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3. The macro-scale geomorphology of the Pyrenees 

This chapter examines in detail, the macrogeomorphic form of the Pyrenees, both at a 

catchment scale and in terms of the entire orogen.  It gives context the results of the 

morphometric parameters whose extraction was described in chapter 2.  The important 

controls on mountain development namely tectonics, lithology and climate, are considered in 

the context of these parameters.   

 

3.1 General description of the Pyrenean geomorphic form 

The Pyrenean mountain chain is approximately 400 km long and 140 km wide including the 

peripheral fold and thrust belts, but only 80 km wide if these are excluded (figure 3.1a).  It 

stretches from the Bay of Biscay in the west to the Mediterranean Sea in the east.  The 

highest peaks are found around the 3000m contour line (highest 3404m, Pico d’Aneto), with 

valley floors at elevations ranging down to 900m giving relief of up to ~2 km in the Axial 

Zone.  The asymmetric form of the Pyrenees is illustrated by a topographic profile (figure 

3.1b) taken perpendicular to the length of the chain.  Figure 3.1b shows the steeper northern 

flank (3° and 30 km wide) and the contrasting gentler southern flank (0.8° and 110 km wide) 

(Morris, 1999).   

The axis of the chain comprises two ridges of peaks of similar length (figures 3.1a and 3.2), 

which overlap in the centre.  The westerly segment lies offset to the south running from 

south-east of the Bay of Biscay to the peaks of Saboredo.  The easterly segment stretches to 

the Mediterranean Sea and is situated 22-23 km to the north of the westerly segment, 

overlapping it by about 12 km (Reynolds, 2001).  The Val d’Aran is found at the overlap of 

the two ridges and the Port de la Bonaigua breaches the gap between the two segments at 

2070m.  The major peaks are predominantly positioned along these two ridges, with a few 

notable exceptions such as Pico d’Aneto (3404m), separated by the Esera Valley to the south 

of the principal divide (localities shown on figure 3.2).  In the eastern Pyrenees, the Segre 

river valley separates a small ridge of peaks from the main axis.  These are related to late 

stage extension (section 1.2.4).   
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3.2  Climate 

Climate plays a major role in shaping the appearance of landscapes, determining which 

erosive agents dominate the topographic form and the vegetation that covers it 

(Summerfield, 1991).  The latitudinal location and the proximity to oceans have strong 

influences on the form that climate may take in a particular region.  Along with these 

controls, large topographic features such as mountain belts can perturb climate.  Topographic 

barriers can lead to increased precipitation on windward slopes, with rain shadow effects on 

leeward slopes (Whiteman, 2000).  The increased elevations will permit lower temperatures 

and a possible change in precipitation type from rain to snow.  If these changes are sustained 

over long periods of time, then a shift in erosive agents can take place from a fluvial to a 

glacial system, particularly at the higher elevations.   

The topographic controls on climate are therefore important to consider as they have 

implications for the landscape development and possibly the overall topographic form of 

orogen.  As such, the effects of topography on climate are discussed, considering the 

influence of the Pyrenean topography on its climate.   
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Topography plays a key role in the determination of the Earth’s atmospheric circulation, 

both in influencing local climates and in longer range effects such as perturbation of flows 

leading to the development of downstream atmospheric waves (Beer, 1976; Barry, 1992).   

One of the effects of topography is its influence on weather systems and the consequent 

distribution and type of precipitation.  This effect is the most relevant to this study, as water 

in either its liquid or solid form, is the key erosive agent in mountain systems.  Variable 

distributions of precipitation will influence both rates and amounts of denudation within an 

orogen.   

Most mountain systems have an associated prevailing wind direction.  As air masses 

approach a large obstacle such as a mountain range, they are forced to rise over it.  This 

lifting of air is known as orographic uplift or forcing.  As the air is lifted, it cools 

adiabatically and if the air becomes saturated then orographic clouds form (Ahrens, 1994).  
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An unsaturated air parcel will initially cool at the Dry Adiabatic Lapse Rate (DALR) of 

10°Ckm-1 until it reaches the dew point (the temperature at which saturation occurs) and 

clouds begin to form.  This level is also known as the Lifting Condensation Level (LCL).  As 

the now saturated parcel of air condenses to form clouds, it continues to rise at the Saturated 

Adiabatic Lapse Rate (SALR) of 6.5°Ckm-1.  Once the tops of the mountains are reached the 

air is no longer forced to rise and the parcel of air can now descend.  As the air sinks and 

warms it ceases to be saturated.  This is due to the majority of the moisture having being 

removed during ascent by cloud formation and precipitation and that warm air can hold more 

moisture than cold air.  This warming takes place at the DALR.  This region where the air is 

warming and not producing clouds is known as a rain shadow.  This leeward side of the 

mountain belt will also be considerably warmer than the windward side, due to warming at a 

faster rate (DALR) than it cooled (SALR) which can give rise to Föhn winds if accompanied 

by strong winds.  Figure 3.3 (Ahrens 1994) gives an example of air as it is forced to rise over 

such a mountain system illustrating the variations in temperature on the windward and 

leeward sides.   

Many mountain systems around the world experience the effects of orographic forcing.  

They range in size from small chains such as those in the British Isles (Weston and Roy, 

1994) to larger scales such as the Southern Alps of New Zealand and the Himalaya (Willett, 

1999).  In New Zealand this effect is very pronounced with the western side of the chain 

experiencing precipitation that is an order of magnitude higher than in the east.  An example 

of the effect of altitude is given in figure 3.4 over the Olympic and Cascade Mountains of 

north-west USA.  Here the obvious relationship between precipitation and altitude can be 

seen as well as the respective rain shadow effects, with the highest amounts of precipitation 

found slightly upwind of the crests of the mountain ranges (Whiteman, 2000).   

This discussion of orography has focussed on the large scale effects caused by a mountain 

range. However, precipitation distribution is affected not only by terrain height, but also by 

proximity to moisture sources, topographic wavelength, terrain relief and terrain aspect 

relative to the direction of the approaching winds (Whiteman, 2000).   

In terms of the landscape modelling of mountain belts many authors have attempted to 

incorporate the effects of orography into such simulations, in order to try and determine the 

effects of such precipitation variability on landscape form (Beaumont et al., 1992; Weston 

and Roy, 1994; Barros and Lettenmaier, 1994; Masek et al., 1994; Braun and Sambridge, 
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1997; Willett, 1999; Roe et al., 2002; 2003).  The importance of such orographic forcing is 

debated, with some authors suggesting that it may be capable of forcing the principal 

drainage divides to move within a mountain belt (Willett, 1999).  However, more recent 

papers coupling tectonic and surface process models, suggest that in systems with a strong 

component of frontal accretion, the orographic effect may be negligible with tectonic forces 

dominating (Willett et al., 2001).   
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The present climate of the Pyrenees varies both along its length and across its flanks.  Its 

position with respect to the Atlantic Ocean plays an important role resulting in the north and 

west of the range experiencing greater amounts of precipitation than the southern and eastern 

areas.   

Across the Pyrenean chain a form of climatic divide exists, with the mountains funnelling 

and deflecting the air masses off to the north and towards the Rhône Gap (Boyer et al., 

1986).  This, combined with the Iberian Peninsula providing a continental barrier, has the 

effect of shielding the southern Pyrenees from the worst of the Atlantic weather (figure 3.5).  

As the Pyrenees provide the first barrier to air masses coming in from the Atlantic, an 

orographic effect exists, with more rainfall in the north (figure 3.6) and the development of a 

rain shadow to the south (figure 3.7).  In addition to this effect across the mountain belt, 

there is also one along it, with substantially more precipitation in the north-west (Pyrénées-

Atlantiques and Hautes Pyrenees) than in the north-east (Ariège and Pyrénées-Orientales) 

(figure 3.6) (New et al., 1999; 2000).  This is again related to the proximity and location of 

the Atlantic Ocean.  Moist air from the ocean makes landfall in the western Pyrenees and has 

deposited much of its water vapour by the time it reaches the eastern Pyrenees.  In addition 

to this spatial variability a temporal variability exists and it can be seen on a monthly scale, 

as different air masses affect the Pyrenean climate (figure 3.8).  This does not imply that a 

monthly periodicity exists, simply that variation takes place during an annual cycle.   

