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[1] Peneplanation of mountain ranges is generally
considered the result of long-term erosional processes
that smooth relief and lower elevation near sea level.
Therefore peneplain remnants at high elevation in
mountain ranges are used to infer posttectonic surface
uplift. Such an interpretation has been proposed for the
Pyrenees where high-elevation, low-relief erosional
surfaces rose up to more than 2000 m. Because the
Pyrenean foreland basins are filled with very thick
continental deposits, which have buried the early
jagged landscape, we challenge this hypothesis by
pointing out that relief applanation does not necessarily
require elevation lowering. We propose an alternative
interpretation in which piedmont aggradation of detrital
sediment that comes from erosion of the high chain
induces the rise of the base level of the range, therefore
reducing strongly the erosive efficiency of the drainage
system and resulting in the progressive smoothing of
the relief. Such a process allows a high-elevation, low-
relief erosional surface to develop at the scale of the
range. In the Pyrenees, occurrence of high-elevation,
low-relief erosional surface remnants does not imply a
posttectonic uplift, but is instead due to the dissection
of the initial Miocene high-elevation, low-relief surface
by the recent drainage system, the erosive activity of
which has been enhanced by global climate change
from the late Pliocene onward. Citation: Babault,J.,J. Van
Den Driessche, S. Bonnet, S. Castelltort, and A. Crave (2005),

Origin of the highly elevated Pyrenean peneplain, Tectonics, 24,
TC2010, doi:10.1029/2004TC001697.

1. Introduction

[2] Following the definition of Davis [1889], Bates and
Jackson [1980] define the term “‘peneplain” as “a low,
nearly featureless, gently undulating land surface of con-
siderable area, which presumably has been produced by the
processes of long-continued subaerial erosion, almost to
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base level in the penultimate stage of a humid, fluvial
geomorphic cycle.” They specify that “peneplain” also
denotes ““such a surface uplifted to form a plateau and
subjected to dissection.” This later definition derives from
numerous works which have interpreted the occurrence of
highly elevated, more or less flat, erosional surfaces in
mountain ranges throughout the world as remnants of
originally low peneplains, later uplifted and now dissected
by the recent drainage network [de Sitter, 1952; Keefer,
1970; Blackstone, 1975; Scott, 1975; Tweto, 1975]. In this
interpretation, peneplanation is thus viewed as a lowering of
mean surface elevation and concomitant relief subduing. On
the other hand, the occurrence of planation surfaces at high
elevation in mountain belts is one of the criteria used to
infer their surface uplift and is at the heart of the current
debate between the late Cenozoic uplift of modern mountain
belts through the world and global climate change [e.g.,
England and Molnar, 1990; Molnar and England, 1990;
Zhang et al., 2001].

[3] A striking feature of the Pyrenees morphology is the
presence of highly elevated, low-relief, erosional surfaces
which have been extensively described since the beginning
of the last century by numerous geomorphologists and
geologists [Penck, 1894; Mengel, 1910; Sorres, 1913;
Panzer, 1926; Astre, 1927; Nussbaum, 1931; Boissevain,
1934; Pannekoek, 1935; Birot, 1937; Goron, 1941; de Sitter,
1952; Calvet, 1994]. Late Miocene overlying continental
deposits provide an upper age limit for these surfaces [Birot,
1937; Roca, 1996]. Following previous works [Boissevain,
1934; Birot, 1937; Goron, 1941] de Sitter [1952] wrote that
“admirably preserved posttectonic erosional leveling
surfaces witness to the original low altitude of the folded
chain and to later elevation.” In other words, in de Sitter’s
[1952] view, the present-day morphology (and elevation) of
the Pyrenees is unrelated to the Palacogene alpine tectonics
that led to crustal thickening in the Pyrenees. To explain the
Pyrenean high-elevation, low-relief surfaces, he invoked a
Pliocene upheaval contemporary with a phase of tangential
compression, though he could not document it. Indeed,
there is no evidence of tangential deformation during
Pliocene times that could have produced the ~12 km of
crustal thickening necessary to induce the 2000 m of
Pliocene uplift invoked by de Sitter [1952] and more recent
works [Calvet, 1985; Brunet, 1986; Briais et al., 1990;
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Figure 1. Effect of isostatically compensated erosion on

