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1 Introduction 
 

1.1. Background 

 About 200 years ago in the Orinoco River, the German geographer Alexander von 
Humboldt and his French companion, the botanist Aimé Bonpland, undertook the 
presumably first scientific research on a large drainage network. Not at least 
because of his daily exchange of ideas with botanist Bonpland, von Humboldt 
developed an interdisciplinary approach to geo- and life-sciences that prepared 
the ground for modern-day applied physical geography. Until the present day, 
von Humboldt’s vision of scientific progress by open discussions on controversial 
ideas is fundament and fuel to international geoscientific research. In the Orinoco 
River, von Humboldt and Bonpland investigated the relationships of climate and 
vegetation, river morphology, and the link between drainage network 
configurations and (surface) geology. Already early physical geographers like von 
Humboldt anticipated that fluvial landscape development involves internal 
(hydrological) and external (environmental) parameters. This geoscientific 
complexity makes rivers an important subject in modern integrated earth system 
science because it enables to investigate the mutual effects of (fluvial) surface 
processes and external parameters like climate, tectonics, and geological 
structures. 

 Rivers transect the continents around the globe by cutting their valleys from the 
crest zones of mountain ranges to the coastal plains. Rivers erode landscapes and 
redistribute the excavated sediments along the fluvial networks toward the 
continental margins. In this process, rivers develop characteristic fluvial 
landscapes, comprising valleys of different size and shape, river terraces, and 
deltas. Remnants of these geomorphic features witness past river activity and 
morphogenetic processes, also enabling a comparison of fluvial landscapes and 
associated processes under different environmental conditions. River terraces, 
for instance, are remnants of abandoned river floodplains while terrace scarps 
reflect previous incision episodes in a river valley (e.g., Schumm, 1977; Bull, 1991; 
Vandenberghe, 1995). Valley morphologies and drainage network configurations 
may provide insights in the long-term incision history and drainage system 
development in response to tectonic forcing and surface geology (e.g., Jones, 
1999, 2004).  

 Quaternary fluvial landscapes in high- and mid-latitude regions are characterized 
by deeply incised river valleys with staircase-like cross-sections (e.g., Bridgland, 
2000; Van den Berg and Van Hoof, 2001; Bridgland and Westaway, 2008; 
Vandenberghe et al., 2011), which comprise abandoned floodplains (i.e. terraces) 
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and vertical incision scarps. These terrace staircases denote a repetition of valley 
widening (i.e. lateral erosion) and floodplain development, superimposed on a 
long-term stepwise downcutting in the river valleys (Merritts et al., 1994; Gibbard 
and Lewin, 2009; Pazzaglia, 2013).  

River terraces can be dated by a range of techniques (e.g., 14C, luminescence and 
cosmogenic nuclide exposure dating). Terrace staircase chronologies are essential 
for assessing the timing of erosion-deposition processes in the course of river 
system development (e.g., Cordier et al., 2006; Lewis et al., 2009; Rixhon et al., 
2010; Pazzaglia, 2013). Staircase chronologies enabled the development of 
conceptual terrace development models, which uncovered a close link between 
distinct fluvial processes and specific environmental (climatic) conditions. In 
general, valley widening and aggradation of extensive floodplains are supposed to 
be typical during cold-climate (glacial) periods with prevalent multichannel 
(braided) drainage patterns (e.g., Bull, 1991; Bridge, 1993; Antoine, 1994; Kasse 
et al., 1995; Vandenberghe, 1995; Maddy et al., 2001; Cordier et al., 2006; 
Gibbard and Lewin, 2009). In the course of cold–warm climatic transitions rivers 
commonly narrow their drainage plan views and establish single-channel 
(meandering) patterns, which in turn promotes incision of the abandoned (cold-
period) floodplains and the underlying bedrock (e.g., Hancock and Anderson, 
2002).  

 Complex internal feedback mechanisms and non-linear response of fluvial 
systems to external (climatic and tectonic) forcing complicate these fundamental 
relationships (e.g., Schumm and Parker, 1973; Tucker and Slingerland, 1997; 
Tucker, 2004), and recent advances in fluvial geomorphology revealed that 
particularly during climatic transitions river instability intensified expressed by 
erosion especially by a delay in the vegetation response to climatic change 
(Vandenberghe, 1995, 2008). Nevertheless, it is generally accepted that 
Quaternary terrace sequences develop in response to glacial–interglacial climatic 
cyclicity and associated variations in sediment supply and discharge (Bridgland, 
2000; Cordier et al., 2006; Gibbard and Lewin, 2009; Vandenberghe, 2008).  

 Beyond that, terrace staircases provide evidence for a long-term trend of fluvial 
incision that is controlled by the erosive capacity of rivers (Pazzaglia, 2013), which 
is principally a function of sediment supply, discharge, and the longitudinal slope 
(or gradient) of a river (cf. the stream power law; Stock and Montgomery, 1999; 
Whipple and Tucker, 1999). All physical systems tend to low-energy (equilibrium) 
conditions. Accordingly, rivers attempt to establish a stream gradient equilibrium 
along their longitudinal profiles, which is determined by the base level of 
drainage systems (e.g., sea- or lake-level; Bull, 1991). Base level change induces a 
transient disequilibrium along a stream profile that causes gradient adjustments 
in a river (i) by drainage pattern modifications (Schumm et al., 2000; Jones, 2004; 
Burbank and Anderson, 2011), (ii) by channel rise via sediment aggradation, or 
(iii) by channel lowering by incision. Hence, the long-term incision that is recorded 
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in Quaternary terrace staircases may reflect both a response to climate change 
(e.g., sediment supply, discharge) and base level changes (e.g., gradient). Base 
level changes in a drainage network can depend on a number of parameters such 
as local geologic structures, tectonic uplift or subsidence, and sea-level variability 
(e.g., Merritts et al., 1994; Blum and Törnqvist, 2000; Bogaart and Van Balen, 
2000; Maddy et al., 2001). Hence, in order to explain valley entrenchment and 
terrace staircase formation in Quaternary river systems, it requires good 
constraints on the timing of fluvial erosion–deposition processes, but also a 
detailed investigation on the boundary conditions of a drainage basin network 
(e.g., climate, tectonics, base level). 

 

1.2. Aims and objectives 

 Being part of PYRTEC project, which is a subproject of the TopoEurope Research 
Program, this individual project investigates the spatial and temporal coupling of 
climate, tectonics, and surface processes, with a special focus on the fluvial 
systems in the Pyrenees. This narrow mountain range and its adjacent foreland 
basins are well-suited to study external controls on drainage network 
development, because the tectonic and climatic history of the Pyrenees is 
reasonably well-constrained, and almost all major Pyrenean rivers feature deeply 
entrenched valleys with extensive terrace staircases along their lower– middle 
reaches in the mountain foreland. 

 The preserved fluvial and glacial morphology and the palaeoclimatic archives in 
the Pyrenees evidence persistent morpho-climatic contrasts across the chain. 
Owed to the exposure of the Pyrenees to different atmospheric pressure systems, 
the northern and southern Pyrenees experienced long-term climatic differences 
that caused non-uniform extents of valley glaciers during Pleistocene glacial 
periods (e.g., Taillefer, 1969; Calvet, 1994; Calvet et al., 2011). The asymmetric 
orogenic structure of the Pyrenees comprises a steep northern flank and a 
smooth foreland transition in the South, entailing variable patterns of piedmont 
degradation. In addition, the northern and southern foreland basins – i.e. 
Aquitaine and Ebro basin, respectively – underwent different exorheic drainage 
histories, the latter involving a long-lasting endorheic period until approximately 
8–13 Ma (Garcia-Castellanos et al., 2003).  

 Despite the morpho-climatic contrasts, major Pyrenean Rivers like the Segre 
(southern Pyrenees) and the Garonne (northern Pyrenees) disclose striking 
similarities regarding long-term incision magnitudes and terrace staircase 
development, arguing for common external controls on the associated fluvial 
processes. Both rivers the Segre and the Garonne are studied in order to unravel 
the timing and the relevant external drivers for terrace staircase formation in the 
northern and the southern Pyrenees. Assessing the relative impacts of climate, 
tectonics, and base level controls on the development of fluvial landscapes, both 
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river systems are compared and the findings are integrated with chronological 
constraints from other fluvial and glacial systems in the Pyrenees. A range of 
geomorphological methodologies is applied, including DEM- and field-based 
terrain analyses and mapping, field surveys on moraines and terraces regarding 
sedimentary and postdepositional environmental conditions, stream (and 
terrace) profile analyses, terrace exposure dating using cosmogenic nuclides, 
morphogenetic correlations of fluvial and glacial systems, and integrated 
numerical landscape evolution modelling. 

 

1.3. Thesis outline 

 This thesis is divided into six chapters, containing four peer-reviewed journal 
publications (chapter 2–5), a synthesis (chapter 6) and summaries (chapter 8), 
apart from this general introduction. The journal papers (chapters 2–5) contain 
unfortunately unavoidable repetitions as to the regional climatic and tectonic 
settings, and methodologies. 

Chapter 2 provides insights into the Quaternary drainage development in the 
southern Pyrenees and Ebro foreland basin, including field observations and 
existing data from the Segre River, and other fluvial systems in the southern 
Pyrenees. This paper focuses on the evolution of drainage patterns and the Segre 
terrace staircase, providing a detailed analysis of the morpho-tectonic settings 
and the fluvial sedimentary archives. It includes our initial ideas concerning the 
potential external controls on fluvial system development and terrace staircase 
formation in the Ebro drainage basin and the southern Pyrenees. 

Chapter 3 presents fluvial terrace outcrops and morpho-sedimentary 
observations in the lower Segre River (i.e. Ebro basin), especially including new 
10Be exposure dating of the major Segre terrace levels. The resulting terrace 
staircase chronology is integrated with previous chronological constraints from 
adjacent fluvial systems in the southern Pyrenees, involving proxy correlations to 
regional and global climate archives. 

Chapter 4 focuses on the most prominent glaciofluvial system of the (central) 
northern Pyrenees, the Garonne River. Taking into account previous studies, this 
paper presents own DEM- and field-based investigations regarding the 
glaciofluvial development of the Garonne valley and provides detailed mapping of 
the glacial features in the terminal glacial basin of Loures-Barousse–Barbazan and 
of the fluvial terraces in the Aquitaine foreland basin, including new exposure age 
constraints. This chapter aims at linking, also chronologically, the glacial and 
fluvial domains and potential scenarios for the variable staircase asymmetries in 
the Garonne are evaluated. 

Chapter 5 integrates the previous findings and presents a numerical drainage 
development model that is used to assess the relevant external drivers of incision 
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and terrace staircase formation in the Ebro foreland basin and the Pyrenees. 
Involving different climatic, tectonic, and base level scenarios, the model 
simulations are set up to investigate the relative impacts of external parameters, 
including climate variability, tectonic uplift, and lithospheric flexure, on terrace 
(or stream) profile development in the Pyrenean river systems.  

Chapter 6 is a synthesis of the previous chapters and resumes the most important 
results of this PhD project in the context of existing theories in fluvial and tectonic 
geomorphology. The synthesis focuses on external controls on terrace staircase 
formation and long-term fluvial incision in Quaternary drainage systems and also 
provides an outlook for future research needs. 
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2 External controls on Quaternary fluvial incision 

and terrace formation in the Segre River, 
southern Pyrenees, Spain 

 

 

 

Abstract 

 The Segre River is one of the major streams in the southern Pyrenees that drains the 
elevated chain toward the Ebro basin foreland. Focusing on climatic, tectonic and 
structural controls, we aim to determine their relative importance for the Pliocene–
Quaternary fluvial landscape evolution in the southern Pyrenees foreland. Along its 
course, the Segre River has a flight of fluvial cut-and-fill and strath terraces preserved 
that have been mapped based on DEM's and geomorphological fieldwork. This paper 
presents the first results of our study and reports on the Segre terrace staircase, which is 
characterized by seven major Quaternary terrace levels with elevations up to more than 
110 m above the modern stream profile. In the upper and middle reaches, the 
(semi)parallel terraces of the Segre River feature anomalously thick gravel bodies and 
deformations of terraces caused by faulting, folding and local subsidence. In the 
foreland, the longitudinal terrace correlations disclose slightly increased vertical terrace 
spacing, which could originate from (i) delayed flexural isostatic uplift related to wide-
spread foreland erosion after the endo-exorheic transition, or (ii) enhanced fluvial 
erosion after the Mid-Pleistocene climate transition in combination with base level 
lowering at the Ebro basin outlet in the Catalan coastal ranges. Since the basin opening 
(presumably late Miocene), the Catalan coastal ranges were progressively cut down and 
the exorheic drainage system gradually adjusted to Mediterranean sea-level. Both, the 
Segre terrace profiles and the morphology of the Ebro breach in the Catalan coastal 
ranges indicate a base level position of about 200 m asl for the onset of (Pleistocene) 
terrace staircase formation, implicating that the Catalan coastal ranges might have 
functioned as a local base level upstream of the sea outlet, potentially until the Middle–
Late Pleistocene.  

 

 

 

 

This chapter is based on: Stange, K.M., van Balen, R.T., Vandenberghe, J., Peña, J.L., 
Sancho, C., 2013 (a). External controls on Quaternary fluvial incision and terrace 
formation at the Segre River, southern Pyrenees. Tectonophysics 602, 316–331. 
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2.1. Introduction 

 River terrace staircases are typical morphological features of fluvial landscapes 
worldwide (Bridgland et al., 2008). Fluvial terraces represent palaeo-floodplains 
of a river that have been abandoned during the long-term vertical incision by a 
river. They are important geomorphic indicators for assessing the timing of fluvial 
landscape evolution and the causal relationships with changing external 
parameters such as tectonic and climatic forcing (Vandenberghe, 1995). In 
general, river terraces are thought to have formed as a result of climate change in 
combination with tectonic uplift (Bridgland, 2000; Vandenberghe, 2002; 
Veldkamp and Tebbens, 2001; Houtgast and Van Balen, 2000; Peters and Van 
Balen, 2007). It has been postulated (Bridgland, 2000) that climate forcing alone 
cannot generate terrace staircases and that their generation and preservation 
also require tectonic uplift. Because uplift causes erosion and redistribution of 
material in a fluvial system it can also trigger isostatic responses through crustal 
(un)loading (e.g., Bridgland, 2000), which in turn may require further incision and 
fluvial adjustment. Most likely, climate and uplift are coupled through feedback 
mechanisms between isostasy and changes in rates of erosion (Bridgland et al., 
2008).  

 Climate influences fluvial systems through variability in temperature and 
precipitation that trigger changes in vegetation cover, sediment supply and 
discharge (Bridgland, 2000; Vandenberghe, 2002, 2003). Cyclic climatic changes, 
like the Pleistocene repetitions of glacials and interglacials, cause alternating 
periods of sediment aggradation and incision in a river, which results in the 
formation of terraces separated by incision scarps. Traditionally, extensive terrace 
(or floodplain) aggradation is attributed to braided river systems during cold-
climate periods, whereas meandering rivers of warm climate periods are basically 
thought to incise (Büdel, 1977). The simplicity of this climate-terrace relationship 
is, however, complicated by internal dynamics and nonlinear feedback 
mechanisms of fluvial systems to external forcing (e.g., complex response; 
Schumm and Parker, 1973; Bull, 1990). In particular, unstable climate transitions 
(e.g., glacial–interglacial transitions) may trigger nonlinear (delayed) fluvial 
adjustments, for instance due to delayed vegetation changes and associated 
effects on river discharge and sediment supply (Vandenberghe, 1995). Among 
others, Maddy et al. (2001) proposed a (climate-driven) terrace evolution model 
showing that vertical river incision predominantly occurs during climate 
transitions and not during the climatically stable glacial and interglacial periods. In 
their model two incision episodes are distinguished: (i) a minor erosion phase 
during interglacial cooling and (ii) a phase of major downcutting at the warming 
limb of glacial–interglacial transitions. The long-term entrenchment of river 
systems, however, seems largely to be controlled by (tectonic or flexural) uplift 
(e.g., Maddy et al., 2000; Westaway et al., 2002) or by lowering of the drainage 
network base level. 
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 Absolute dating of terrace deposits, morphological terrace correlations and 
analyses of sedimentological and pedological features have successfully been 
applied to assess the link between climate change and uplift and the dynamic 
behaviour of rivers (e.g., Brocard et al., 2003; Peters and Van Balen, 2007; Rixhon 
et al., 2010). In addition, long-distance correlations of fluvial system are useful to 
unravel regional patterns of (differential) tectonic activity and climatic 
development (e.g., Peña, 1983; Lewis et al., 2009; Houtgast and Van Balen, 2000; 
Peters and Van Balen, 2007).  

 
Figure 2.1 Orogenic structures and geological units of the Pyrenees, including major river systems 
of the southern Pyrenees (modified from Vergés et al. 1995). Inset: Location of the Pyrenees 
mountain range. 

 The Pyrenees chain is a narrow mountain range where rivers developed 
extensive terrace staircases that are completest preserved in the northern and 
the southern foreland basins (Fig. 2.1). The Pyrenees have strong climatic and 
morphological contrasts (north–south and east–west asymmetries), which make 
them a suitable study area to investigate the relative impacts of climatic and 
tectonic controls on drainage development and fluvial terrace staircase 
formation.  

 In this paper, we discuss DEM- and field-based observations regarding the fluvial 
terrace records of the Segre River in the southeastern Pyrenees focussing on 
terrace staircase development in the Ebro foreland basin and its potential 
external forcing. We present a conceptual model for the formation and 
preservation of the Segre River terrace staircase, which accommodates the 
effects of climate variability superimposed on the ongoing fluvial adjustment in 
response to inherited topography, neotectonic activity and base level changes 
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after the endo–exorheic transition of the Ebro drainage basin (i.e. presumably 
late Miocene; García-Castellanos et al., 2003; Babault et al., 2006). 

 

2.2. Regional settings  

2.2.1. Geological overview of the Pyrenees 

 The Pyrenees chain is a mountain range situated in southwestern Europe that 
forms the natural border between France and Spain (Fig. 2.1). With an average 
width of 80–100 km the Pyrenees stretch over 400 km from the Mediterranean 
Sea to the Bay of Biscay (Atlantic). The central part of the Pyrenees, the axial zone 
(Fig. 2.1), consists of an antiformal stack of heterogeneous, mostly Palaeozoic and 
Mesozoic rocks that are predominantly composed of granite, granodiorite, schist 
and limestone. The most resistant lithologies are outcrops of igneous and 
metamorphic Hercynian basement that build up the highest summits of the chain 
(e.g., Pico Aneto 3,404 m asl) and determine the principle drainage divides (Lynn, 
2005). The bounding northern and southern fault zones (Fig. 2.1) are 
characterised by east–west striking thrust sheets composed of Mesozoic 
limestone, sandstone, marls, and conglomerates. To the north, a sharp mountain 
front borders the Aquitaine retro-foreland basin, whereas in the southern 
Pyrenees thrust sheets are partly buried beneath synorogenic deposits resulting 
in a smoother transition in the south toward the peripheral pro-foreland basin 
(Ebro basin).  

 The Pyrenees formed as a consequence of underthrusting of Iberia beneath the 
European plate (Puigdefábregas et al., 1986; Muñoz, 1992; Choukroune et al., 
1990; Lynn, 2005). The onset of mountain belt formation took place during late 
Cretaceous times (Muñoz, 1992; Fitzgerald et al., 1999; Jones et al., 1999). 
Important phases of rapid exhumation lasted from late Eocene to early Oligocene 
and were diachronic across the chain (Fitzgerald et al., 1999). Around 30 Ma, 
tectonic uplift of the Pyrenees abruptly decelerated (Fitzgerald et al., 1999) and in 
the core of the chain exhumation ceased approximately 20 Ma (Sinclair et al., 
2005). Although, the Pyrenees subsequently passed into a postorogenic state, 
thermochronometric data from the Pyrenees axial zone and modelling results 
indicate that exhumation slowed down but continued at rates of about 0.03 mm 
y-1 (Gibson et al., 2007). During Neogene times, the Pyrenees became affected by 
extensional tectonic deformation related to gravitational spreading after the 
decrease of convergence rates (De Vicente and Vegas, 2009; Chevrot et al., 2011). 
Relatively recent seismic events are known from the Spanish central Pyrenees 
(e.g., 1373 A. D. at Ribagorza, 1923 A. D. at Vielha) suggesting the existence of 
active normal faults in this region (North Maladeta Fault; Ortuño et al., 2008). 
Active fault scarps have also been reported from the northern mountain front 
(Lourdes fault; Alasset and Meghraoui, 2005).  
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 In the eastern Pyrenees (Goula et al., 1999; Olivera et al., 2003) fault scarps are 
frequently linked to trans-tensional tectonic activity that is related to the opening 
of the Valencia trough during Neogene times (Fig. 2.1; Cloetingh et al., 2005). As a 
result of the trans-tensional tectonic regime, NE–SW extending fault zones 
developed (or were reactivated) and a series of intra mountain basins in the 
eastern Pyrenees subsided (Juliá, 1984; Roca, 1986; Lewis et al., 2000; Gunnel et 
al., 2009). Some of these basins remained active during post-Tortonian times 
(e.g., Roussillon basin; Gunnel et al., 2008). The most prominent fault zone in the 
eastern Pyrenees is the Catalonia Fault that, together with its southern and 
northern extensions – i.e. the Segre Fault and the Têt Fault, respectively – crosses 
the Pyrenees and the Ebro basin foreland from northeast to southwest. The Têt 
Fault seems to have been reactivated as a left lateral strike slip fault during 
Pliocene times, causing the deformation of Quaternary alluvial terrace deposits, 
for instance in the Têt River (Carozza and Delcaillau, 1999). Its southern 
equivalent, the Segre Fault (cf. Fig. 2.4), is the main structural control on the 
Segre River course and indicates a similar sinisterly strike slip activity (Souquet et 
al., 1977; Solé Sugrañes, 1978).  

2.2.2. Quaternary climate and glaciations  

 The semiarid, continental climate of the (lee-side) southern Pyrenees and the 
Ebro foreland is an orographic effect resulting from the topographic shielding of 
the Pyrenees from the North Atlantic west wind circulation, which carries 
moisture from the Atlantic to the northern mountain flank and dominates the 
wetter climate in the northern Pyrenees. The climatic contrasts entail differences 
in annual temperature curves, precipitation rates, and vegetation cover. 
Accordingly, the colder and wetter north is covered by mixed forests whereas in 
the south vegetation is less dense comprising mainly pine-woods and shrub 
forests. Precipitation yields and vegetation cover are the major controls on river 
discharge and sediment supply and, hence, may impact on fluvial processes and 
drainage development.  

 Quaternary glaciations of the Pyrenees were mostly restricted to valley and 
cirque glaciers, because cold climate conditions were not capable of supporting 
large ice-caps in the Pyrenees due to (i) the predominant aridity in Iberia 
(southern Pyrenees), (ii) the moderate elevations of the chain, and (iii) the 
narrowness of the elevated axial zone (Calvet, 2004; Lewis et al., 2009). On the 
southern side, glaciation remained restricted to the interior valleys with terminal 
moraines not lower than 800 m asl (Sancho et al., 2003, 2004; Turu and Peña, 
2006; Pallás et al., 2006). In the eastern Pyrenees terminal moraines of valley 
glaciers (e.g., Carol glacier) are preserved at 1200 m asl, indicating very limited 
glacier extents (e.g., cirque glaciers; Calvet, 1994, 2004). In the southern 
Pyrenees, the maximum glacial extent is constrained in the valleys of the rivers 
Aragón, Gállego and Cinca and has been dated as Saalian (Lewis et al., 2009; 
García-Ruiz et al., 2013). As for the latest (i.e. Weichselian) glaciation, the 
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distribution of moraines and tills argue for three distinct phases of glacier 
advances – all of them predating the Northern Hemisphere LGM. The glacier 
advances in the Gállego and Cinca valleys are dated at 90–85 ka, 60–56 ka, and 36 
ka (cf. Peña et al., 2004) and are in agreement with exposure ages obtained from 
moraines in the eastern Pyrenees indicating maximum Weichselian ice extent at 
about 60–50 ka (Pallás et al.,2006). At present, Pyrenean glaciers nearly 
disappeared owing to the elevated position of the equilibrium (snow) line altitude 
(i.e. c. 3,100 m asl) compared to the moderate mean elevations of the eastern 
Pyrenees axial zone (i.e. c. 2,000 m asl; Babault et al., 2005).  

2.2.3. The drainage system of the southern Pyrenees 

 Two large fluvial systems drain the Pyrenees: the Ebro system in the south and, 
among others, the Garonne system in the north. The Ebro River drains the 
southern Pyrenees and the Iberian range, and has a length of 930 km with a 
catchment area of 84,200 km2 (e.g., EEA report, 1996). From the Eocene 
(Priabonian) to the middle Miocene the Ebro foreland basin underwent a long 
period of endorheic drainage, which was characterized by a large lake in the 
central eastern part of the basin (Riba et al., 1983; Coney et al., 1996; Costa et al., 
2009). The endorheic phase was probably prolonged by isostatic rift flank uplift at 
the Catalan coastal ranges (Fig. 2.1) in consequence of the Neogene opening and 
subsidence of the Valencia trough in the western Mediterranean Sea (García-
Castellanos et al., 2003). Modelling results by García-Castellanos et al. (2003) 
indicate that the Ebro drainage connection to the Mediterranean Sea was 
established between 13–8.5 Ma when high (Ebro) lake levels facilitated the 
capture of the Ebro foreland basin by headward escarpment erosion from a river 
in the coastal plain. Babault et al. (2006), however, disagree with this 
interpretation and see no morphological indications that the Ebro basin opened 
before the Messinian salinity crisis (MSC, c. 5.96–5.32 Ma; Krijgsman et al., 1999). 
During the MSC, an immense sea-level fall of approximately 1,500 m caused 
major Mediterranean rivers to deeply incise their basement far inland (e.g., 
Rhône River, Loget et al., 2005). However, recent studies on offshore records on 
the Catalan margin show that incision in the Ebro only propagated as far as 30 km 
inland from the present-day coast line (Urgelés et al., 2010). This in turn could 
indeed argue for a late stage opening of the Ebro basin in succession of MSC sea-
level drop (Babault et al., 2006). Disregarding the precise timing, the basin 
opening (i.e. base level fall) triggered widespread erosion of the molassic and 
lacustrine sedimentary infill of the Ebro basin and promoted the entrenchment of 
an exorheic drainage system in the southern Pyrenees foreland. 
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Figure 2.2 Transverse (i.e. N–S) drainage pattern in the southern Pyrenees including structurally 
controlled course deviations affecting major southern Pyrenean streams, such as the Aragón 
(pink), the Gállego (orange), and the Segre River (red). 

 The present-day fluvial network of the southern Pyrenees is characterized by 
north–south oriented and regularly spaced transverse rivers that drain the chain 
toward the axial Ebro foreland river (Fig. 2.2). Such a transverse drainage 
configuration is a common feature among linear and young mountain belts 
(Hovius, 1996) and determines the spatial pattern of sediment fluxes from the 
progressively eroding mountain chain (Hovius, 1996; Jones, 2004). The largest 
transverse streams of the southern Pyrenees are, from west to east, Río Aragón, 
Río Gállego, Río Cinca, and Río Segre (Fig. 2.2). Having their source in the axial 
zone, the proximal and middle courses of these rivers are controlled by 
antecedent orographic structures that occasionally cause diversions from the 
general north–south flow-directions (Fig. 2.2). Consequently, the rivers Aragón, 
Gállego, and Segre show considerable drainage shifts and temporarily adopt axial 
courses that are mainly determined by east–west striking thrust sheets (Fig. 2.2) 
and doming gypsum-cored anticlines along the southern foreland transition (e.g., 
Jones, 2002, 2004). After breaching the southern Pyrenean thrust and fold belts, 
most rivers readopt transversal courses and deeply cut their valleys into the 
bedrock of the Ebro foreland basin. Particularly in the lower (foreland) reaches 
extensive terrace staircases developed, recording the fluvial activity throughout  
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Figure 2.3 Quaternary fluvial sedimentary records in the Ebro foreland basin. Main 
agglomerations and preserved terrace staircases along the major transverse rivers in the 
southern central Pyrenees, from west to east: Cinca River (Lewis et al. 2009), Noguera 
Ribagorzana River (centre; modified from Peña 1983), and Segre River. Inset, right: Catchment 
size of the southern Pyrenean Rivers Gállego (orange), Cinca (green), and Segre (red). Inset, left: 
Terrace staircase of the Gállego River. 
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the Quaternary (Fig. 2.3). The only available age constraints on major terrace 
levels in the Ebro foreland have recently been obtained from the Cinca and 
Gállego rivers by using optical stimulated luminescence (OSL) and terrestrial 
cosmogenic nuclides (TCN; Sancho et al., 2003; Lewis et al., 2009; Benito et al., 
2010). The (absolute) ages indicate fluvial terrace (and staircase) formation since 
>780 ka (palaeomagnetic analyses; Sancho et al., 2007), lasting until Holocene 
times (e.g., 11 ka; Lewis et al., 2009). Above the highest (and oldest) terraces 
remnants, extensive, low gradient late Pliocene to early Quaternary pediments 
and glacis are preserved (Peña, 1983), documenting that incision and terrace 
staircases formation in the Ebro basin was preceded by regionally extensive 
denudation processes, implicating a smooth Ebro basin palaeo-topography and a 
marginally entrenched fluvial system. 

The Segre River 

 The Segre River is the longest transverse stream (c. 270 km) and drains the 
largest catchment in the southern Pyrenees (c. 20,000 km2; Fig. 2.2, inset). The 
Segre takes its source at around 2,500 m asl close to the peak Puigmal (2,913 m 
asl) in the eastern axial zone. The headwater tributaries join at around 1,100 m 
asl in the Neogene Cerdanya basin. In the upper reaches, close to the town La Seu 
d'Urgell (Fig. 2.4), the Segre is joined by the first major tributary river, the Valira. 
The maximum glacier extent in the Segre catchment is situated at about 950 m 
asl, as it is inferred from the transition of a glacial U-shaped valley to a fluvial V-
shaped valley morphology upstream of the town La Seu d’Urgell (Fig. 2.4). 
Indirectly corroborating our observations, the terminal glacial moraines in the 
Valira valley are preserved upstream of the Segre confluence (e.g., Turu and 
Peña, 2006). Along its middle course, the Segre breaches the southern Pyrenees 
thrust belt (Fig. 2.4) and changes its course to an axial one (Fig. 2.4). After 
meeting the Noguera Pallaresa, another major tributary river, the Segre turns by 
nearly 90° and takes a southward transversal direction through the Ebro basin, 
incising more than 110 m into the thick series of alluvial and lacustrine foreland 
deposits. Along this stretch the Segre joins important tributary rivers like the 
Noguera Ribagorzana and Cinca before it meets the main river Ebro at about 70 
m asl, which drains the basin to the Mediterranean Sea. 