Other climatic variables such as temperature and potential sunshine indicate that a similar 

asymmetry exists to that of precipitation, but in reverse.  With higher temperatures and 

amounts of sunshine experienced in the south and east of the chain (figures 3.9 and 3.10).   
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The graphical form of this data comes from the International Institute for Applied Systems 

Analysis – Land Use Change division (IIASA-LUC - www.iiasa.ac.at) (based in Austria) and 

is based on data from the ‘Climate Research Unit Global Climate Dataset’ (University of 

East Anglia, Norwich).  This dataset comprises recorded observations from 1961-1990, in a 

0.5° latitude by 0.5° longitude grid (New et al., 1999) in addition to secondary data running 

at a similar resolution from 1901-1996 (New et al., 2000).   

It should be noted that these climatic records are over a very small timespan geologically 

speaking, and considerable problems will arise if they are simply scaled up to the last few 

million years.  For example, within this sampling interval, stochastic events of the order of 

102-103 years may not be recognised and its added importance in shaping the landscape has 

been recently considered to be important in a number of studies (Wolman and Miller, 1960; 

Laronne and Reid, 1993; Turcotte and Greene, 1993; Molnar, 2001).  Furthermore, the 

location of the polar front varies.  Evidence from recent glacial intervals over the last 85 

thousand years of a southerly shift in the polar front, led to polar conditions prevailing in 

Iberia, whilst the southerly depression of the jet stream allowed tropical depressions to 

deliver precipitation to the Sahara region (Lewis et al., 2003).  A similar effect, albeit on a 

smaller scale, occurred in the summer of 2004 in the British Isles with the jet stream being 

forced southwards and delivering more precipitation to the south than normal.  These effects 

illustrate that these climatic data should serve only as a guide, and that variations in the 

position of the polar front/jet stream on the scale of glacial/interglacial cycles will have 

determined local climates.   

Climatic fluctuations over the last few million years resulted in the Earth experiencing a 

series of glacial-interglacial cycles (Knight, 1999).  During glacial intervals, the colder 

conditions permitted glaciers to grow, particularly in mountain ranges.  The Pyrenees was no 

exception and records an extensive glacial history as a result of these climatic fluctuations 

(section 3.5).   

In summary the Pyrenees display a strong climatic asymmetry across their drainage divide, 

with approximately twice as much precipitation falling on the northern than the southern 

flanks.  In addition global climate fluctuations promoted the growth of glaciers in the 

Pyrenees during glacial periods.  This study considers whether this asymmetry has had any 

effect in shaping the macrogeomorphology of the Pyrenees and the impact of glacial as 

opposed to fluvial erosion.   
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3.3 Results of geomorphic study 

Morphometric information for thirty-seven catchments (figure 2.7) on both the northern and 

southern flanks of the Pyrenees was extracted and analysed (section 2.4).  The primary aim 

was to compare the catchments on the northern and southern sides of the mountain chain and 

document any differences or similarities in order to determine the relative roles of tectonics, 

lithology and climate.  Table 2.1 defined the morphometric parameters extracted (described 

in section 2.4) and table 3.1 documents their statistical significance across the principal 

drainage divide.   

The following parameters all showed a statistical difference of 95% confidence levels 

between northern and southern catchments: minimum elevation, basin relief, mean slope, 

ruggedness ratio, relief ratio, first and second stream frequencies, second order mean 

segment length and fourth order drainage density.  The results for each of these parameters 

are summarised in table 3.2 and are considered here in turn.   
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Minimum elevations for the catchments were shown to be lower in the north than in the 

south.  Plots of elevation versus fraction of area (frequency) show the overall distributions of 

elevation with area (figure 3.11).  It may be seen in this figure and its inset (averaged north 

and south curves, figure 3.11b) that the pour points of the northern catchments often reach 

below the 500m contour line, whilst in the southern catchments, pour points tend to be above 

this altitude.  As basin pour points were delineated according to identical properties on both 

northern and southern flanks, this observation implies that some asymmetry exists across the 

chain.  As a consequence of lower minimum elevations, the overall basin relief (from highest 

peak to pour point) is higher in the north than in the south.  This is only the maximum relief 

and does not take into account the distribution of relief within the catchments (section 

3.5.4.3).  Individual elevation-frequency curves for all studied basins can be found in 

appendix 1.   

Classic hypsometric curves after Strahler (1952) were also created, though the simple 

landscape evolutionary stages described by Strahler are difficult to apply to this system.  

These curves were originally developed for use in fluvial systems and so when glacial 
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erosion is involved the issue is complicated (Brocklehurst and Whipple, 2000; 2004).  The 

bulk of the Pyrenean hypsometries showed little difference between north and south (figures 

3.12 and 3.13).  The only two basins that tended to move away from this trend are basins 20 

and 21.  These show a pronounced kink in their curves with a larger proportion of their 

respective basin areas at lower elevations than other Pyrenean catchments (figure 3.13b).   

This pattern is related to basins 20 and 21 flowing into the Cerdanya Basin, an extensional 

feature formed during late Miocene times (Cabrera et al., 1988; Roca, 1996).  It provides a 

large low angled valley floor of relatively constant elevation (figure 3.14), shown in the 

elevation-frequency histograms (figure 3.15) by a bimodal distribution with a second peak 

between 1000-2000m. Here, mountains similar to those in the other catchments of the 

Pyrenees, abruptly enter a large flat valley and so the curves display a greater proportion of 

area at these lower elevations.  Individual hypsometric curves for all studied basins can be 

found in appendix 2.   
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Mean slope values for the catchments are shown overall to be higher in the north than in the 

south.  Figure 3.16 illustrates a plot of slope versus fraction of area and shows some example 

curves for both the northern and southern catchments.  The general curves for northern and 

southern catchments (inset graph, figure 3.16b) show normal distributions with northern 

catchments showing that their mean and mode is higher than those in the south indicating a 

greater proportion of steeper slopes.  Individual example curves from both the northern and 

southern catchments (figure 3.16a) also show this trend, with northerly catchments more 

positively skewed, again indicating a greater proportion of steeper slopes.  Although the 

majority of curves for the basins show normal to positively skewed distributions, two basins 

reveal a more exponential distribution (basins 20 and 21).  It has been suggested 

(Montgomery, 2001), from studies in the Olympic Mountains and the Oregon Coast Range 

that roughly normal distributions in the slope-frequency curve indicate dominantly erosional 

catchments whilst exponential distributions signify predominantly depositional ones (figure 

3.17).  Basins 20 and 21 (figure 3.16a) show this dominantly exponential distribution whilst 

all other basins show normal to positive skewed distributions.  Within the cores of mountain 

belts such as the Pyrenees, it would be expected that the majority of basins would show an 

erosional signature.  However basins 20 and 21 show a depositional type signature.  This is a 

consequence of draining into the Cerdanya Basin.  The environment here is predominantly 
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depositional, with a large low angle floor to the valley, which is reflected in the distributions 

of slope with area.  Individual slope curves for all studied basins can be found in appendix 3.     

The ruggedness ratio, defined as the relief multiplied by the drainage density, and the relief 

ratio, defined as the relief divided by the basin length, both show greater values in the north.  

In general terms, these ratios are measures of the overall steepness of the drainage basin.  

The greater overall relief of the northern catchments means, that if drainage densities and 

basin lengths are kept constant across the divide then overall the basins in the north will be 

steeper.  There is no statistical difference between either drainage density or basin length 

across the main drainage divide (table 3.1) confirming the steeper nature of the northern 

catchments.  This again does not take into account local relief distributions within the basins 

(section 3.5.4.3) and is an observation at a low resolution.  
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Both first and second stream frequencies (number of streams of order n per unit area) are 

greater in the south than the north i.e. there are more low order streams per unit area in the 

southern catchments (table 3.2).  Statistically the actual number of first and second order 

streams does not vary across the drainage divide nor is there any statistical difference in 

basin areas (table 3.1).  However, although there is no statistical variance across the divide in 

either of these parameters, the combination of the two reveals a statistical difference.  Figure 

3.18 shows the relationship between basin area and the number of first order streams for both 

northern and southern catchments.  A simple relationship is defined with increasing basin 

area leads to increased numbers of low order streams.  Although there is no statistical 

difference in either basin area or number of first order streams, approximately three-quarters 

of northern catchments are found at smaller basin sizes which leads to the statistical 

difference seen between north and south in first order stream frequencies.  The same is true 

for second order stream frequencies.  There is no difference between north and south with 

regard to elongation ratios or circularity implying that the northern and southern basins are 

approximately the same shape, at differing scales (table 3.1).  The significance of lower first 

and second order stream frequencies in the north is therefore most likely to be an effect of 

basin area which is exemplified by calculating the stream frequencies to give a statistical 

difference.  As such it is suggested that this relevance and importance of this statistic be 

considered with caution, possibly implying on the whole that the majority of northern basins 
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are smaller than their southern counterparts, but which is not picked up in comparisons of 

area.   