the uplift of high-elevation, low-relief remnants. The 4; is
the initial mean elevation of a gentle Pyrenean Miocene
landscape, and 4, is the mean elevation of the resulting
landscape after a post-Miocene dissection, that is, very
heterogeneous erosion. Isostatically compensated erosion of
Molnar and England’s model [1990] predicts a slight
decrease of the final mean elevation by five sixths of the
initial mean elevation /; and a rock and Moho uplift equal to
h;. Deep incision by streams near to sea level results in a
peak elevation of 11/6 x h;, that is, higher than the initial
mean elevation. The model implies an already highly
elevated, gentle landscape and river incision almost at sea
level, which is not the case in the Pyrenees where
downstream the course of rivers flow 300 m and 500 m
asl on the northern and the southern flank, respectively. The
present elevation of the high-elevation, low-relief surfaces
(ranging from 2000 m to 3000 m) would require an initial
Miocene mean elevation of 900 m to 1300 m, that is, in the
same order as the current elevation, implying an unrealistic
lack of erosion since the Miocene.

Calvet, 1994]. Moreover, Pliocene normal faulting in the
eastern Axial Zone of the Pyrenees [Cabrera et al., 1988;
Briais et al., 1990; Carozza and Baize, 2004] implies
local horizontal extension, not compression. An alternative
explanation [Brunet, 1986] is to consider that the
Palaeogene lithospheric root of the Pyrenees was removed
from the Neogene, inducing Pliocene uplift. However, the
tomographic study of Souriau and Granet [1995] shows
evidence of a lithospheric root down to 100 km depth
beneath the Pyreneces. In addition, Vacher and Souriau
[2001] have recently shown that the Pyrenean relief is
currently overcompensated at crustal level, requiring the
presence of a dense crustal root that could be achieved by
the transformation of lower crust into the eclogite facies.
[4] England and Molnar [1990] observe that the 2000 m
uplift of the Pyrenees, as inferred by de Sitter [1952] from
the remnants elevation of the applanation surface, is over-
estimated. As this Miocene surface is currently highly
dissected, the mean elevation of the chain has necessarily
decreased since this epoch, whereas the remnants elevation
increased due to isostatic compensation. Following Molnar
and England’s model [1990], the current remnants eleva-
tion, between 2000 m and 3000 m, would require a mean
elevation of the Pyrenees of 1100 m to 1600 m before post-
Miocene dissection. This is of the same order as the current
mean elevation of the chain (1500 m) implying that no
erosion occurred since the Miocene, which is unrealistic
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(Figure 1). Besides the fact that the Miocene elevation of the
applanation surface would be already high, isostatically
compensated erosion as described by the Molnar and
England model could not account for the whole elevation
of the high-elevation, low-relief surfaces in the Pyrenees,
even less so that it requires deep valley incision near sea
level which is not the present case.

[5] In summary, we believe that the interpretation that the
high-elevation, low-relief surfaces of the Pyrenees indicate
that the chain was lowered and peneplaned before the
Pliocene and that this peneplain was later uplifted from
the Pliocene onward is wrong. The fundamental reason
underlying this misinterpretation is the mistake of equating
the destruction of relief with a lowering of the earth’s
surface, which is just the same mistake as equating the
generation of relief with surface uplift as stressed by
England and Molnar [1990].

[6] We will argue here that, under certain conditions, the
rise of the mountain range base level due to massive alluvial
sedimentation in foreland basins can considerably reduce
the erosive efficiency of the drainage network in the
mountain range, resulting in the development of a highly
elevated “peneplain” (Figure 2).

[7] We first describe and analyze the present-day charac-
teristics of the morphology of the Pyrenees. In a second step
we review the morphologic evolution of the chain since the
Eocene with regard to its southern flank, which allows us to
propose a model for the development of the high-elevation,
low-relief erosional surfaces. We then discuss the timing of
the dissection of the high-elevation, low-relief surfaces with
particular attention to the capture of the Ebro River by the
Mediterranean as it has been assumed to have strongly
influenced the present morphology of the southern flank.
Finally, we extend the model developed for the southern
flank to the entire chain. Our conclusions support the view