 The transversal course of the Segre is structurally controlled and approximately 
follows the Catalonia (Segre) fault zone. Indications for active tectonic motions 
along the Segre Fault come from terrace studies in the upper middle Segre (e.g., 
at La Seu d’Urgell, Fig. 2.4; Turu and Peña, 2006) where alluvial deposits and 
underlying bedrock show signs of postdepositional deformation. The vertical 
displacements of terraces and the incomplete preservation of the staircase thus 
prohibit a straightforward longitudinal correlation with the terrace staircase 
levels in the lower Segre. The course deviations in the middle Segre (Fig. 2.4) are 
mainly caused by (i) tectonic structures inherited from synorogenic thrusting, (ii) 
the distribution of resistant lithologies, and (iii) late- to post-orogenic anticlines  
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Figure 2.4 The Segre River course and its structural controls: Regional geological units and 
tectonic structures determining the drainage pattern of the Segre River including the location of 
relevant agglomerations in the study area (see also Fig. 2.3). 

along the foreland transition (Jones, 2002, 2004). Apparently, the gypsum-cored 
anticlines kept actively growing during Pliocene–Quaternary times causing 
internal deformation (e.g., near Ponts, Fig. 2.4) and local uplift of alluvial terraces 
in proximity to the foreland transition (e.g., near Balaguer, Fig. 2.4; Peña, 1983). 
No signs of tectonic deformation or differential uplift of the foreland are 
reported, neither from the Segre, nor from the adjacent Noguera Ribagorzana, 
Cinca, and Gállego. Nevertheless, at this stage it can’t be excluded that delayed 
isostatic adjustment in response to the large–scale erosion in the Ebro basin after 
the endo–exorheic transition (e.g., Garcia-Castellanos et al., 2003) may have 
affected terrace staircase formation in the lower Segre River during the 
Quaternary.  
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2.3. Materials and methods 

 Terrace surfaces along the Segre River are mapped in a Geographic Information 
System (GIS) using DEM techniques, field surveys and previous publications (e.g., 
Peña, 1983; Turu and Peña, 2006). We use high resolution DEM’s (modelo digital 
de terreno (5 m), CNIG, Spain; ASTER GDEM (30 m), METI/NASA) in combination 
with (i) thematic maps provided by the Spanish Centro Nacional de Información 
Geográfica (CNIG) and the Instituto de Geológico y Minero (IGME), (ii) 
hydrological data provided by the European Environment Agency (CCM River and 
Catchment Database), and (iii) satellite imagery (MrSID). In order to investigate 
topography, valley shapes, terrace geometries, and stream gradients we use GIS-
based slope-, interpolation- and flow-direction-maps, as well as topographic 
cross-sections and longitudinal profiles. 

 DEM-based interpretations of terrace extents and absolute elevations ([m asl]) 
are validated in the field by using handheld GPS receivers featuring barometric 
altimeters of 1–2 m accuracy. In addition, locations and geometries of individual 
terrace treads along the Segre River are documented – including the relative 
height of terrace surfaces above the present-day stream profile ([m a.f.]) – up to 
the glaciofluvial transition in the upper middle reaches near the town of La Seu 
d'Urgell (c. 780 m asl; Fig. 2.4). Numerous outcrops of the alluvial deposits are 
studied regarding gravel thickness, sedimentary structures (e.g., channel fills, 
pebble imbrication, grain size distribution), postdepositional features (e.g., 
erosion, burial, and (palaeo-) soil formation), weathering and calcrete 
indurations, as well as lithology and provenance of sediments.  

 The classification and longitudinal correlation of terrace fragments is based on (i) 
the morphogenetic positions in the Segre valley (e.g., Fig. 2.5), (ii) the relative 
elevation of terrace surfaces above the modern floodplain (Fig. 2.6; Fig. 2.7), and 
(iii) characteristic syn- and postdepositional sedimentological features (see 
above). In order to produce consistent longitudinal profiles a generalized (DEM-
based) longitudinal stream profile of the Segre is established (e.g., Fig. 2.5; Fig. 
2.12) by smoothing (straightening) the present-day meander bows. Subsequently, 
the positions of the lateral terrace remnants in the Segre valley are linked to the 
streamwise distance of the interpolated course of the Segre.  

Because of both, the focus of our research and the temporal and spatial scale of 
this study, terrace sublevels without any signs of tectonic deformation or 
displacement are assigned to the corresponding major level of the staircase 
classification, based on their morphological position onsite. Terrace remnants 
located at confluences with other main transverse streams like Cinca and 
Noguera Ribagorzana permit the correlation of the Segre terrace staircase with 
adjacent river systems (Sancho et al., 2004; Lewis et al., 2009). In addition, the 
most prominent terrace levels of the Segre River are sampled for exposure 
dating. 
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2.4. Results 

2.4.1. The Segre terrace staircase 

 
Figure 2.5 Exemplary valley cross-section at the lower Segre River. NW-SE transect of the alluvial 
terrace levels preserved at Serós (Fig. 2.3, km 230; Fig. 2.6). 

 The Segre valley is characterized by cut-and-fill and high strath-type terraces. The 
vertical thickness of the gravel deposits commonly range between 2–7 m. The 
preservation of terrace remnants decreases with rising elevations (m a.f.), but is 
variable along the river course. The lower reaches (e.g., south of Balaguer; Fig. 
2.4) feature the most complete and extensive terrace staircase. Along the middle 
reaches from Camarasa to La Seu d'Urgell (e.g., Fig. 2.4) primarily the lower 
terraces are preserved. In this stretch, basins like Oliana and La Seu d’Urgell hold 
the best preserved records including also the highest terrace levels. However, 
damming of large artificial lakes and potentially ongoing neotectonic activity in 
intra mountain basin (e.g., tectonic subsidence and halokinesis; Turu and Peña, 
2006) complicate longitudinal terrace correlation between those basins. In the 
upper reaches (i.e. Cerdanya Basin), glacial erosion removed most traces of fluvial 
terraces so that only the youngest fill-terraces and very high terrace remnants are 
preserved (e.g., 200–250 m a.f.; Turu and Peña, 2006; Peña et al., 2011). Terrace 
remnants at  160 m a.f. are also reported from other southern Pyrenean streams 
(e.g., Cinca, Noguera Ribagorzana and Ebro; Peña, 1983; Sancho, 1991). Although 
the high terraces are regionally present, the scarce preservation complicates solid 
longitudinal correlations, at least without additional absolute age constraints on 
the associated deposits. The lithological composition of the terrace gravels is 
consistent in all levels and is characterized by mainly crystalline and metamorphic 
rocks (e.g., granite, granodiorite, gneiss, quartzite) originating from the axial 
zone, but also comprise metamorphic and sedimentary rocks derived from the 
Pyrenean thrust belts (e.g., quartzite, conglomerate and sandstone). The uniform 
gravel composition argues for a persistent drainage connection to the axial zone, 
which, as mentioned above, is also indicated by the drainage pattern of the 
Segre. In addition, the distinct provenance pattern permits to distinguish the 
highest Segre terraces from pediments and alluvial deposits that originate from 
the southern thrust front and local tributary networks. 
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Figure 2.6 Generalized longitudinal profile segment of the present-day Segre River (black solid 
line) and its Quaternary terraces (coloured squares) from the upper middle reaches at La Seu 
d’Urgell (km 67, see also Fig. 2.4) to the confluence with the Ebro foreland river. The gaps in 
preserved terrace remnants (black line dashed segments at km 95 and km 120) and the stream 
profile perturbations (black solid line, km 162, 169) are due to artificial damming at the Southern 
Pyrenees thrust-front. The discretely preserved terraces remnants have been correlated along the 
middle and lower reaches of the Segre with locations displayed in distance from source [km] and 
absolute elevations above sea level [m]. 

 DEM investigations and fieldwork result in 7 terrace staircase levels; TQ 1 being 
the oldest and TQ 7 the youngest one (Fig. 2.5–2.7). The proposed classification 
comprises major terrace levels that are traceable along the river course and 
locally appearing sublevels – as they occur, for instance, in the younger level TQ 5 
near Torres del Segre (km 210, Fig. 2.7) – are integrated. Terraces at elevations 
higher than TQ 1 do exist but given the scarcity of these remnants longitudinal 
correlations are problematic. Therefore, we merge these terraces into TQ 0 which 
spans all terrace remnants ranging from 141–125 m a.f. In the upper middle 
reaches southwest of La Seu d'Urgell at the village of Adrall (Fig. 2.4), gravel 
outcrops situated at 141 m a.f. have a common thickness of 3 m and show high 
grades of pebble alteration and oxidation. Close by, but not so prominent, alluvial 
deposits of the Segre were found at 133 m a.f. and 125 m a.f. In the lower 
reaches, outcrops of fluvial gravels appear at comparable elevations (km 220, Fig. 
2.7). These gravel bodies, however, present a different lithologic composition, 
containing mainly limestone and sandstone pebbles, which are attributed to local 
tributary networks of the Pyrenees piedmont without drainage connection to the 
axial zone. 
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Figure 2.7 Locations of main agglomerations at the Segre River and vertical spacing of the Segre 
terrace staircase: Correlated individual terrace remnants along the Segre River plotted against 
elevation above the modern floodplain (based on the generalized stream profile, Fig. 2.6). 
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Terrace level TQ 1 

 In the lower reaches of the Segre (e.g., near Serós, Fig. 2.7), terrace TQ 1 is 
present at 113 m a.f. near the Cinca River confluence. It consists of fluvial 
deposits on a few remnant hills where gravels are distributed at the surface only. 
Although not cropping out in situ, the alluvial gravels argue for fluvial activity of 
the Segre at this or a higher topographic level. Undoubtedly, the gravels are of 
allochthonous origin showing the typical composition of the Segre terraces and 
provenance from the Pyrenees axial zone. TQ 1 presents the uppermost fluvial 
deposits related to the present-day drainage configuration of the lower Segre 
River. Near Balaguer, at about 100 m a.f., they interfinger with encrusted lime- 
and sandstone pebbles that originate from the southernmost thrust front (Fig. 
2.4). The internal structure of these deposits shows horizontal planar 
stratification of gravels pointing to episodic sheet flow events under (semi)arid 
climatic conditions. 

Terrace level TQ 2 

 
Figure 2.8 Terrace outcrop of TQ 2 at Serós (km 230, Fig. 2.6): Calcrete-consolidated and badly 
sorted fluvial gravels (ca. 2.5 m thick) with sandy channel fill and an angular boulder (ø 40 cm). 
Inset: Stratified sand clast (ø 35 cm), probably previously frozen as ice-rafted debris. 

 Terrace TQ 2 is positioned at a height of 88–77 m a.f. and forms isolated plateaus 
along the lower and middle reaches of the Segre: Gravels are preserved in situ on 
several remnant hills in the lower reaches near Serós and Alcoletge (88–77 m 
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a.f.), and locally in the middle reaches at Vilves and Gualter (c. 80 m a.f.). 
Associated terrace deposits have a maximum thickness of 4 m, but most of the 
outcrops are strongly degraded (e.g., Serós and Gualter). The gravel outcrops 
have the typical lithologic composition of crystalline, metamorphic and 
sedimentary rocks. The pebbles hardly exceed 30 cm in diameter and their 
imbrication indicates a general southern flow-direction that is consistent with the 
present-day course of the lower Segre. Common sedimentary features of TQ 2 
deposits are sand- and gravel-filled channels and cross-stratified sand lenses that 
probably originate from a braided (cold-climate) drainage plan views. In addition, 
sand-filled frozen ground cracks (e.g., at the village of Gualter), isolated angular 
boulders and consolidated sandclasts (ø >50 cm) are present within the gravel 
deposits of TQ 2 (Fig. 2.8). Following Lewis et al. (2009) and Benito et al. (2010), 
we assume they represent ice-rafted debris that were deposited after melting of 
floating ice blocks, presumably in the course of seasonal (or late glacial) glacier 
and snow-melt. Based on the reconstructed TQ 2 gradient of 2 m km-1 (in the 
lower reaches) and intersecting gullies and channels, we propose a low gradient, 
possibly braided river system during TQ 2 formation with an up to 4-km-wide 
floodplain, as it is inferred from the bilateral distance of the TQ 2 remnants to the 
present-day Segre river course (e.g., Serós, Fig. 2.5). 

Terrace level TQ 3 

 
Figure 2.9 Terrace TQ 3 at Menarguens (km 187, Fig. 2.6): Preserved alluvial remnant of 2 m thick 
consolidated pebbles and cobbles (inset) on top of a strath-type terrace escarpment cut into the 
Tertiary sandstone and a thick rubified Tertiary palaeo-soil. 

 Terrace level TQ 3 is the most prominent terrace in the lower reaches and occurs 
south of Balaguer (km 178, Fig. 2.4; Fig. 2.6; Fig. 2.7), near Lleida (km 202, Fig. 2.4; 
Fig. 2.7) and at the Cinca River confluence near Serós (km 228, Fig. 2.7). TQ 3 
elevations fluctuate between 65–48 m a.f. Along the middle reaches, where TQ 3 
is preserved from Vilves to Ponts (km 130–145), south of Oliana (km 113, Fig. 2.6), 
and at La Seu d'Urgell (km 72, Fig. 2.6; Fig. 2.7), this level declines in relative 
altitude (55–47 m a.f.) and is less frequently preserved. Farther downstream near 
Balaguer large gypsum-cored anticlines cross the course of the Segre (Fig. 2.4) 
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and TQ 3 rises up to > 60 m a.f., probably due to postdepositional gypsum 
diapirism. In the lower reaches (i.e. Balaguer–Serós), TQ 3 forms very extensive 
strath-type bedrock terraces with local outcrops of 2–6 m thick fluvial deposits 
(Fig. 2.9).  

Terrace level TQ 4 

 In the lower reaches TQ 4 fluctuates between 47–35 m a.f. and is a narrow 
terrace, often slightly inclined toward the river (e.g., near Menarguens, km 187). 
Only where fragments of TQ 3 are absent, remnants of TQ 4 reach considerable 
extent of up to > 500 m (e.g., near Torres de Segre, km 215), which could indicate 
a relatively contemporary development of both terraces. Comparable to TQ 3, 
level TQ 4 shows abundance of calcrete indurations (caliche) and generally 
strongly consolidated gravel bodies. In the middle reaches the vertical position of 
TQ 4 declines to < 40 m a.f. It is preserved from Alós de Balaguer to Artesa de 
Segre, at Gualter, Basella, Organyá, and Noves de Segre. TQ 4 is the lowest of the 
high plateau-like strath terraces along the lower Segre that are separated by large 
risers of commonly > 20 m. 

The lower terraces levels TQ 5–TQ 7 

 The lower terraces TQ 5, TQ 6 and TQ 7 are confined to the present-day inner 
valley of the Segre (e.g., Fig. 2.5) and have gravel thicknesses of commonly 4 m 
over bedrock. These cut-and-fill terraces are separated by smaller erosional 
scarps of < 13 m. Unlike most outcrops of the higher plateaus (TQ 1–4), the lower 
terrace surfaces are often covered by local fan and debris flow deposits, which 
make them suitable for agricultural use. These sheets can yield a thickness of > 3 
m. The relative elevation of terrace level TQ 5 ranges from 28–16 m a.f. Similar to 
TQ 3, also TQ 5 yields its maximum relative elevation above the gypsum-cored 
anticlines near Balaguer (c. 31 m a.f.). Along the middle reaches, TQ 5 decreases 
to 22–15 m a.f., and is well-preserved from Alós de Balaguer to Gualter and in the 
Oliana depression. The vertical thickness of the gravel bodies fluctuates around 4 
m and (potentially ice-rafted) large and (sub)angular boulders (ø > 60 cm) are 
frequently found in TQ 5 deposits. The outcrops’ subsurface in TQ 5 is often 
hardened by calcrete indurations hinting at warm climate periods and 
evaporation following terrace abandonment. Terrace TQ 6 (14–8 m a.f.) is one of 
the best preserved terrace level in the Segre staircase and remnants are found 
almost along the entire river course. In the lower reaches, upstream of the Cinca 
River confluence, TQ 6 consists of at least two sublevels (10–8 m a.f;, 14–10 m 
a.f.), but the small scarps are often modified by agriculture. Likewise, the lowest 
and youngest terrace of the Segre, TQ 7 (5–3 m a.f.) may also be divided in 
sublevels, particularly in the lower reaches near Torres de Segre. Like in TQ 6, 
weathering and calcrete indurations are negligible in TQ 7.  
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2.4.2. Longitudinal correlation of the Segre terraces 

 The (semi)parallel longitudinal terrace profiles in the Segre River (Fig. 2.6) do not 
show signs of differential uplift of the Pyrenees relative to the Ebro basin 
foreland, because such a scenario would result in a convergence of terrace levels 
in downstream direction (Fig. 2.6; Fig. 2.7). In the upper middle reaches 
deformation of alluvial deposits and underlying bedrock is observed in the high 
terrace levels TQ 0 (e.g., near Adrall; Table 2.1) as well as in the lower Quaternary 
levels (e.g., at La Seu d'Urgell; Turu and Peña, 2006). This argues for ongoing 
tectonic extension and subsidence in the Neogene basins of Cerdanya, La Seu 
d'Urgell and Organyá (Fig. 4; e.g., Turu and Peña, 2006). Differential subsidence 
may also explain the terrace height anomalies in the longitudinal terrace profiles 
(e.g., TQ 5, TQ 3, km 60–90, Fig. 2.7) and observations regarding changing 
(palaeo-)drainage directions of the Valira River in proximity of the Segre-Valira 
confluence near La Seu d'Urgell. Altimetry-based longitudinal terrace correlations 
in the upper middle reaches of the Segre have thus to be taken with caution. 

 
Table 2.1 Local cross-sections of the Segre River terrace staircase along the middle and lower 
reaches. Relative elevation of fluvial terrace deposits [m a.f.], terrace escarpment heights in [m] 
(incisive steps), and averaged incision magnitudes in the middle (MR) and lower (LR) reaches of 
the Segre River in [m]. 

 The (semi)parallel terrace profiles in the lower and middle reaches of the Segre 
(Fig. 2.6) argue for gradual and uniform incision throughout terrace staircase 
formation. However, staircase cross-sections (levels TQ 3–7; Table 2.1) and 
terrace profiles (Fig. 2.7) indicate slightly increased vertical spacing of terraces in 
the lower reaches. As it particularly affects the Segre foreland stretch, the most 
plausible reason for the increased vertical spacing is an enhancement of fluvial 
incision in the Ebro foreland basin. Enhanced incision could result from effective 
base level lowering or a general uplift of the Ebro drainage basin, for instance due 
to flexural rebound through erosional unloading. Additional factors contributing 
to enhanced incision of the lower Segre could relate to (i) increased discharge and 
erosive capacity of the Segre due to major tributary confluences around the 
foreland transition (e.g., Noguera Pallaresa, Noguera Ribagorzana, and Cinca), 
and (ii) increased bedrock erodibility of the predominant molassic and evaporitic 
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lithologies in the foreland. Terrace TQ 7 seems not to be affected by increased 
vertical terrace spacing in the foreland (e.g., Table 2.1), probably because this 
level connects to the present-day active floodplain, implicating that its terrace 
scarp is actively carved out by the Segre. 

2.4.3. Terrace thickness and height anomalies  

 Above the anticlines at the foreland transition (i.e. Balaguer, km 178, Fig. 2.7) 
terrace levels TQ 2–3 and TQ 5 have increased relative elevations above the 
Segre. The anticlines of Barbastro–Balaguer–Ponts (e.g., Fig. 2.4) have cores 
composed of gypsum that domes through the Ebro basin sediment infill. A 
gypsum related uplift of alluvial terraces is also reported for levels TQ 1–2 and TQ 
5–6 located near Artesa de Segre and Ponts (Peña, 1975, 1983). Deformations 
point to ongoing gypsum tectonics (i.e., anticline growth) during Quaternary 
terrace staircase formation.  

 
Figure 2.10 Extensively thick gravel deposits at Camarasa (cf. Fig. 2.7) covered by fine overbank 
deposits of >2 m thickness. Inset: Internal deformation of the gravel deposits associated with a 
folded sand lens. 

 Near the village of Camarasa (km 166, Fig. 2.7), gravel deposits (presumably 
associated with TQ 3) exceed by far the average gravel thickness in the Segre 
terraces. The outcrop discloses a gravel body of about 12 m thickness that is 
covered by c. 4 m thick overbank deposits (Fig. 2.10). Sand lenses within the 
gravels are deformed by folding and faulting (Fig. 2.10, inset). Because local 
bedrock lithologies include gypsum evaporite, pre- and synsedimentary gypsum 
karst subsidence could explain both deformation and increased aggradation of 
the fluvial gravels. Local subsidence is also reported from the Gállego River where 
it is thought to be triggered by karstic bedrock dissolution, probably favoured by 
high volumes of meltwater and increased groundwater flow during deglaciation 
periods (e.g., Benito et al., 2010). With respect to the regional consistent climatic 
and tectonic conditions in the southern Pyrenees this scenario could likewise 
apply for the Segre terraces anomalies near Camarasa.  

 Nearby the northern inlet of the Oliana depression (Fig. 2.4; Fig. 2.7) gravel 
thickness exceeds even 20 m (e.g., Mina Tragó, Fig. 2.11, inset). Gravel 
thicknesses decline in downstream direction from the narrow basin inlet toward 
the widened lower Oliana depression where gravel bodies are preserved with a 
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maximal thickness of 4 m (Fig. 2.11). With regard to the 20 m thick terrace 
deposits in the upper basin (Fig. 2.11, inset) neither interbedded soils have been 
found nor have outcrops showed signs of syn- or postdepositional deformation. 
The latter is important since the morphology of the depression (Fig. 2.11) 
suggests a tectonic basin like the one of La Seu d'Urgell, but the Oliana Basin is 
apparently inactive. The exposed gravel deposits (Mina Tragó, Fig. 2.11, inset) are 
badly sorted with diameters of > 40 cm up to the terrace's surface, indicating a 
rapid deposition after the passage of the narrow northern basin inlet (Fig. 2.11). 
One mechanism for intense alluvial aggradation could relate to cold period 
sediment pulses, for instance during intense glacial outwash phases (e.g., Salcher 
et al., 2010), in combination with the minor (longitudinal) topographic gradient of 
the Oliana depression. Alternatively, sedimentation rates may have been 
modified during temporary blockage of the river course owed to landslides and 
rock fall at the Oliana basin outlet (cf. Baartman et al., 2011). Hence, extensive 
gravel aggradation could also relate to (back)filling of the basin. 

 
Figure 2.11 Concentric topography of the Oliana depression (cf. Fig.2.4, km 107; Fig. 2.6; Fig. 2.7), 
comprising a narrow basin inlet in the north and an extensive flat-bottomed lower basin (south). 
Local geomorphic units and fluvial terrace records, including 4-m-thick cut-and-fill terraces near 
the church of Santa Llúcia. Inset: Up to more than 20-m-thick sediment exposures (red) in and 
around the Tragó gravel mine, northern Oliana basin. 
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2.5. Discussion 

2.5.1. Regional terrace staircases  

 
Table 2.2 Compilation of regionally preserved terrace levels in the major rivers of the southern 
central Pyrenees [m a.f.]. Sources: Lewis et al. 2007, 2009, Peña 1983, Peña et al. 2011), including 
the presented terrace levels of the Segre TQ 0–TQ 7. 

 A regional correlation of terrace staircase geometries in the southern Pyrenees 
(e.g., Peña, 1983; Rodríguez Vidal, 1983; Sancho, 1991) combined with the results 
obtained from the Segre yields a generalized regional staircase of 10 major 
terrace levels (e.g., Table 2.2). Not only the younger terraces regionally correlate 
based on their relative elevations above the modern floodplains, also the few 
remnants of high terraces T 1–3 are present with distinct elevations on a regional 
scale. The analogies in terrace elevation and extent are striking and potentially 
indicate similar tectonic and climatic controls during Quaternary terrace 
formation. According to Lewis et al. (2009), the terraces of Cinca and Gállego 
rivers correlate with Pleistocene climatic oscillations, suggesting a strong link 
between fluvial sediment aggradation and late-glacial periods and increased 
discharge and sediment supply during glacier melt out. The oldest terrace 
remnants in the Cinca River (e.g., T 1; Table 2.2) are dated by palaeomagnetic 
analyses as > 780 ka (Sancho et al., 2007). Accordingly, the glacis and 
pedimentation surfaces above these oldest terrace remnants (e.g., 150 m and 
250 m a.f. near Balaguer, Peña, 1983) may relate to extensive denudation and 
piedmont degradation during late Pliocene or early Quaternary times. The 
morphogenetic contrast between the flat and extensive denudation surfaces and 
the linear entrenched valleys with terrace staircases could implicate a significant 
environmental change from prevalent warm and semiarid climatic conditions 
toward a cooler and wetter climate regime. With regard to the palaeomagnetic 
age constraints on the regional terrace T1 (e.g., Sancho et al., 2007) the transition 
from extensive denudation toward predominant vertical fluvial incision predates 
780 ka and could thus coincide with (i) the general climatic cooling at the 
Pliocene–Quaternary transition, or (ii) the Mid-Pleistocene climate transition 
(MPT; Berger and Jansen, 1994; Mudelsee and Schulz, 1997) that is associated 
with the onset of 100-kyr orbital climate cycles (Milankovitch, 1941). It is known 
from rivers worldwide that following the MPT many streams significantly 
entrenched their valleys and abandoned their previous extensive floodplains 
(Westaway et al., 2009). In consequence of the (potentially MPT-related) increase 
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in fluvial erosion rates, isostatic erosional rebound may have affected the Ebro 
basin and promoted the continuation of valley entrenchment. This could also 
explain the slightly increased vertical terrace spacing in the foreland relative to 
the intramountain reaches (e.g., section 2.4.2.).  

 The regional consistency of staircase geometries in the southern Pyrenees 
foreland (e.g., Table 2.2) argues for uniform tectonic uplift or base level lowering. 
Delayed lithospheric isostatic flexural response to the large scale erosion after the 
endo–exorheic transition of the Ebro basin provides another mechanism for 
Middle–Late Pleistocene uplift and late stage valley entrenchment in the Ebro 
foreland and the lower Segre. Although, several studies on Iberian river systems 
invoke contemporaneous Quaternary uplift to be responsible for terrace staircase 
preservation (e.g., Baartman et al., 2011; Viveen et al., 2012), in the case of the 
lower Segre terrace staircase it would need (i) additional tectonic evidence to 
actually prove the existence of uniform uplift in the southern Pyrenees foreland, 
and (ii) a plausible explanation and quantification of the mechanism(s) that cause 
retardation of flexural isostatic response to the erosional unloading after the Ebro 
basin opening. 

2.5.2. Base level mechanisms 

 An alternative solution for staircase preservation and vertical terrace incision in 
the lower Segre (Table 2.1; Fig. 2.7) is a climatically driven and base level 
controlled staircase development. The present-day longitudinal profile of the 
Segre River (i.e. extended to the Mediterranean Sea; Fig. 2.12) shows a close to 
equilibrium stream profile, particularly for the lower and middle reaches. The 
longitudinal profile can be segmented in a steep upstream course (100 m km-1, 
segment 1, Fig. 2.12), flattened upper reaches (8 m km-1; segment 2, Fig. 2.12) 
followed by a concave and low gradient profile in the middle and lower reaches 
(0.5–3 m km-1, segment 3, Fig. 2.12). The recent positions of major knickpoints in 
the Segre profile (e.g., K 1 and K 2, Fig. 2.12, inset) are situated upstream of the 
first major tributary junction of the Segre (i.e. Valira River) and also coincide with 
a change to erosion resistant (igneous) bedrock that retards the headward 
propagation of incision and the gradation of the upper Segre profile (e.g., 
Cerdanya basin, segment 2, Fig. 2.12). Downstream of these knickpoints, the 
present-day middle and lower Segre (segment 3, Fig. 2.12) has a close to 
equilibrium, concave-up stream profile that is base level adjusted to the 
Mediterranean Sea.  

 Before the Ebro drainage system could adjust to the Mediterranean sea-level, 
the Ebro River had to breach the Catalan coastal ranges (CCR, Fig. 2.1), which 
form the eastern structural border of the Ebro foreland basin. The CCR consist of 
relatively erosion-resistant Mesozoic rocks and Palaeozoic magmatics (mapa 
geológico 1:200,000, IGME, sheets 34–35, 41–42) that contrast with the erodible 
sedimentary (Tertiary) infill of the Ebro foreland basin. At this stage, the timing of 
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CCR downcutting is not yet constrained, but it is possible that after the endo-
exorheic transition the CCR temporarily functioned as a base level situated 
upstream of the sea outlet. Thus, the downcutting of the Ebro breach through the 
CCR may have controlled the stream profile lowering (incision) in the Ebro River 
and in the Pyrenean tributaries. Different to the present-day longitudinal stream 
profiles that are graded to sea-level, the (semi)parallel palaeo-river gradients (i.e. 
Pleistocene terrace profiles) require much higher base level positions, for 
instance 180 m asl for the highest regional terrace level (e.g., T 1, Table 2.2) and 
c. 110 m asl for the Segre TQ 1.  

 
Figure 2.12 Present-day longitudinal profile of the Segre River extended to the Mediterranean 
Sea (black solid line), including Quaternary terrace records (small coloured squares) upstream of 
the Ebro–Segre confluence. Perturbations of the present-day Segre profile due to artificial 
damming (e.g., km 110) and DEM resolution (e.g., km 180). Segre Incision magnitudes in the 
lower–middle Segre valley since the Ebro Basin opening (dotted line; black arrows) and during 
the Quaternary (dense dotted line; red arrows) interpolated from the major profile knickpoint in 
the Segre toward the Ebro basin outlet in the Catalan coastal ranges. Inset: Prominent profile 
knickpoint in the upper–middle Segre. Lithological units downstream of the Cerdanya Basin (i.e. 
transition from segment 2 to 3). 