In the northern catchments, second order mean stream lengths are longer than in the southern 

catchments.  This is not true of their total length, nor of equivalent first or third order 

streams.  This would suggest that northern streams have longer between their intersections 

than southern streams and would suggest a gentler angled catchment.  It is known however, 

that this is not the case, with slope parameters, suggesting to a higher degree of confidence, 

that northern systems are on the whole, steeper.  This factor could therefore be an artefact of 

the data, or at the particular elevations where second order streams tend to be found, there 

could be flats in the topography that do not have equivalents across the drainage divide.  

However, such features were not observed.   

The other statistically significant factor is that of fourth order drainage density.  It is higher 

in the south than in the north, though this is probably an anomaly created by the method in 

which the basins were selected.  Since the basins were chosen where either two fourth order 

streams met or a fourth order stream joined a fifth order stream an element of bias is 

introduced. Fourth order streams therefore cover different distances before either merging 

with another fourth order stream or merging with a fifth order stream.  Consequently the 

result this statistic should be ignored but is included for completeness.   

Discussions on orders of streams raise questions when these streams have been extracted 

from DEMs.  These relate to nomenclature and whether what, in this context we are calling a 

first order stream is actually a true first order stream.  As previously noted (section 2.3.4) it 

is unlikely that first order streams described in this study are in fact true first order streams, 

but in reality more likely second or even third order streams.  This has little impact on the 

discussions above, but it is an important point with regards to nomenclature.   
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In summary, northern catchments have lower minimum elevations and hence greater overall 

relief and steeper mean slopes than their southern counterparts.  Interpretation of this 

described asymmetry is considered later in this chapter, after consideration of the principal 

drainage divide and the glacial history.   
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3.4 Drainage divides 

Drainage divides or watersheds are the dividing lines between catchments, whose locations 

determine in which direction precipitation falling on mountains will subsequently flow.  The 

main drainage divide in doubly-vergent orogens provides a simple first order dividing line 

between the pro- and retro-sides of the mountain system.  The divide in such systems is 

rarely stationary and will migrate depending on the controlling forces on the orogenic 

system.  General evolutionary models coupling tectonics and surface processes indicate the 

development of a generally straight drainage divide roughly parallel with the mountain front.  

The location of this divide is linked to the position of the S-point (Koons, 1989; Willett et 

al., 2001) and its location fluctuates around this point according to the relative degrees of 

frontal accretion and underplating, whilst remaining above the core of the orogen (Naylor, 

2004).  The combination of both frontal accretion and underplating will lead the system to 

develop an asymmetric form with a gentler pro-wedge and a steeper retro-wedge.  It has 

been suggested that orographic forcing could alter this form, either enhancing (more 

precipitation on the pro-side) or acting against (more precipitation on the retro-side) this 

general tectonic signal (Koons, 1989; Beaumont et al., 1992; Braun and Sambridge, 1997; 

Willett, 1999).   

This simple range parallel configuration can be clearly seen in systems such as the Southern 

Alps of New Zealand (figure 3.19).  The Southern Alps, often cited as a typical example of a 

narrow collisional mountain belt (Koons, 1995), have a generally linear main drainage divide 

with only minor fluctuations in its linearity by up to 9-10 km.   

The above studies show that the principal drainage divide may act as an indicator of the 

principal forces acting on orogenic systems relating to its location with respect to the two 

mountain fronts.   

This section looks at the principal Pyrenean drainage divide with respect to its shape and 

position within the mountain belt.   
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As discussed in section 3.1 the Pyrenean chain consists of two large-scale ridges of similar 

length which overlap by about 12 km in their centre.  The offset between the two segments is 

approximately 22-23 km in a north-south direction (figure 3.20).  This provides a deviation 

from the standard straight divide proposed by previous models (Koons, 1989; Willett et al., 

2001).   

The Southern Alps of New Zealand are an example of an active orogen of a similar size to 

the Pyrenees (roughly 300 km long and 80 km wide).  Yet within this orogen as shown in 

figure 3.19, a straight drainage divide exists with lateral fluctuations of only the order of 9-

10 km.  This difference in the morphology of the drainage divide is interpreted to be the 

result of key differences between the two systems.  These differences can be considered 

within the three controls on the development of the form of the orogen.   

Today, tectonics within the Pyrenees are inactive, whilst are active along the entire length of 

the Southern Alps.  In active orogens, such as the Southern Alps, the position of the drainage 

divide fluctuates around the position of the S-point relating to the growth of thrust sheets and 

their interactions with one another.  The distribution of thrust sheets within an orogen could 

result in offsets in the main drainage divide, with different segments representing different 

thrust sheets.  In the Pyrenees, no such persistent structures have been documented along the 

lengths of the two ridge segments and so although a possible explanation, other controls may 

provide alternative, more viable mechanisms.  In both the Southern Alps and the Pyrenees, 

an orographic effect exists.  Although some lateral climatic effects along the strike of the 

chains may exist (e.g. figure 3.8), these are relatively minor, being only small relative 

differences.  In the Southern Alps, enhanced precipitation is found along the entire 

northwestern side of the orogen and so would produce the same effect along the entire length 

of the orogen equally.  However, there is marked contrast between the two mountain belts 

when the type and distribution of lithologies is considered.  In the Southern Alps the 

lithologies are range parallel and principally composed of sedimentary and low-grade 

metamorphic rocks (Koons, 1995).  In contrast there is a great deal of heterogeneity within 

the Axial Zone of the Pyrenees.   
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The lithological distribution of the Pyrenees is broadly range parallel, however within its 

Axial Zone a different picture emerges.  Distributed within the sedimentary and low-grade 

metamorphic rocks of predominantly Palaeozoic age are a series of Hercynian aged massifs 

composed largely of granodiorite (figure 3.21).   

A river long profile down the Flamisell valley in the south central Pyrenees (figure 3.22) 

illustrates the contrast in susceptibility to erosion between the different lithologies present.  

The river’s source lies in the Maladeta granodiorite massif and from here it flows down 

through Palaeozoic meta-sediments.  A clear step is seen as the river leaves the granodiorite 

and enters the meta-sediments, demonstrating the clear contrast in erodability between the 

more resistant granodiorite and the less resistant meta-sediments.  This pattern is also 

observed in other rivers draining off the massifs e.g. figure 3.35.   

The Pyrenean crystalline massifs are predominantly formed of granodiorite composed of 

quartz, oligoclase/andesine, potassium feldspar and biotite (Charlet, 1979; Zwart, 1979).  

The massifs are structurally massive with few structures or regular alignments of joints 

documented (Zwart, 1979).  In contrast, the meta-sediments are composed of phyllites, slates 

and meta-limestones.  The strong cleavage and bedding structures in these meta-sediments is 

in an east-west orientation broadly parallel to the orogen.   

The crystalline massifs show a greater resistance to both fluvial erosion processes such as 

plucking, abrasion and cavitation (Whipple et al., 2000) and also to processes of glacial 

erosion such as abrasion and quarrying (Hallet, 1996).  This is related both to the relative 

lack of jointing and possible fracture surfaces in the crystalline massifs and their greater 

resistance to abrasion compared to the well-bedded and cleaved meta-sediments.  These 

factors mean that the meta-sedimentary rocks are more susceptible to fluvial and glacial 

erosion leading to the development of large steps in the river long profiles where the two 

lithologies are present adjacent to one another.   