High local relief

Sea Level *

High-elevation, low-relief erosional surfaces

Piedmont

~~~~~~~~~~~~~~~~~~~

,,,,,,,,,,,,,,,,,,,

Figure 2. Sketch showing the effect of base level rise on
the local relief of a mountain range. The change from
marine sedimentation to continental sedimentation in fore-
land basins raises the initial base level of the chain that was
corresponding to sea level. The base level rise reduces the
local slopes and the erosive efficiency of the transverse
rivers that drain the mountain range. By the end of tectonic
uplift, the local relief is subdued almost as a peneplain but at
an elevation well above sea level.
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Figure 3. Digital elevation model (DEM) of the Pyrenees (from SRTM90 data), the Coastal Catalan
Ranges (CCR), and the Iberian Range. The Pyrenees are flanked by the Aquitaine basin to the north and
the Ebro basin to the south. The main faults are also represented. The topographic profiles of Figure 5 are
distributed all over the Pyrenees and encompass parts of the Aquitaine and Ebro basins. Insert shows
Roure et al.’s [1989] interpretation of the ECORS profile. NPZ is north Pyrenean zone; SPZ, south
Pyrenean zone. Encircled areas are the two most extensive high-elevation, low-relief surfaces:
A, Encantats massif; B, Aston, Andorra, and around the Cerdanya and Capcir basins (eastern Pyrenees).

that global climate exerts strong control on mountain (Figure 3). Its width ranges from 100 km in both the eastern
morphology. and western parts to 160 km in the central part. The mean
elevation in the Axial Zone is about 2000 m in an area

200 km long and 20 km wide (Figure 4a). Elevation of the

2. Geomorphology of the Pyrenees peaks is around 3000 m, with Pico de Aneto in Aragén
(central Spanish Pyrenees) being the highest summit with an
altitude of 3404 m. The Pyrenees are flanked by two low-
[8] The Pyrenees are a linear mountain range, around elevation (300—500 m) foreland basins, the Aquitaine plain
450 km in length, orientated approximately ecast-west to the north and the Ebro basin to the south. The transverse

2.1. General Characteristics

Figure 4. Analysis of the local relief of the Pyrenees derived from SRTM90 DEM data. Local relief is calculated by
moving a 5 km wide circular search window over the DEM. At each point, the maximum range of elevation values within
the window is determined and plotted at the center of the circle. The same method is used to perform the mean elevation by
moving a 30 km wide window. (a) The mean elevation value is indicated and represented by lines superimposed on the
local relief. The drainage divide between the northern and the southern flank is also reported. The map shows low values of
local relief corresponding to low mean elevation and higher values of local relief corresponding to high mean elevation,
except in the Encantats and the eastern Pyrenees. The low relief of Cerdanya and Capcir corresponds in part to Neogene and
Quaternary depositional flat surfaces of extensional basins lying at 1000 m asl. (b) Rough contours of high-elevation, low-
relief erosional surface remnants, such as described in the literature, superimposed on the local relief. Dissection of the
initial erosional surface by the recent drainage system has resulted in small high-elevation, low-relief surface remnants of
hundreds of square meters to several square kilometers which cannot be represented on the map, explaining the misfit
between the contour lines and the local relief data. (c) The local slope map shows that high-elevation, low-relief surface
remnants appear as small areas with a local slope less than 11°. See color version of this figure at back of this issue.
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profiles (Figure 5) show a slight asymmetry: the southern
flank is globally wider and has a lower slope than the
northern flank. This asymmetry matches well the known
structural asymmetry between the so-called north and south
Pyrenean zones [e.g., Mattauer, 1968; Choukroune et al.,
1989]. The north Pyrenean zone is characterized by steeply
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dipping crustal thrusts which makes it narrow, whereas the
south Pyrenean zone is recognized for its thin-skinned
tectonics style that makes it very wide with shallow defor-
mation (Figure 3). This structural and hence morphological
asymmetry can eventually be related, at lithospheric scale,
to the subduction of the Spanish lithosphere beneath

Aquitaine basin

Local relief

- 2000

Ebro basin

Ebro b}’:{sin i

/ - | -

e

100 Km

Aquitaine basin

Local slope

Ebro basin

Figure 4
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Figure 5. (a) Transverse topographic profiles across the Pyrenees (see location in Figure 3). On each