 We therefore hypothesize that for the major part of its exorheic evolution, 
presumably until Late Pleistocene times, the Catalan coastal ranges may have 
functioned as an Ebro drainage network base level. A first DEM-based dataset 
shows a stepped morphology of the Ebro breach in the CCR with at least three 
plateau-like topographic levels (e.g., 600, 400 and 200 m asl, Fig. 2.13). The origin 
of the staircase-like topography is not yet investigated and could be related to 
both tectonic structures and episodic fluvial incision and lateral erosion. 
Supposing a fluvial development, all topographic levels rise above the potential 
early Quaternary base level (i.e. regional terrace T1, 180 m asl; dense dotted 
gradient, Fig. 2.12) and would therefore predate the Middle–Late Pleistocene 
terrace staircase development. 
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 Different to the ample cross-sections associated with the higher topographic 
levels of the Ebro breach in the CCR (600–200 m asl, Fig. 2.13) the late stage 
passage of the Ebro River is a relatively narrow gorge that records intensified 
downcutting of the CCR. The steep lateral hillslopes argue for relatively rapid and 
continuous incision from c. 200 to 20 m asl, which would span all the estimated 
base level positions for the regional Pleistocene terrace staircase levels in the 
Pyrenean tributaries (e.g., Table 2.2). 

 
Figure 2.13 South to northeast cross-section of the Catalan Coastal Range (CCR) where the Ebro 
River breaches the chain towards the Mediterranean Sea. The preserved topographic levels of the 
inner breach are marked by dashed lines. The latest downcutting of the CCR is represented by the 
narrow gorge of the present-day Ebro River. 

 But what are the triggers behind the late stage downcutting of the CCR breach 
during presumably Middle–Late Pleistocene times? It is likely that a combination 
of climatic and tectonic controls is responsible for the latest entrenchment of the 
Ebro into the Catalan coastal ranges. Potential mechanisms relate to progressive 
isostatic rift flank uplift in the Catalan coastal ranges (e.g., García-Castellanos et 
al., 2003) in response to ongoing Neogene extension in the Valencia trough in the 
western Mediterranean (Gunnel et al., 2008; Carozza and Delcaillau, 1999). 
Beyond this flexural mechanism, we assume that colder and wetter climatic 
conditions after the MPT increased the erosive capacity of the rivers and may 
have contributed to an intensification of fluvial network entrenchment in the 
Ebro basin and also in the CCR. 

 Because the (extended) stream profiles of the middle and lower Segre do not 
provide clear evidence for migrating knickpoints – neither in the present-day 
stream profile nor in the terrace profiles – knickpoints might already have 
propagated until the intramountain reaches with its harder lithologies and 
detachment limitations (e.g., K1 and K2; Fig. 2.12, inset). Surprisingly, not the 
Segre tributary river, but instead the main river Ebro discloses a profile knickpoint 
upstream of the Ebro–Segre confluence (Fig. 2.14, inset). At this stage, the most 
plausible explanation is to suppose a persistent (Pleistocene) knickpoint position 
related to confluence effects, because the Segre catchment drains the discharge 
of major parts of the southern central and eastern Pyrenees (Fig. 2.2, inset). 
Hence, it is likely that during Pleistocene cold climate periods, intense meltwater 
discharges from the Pyrenean glaciers increased the erosive power of the Segre 
tributary system, whereas upstream of the Ebro-Segre confluence, the Ebro 
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yielded its discharge from rivers sourcing in the less glaciated and dryer Iberian 
Range and southwestern Pyrenees (Calvet, 2004).  

 
Figure 2.14 Present-day topography and drainage pattern in the lower, southeastern Ebro basin. 
Inset: Stream profile segment of the lower Ebro River, showing a prominent knickpoint that 
coincides with the location of the Ebro–Segre confluence. The lower Segre River has an 
equilibrated stream profile with no significant knickpoint (cf. Fig. 2.12). 

 

2.6. Conclusions  

 This investigation has demonstrated that the Segre River terrace staircase may 
result from a combination of external factors involving climate variability, flexural 
isostasy and base level controls.  

 In this paper we presented the major terrace levels of the Segre staircase, which 
reveals conspicuous morphological analogies with other terrace systems in the 
southern Pyrenees foreland. The regional consistency in terrace elevations points 
toward uniform terrace staircase development in the southern Pyrenees under 
common external (climatic and tectonic) controls. 

 Terrace deformation and extensive gravel thickness in the Segre are local 
anomalies that are mainly observed in tectonic basins in the upper middle 
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reaches and along the foreland transition. They seem to be related to ongoing 
Neogene extension in intramountain basins and gypsum-related anticline uplift in 
the southern Pyrenees piedmont. 

 In the Ebro basin, a significant (palaeo)environmental change is indicated by the 
morphological change from extensive low gradient denudation surfaces to 
relatively narrow and deeply entrenched river valleys and terrace staircases. With 
regard to terrace exposure ages from the Cinca River (Sancho et al., 2007), this 
transition potentially coincides with the Mid-Pleistocene climate transition (MPT) 
and the onset of 100-kyr orbital climate cycles. Subsequently, the climatic 
cyclicity of Pleistocene glacials and interglacials caused alternating periods of 
fluvial incision and sediment aggradation (i.e. terrace formation). 

 The deep entrenchment of the Segre River in the Ebro foreland basin is probably 
the result of a combination of tectonic and climatic controls. After the endo–
exorheic transition, increased fluvial erosion throughout the Ebro foreland basin 
might have triggered regional erosional isostatic rebound that, assuming a 
delayed response to the erosional unloading, could explain the slightly larger 
vertical spacing of terraces in the lower Segre. An alternative mechanism relates 
to climate reinforced incision in response to enhanced stream power and erosive 
capacity of rivers following the MPT, and base level controlled by the gradual 
downcutting of the Ebro breach in the Catalan coastal ranges. 
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3 Terrace staircase development in the southern 

Pyrenees foreland: inferences from 10Be terrace 
exposure ages in the Segre River 

 

Abstract 

 The fluvial network of the southern Pyrenees is an example of transverse drainage 
systems in a young (alpine) mountain belt and it features well preserved fluvial terrace 
records. Some of the major southern Pyrenees tributary rivers were previously studied 
and have some age controls on their fluvial terrace levels. We extend these records to 
one of the largest southern Pyrenean streams, the Segre River. In this paper, we present 
DEM- and field-based observations and new terrace exposure ages obtained from in situ 
produced terrestrial cosmogenic nuclides. The focus of this paper is set to unravel the 
climatic controls on terrace (staircase) formation in the Segre River.  

 The Segre terrace staircase is built up by seven major terrace levels, ranging from 3–112 
m above the present-day active channel [m a.f.]. The prominent upper and middle 
terraces TQ 1, TQ 2, TQ 3 and TQ 4 were sampled for 10Be exposure dating. Exposure 
ages were calculated using Monte Carlo parameter simulations. Additionally, results 
were evaluated using a profile rejuvenation technique that accounts for variable 10Be 
inheritance in the individual samples. The Monte Carlo simulations yielded Middle to 
Late Pleistocene exposure ages involving denudation rates of 3–8 mm ka-1: TQ 1 (202 ka; 
MIS 7); TQ 2 (139 ka, MIS 6); TQ3 (100 ka, MIS 5); and TQ4 (62 ka, MIS 4). Results 
indicate that in the Segre the abandonment of extensive palaeo-floodplains coincides 
with Middle–Late Pleistocene cold–warm climatic transitions (or early stages of 
interglacial periods). Accordingly, major floodplain aggradation occurred during cold-
climate (glacial) conditions of MIS 8, MIS 6, and MIS 4. The exposure age for terrace TQ3 
(i.e. MIS 5) indicates that terrace formation may also occur during relatively warm 
isotope stages with sufficient cold–warm climatic fluctuations. Morphologically, the 
Segre terrace staircase shows similarities with adjacent fluvial systems in the southern 
Pyrenees, including a relative consistent terrace chronology. Both staircase geometries 
and chronological constraints indicate regionally synchronous phases of floodplain 
aggradation and incision in response to glacier fluctuations and climate variability in the 
Pyrenees, since presumably the Mid-Pleistocene climate transition. 

 

This chapter is based on: Stange, K.M., van Balen, R.T., Carcaillet, J., Vandenberghe, J., 
2013 (b). Terrace staircase development in the southern Pyrenees foreland: inferences 
from 10Be terrace exposure ages at the Segre River. Global and Planetary Change 101, 
97–112. 
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3.1. Introduction  

 The formation of river terrace staircases is commonly attributed to changing 
climatic conditions in combination with tectonic uplift (e.g., Bridgland, 2000; 
Houtgast and Van Balen, 2000; Veldkamp and Tebbens, 2001; Westaway et al., 
2002; Vandenberghe, 2003; Peters and Van Balen, 2007; Carcaillet et al., 2009). 
Climate variability causes changes in vegetation cover and runoff, controlling 
discharge and sediment supply within a fluvial system (Bridgland, 2000; 
Vandenberghe, 2002). Hence, climatic boundary conditions indirectly control 
whether floodplain aggradation or vertical incision is favoured along a river and 
may also determine drainage plan views and channel morphology (Kasse et al., 
1995; Vandenberghe, 2003). The general consensus is that the repetition of 
Pleistocene glacial–interglacial climate cycles causes an alternation of aggradation 
and incision in a river (e.g., Bull, 1990; Bridgland and Westaway, 2008; Gibbard 
and Lewin, 2009) that – probably in combination with tectonic uplift (e.g., 
Westaway et al., 2002) – results in the development of river terrace staircases 
around the globe (Bridgland and Westaway, 2008).  

 During the last decades, numerous studies investigated on terrace formation and 
fluvial response to external forcing (e.g., Bull, 1990, 1991; Vandenberghe, 1995; 
Kasse et al., 1995; Maddy et al., 2001; Bridgland and Westaway, 2008). It is 
generally accepted, that the key to unravel fluvial landscape development and 
terrace staircase formation is to understand the impact of unstable periods 
during major climatic transitions (Vandenberghe, 2008) and to assess the 
(nonlinear) response mechanisms of rivers to changes in climate, base level and 
tectonics (e.g., Schumm, 1993; Tucker and Slingerland, 1997; Maddy et al., 2001; 
Van Huissteden and Kasse, 2001; Gibbard and Lewin, 2009; Cheetham et al., 
2010). 

 The relative impacts of external factors like climate and uplift on drainage 
development and terrace formation are difficult to assess and their quantification 
is often complicated by delayed and nonlinear response of the fluvial systems to 
external forcing (complex response, e.g., Schumm and Parker, 1973; 
Vandenberghe, 1995; Tucker and Slingerland, 1997; Vandenberghe and Maddy, 
2001; Cheetham et al., 2010). Hence, in order to unravel the external controls of 
terrace formation, it requires good chronological constraints on the associated 
fluvial processes, such as floodplain aggradation, subsequent floodplain 
abandonment, and eventual dissection by vertical incision of a river. Among 
others, Maddy et al. (2001) proposed a renewed climate–driven terrace 
development model, including periods of floodplain aggradation, and major and 
minor phases of fluvial incision and lateral erosion in response to Pleistocene 
glacial–interglacial climatic cyclicity. Accordingly, glacials and interglacials are 
relatively stable periods of reduced river activity – e.g., nival discharge regime 
during glacials; precipitation driven discharge and single-channel patterns in 
interglacials (Kasse et al., 1995; Maddy et al., 2001; Vandenberghe, 2008). Two 
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episodes of vertical incision, a phase of major down cutting at glacial–interglacial 
transitions and a second minor incision phase during warm–cold transitions are 
distinguished (Maddy et al., 2001). In addition, tectonic uplift has been invoked to 
be an important external control on valley entrenchment and long-term incision 
of a river (Maddy et al., 2000; Westaway et al., 2002).  

 In order to assess the impacts of climate and tectonics on fluvial systems and 
terrace staircase formation, it is essential to constrain the local and regional 
tectonic settings, to investigate the onsite morphology, and to establish age 
constraints on the individual terrace levels of a staircase. In this paper we present 
morphological observations and new 10Be terrace exposure ages in the lower 
Segre River that enable us to propose a terrace staircase chronology for the Segre 
River and to evaluate on the effects of external parameters like Quaternary 
climate variability on terrace staircase development and valley entrenchment in 
the Ebro foreland basin. 

 

3.2. Regional settings  

 The fluvial terrace staircases of the southern Pyrenees streams are well suited to 
investigate fluvial landscape development and the dynamic interaction of rivers 
with Quaternary climate variability, tectonics and structural controls, thanks to 
the excellent preservation conditions in the semiarid Ebro basin and the relatively 
detailed glacial chronology for the Pyrenees (Fig. 3.1). The Ebro foreland basin 
underwent a long endorheic period until presumably late Miocene times (e.g., 
Garcia-Castellanos et al., 2003; Babault et al., 2006). The basin opening and 
connection to the Mediterranean Sea caused a base level lowering in the fluvial 
systems. This, in turn, triggered wide-spread erosion throughout the foreland 
depression, which was filled by syn- and postorogenic molasses from the 
Pyrenees (Babault, 2004) and lacustrine sediments, previously deposited in a 
large lake located in the lower eastern part of the endorheic Ebro basin (Garcia-
Castellanos et al., 2003).  

 One of the largest southern Pyrenees tributaries of the Ebro foreland river is the 
Segre River (Fig. 3.1). The Segre is about 270 km long and drains large parts of the 
southern slope of the central and eastern Pyrenees (c. 20,000 km2, including the 
Cinca River catchment, Fig. 3.1, inset). In particular along its foreland stretch (i.e. 
lower reaches) the Segre has a well preserved staircase of fluvial terraces. 
Extensive terrace staircases are present in most of the major tributary valleys, for 
instance in the Cinca and Gállego rivers. These terrace successions have been 
studied previously (e.g., Peña, 1983; Rodríguez Vidal, 1986; Sancho, 1991) and 
most of the prominent terrace levels have been dated (Sancho et al., 2003, 2007; 
Lewis et al., 2009). As for the terraces in the lower Segre, no absolute age 
constraints exist at present. 
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 Based on field observations, DEM analyses, and previous studies in the Segre 
valley (e.g., Peña 1983), seven major terrace levels were identified ranging from 
3–113 meter above the present-day active channel of the Segre ([m a.f.]); TQ1 
being the oldest and TQ7 the youngest and lowest terrace (Fig. 3.1; Stange et al., 
2013a). In the adjacent rivers Cinca and Noguera Ribagorzana (Fig. 3.1; Lewis et 
al., 2009; Peña et al., 2011) terrace staircase geometries are relative consistent 
and argue for uniform climatic and tectonic conditions in the southern Pyrenees 
foreland during staircase formation.  

 
Figure 3.1 Overview of the Study area and the foreland records of terrace remnants in the rivers 
Segre, Noguera Ribagorzana (Peña 1983) and Cinca (Lewis et al. 2009), including main 
agglomerations and sampling sites for exposure dating. Inset, left: Topographic map and major 
river catchments in the southern Pyrenees: Gállego River (orange), Cinca River (green), and Segre 
River (red). 

 Based on numerous glacial records, it is known that during the Quaternary the 
Pyrenees were glaciated several times (Calvet, 2004; Delmas et al., 2012). In the 
southern Pyrenees glaciers remained restricted to the interior valleys of the 
Pyrenees axial zone (Pallàs et al., 2006; Lewis et al., 2009). This is mainly owed to 
the persistent semiarid continental climate in the southern Pyrenees, which result 
from an orographic (shielding) effect. The east–west striking Pyrenees (Fig. 3.1, 
inset) shield the (leeside) southern flank from the North Atlantic west wind 
circulation that is the major carrier of moisture and precipitation to the Pyrenean 
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region. Evidence for the glacial maximum in the southern Pyrenees comes from 
well-preserved and previously dated morainic ridges (cf. Sancho et al., 2003, 
2004; Turu and Peña, 2006; Pallàs et al., 2006). Terrain analyses in the Segre 
valley revealed the transition from a U-shaped (glacial) to V-shaped (fluvial) valley 
geometry between 800–900 m asl (i.e. upper Segre reaches). Along the middle 
reaches mainly the lower and younger terraces are preserved, but longitudinal 
correlations are complicated by the lack of complete staircase successions and 
neotectonic activity (e.g., Turu and Peña, 2006; Stange et al., 2013a). Therefore, 
sampling sites for exposure dating are chosen downstream of the foreland 
transition where the Segre features the best preserved terrace records (Fig. 3.1). 
In this paper, we present new 10Be exposure ages for the prominent high and 
middle terraces of the Segre River (i.e. TQ 2 – TQ 4), and the extensive terrace 
level TQ 1 in the Noguera Ribagorzana River, which drains parts of the central 
southern Pyrenees and is one of the major foreland tributaries of the Segre. 

 

3.3. Methods 

 The individual Segre terrace levels have been mapped with a high resolution 
DEM (e.g., Stange et al., 2013a) that was provided by the Spanish Centro Nacional 
de Informacíon Geográfica (CNIG; modelo digital de terreno, 5 m res.). Existing 
thematic maps (CNIG, IGME) and previous publications on the Segre terraces 
(e.g., Peña, 1983; Turu and Peña, 2006) are considered in this study. The digital 
mapping was completed and validated by fieldwork, and longitudinal palaeo-river 
(or terrace) profiles have been established. The longitudinal terrace correlations 
are based on elevations above the present-day active channel, terrace extents 
and vertical spacing, morphogenetic positions in the Segre valley, sedimentary 
structures and thickness, and characteristic postdepositional features (e.g., 
degradation scarps, sediment weathering, and calcrete indurations). Seven major 
terrace levels have been classified, which locally may be divided into sublevels. 
The regional scale and aim of this research entails that (metre-scale) sublevels are 
assigned to the corresponding major terrace level. The prominent high and 
middle terraces TQ 1 – TQ 4 have been sampled for exposure dating using in situ 
produced terrestrial cosmogenic nuclides of beryllium (10Be).  

3.3.1. Exposure dating by TCN concentration-depth-profiles 

 The production of cosmogenic nuclides in the atmosphere and uppermost 
lithosphere is induced by cosmic radiation, which initiates a cascade of nuclear 
reactions of primary ( -particles and protons) and secondary cosmic ray particles 
(neutrons and muons) with atomic target nuclei (Gosse and Phillips, 2001; Dunai, 
2010). In the subsurface, the flux of nuclear particles, and thus the production 
rate of TCN (P(z)), exponentially decreases against the mass of overlying material, 
following 
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                                                             ( ) = (0) /                                                      (1) 

where P(0) is the surface production rate, z the depth below surface [cm],  the 
density [g cm-3] and  the attenuation length of neutrons and muons [g cm-2]. 
Attenuation lengths limit TCN-production to the upper few meters of the 
lithosphere. Neutron generated TCN-production dominates near the surface (   
150 g cm-2; Brown et al., 1992, 1995) and muogenic components increase with 
depth (   1,500 g cm-2 and 4,320 g cm-2 for slow and fast muons, respectively; 
Heisinger et al., 2002a,b). Good constraints on the time-dependent flux of cosmic 
radiation and the depth-dependent TCN (subsurface) production curve enable to 
determine the sediments exposure time to cosmic radiation (e.g., Gosse and 
Phillips, 2001). But, TCN production rates vary in relation to (geomagnetic) 
latitude and altitude (Raisbeck and Yiou, 1984; Lal, 1991), and cosmic ray fluxes 
are also influenced by in situ topographic shielding. Hence, a site-specific 
parameter adjustment is necessary to adequately estimate the in situ subsurface 
production of the considered cosmogenic nuclide. 

 Pebble-based depth-profiles have been used to assess the time- and depth-
dependent in situ production of 10Be on site. This approach relies on the 
hypotheses that the sampled fluvial sediment (i) was not long exposed prior to 
fluvial reworking and final deposition, (ii) was transported by the river over a 
short period of time relative to the exposure age, (iii) was not significantly 
affected by postdepositional alteration, (iv) was derived from the same source, 
and (v) the pebble-based depth profile was deposited during the same (major) 
aggradation period. The presented terrace exposure ages are based on 10Be/9Be 
nuclide ratio in the samples. Because 10Be concentrations continuously increase 
with exposure time after final sediment deposition, the 10Be exposure age marks 
the termination of active floodplain aggradation (e.g., Dunai, 2010) and the 
potential onset of vertical fluvial incision in a river. 

Sampling strategy 

 The sampling sites were chosen with regard to minimize potential 
postdepositional disturbance of the TCN-production in the profiles due to 
erosion, burial, deformation and topographic shielding. We sampled (pebble-
based) vertical profiles from the terrace surfaces to a subsurface depth of about 4 
m – i.e. about the theoretical cosmic ray infiltration depth (cf. Gosse and Phillips, 
2001; Dunai, 2010). In order to properly constrain the onsite TCN surface 
production, we collected at least three samples at or just below the surface. The 
samples were chosen regarding the desired target element quartz. Hence, we 
mainly collected pebbles and cobbles of quartzite, granite, gneiss and (Tertiary) 
conglomerates, the latter commonly containing large amounts of small quartzite 
pebbles. 

 TCN based concentration-depth-profiles may be disturbed by postdepositional 
erosion, burial and reworking of pre-exposed sediment (e.g., inherited TCN-
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concentration; Gosse and Phillips, 2001; Dunai, 2010). Interpreting exposure ages 
from gravel-based TCN concentration-depth-profiles thus requires good 
estimates on the burial and denudation history of the terrace surfaces. The 
Monte Carlo modelling results presented in this study take into account these 
potential geomorphic processes. Since the amount of postdepositional burial is 
difficult to estimate (e.g., deficient in situ preservation) and may involve several 
stages of temporary burial, we aimed at minimizing potential effects on the 
depth-profiles by selecting isolated and extensive terrace treads (e.g., plateau-like 
remnant hills). Accordingly, the selected sites are disconnected from potential 
sediment sources and, hence, have negligible postdepositional sediment (debris) 
cover. This approach enables to constrain potential burial to syndepositional 
phases (e.g., TQ 1 sampling site at Almenar) and early postdepositional periods, 
which have only a minor effect on the 10Be/9Be ratios in the depth-profiles. 
Postdepositional erosion has a relatively strong impact on exposure age 
calculations. The amount of potential erosion (degradation) in the profiles was 
estimated on the basis of morphological and pedological observations on site 
(e.g., net erosion in [cm]). 

Laboratory analyses 

 In collaboration with ISTerre Grenoble the target atom (beryllium) was extracted 
from quartz contained in the cobbles. At first, the cobbles were crushed, sieved, 
and decarbonized. After the quartz was isolated from unwanted mineral phases, 
nonmagnetic fractions of 250–500 μm were produced and repeatedly leached 
with a mixture of 2:1 H2SiF6/HCL (cf. Brown et al., 1991). In order to remove 
potentially remaining components of atmospheric 10Be, the samples were three 
times partially dissolved in HF (  30  loss of mass; Brown et al., 1991). Further 
chemical treatment was done following Merchel and Herpers (1999), involving (i) 
total sample dissolution in HF, (ii) evaporation and dissolution of fluoride 
residues, (iii) exchange of cations and anions in order to isolate and extract the 
desired target element beryllium (exchange resins used: DOWEX 1x8 100–200 
mesh, DOWEX 50wx8 100–200 mesh), and (iv) sample oxidation in a furnace for 
further processing and isotope measurements via accelerator mass spectrometry 
(AMS). The beryllium oxides were measured for 10Be/9Be ratios at the French 
ASTER AMS facility (LN2C–CEREGE). The 10Be/9Be ratios were calibrated against 
NIST Standard Reference Material 4325 with an assigned 10Be/9Be ratio of 
2.79*10-11 (Nishiizumi et al., 2007). Based on the calibrated 10Be/9Be nuclide 
ratios the amount of in situ produced cosmogenic 10Be [at g-1] was determined. 
Analytical uncertainties include uncertainties associated with AMS counting 
statistics, AMS external error (0.5 ), standard reproducibility and chemical blank 
measurements (Table 3.1). Uncertainties have been propagated through the 
Monte Carlo parameter simulations (Hidy et al., 2010) and are reported within 
the uncertainties of the resulting exposure ages. 
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Table 3.1 Overview of the individual samples of each depth-profile, lithology of the sampled 
clasts, sampling depths below the surface, thickness of the pebbles (height axis), mass of quartz 
dissolved in HF for further chemical treatment and AMS measurements, mass of 9Be spike added 
before sample dissolution in HF, 10Be/9Be ratios obtained from AMS measurements and corrected 
for BeO blank (10Be/9Be ratios of blank BKGRE51: 3.11899-15 with an analytical uncertainty of 
38%; blank AMS machine: 7.57689-16, 30%), analytical uncertainties of AMS measurements, 
calculated 10Be concentrations in the samples used for exposure age modelling, the total 
measurement error involving analytical uncertainties and a conservative laboratory error of 2%, 
and the geographic position of the sampling sites measured on site. 

3.3.2. Exposure age calculations from cosmogenic nuclides 

Monte Carlo simulations 

 We modelled exposure ages from TCN concentration-depth-profiles applying a 
Monte Carlo simulation technique that was previously used by Hidy et al. (2010). 
This approach incorporates site-specific parameter variability and permits the 
determination of exposure age, erosion rate and inherited TCN-concentration. 
The Monte Carlo simulations were done with the 10Be profile simulator 1.2 (Hidy 
et al., 2010; Mercader et al., 2012), following the equation (2) 

 ( , , ) = ( ) , 1 + + , ( ),  

with  being the concentration of nuclide  as a function of depth (z), erosion 
rate ( ), and time (t), i referring to the various production ways for nuclide m via 
neutron spallation, fast muon spallation and slow muon capture, P(0)m,i is the site 
specific surface production rate for nuclide m by production pathway i (atoms g-1 
a-1), z is the cumulative bulk density at depth [g cm-3], i is the attenuation length 
of production pathway i [g cm-2], m is the decay constant for radionuclide m (a 1), 
and (Cinh,m ) being the inherited (pre-exposure) concentration of nuclide m. 

The Monte Carlo simulations (Hidy et al., 2010) have been run with neutron 
induced spallogenic surface production rates derived from the site-specific scaling 
scheme by Stone (2000; modified from Lal, 1991). This scaling scheme applies a 
10Be reference production rate at high latitude sea-level of 4.5 atoms g-1 a-1 (± 
3 ). The muogenic component in TCN-production was calculated using a depth-
dependent curve-fit to muon production (cf. Balco et al., 2008) that is based on 
the theoretical production equations by Heisinger et al. (2002a, b) and assumes 
that the latitudinal effect on muon flux is negligible (Hidy et al., 2010). The 
systematic errors related to production rates (3 ) and radionuclide half-life (c. 
1 ; 10Be half-life: 1.387 ± 0.012 Ma; Chmeleff et al., 2010) are factored into the 
uncertainties associated with the exposure age results. We assumed that bulk 
densities in the profiles are relatively constant, with exception of TQ 1 (see 
below). We used an average density of 2.2 ± 0.2 g cm-3 that is in agreement with 
empirical studies on bulk densities of soils with abundant rock fragments (Vincent 
and Chadwick, 1994) and previous exposure dating of gravel-based terrace depth-
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profiles (Hidy et al., 2010; Viveen et al., 2012). The amount of potential erosion 
estimated for each sampling site was included in the simulations (e.g., parameter 
net erosion, [cm]). The values of net erosion represent minimum estimates on 
surface denudation. Preliminary estimates on inherited (pre-exposure) 10Be 
concentration in the profiles were derived from the sample with the lowest 
concentration in the profile (i.e. mostly one of the deepest samples). Taking into 
account potential variable inheritance in the samples, 10Be inheritance in the 
depth-profiles was modelled as a free Monte Carlo parameter. After confining all 
required parameters, the Monte Carlo simulations generated realistic parameter 
combinations from 2 probability distributions (e.g., Hidy et al., 2010) in order to 
produce solutions to the theoretical TCN production curve on site. For simplicity, 
the simulations did not incorporate potential variations of TCN production rates 
resulting from temporal variations in geomagnetic field intensity. The fact that 
the sample-profiles did not pass the 2  confidence window of the simulations 2 

parameter solution spaces could be owed to unequal components of inherited 
10Be concentrations in the samples. Consequently, we manually increased the 
simulations’ 2-cut-off values, allowing for best fit solutions of our data to the 
theoretical production curve and the site specific parameter setup. The Monte 
Carlo simulations were iterated sufficient times in order to yield at least 250,000 
profile solutions. Although such approach does still not permit us to quantify 
uncertainties on a 2  confidence level regarding the parameters’ solution spaces, 
it enables to produce most probable terrace exposure ages (Hidy et al., 2010).  

 Exposure ages based on depth-profiling techniques are particularly sensitive to 
erosion affecting the terrace surface. Accordingly, in a case where erosion is 
underestimated also the calculated exposure ages are too young. Because we 
estimated minimum values for surface denudation, the best-fit exposure age 
results have thus to be regarded as minimum age estimates. The exposure ages 
presented in this paper are based on probability density functions derived from 
the 10Be profile simulator 1.2 (Hidy et al., 2010; Mercader et al., 2012). 

The profile rejuvenation approach 

 In addition to the Monte Carlo simulations, we applied a profile rejuvenation 
method (e.g., Le Dortz et al., 2012) in order to obtain independent exposure ages 
for the 10Be-concentration-depth-profiles. Using the profile rejuvenation 
approach, we aimed at evaluating the quality of the Monte Carlo simulations. The 
rejuvenation method has the advantage to take into account variable 10Be 
inheritance concentrations in the samples and thus may provide a better 
approximation on the actual in situ produced 10Be concentrations in the profiles. 
But, the profile rejuvenation model is predicated on basic assumptions such as (i) 
insignificant postdepositional erosion, (ii) relatively short and continuous 
aggradation, and (iii) sediment supply from the same source. The fourth 
assumption (iv) is that at least one sample of the depth-profile was emplaced 
with no inherited TCN component. In a first step, specific exposure ages are 
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calculated individually for each sample considering the subsurface depth of each 
sample and assuming zero inheritance. The sample with the youngest resulting 
age is assumed to contain no inherited 10Be and is used to determine a maximum 
exposure age (i.e. floodplain abandonment). Subsequently, the concentrations of 
the other samples in the profile are computed for the in situ produced 10Be 
component and their excess concentrations represent the inherited 10Be 
concentration in each sample. To determine the site specific surface production 
rates we used the polynomial scaling scheme by Stone (2000). We assumed a 
constant density of 2.2 g cm-3 for the profiles. The attenuation lengths for the 
various production pathways were derived from Braucher et al. (2003;   160 g 
cm-2,   1,500 g cm-2,   4,320 g cm-2 for neutron spallation, slow muon capture 
and fast muon spallation, respectively). Eventually, the 10Be inheritance 
concentrations and exposure ages were calculated with CosmoCalc (cf. 
Vermeesch, 2007), including 2- minimization using Excel Solver. 

 

3.4. Sampling sites and exposure age results 

3.4.1. Terrace level TQ 4 

 Terrace TQ 4 is the lower level of the middle terrace complex at the Segre River 
and is situated 35–47 m above the present-day active channel (Stange et al., 
2013a). In the lower reaches TQ 4 stretches out below the shoulders of the inner 
Segre valley (Fig. 3.2), holding the best-preserved record of the lower Segre 
terraces (TQ 5–7, Fig. 3.1). In comparison with the higher terrace levels, TQ 4 
remnants have only limited extent. Nevertheless, this level is well-traceable along 
the lower reaches and is preserved near Balaguer, Corbins, Lleida, Mare de Deus, 
and at Serós (Fig. 3.1). 