The fact that there is a substantial kink in the main Pyrenean drainage divide coupled with 

the distribution of Hercynian massifs and the contrasts in erodability between the lithologies 

provides a testable hypothesis.  ‘That the Hercynian Crystalline Massifs (HCMs) of the 

Pyrenees provide a first order control on the position of the main drainage divide.’   
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A first order visual correlation of the main drainage divides and secondary basin bounding 

divides above 2000m, with the distributions of HCMs (figure 3.24), provides a good match, 

with the HCMs forming the high ground (topographically) and consequently the principal 

drainage divides.   

To support this first order visual observation a simple statistical test was undertaken.  Thirty-

nine hypothetical drainage divides parallel to the range front were taken.  For each idealised 

linear drainage divide, the proportion of the divide that intersected the HCMs was calculated 

as percentages.  The thirty-nine divides were then plotted as a frequency of the percentage 

intersection in binned intervals of 5%.   

The results of this show peaks in the 15-20 and the 39-35 percentage intersection bins (figure 

3.25).  The highest percentage intersection for the hypothetical divides was 35.7%, with the 

percentage intersection for the modern drainage divide being 36.2%.  Therefore, this shows 

that no random line is able to achieve such a high percentage intersection with the HCMs as 

the actual divide.   

This suggests that the proportion of the HCMs that occupy the present drainage divide is 

unlikely to have occurred by random chance and that there is a correlation between the 

position of the drainage divide and the position of the HCMs.  The consequence of this is the 

modern shape of the Pyrenean drainage divide with its characteristic kinked shape.  Had the 

distribution of the HCMs been different within the Axial Zone then we may have expected a 

different pattern to the main drainage divide.  The lack of such heterogeneity in the Southern 

Alps and their straight drainage divide suggests that lithology is an important control within 

the Pyrenees for the macro-scale form of the main drainage divide.  In the Appalachian a 

similar rock control has also been noted (Hack, 1980).  Here the areas of erosion resistant 

rock form the topographic high ground, whilst regions of less erosion resistant rock form the 

lower elevation valleys.   
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Having established that the HCMs are an important control on the macro-scale form, it is 

important to consider when this relationship was initiated.  The Southern Pyrenees has an 

extensive record of synorogenic sedimentation.  Within these sedimentary deposits, granitic 

derived material is found at many levels within the succession.  Sand-grade granitic material 
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is found within the Ager Group (Gaemers, 1978) at an age of c. 54.5 Ma, early Ypresian 

(Vincent, 2001); this represents the earliest evidence for erosion of the granitic source areas.  

Similar aged granitic clasts are found locally within the Roda Sandstone Formation, a tidally 

reworked fan-delta complex deposited at around 54 Ma (Vincent, 2001).  However these 

clasts have been shown not to originate from the Maladeta granodiorite (Lopez-Blanco et al., 

2003) suggesting that either the palaeo-drainage varied from that of today or alternative 

massifs of which no remnants remain provided a source.  The Sis conglomerate (Vincent, 

1993; 2001) records clasts from the HCMs beginning during late Lutetian, early Bartonian 

times (Beamud et al., 2003) and continuing episodically to end Oligocene-early Miocene 

times (top of the Sis Conglomerate).  The episodicity in the percentage volume of granitic 

clasts has been interpreted as switching headwaters within the Axial Zone (Vincent, 1999; 

2001).  Other conglomeratic bodies along strike such as the La Pobla de Segur Formation 

(Mellere, 1993) record HCM material from mid Bartonian to lower Oligocene (Rupelian) 

(top of the formation) (Beamud et al., 2003) with similar episodicity in percentage volume of 

HCM clasts as the Sis Conglomerate.  No definite timing can yet be placed upon the 

formation of the kink in the drainage divide and thermochronological studies may provide 

some tighter constraints on this system (chapter 5).  However, the occurrence of HCM 

derived clasts in the synorogenic deposits to the south of the chain suggest that the 

heterogeneity may well have existed whilst the mountain belt was still active.  It may be in 

youthful systems such as the Southern Alps, that such lithological heterogeneity has yet to be 

exhumed and that if it does then the drainage divide may alter correspondingly.   
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In summary, the kink in the Pyrenean drainage divide can be attributed to the heterogeneous 

distribution of lithologies within the Axial Zone, specifically the locations of the Hercynian 

Crystalline Massifs.  Erodability contrasts between the massifs and the surrounding meta-

sediments results in the massifs occupying the topographic high ground and thus controlling 

the position of the modern principal drainage divide.  An entirely tectonic origin for the kink 

in the divide cannot be ruled out completely, although the lack of documented evidence for 

such large thrust structures, suggest that this is of secondary importance to the lithological 

controls exerted by the Hercynian Crystalline Massifs.   
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3.5 Glaciation of the Pyrenees 

Throughout the Late Cenozoic, glaciers have played an important role in shaping the 

landscapes of many modern orogens.  Over the last 65 Ma a long term trend of global 

cooling (Molnar and England, 1990) has been documented from stable isotope records 

(Zachos et al., 2001).  Superimposed on this trend are shorter-term climatic fluctuations that 

have been attributed to variations in the Earth’s orbital patterns (Hays et al., 1976).  These 

patterns of orbital forcing tend to occur on timescales of 104 - 106 year cyclicity, resulting in 

variations in the seasonal and latitudinal distribution of incoming solar radiation (Hays et al., 

1976).  In the Early Pliocene at around 3.2 Ma, an increase in oceanic δ18O values marked 

the onset of northern hemisphere glaciation (Zachos et al., 2001).  From this point onwards a 

series of climatic fluctuations occurred as a result of orbital forcing caused the repeated 

growth and decay of ice sheets and glaciers in the northern hemisphere.  These periodic 

phases of glacial growth and decay have shaped the landscape of many orogens, the results 

of which can be observed in the landscape today.   
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The erosive agents at work in the Pyrenees today are dominated by fluvial erosion, with the 

majority of valleys being filled with rivers.  However, the preserved landscape is not 

characteristic of one produced by fluvial erosion, with deep U-shaped valleys and cwms in 

the high mountains typical of a glacially eroded landscape (figure 3.26).  These powerful 

erosive agents are now found only in small isolated locations high in the mountains.  

Estimates for the present surface area of glaciers in the Pyrenees varies between about 8.1 

and 12 km2 (Martinez de Pison et al., 1998; Knight, 1999) composed of forty-one individual 

glaciers.  As well as mountain glaciers, there are thirteen active rock glaciers (Martinez de 

Pison et al., 1998; Hamilton, 1988).  Modern Equilibrium Line Altitudes (ELA) are at an 

altitude of ~3100m in northern catchments with a discontinuous permafrost at levels down to 

2650-2700m.  The majority of present day glaciers are orientated in a north or north-easterly 

direction (Taillefer, 1969) as would be expected in the northern hemisphere.  This is due to 

northern aspects receiving less sun and consequently less heat than southern aspects in the 

northern hemisphere allowing more snow to accumulate to form glaciers.  The present day 

lack of glaciers in the Pyrenees can be explained by high ELAs (3100m for northerly 
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aspects) in a chain that has little topography above 3000m (highest peak – Aneto at 3404m), 

with therefore a small elevation window in which to permit glacial growth (figure 3.27).   
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There is considerable evidence that these glaciers were once significantly larger in extent and 

more numerous (Hérail et al., 1986; Taillefer, 1968).  Geomorphic mapping of glacial 

moraines, outwash features and landscape form has demonstrated that glaciation has played a 

considerable role in the evolution of the modern geomorphic form of the mountain belt (e.g. 