profile are plotted the elevation, the maximum elevation, the minimum elevation, the mean elevation and
the local relief. The local relief is computed over a 5 km moving window as in Figure 4. Profiles 1, 2, 4
and 6 show a gradual increase of the local relief with the mean elevation and vice versa. This
configuration gives a bell-shaped geometry of the profiles. This is not the case for profiles 3 and 5 which
cross the high-elevation, low-relief surfaces of the Encantats and the margin of the Cerdanya basin in the
eastern Pyrenees. These profiles show a decrease of the local relief in the high chain. Each profile shows
maximum and minimum elevations (shading). (b) Relationship between mean elevation and local relief.
(left) Idealized sketch showing the relationship between mean elevation and local relief in mountain
ranges including (or not including) a high plateau. (right) Where the transversal profiles cut across the
high-elevation, low-relief surfaces, the local relief decreases as it does for high plateaus in mountain belts,
arguing that the high-elevation, low-relief surfaces represent the remnants of an extensive smooth
topography.

the European lithosphere [Mattauer, 1985; Muiioz, 1992; have been previously interpreted as remnants of an uplifted
Souriau and Granet, 1995; Teixell, 1998]. peneplain surface [Boissevain, 1934; Birot, 1937; Goron,
1941; de Sitter, 1952; Calvet, 1985; Brunet, 1986; Briais et
al., 1990; Calvet, 1994]. By high-elevation flat surfaces, we

[9] A striking feature of the morphology of the Pyrenees mean a landscape with a smoothed morphology lying at
is the occurrence of high-elevation, low-relief surfaces that about 2000 m above sea level (asl) (Figure 6), and which

2.2. Pyrenean Highly Elevated “Peneplain”
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Figure 5. (continued)

contrasts with the surrounding jagged relief of peaks and
deeply incised valleys.

[10] These remarkable erosional surfaces are located in
two main areas, the central Pyrenees (Encantats) and the
eastern Pyrenees (Aston, Andorra, around the Cerdanya and
the Capcir basins, cf. Figures 3 and 4 and Table 1).

[11] On the basis of previous studies of the last century
[Penck, 1894; Mengel, 1910; Sorres, 1913; Panzer, 1926;
Astre, 1927; Nussbaum, 1931; Boissevain, 1934; Pannekoek,
1935; Birot, 1937; de Sitter, 1952; Calvet, 1994] and using
GIS methods we mapped these high-elevation surfaces within
the Axial Zone. Their extent ranges from tens to hundreds of
square kilometers, which corresponds to 10% of the surface of
the Axial Zone (Table 1).

2.2.1. Identification of Highly Elevated, Low-Relief
Surfaces

[12] Relief analysis has been performed within a moving
circular search window over the SRTM 90 m resolution
DEM. According to Ahnert [1984], the best result is
obtained for a 5 km diameter window. At each point, the
maximum range of elevation values within the window was
determined and plotted at the centre of the window. The
mean elevation of the chain has also been analyzed using a

moving circular search window but with a larger diameter
of 30 km as in the study of England and Molnar [1990].

[13] Figure 4a shows that maximum mean elevation is
centered in the Axial Zone. The chain is not cylindrical,
with its eastern part being larger than its western part as a
result of more tectonic shortening in the former [Roure et
al., 1989; Vergés et al., 1995; Teixell, 1998]. At the scale of
the entire range, the local relief increases with the mean
elevation, except in the most eastern part where a very low-
relief, high-elevation, NE-SW to N-S narrow zone corre-
sponds to the Tertiary grabens of Cerdanya, Capcir and
Conflent basins. When reported on the map (Figures 4b),
the high-elevation, low-relief surfaces described in the
literature show a rather important local relief (750 m +
250 m), yet contrasting with the rest of the high chain.

[14] In fact, by analyzing the local slopes, these surface
remnants appear as small areas (hundreds of square meters
to several square kilometers) with local slopes lower than
10° and situated above 1400 m of altitude (Figures 4c).
2.2.2. Transverse Topographic Profiles

[15] Six topographic profiles perpendicular to the trend of
the chain have been constructed from west to east
(Figure 5a). Profiles 3 and 5 cut the main high-elevation,

Figure 6. Example of high-elevation, low-relief remnant: The Plan de Beret (view looking to the
northeast). The Plan de Beret is located at the drainage divide between the Noguera Pallaresa flowing
toward the Mediterranean via the Ebro River, and the Garonne River flowing toward the Atlantic. The
Plan de Beret reaches 1900 m above sea level and is surrounded by peaks, the elevation of which range
from 2600 m to 2900 m. The morphology of Plan de Beret looks like a gentle landscape despite its being
