment supply during the early exorheic stages 
of the Ebro basin. Because discharge also reflects catchment size (e.g., Bishop et 
al., 2005; Crosby and Whipple, 2006) an exorheic pre-Messinian Ebro drainage 
system might have been much smaller (Babault et al., 2006). Nevertheless, 
alternative tectonic mechanisms cannot be excluded – for instance lateral heating 
of the mantle beneath the CCR (Negredo et al., 1999) and flexural uplift of this 
range in response to the excavation of the Ebro basin. 

 

5.7. Conclusions 

 In succession to extensive denudation across the Ebro foreland basin, during 
which the Pliocene or early Quaternary pediment domains were formed, 
Quaternary terrace staircases developed in the southern Pyrenean tributary 
rivers. Geomorphic and chronologic similarities hint at uniform and gradual fluvial 
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incision across the whole Ebro drainage basin. Several mechanisms for staircase 
formation have been evaluated, including climate change, uplift and lithological 
contrasts. Explanations for the progressive entrenchment of the Ebro river 
network relate to tectonic uplift amplified by erosional isostatic rebound. 

 A model scenario including continuous Quaternary uplift and climate variability 
generates (gradual) long-term incision and parallel terrace staircase formation in 
the southern Pyrenean tributaries of the Ebro River. The (semi)parallel stream 
profiles and Middle–Late Pleistocene incision magnitudes predicted by the model 
are in agreement with observations. Based on our model results, tectonic (and 
also isostatic) uplift is regional and affects the Pyrenees and the Ebro and 
Aquitaine foreland basins, providing a mechanism also for the valley 
entrenchment in the northern Pyrenees and the elevated positions of Pliocene 
deposits in NE Iberia. 

 Results from a model including a Pliocene uplift event in NE Iberia are not 
compatible with the observed terrace staircase geometries and late stage incision 
magnitudes in the Ebro basin. This scenario indicates that a large initial base level 
drop triggers a rapid erosion wave along the Ebro drainage network that causes 
terrace divergence in the Pyrenean tributary rivers and small amounts of incision 
during the Middle–Late Pleistocene.  

 All model scenarios show that lithospheric isostatic flexure contributes to fluvial 
incision. Regional isostatic rebound to erosion is mainly controlled by erosion in 
tributary and headwater catchments, whereas rapid linear entrenchment along 
the main channels of the fluvial network (e.g., Ebro, Segre) causes insignificant 
flexural response of the lithosphere. 

 In addition, forward model simulations indicate that the present-day Ebro 
drainage network is not in (gradient) equilibrium and actively incising, providing 
additional evidence for external forcing by uplift. 

 

 

 

 

 

 

 

 

 

 