Taillefer, 1968).  Dating of such glacial deposits, combined with analysis of palaeo-lakes and 

peat-bogs, has allowed timings to be placed upon periods of glacial advance and retreat 

(Andrieu et al., 1988; Van Campo and Jalut, 1969; Jalut et al., 1982; Hérail and Jalut, 1986; 

Vilaplana et al., 1983; Lewis et al., 2003).  During the last 40 Ka the Pyrenees have been 

characterised by a series of glacial readvances, stagnation phases and retreats.  In the 

northern Pyrenees, the maximum advance of the glaciers was achieved prior to 38.4 Ka, 

associated with the deposits on the piedmont near Lourdes (Hérail et al., 1986; Andrieu et 

al., 1988).  Before 26 Ka, a smaller glacial readvance took place remaining within the core of 

the chain.  Subsequently, glaciers retreated progressively and were virtually terminated at 

~15 Ka (Andrieu et al., 1988).  Similar patterns are observed in the Arèige valley (figure 

3.28), closer to the core of the mountain system, where ice ceased to cover the area at ~21 

Ka based on ages from peat bogs (Jalut et al., 1982).  In the southern Pyrenees, the last major 

glacial retreat is given as 35-21 Ka (Viliplana et al., 1983), pre-20 Ka (García-Ruiz et al., 

2003), and at ~10 Ka (Younger Dryas) (Lewis et al.,2003).  The reason that younger dates 

are recorded in the south may simply be an indication that the similar deposits seen in the 

north have not been as thoroughly dated.  Maximum extents in the Cinca and Gallego river 

valleys (south western Pyrenees, figure 3.28) are given as ~60 Ka and ~85 Ka respectively 

(Lewis et al., 2003).  These series of dates were derived from techniques ranging from dating 

of peat bogs and palaeo-lakes and radiocarbon, luminescence and magnetostratigraphy on 

outwash deposits (Jalut et al., 1982; Andrieu et al., 1988; Lewis et al., 2003).   These results 

show a common feature, that the last maximum extent of glaciers within the Pyrenees does 

not coincide with the Last Glacial Maximum (LGM) of the major continental ice sheets of 

the northern hemisphere (Gillespie and Molnar, 1995).  This asynchroneity in glacial 

advances has also been noted in other European mountain ranges such as the Western Alps 

and the Massif Central (Gillespie and Molnar, 1995) as well as the Vosges (Seret et al., 
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1990).  During the LGM in the Pyrenees a glacial advance did take place, but it was less 

extensive than previous advances (García-Ruiz et al., 2003).  High precipitation rates have 

been suggested for the pre ~40 Ka glacial maximum (Andrieu et al., 1988).  This has been 

linked to the southward movement of the jet stream over the Pyrenees as the glaciation 

progressed (Gillespie and Molnar, 1995; Lewis et al., 2003) allowing polar conditions to 

prevail in Iberia while depressions delivered precipitation further south.   

Glaciation in the Pyrenees was not as extensive as that in the Alps, despite their exposure to 

the Atlantic.  The southerly location of the chain (latitude - 43oN), the narrowness of their 

axial zone and the moderate elevations of the higher summits led to lower overall glacial 

intensities (Hérail et al., 1986).  In addition to displaying an asynchroneity with continental 

ice sheet advances, an asymmetry also exists between the northern and southern Pyrenees 

(figure 3.29).  This was noted as far back as 1881 by Penck who observed that glaciers had 

previously extended to lower elevations in the north than in the south.  Subsequent authors 

noted that glacial deposits were often seen within the Aquitaine basin, yet none ever reached 

the Ebro basin (Viliplana, 1983).  During the last maximum ice extent in the northern 

Pyrenees, glaciers reached down to 400-500m compared to 800-900m in the south (Taillefer, 

1957; 1968; 1969; Viliplana, 1983).  An east-west variation also existed due to the relative 

influences of Atlantic and Mediterranean climates (Palaeo-ELA in extreme west – 1100m, in 

east (Carlit Massif) – 2000m) (Taillefer, 1982; Lagasquie, 1983).  This asymmetry is 

illustrated in figure 3.29 where maximum glacial extents are plotted for all the dominant 

valleys in the Pyrenees based upon observations by a variety of authors (Allaart, 1958; 

Garcia-Sainz, 1933; García-Ruiz et al., 2003; Heybrock, 1933; Hérail and Jalut, 1986; Hérail 

et al., 1986; Jalut et al., 1982; Kleinsmiede, 1960; Mey, 1967; 1968; Penck, 1881; 

Rijckborst, 1967; Serrano-Cañadas, 1991; Taillefer, 1950; 1957; 1968; 1969; 1982; 1983; 

Viliplana, 1983; Viliplana et al., 1983 and Zandvliet, 1960).   
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Within the Pyrenees today an orographic effect exists, leading to enhanced precipitation on 

the northern slopes of the Pyrenees (figure 3.7, section 3.2.2).  This results in a northern 

slope that is much greener and more vegetated, compared to the more arid southern slope 

(figure 3.30).  This difference in precipitation combined with the aspects of the northerly 

catchments can provide a mechanism for the observed glacial asymmetry.  Greater 
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precipitation in the north, falling as snow over the higher mountains during a glacial period 

and more opportunity for snow and ice accumulation, due to a lower number of sunshine 

hours leads to less melting, would lead to glaciers advancing further in the northern 

Pyrenees.   

Thus a climatic influence has played a role in the development of the Pyrenean glaciers, but 

what effect does this glacial history have on the macrogeomorphology?   Is it possible to 

observe the glacial asymmetry across the drainage divide in the morphometric parameters?  

Can varying degrees of glacial versus fluvial erosion be observed in the drainage basins?  

This section reviews the evidence looking at specific morphometric parameters that have 

been used in attempts to distinguish between glacial and fluvial signals.   
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A variety of techniques have been used for characterising the agent of erosion in landscapes.  

These have often been based on the characteristic morphological landforms left behind by 

glaciers such as moraines, corries, truncated spurs and U-shaped valleys in contrast to those 

of fluvial systems such as V-shaped valleys and interlocking spurs.  Features like moraines 

and equivalent fluvial deposits, such as terraces, are best characterised by field mapping a 

catchment.  This can provide extremely detailed geomorphic maps of small areas from which 

it can be seen whether a catchment owes its origins to predominantly fluvial or glacial 

erosion (e.g. García-Ruiz et al., 2003).  However, to apply this to an entire mountain belt 

would represent several PhD projects, so alternative techniques must be adopted.  By 

coupling DEMs and Satellite photos, some authors have characterised catchments on the 

basis of terminal moraines seen on the satellite photos together with valley perpendicular 

profiles to pick out a U- or a V-shape (Duncan et al., 1998, Montgomery, 2002).  Others 

have looked at river profiles extracted from DEMs and landscape evolution models 

(Brocklehurst and Whipple, 2002; MacGregor et al., 2000), or on hypsometry (Montgomery 

et al., 2001; Brocklehurst and Whipple, 2004).  The concept of Geophysical Relief (Small 

and Anderson, 1998; Brocklehurst and Whipple, 2002) has also been shown to be effective 

at characterising the relief distribution within a catchment and from this assessing its glacial 

or fluvial origins.   
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This study uses a combination of the above techniques, with the use of satellite photos being 

replaced by a literature review of terminal moraine locations. Each of these is reviewed in 

turn together with a discussion on its effectiveness in the Pyrenean system.   

 

3.5.4.1 Maximum glacial extents  

As shown in figure 3.29 and discussed in section 3.5.2, maximum glacial extents for the 

Pyrenees were plotted on a DEM.  These locations are based on field observations by a 

variety of authors based predominantly on the mapped positions of terminal moraines 

(section 3.5.2).   

This study has confirmed that the majority of the catchments in the study area should have 

experienced glacial erosion through at least part of their formation.   

 

3.5.4.2 Hypsometry 

Two forms of presentation of hypsometric data are used in this section.  Hypsometric 

distributions refer to a plot of frequency distributions of elevations (dimensional) whilst 

hypsometric curves represent the fraction of basin area below a given elevation (non-

dimensional).   

In certain areas hypsometry has been used as a tool to distinguish between glacial and fluvial 

catchments (Montgomery et al., 2001).  In the Andes it has been suggested that glacially 

eroded catchments may be distinguished from fluvial catchments by obvious shoulders in the 

hypsometric curves where glaciers have selectively eroded high elevations (figure 3.31).  

This is contrasted to the convex patterns (yellow curves on figure 3.31) characteristic of a 

fluvially dissected landscape (Montgomery et al., 2001).   

In the Pyrenees a shoulder such as that shown in figure 3.31 is not clearly visible in the 

hypsometric analysis of the selected catchments (figures 3.12 and 3.13).  This may be 

because the basin catchments do not extend all the way to the coast thus omitting the low 
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elevation distributions.  Alternatively, glaciation in the Pyrenees may not have occurred to 

the same degree to that which has taken place in the Andes.   