 
Figure 3.2 Characteristic cross-section from west to east of the terrace staircase in the lower 
Segre near the town of Serós, Ebro foreland basin (for location see Fig. 3.1). 

 Terrace TQ 4 was sampled near the town Balaguer, in an exposure located at the 
natural terrace scarp of TQ 4 (site TQ 4, Fig. 3.1) that was further excavated 
during canalization works (Fig. 3.3). The horizontal terrace surface on site has 
considerable extent, and a flat and even shape. The outcropping gravel has a 
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thickness of 5 m, which is consistent with the general TQ 4 sediment thickness in 
the lower Segre (4–7 m; Stange et al., 2013a). Gravel imbrications are in 
agreement with the southward flow-direction of the present-day lower Segre. 
The sediments show the typical lithologic composition of the Segre terrace levels, 
indicating provenance from the Pyrenees axial zone (e.g., Stange et al., 2013a). 
The outcrop section (Fig. 3.3) can be subdivided in a lower gravel body (150–500 
cm below surface) with predominant coarse gravels up to 40 cm in diameter, and 
an upper section (50–150 cm below surface) that discloses fining upward trends 
and a generally smaller clast size. The formation of a brownish soil completes the 
outcrop section to the surface (Fig. 3.3). The soil cover is rather thin and extends 
only 50 cm below the surface (Fig. 3.3, inset centre). Soil formation did not result 
in characteristic horizons, and leaching and oxidation processes are negligible. 
The observed soil thickness and pedological properties indicate a relatively young 
age of the soil. The homogeneous gravel exposure argues for continuous gravel 
deposition during (TQ 4) floodplain aggradation. The outcrop does not show signs 
of depositional or erosive unconformities, and neither fluvial channels nor gullies 
are observed. 

 
Figure 3.3 Sampling site of terrace TQ 4 at an outcrop located northeast of Balaguer (cf. Fig. 3.1). 
Inset, right: Major stratigraphic units of the outcrop and position of the depth-profile samples for 
in situ produced 10Be exposure dating. Inset, centre: Characteristic postdepositional features of 
the outcrop (close up from the left edge of the background photo) showing soil formation to a 
subsurface depth of about 50 cm and calcrete indurations at the contact of the upper and lower 
units (e.g., cobble layer; background). (For colours see digital version of the thesis.) 
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 The most striking postdepositional feature is the abundance of calcrete 
indurations, particularly in the lower part of the upper unit (100–150 cm below 
surface). Although the sandy pebble matrix is visibly consolidated (Fig. 3.3, inset 
centre) the sediment remains relatively permeable. Only at the contact with the 
lower gravel body (140–160 cm below surface, Fig. 3.3) calcrete indurations form 
cemented and impermeable horizons. In general, the calcareous crusts are local, 
discontinuous features and do not affect the sampled TCN-depth-profile. The 
abundance of calcification with low grades of consolidation is a common 
characteristic of TQ 4, which contrasts with the significantly consolidated 
sediments of older terrace remnants (e.g., TQ 2, TQ 3). The morphologically 
exposed position of the sampling site implicates low potential for 
postdepositional burial. As for postdeposional reworking, neither signs of bio- and 
cryoturbation nor tectonic deformation are observed. In addition, the continuous 
height of the sampled scarp of TQ 4 (Fig. 3.3), along with the flat and extensive 
shape of the terrace surface and the well preserved soil, argue for limited 
erosion, which makes the outcrop a suitable site for TCN exposure dating.  

Exposure age for terrace TQ 4 

 We sampled quartzite and granite cobbles down to a subsurface-depth of 300 cm 
(Fig. 3.3, inset right; Table 3.1). In order to properly constrain the onsite 10Be 
surface production we collected three samples at the surface. Two of the 
subsurface samples (depth at 140 cm and 200 cm, respectively) failed during AMS 
measurements and could not be used for the exposure age simulations. Potential 
postdepositional burial is regarded as negligible and surface denudation onsite is 
estimated at about 10–20 cm. In the Monte Carlo simulations these estimates 
were applied as the upper and lower limits for the net erosion parameter. The 
profile’s bulk density was estimated at 2.2 ± 0.2 g cm-3. Following the scaling 
scheme of Stone (2000), we calculated a site specific spallogenic production rate 
of 5.34 at g-1 a-1. The total muogenic surface production rate was calculated as 
0.197 atoms 10Be (g SiO2)-1 a-1 following Balco et al. (2008). During the Monte 
Carlo simulations exposure age, inheritance and erosion rate functioned as free 
parameters (i.e. no constraints). At first, the simulator was not able to produce 
solutions for the depth-profile, because the two surface samples B2-01 and B2-02 
(Table 3.1) contained very low concentrations. We assume that these samples are 
outliers that may have been recently excavated and deposited on site, possibly 
during agriculture or road construction works. After excluding the outliers from 
the simulation, the model accepted the remaining samples and produced 250,000 
profile solutions below a 2-cut-off-value of 25 (Fig. 3.4, centre). The Monte Carlo 
simulations determined 61.8 . .  ka to be the most probable exposure age of TQ 
4, involving an associated 10Be (profile) inheritance of 2,900 at g-1 and a surface 
denudation rate of 0.27 cm ka-1 (Fig. 3.4, right; Table 3.2). To test the Monte Carlo 
results for unequal concentrations of inherited 10Be along the profiles, we 
calculated the 8-sample-profile with the profile rejuvenation method, yielding an 
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exposure age of 48.5 ka. Although, the rejuvenation age is significantly younger, it 
indicates abandonment of TQ 4 during the same climatic period that was 
previously calculated with the Monte Carlo simulation. 

 
Figure 3.4 Monte Carlo simulation results for the TQ 4 concentration-depth-profile (cf. Table 3.1) 
as obtained from the 10Be profile simulator 1.2 (Hidy et al. 2010). Both profiles (left, centre) show 
the 10Be concentrations of the samples (small dots) and their associated uncertainties (box plots). 
The left profile shows the Monte Carlo simulation's best-fit 10Be production curve (solid line) 
corresponding to the presented 10Be exposure age of TQ 4. The centre profile shows all 250,000 
profile solutions (cluster of solid lines) for the applied parameter solution spaces. The right 
graphics show the Monte Carlo based probability density functions (pdf, solid lines, right) and the 
smoothed minimum 2 distributions (dashed lines, right) for exposure age, erosion rate and 10Be 
inheritance concentration. 

3.4.2. Terrace level TQ 3 

 Terrace TQ 3 is the upper level of the middle terrace complex at the Segre River 
and is situated 48–62 m above the present-day active channel (Stange et al., 
2013a). The sampling site of TQ 3 uphill of the village Menarguens (Fig. 3.1) is 
situated on an extensive right bank terrace remnant at the interfluve of the Segre 
and Noguera Ribagorzana rivers (Fig. 3.1). A perpendicular cross-section of this 
terrace discloses that TQ 3 ranges in height from 44–60 m a.f. and is inclined 
toward the present-day Segre River (c. 2.4 ; Fig. 3.5, inset left). Figure 3.5 shows 
that TQ 3 is strongly dissected by gullies that reach a depth of up to 15 m at the 
sampling site (Fig. 3.5, inset left). Along these channel dissections several 
outcrops of fluvial deposits of the Segre are exposed, presenting gravel 
thicknesses of up to 350 cm, which reflects the common (maximum) thickness of 
TQ 3 gravel deposits in the lower Segre. Morphological observations indicate 
negligible erosion and point, by comparison with the other terrace levels (TQ 1–
7), to generally less extensive sediment aggradation during the formation of TQ 3.  
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Figure 3.5 Outcrop of terrace TQ 3 sampled in a gully dissection near Menarguens (cf. Fig. 3.1). 
The gravel deposits indicate fining upwards trends (blue box) and gravel imbrications (dashed 
lines). Soil formation is marginal (depth ca. 15 cm, black line) and postdepositional calcification 
resulted in local calcrete cementation (dotted polygons). Inset, right: Location of the sampling 
site near an extensive gully (marked in yellow) up-hill of the town of Menarguens. Location of TQ 
3 cross-section (cf. inset, left) is marked in red. Source: Google Earth. Inset, left: West-east cross-
section of the sloping TQ 3 near Menarguens and position of the exposure sampling site. 

We sampled a well-preserved outcrop at 44 m a.f. located at the shoulders of the 
lower gully dissection (Fig. 3.5, inset left). The outcrop shows consistent gravel 
imbrications (e.g., dashed parallel lines, Fig. 3.5), coinciding with the present-day 
flow direction of the Segre. The gravels have a lithologic composition similar to 
other terrace exposures in the Segre. Although not well sorted, the sediments 
feature a general fining upward trend, indicating almost complete preservation of 
the fluvial sequence. The chosen sediment exposure is not affected by channel 
dissections or erosive unconformities. In addition, no indicators have been 
observed that would argue for a potentially eroded palaeo-soil (e.g., iron oxides 
and organics). Thus, onsite observations hint at negligible postdepositional 
alteration and continuous sediment deposition during a single aggradation cycle. 
The sandy sediment matrix exhibits abundance of carbonates that reach 
subsurface depths of about 2 m. Impermeable calcrete cementations have not 
been observed and soil formation is very limited, not reaching deeper than 15 cm. 
The latter could indicate minor denudation of the outcrop surface.  
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Exposure age for terrace TQ 3 

We collected three samples from the surface and six samples to a subsurface 
depth of 300 cm (Fig. 3.5). Taking into account the sparsely preserved soil we 
estimated net erosion on the site as 10–40 cm (upper and lower limits net 
erosion). The profile’s bulk density was estimated at 2.2 ± 0.2 g cm-3. The site 
specific TCN production rates (Stone, 2000) were calculated as 5.26 at g-1 a-1 
(spallogenic production rate, neutrons) and 0.196 atoms 10Be (g SiO2)-1 a-1 (total 
muogenic production rate; Balco et al. 2008). In the Monte Carlo simulations no 
constraints were imposed on parameters exposure age, inheritance and erosion 
rate. At first, no profile solutions could be generated by the 10Be profile simulator 
1.2, because surface samples M4-03 (Table 3.1) had a 10Be concentration too low 
to be fit with the depth-dependent theoretical production curve calculated for 
the sampling site. Therefore, we excluded this outlier from the simulations and 
increased the 2-cut-off value to 2 = 25. Eventually, the 10Be profile simulator 1.2 
accepted the measured concentration-depth profile (i.e. 8-sample-profile). The 
best-fit exposure age result was calculated as 99.6 .  ka, involving a 10Be 
inheritance concentration in the profile of 51,800 atoms g-1 and an erosion rate of 
0.36 cm ka-1 (Fig. 3.6; Table 3.2, see below).  

 
Figure 3.6 Monte Carlo simulation results for the TQ 3 concentration-depth profile (cf. Table 3.1) 
as obtained from the 10Be profile simulator 1.2 (Hidy et al. 2010). Both profiles (left, centre) show 
the 10Be concentrations of the samples (small dots) and their associated uncertainties (box plots). 
The left profile shows the Monte Carlo simulation's best-fit 10Be production curve (solid line) 
corresponding to the presented 10Be exposure age of TQ 3. The centre profile shows all 250,000 
profile solutions (cluster of solid lines) for the applied parameter solution spaces. The right 
graphics show the Monte Carlo based probability density functions (pdf, solid lines, right) and the 
smoothed minimum 2 distributions (dashed lines, right) for exposure age, erosion rate and 10Be 
inheritance concentration. 
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 We tested the measured concentration-depth profile regarding variable 10Be 
inheritance in the samples and calculated a rejuvenation profile. The profile 
rejuvenation approach yielded an exposure age of 95 ka for the 8-sample-depth-
profile. Within uncertainties, the profile rejuvenation age shows a good match 
with the Monte Carlo exposure age. That means negligible postdepositional 
erosion and 10Be inheritance variations in the samples. 

3.4.3. Terrace level TQ 2 

 Terrace TQ 2 is mainly preserved on isolated remnant hills with distinct 
elevations between 77–88 m above the present-day Segre. Due to its persistent 
elevation terrace level TQ 2 is well traceable along the lower reaches of the Segre 
River. The exposed position of TQ 2 remnant hills entails potentially intense 
postdepositional degradation, but some localities have gravel thickness of up to 5 
m preserved (i.e. common maximum thickness, see above), for instance the 
chosen TQ 2 sampling site on a remnant hill near the Cinca–Segre interfluve 
northwest of Serós (Fig. 3.1; Fig. 3.7).  

 
Figure 3.7 TQ 2 sampling site and position of the sampled 10Be-concentration-depth-profile (solid 
line) uphill of Serós (cf. Fig. 3.1). Outcrop location in a small abandoned gravel-pit, featuring 
sand-filled channels (dotted polygons) and stratified subangular sand-clasts (inset, right). 
Denudation and postdepositional lateral erosion can be observed at the opposite (river side) face 
of the remnant hill where gravels are exposed and consolidated through calcrete (inset upper 
corner, left). Iron oxides are common in the sediment of TQ 2 and mostly associated with the 
lower boundaries of the sand-filled channels (lower inset left). 



Chapter 3 

68 
 

 Although, field observations indicate significant erosion of the lateral slopes of 
this remnant hill (e.g., Fig. 3.7, upper inset left), the hill top surface still has a very 
flat and even (terrace-like) morphology. The sampled outcrop is located in a small 
abandoned gravel-pit (Fig. 3.7), which was excavated into the almost horizontal 
hill-top-surface. Most prominent sediment features are meter wide sand-filled 
channels (dotted polygons, Fig. 3.7, inset left) and large stratified subangular sand 
clasts (Fig. 3.7, inset right). The latter probably represent ice-rafted debris, 
indicating cold-climate conditions during TQ 2 formation. The gravel imbrications 
are consistent with the present-day flow direction of the Segre. The lithologic 
sediment composition indicates the same provenance pattern as for terraces TQ 
4 and TQ 3. Clast sizes and shapes show no definite trends and are very 
heterogeneous. Although calcification was locally observed at the sampling site, 
compared to TQ 4 and TQ 3, calcrete indurations remain a marginal 
postdepositional feature in this TQ 2 exposure. In contrast, iron oxides are 
abundant in the sediment. The distribution of the oxides within the sediment – 
mainly associated with the lower limits of the sand-filled channels (Fig. 3.7, inset 
left) – points to an allochthonous origin related to considerable leaching 
processes of a well-developed soil rather than in situ oxidation. The hill-top-
surface is, however, only covered by a thin layer of regolith and soil development 
is marginal. This indicates that, probably owed to the exposed position of the 
remnant hill, the original soil must have been completely eroded.  

Exposure age for terrace TQ 2 

 Pebble-samples were collected at the surface (3 samples) and along a depth-
profile (4 samples; e.g., Table 3.1). Based on minimum estimates on palaeo-soil 
thickness, surface denudation and burial (e.g., overbank deposits) we constrained 
surface denudation to be about 80–150 cm (i.e. net erosion). The profile’s bulk 
density was estimated at 2.2 ± 0.2 g cm-3. The scaling scheme of Stone (2000) 
yielded a site specific spallogenic surface production of 5.04 atoms g-1 a-1, and a 
total muogenic surface production rate of 0.193 atoms 10Be (g SiO2)-1 a-1 following 
Balco et al. (2008). Exposure age, 10Be inheritance and erosion rate were 
modelled as free parameters during the Monte Carlo simulations (i.e. no 
constraints). The 10Be concentration of the surface sample S5a-02 (Table 3.1) was 
too low to be fit to the theoretical production curve of the other profile samples 
and was thus rejected by the simulator. This outlier was excluded from the 
simulations. The remaining 6-sample-profile was modelled with a manually 
increased 2-cut-off-value (i.e. 2=20). The model statistics on the 250,000 profile 
solutions for TQ 2 (Fig. 3.8, right and centre) yield a most probable exposure age 
of 138.8 ..  ka. The associated 10Be profile inheritance was calculated as 48,600 
atoms g-1, and onsite surface denudation as 0.8 cm ka-1 (Fig. 3.8, right; Table 3.2, 
see below). The profile rejuvenation did not produce reliable results for the TQ 2 
concentration-depth-profile owing to the large range of 10Be inheritance 
concentrations in the samples (e.g., unreasonable negative and excessive values). 
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The probably underestimated profile rejuvenation age was calculated at 83 ka, 
under exclusion of the outlier sample S5a-02 (Table 3.1). 

 
Figure 3.8 Monte Carlo simulation results for the TQ 2 concentration-depth profile (cf. Table 3.1) 
as obtained from the 10Be profile simulator 1.2 (Hidy et al. 2010). Both profiles (left, centre) show 
the 10Be concentrations of the samples (small dots) and their associated uncertainties (box plots). 
The left profile shows the Monte Carlo simulation's best-fit 10Be production curve (solid line) 
corresponding to the presented 10Be exposure age of TQ 2. The centre profile shows all 250,000 
profile solutions (cluster of solid lines) for the applied parameter solution spaces. The right 
graphics show the Monte Carlo based probability density functions (pdf, solid lines, right) and the 
smoothed minimum 2 distributions (dashed lines, right) for exposure age, erosion rate and 10Be 
inheritance concentration. 

3.4.4. Terrace level TQ 1 

 Terrace level TQ 1 is only sparsely preserved at the lower Segre, but tributary 
terraces and right bank alluvial deposits of the Segre west of Serós (i.e. c. 110 m 
a.f., Fig. 3.1) clearly indicate fluvial activity of a Segre palaeo-river at this or a 
higher topographic level (Stange et al., 2013a). Because in the Segre no sampling 
sites featured in situ sediment outcrops of TQ 1 that were applicable for TCN 
exposure dating, we sampled the corresponding terrace level in the adjacent 
Noguera Ribagorzana River.  

 This river is a major foreland tributary of the Segre, which exhibits a similar 
terrace staircase geometry including the presence of levels TQ 2, TQ 1 and even 
higher terrace remnants (i.e. TQ 0 in Stange et al., 2013a; Peña, 1983; Peña et al., 
2011). We sampled TQ 1 south of the town Alfarràs (site TQ 1, Fig. 3.1) uphill the 
village Almenar where, on a regional scale, the most extensive remnants of fluvial 
terraces are preserved. The extensive plateau (Fig. 3.1) consists of three terrace 
levels, which range from 110–140 metre above the present-day Noguera 
Ribagorzana River, with TQ 1 being the lowest of these levels. In contrast to the 
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younger terrace (staircase) levels in the Noguera Ribagorzana valley (i.e. TQ 2–7), 
the 3 plateau terraces (i.e. TQ 1, TQ 0) descend in a north-westerly direction away 
from the present-day river course (Fig. 3.1). Provenance studies on the sediments 
of TQ 1 and TQ 0, however, indicate that their origin in the upper Noguera 
Ribagorzana River in the Pyrenees. Therefore, a significant eastward drainage 
shift of the Noguera Ribagorzana River must have occurred after the 
abandonment of TQ 1 and before the formation of TQ 2. The causes of such a 
redirection could relate to neotectonics, gypsum doming (e.g., Peña, 1983; Benito 
et al., 2010) or capture by a right-bank (palaeo-)tributary river.  

 
Figure 3.9 Sampling site of TQ 1 in a recent road-cut south of Alfarrás (cf. Fig. 3.1) and location of 
the sampled 10Be-concentration-depth-profile (black line). The outcrop features a degraded upper 
gravel layer at the terrace surface (0-60 cm, Unit A) and fine-grained (silty) and calcified 
overbank deposits (60-240 cm, Unit B) that have a sharp contact to the TQ 1 main gravel body 
(240-700 cm, Unit C). Inset, right: Close up of Unit B subdivided into three units indicating an 
alternation of horizons with abundant iron oxides and a leached intermediate horizon. Inset, left: 
Fining upwards trends in the upper meter of Unit C. 

 The sampling site near Alfarràs (Fig. 3.9) is a recent exposure located at a road 
construction site that transects the eastern escarpment of terrace TQ 1 (Fig. 3.1). 
The outcrop can be subdivided into three stratigraphic units. The upper unit A 
extends from the extensive and horizontal terrace surface to a subsurface depth 
of 60 cm and is built up by badly sorted fluvial gravels with diameters of  25 cm. 
As indicated by the typical lithologic composition, the poor sorting, and the large 
clast size, it is likely that unit A contains predominantly reworked gravel (e.g., 
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diffusive surface runoff) that could originate from one of the higher plateau 
terraces (i.e. TQ 0, Fig. 3.1). The second unit B extends from 60–240 cm 
subsurface-depth and presents silty fines with small proportions of sand and clay. 
Most likely the preserved deposits in unit B are floodplain loams, indicating the 
termination of fluvial aggradation during the formation of TQ 1. The good 
preservation of the fines (unit B) points to rather short-term surface exposure. 
This could indicate a relatively contemporaneous deposition of gravel unit A, 
which subsequently shielded unit B from degradation. Most prominent 
postdepositional features of unit B are local carbonate agglutinations and layers 
with abundant (iron) oxides. Unit B can be divided in three subunits (Fig. 3.9, inset 
right), namely an upper relatively thin oxide horizon (60–90 cm), an intermediate 
leaching horizon (90–150 cm) and a lower oxide horizon (150–240 cm). The 
alternating horizons are typical indicators for the existence of a palaeo-soil and 
may represent two stages of soil formation; the leaching and lower oxide 
horizons belonging to one stage. Accordingly, a formerly overlying leached 
horizon corresponding to the upper oxide layer must have been subject to 
erosion that probably also affected the upper oxide horizon. The lowest unit C 
ranges from 240 cm to > 7 m subsurface depth and presents the actual fluvial 
gravel body of terrace TQ 1. Clast diameters exceed 20 cm and a clear fining 
upward trend can be observed in the upper meter of unit C (Fig. 3.9, inset left). 
Unit C shows consistent gravel imbrications toward south. 

Exposure age for terrace TQ 1 

 We sampled to a subsurface-depth of seven meters (Fig. 3.9) collecting three 
surface samples; one sample from unit A; and five samples from the lower gravel 
body, unit C (e.g., Table 3.1). Because of the nearly completely preserved fluvial 
sequence we estimated minimum values for surface denudation (40–80 cm, net 
erosion), which account for the potential degradation of units A and B. The profile 
bulk density has been estimated separately for unit A (2.1 ± 0.2 g cm-3), unit B (1.8 
± 0.2 g cm-3), and unit C (2.3 ± 0.2 g cm-3). The site-specific spallogenic production 
was calculated at 6.03 atoms g-1 a-1 based on the scaling scheme of Stone (2000), 
and the total muon production at 0.206 10Be (g SiO2)-1 a-1 (Balco et al., 2008). No 
constraints have been imposed on exposure age, inheritance and erosion rate. 
The sample PLA-620 (Table 3.1) was removed from the profile simulations, 
because of its unreasonable high 10Be concentration, with regard to the 10Be 
production curves calculated for the sampling site. We assume that sample PLA-
620 contains a comparably high proportion of inherited 10Be concentration. The 
reason could be a long-lasting pre-exposure history of this sample, which 
potentially originates from a fluvial reworked terrace remnant of older age. After 
excluding the apparent outlier (i.e. PLA-620, Table 3.1) from the simulations, we 
manually increased 2-cut-off to 2=30 and ran the Monte Carlo model on the 
remaining 8-sample-profile.  
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Figure 3.10 Monte Carlo simulation results for the TQ 1 10Be-concentration-depth profile (cf. Table 
3.1) as obtained from the 10Be profile simulator 1.2 (Hidy et al. 2010). Both profiles (left, centre) 
show the 10Be concentrations of the samples (small dots) and their associated uncertainties (box 
plots). The left profile shows the Monte Carlo simulation's best-fit 10Be production curve (solid 
line) corresponding to the presented 10Be exposure age of TQ 1. The centre profile shows all 
250,000 profile solutions (cluster of solid lines) for the applied parameter solution spaces. The 
right graphics show the Monte Carlo based probability density functions (pdf, solid lines, right) 
and the smoothed minimum 2 distributions (dashed lines, right) for exposure age, erosion rate 
and 10Be inheritance concentration. 

 Aiming at a yield of 250,000 profile solutions (i.e. Fig. 3.10, centre), the 
simulations resulted in a most probable exposure age of 201.6 ..  ka. The 
associated 10Be profile inheritance was calculated at 84,000 atoms g-1, and onsite 
surface denudation rate at 0.33 cm ka-1 (Fig. 3.10, right; Table 3.2). Like for 
terrace TQ 2, the rejuvenation method did not produce plausible results for the 
sampled depth-profile of TQ 1 yielding a probably underestimated exposure age 
of 108 ka. 
 

 

 

 

 

_______________________________________________________________________________ 

Table 3.2 Overview of the statistically most probable 10Be terrace exposure ages with associated 
uncertainties, denudation rates and the 10Be inheritance concentrations of each profile as 
obtained from the Monte Carlo parameter simulations and the Profile Rejuvenation approach, 
which are based on, inter alia, the profiles’ bulk densities and estimates on surface net erosion at 
the sampled terrace remnants. 
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3.5. Discussion 

3.5.1. Inferences from the profile rejuvenation results 

 In contrast to the Monte Carlo simulations, which enable a detailed and site-
specific parameter setup including morphological observations on site (e.g., 
erosion, burial, variable bulk density), the profile rejuvenation is a simplistic 
approach that relies on two basic hypotheses: (i) negligible erosion and (ii) no 
inheritance concentration of at least one sample in the profile. We applied this 
method to evaluate on variable inheritance in the sampled depth-profiles and to 
assess the validity of low denudation at the sampling sites. Accordingly, similar 
results obtained with both methods argue for low denudation rates at the 
sampling sites and indicate that inherited 10Be concentrations are comparable for 
each sample along the depth-profiles. 

 As mentioned above, two of the measured depth-profiles – i.e. TQ 2 (83 ka) and 
TQ 1 (108 ka) – did not yield reliable results with the profile rejuvenation 
approach. This is mainly owed to overestimations of the 10Be (profile) inheritance, 
but also because of excessive 10Be sample concentrations calculated in the 
rejuvenation profiles respective to the actually measured concentrations in the 
samples. The resulting exposure ages of TQ 1 and TQ 2 appear to be significantly 
underestimated. The most plausible explanation is that the basic assumption of 
insignificant denudation was not fulfilled, which ultimately results in an 
underestimation of the profile rejuvenation age. Variable inherited 10Be 
concentrations seem to particularly affect the profile of TQ 1 where samples of 
the lower gravel body (i.e. unit C) have considerably lower inheritance 
concentrations than the samples of unit A. These results indicate that the 
sampled terrace remnant of TQ 1 might have undergone a complex exposure 
history and that the gravels of unit A might indeed have been derived from an 

Sampling 
site 

Terrace 
level 

Bulk 
density     
[g cm-3] 

Net 
erosion  
on site 
[cm] 

Most 
probable  
exposure 
age [10Be ka] 

Inherited  
concentration 
[10Be atoms g-1]* 

Denudatio
n rate  
[cm ka-1]* 

Profile  
Rejuvenation 
age [ka]** 

Balaguer 
(profile B2) TQ 4 2.2 ± 0.2 10 - 20 61,8 2900 0,27 48,5 

Menarguens 
(profile M4) TQ 3 2.2 ± 0.2 10 - 50 99,6 51800 0,36 95 

Serós  
(profile S5a) TQ 2 2.2 ± 0.2 80 - 150 138,8 48600 0,8 83 

Almenar 
(profile PLA) TQ 1 

2.1 ± 0.2 
(Unit A)  
1.8 ± 0.2 
(Unit B)  
2.3 ± 0.2 
(Unit C) 

40 - 80 201,6 84000 0,33 108 
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older terrace remnant situated above the terrace tread of TQ 1 (cf. section 3.4.4.). 
As for TQ 2, the considerably younger rejuvenation age points to postdepositional 
erosion, which is also indicated by several morphological features (cf. section 
3.3.3.).  

 Comparing the Monte Carlo and profile rejuvenation results for TQ 3 – i.e. 99.6 .  ka and 95 ka, respectively – the similar results argue for negligible 
degradation and insignificant variability of inherited 10Be concentrations along the 
TQ 3 depth-profile. The differences in TQ 4 exposure ages (c. 13 ka) could result 
from breaching the assumption of negligible erosion. The Monte Carlo exposure 
age calculations are very sensitive to the parameter surface erosion. Hence, 
reducing potentially existing denudation of TQ 4 (min. 10–20 cm) to zero (e.g., 
profile rejuvenation) will ultimately result in a younger exposure age. Despite the 
slightly younger rejuvenation ages yielded for TQ 3 and TQ 4, both results indicate 
terrace abandonment during the same climatic phases indirectly confirming the 
Monte Carlo exposure age results. This implicates that variable concentrations of 
inherited 10Be have no significant effect on the exposure age calculations for the 
TQ 3 and TQ 4 depth-profiles, and that postdepositional denudation at the 
sampling sites is low. 

3.5.2. Timing of terrace staircase formation in the Segre River 

 Fluvial systems are dynamic environments that are sensitive to external forcing 
(e.g., climate change, neotectonics, and man-made dams) and respond with 
complex (and nonlinear) internal feedback mechanisms (e.g., course deviations, 
knick-point migration, aggradation and incision). Changing climatic conditions 
have a strong impact on fluvial processes and may affect the formation and the 
preservation of fluvial terraces in a river valley. Flooding and reworking of 
previously abandoned terrace treads may occur through increased (peak-
)discharge, for instance during seasonal snowmelt or glacier melt out. On the 
other side, climate triggered modifications of vegetation may result in 
(de)stabilized hillslopes, which in turn affects a rivers sediment supply. Hence, it is 
crucial to assess the environmental conditions under which terraces are formed 
and abandoned. In order to assess climatic controls on terrace formation and 
abandonment, we correlated the 10Be terrace exposure ages with climate proxies 
and independent age controls. We used the nearest marine 18O-record 
(Globigerina bulloides, ODP site 975; Pierre et al., 1999) and the North Atlantic 

18O-benthic-stack LR04 (Lisiecki and Raymo, 2005). In addition, we compare our 
results with previously published age constraints (e.g., sediment dating by OSL, TL 
and TCN) from terrace remnants and glacial moraines in the adjacent Cinca and 
Gállego rivers (Lewis et al., 2009) and from the upper and lower Segre catchment 
(Peña et al., 2004; Turu and Peña, 2006; Pallàs et al., 2010; Calvet et al., 2011). 
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Figure 3.11 Correlation of 10Be terrace exposure ages with Marine Isotope Stages (MIS; Lisiecki & 
Raymo 2005) and 18O climate proxies derived from benthic foraminifera (North-Atlantic benthic 
stack, Lisiecki & Raymo 2005), and 18O records from planktonic foraminifera at the western 
Mediterranean Sea (Ocean Drilling Program, Leg 161, site 975). The correlation shows the 10Be 
terrace exposure age results of the Monte Carlo simulations (vertical black lines) and the 
associated exposure age uncertainties (horizontal grey boxes). 