located in the inner part of the chain.
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Table 1. Topographic Characteristics of the High-Elevation, Low-Relief Erosional Surfaces®

Elevation Mean Mean Local Mean Local
Region Range, m Elevation, m Extension, km? Slope, m/m Relief, m
Encantats 1600—3000 2310 390 0.396 (21.5°) 935
Maladetta 1960-3030 2485 26 0.416 (22.6°) 1080
North Cerdanya 1091-2902 2150 623 0.321 (17.8°) 875
South Cerdanya 1315-2902 2140 163 0.344 (19°) 815
East Capcir 950-2450 1800 62 0.270 (15.1°) 832
Aston 1030-2705 1950 233 0.270 (15.1°) 1015

*The cumulated surface of these high-elevation surfaces (about 1500 km?) corresponds to 10% of the surface of the Axial

Zone.

low-relief surface remnants. Profile 4 corresponds to the
surface profile of the ECORS deep seismic profile. All the
profiles have the same characteristic bell-shaped geometry.
As expected, the local relief values usually follow the
topographic profiles, i.c., increase when elevation increases
and vice versa. However, this is not true for profiles 3 and 5
(Figure 5a) where the local relief drastically decreases when
the profile cuts the high-elevation, low-relief surfaces. Such
a decrease of local relief with increase of mean elevation is
also encountered when a high plateau develops in a moun-
tain belt (Figure 5b). This suggests that the small high-

elevation, low-relief surfaces encountered today in the
Pyrenees may be the remnants of a much more extensive
and more or less flat single surface.

2.3. Drainage Network

2.3.1. Drainage Pattern
[16] The chain is deeply incised by transverse streams
roughly orientated north-south and regularly spaced (20—
30 km [Hovius, 1996]) as seen on the map in Figure 7.
[17] Most of the drainage on the northern flank is directed
to the Atlantic Ocean. The streams situated in the western

Figure 7. Present-day morphology and main catchments of the Pyrenees. The present-day morphology
of the Pyrenees is characterized by transverse rivers that deeply incise the high-elevation, low-relief
surfaces. The main transverse rivers on the southern flank and from west to east are as follows: Irati
(1), Aragon (2), Gallego (3), Cinca (4), Noguera Ribagorzana (5), Noguera Pallaresa (6), Segre (7),
Llobregat (8), and Ter (9). The main transverse rivers on the northern flank and from west to east are as
follows: Saison (10), Gave d’Aspe herein referred as “Aspe” (11), Gave de Pau referred as “Gavarnie”
(12) (because of the location of its spring in the famous Cirque de Gavarnie), Garonne (13), Salat (14),
Ariege (15), and Aude (16). On the eastern part of the chain, although the Tet river (17) flows directly
into the Mediterranean, we consider that it belongs to the northern flank. Longitudinal profiles of all these
streams are performed using the SRTM90 DEM. White lines delimit the main catchments of the
Pyrenees. The outlet of the drainage basins corresponds to the morphological outer limits of the north and

south Pyrenean zones.
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and eastern parts of the northern flank flow directly into the
Atlantic Ocean and Mediterranean Sea (e.g., the Aude and
Tét rivers, Figure 7) respectively. Drainage organization is
different in the central part of the northern flank where
transverse streams connect to the Garonne river which then
runs a long distance northwestward across the Aquitaine
basin before entering the Atlantic Ocean.

[18] The organization of the southern flank drainage is
more classic with most of the transverse streams connecting
to the longitudinal drainage of the NW-SE directed Ebro
River which flows into the Mediterranean. Only in the most
eastern part some streams flow directly toward the Medi-
terranean (e.g., the Llobregat River, Figure 7).

2.3.2. Longitudinal Profiles of Transverse Rivers

[19] Figure 8 shows the longitudinal profiles of the
transverse streams that rise near the topographic ridgepole
and that flow either directly into the Atlantic Ocean and the
Mediterranean Sea or into the Ebro and Garonne rivers.
Accordingly with the morphologic and structural asymme-
try of the range previously described, the profiles of rivers
of the northern flank are systematically more concave
and short than profiles of the southern flank (Figure 9a).
This difference has to be related to the mean elevation
asymmetry.

[20] Hack [1957], Flint [1974], and others have reported
the following relationship between the slope S and drainage
area A in channels:

S =ka™’,

where £ is the steepness index and 6 is the concavity index.
We use the concavity index as a measure of the concavity of
rivers. This has been achieved for the main transverse rivers
as defined above (drainage area 4 > 10® m?) and for their
tributaries (1.10° < 4 < 2.10® m?) within the drainage basins