The use of hypsometry to characterise landscape was developed by Strahler (1952) for use in 

fluvial landscapes.  Some workers have used hypsometry distributions as a tool to infer how 

glacial erosion rates compare with tectonic uplift rates (Brozovi� et al., 1997).  However 

many other factors exert controls on the hypsometry of glaciated regions and wide variations 

are found within such catchments (Brocklehurst and Whipple, 2004).  A study on a variety of 

different mountain ranges, suggests that if everything is kept equal then hypsometry can be 

used to indicate the relative degree of glacial modification in each catchment (Brocklehurst 

and Whipple, 2004).  It was proposed that the greater the degree of glaciation in a catchment 

the more the mode of the hypsometric distributions was shifted to higher elevations.  This 

reflects the development of wide flat valley floors and a flattening of the glacial valley long 

profile at high elevations (Brocklehurst and Whipple, 2004).  Non-glaciated basins tend to 

show the opposite trend with negative skews towards lower elevation data.  In the Pyrenees 

this relationship is not quite as clear-cut.  Some of the selected basins extend further into the 

foreland than others (particularly basins 1, 36 and 37, figure 2.7).  These catchments, and 

others that extend into the foreland to a lesser degree, show negative skews to their 

hypsometric distributions (figure 3.11 and 3.32).  Therefore, this observation of hypsometry 

as an aid to determining the degree of glaciation within a catchment, does not work 

effectively in the Pyrenees.  Instead it emphasises the amount of foreland within the selected 

catchment.   

Equilibrium Line Altitude (ELA) was also determined to be an important variable 

(Brocklehurst and Whipple, 2004).  By lowering the ELA within the relief of a range, the 

effect is to cause the mode of the hypsometric distribution to shift to a lower elevation with a 

corresponding reduction in the hypsometric integral.  In the Pyrenees the effect on the 

hypsometric integrals is not observed, but a reduction in the mode of elevation distributions 

is seen in the north compared to the south (figure 3.11b) although not to the same degree as 

seen in the western United States (Brocklehurst and Whipple, 2004).  However, this is 

probably a consequence of the basins extending into the foreland (figure 3.32) and these 

basins mask any effect of lowering of the ELA.   

These observations on the hypsometry of the Pyrenees are inconclusive as to the degree of 

glaciation experienced across the Pyrenees.  The patterns in the hypsometric curves (figures 
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3.12 and 3.13) do not pick out any shoulders as observed in the Andes (Montgomery et al., 

2001), nor do they show a predominant convex curvature. It should also be noted that many 

that the majority of examples cited by Brocklehurst and Whipple (2004) also fail to 

obviously pick out the shoulder in hypsometries as observed in the Andes and similarly show 

hypsometric curves with a variety of curvatures for glaciated catchments.  The number of 

potential influences described above and the method of basin selection used here make 

hypsometry an unsuitable technique for characterising degrees of glaciation in this study.   

 

3.5.4.3 Geophysical relief calculations and sub-ridgeline relief 

distributions 

Geophysical relief or ‘missing mass’ is defined as the mean elevation difference between a 

smooth surface connecting the highest points in a landscape and the topography (Small and 

Anderson, 1998).  This parameter and the pattern of elevation difference (sub-ridgeline 

relief) can be used as a technique for distinguishing between fluvially and glacially eroded 

catchments (Brocklehurst and Whipple, 2002).   

Within this study the technique described above was implemented entirely within 

ARC/INFO and the interpolation of a smooth sheet over the top of the basin (section 

2.4.2.4).  Subsequent subtraction of the real surface topography from this interpolated 

surface allows creation of the sub-ridgeline relief distribution for a particular catchment.  

Sub-ridgeline relief is defined as the elevation difference between the real topography and 

the interpolated surface and provides a means of comparison of relief distribution within 

catchments.  Geophysical relief may be calculated by dividing the volume of ‘missing mass’ 

(material between the two surfaces) by the area of the catchment to give the mean elevation 

difference between the smooth surface and the topography for the catchment  (technique 

after Small and Anderson, 1998 and Brocklehurst and Whipple, 2002).   

Characteristically different patterns of sub-ridgeline relief are displayed in both fluvial and 

glacial catchments (Brocklehurst and Whipple, 2002).  Fluvial basins are characterised by a 

bullseye type pattern of sub-ridgeline relief with a central isolated high with relief decreasing 

radially away from this point (figure 2.8a).  In contrast, the glaciated case shows a high relief 

area that radiates up valleys in a finger-type pattern, maintaining the higher relief over larger 
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regions and giving a more diffuse pattern overall (figure 2.8b and 2.9). This glacial pattern of 

relief is formed as a consequence of widening of V-shaped fluvial valleys and the removal of 

interlocking spur features by glaciers.  The lower channel steepness in glacial systems allows 

the regions of higher sub-ridgeline relief to persist further along the profile.  This is in 

contrast to that of the fluvial system, where V-shaped valleys give a narrower band of sub-

ridgeline relief, as no widening or flattening of the valley floors has taken place.  The steeper 

channel gradient means that the amount of sub-ridgeline relief is always varying along the 

profile.  Patterns are also present in the values of geophysical relief.  For example, the 

geophysical relief is up to 81m greater in glaciated basins compared to non-glaciated basins 

in the Sierra Nevada (Brocklehurst and Whipple, 2002).  However of the basins studied, 

glacial basins were commensurately larger than the fluvial basins, and so this was attributed 

principally to the size contrasts rather than any fluvial/glacial contrast.   

Figure 3.33 illustrates the sub-ridgeline relief distributions for all of the Pyrenean basins.  

Values for geophysical relief calculated for individual catchments ranged in value from  less 

than 200m to in excess of 500m.  There is no observable statistical significance between 

northern and southern basins. The lack of a statistical difference is probably as a 

consequence of the similarity in catchment size between northern and southern basins and 

adds confirmation that geophysical relief values are controlled by basin area.  A plot of sub-

ridgeline relief distribution shows glacial type patterns in the majority of basins (figure 3.33).  

The exceptions to this are some of the more marginal, lower elevation catchments, such as 

those affected by extension in the Cerdanya basin (Basins 20 and 21).  The catchments, other 

than those near the margins, tend to have been fully glaciated with maximum glacial extents 

foreland of the basin pour points.  It should be noted that the geophysical relief distributions 

illustrated here provide a minimum estimate of local bedrock relief, as post-glacial alluvial 

fill often occupies the valley floors (Montgomery, 2002).  Looking at the plots of sub-

ridgeline relief is a purely qualitative procedure, with a quantitative approach using the 

values of geophysical relief.  Slope plots can be interpreted according to a similar qualitative 

procedure, yet the patterns are often more difficult to distinguish, due to the presence of low 

gradient regions at a variety of levels and not simply picking out the valley floors.  Slope 

plots have been used in other studies (e.g. Duncan et al., 1998) to pick out the steeper slopes 

associated with U- as opposed to V-shaped valleys.  In the DEM used in this study however, 

it was not possible to easily differentiate between these two end members and consequently 

are not discussed here.   
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This technique therefore confirms the presence of glacially sculpted valleys in the Pyrenees, 

but cannot make any distinctions between degrees of glaciation between the north and south.   

 

3.5.4.4 River longitudinal profiles 

Glacial river profiles have characteristically different morphologies to those formed in 

fluvial systems.  Glacial valleys are typified by wide, low-gradient floors which are reflected 

in the river longitudinal profiles often punctuated by multiple steps and overdeepenings 

(MacGregor et al., 2000).  These overdeepenings are often filled by sediment or by ribbon 

lakes.  Profiles of glaciated catchments from the Sierra Nevada display this characteristically 

stepped nature, with long shallow sections separated by steeper steps and often with concave 

forms developed in their lower sections similar to that observed in detachment limited fluvial 

systems (Brocklehurst and Whipple, 2002).  By contrast fluvial longitudinal profiles tend to 

have smooth concave forms for their entire length, with convexities reflecting responses to 

uplift or lowering of baselevel as described by detachment limited equations (Whipple and 

Tucker, 2002).   