 The 10Be exposure age of TQ 4 indicates floodplain abandonment at about 61.8 . .  ka. Correlating the TQ 4 dating results with the global and regional 
marine 18O-records (Fig. 3.11), the abandonment of TQ 4 has taken place in the 
course of MIS 4 (or during the early MIS 3). Following the terrace evolution model 
of Maddy et al. (2001), TQ 4 was abandoned by an incision phase related to 
climatic warming of the early MIS 3. Accordingly, extensive floodplain aggradation 
occurred under maximum cold-climate conditions (MIS 4), probably in response 
to high seasonal flood frequencies and peak-discharge. As indicated by the 
terminal moraines of Latour de Carol (dated as 65.1 ± 7 ka, TCN; Calvet et al., 
2011), maximum ice extent in the upper Segre catchment might have been 
reached before 58 ka. Subsequently, increased discharge (e.g., snow melt) and 
reduced sediment supply (e.g., vegetation expansion) increased the erosive 
capacity of the Segre and promoted the entrenchment (vertical incision) of the 
river floodplain (i.e. > 10 m in the lower Segre; Fig. 2). Hence, it is very likely that 
the abandonment of TQ 4 coincides with the major climatic transition from MIS 4 
to MIS 3. The morphogenetic scenario for the adjacent terrace staircases of the 
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Cinca and Gállego rivers (e.g., Lewis et al., 2009) entails a phase of glacial outwash 
and terrace development from 68 ± 7 ka to 61 ± 4 ka (OSL; phase Aurin II). Thus, 
the aggradation of TQ 4 in the Segre could coincide with the regional aggradation 
period (i.e. phase Aurin II) previously proposed by Lewis et al. (2009).  

Taking into account the uncertainties of the exposure age for TQ 3 (99.6 .  ka, 
Fig. 6, right) the abandonment of TQ 3 took place between 80 and 130 ka. 
Exposure age uncertainties preclude a decision whether TQ 3 was abandoned 
during climatic warming at the transition of MIS 6 to MIS 5 or in the course of MIS 
5. Marine isotope stage 5 was a period of considerable climate variability that 
began with a pronounced interglacial (i.e. MIS 5.5; Eemian interglacial) followed 
by a general cooling trend toward MIS 4 (Fig. 3.11). Two intermediate cold stages 
(i.e. MIS 5.4, MIS 5.2) and subsequent phases of climatic warming (i.e. MIS 5.3, 
MIS 5.1) can be identified in both global and regional marine 18O-records (Fig. 
3.11). Because terminal moraines in the Gállego valley have been dated at 85 ± 5 
ka (MIS 5.2, moraine of Aurin; phase Aurin I; Lewis et al., 2009), it is likely that the 
cold stages MIS 5.4 and MIS 5.2 may have triggered considerable glacier build-up 
in the Pyrenees. Consequently, the abandonment of TQ 3 could either coincide 
with cold–warm climatic transitions of MIS 5 or with the transition from MIS 6 to 
MIS 5. Several morphological observations, however, speak against a causal 
relationship with a large-magnitude climate transition (i.e. MIS 6–MIS 5). At first, 
the limited height of the TQ 3 terrace scarp (Fig. 3.2) appears not to be consistent 
with intense incision in response to a pronounced climatic transition like the 
onset of the Eemian Interglacial. Moreover, the limited gravel thickness of TQ 3 
seems not to reflect a major aggradation phase in relation to maximum cold-
climate conditions that one would expect during the late MIS 6. Morphological 
observations rather speak for TQ 3 floodplain abandonment during a minor 
climatic transition in MIS 5. The potential abandonment of TQ 3 during MIS 5.3 
seems to be indicated by the most probable exposure age (99.6 .  ka) and the 
probability density functions obtained from the Monte Carlo simulations (Fig. 3.6, 
right). Independent OSL and thermoluminescence (TL) dating in the Segre 
catchment were obtained from an extensive terrace of the La Femosa River (106 
± 12 ka, terrace T6, Peña et al., 2004), which is a major tributary of the lower 
Segre (Fig. 3.1). Moreover, terrace remnants in the upper middle Segre (e.g., at 
Les Garbes) yielded comparable ages of 104.4 ka (TL; Turu and Peña, 2006). The 
dating results at both localities indirectly corroborate the exposure age obtained 
for TQ 3, suggesting terrace development during MIS 5. 

 The modelling results for the exposure of TQ 2 indicate that this palaeo-
floodplain was probably abandoned around 138.8 ..  ka. Although exposure 
age uncertainties for TQ 2 are large (Fig. 3.8, inset right) – presumably due to the 
variability of inherited 10Be in the samples – age uncertainties fall within the cold 
climate period of MIS 6. In contrast to terrace TQ 3, the considerable height of 
the TQ 2 terrace scarp (> 20 m, Fig. 3.2) argues for a significant incision phase 
after the abandonment of the TQ 2 palaeo-floodplain. Aside the large risers, the 
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isolated hill top morphologies of the sparsely preserved TQ2 remnants point to 
widespread and intense postdepositional erosion and dissection of terrace TQ 2. 
Both, morphological observations and exposure age constraints indicate TQ 2 
abandonment in relation to the Eemian Interglacial transition. In addition, 
sedimentary features (e.g., frozen sand clasts, Fig. 3.7, inset right) corroborate 
floodplain aggradation under cold-climate conditions (e.g., MIS 6). Accordingly, 
the sedimentary features of TQ 2 (i.e. intense oxidation and leaching processes) 
may reflect postdepositional processes related to the pronounced warm climatic 
conditions during MIS 5.5 (Eemian). However, on the basis of our Monte Carlo 
model results we cannot completely rule out an earlier abandonment of this 
terrace in the course of MIS 6. But this scenario would raise questions about the 
geomorphic position and preservation of a terrace associated with MIS 6 
maximum cold conditions. In addition, previous OSL-derived ages on fluvioglacial 
deposits in the rivers Cinca (e.g., 178 ± 21 ka) and Gállego (e.g., 151 ± 11 ka; Lewis 
et al., 2009) seem to confirm extensive floodplain aggradation during MIS 6 at 
similar elevations like TQ 2 (80 and 72 m a.f., respectively).  

 The most probable exposure age for TQ 1 ( 201.6 ..  ka) indicates 
abandonment of this terrace level at the end of MIS 7. However, taking into 
account the exposure age uncertainties (Fig. 3.10, inset right), a straightforward 
correlation of the TQ 1 abandonment with a single climatic transition is not 
possible. Morphologically, TQ 1 is the lower level of three terraces, which are 
separated by relatively moderate terrace scarps. In contrast, the riser of TQ 1 has 
a considerable height and indicates a pronounced incision phase after TQ 1 
abandonment. These morphological observations indicate that TQ 1 was 
abandoned by intense erosion linked to the abrupt cold–warm climatic transition 
from MIS 8 to MIS 7. Regarding the minor incision steps associated with the two 
terrace levels above TQ 1 (TQ 0, Fig. 3.1), our interpretation implicates that both 
higher levels were probably abandoned during MIS 8 or MIS 9 and not during the 
major climatic transition at the end of MIS 10. The considerable incision step from 
TQ 1 to TQ 2 is associated with a potential drainage shift in the Noguera 
Ribagorzana River that, hence, would coincide with the climatic transition from 
MIS 8 to MIS 7. Sedimentary features, gravel size and thickness, and terrace 
morphology indicate that terrace TQ 1 was formed during a major aggradation 
period, probably during maximum cold conditions of MIS 8. Accordingly, the 
observed pedological features (i.e. oxidized and leached horizons) most likely 
developed during MIS 7. 

 The presented exposure ages (Table 3.2) point to a relatively young age of 
entrenchment and terrace staircase formation in the lower Segre, irrespective of 
the presence of higher and older alluvial terraces (Peña, 1983; Lewis et al., 2009; 
Stange et al., 2013a). In the Cinca River two of these oldest terrace remnants 
have been dated (by palaeomagnetics; Sancho et al., 2007), indicating sediment 
deposition prior to the Matuyama-Brunhes boundary (i.e. > 780 ka). These results 
suggest that terrace staircases formation begun after the Mid-Pleistocene 



Chapter 3 

78 
 

climatic transition (MPT; Berger and Jansen, 1994; Mudelsee and Schulz, 1997). A 
change in fluvial morphology toward entrenched fluvial systems is known from 
many rivers and is frequently linked to the onset of 100-ka orbital climate cycles 
(e.g., Westaway et al., 2009). Apparently, the changing climatic conditions after 
the MPT caused enhanced erosion in fluvial systems worldwide (Westaway et al., 
2009). Hence, it is likely that the MPT-related changes in climate could also be 
responsible for the late stage entrenchment and terrace staircase formation in 
the Segre valley and other fluvial systems in the southern Pyrenees. 

 

3.6. Conclusions 

 Comparing Monte Carlo derived exposure ages of pebble-based 10Be 
concentration-depth profiles with the profile rejuvenation method by Le Dortz et 
al. (2011) is a useful approach to assess the impact of variable 10Be inheritance in 
the individual samples, and to evaluate on potential postdepositional surface 
denudation at the sampling sites. Nevertheless, the profile rejuvenation method 
relies on the simplistic hypothesis of negligible erosion in the profiles, which may 
cause underestimations of the actual terrace exposure ages. Therefore, we 
recommend using the profile rejuvenation method as an additional (independent) 
check-up for Monte Carlo based exposure ages with a site-specific parameter 
setup (e.g., 10Be profile simulator by Hidy et al., 2010). 

 Exposure dating of the upper and middle Segre terrace levels TQ 1–TQ 4 
indicates that terrace staircase formation took place during the Middle–Late 
Pleistocene. The correlations of the Segre terrace exposure ages with global and 
regional marine 18O-curves suggest that extensive floodplain (terrace) 
aggradation occurs during maximum cold-climate (glacial) conditions. Terrace 
level TQ 3 is an exception since it formed during cold phases of the relatively 
warm MIS 5. Floodplain abandonment is related to intense erosion and vertical 
fluvial incision in the course of glacial–interglacial transitions. Exposure ages and 
terrace scarp morphologies indicate that large incisive steps (i.e. terrace scarps of 
TQ 1, TQ 2 and TQ 4) are linked to high-amplitude climatic changes (e.g., cold–
warm transitions).  

 Similar staircase morphologies in adjacent fluvial systems of the southern 
Pyrenees (e.g., Peña, 1983; Rodríguez Vidal, 1986; Sancho, 1991; Lewis et al., 
2009) argue for a regional consistent pattern and timing of terrace staircase 
development in the Ebro foreland basin in response to glacial–interglacial climatic 
fluctuations in the Pyrenees. It remains a possible mechanism that wetter climatic 
conditions and increased seasonality after the Mid-Pleistocene climatic transition 
could have triggered an intensification of drainage network entrenchment in the 
southern Pyrenees foreland. 
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4 Linking morphology across the glaciofluvial 

interface: a 10Be supported chronology of glacier 
advances and terrace formation in the Garonne 
River, northern Pyrenees, France 

 

Abstract 

 The Garonne River drains an important part of the northern Pyrenees and the Aquitaine 
foreland basin. We studied the palaeo-glacier margins and fluvial terraces in middle 
reaches of the Garonne River and established a model for their morpho-chronological 
development. In order to link, also genetically, the fluvial sediment archives with the 
terminal glacial basin upstream of the Pyrenees mountain front, we particularly focussed 
on the glaciofluvial interface situated at the foreland transition. Using 10Be cosmogenic 
nuclide analyses, two terrace exposures have been dated, including a prominent 
fluvioglacial outwash fan downstream of the mountain front. We identified three 
terminal glacier margins of presumably Late Pleistocene age. The extensive Garonne 
terrace staircase consists of three major terrace complexes, comprising eight individual 
terrace levels. Exposure dating indicates a young age of the Garonne lower terrace 
complex (i.e. MIS 4–2). The morphogenetic relationships and the new 10Be exposure age 
constraints indicate that, during the last glaciation (Würmian), the Garonne valley glacier 
reached its maximum extent at the north Pyrenean mountain front, apparently already 
during MIS 4. Two different ice margins have been associated with MIS 2, arguing for 
close to maximum ice-extent in the early MIS 2 (LGM), and relatively slow-going ice-
recession during late MIS 2. The extensive Garonne terrace complexes formed under 
cold-climate conditions and were abandoned by incision in the course of pronounced 
glacial–interglacial transitions. During warm–cold climate transitions lateral fluvial 
erosion caused extensive reworking of the previously abandoned palaeo-floodplains. 
The long-term (Quaternary) fluvial incision in the Garonne and in other north Pyrenean 
rivers argues for recent (potentially ongoing) uplift of the proximal Aquitaine foreland 
basin. But, non-uniform lateral river-course migrations and valley asymmetries in the 
north Pyrenean piedmont show that uplift magnitude is variable, indicating maxima in 
the centre of the Lannemezan molasse-fan and tilting of the adjacent domains. As a 
result, rivers on the western part of the fan are stationary or deviated toward the west, 
whereas rivers in the eastern part (e.g., Garonne, Ariège) migrated to the east. 

This chapter is based on: Stange, K.M., van Balen, R.T., Kasse, C., Vandenberghe, J., 
Carcaillet, J., 2014 (a). Linking morphology across the glaciofluvial interface: a 10Be 
supported chronology of glacier advances and terrace formation in the Garonne River, 
northern Pyrenees, France. Geomorphology 207, 71–95.  
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4.1. Introduction 

 A succession (or staircase) of river terraces records the long-term development 
of a river valley. Terrace staircases are thought to result from a climate-triggered 
alternation of floodplain aggradation, fluvial incision phases (terrace scarps), and 
lateral reworking (e.g., Bull, 1991; Kasse et al., 1995; Bridgland, 2000; 
Vandenberghe, 2003). Whether a stream aggrades sediment load or incises its 
river bed is primarily a function of discharge, bed-sediment transport capacity, 
and longitudinal stream gradient. Discharge and sediment supply are climate-
dependent (e.g., precipitation, snowmelt, and vegetation cover) and so terrace 
staircases provide important insights on palaeoclimatic variability and associated 
fluvial response mechanisms in a drainage network (Schumm and Parker, 1973; 
Bull, 1991; Vandenberghe, 1995; Tucker and Slingerland, 1997).  

 During the past decades, plenty of research was carried out in order to assess the 
complex response of rivers to external forcing and to unravel the timing and 
controls on fluvial incision and terrace formation (e.g., Schumm and Parker, 1973; 
Kasse et al., 1995; Tucker and Slingerland, 1997; Vandenberghe and Maddy, 2001; 
Vandenberghe, 2008; Gibbard and Lewin, 2009). Benefitting from progress in 
methodologies, initial theories were thoroughly revised and terrace development 
models and chronologies have been enhanced (e.g., Antoine, 1994; 
Vandenberghe, 1995; Kasse et al., 1995; Bridgland, 2000; Maddy et al., 2001; 
Cordier et al., 2006; Vandenberghe, 2008). According to these models, extensive 
floodplain aggradation coincides with high glaciofluvial sediment supply during 
cold-climate periods, when rivers feature extensive braided channel patterns with 
high width–depth ratios. In previously glaciated Alpine rivers, sediment fluxes 
peaked during Pleniglacial conditions and subsequently decreased during late-
glacial periods and upcoming interglacial conditions (e.g., Carton et al., 2009). 
Because of decreased runoff and increased extent of vegetation, interglacial 
rivers have relatively narrow floodplains and adopt a single channel meandering 
or anastomosing drainage plan views (e.g., small width–depth ratios; Gibbard and 
Lewin, 2002).  

 Intense fluvial incision, and lateral reworking and erosion of terraces, occur 
primarily during unstable climatic conditions (i.e. climate transitions), for instance 
at the start and end of cold climate (glacial) periods (Vandenberghe, 1995, 2008; 
Bridgland, 2000; Maddy et al., 2001). During abrupt cold–warm climate 
transitions, trunk valley glaciers rapidly retreat upstream, sediment supply and 
discharge decrease, and rivers adopt meandering (single channel) drainage 
pattern. The establishment of a main-conduit (e.g., meander channel) enhances 
bedrock access, promoting vertical fluvial entrenchment (Hancock and Anderson, 
2002). Interglacial, meandering rivers are (morphologically) stable and continue 
to incise, while lateral erosion is constricted to the meander cut banks and 
antecedent cold-climate (braided) floodplains remain relatively intact during 
these periods. In the course of warm–cold transitions and early glacial periods 



Glacier advances and terrace formation in the Garonne River 

81 
 

sediment supply and peak discharge increase again – because of recession of 
vegetation and increase in runoff – promoting a second (major) erosion phase 
that causes lateral erosion and reworking of the previously abandoned 
floodplains (cf. Antoine, 1994; Cordier et al., 2006; Vandenberghe, 2008).  

 Although climatic fluctuations might well explain the timing and processes of 
terrace development and degradation, climate alone fails to provide a mechanism 
for the long-term entrenchment and terrace staircase formation in many rivers 
around the globe (Bridgland and Westaway, 2008), for instance in the peripheral 
foreland basins of the Pyrenees. The general consent is that terrace staircases 
form in response to episodic (climate-triggered) incision by a river superimposed 
on a long-term trend of fluvial downcutting, which is principally caused by uplift 
(e.g., Maddy et al., 2001; Peters and Van Balen, 2007; Bridgland and Westaway, 
2008; Carcaillet et al., 2009; Gibbard and Lewin, 2009).  

 In the foreland basins of the Pyrenees many river valleys feature pronounced 
staircase geometries with extensive terrace successions. Although, tectonic 
impacts on these Quaternary fluvial systems are observed across the Pyrenees, 
they remain local features, including deformed alluvial deposits and vertical 
displaced or tilted terraces (e.g., Carozza and Delcaillau, 1999; Turu and Peña, 
2006; Stange et al., 2013a). The relative consistent foreland terrace staircases, 
however, extend over tens of kilometres and cannot be explained by local 
tectonic deformation and require regional (uplift) mechanisms. 

 This paper aims to unravel the Quaternary incision history in the Garonne valley, 
and to assess the feedback of fluvial processes and external controls like uplift, 
geologic structures, and climate change. The Garonne River (northern Pyrenees, 
France, cf. Fig. 4.1, see below) is an example of a Quaternary fluvioglacial 
drainage system, which is sourced in the elevated chain of the Pyrenees (axial 
zone). During Pleistocene, the upper and middle Garonne valley was glaciated 
several times (e.g., Hubschman, 1984; Andrieu, 1991). We investigated the glacial 
and fluvial sediment archives in the middle Garonne, stretching from the terminal 
glacial basin of Loures-Barousse–Barbazan until the extensive fluvial terrace 
successions near Toulouse (cf. Fig. 4.2, see below). In order to link maximum 
glacier advances and downvalley fluvial sediment deposition, we particularly 
focused on the morphogenetic relations at the glaciofluvial interface, which 
involves the terminal glacial basin and fluvioglacial outwash fans and terrace 
records downstream of the foreland transition. Although the Garonne valley 
features numerous glacial remnants and a well-preserved terrace staircase in the 
Aquitaine foreland basin, only little age constraints exist to date. Two terrace 
sediment exposures have been dated via cosmogenic nuclide analyses (i.e. 10Be-
concentration-depth-profiles). In a last step, a glaciofluvial chronology was 
established for the Garonne and correlated with (regional) palaeoclimatic 
archives. 
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4.2. Settings 

4.2.1. The Pyrenees: a geologic overview 

 The Pyrenees are a mountain chain in southwestern Europe that extends over 
400 km from the Bay of Biscay (Atlantic) to the Gulf of Lion (Mediterranean Sea, 
Fig. 4.1). The east–west striking and comparatively narrow ridge (width c. 100 km) 
is built up by an axial zone (mainly Palaeozoic basement), which is bounded by 
the northern and southern Pyrenees fault zones (mainly Mesozoic sedimentary 
rocks) and extensive peripheral foreland basins (Fig. 4.1). Morphologically, the 
Pyrenees are an asymmetric double wedge orogen (Lynn, 2005) with a relatively 
shallow southern slope toward the pro-foreland basin (Ebro basin, Spain). In 
contrast, the northern mountain front is fairly steep and forms a sharp border to 
the Aquitaine basin (France), which is an asymmetric retro-foreland basin with 
variable basement depths of up to 7 km near Bordeaux (Ager, 1980; Vergés et al., 
2002). 

 
Figure 4.1 Geographic situation and major structural units of the Pyrenees (AFB: Aquitaine 
Foreland Basin; NPFZ, SPFZ: Northern and Southern Pyrenees Fault Zones; EFB: Ebro Foreland 
Basin). The northern mountain front (dashed line) coincides with the maximum ice extent (MIE) in 
the northern central Pyrenees. In southern central Pyrenees, glaciers did not extend beyond the 
axial zone. 
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 The Pyrenean orogeny began in the late Cretaceous as a consequence of 
underthrusting of Iberia beneath the European Plate (Choukroune et al., 1990; 
Muñoz, 1992). The Aquitaine foreland basin (Fig. 4.1) was initiated already during 
the late Early Cretaceous and subsequently filled by thick deep-water siliciclastics 
(Bourrouilh et al., 1995). The exhumation of the Pyrenees intensified during 
Eocene times (c. 50–32 Ma, AFT; Fitzgerald et al., 1999) and sediment fluxes 
toward the foreland increased, resulting in the deposition of up to 4-km-thick 
conglomeratic series, but pre-orogenic extension phases significantly affected the 
subsidence and sedimentation in the foreland basin (Desegaulx et al., 1991). In 
general, the Aquitaine basin was not much involved in the northern Pyrenean 
thrusting and mainly the southern domains were affected by compression and 
salt-tectonics (Bourrouilh et al., 1995). Although, salt-tectonics locally contributed 
to post-orogenic subsidence, it cannot be invoked for the subsidence over the 
entire basin (Desegaulx et al., 1991). Since the middle Eocene, large parts of the 
Aquitaine basin became shallow marine (e.g., Bourrouilh et al., 1995). In the 
southern Aquitaine basin, fluvial settings established and alluvial fans expanded 
northward, only interrupted by periodic marine transgressions (e.g., Gibson et al., 
2007). In Oligocene times, uplift of the Pyrenees abruptly decelerated (Fitzgerald 
et al., 1999), but in the core of the chain exhumation continued until c. 20 Ma 
(Sinclair et al., 2005). Convergence rates decreased during the Neogene, and 
gravitational spreading led to extensional tectonic deformation of the chain 
(Cloetingh et al., 2005). In Miocene times, erosion of the Pyrenees intensified and 
triggered the radial accretion of extensive foreland molasse-fans, for instance, the 
Lannemezan mega-fan that was sourced from the Neste River outlet (Fig. 4.2). 
Molasse sedimentation continued until Pliocene times and buried large parts of 
the late-orogenic anticline successions and salt ridges that are situated along-
strike of the foreland transition. During Pliocene–Pleistocene times, the Aquitaine 
basin is thought to have undergone some uplift that was attributed to isostatic 
adjustments along the northern Pyrenees fault zone (Bourrouilh et al., 1995), 
probably related to post-orogenic unflexing of the foreland basin (Desegaulx et 
al., 1991). Although at present the Pyrenees remain relatively stable (i.e. largely 
inactive), active fault scarps were identified across the chain (e.g., Chevrot et al., 
2011; Lacan and Ortuño, 2012), also at the northern mountain front (Alasset and 
Meghraoui, 2005). Neotectonic activity is also evidenced by the deformation of 
Quaternary river terraces and alluvial deposits, for instance in the Têt River 
(Calvet, 1994; Carozza and Delcaillau, 1999), Segre River (Peña 1983; Turu and 
Peña 2006; Stange et al., 2013a,b), Adour River (Baize et al., 2002), and Gave de 
Pau (Alasset and Meghraoui, 2005). 

 

__________________________________________________________________ 
Figure 4.2 Location of the study area (red polygon) including the extensive Lannemezan molasse-
fan (dark shade), terrace exposure sampling sites (black squares), dry-valley tributaries, and 
major streams (blue labels) and referenced agglomerations (black dots). 
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4.2.2. Quaternary climate and glaciations in the (northern) Pyrenees  

 Most of the large river valleys in the northern Pyrenees feature extensive glacial 
morphology indicating several major Quaternary glaciations (Hérail et al., 1987). 
The distribution of morainic ridges, however, exhibits significant regional 
contrasts across the chain, which mainly relate to differences in relief, exposure, 
and the regional climatic domains (Calvet, 2004). Climatic contrasts persisted 
throughout the Quaternary (e.g., Taillefer, 1969; Calvet, 1994) and arise from the 
exposure of the Pyrenees towards different atmospheric pressure systems. The 
Aquitaine region is dominated by the oceanic North Atlantic west wind 
circulation, which carries abundant precipitation onto the northern slopes and 
into the mainly northwest-directed valleys. The lee-side southern flank is 
topographically shielded from the temperate-humid Atlantic circulation, entailing 
a warm and semiarid continental climate regime in the southern Pyrenees. The 
Mediterranean-influenced eastern Pyrenees take an intermediate position and 
are characterized by higher annual temperatures than the northwestern regions 
and more abundant precipitation than the south. The regional gradients in 
temperature and precipitation cause an unequal equilibrium (snow) line altitude 
across the Pyrenees (Calvet, 2004). As a result, the Pleistocene glaciers in the 
southern Pyrenees remained restricted to interior valleys with terminal moraines 
situated not lower than 800 m asl (Pallàs et al., 2006; Turu and Peña, 2006; 
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Stange et al., 2013a). The moderate elevations of the western and eastern 
Pyrenees, and the considerable fragmentation of the eastern chain, only 
permitted limited glaciations in these regions (Calvet, 1994). In contrast, the 
valley glaciers on the central northern slope (e.g., Garonne) descended to about 
350–400 m asl (i.e. northern mountain front; Calvet, 2004), and hence, the 
northern Pyrenees represent 75  of the formerly glaciated regions (Taillefer, 
1984). On the northwestern Pyrenees piedmont, the glacier tongues in the Pau 
and Ossau valleys even spread into the Aquitaine foreland, as it is evidenced by a 
series of terminal morainic ridges near Lourdes and Arudy (Fig. 4.2; Taillefer, 
1969; Hérail et al., 1987).  

 Glaciations in the Pyrenees have been studied already since the late nineteenth 
century, and glacial limits are well constrained across the chain. Nevertheless, the 
timing of glacier fluctuations and the positions of the associated terminal ice 
fronts are long under discussion (e.g., Hérail et al., 1987; Calvet, 2004; Calvet et 
al., 2011). The main controversies lay in (i) the timing of the Pyrenees maximum 
ice extent (45 14C ka BP, Andrieu et al., 1988; 81.4 ± 14.6 and 34.9 ± 8.5 10Be ka, 
Delmas et al., 2011) and its offset regarding the northern hemisphere Last Glacial 
Maximum (LGM), and (ii) the relative positions of LGM ice fronts. Detailed 
morphologic mapping and recent advances in dating techniques – i.e., radio-
carbon calibration; luminescence dating (OSL, TL); exposure dating via terrestrial 
cosmogenic nuclides (TCN) – enabled to enhance existing chronologies (e.g., 
Calvet, 2004; Pallàs et al., 2006; Delmas et al., 2009, 2011; Lewis et al., 2009;) and 
to partly resolve the controversies (cf. Calvet et al., 2011). Recent advances on 
the Pyrenean glacial chronology indicate that (i) throughout the Pyrenees the 
maximum Würmian ice extent preceded the northern hemisphere LGM, taking 
place presumably during Marine Isotope Stage (MIS) 4 or earlier (Calvet et al., 
2011; Delmas et al., 2011); (ii) in the Pyrenees, the relatively warm MIS 3 was 
characterized by fluctuating ice margin upvalley of the terminal ice-fronts of the 
maximum ice extent in the Pyrenees (i.e. MIE; Delmas et al., 2011); and (iii) coeval 
with the global LGM (MIS 2) glacier re-advances occurred non-uniformly across 
the mountain range and only in the eastern Pyrenees glaciers reached the 
positions of the Würmian MIE (Delmas et al., 2011). After the LGM, glaciers 
rapidly retreated toward the Pyrenean headwaters (Calvet et al., 2011), but the 
distribution of moraines indicate fluctuating ice margins, arguing for highly 
unstable climatic conditions and unsteady ice recession during the last Pyrenean 
deglaciation (Pallàs et al., 2006).  

 Offshore records from the Bay of Biscay (Atlantic) – that is the primary source 
region for glacier-building precipitation in the Pyrenees – indicate an early 
instability of European ice sheets (Penaud et al., 2009). Coeval with the LGM, the 
northward penetration of low latitude warm and saline waters may have caused a 
relative increase of sea-surface temperatures in the Bay of Biscay (e.g., Penaud et 
al., 2009), which in turn must have favoured the moisture transfer to the 
Pyrenees. The associated increase in precipitation promoted glacier build-up, and 
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strong seasonal effect on runoff (Mojtahid et al., 2005), may have caused ice 
margin fluctuations and glacier destabilization. Hence, the boundary conditions in 
the Bay of Biscay (e.g., high sea surface temperatures, seasonal variability) could 
to some extent explain the unsteady ice recessions and re-advances of Pyrenean 
glaciers around the LGM. In addition, an increase in precipitation may explain 
why northern valley glaciers persisted with several kilometre length presumably 
until the Older Dryas Stadial (Calvet et al., 2011; Delmas et al., 2011) and receded 
to the Pyrenean headwaters and cirques not until the Allerød Interstadial (Delmas 
et al., 2011). 