delimited in Figure 7. Within each plot in log-diagrams, two
linear fits were computed to encompass most of data.

[21] Plots of the concavity indexes measured in this way
show that (1) the transverse rivers flowing on the northern
flank are more concave than rivers of the southern flank
(Figure 9a) as also shown on the longitudinal profiles of
Figure 8, (2) tributaries of similar drainage areas show
similar concavities irrespective of their location on the
northern or the southern flank (Figures 9b and 9c), and
(3) the concavity of tributaries increases with the elevation
of the tributary (Figure 9c).

2.4. Present-Day Morphology of the Pyrenees:
Discussion

[22] As mentioned before, morphological asymmetry at
the scale of the entire chain, as revealed by mean elevation
analysis, can be related to the northward subduction of the
Iberian lithosphere beneath the European plate following
Willett and Brandon’s [2002] model. Drainage network
analysis also shows a slight difference in the concavity of
the main transverse rivers between the two sides of the
chain. Such a difference may be related to the regional slope
between the two flanks of the chain just at the onset of the
postorogenic decay. This will imply no significant differ-
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ence in the incision rate of the main transverse rivers on
both flanks, so that the initial asymmetry is preserved.

[23] In an alternative explanation to this general asym-
metry, the influence of higher precipitation rates on the
northern side to that on the southern one [e.g., Hovius,
2000] can be considered. Indeed, this contrast between a
very humid northern side and an almost dry southern side is
a well known characteristic of the Pyrenean climate of
today, and is also well documented in the meteorological
survey reports [Météo-France, 1987].

[24] However, the similarity of concavity indexes for the
tributaries on both sides of the mountain range suggests no
significant difference of erosional processes on both flanks
and no link with particular climatic conditions specific to
one or the other side. In summary, it is therefore more
reasonable to attribute the large-scale asymmetry of the
Pyrenees to the well known crustal and lithospheric struc-
tural asymmetry due to Pyrenean tectonics.

[25] One unexplained though striking feature of the
Pyrenean morphology is the presence of high-elevation,
low-relief erosional surfaces, mostly situated in the Axial
Zone. These surfaces are highly dissected by Quaternary
glacial and fluvial erosion. While several hypotheses have
been proposed to explain the presence of such surfaces,
their origin can still be debated. In the following, we present
geological and geomorphologic constraints that allow us to
draw an attempt to solve this problem by investigating the
geological and morphological evolution of the southern
flank of the Pyrenees since the Cenozoic.

3. Morphological Evolution of the Southern
Pyrenees During the Cenozoic

[26] During early to middle Eocene times, the southern
foreland basin of the Pyrenees was an E-W elongated
narrow trough that was open toward the Atlantic Ocean
allowing the dispersal of sediments supplied from the Axial
Zone [e.g., Puigdefabregas and Souquet, 1986; Mutti et al.,
1988; Puigdefabregas et al., 1992]. Further shortening and
thickening afterward resulted in the southward and west-
ward migration of the basin depocenter and the progressive
deformation and exhumation of the basin northern margin.
This period is characterized by both longitudinal and
transverse inland drainage on the southern flank [Nijman,
1998; Vincent, 2001].

[27] Because of coeval southward migration of the
deformation and sediment supply increase, the entire basin
was rapidly filled from the late Eocene onward, thus
entering a long period of continental sedimentation [e.g.,
Birot, 1937; Reille, 1971; Séguret, 1972; Riba et al., 1983].
At the same time, the initial connection with the Atlantic
Ocean closed and the basin drainage became internal [e.g.,
Birot, 1937; Reille, 1971; Riba et al., 1983]. This resulted in
the burying of the relief in the foreland fold and thrust belt
developed during the Eocene period of external drainage
which can be observed in a series of particularly well
exposed Eocene transverse fluvial paleovalleys filled with
Eocene alluvial sediments [e.g., Birot, 1937; Reille, 1971;
Vincent, 2001] (e.g., Sierra de Sis paleovalley, Figure 10a).
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Figure 8. Longitudinal profiles of the main transverses rivers of the Pyrenees. For convenience we
compare the northern and southern main transverse river profiles with ridgepole as the origin. The
northern rivers are more concave than the southern ones matching the asymmetry of both the structure