3.5.4.4.1 Principal valley river longitudinal profiles 

In this study, a series of river longitudinal profiles for the Pyrenees were extracted along 

with their corresponding ridgelines or interfluves and subridgeline relief distributions 

(section 3.5.4.3).   Characteristic examples of these profiles are shown in figure 3.34.  The 

very fine stepped nature (<100m horizontal distance) is a result of DEM interpolation.  Due 

to the heavily dammed nature of the Pyrenees (for HEP generation), large flats appear in 

many of the profiles, often concealing any possible overdeepening that may have taken 

place.  An example is shown from both the north, the Garonne River, and the south, the 

Noguera Pallaresa River (figure 3.34).  River longitudinal profiles from the other Pyrenean 

catchments are shown in appendix 4.   

The Garonne and Noguera Pallaresa basins (basins 12 and 26) are on opposing sides of the 

mountain chain and within their profiles the stepped nature of the valley floor may be seen 

(figure 3.34).  As well as their stepped nature they are also shown to have high sub-ridgeline 

relief (up to 1500m in parts).  This indicates large amounts of downcutting into the mountain 
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belt, suggesting a dominance of incision over rock uplift (Hovius, 2000), as would be 

expected in a post-orogenic system.  There is a difference in the overall gradient of the two 

profiles, with the steeper northern profile reaching lower elevations in less horizontal 

distance than in the south (figure 3.34).   

In order to show that the steps in the river long profiles are unrelated to changes in lithology 

such as that seen in the Flamisell catchment (section 3.4, figure 3.22), geological cross-

sections down the profiles were generated (figures 3.35 and 3.36).  It can be seen, with the 

exception of a steepening as the Garonne leaves the Maladeta massif, that lithology does not 

exert an important control on the gradient changes in the profiles.  These profiles also show 

the non-smoothed interfluve profiles showing deep incision with respect to the mountain 

front by both glaciers and fluvial systems into the surrounding terrain.  The fluvial reach of 

the Noguera Pallaresa River records deep incision through the southern foreland fold and 

thrust belt (Montsec thrust) and the synorogenic conglomerates (Gurp and Pobla de Segur 

groups).   

3.5.4.4.1.1 Convexities 

In many of the river long profiles, large low angle flats are preserved in the higher elevations 

of the basins, such as that in the Noguera Pallaresa basin (figure 3.36).  These features are 

not exclusive to either flank of the chain, with some catchments showing greater degrees of 

development of flats than others on both sides of the main drainage divide.  Modelling work 

(MacGregor et al., 2000) has shown that steps can be formed in a river long profile as a 

result of the joining of tributaries to the principal valley glacier and the corresponding 

increase in discharge.  The resultant increase in ice discharge increases the local erosion 

rates.  However, some of these features in the trunk streams of the Pyrenees are not 

coincident to the incoming of tributary valleys (figure 3.36) and so an alternative explanation 

is required.   

In a detachment limited fluvial system, convexities develop due to relative drops in base 

level, formed as a migrating wave of erosion moves up the river system.  In the Noguera 

Pallaresa example the convexity (figure 3.36) is on the scale of the entire valley with a U-

shaped form, both above and below, suggesting that if it is a fluvial feature then it has been 

overprinted by subsequent glaciations.  The differing degrees of development of these 

features could be a consequence of the variable catchment size and hence discharge effects.  
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However, profiles from other glaciated ranges in the world, such as the Sierra Nevada show 

similar patterns, (Brocklehurst and Whipple, 2002), so these features could have a glacial 

origin.   

In the Sierra Nevada these features are interpreted as a result of faster glacial erosion rates in 

the upper reaches of basins than by an equivalent river.  The lower section of the Pyrenean 

profile may reflect the shorter residence time of glaciers in this part of the basin (Porter, 

1989), or that glacial erosion in the ablation zone of these glaciers was either inefficient or 

dominated by sub-glacial waters (Brocklehurst and Whipple, 2002).  No correlation in the 

Sierra Nevada was found relating degree of glaciation with headwall erosion rate and the 

local factors in the catchment appeared to be the dominant control on rates of headwall 

erosion.  With factors such as competition with other glaciers or transfluent ice at the head of 

the basin protecting the headwall serving to lower the potential of increased erosion 

(Brocklehurst and Whipple, 2002).  This could potentially explain the variability in the 

formation and presence of these flats throughout the Pyrenean catchments.   

Throughout the last few million years the Pyrenees have undergone a series of glaciations of 

variable magnitudes.  During the smaller glaciations, glaciers would only have occupied the 

higher elevations, permitting erosion and flattening of the river profile only at these 

elevations, with subsequent glaciations not removing these features.   

This study has presented a series of alternative explanations for the development of the 

convexities in river long profiles, either reflecting a change in base level, faster glacial 

erosion rates at higher elevations than fluvial erosion rates or glaciers present at higher 

elevations for longer intervals.  Whichever of these is the dominant mechanism, glaciation 

has left its mark both above and below the convexities.   

3.5.4.4.2 Tributaries 

In tributary valleys in the Pyrenees, hanging valley type topography is noted with low 

gradient upper sections and then large steps as the smaller valley joins the catchment trunk 

stream (figure 3.37).  Possible overdeepenings are recorded where the tributary meets the 

trunk stream (figure 3.37).  Evidence for overdeepening is poorly preserved in the Pyrenees, 

with aggrading of the valley floors with sediment obscuring the features and the presence of 

dams, which utilise natural terrain traps in the landscape.  
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3.5.4.4.3 Post-glacial re-equilibration  

Following glacial retreat, the rivers appear to be trying to remove the convexities in the river 

long profiles resulting from glacial erosion.  In the Noguera Pallaresa river, gorges are 

developing along the steepened section (figure 3.38) in an attempt to re-equilibrate the 

profile.  This pattern of gorge development is a common feature in post-glacial landscapes 

often described as polycyclic relief.  Similar effects are seen in hanging valleys adjoining the 

main valley glaciers such as that at Riu de Tavascan, a tributary to the la Noguera de Cardós 

which joins the main Noguera Pallaresa at Llavorsi (figure 3.37).  It is expected that these 

kinds of features were common place in previous interglacial periods, with evidence of these 

gorges being erased by subsequent glaciations.  

Possible evidence of palaeo-drainage structure is seen with notches in the interfluves (e.g. 

Pla de Beret, Col du Portillon, Port de la Bonaigua) relating to a prior fluvial/glacial network 

(figures 3.35 and 3.36).   

3.5.4.4.4 Summary 

In summary, both northerly and southerly river long profiles have characteristically glacial 

profiles, which is expected as the majority of maximum glacial extents extend downstream 

of the basin pour points.  This results in no apparent contrast between the northern and 

southern catchments, with the exception of the elevation of the basin pour points discussed in 

section 3.3.1 and consequent catchment gradient.   

 

3.5.4.5 Additional field observations  

Additional field observations were undertaken in valleys both north and south of the 

Pyrenees.  This was to confirm the glacial origin of the valleys in the core of the Axial Zone 

and to observe the transition from a glacial to fluvial system in the south.   

Results from this study illustrate the glacial origins of these valleys.  Characteristic glacial 

landforms such as deep broad U-shaped valleys were found on both northern and southern 

flanks (figure 3.26).  Observations were also made in the south of the valleys both upstream 

and downstream of the mapped terminal moraines.  In the Noguera Pallaresa valley upstream 



 

Chapter 3 – The macro-scale geomorphology of the Pyrenees   89 

of the town of Llavorsi, where the maximum glacial extent is recorded, broad U-shaped 

valleys may be seen (figure 3.39) whilst downstream the valley narrows and becomes more 

V-shaped.  This is also seen in many other valleys along the southern flank of the Pyrenees.   

In the north the maximum glacial extents are often recorded out in the foreland and so 

different patterns are seen. In the Garonne catchment the broad valley extends out beyond 

the North Pyrenean Fault to open out into the foreland (figure 3.40).   