4.2.3. Pliocene–Quaternary drainage development in the northern Pyrenees 
foreland  

 The regularly spaced river network in the Pyrenees is determined by orogenic 
structures (Jones, 2002) and shows a transverse (north–south oriented) drainage 
pattern, which is a configuration commonly observed in linear young mountain 
belts (Hovius, 1996). To some extent the southern Pyrenean tributaries maintain 
this configuration also in the Ebro foreland basin (e.g., Stange et al., 2013a,b). In 
contrast, the drainage network of the northern piedmont and Aquitaine foreland 
shows rather a radial drainage pattern (Fig. 4.1) that developed on the convex 
topography of extensive (Miocene) foreland fans. The largest of the molasse-fans 
is sourced from the outlet of the Neste River, near the village of Lannemezan (Fig. 
4.2). The top of the stratigraphic sequence (Lannemezan Formation) consists of 
two sedimentary units (Icole, 1974): (i) successive sheets of presumably Pontian 
(Messinian) or Pliocene torrential mudflows (several tens of meter thick, lower 
unit), and (ii) an upper unit, the Donau Formation that is built up by thin and 
polygenetic gravel sheets (Hubschman, 1975c). The Donau Formation is 
associated with the initial fluvial entrenchment of topography (15–20 m; 
Dubreuilh et al., 1995), probably in response to changing climatic conditions at 
the Pliocene–Quaternary transition (Hubschman, 1975c). It marks the first 
regionally preserved alluvial unit of the early Quaternary period (Icole, 1974) and 
has been correlated across the central northern Pyrenees piedmont (Hubschman, 
1975c). In the Garonne valley, the Donau Formation is locally preserved on 
discontinuous small plateaus situated about 180 m above the river (Cavaillé, 
1965). At the mountain front, Donau remnants were found in vicinity of the Neste 
and Garonne foreland outlets (Hubschman, 1975c), indicating a previous drainage 
connection to the top surface of the Lannemezan mega-fan, before the Neste 
River was captured and fluvial incision caused the disconnection of the foreland 
fan from the Pyrenees mountain front. Hence, the present-day drainage 
configuration in the proximal Aquitaine foreland basin is a relatively young 
pattern that was installed (presumably) at or after the Pliocene–Pleistocene 
transition.  

 The reconstructed sediment dynamics in the Aquitaine basin indicate important 
drainage modifications during Pliocene times (Dubreuilh et al., 1995). 
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Subsequently, sediment fluxes from the northern Pyrenean streams increased. 
The reasons invoked are (i) changing drainage mechanisms in response to the 
upcoming glacial–interglacial cycles in the Pyrenees (i.e. climate trigger), and (ii) 
differential tectonic uplift of the Pyrenees and Massif Central (Dubreuilh et al., 
1995). During Quaternary, the northern Pyrenees streams deeply incised their 
valleys into the foreland molasse deposits, generating extensive terrace staircases 
that reflect the fluvial dynamics in response to glacial–interglacial climate 
fluctuations in the Pyrenees (Hubschman, 1975d). Similar observations have been 
made in other regions of Europe, where the onset of enhanced valley 
entrenchment was linked to the mid-Pleistocene climatic revolution and the 
intensification of Quaternary glaciations (e.g., Mudelsee and Schulz, 1997; 
Gibbard and Lewin, 2009, Stange et al., 2013b).  

4.2.4. Valley asymmetries in the southern Aquitaine foreland basin 

 
Figure 4.3 DEM-based cross-sections of major northern Pyrenean rivers valleys (locations: black 
lines, background), most of them showing marked asymmetries. Insets: Valley cross-sections of 
the rivers Adour (1), Gers (2), Ariège (3), Gave de Pau (4), Arros (5), and Garonne (6). 

 In the northern Pyrenees foreland and piedmont many river valleys disclose 
asymmetric cross-sections (e.g., Taillefer, 1951). The most pronounced valley 
asymmetry can be observed in the middle Garonne that features an extensive 
west-lateral terrace staircase and a steep eastern escarpment cut into the 
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Miocene foreland molasses (Fig. 4.3, inset 6). This indicates that, in the course of 
its long-term (Quaternary) entrenchment, the middle Garonne River migrated up 
to 20 km eastward.  

 The Ariège valley (Fig. 4.3) delineates the eastern boundary for valley 
asymmetries in the northern Pyrenean piedmont (Taillefer, 1951). Like in the 
Garonne, the lower Ariège has an asymmetric valley with a west-lateral staircase, 
but its eastward migration only spans a distance of about 6 km (Fig. 4.3, inset 3). 
Draining the central Pyrenean piedmont, the Adour River (Fig. 4.3, inset 1) 
maintains a transverse (middle) course along the foreland molasse fan having a 
rather symmetric valley shape. The smaller central piedmont rivers Gers and 
Arros show opposite asymmetries (Fig. 4.3, insets 2, 5). Entering the foreland, the 
westerly Gave de Pau (Fig. 4.3, inset 4) discloses a sudden course shift towards 
the Atlantic Ocean – in an opposite (westward) direction compared to the Ariège 
and Garonne. The potential causes invoked for the valley asymmetries and the 
variable migration of northern Pyrenean streams are (i) differential fluvial erosion 
in relation to antecedent structures (e.g., Adour River), (ii) prevailing west wind 
directions (e.g., rain and surface runoff distribution), (iii) periglacial processes 
(e.g., differential thawing according to exposure), and (vi) neotectonic activity 
across the northern Pyrenees piedmont (cf. Taillefer, 1951). Regarding the latter, 
the opposing valley asymmetries of the nearby Gers and Arros (Fig. 4.3, insets 2, 
5), indicate a relative proximity to the longitudinal uplift axis, which accordingly is 
situated beneath the central Lannemezan foreland fan. 

 Most of the smaller tributary valleys in the foreland are asymmetric, particularly 
those associated with the proximal Lannemezan drainage network (Taillefer, 
1951). In the Garonne, asymmetric tributary valleys are associated with small dry-
valley catchments that appear on the eastern (cut bank) slopes of the lower 
middle Garonne (Fig. 4.2). Cross-sections of these currently inactive tributaries 
show flat valley floors and undulated slopes with terrace-like surfaces. Their 
bumpy longitudinal stream profiles disclose that these dry-valley tributaries have 
not yet reached a gradient equilibrium. Similar patterns of knickpoints and 
terraces in these tributaries argue for common external controls on profile 
gradation and (presumably seasonal) drainage reactivation. Morphologically, the 
tributary terraces and knickpoint positions correlate with major terrace levels and 
incision scarps in the Garonne valley, potentially indicating a relatively 
synchronous timing of aggradation and incision periods. The asymmetric valley 
geometries, the flat valley floors, and the undulated slopes in the tributary 
catchments are typical features of a periglacial environment (cf. carte géologique 
a 1:50,000, sheets 1034N and 1054N, Bureau de Recherches Géologiques et 
Minières, France (BRGM)). Taillefer (1951) concluded that the valley asymmetries 
in these small rivers developed due to erosive processes (e.g., solifluction) linked 
to exposure-dependent variations in insulation and prevailing snow accumulation 
on the leeward valley slopes. However, the different (partly opposing) valley 
geometries on the northern Pyrenees piedmont argue for other (tectonic) 
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mechanisms, for instance differential uplift in response to unflexing of the retro-
foreland basin (Desegaulx et al., 1991) and tectonic segmentation along the 
northern Pyrenees mountain front due to the reactivation of basement thrusts 
(e.g., Roure, 2008). 

 

4.3. Methodology 

4.3.1. General approach 

 Using a high-resolution DEM (http://gdem.ersdac.jspacesystems.or.jp/) in 
combination with topographic and thematic maps (carte topographique 1:25,000 
(“top25”), Institut national de l’information géographique et forestière, France 
(IGN); carte géologique 1:50,000, BRGM; mapa geológico editado, 1:200,000, 
Instituto Geológico y Minero de España (IGME)) the glacial and fluvial morphology 
in the middle Garonne was mapped, considering also previous research by 
Taillefer (1951), Cavaillé (1965), Icole (1974), Hubschman (1975a-e, 1984), 
Andrieu (1991). In order to obtain a better resolution on the individual terraces 
(e.g., sublevels), meter-scale terrace scarps were identified based on field 
observations and topographic maps (top25, IGN). Numerous exposures of the 
alluvial deposits were examined on site and investigated regarding their 
morphological and sedimentological characteristics (e.g., depositional structures, 
grain size distribution, etc.) and postdepositional weathering (e.g., clast 
alteration, oxidation, pedogenesis, and degradation).  

 In this paper we present longitudinal correlations of terraces and moraines that 
are based on (i) the surface elevations above the generalized Garonne stream 
profile (referred to as meters above the active floodplain [m a.f.]), (ii) the 
morphogenetic positions in the Garonne valley, and (iii) the weathering contrasts 
of the associated sediments. The generalized stream profile of the Garonne 
thalweg (cf. Fig. 4.4, see below) was built with one elevation reference point per 
kilometre on the basis of GPS measurements on site and topographic maps 
(top25, IGN). 

4.3.2. Qualitative estimates on postdepositional sediment weathering  

 As already shown by earlier studies (Icole, 1974; Hubschman, 1975d, 1984; 
Calvet, 1994), fluvial terrace levels and glacial remnants in the northern Pyrenees 
may be differentiated by the gradual postdepositional alteration of their deposits, 
in particular, by the weathering of coarse crystalline granites. 

 We selected the best-preserved moraine and terrace exposures and randomly 
collected a minimum of 150 mainly coarse crystalline granite cobbles from a 
standard outcrop face of  2.5 m2, minimal 1 m below the surface. In order to 
assess the differential weathering of the sediments, the granite cobbles were 
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examined regarding their specific state of postdepositional alteration. Allowing 
for a comparison of the particular weathering state of each morphologic unit, a 
five-class reference index was established (Table 4.A.1; see Appendix) on the 
basis of qualitative observations on the alteration state of granite-specific 
minerals (i.e. feldspar, quartz, and mica), the porosity of the samples, and the 
individual thickness of weathering rinds (i.e. cortex). The thicknesses of 
weathering rinds were classified as follows: 1: 0–0.5 mm; 2: 0.5–2 mm; 3: 2–5 
mm; 4: > 5mm; and 5: completely weathered. The values recorded for the 
individual granite pebbles were averaged over the random sample of an outcrop 
ranging from value 1 (no alteration, intact (massive) and unweathered sample) to 
value 5 (completely altered and disintegrated sample). Additionally, we registered 
the relative amount ( ) of completely disintegrated pebbles (phantoms) in the 
samples, which has been proven to be an indicator for the relative sediment 
exposure time (e.g., Icole, 1974; Calvet, 1994).  

 It should be noted that postdepositional pebble alteration and sediment 
weathering is a cumulative and ongoing process. Previous studies on fluvial and 
glacial deposits have shown that the progression of postdepositional weathering 
is not uniform and may vary in relation with specific geomorphic positions (e.g., 
slopes vs. plains) and associated processes (e.g., runoff; Hubschman, 1984). 
Hence, the differential weathering of terrace gravel provides only limited 
implications regarding the palaeoclimatic conditions at the time of sediment 
deposition (Icole, 1974; Hubschman, 1975d). Regarding the established 
fluvioglacial chronology in the Garonne, the weathering index has thus been used 
as an additional indicator for the relative exposure time of geomorphic units – 
secondary to their morphogenetic relationships and exposure dating. 

4.3.3. Exposure dating using in situ produced terrestrial cosmogenic nuclide 10Be 

 Because of the lack of well-preserved sediment outcrops in the prominent 
terrace levels T3–T5, exposure dating was limited to two outcrops in gravel-pits 
corresponding with terrace level T6. We applied a depth-profiling sampling 
technique to determine terrace exposure ages via in situ produced cosmogenic 
nuclides (TCN) of beryllium (10Be). Owing to the sensitivity of TCN exposure dating 
to postdepositional degradation and burial (e.g., Gosse and Phillips, 2001; Dunai, 
2010), the sampling sites were chosen with regard to minimize potential 
postdepositional disturbance of the sediment. We sampled the outcrops along 
depth-profiles from the terrace surfaces to about 400 cm subsurface-depth (i.e. 
cosmic ray infiltration depth), collecting mainly quartzite and granite cobbles with 
high proportions of quartz (i.e. target mineral). In order to constrain the 10Be 
surface production on site, we collected several samples at or just below the 
surface.  

 The 10Be targets were extracted from quartz contained in the cobbles in 
collaboration with the cosmogenic laboratory at ISTerre (Grenoble, France). At 
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first, the cobbles were crushed and sieved, and decarbonised nonmagnetic 
fractions of 250-500 μm were produced. After the quartz was isolated from 
unwanted mineral phases, the nonmagnetic fractions were repeatedly leached 
with a mixture of 2:1 H2SiF6 / HCL (cf. Brown et al., 1991). In order to remove 
potentially remaining components of atmospheric 10Be, the samples were three 
times partially dissolved in HF (  30  loss of mass; Brown et al., 1991). Further 
chemical treatment was done following Merchel and Herpers (1999), involving (i) 
sample dissolution in HF, (ii) evaporation and fluoride dissolution, (iii) isolation 
and extraction of the target element beryllium (cat- and anion exchange resins: 
DOWEX 1x8 100-200 mesh, DOWEX 50wx8 100-200 mesh), and (iv) oxidation of 
the remaining sample for further processing by accelerator mass spectrometry 
(AMS). The beryllium oxides were measured for 10Be/9Be ratios at the French 
ASTER AMS facility (LN2C–CEREGE). The 10Be/9Be ratios were calibrated against 
NIST Standard Reference Material 4325 with an assigned 10Be/9Be ratio of 
2.79*10-11 (Nishiizumi et al., 2007). Based on the calibrated 10Be/9Be nuclide 
ratios, the amount of in situ produced cosmogenic 10Be [at g-1] was determined. 
Analytical uncertainties, involving AMS external error (0.5 ), standard 
reproducibility and chemical blank measurements (Table A.2) have subsequently 
been propagated through the parameter simulations and are reported within the 
uncertainties of the resulting exposure ages. 

 The exposure ages have been modelled from the 10Be concentration-depth-
profiles using a Monte Carlo simulation technique previously published by Hidy et 
al. (2010; 10Be profile simulator version 1.2, Mercader et al., 2012). This approach 
incorporates site-specific parameter variability and permits the determination of 
a sediment exposure age in combination with erosion rates and inherited 10Be 
concentration in the depth-profile. The Monte Carlo simulations (Hidy et al., 
2010) were run with neutron-induced spallogenic surface production rates 
derived from the site-specific scaling scheme by Stone (2000; modified from Lal, 
1991) and also involved the muogenic component in the production of 10Be nuclei 
(cf. Balco et al., 2008; Hidy et al., 2010). For simplicity, the simulations did not 
incorporate temporal variations in 10Be production rates resulting from 
geomagnetic field intensity variations. The systematic errors related to 
production rates (6.6 ) and radionuclide half-life (1 ; half-life 10Be: 1.387 ± 0.012 
Ma; Chmeleff et al., 2010) are factored into the uncertainties of the exposure age 
results. The profiles’ 10Be inheritances were assumed to be constant and have 
been modelled as a free parameter. We assumed bulk densities to be relatively 
constant along the depth-profiles and applied an average density of 2.2 ± 0.2 g 
cm-3 (e.g., Vincent and Chadwick, 1994; Hidy et al., 2010). The net erosion 
estimates ([cm]) represent minimum–maximum estimates for surface denudation 
on site. In this paper, the 10Be derived exposure ages ([10Be ka]) are based on 
(Bayesian) probability density functions that were obtained from the 10Be profile 
simulator 1.2 (Hidy et al., 2010; Mercader et al., 2012).  
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4.4. The Garonne drainage pattern and its structural controls 

 With a length of more than 550 km, the Garonne is the largest of the northern 
Pyrenean streams and drains a catchment area of about 52,000 km2 (85,000 km2 
including Dordogne, EEA report, 1996; Fig. 4.1). The present-day Garonne River 
has a quasi-equilibrium longitudinal stream profile, which is base level adjusted to 
the Atlantic Ocean (Fig. 4.4).  

 
Figure 4.4 Gradient-based subdivision of the Garonne River longitudinal profile (brackets). Inset 
A: Structural and bedrock-controlled knickpoints in the Garonne upper reaches. Inset B: 
Knickpoints at the anticline succession of Boussens–St. Martres indicating a local disequilibrium 
longitudinal profile. Structural lineaments derived from carte géologique 1:50,000, BRGM, sheets 
1054N and 1072N; mapa geológico editado, 1:200,000, IGME, sheets 14 and 15). 

 Based upon gradient changes, the present-day Garonne stream profile can be 
divided into three segments: (i) a steep upstream course (29 m km-1) extending 
from the stream source to profile-km 50, (ii) a more gently sloping profile of the 
middle reaches (km 50–205, 2.7 m km-1), and (iii) very gentle lower reaches (0.4 
m km-1) that extend until the river mouth north of Bordeaux (km 550, Fig. 4.4). In 
its upper reaches, the Garonne incises the Palaeozoic basement of the Pyrenees 
and can be classified as a bedrock river. Downvalley of the headwater junction 
(Fig. 4.4, inset A, box 1), several minor knickpoints are present in the Garonne 
profile. Their positions broadly coincide with major fault lines associated with the 
Pyrenean basement structure (Fig. 4.4, inset A, boxes 2 and 3). The next profile 
knickpoints (Fig. 4.4, inset A, boxes 4, 5, and 6) coincide with changes in bedrock 
lithologies and may therefore relate to the differential erodibilities of the 
underlying substrate. The gently sloping upper middle reaches (3.5 m km-1, Fig. 
4.4) are dominated by Mesozoic bedrock lithologies of the northern Pyrenean 
fault zone (mainly carbonate rocks). Morphologically, this stretch features a 
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smooth topography (karst landscape) and widened valley cross-sections that are 
associated with the intramountain depressions near Marignac, Fronsac, and 
Loures-Barousse. Although local tectonic structures might co-explain the 
development of these depressions, the numerous remnants of morainic ridges 
and the U-shaped valley cross-sections indicate a strong glacial imprint on the 
intra mountain valley morphology. 

 At the passage of the mountain front the Garonne valley narrows and the 
longitudinal profile displays a distinct knickpoint (km 80, Fig. 4.3). This knickpoint 
coincides with a change in bedrock (foreland molasses), but also with the 
transition to the pro-glacial domain. Hence, it is likely that both erosive 
overdeepening of the terminal glacial basin and the change in bedrock erodibility 
play a role in the development of this profile knickpoint. 

 At the foreland transition (Fig. 4.2), the Garonne joins with the Neste River and 
bends sharply to the east, continuing along-strike of the Pyrenees mountain front 
and the contact with the extensive Lannemezan molasse-fan (Fig. 4.2). Along this 
stretch, the Garonne becomes a mixed substrate–alluvial stream and changes 
from a fluvioglacial to a predominantly fluvial drainage system. In the Aquitaine 
foreland basin, the Garonne continues northward and takes its course along 
tectonic basement structures that are associated with Tertiary folding episodes in 
the foreland basin (Ager, 1980; cf. Lancaster, 2005). Breaching a series of late-
orogenic anticlines, the Garonne considerably narrows its valley and shows a 
number of minor knickpoints in its longitudinal profile (km 124–136, Fig. 4.4, inset 
B). They could be related to differential bedrock erodibility, halokinetic uplift of 
the anticlines, or recently reactivated basement faults in the northern Pyrenees 
piedmont (e.g., Desegaulx et al., 1991; Bourrouilh et al., 1995; Alasset and 
Meghraoui, 2005; Roure, 2008; Chevrot et al., 2011). Downstream of the 
anticlines of Boussens–St. Martres the Garonne re-enters the foreland molasses 
and progressively migrates to the east (up to > 20 km). At Toulouse the river 
readopts a northwesterly course and continues around the northern limit of the 
Lannemezan mega-fan toward the Gironde estuary and the outlet to the Atlantic 
Ocean (Fig. 4.1). Coinciding with the Garonne–Tarn confluence, the northwest 
shift of the Garonne could relate to capture mechanisms, and/or changes in the 
subsurface structures and tectonic regime. 

 In the Aquitaine foreland basin, the lower middle Garonne shows a considerably 
widened valley cross-section favouring the preservation of the extensive left-bank 
terrace staircase. Previous research identified three major terrace complexes in 
the middle and lower Garonne (Hubschman, 1975a, 1975e; Taillefer, 1984; 
Lancaster, 2005). Mainly based on the morphological terrace positions and the 
distinct weathering intensities of the associated sediments (e.g., Icole, 1974; 
Hubschman, 1975a,e, 1984) the terrace complexes were interpreted to represent 
the Würmian (MIS 2–4), Rissian (MIS 6) and previous glacial periods in the 
Pyrenees region (i.e. Mindel and Günz glaciations). 
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4.5. The glacial and fluvial morphology of the middle Garonne 

4.5.1. The terminal glacial basin of Loures-Barousse–Barbazan 

 The terminal glacial basin of Loures-Barousse–Barbazan is situated in close 
proximity to the northern Pyrenees mountain front (Fig. 4.2). With a width of 
about 3 km, this intramountain depression extends over an area of c. 25 km2 (Fig. 
4.5). The Loures-Barousse depression holds scores of well-preserved fluvioglacial 
deposits and glacial morphology denoting successive terminal ice margins of the 
about 70-km-long trunk glacier of the Garonne (Hubschman, 1984; Taillefer, 
1984; Andrieu, 1991). The local morphology comprises extensive surfaces 
associated with basal tills, sanders and alluvial deposits (terraces), as well as 
discrete landscape elements like morainic ridges and remnant hills (Fig. 4.5).  

 
Figure 4.5 Morphologic map of the fluvial and glacial domains of the terminal glacial basin of 
Loures-Barousse-Barbazan, including positions of Pleistocene glacier advances: potential ice-
margin fluctuations during maximum glacier extent in the Garonne (M1, white lines), glacier 
extent at the LGM (MIS 2; M2, black solid line), and recessional ice-margins of the Garonne valley 
glacier (late MIS 2; M3, dashed black lines). 

 Previous lithostratigraphic and morphologic observations onsite (Hubschman, 
1984) resulted in a subdivision of two morainic formations: (i) old morainic 
remnants that are situated  200 m above the valley floor and consist of 
discontinuous glacial remnants preserved on the lateral slopes of the depression, 
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and (ii) younger moraines at the footslopes and bottom of the glacial basin, which 
were further subdivided in an external and an internal glacial domain (cf. carte 
géologique 1:50,000, 1054N, BRGM). Preliminary chronologies attributed the 
external moraines to the maximum ice extent in the northern Pyrenees (MIE) 
inferring that the deposition and build-up of the moraines took place during the 
early Würmian, if not the Rissian glacial stage (Hubschman, 1984; Hérail and Jalut, 
1986). Recent 10Be exposure dating on moraines in the adjacent Ariège River 
indicated that the local MIE positions were reached during glacier advances 
around 81.4 ± 14.6 and 34.9 ± 8.5 10Be ka (Delmas et al., 2011). Accordingly, the 
internal moraines in the Loures-Barousse depression were linked to late Würmian 
recessional stages associated with the final glacier recession in the Garonne valley 
(Hubschman, 1984). From the glacial remains previously attributed to the late 
Würmian deglaciation, Andrieu (1991) singled out a group of moraines and 
fluvioglacial deposits situated at the major outlet of the depression (e.g., M2 
south of Barsous, Fig. 4.5). Granulometric analyses and weathering of the 
associated deposits suggested an intermediate age respective to the old and the 
internal moraines, but with a greater tendency toward the latter (Andrieu, 1991). 

 
Figure 4.6 Ice-pushed ridge of the morainic complex M1 (site 2.3 in Fig. 4.5). Inset, left: Large 
glacial boulder at site 2.3. Inset, right: Intensely weathered till-deposits and strongly weathered 
phantom granite clasts (site 1.7 in Fig. 4.5). 

 



Chapter 4

96

Based on morphogenetic positions and weathering characteristics, we propose a
threefold classification of the moraines preserved at the bottom and lower valley 
slopes of the Loures-Barousse depression (e.g., Fig. 4.5): (i) a frontal moraine 
complex (M1) located at the main outlet of Tibiran-Jaunac, (ii) a group of 
moraines (M2) situated in the central and eastern part of the depression (e.g., La 
Serre ridge, site 2.6 in Fig. 4.5), and (iii) the internal morainic ridges (M3), which
are preserved farther upstream at Labroquère, Valcabrère, and northwest of 
Loures-Barousse.

The terminal moraine complex M1 is preserved as a group of isolated remnant
hills at c. 485 m asl in the outlet of Tibiran-Jaunac (Fig. 4.5). Their gentle and
undulated slopes argue for significant postdepositional degradation. Most likely, 
initially elongated morainic ridges existed previously and were dissected during a 

subsequent glacial outwash phase by
fluvioglacial channels that were sourced 
from the moraines of Barsous (i.e.
terminal margin M2, Fig. 4.5). The M1 till
deposits were investigated in a road cut 
through the basal part of a moraine at site 
1.7 (Fig. 4.5; Fig. 4.6) and featured poorly
sorted subangular and striated cobbles 
and boulders (< 1 m in diameter) enclosed
in a clayey-sandy sediment matrix. The till 
carries granite, conglomerate, and 
metamorphic clasts (mainly quartzite and 
schist) that originate from the elevated 
Pyrenees (i.e. axial zone). Carbonate rocks
are scarce in the tills of M1 and they only
appear as a few large angular blocks that 
probably originate from the surrounding 
bedrock hills. The till clasts disclose 
intense postdepositional weathering and 
alteration (Fig. 4.6, inset right), which is
evidenced by the large amounts of
phantom granites (Fig. 4.7) and the thick
weathering rinds and oxidized cores of the 
cobbles. Large erratic boulders are mainly
preserved on the summits of the M1 

remnant hills, for instance at sites 1.7 and 2.3 (Fig. 4.5; Fig. 4.6, inset left). With
regard to the considerable volumes and diameters (> 2 m) of these glacial
boulders, their hilltop positions indicate in situ deposition at a potentially 
important glacier front (i.e. ice margin M1). Remnants of an upper till surface
extend along the western margin of the depression. In accordance with their

Figure 4.7 Weathering of till clasts of 
moraine complexes M 1 (left) and M2 (right) 
based on the weathering index for granite 
cobbles and the percentages of strongly 
weathered granite cobbles (phantoms,
bottom).
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morphogenetic positions and elevations, they could have developed coeval with 
the fluvioglacial terrace of Seilhan (i.e. glacial phase M1, Fig. 4.5). 

The morphogenetic relationships of outwash channels, moraines, and basal tills 
indicate a second glacier front (M2) that crosses the Loures-Barousse depression 
from Burs to Barsous (cf. recent external domain, Hubschman, 1984). The 
moraines of Barsous border the extensive basal tills of glacial stage M2 (c. 465 m 
asl, lower basal tills, Fig. 4.5), which represent the source area of the glacial 
outwash channels that dissect moraine complex M1. At the outlet of Bazert, a 
minor outlet located at the eastern part of the depression, the most prominent 
morainic ridge of M2 (i.e. La Serre) is preserved at an altitude of about 490 m asl 
(site 2.6 in Fig. 4.5). The pro-glacial outwash channels associated with La Serre cut 
laterally through the extensive terrace of Seilhan (M1) and indicate their 
contemporaneous development with the previously mentioned channels farther 
west. Based on its elevation and morphogenetic position, the ridge La Serre could 
be associated with moraine complex M1, but (i) the abundance of limestone, (ii) 
the limited weathering in the sediment exposures, and (iii) the intact morphology 
of this ridge suggest a younger relative age of La Serre. Granulometric analyses of 
the tills from La Serre correlate well with glacial remains at the slopes of Arrivet 
farther west (site 6.3 in Fig. 4.5), but mineralogical analyses argue the converse 
(Andrieu, 1991). This may be explained by the central position of the slopes of 
Arrivet in the pro-glacial domain of margin M3 and potential fluvioglacial 
reworking of previous glacial deposits (site 6.3 in Fig. 4.5). Similar conclusions 
were drawn for the tills on the eastern slope of the basin (site 6.4 in Fig. 4.5), 
which show intermediate states of weathering respective to the glacial deposits 
of M1 and M3.  

 Moraine complex M3 consists of several double-lobe morainic ridges that reach 
an elevation of about 470 m asl and are situated near the villages of Labroquère 
and Valcabrère, and west of Loures-Barousse (Fig. 4.5). Also the lateral moraines 
of Coumanié (site 1.5 in Fig. 4.5) have previously been linked to the glacial stage 
of Labroquère and Valcabrère (ice margin M3; Andrieu, 1991), but 
sedimentological observations revealed that the double-ridge of Coumanié is 
built up by subglacial tills associated with the glacial lobe of Bazert (Andrieu, 
1991), which in turn dates from glacial phase M2 (Fig. 4.5). Despite this particular 
genesis of the Coumanié moraines, the central ridges of M3 clearly denote the 
youngest morainic arc in the middle Garonne and encircle the postglacial fluvial 
domain. This area comprises the lower alluvial terrace T8 and the recent 
floodplain of the Garonne (460–430 m asl, Fig. 4.5). The late- and postglacial 
fluvial incision of the Garonne caused the dissection of the morainic arc M3 
between Labroquère and Valcabrère (Fig. 4.5). The generally well-preserved 
morphology of M3 indicates that the central breach was the main conduit of the 
Garonne during postglacial times. During deglaciation, several branches and 
outwash channels must have existed as it is indicated by the dissected morainic 
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arc west of Loures-Barousse and by the considerable degradation of the frontal 
lobe south of Valcabrère (Fig. 4.5). 

 The tills of the M3 moraines consist of poorly sorted boulders and cobbles within 
a predominant clayey–silty sediment matrix. Although the lithologic composition 
of M3 is comparable to moraine complex M1, schist pebbles and carbonate clasts 
were observed more frequently, suggesting less intense chemical weathering and 
thus a younger age of these deposits. Farther downstream, morainic deposits are 
locally exposed on hillslopes west of Labroquère (site 6.3 in Fig. 4.5). These tills 
show fairly unweathered granites contained in predominantly clayey sediment 
with only a few phantom granites (Fig. 4.7) and limited grades of (iron) oxidation. 
The till clasts of the M3 moraines show similar degrees of alteration as M2, which 
could indicate a relative coeval development during the same glacial period 
(Hubschman, 1984). However in contrast with the external domain M2, the tills of 
M3 contain significantly less proportions of limestone and have less developed 
facies (Hubschman, 1984), the latter clearly indicating a younger exposure age of 
the sediments associated with M3. Hence, the morainic arcs of M2 and M3 seem 
to denote successive glacier advances in the course of the latest glaciation in the 
Garonne.  

 In summary, the preservation of glacial morphology in the Loures-Barousse 
depression denotes several glacier advances in the Garonne that reached the 
northern Pyrenees mountain front. The strongly degraded remnants of old 
moraines that are discontinuously preserved at the margins of the terminal glacial 
basin (high moraines, Fig. 4.5) could relate to previous (extensive) glaciations in 
the Garonne. At the bottom of the Loures-Barousse depression, the terminal 
glacial margins M1, M2 and M3 argue for three consecutive ice advances or 
recessional stages during late Pleistocene times (dashed and solid lines, Fig. 4.5).  

The sediment record of the Lac de Barbazan 

 The lateral morainic ridge of Coumanié borders a small concentric lake (Lac de 
Barbazan, Fig. 4.5). The present lake is a remnant of a previously larger ice-
contact lake enclosed between the moraines of Coumanié and the eastern slope 
of the depression (versant de Burs).  