These brief observations on the macro-scale features of the valley forms provide evidence 

that the northerly Pyrenees were more heavily glaciated than the south, on the basis of 

glacial extent.  However, within the core of the mountain chain, both northern and southern 

flanks appear to have been strongly glaciated, both displaying characteristic glacial 

landforms.   
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The results of these different lines of enquiry have demonstrated that the Pyrenees have been 

subject to glacial erosion.  Modelling studies have shown that it requires upward of 105 years 

to create a classic U-shaped valley (Harbor et al., 1988).  This and the evidence of older 

glacial features in the Pyrenees (Garcia-Sainz, 1933; Hérail et al., 1986) suggest that a series 

of glaciations shaped parts of the landscape observed today.  Evidence, principally provided 

by the positions of maximum glacial extents, illustrates the asymmetry associated with the 

glaciation.  The fact that glaciers, during their maximum extent, reached into the foreland in 

the northern Pyrenees implies lower ELAs, suggesting that orographic precipitation aided by 

aspect allowed enhanced glacial erosion in the north.  Both of these features are still seen 

today, with higher precipitation in the north and the surviving glaciers in the Pyrenees are 

predominantly northerly facing with ELAs at 3100m or above (Taillefer, 1969; Martinez de 

Pison et al., 1998).   

Considering the statistically significant factors for the macrogeomorphology, it is possible 

that an enhanced glacial signature may have played a role in the evolution of the Pyrenean 

Mountains.  Glacial systems tend to have steeper slopes within their valleys than fluvial 

systems (U-shaped steeper than V-shapes).  This provides a mechanism by which steeper 

slopes would be expected in the north.  However it should be noted that little asymmetry is 
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observed other than maximum glacial extents, with some of the central Pyrenean valleys in 

both north and south exhibiting similar distributions and amounts of sub-ridgeline relief.  

This suggests comparable amounts of the net glacial erosion between northern and southern 

catchments down to their respective maximum glacial extents.   

If a case is considered with no glacial enhancement on an asymmetric topographic form, 

with similar ELAs in both northern and southern catchments then a different pattern would 

emerge.  With equal ELAs, similar to those seen in the southern basins across the divide, 

then the lower reaches of northern catchments would not have been glaciated.  Consequently 

in order to see the pattern of glacial erosion observed today requires that glaciers reached to 

lower elevations in the north, than the south.   

A glacial asymmetry therefore does exist within the Pyrenees, with glaciers extending to 

lower elevations and further into the foreland in the north than the south, but with similar 

amounts of glacial erosion in the analysed catchments on both sides of the chain to their 

respective maximum glacial extents.  The implications of this on the macrogeomorphic form 

of the Pyrenees are considered in the following section.   

 

3.6 Geomorphology of the Pyrenees and its controlling factors 

The modern geomorphic form of the Pyrenean Mountains has been influenced by a number 

of factors.  This form has evolved over several millions of years and has been influenced by 

events from the Hercynian to the present day.   

If the geomorphology is looked at in the context of the main controlling forces on mountain 

development, namely tectonics, lithology and climate, then their relative roles may be 

assessed.   
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As discussed in chapter 1 the Pyrenees have been a post-orogenic mountain belt since mid 

Miocene times, when there was a general cessation of tectonics.  Modelling studies (e.g. 
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Willett et al., 2001) suggest that a doubly vergent orogen will develop an asymmetry in its 

topographic form during growth.  This asymmetry will cause the principal drainage divide to 

be shifted towards the retro-side of the orogen.  If tectonics provides the only control on this 

asymmetry then following a cessation in tectonics this asymmetric form will be preserved at 

progressively lower amplitudes (section 1.3).   

If two equally sized catchments backing on to each other across the main drainage divide are 

considered, then it would be predicted that the catchment on the retro-side would reach down 

to lower elevations and hence have a greater overall relief (figure 3.41).  As the catchment 

has a higher relief for the same length scales then overall the catchment would be expected 

to be steeper with potentially steeper slopes overall.   

These predictions for what the morphometric parameters would look like is very similar to 

what we observe within the Pyrenees today.  This suggests that overall the previous tectonic 

signature still remains within the catchments of the Pyrenees with an asymmetry still 

imposed on the morphology.  This is also evident by observing a topographic profile through 

the chain (figure 3.1b) where an asymmetry is seen, being steeper in the north and gentler in 

the south (Morris et al., 1998).  Therefore the observed morphometric parameters seem to fit 

well with the concept of an inherited tectonic signal, however could the signals have been 

modified or amplified by other controls on mountain development, such as lithology or 

climate?   
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The heterogeneity of the lithology with the Pyrenean Axial Zone has been shown to provide 

a strong control on the position of the modern drainage divide (section 3.4) with the 

distribution of the more resistant lithologies (Hercynian Crystalline Massifs) controlling the 

locations of the high elevations and principal drainage divides.  In addition to controlling 

drainage divide locations, lithology also provides a control on river gradients with abrupt 

changes in river gradients often associated with lithological boundaries.  In controlling the 

position of the drainage divide the massifs have provided the location for the backbone of the 

chain and have effectively pinned the divide to this position.  Consideration of the extracted 

morphometric parameters suggests that lithology appears to have little effect except to define 

the northerly or southerly extents of the catchments headwaters.  The crystalline massifs 
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provide a subtle modification to the tectonic signal, forcing an east-west division of the 

drainage divide with a 22-23 km north-south offset in the centre of the chain.  This has 

modified what a simple tectonic signal would develop as a straight drainage divide, to a split 

drainage divide composed of two segments, controlled by the location of the massifs.   
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The strong orographic effect that exists in the Pyrenees today combined with the chains east-

west orientation creates a climatic contrast between northern and southern flanks of the 

chain.  Greater precipitation falls in the north than the south, and this combined with aspect 

favours greater snow and ice accumulation in the north than the south.  This effect has led to 

enhanced glaciation in the north and has resulted in glaciers reaching much lower 

topographic levels.  As section 3.5.5 showed, the conclusion that can be drawn from the data, 

is that net glacial erosion on either side of the chain appears to be comparable.  Therefore, 

although enhanced northerly glaciation would produce steeper slopes in the north, this would 

only be true if the southern basins had not been glaciated. Since both northern and southern 

catchments have undergone glaciation, the asymmetry in the morphometric parameters 

cannot be attributed to an enhanced glacial signal.   

Section 3.5.5 also showed that without an enhanced glaciation to the north and an equal 

amount of glaciation both north and south, the northern catchments would show less area of 

glacial erosion than the southern catchments, due to less area above a critical elevation for 

possible glaciation, as a consequence of the asymmetry of the orogen.  So in order to explain 

the present day geomorphic form, a northern climatic enhancement must have been present 

in order to glaciate the lower reaches of the northern catchments.   

So in summary, a climatic signal of enhanced northerly glaciation has affected the 

macrogeomorphic form by glaciating the lower elevations of the northern catchments, which 

would otherwise have been fluvially dominated landscapes.  This is the only observable 

climatic effect between geomorphic parameters across the Pyrenean Mountains.   
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An asymmetry exists in the Pyrenees, both in its overall topographic form and at a catchment 

scale.  Morphometric parameters extracted for a number of northerly and southerly draining 

catchments show that northern catchments have steeper slopes and lower minimum 

elevations than their southern counterparts. This fits the expected tectonic signal if an 

asymmetric mountain belt simply downwears in a post-orogenic setting.   

Steeper slopes could be related to an enhanced northerly glaciation, but only if there was a 

smaller degree of glaciation in the south than in the north.  This is not the case and so it is 

likely that these steeper slopes are attributable to inherited tectonic influences with any 

climatic effects remaining small and indistinguishable from those of tectonics.  However, 

without an enhanced northerly glacial signal, the lower reaches of the northerly catchments 

would not have been glaciated and the maximum extent of glaciers in the Pyrenees would 

have been restricted to the core of the chain, never reaching the foreland.   

The lithological distribution of the Axial Zone plays an important role in shaping the 

macrogeomorphology with the distribution of crystalline massifs controlling the location of 

the principal drainage divide.  This is due to the resistance of the crystalline massifs to 

erosion compared to the surrounding lithologies defining the high elevations.   

In summary, the principal controls on the modern day post-orogenic macrogeomorphic form 

of the Pyrenees are the inherited tectonic structure from the Pyrenean Orogeny and the 

distribution of resistant lithologies within the Axial Zone.   

The issue of timing and history of erosion of the various features described has not been 

assessed and discussion on this topic will follow the chapters on low temperature 

thermochronology.   
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