 Multiproxy analyses on three sediment cores of the lake of Barbazan (e.g., 14C, 
18O, pollen, cf. Andrieu et al., 1988, 1993; Andrieu, 1991) provided a detailed 

chronology of the latest deglaciation and postglacial palaeoclimatic development 
in the basin of Loures-Barousse–Barbazan. The initial 14C ages published by 
Andrieu (1991) have been calibrated against the 14C calibration curve Intcal09 
(Reimer et al., 2009) using the radiocarbon calibration program CALIB REV 6.0.0. 
The calibrated ages (Tables 4.A.5 and 4.A.6; see Appendix) refer to the mean 
values obtained from CALIB 6.0 (± 2  uncertainties) and are given in 14C cal y BP 
([cal BP]). 



Glacier advances and terrace formation in the Garonne River 

99 
 

 The stratigraphic sequence of the lake of Barbazan (cf. Andrieu, 1991) discloses 
five sedimentary cycles of diamictons and rhythmites that were deposited prior 
to 21,084 ± 878 cal BP. The five cyclic repetitions were interpreted as consecutive 
melting phases of a relatively stationary glacier in the area of Barbazan. 
Subsequently, the lake became disconnected from the glacier. The top of the 
stratigraphic column comprises calcareous oozes that were deposited under 
lacustrine and swamp conditions. The base of this upper unit is marked by a rise 
in  18O from c. 18,238 ± 628 cal BP and a subsequent increase in organic matter 
(Andrieu et al., 1993), which could be related to the climatic warming of the 
Bølling–Allerød interstadial (dated between 15,197 ± 1153 and 13,451 ± 575 cal 
BP). However, the content of organic matter remained relatively low until about 
7,450 ± 133 cal BP (OM < 40 ). At that time, peat formation began in the lake of 
Barbazan indicating fully established interglacial climatic conditions (warm and 
humid) in the middle Garonne. 

4.5.2. The fluvial terrace staircase of the middle Garonne  

 The Garonne terrace staircase has been investigated from the Loures-Barousse 
depression to the area of Muret, south of Toulouse (Fig. 4.2). Gradient changes 
and valley morphology suggest a subdivision of this stretch in two segments that 
are separated by the bedrock anticlines series of Boussens–St. Martres (Fig. 4.4; 
Fig. 4.8): (i) the distal part of the upper middle reaches (UMR 2, km 80–125, Fig. 
4.4) and (ii) the lower middle reaches (LMR, km 125–212, Fig. 4.4). The west–east 
trending UMR 2 shows relatively symmetric cross-sections of the valley and the 
laterally preserved terraces levels (Fig. 4.8, inset C). The symmetrical terrace 
geometries and the narrowness of the deeply entrenched valley of the Garonne 
(width about 4 km) argue for progressive fluvial incision tied to the Pyrenees 
mountain front along-strike of the foreland transition (Fig. 4.8). The transition to 
the LMR stretch (e.g., Fig. 4.4) is characterized by an abrupt change in stream 
direction, valley width and geometry. Related to the progressive eastward 
migration of the Garonne, the valley segment LMR reaches considerable widths 
of up to more than 20 km, showing a pronounced asymmetry with an extensive 
left-lateral terrace staircase (Fig. 4.8, insets A and B) and a steep easterly valley 
slope.  

 

 

 

__________________________________________________________________ 
Figure 4.8 Map of the Garonne terrace staircase levels in the proximal Aquitaine foreland basin. 
Terrace exposure observation points (grey stars), and valley cross-sections for the lower reaches 
(km 240, inset A), the lower middle reaches (km 188, inset B), and the distal part of the upper 
middle reaches (UMR 2, km 113, inset C). 
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 Previous pedological and morphological studies defined five big stages of 
Quaternary alluvium in the Garonne (e.g., Icole, 1974; Hubschman, 1975d). The 
earliest alluvial deposits of the Quaternary (c. 180 m above the present-day 
Garonne stream profile [m a.f.]) are associated with strongly weathered and 
grusified alluvial sheets (Donau Formation, cf. section 4.3.2) that are preserved on 
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top of the proximal Aquitaine foreland fans (Icole, 1974), and locally at the 
northern Pyrenees mountain front (e.g., Hubschman, 1975c). Their distinct 
preservation pattern reflects that the initial Quaternary drainage network was a 
relatively open and marginally entrenched system characterized by a radial 
drainage configuration probably related to the convex topography of the foreland 
molasse fans. Presumably during the Early or the Middle Pleistocene, drainage 
pattern changed and the Garonne began to deeply entrench its valley and 
disconnected from the radial piedmont drainage system (Lannemezan fan). In this 
regard, the Donau formation marks the latest alluvial deposits before the 
establishment of the modern drainage configuration and staircase formation in 
the Garonne.  

 The staircase of the middle Garonne consists of four terrace complexes (Q1, Q2, 
Q3, and Q4) that range from 115 to 1 m a.f. (Fig. 4.8; Fig. 4.9). Based on their 
relative elevations and morphogenetic positions within the staircase, the terrace 
complexes can be further subdivided into 9 individual terrace levels (T1–T9), 
including the present-day floodplain (3–0 m a.f.). The preservation of elongated 
terrace treads decreases with elevation [m a.f.] and age of the deposits, owing to 
postdepositional reworking and degradation. Likewise, the preserved thickness of 
the gravel bodies diminishes from the lower terraces (i.e. up to 15 m) toward the 
upper terrace complex Q1 (Fig. 4.8), where the alluvial cover sparsely remains.  

 
Figure 4.9 Longitudinal profiles of terrace levels in the Garonne River, middle reaches (e.g. inset). 
The profiles show relatively evenly spaced palaeofloodplains of the Garonne pointing to 
progressive incision of this river during late (and middle) Pleistocene times. The increased spacing 
of the staircase downstream of the anticlines of Boussens–St. Martres (ca. km 135) coincides with 
significantly widened and asymmetric valley cross sections. 
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 The oldest terraces of the staircase (i.e. Q1) are preserved as morphologic 
remnants that locally arise at about 110 m a.f. (T1) and 85 m a.f. (T2, Fig. 4.8) 
along the westerly shoulders of the Garonne valley. The remnants appear as 
confined lateral surfaces with a flat and even morphology, which contrasts with 
the undulated periglacial morphology that dominates the proximal foreland fan 
and the valley shoulders of the middle Garonne (e.g., carte géologique a 
1:50,000, 1034N, 1054N, BRGM). Although Hubschman (1975b) locally observed 
alluvial thicknesses of up to 7 m, the deposits showed mainly phantom pebbles 
integrated in the sediment matrix (pebble content only 10 ). Along UMR2 
remnants of complex Q1 are scarce (Fig. 4.8) and only the lower terrace level T2 is 
locally preserved. Downstream of the Boussens–St. Martres anticlines Q1 reaches 
considerable extent including a prominent terrace level T1. Farther downstream 
near Toulouse, terraces reappear at the relative elevations of T2. 

 The prominent middle terrace complex Q2 (i.e. levels T3 and T4) is clearly 
traceable along the middle and lower reaches of the Garonne (Fig. 4.9). Bounded 
by major incision steps of more than 15 m (Fig. 4.8, insets), the terrace 
morphology of complex Q2 remains well preserved and enables a differentiation 
of two individual terrace levels T3 (76–68 m a.f.) and T4 (68–44 m a.f.). Despite 
the diffuse preservation of the terrace scarp of T3 (i.e. often degraded or buried), 
T3 and T4 are continuously preserved along the LMR stretch (Fig. 4.8, insets; Fig. 
4.9). In segment UMR 2, Q2 remains as an extensive single terrace level at lower 
relative elevations (i.e. 55–44 m a.f.) that is very prominent at Montréjeau and St. 
Gaudens (Fig. 4.8). Mechanisms for the differential preservation and the lower 
elevations of Q2 along the foreland transition (e.g., UMR 2) could relate to (i) 
intensified erosion and reworking favoured by the narrow valley cross-sections 
and lower stream gradients or (ii) differential neotectonic motions at the 
proximal Aquitaine foreland basin. 

 Several outcrops of Q2 deposits were examined near St. Gaudens and southwest 
of Toulouse (sites 4.1, 10.3, 11.1 in Fig. 4.8). The local gravel bodies show a 
vertical thickness of  3 m, but sedimentary structures exposures are obliterated 
by considerable in situ sediment weathering (Fig. 4.A.1, see Appendix) and 
degradation owed to agriculture and constructions. The lithologic composition of 
the fluvial sediments (i.e. mainly quartzite, granite, schist, and conglomerate) is 
similar to the fluvioglacial sediments at the Loures-Barousse depression and thus 
confirms their provenance from the upper Garonne. Quartzite cobbles mostly 
appear intact and show low grades of (iron) oxidation. In contrast, the less 
resistant metamorphic rocks are strongly weathered (e.g., intense oxidation and 
entire alteration of schist), and 90  of the granite cobbles only remain as 
phantoms (Fig. 4.10; Fig. 4.A.1, inset; Table 4.A.1). The statistics of the granite 
Index obtained for sites 4.1, 11.1, and 10.3 (T4) indicate intense (chemical) 
weathering and pebble alteration in Q2, corroborating previous observations by 
Hubschman (1975b). Similar observations were made in alluvial deposits of other 
north Pyrenean rivers (e.g., 60 m a.f. in the Neste River and the Gave de Pau) 
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where particularly granitic pebbles were strongly grusified and disaggregated 
(Icole, 1974). 

 
Figure 4.10 Weathering of granite pebbles and cobbles derived from sediment exposures of 
different terrace levels. The figure shows the results of the weathering index (top), which involves 
weathering of specific minerals, thickness of weathering crusts, and porosity, and the 
percentages of completely altered granite cobbles (phantoms, bottom). 

 Terrace complex Q3 consists of three levels (T5, T6, and T7), which are confined 
to the inner valley of the middle Garonne (Fig. 4.8, insets). The upper terrace level 
T5 is situated 36–26 m a.f. (Fig. 4.8; Fig. 4.9). With an average width of about 5 
km, T5 reaches considerable extent and is the most prominent and continuous Q3 
terrace along stretch LMR (Fig. 4.A.2). Although in UMR 2, T5 is only scarcely 
preserved (Fig. 4.8), locally preserved incision scarps and terrace remnants at 
slightly lower elevations (30–28 m a.f.) provide morphological evidence for the 
existence of T5. The poor preservation conditions could result from intense 
erosion at the dynamic glaciofluvial interface, and the relatively narrow valley 
cross-sections that additionally increase the potential of postdepositional 
flooding and reworking of terrace deposits (Fig. 4.8, inset C). Northwest of the 
outlet of Bazert (Fig. 4.5), T5 appears as a small plateau delimited by a minor 
incision scarp of 5–8 m. In comparison with the major incision scarps between the 
terrace complexes (e.g., Q2–Q3, > 15 m), the minor scarp height between T5 and 
T6 could indicate a small age difference between these terraces. Along the 
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segment LMR scarp heights of T5 increase to > 10 m before they diminish again in 
the proximity of Fontréal (Fig. 4.2). Because of lacking suitable outcrops along 
UMR 2, only surface deposits of T5 were studied. The pebbles commonly showed 
significant degrees of oxidation (iron, manganese) and relatively thick weathering 
rinds (average > 5 mm), often accompanied by oxidized fractures and cobble 
cores (Fig. 4.A.2, insets). Similar observations were made along stretch LMR 
(exposures 10.2, 12.1, and 12.2 in Fig. 4.8) and the local deposits had the 
common lithologic composition of Garonne terraces. Weathering crusts were 
frequently observed at these T5 locations where about 60  of the granite 
cobbles were entirely altered, which contrasts well with the bordering terraces T4 
(c. 90 , Q2) and T6 (c. 30 , Fig. 4.10, Table 4.A.1). In the Neste River, Icole (1974) 
made similar observations (e.g., disaggregated granite and weathered biotite). 
However, our own observations are not in agreement with previous studies in the 
Garonne, which proposed that T5 (cf. Rissian terrace; Hubschman, 1975b) was 
poorly affected by pebble alteration. We assume these disparities could relate to 
sampling of different individual terrace levels in the same complex Q3 (gravel-pits 
are excavated mainly in T6 and T7). Alternatively, it could be caused by 
differential weathering in the same terrace level. In this regard, Icole (1974) 
described that alteration of deposits may significantly vary across a single terrace 
and is likely to be more intense at the narrow slope-ward margin (e.g., permanent 
leaching by percolating rainwater), whereas in the rest of the terrace gravel body 
weathering proceeds more slowly. 

 Terrace level T6 ranges from 25 to 14 m a.f. and is a fairly extensive terrace, 
particularly downstream of the anticlines of Boussens–St. Martres and at the 
mountain front, where it coincides with a prominent glaciofluvial outwash fan 
(i.e. Plaine de Rivière, Fig. 4.5). Along stretch LMR, the (lower) terrace scarps of T6 
are not so prominent and decrease to heights of < 2 m, often modified by 
extensive agriculture and construction. In the area of Toulouse (Fig. 4.8), the 
scarp of T6 is not traceable any longer and this level merges with T7.  

 The sediments of level T6 have been investigated in a gravel-pit northwest of 
Cazères (site 5.1 in Fig. 4.8). The outcrops show homogenous gravel deposits with 
a vertical thickness of > 10 m. With only 33  of totally altered granites (Fig. 4.10; 
Table 4.A.1), T6 deposits had significantly lower degrees of postdepositional 
(cobble) alteration compared to terrace level T5. Depositional discontinuities (i.e., 
coarse cobble layers) have been locally observed (site 3.7, Fig. 4.11), but 
interbedded soils could not be identified in the outcrops of T6. This suggests a 
relative continuous aggradation of this palaeo-floodplain. Our observations 
suggest a terrace development model where a major terrace level (T5) was 
formed by extensive alluvial aggradation, probably under cold-based braided 
conditions. After a less intense erosion phase, T6 was formed as an inset terrace 
in terrace level T5. The discontinuous and small scarp heights between T6 and T7 
indicate that intermediate incision and reworking was relatively limited and 
(presumably) of short duration. Terrace level T6 was sampled for 10Be exposure 
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dating (sites 3.7 and 5.1 in Fig. 4.8) and is presented in detail in a separate section 
(see below). 

 
Figure 4.11 Sampling for 10Be exposure dating in a gravel-pit on the glaciofluvial terrace Plaine de 
Rivière (cf. Fig. 4.2; Fig. 4.5; site 3.7 in Fig. 4.8). Inset, left: top of the stratigraphic sequence. 
Inset, centre: erratic boulder from the base of the alluvium. Inset, right: sampling site for 
exposure depth profiling. 

 Terrace level T7 (13–9 m a.f.) is a relatively narrow terrace, but it is one of the 
most continuous levels in the middle Garonne. It can be followed from the 
mountain front until the downstream area of Toulouse (Fig. 4.8; Fig. 4.9). Several 
sediment exposures of T7 were investigated showing relatively unweathered 
gravel in a predominantly sandy sediment matrix (Fig. 4.10, Table A.1). 
Corroborating previous observations farther downstream (Fontréal, Fig. 4.2; 
Bruxelles et al., 2010), the polygenetic deposits of T7 (site 15.1 in Fig. 4.8; Fig. 
4.A.3, inset right) display numerous sand-filled channels often associated with 
oxidized horizons. Morphologically, the lower scarp of terrace T7 delimits the 
lower terrace complex Q4 and marks the latest major incision step of the middle 
Garonne River. However, similar to T6, in the area of Toulouse the scarps of T7 
are less pronounced. Previous research on the lower terraces in the Toulouse 
area (e.g., Tarn–Garonne confluence; Cavaillé, 1965) interpreted the reduction of 
scarp heights as an indicator for diachronous terrace development. Cavaillé 
(1965) proposed an alternative theory to explain the polygenetic plains invoking 
reworking caused by river migration and meander widening. This scenario agrees 
relatively well with the numerous confluences of major (low gradient) tributary in 
the area of Toulouse.  

 The lower terrace complex Q4 comprises only one terrace level (T8, 7–4 m a.f.) 
and the present-day floodplain of the Garonne (T9, 3–1 m a.f.). Sediment 
outcrops of T8 were studied for instance at locations 4.2 and 7.1 (Fig. 4.8). In 



Chapter 4 

106 
 

general, the outcrops showed relatively unweathered cobbles and gravel in a 
sandy sediment matrix. Similar to those of T7, granite cobbles of T8 had low 
grades of oxidation and postdepositional alteration (Fig. 4.10; Table 4.A.1). In 
contrast to T7, fining upward trends and loamy overbank deposits with local 
gravel-filled channels (site 7.1) were frequently observed (Fig. 4.A.3, inset left). 
Particularly along UMR 2, overbank fines are abundantly preserved reaching 
vertical thicknesses of up to 2 m (e.g., site 4.2, Fig. 4.A.3). 14C ages obtained from 
snail shells in the overbank loams at Fontréal (Fig. 4.2) indicate their deposition 
prior to 9 ka (Bruxelles et al., 2010). Icole (1974) suggested that the loams 
originate from reworked fines of the lower terraces (e.g., flood events), which 
might also explain the modified and locally bad-preserved terrace scarps between 
T8 and the present-day floodplain of the Garonne (T9).  

4.5.3. 10Be exposure dating on the abandonment of terrace level T6 

Exposure age of the Plaine de Rivière 

Outcrop description: A recently excavated gravel-pit (cf. Plaine de Rivière, Fig. 4.2) 
was sampled for 10Be exposure dating. The sampling site (i.e. 3.7 in Fig. 4.8) is 
located about 1.5 km northwest of the village of Martres-de-Rivière (Fig. 4.11) 
and c. 2.5 km from the Pyrenees mountain front in an intermediate position on 
the fluvioglacial outwash fan Plaine de Rivière (Fig. 4.5). The outcropping gravel 
had a vertical thickness of about 8 m, but the bedrock contact was not exposed. 
According to the owner of the gravel-pit, the base of alluvium is located > 15 m 
below the surface and features large angular blocks. The excavated granitic 
boulder (Ø > 1.5 m, Fig. 4.11, inset centre) shows distinct striations on its surface, 
which indicate predominant glacial transport and provenance from the Pyrenees 
headwaters (granitic domains, axial zone). Hence, the large basal erratics confirm 
a causal relationship of the Plaine de Rivière (  T6) with the proximal glacial 
domain a few kilometres upstream of the sampling site.  

 The main gravel body displayed poorly sorted and relatively unweathered gravel 
in a sandy matrix with occasional layers of coarse pebbles of variable shapes and 
diameters (i.e. 15–30 cm, Fig. 4.11, background). These discontinuous layers were 
not well marked and probably formed by sheet-like deposition during episodic 
glaciofluvial outwash. 

 The upper meter of the sequence was a mixed (anthropogenic) unit featuring 
pebbles with varying size and shape embedded in a brownish loamy matrix. The 
contact to the main gravel body was diffuse and palaeo-soils were not present, 
which could argue for continuous deposition during a single aggradation period. 
Owed to anthropogenic reworking, most sedimentary features in the proximal 
subsurface have been destroyed, but locally preserved fining upward trends 
denote the final stages of aggradation and thus indicate a good preservation of 
the alluvial sequence. 



Glacier advances and terrace formation in the Garonne River 

107 
 

Model setup and results: We sampled a 10Be concentration-depth-profile to a 
subsurface-depth of 430 cm (Fig. 4.11, inset right), and collected eight samples 
(mainly quartzite pebbles) including six samples at depth and two samples at the 
surface (Table 4.A.2), in order to adequately constrain the 10Be surface 
production on site. Based on Stone (2000), we calculated a spallogenic 10Be 
surface production rate of 6.25 at g-1 a-1 (± 6 ). The total muogenic component 
was calculated at 0.208 atoms 10Be (g SiO2)-1 a-1 following Balco et al. (2008). The 
sediment bulk density was estimated at 2.2 ± 0.2 g cm-3 (e.g., Vincent and 
Chadwick, 1994; Hidy et al., 2010). The profile’s 10Be inheritance (10Be 
concentrations from pre-exposure of the samples) was assumed to be relatively 
constant. 10Be inheritance was treated as a free parameter during the Monte 
Carlo simulations (10Be profile simulator 1.2, Hidy et al., 2010, Mercader et al., 
2012). Likewise, the model parameter exposure age was not constrained 
beforehand. Although the alluvial sequence is well preserved, uncertainties are 
involved regarding the postdepositional development at the surface of the 
outcrop. In order not to confine the model parameter erosion inadequately, we 
set the upper limit for total erosion at 100 cm and let the model choose the best-
fit solution.  

 At first, the model was not able to fit the entire set of samples (8 samples, Table 
4.A.2) with the theoretical production curve of the concentration-depth-profile. 
After re-evaluating our sample data, the most plausible reason for the failure was 
the anomalously high 10Be concentration of subsurface-sample MR 040 (Table 
4.A.2). Most likely, the excessive 10Be concentration results from the individual 
pre-exposure histories of this sample. Hence, the sample MR 040 was regarded as 
an outlier and excluded from the Monte Carlo simulations. 

 The remaining seven samples of the concentration-depth-profile were 
successfully modelled for a minimum of 500,000 solutions ( 2 

cut-off = 20). The 
simulation resulted in a most probable exposure age of 12.7  .  10Be ka, 
involving a surface denudation rate of 3.92 cm ka-1 and an associated 10Be profile 
inheritance of 30,400 at g-1. According to the AMS sample statistics, the modelled 
10Be profile inheritance exceeds the actually measured 10Be concentrations of the 
samples MR 190 and MR 255 (Table 4.A.2). As both samples remain within the 
limits of cosmic ray infiltration depth (~ 4m; cf. Gosse and Phillips, 2001), the 
modelled exposure age involves an overestimation of inheritance, which 
ultimately results in an underestimation of exposure time. To evaluate the 
potential impact of inheritance on the sampled profile, we excluded yet two 
other samples with excessive 10Be concentrations that may have contributed to 
the overestimation of inheritance in the profile (i.e. MR 080 and MR 430, Table 
4.A.2). The simulations on the remaining five-sample-profile (Fig. 4.A.4; Table 
4.A.3) yielded reasonable estimates on 10Be inheritance (19,000 at g-1) and an 
exposure age of 14.6  . .  10Be ka (associated erosion rate: 3.8 cm ka-1). The 
results for the five-sample-profile gained a better statistical significance (2  
confidence window), remained within the limits of the previous calculations (e.g., 
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seven-sample-profile), and still met the requirements of the model – i.e. the 
number of samples must be greater than the number of calculated parameters 
(i.e. exposure age, 10Be inheritance, and erosion). After evaluating all parameter 
solutions and constraints, we thus accepted the exposure age result of 14.6 – . .  
10Be ka as the best approximation for the abandonment of the Plaine de Rivière (  
T6). 

Exposure age of T6 near Cazères  

Outcrop description: T6 was sampled in a gravel-pit situated 3 km north of 
Cazères (site 5.1 in Fig. 4.8) and 10 km downstream of the narrow breach at the 
anticlines of Boussens–St. Martres. The sampled gravel outcrop was located 
about 200 m from the lower terrace scarp of level T6 (Fig. 4.12, inset centre) and 
was selected for 10Be exposure dating because of the extensive low-gradient 
terrace surface, the consistent height of the terrace scarp (c. 3 m), and the well-
preserved alluvial sequences. 

 
Figure 4.12 Sampling for 10Be exposure dating in a quarry near Cazères (cf. Fig. 4.2; site 5.1 in Fig. 
4.8). Inset, left: top of the stratigraphic sequence. Inset, centre: lower T 6 terrace scarp at site 5.1. 
Inset, right: sampling site for exposure depth profiling with a strongly rubified top of the main 
gravel body. 

 The outcrop face reached > 8 m in height, but the bedrock contact was located 
below the current excavation depth in the quarry (> 10 m; Fig. 4.12). The main 
gravel body featured poorly sorted gravel of different size and shape 
(predominantly subrounded) and a coarse-sand sediment matrix (Fig. 4.12, inset 
right). Despite the relatively consistent gravel imbrications and distinct fining 
upward trends in the upper meter of the sequence, the heterogeneity and the 
poor sorting of the deposits did not enable a distinction of individual sedimentary 
units. The only striking feature related to postdepositional processes was the 
intense oxidation of the pebbles and the sediment matrix in the upper 50–100 cm 
of the alluvium (e.g., Fe3+ oxides).  

 With a sharp (potentially erosive) contact, the main gravel body was capped by 
fine-grained sediments (mainly sand and silt) of up to 1 m thickness. The locally 
occurring sand- and gravel-filled lenses at the base of this unit (Fig. 4.12, inset 
left) are indicative of a fluvial origin of the fines, probably in relation to a low 
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energy floodplain setting. The brownish colour of these deposits clearly contrasts 
with the rubified top of the gravel body. In addition to the differential oxidation, 
the lack of fining upward trends at the gravel contact provides evidence for an 
erosive unconformity. A synchronous development of the alluvial body and the 
covering fines is therefore unlikely. A plausible and simplistic explanation for the 
postdepositional development could involve the following scenario: (1) 
aggradation of the main gravel body, (2) potentially pedogenetic rubification of 
the (sub)surface, (3) erosion of the soil and top of the alluvial sequence, and (4) 
deposition of fine-grained sediments in a low energy floodplain setting. A 
potential temporary burial of the gravel by overbank fines (phases 1 and 2) 
should not significantly have affected the 10Be production curve, because the 
thickness of sediments deposited during a major seasonal flood averages on the 
order of millimetres or centimetres (e.g., Bridge, 2003). 

Model setup and results: The 10Be concentration-depth-profile of site 5.1 (Fig. 
4.12, inset right) was established on the basis of seven samples that were 
collected from the surface (two samples) to a subsurface-depth of 390 cm (Table 
4.A.2). We applied the same scaling schemes of Stone (2000 and Balco et al., 
2008) and calculated a site-specific spallogenic 10Be surface production rate of 5.5 
at g-1 a-1 (± 6 ) with a total muogenic component of 0.197 10Be (g SiO2)-1 a-1. The 
average sediment bulk density was set at 2.2 ± 0.2 g cm-3. The inherited 10Be 
concentrations in the samples were assumed to be relatively constant. 
Inheritance and exposure age were treated as free parameters during the Monte 
Carlo simulations. Despite its potentially complex postdepositional history and 
erosion of the gravel-top unconformity, sampling site 5.1 showed a generally 
well-preserved terrace morphology, which indicates that erosion only affected 
the very top of the sequence (  100 cm). Therefore, erosion had to be 
constrained and was set to a minimum of 20 cm and to a maximum of 100 cm.  

 Owing to its excessive concentration, the Monte Carlo simulator was unable to fit 
sample Tc 230 (Table 4.A.2) to the theoretical production curve of the sampled 
profile. Hence, the outlier (sample Tc 230) was excluded during the Monte Carlo 
profile simulations. We assume that the excessive 10Be amount of Tc 230 results 
from a unique exposure history involving pre-exposure in an older terrace 
(approximate age 150–300 ka) and subsequent reworking and (re)deposition.  

 The parameter simulations on the remaining six-sample-profile (min. 500,000 
profile solutions) were run with a (manually increased) 2 cut off = 35. The Monte 
Carlo model yielded a most probable exposure age of 8.5  . .  10Be ka including an 
associated erosion rate of 6.2 cm ka-1 and a 10Be profile inheritance of 51,500 at g-

1. The simulated 10Be profile inheritance was overestimated with respect to the 
measured concentrations (including errors) of several samples in the profile (e.g., 
Tc 110 and Tc 150, Table 4.A.2). The overestimation was probably caused by the 
deepest sample (Tc 390), whose 10Be concentration is not in agreement with the 
theoretical production curve at its locality and depth. Apparently, also sample Tc 
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390 contained a significant amount of inherited (pre-exposure) 10Be. Running the 
same parameter setup under exclusion of this sample, the remaining five-sample-
profile (Fig. 4.A.5; Table 4.A.4) yielded a better estimate on inheritance (36,200 at 
g-1) and obtained an exposure age of 13.1 – . .  10Be ka (associated erosion rate: 
4.56 cm ka-1). After numerous simulation runs and parameter calculations, we 
evaluated the results obtained from the five-sample-profile as the best 
approximation for the actual abandonment of T6 at site 5.1. Although these 
results were obtained from a profile based on fewer samples, they largely overlap 
with the parameter values of the seven-sample-profile. 

 Model calculations have also been run on scenarios accounting for combined 
erosion and temporary burial (cf. postdepositional history, see above). Although 
the profile solutions were inconclusive regarding 2-minimization and Bayesian 
probability, the 2 mean and median of the obtained T6 exposure ages clustered 
around 10 ka, which is comparable to the previous simulations. 

Exposure age implications 

 In summary, the most probable age obtained for T6 in the Plaine de Rivière, 14.6  . .  10Be ka, coincides with the sharp rise in temperatures at the onset of 
the Bølling warm stage. This would provide a plausible mechanism (climate 
trigger) for the abandonment of this extensive fluvioglacial outwash plain. The 
profile solutions for T6 near Cazères yield a slightly younger (most probable) age 
for the terrace abandonment at site 5.1: 13.1 – . .  10Be ka. As this alluvial 
sequence underwent a potentially complex postdepositional development 
involving erosion and temporary burial, the results from site 5.1 (Cazères) are less 
reliable and inconclusive as to whether T6 was abandoned before or during the 
Bølling–Allerød Interstadial. Nevertheless, the uncertainties associated with the 
exposure age solutions largely overlap and allow for synchronous floodplain 
abandonment at both sites during the final stages of the cold-climate period of 
MIS 2.  

 

4.6. Discussion 

4.6.1. Long-term river incision in the northern Pyrenees foreland 

 The present-day drainage configuration of central northern Pyrenean Rivers 
discloses drainage pattern modifications and changes in stream directions along 
the foreland transition to the Aquitaine basin. In particular, the rivers Garonne, 
Neste, and Gave de Pau feature dramatic course diversions away from the 
transverse intra-mountain network and the initial radial drainage configuration 
on the convex foreland molasse-fan topography (Fig. 4.3). The triggers for the 
course shifts are not yet clarified, but drainage modifications took place during 
initial entrenchment of the foreland drainage network, presumably during late 
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Pliocene or early Quaternary times (Dubreuilh et al., 1995). In view of the 
opposing course diversions of the adjacent systems Neste-Garonne and Gave de 
Pau, differential tectonic uplift (or subsidence) provides the most plausible 
mechanism. The drainage pattern of the northwestern Pyrenean Rivers (Fig. 4.1) 
indicates that major streams were successively captured by headward erosion 
beginning from the Atlantic outlet of the joint rivers Gave de Pau and Adour. The 
spatial coincidence with the uplifting anticlines of Audignon and Campagne 
suggest tectonic causes for the progressive westward diversion of the middle–
lower Adour (e.g., Lacan and Ortuño, 2012). 

 In addition, most of the entrenched valleys of the central northern Pyrenean 
streams show distinct valley asymmetries (Fig. 4.3; Taillefer, 1951). The 
asymmetric terrace staircase in the middle Garonne points to progressive 
eastward migration of this river in the course of its Quaternary incision history 
(Fig. 4.8). In the adjacent Ariège, valley shapes display a similar staircase 
asymmetry. At this stage, the most likely explanation for river migration and 
asymmetric downcutting is uplift and tilting of the southern Aquitaine foreland. 
Compared to the Garonne (e.g., up to 20 km eastward migration), the lateral 
displacement of the Ariège is less pronounced and only reaches about 6 km. The 
differences in migration rates could be related to an east–west gradient in uplift 
or tilting in combination with unequal discharge (catchment size) and erosive 
capacity of the streams. Although the latter could explain the limited migration of 
the Gers River farther west, it does not apply for the opposing asymmetry of the 
Arros River and the relative symmetric valley cross-sections of the Adour and 
Gave de Pau (Fig. 4.3). Instead, along-strike variations in tectonic style – e.g., 
related to tectonic segmentation and reactivation of basement structures along 
the mountain front (e.g., Roure, 2008) – provide a plausible mechanism, 
supported by spatial sediment redistribution in response to tectonic deformation 
(Garcia-Castellanos and Cloetingh, 2012). 

 A number of studies provided evidence for active tectonics across the northern 
Pyrenees mountain front during Quaternary times (e.g., Bourrouilh et al., 1995; 
Carozza and Baize, 2004; Alasset and Meghraoui, 2005; Chevrot et al., 2011), 
including deformation and displacement of Pleistocene river terraces (Calvet, 
1994; Carozza and Delcaillau, 1999; Lacan and Ortuño, 2012). In the lower middle 
Adour, the deformation of fluvial deposits seems to partly be controlled by salt-
tectonics at the anticlines of Audignon and Campagne (e.g., Thibault, 1969; Baize 
et al., 2002), but terrace displacement seems rather to be linked to an active 
south-dipping blind fault that is part of the detachment faults at the Pyrenees-
Aquitaine boundary (Carbon et al., 1995). The reactivation of Pyrenean structures 
has also been documented in other parts of the chain, probably relating to 
recommencing (NE-SW) compression since Pliocene times (Vergés et al., 2002). A 
potential mechanism for increased compression in the northern Pyrenees and 
Aquitaine basin (i.e. overriding European plate) could relate to unflexing of the 
foreland basin due to slab detachment (or convective removal, post-orogenic 
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heating; e.g., Genser et al., 2007; Faccenna and Becker, 2010; cf. Baran et al., 
2014) of the subducted Iberian crust, initiated during the final stages of 
continental collision (Cloetingh, 2004). Modelling results by Duretz et al. (2011) 
indicate a linear relationship between the depth of slab breakoff and the rate of 
uplift. Applying their model on the Pyrenees, the detachment of a lithospheric 
root at 50 km depth (e.g., ECORS profile; Choukroune et al., 1990) would 
generate an uplift rate of about 0.8 mm y-1. Alternatively, regional uplift could be 
triggered by mantle convection and asthenospheric rise (e.g., Roure, 2008; 
Faccenna and Becker, 2010) and isostatic uplift in response to unroofing (isostatic 
unloading) of the mountain chain (Desegaulx et al., 1991; Vernant et al., 2013). 
The two-dimensional geodynamic model by Vernant et al. (2013) demonstrated 
that, in combination with erosion in the Pyrenees, even slow convergence rates 
between Iberia and Europe may cause shortening and uplift in the forelands. Field 
observations in the northwestern foreland to some extent confirm these 
mechanisms, but also indicate modifications toward a transpressional tectonic 
regime (Alasset and Meghraoui, 2005). 

 The ongoing fluvial incision in the middle Garonne indicates that the proximal 
Aquitaine foreland basin experienced Quaternary uplift. In the area of Toulouse 
(cf. section 4.5.2.), the convergence of the lower Garonne terraces argues for 
decreasing uplift rates in the distal parts of the Lannemezan foreland fan. In the 
lower middle reaches of the Garonne (LMR, Fig. 4.4), the higher topographic 
elevation of terrace complex Q2 (also T2 and T5; cf. section 4.5.2.) provides 
further evidence that uplift particularly affects the proximal Lannemezan foreland 
fan. Moreover, the lateral migration of the Garonne and the spatial pattern of 
differential valley asymmetries in the northern Pyrenean piedmont could indicate 
a latitudinal gradient in uplift, with an uplift axis located beneath the Lannemezan 
molasse-fan. 

4.6.2. The Garonne terrace staircase chronology 

 Three major terrace complexes (Q1–Q3) and a minor complex Q4 have been 
identified based on field and digital mapping. The differential weathering of the 
associated terrace deposits (Fig. 4.10) indicates an increase in the intensity of 
cobble alteration with relative elevation and age of the terraces (cf. Icole, 1974; 
Hubschman, 1975a-e, 1984; Calvet, 1994). The contrasts in postdepositional 
weathering of the individual terrace complexes are caused by different exposure 
histories, particularly regarding residence time under favourable interglacial 
conditions. However, as weathering is a continuous process, the actual impact of 
interglacial climatic conditions may be obliterated by the cumulative effects of 
long-term processes (Icole, 1974). Therefore, geomorphic indicators like scarp 
height, terrace elevation and extent are much more reliable regarding 
longitudinal correlations of terraces levels. Yet, owing to the long time involved in 
the formation of the Garonne staircase, the major terrace complexes Q1, Q2, and 
Q3 show striking differences in weathering intensity and depth of alteration (e.g., 
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Hubschman, 1975b). The middle and high terrace complexes Q1 and Q2 are 
poorly preserved and display intense and deeply weathered deposits, which is in 
stark contrast to the younger complexes Q3 and Q4. This indicates an important 
age difference between Q2 and Q3.  

 Numbers of morphological and sedimentological constraints suggest at least 
three major aggradation–incision cycles in the middle Garonne (Q1–Q3) that 
could relate to major glacial–interglacial cycles in the Pyrenees during Quaternary 
times (Hubschman, 1975a-e, 1984). The vertical spacing between the early 
Quaternary alluvial deposits (Donau Formation) and the upper terraces of the 
Garonne staircase (Q1) amounts to 60–80 m, but it may involve several 
intermediate incision steps that subsequently have been modified and eroded by 
the early Quaternary (low gradient) drainage network. The major terrace 
complexes of the Garonne are separated by large incision scarps of generally 
more than 15 m, suggesting intense downcutting periods at the end or the start 
of each alluvial complex: Q1–Q2 (> 20 m), Q2–Q3 (> 20 m), Q3–Q4 (c. 8 m). The 
considerable incision step Q2–Q3 not only involves downcutting of more than 20 
m, but also considerable lateral erosion and reworking of terraces associated with 
Q2. Following previous terrace development models (e.g., Antoine, 1994; Cordier 
et al., 2006; Vandenberghe, 2008), the incision step Q2–Q3 probably reflects two 
climate-triggered erosion phases, the first related to a short cold–warm transition 
and subsequent interglacial conditions (mainly vertical incision), and a second 
phase of prevalent lateral erosion and reworking during a more gradual warm–
cold transition. The terrace scarp between Q3 and Q4 (e.g., T7–T8) is evidence of 
a less pronounced incision phase characterized by prevailing vertical incision 
without significant lateral erosion. Hence, the incision step Q3–Q4 may have 
evolved during a single erosion phase in response to an upcoming interglacial 
period, which is commonly characterized by a single-channel meandering 
drainage networks.  

 The new exposure age constraints on terraces associated with complex Q3 (MIS 
2) suggest that the incision step Q3–Q4 reflects the transition from the latest 
Pleistocene glaciation (Würm, MIS 2–4) to the Holocene interglacial. The large 
incision scarp Q2–Q3 indicates a major climate transition (cold–warm–cold). 
Consequently, complex Q2 formed prior to the last glaciation in the Pyrenees 
(Würm glaciation, MIS 2–4), and thus most likely in relation to cold-climate 
conditions during MIS 6 (Riss glaciation). Based on the assumption that each 
terrace complex of the Garonne may represent a major glacial cycle in the 
Pyrenees, complex Q1 (T1, T2) might thus relate to previous Pleistocene 
glaciations (Mindel or Günz).  

 Each terrace complex consists of individual terrace levels that are separated by 
small incision scarps (< 6 m). Next to the minor scarp heights, the sediment 
characteristics and similar weathering intensities of terraces associated with the 
same complex imply a small age difference between these levels. The terraces T5 
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and T6, both belonging to complex Q3, are an exception and show considerable 
differences in weathering (Fig. 10). The older terrace T5 is very extensive (Fig. 4.8) 
and shows gravel deposits with considerable vertical thickness. Hence, T5 seems 
to be related to a major aggradation period under cold-climate (glacial) 
conditions (Vandenberghe, 2008).  

 The scarce preservation of T5 in the upper middle reaches (UMR 2) could be 
caused by the relatively narrow valley cross-sections, which promoted 
degradation particularly at the dynamic glaciofluvial interface. The considerable 
reworking of T5 along UMR 2 agrees with extensive erosion in response to a 
warm–cold climate transition. The initially small scarp heights increase to > 10 m 
in the lower middle reaches and could reflect intense vertical downcutting under 
interstadial conditions. However, compared to the pronounced glacial–
interglacial cycles that are reflected by the major terrace complexes, only a minor 
amplitude and duration of climate change has to be invoked for the development 
during and after deposition of T5. 

 The 10Be exposure ages of T6 (i.e. 14.6  . .  10Be ka; 13.1 – . .  10Be ka) indicate 
the abandonment of this Garonne palaeo-floodplain at the end of MIS 2. 
Following the arguments above, T5 formed during the previous cold stage (MIS 4) 
and was abandoned during the warm interstadial MIS 3. This scenario would 
involve an important warm stage in the Pyrenees (e.g., MIS 3, Calvet et al., 2011), 
which also would explain the weathering differences between the sediments of 
T5 and T6. Hence, terrace complex Q3 represents a single major glaciation 
(Würm), involving two pronounced cold stages (MIS 2 and 4) and an intermediate 
warm stage (MIS 3).  

 A cold-climatic development of terrace T6 seems to be confirmed by Mammoth 
fossils (e.g., Astre, 1967), which were found in proximity to the T6 sampling site 
near Cazères. However, palaeontological analyses revealed that the fossil 
remnants belong to the most ancient type of elephants in Europe (Elephas 
trogontherii), which is associated with the Pliocene–Pleistocene transition. Hence, 
the elephant remains were probably not found in situ and had previously been 
reworked and re-deposited. The 10Be exposure ages obtained for T6 (14.6  . .  
10Be ka; 13.1 – . .  10Be ka) suggest the abandonment of this terrace at or before 
the Bølling interstadial (14.6–14 cal BP). Accordingly, the narrow terrace T7 
probably dates from the Younger Dryas (YD) because the small scarps indicate a 
rather short climatic transition (e.g., Allerød–YD). The major incision step toward 
T8 marks the transition to the Holocene (see above) so that T8 developed during 
the current interglacial period. This interpretation (Fig. 4.13) is in agreement with 
previous studies, which postulated that no glacial re-advances have to be invoked 
to explain the morphology and polygenesis of the lower plains in the Garonne 
(Cavaillé, 1965).  
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Figure 4.13 Schematic cross section and chronology of the asymmetric terrace staircase in the 
lower middle reaches of the Garonne (cf. Fig. 4.4). 

 Recent dating on molluscs obtained from the loam covers of the lower Garonne 
plains (i.e. Q4) has yielded calibrated 14C ages of 12.5–15.6 cal BP (Bruxelles et al., 
2010). Compared to the chronology proposed in this paper (Fig. 4.13) these ages 
seem too old but, as Icole (1974) suggested, the loams may originate from 
reworked fines of older terrace, which is also indicated by their polygenetic 
character (Bruxelles et al., 2010). In addition, the molluscs sampling site (Fontréal, 
Fig. 4.2) was located where the lower terraces (T6, T7, MIS 2) merge with the 
lower Garonne plains (Q4), and where major confluences (e.g., Ariège–Garonne) 
increase the potential for postdepositional reworking. Farther downstream, 
southwest of Valence d’Agen, a tree sample incorporated in the alluvium of the 
lower Garonne plain (i.e. terrace complex Q4) yielded 10,400 ± 250 cal BP (e.g., 
9,170 ± 110 14C y BP, Rieucan, 1971). This age in turn agrees with the proposed 
chronology – although the provenance of the sample remained unclear and the 
tree could originate from hillslopes in the Tarn River drainage basin (Rieucan, 
1971).  

4.6.3. Relative chronologies at the glaciofluvial interface 

 Hubschman (1984) and Andrieu (1991) proposed a glacial chronology for the 
terminal basin of Loures-Barousse–Barbazan invoking an ancient (presumably 
Rissian) and a Würmian glacial maximum. Previous terminal ice margins are not 
preserved in the Garonne valley and age constraints do not exist. We propose an 
alternative three-phase chronology on glacier advances in the middle Garonne 
based on DEM analyses, field observations, and 10Be exposure ages for the Plaine 
de Rivière. 

 In the study area, the maximum ice extent (MIE) corresponds to glacial complex 
M1, which denotes several successive ice-margin fluctuations in the Garonne (Fig. 
4.5). The same has been observed in several northern Pyrenees valleys 
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(Hubschman, 1984; Hérail et al., 1986; Calvet et al., 2011), for instance in the 
Ariège, where the MIE was dated at 34.9 ± 8.5 and 81.4 ± 14.6 10Be ka (Delmas et 
al., 2011). A younger morainic arc (M2) separates the strongly dissected complex 
M1 from the extensive basal tills associated with the terminal margin M2. The last 
glacier advance in the middle Garonne is outlined by the moraines of phase M3, 
which border the lower terraces and extensive floodplain of the Garonne (i.e. 
terrace complex Q4). The fluvial complex developed after the final ice recession 
from the terminal glacial basin of Loures-Barousse–Barbazan (Fig. 4.5). 

 The comparatively intense weathering of M1 deposits (Fig. 4.7) could indicate a 
long-lasting exposure history in comparison to the relatively unweathered 
sediments of M2 and M3. This confirms an early occurrence of the MIE in the 
Garonne, which was previously inferred from and radiocarbon dating and pollen 
spectra in lake sediments (e.g., c. 45 14C ka, Sost Lake, Hérail and Jalut, 1986). 
However, most of the 14C ages are not reliable because of potential aging effects 
(Pallàs et al., 2006). The relatively limited weathering of the tills of M2 and M3 
suggest a significantly younger age of these units, and their similarities point to a 
smaller time gap between stages M2 and M3. In addition, based on their relative 
geomorphic positions they could potentially correlate with the recessional glacial 
stages in the Ariège, which are dated at 19.1 ± 3.8 and 18.8 ± 1.3 10Be ka (Delmas 
et al., 2011). 

 At the glaciofluvial interface, the morphological position of the Plaine de Rivière 
(i.e. T6, Fig. 4.5) points to a causal relationship with the moraine La Serre (i.e. M2, 
2.6, Fig. 4.5; cf. Hérail et al., 1987; Andrieu, 1991). The Plaine de Rivière 
functioned as a fluvioglacial outwash plain of the outlet of Bazert (e.g., erratic 
boulders, see above). The 10Be exposure age for the Plaine de Rivière (14.6  . .  
10Be ka) implicates that this glaciofluvial terrace ( T6) was abandoned at or 
before the Bølling interstadial. The exposure age does not provide insights into 
the start or duration of glaciofluvial processes and ice-recession from the moraine 
La Serre, but it indicates the termination of the active outwash plain at or before 
14.6 ka. We assume that the formation of La Serre coincides with maximum 
glacier growth during MIS 2, presumably synchronous with cold-climate 
conditions and loess deposition on the foreland molasses around 23,564–26,369 
cal BP (e.g., Hubschman, 1975a).  

 In addition, the Plaine de Rivière outwash fan was probably active already prior 
to glacial phase M2, because a few higher surfaces ( T5) are laterally preserved, 
for instance, at the main outlet of the terminal glacial basin where they are 
dissected by outwash channels of glacial phase M2 (Fig. 4.5). Thus, glacier 
advances during MIS 2 ( T6) and MIS 4 ( T5) might have reached similar terminal 
positions at the lateral eastern outlet of Bazert (La Serre). The relative chronology 
proposed in this study implies quasi-MIE conditions in the Garonne valley during 
the LGM, a phenomenon that previously has been attributed solely to the eastern 
Pyrenees (Delmas et al., 2011). 
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 Pollen records and radiocarbon dating on the lake sediments from the Lac de 
Barbazan (Fig. 4.5) provide constraints on the Late-Glacial and Holocene climatic 
development in the terminal glacial basin (Andrieu, 1991). The lower part of the 
stratigraphic sequence shows five diamictons–rhythmites sedimentary cycles, 
which correspond to five ice-melting phases (Andrieu, 1991). Radiocarbon ages 
obtained from these glaciolacustrine units range from 35,568 ± 3826 cal BP to 
26,364 ± 1576 cal BP (Tables 4.A.5 and 4.A.6) but have largely been rejected as 
too old (Andrieu, 1991). The samples of the lower sediment units could indeed 
entail age overestimations given that they are based on bulk samples (potential 
for reworking) with low portions of organic matter (< 1–6 ), which were 
deposited in a carbonate bedrock domain (potential hard water effect).  

 Following Andrieu (1991), the lake of Barbazan developed during glacier retreat 
from the outlet of Bazert (La Serre, M2). The same author associated the lake 
with the bordering moraines of Coumanié (M3) that consist of two laterally 
pushed ridges of basal tills associated with the glacial stage M2. Because of the 
particular genesis of the Coumanié moraines and the five major glaciolacustrine 
successions in the lake, we assume the lake could already have developed prior to 
the last glacier advance (M3). Hence, also during phase M2 (presumably LGM) the 
lake of Barbazan may have been an ice-contact lake, which would also agree with 
the previously rejected radiocarbon ages. 

 The fall in 18O slightly before 21,084 ± 878 cal BP and between 19,005 ± 442 cal 
BP and 18,238 ± 628 cal BP (Table 4.A.5, Andrieu et al., 1993) indicates two cold-
climate episodes in the terminal glacial basin that may have triggered enhanced 
glaciofluvial activity on the Plaine de Rivière and the formation of terrace level T6. 
After being disconnected from the glacier, lacustrine–palustrine sediments 
dominate the lake of Barbazan. The organic content significantly increases in the 
basal part of the upper sediment unit dated at 15,197 ± 1153 cal BP and 13,451 ± 
575 cal BP (Tables 4.A.5 and 4.A.6, Andrieu, 1991; Andrieu et al., 1993). These 
more reliable 14C dates broadly coincide with a rise in 18O that marks the end of 
the last glacial cycle and the onset of the Bølling–Allerød interstadial, which 
correlates well with the abandonment of the Plaine de Rivière around 14.6 ka. In 
addition, the climatic cooling of the Younger Dryas is recorded in the lake 
sediments (fall in 18O and 13C) and could potentially relate to the formation of 
terrace level T7. The sharp rise in organic matter dated at 7,450 ± 133 cal BP 
(Tables 4.A.5 and 4.A.6, Andrieu et al., 1993) marks the onset of peat formation in 
the lake. This indicates the establishment of fully interglacial conditions in the 
middle Garonne, which could coincide with the abandonment of the youngest 
terrace T8 during the Holocene period. 
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4.7. Conclusions 

 The Garonne terrace staircase consists of three extensive alluvial terrace 
complexes that developed during Pleistocene cold-climate conditions during 
extensive glaciations in the Pyrenees. The extensive cold-climate palaeo-
floodplains (i.e. terraces) were abandoned by vertical fluvial downcutting in the 
course of glacial–interglacial transitions and interglacial periods. During warm–
cold transitions, enhanced fluvial erosion promoted the lateral widening of the 
active floodplains and sediment reworking of previous terrace levels.  

 Aside the major Garonne terrace complexes, eight individual terrace levels have 
been distinguished, which record less-pronounced climatic fluctuations within the 
Quaternary glacial and interstadial periods in the Pyrenees. In combination with 
10Be exposure dating (e.g., T6: 14.6  . .  10Be ka; 13.1 – . .  10Be ka) and the 
palaeoclimatic archive of the lake of Barbazan, the morphogenetic correlations of 
sedimentary units and the distinct patterns of erosion during cold–warm–cold 
climatic transitions underpin the relative chronology established for the 
prominent Garonne terrace complexes: Q1 is presumably of Middle Pleistocene 
age; Q2 corresponds to MIS 6; Q3 developed during MIS 4 (T5) and MIS 2 (T6 and 
T7); terrace complex Q4 (i.e. T8 and the recent floodplain T9) date from the 
Holocene.  

 The maximum ice extent (MIE) preserved in the Garonne valley consists of a 
number of morainic remnant hills indicating fluctuating glacier fronts at the 
foreland transition (presumably) during MIS 4. Being preserved only a few 
kilometres upstream of the MIE glacier fronts, the terminal margins of MIS 2 
glacier advances indicate quasi-MIE conditions in the northern Central Pyrenees 
during LGM (MIS 2) and relatively slow-going ice recession during late MIS 2. 10Be 
exposure dating of the Plaine de Rivière ( T6) indicates final abandonment of this 
glaciofluvial outwash plain at the end of MIS 2. Due tpo the lack of preservation, 
we cannot rule out that previous glaciations (e.g., Riss glaciation, MIS 6) extended 
even farther into the northern Pyrenees piedmont. 

 The non-uniform valley and staircase geometries of northern Pyrenees streams 
argue for differential uplift of the proximal Aquitaine foreland basin during 
Quaternary times. Quaternary uplift seems to have a latitudinal gradient from 
west (maximum) to east (minimum), particularly affecting the centre of the 
extensive molasse foreland-fan near Lannemezan where the axis of uplift is 
assumed. As a result of the tilting, the middle Garonne River progressively 
migrated eastward and displays an asymmetric valley with an extensive left-bank 
terrace staircase. Hence, recent (ongoing) uplift in the southern Aquitaine 
foreland basin could be a potential mechanism for both long-term (Quaternary) 
valley entrenchment and terrace staircase (and valley) asymmetries in the 
northern Pyrenees foreland. 
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4.8. Appendix 

Figure 4.A.1 Fluvial deposits of terrace complex Q 2 (site 10.3 in Fig. 4.8) showing 
intense post-depositional weathering and rubification. Inset: complete alteration 
of a granite cobble (phantom; site 4.1 in Fig. 4.8). 

 

Figure 4.A.2 Extensive and flat morphology of terrace level T 5 (site 12.1 in Fig. 
4.8). Insets: weathering crusts and oxidation (Fe3+) of fluvial gravels associated 
with T 5 (site 10.2 in Fig. 4.8).  
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Figure 4.A.3: Outcrop of the alluvial terrace T 8 at site 4.2 (cf. Fig. 4.8) showing 
loamy fines at the top and the main gravel body (above and below the dashed 
line, respectively). Inset, left: fining upward trend (arrow) below the contact with 
the floodplain loams indicating termination of the aggradation cycle of T 8. Inset, 
right: exposure of fluvial gravels associated with terrace level T 7 showing sand-
filled channels and layers of iron oxides (site 15.1 in Fig. 4.8). 
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Figure 4.A.4 Summary of the statistical results from the profile-parameter-
simulations for the 10Be-concentration-depth-profile of T 6 at site 3.7 (cf. Tables 
4.A.2 and 4.A.3) as obtained from the 10Be profile simulator 1.2 (Hidy et al., 2010). 
The left column shows the Monte Carlo based probability density functions (pdf, 
solid lines, right) and the smoothed minimum 2 distributions (dashed lines, right) 
for exposure age, erosion rate, and 10Be inheritance concentration. On the right is 
the 10Be-concentration-depth-profile with the highest probability interpolated by 
the 10Be profile simulator 1.2. The figure includes the 10Be concentrations of the 
modelled samples (small dots) and their associated uncertainties (error bars). This 
profile corresponds to the age-erosion-inheritance triplet presented in the paper 
as the most probable age on the abandonment of the Plaine de Rivière ( T 6; Fig. 
4.5; site 3.7 in Fig. 4.8). 
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Figure 4.A.5 Summary of the statistical results from the profile-parameter-
simulations for the 10Be-concentration-depth-profile of T 6 at site 5.1 near Cazères 
(cf. Tables 4.A.2 and 4.A.4) as obtained from the 10Be profile simulator 1.2 (Hidy et 
al., 2010). The left column shows the Monte Carlo based probability density 
functions (pdf, solid lines, right) and the smoothed minimum 2 distributions 
(dashed lines, right) for exposure age, erosion rate, and 10Be inheritance 
concentration. On the right is the 10Be-concentration-depth-profile with the 
highest probability interpolated by the 10Be profile simulator 1.2. The figure 
includes the 10Be concentrations of the modelled samples (small dots) and their 
associated uncertainties (error bars). This profile corresponds to the age-erosion-
inheritance triplet presented as the most probable exposure age of T 6 near 
Cazères (site 5.1 in Fig. 4.8). 
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Table 4.A.1 Weathering characteristics of granite cobbles summarized for each 
terrace level. The resulting Index values are based on a number of samples 
(counts) and their mineral weathering characteristics (feldspar, quartz, and mica), 
weathering rinds (cortex) and porosity of the cobbles. 

 

Terrace Index Count Feldspa Mic Quart Cortex Porosit Phantoms [%] 

T4 4.4 260 4.75 4.55 3.80 4.78 4.36 91 

T5 3.7 299 4.15 4.01 2.99 4.15 3.68 63 

T6 2.9 157 3.49 3.12 2.07 3.04 2.97 33 

T7 2.2 240 2.69 2.40 1.41 2.61 2.14 13 

T8 2.1 216 2.47 2.30 1.47 2.53 2.08 11 
         

 

 

 

 

 

 

 

 

 

 

 

 

__________________________________________________________________ 

Table 4.A.2 Characteristics of the individual samples of the two 10Be exposure 
dating depth-profiles, the lithology of the sampled cobbles, sampling depths 
below the surface, thickness of the cobbles (height axis), mass of quartz dissolved 
in HF for further chemical treatment and AMS measurements, mass of 9Be spike 
added before sample dissolution in HF, 10Be/9Be ratios obtained from AMS 
measurements and corrected for BeO blank (10Be/9Be ratio yielded for the blank: 
6.20247*10-16 with an analytical uncertainty of 45 ), analytical uncertainties of 
AMS measurements, calculated 10Be concentrations of the samples used for 
exposure age modelling with the Monte Carlo simulator, and the in situ measured 
geographic position of the sampling sites. 
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Table 4.A.3 Chi-square ( 2) and Bayesian statistics for sampling site 3.7 (Plaine de 
Rivière) obtained from the Monte Carlo simulations showing the modelled 
exposure age results and their specifically associated denudation rate and 10Be 
profile inheritance concentration. Right box: Parameter setup used during the 
Monte Carlo simulations (10Be profile simulator 1.2, cf. Hidy et al., 2010, Mercader 
et al., 2012). 

 
Statistical measure  Age            Inheritance          Erosion rate 
(2  confidence level)  [ka]          [104 atoms g-1]          [cm ka-1] 

mean                                      16.7                 1.84                         2.79  

median                                   16.5                 1.86                        3.01  

mode                                      13.8                 1.93                        3.97  

min 2                                                          12.5                  1.63                        0.06 
maximum                               27.3                 2.85                        5.63 

minimum                               10.3                 0.16                        0.00 

Bayesian most probable     14.6                 1.90                        3.80 
Bayesian 2  upper               24.2                 3.22                        5.28 
Bayesian 2  lower               10.3                 0.51                        0.07 
Monte Carlo parameter setup for T6 at Plaine de Rivière 
43.09212°N; 0.64580°E; 399 m asl 

Shielding factors: topography (1); coverage (1)  

Spallogenic scaling scheme (Stone, 2000; mod. Lal, 1991) 

10Be reference production rate: 4.5 at g-1 a-1 

Site-specific 10Be production rate: 6.24776 at g-1 a-1 

Total muongenic production: 0.208 at g-1 a-1 (depth fit 5m) 
Neutron attenuation (mean): 160 g cm-2 ± 5 g cm-2 

Bulk density: 2.2 ± 0.2 g cm-3 

10Be inheritance range: 0–100,000 at g-1 

Thresholds erosion on-site [cm]: 0–100 

Profile solutions: 500,000 
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Table 4.A.4 Bayesian and 2 statistics for the 10Be-concentration-depth-profile at 
sampling site 5.1 as obtained from the Monte Carlo parameter simulations. The 
table shows the modelled exposure age results and their specifically associated 
denudation rate and 10Be profile inheritance concentration. Right box: Parameter 
setup used during the Monte Carlo simulations (10Be profile simulator 1.2, cf. Hidy 
et al., 2010, Mercader et al., 2012). 

 
Statistical measure  Age  Inheritance  Erosion rate 
(  cut off = 25)  [ka]  [104 atoms g-1]  [cm ka-1] 

mean                                       14.0          3.58                        4.24 
median                                    13.7          3.61                        4.24 
mode                                       13.2          3.87                        4.49 
min 2                                                             13.4          2.49                        2.79 
maximum                               25.1          4.86                        8.48 

minimum                                7.7            0.97                        1.32 
Bayesian most probable     13.1          3.62                        4.56 
Bayesian 2  upper               19.8          4.56                        6.76 
Bayesian 2  lower                9.2            2.41                        1.82 

Monte Carlo parameter setup for T6 at Cazères 

43.22879°N; 1.09558°E; 253 m asl 

Shielding factors: topography (1); coverage (1) Spallogenic 
scaling scheme (Stone, 2000; mod. Lal 1991) 

10Be reference production rate: 4.5 at g-1 a-1 

Site-specific 10Be production rate: 5.49773 at g-1 a-1 

Total muongenic production: 0.197 at g-1 a-1 (depth fit 4m) 
Neutron attenuation (mean): 160 g cm-2 ± 5 g cm-2 

Bulk density: 2.2 ± 0.2 g cm-3 

Thresholds erosion on-site [cm]: 20–100 

10Be inheritance range: 0–110,000 at g-1 

Profile solutions: 500,000 
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Table 4.A.5 Results of the IntCal09 radiocarbon age calibrations for the lake 
sediments sampled by Andrieu (1991) in the Lac de Barbazan. 
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Table 4.A.6 Age-depth-plot of the lake sediment samples of Andrieu (1991), 
indicating unsteady late Pleistocene sedimentation rates in the Lac de Barbazan. 
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