and the topographic profiles and of the chain, as described in Figures 3 and 5, respectively. See Figure 7
for location of the main transversal streams.
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This phenomenon was probably amplified by the fact that
this former foreland fold and thrust belt was then trans-
ported as piggyback subbasins on the top of southward
propagating external thrust sheets, which enhanced subsi-
dence and the trapping of sediments.

[28] Coney et al. [1996] summarize this story well as
follows: the southern flank “was progressively buried, back
to and overlapping the southern margin of the axial zone, in
up to 3 km of massive continental fluvial-alluvial deposits.”
A fundamental observation is that at present, the remnants
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of subhorizontal uppermost top-wedge alluvial deposits
outcrop at an elevation of up to 2000 m where they merge
into the highly elevated, low-relief erosional surfaces of the
Axial Zone [Coney et al., 1996]. The maximum elevation of
these deposits is about 1100 m asl along the frontal thrust
of the south Pyrenean zone (Figure 10b) indicating the rise
of the southern Pyrenees base level.

[29] After this burying, when and why the reexcavation
of the southern flank started remains debated. For most
authors [Birot, 1937; Reille, 1971; Coney et al., 1996;
Garcia-Castellanos et al., 2003], reexcavation was induced
by the capture of the Ebro River by the Mediterranean Sea,
resulting in new external drainage of the Ebro foreland
basin. Miocene extensional tectonics within the Catalan
chain or dramatic sea level drop of the Mediterranean
during the Messinian, or a combination of both, have been
invoked to explain this capture [e.g., Nelson and Maldonado,
1990; Coney et al., 1996]. Therefore, depending on which of
these processes is considered to have been predominant,
different ages have been proposed for the capture. Miocene
or Quaternary climatic changes have also been considered
to be of primary importance in the building of the present
jagged relief [e.g., Nelson, 1990; Coney et al., 1996;
Garcia-Castellanos et al., 2003]. In the following we will
tentatively argue that the Ebro River was not connected to
the Mediterranean before the Pliocene. In any case, the
Ebro foreland basin and in particular the top-wedge basin,
suffered strong erosion since the Pliocene, leaving remnants
of Eocene to Miocene continental deposits all along the
southern flank of the Pyrenees.

4. How Did the High-Elevation, Low-Relief
Erosional Surfaces Develop?: A High-
Elevation Peneplanation Model

[30] In the classical “geographical cycle” of Davis
[1889], landscape maturity is reached after orogenic uplift

Figure 9. Concavity profiles of the main transverse rivers
and their tributaries. Using the slope area relationship we
computed the concavity indices for all the mainstreams and
their tributaries. (a) The drainage area and local slope value
along the main transversal streams were computed using the
steepest-slope criteria. The concavity index analysis shows
the higher concavity for the northern flank main rivers, that
is, for drainage area values higher than 10° m® (b) The
concavity index of all the tributaries is determined by
analyzing the slope variation for drainage areas ranging
from 5 x 10° m* to 10® m? within the whole area covered
by the main drainage basins drawn in Figure 7. The main
basin outlets correspond to the morphological fronts of the
north and south Pyrenean zones. (c) Subbasins concavity
indexes have been performed for parts of the main basins
located within the Axial Zone. Whatever their location on
the northern or on the southern flank of the Pyrenees, the
tributaries have a similar concavity index. Figure 9¢ shows
that the concavity indexes are higher in the high chain than
in the rest of the range.
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Figure 10. (a) Panorama looking to the north of the south Pyrenees showing N-S directed late Eocene-
Oligocene paleovalley (Sierra de Sis). The late Eocene-Oligocene paleovalley is filled with alluvial
conglomerates reaching nearly 1800 m asl. The Sierra de Sis conglomerate form a linear body extending
up to 20 km long and 5 km wide. The picture is taken from a promontory made of the same undeformed
conglomerates. Before dissection, the valley of the Rio Isabena was most probably looking like a bajada
overlapping the southern margin of the Axial Zone up to 2000 m, or even higher, in the background and
sloping down to 1000 m or more in the foreground. At the foot of the Sierra de Sis, the Rio Isabena
reaches an elevation of 750 m implying about 1000 m of dissection. (b) View looking to the northwest of
the early Miocene conglomerates of the Salto de Roldan (northern margin of the Ebro basin, north of
Huesca). The conglomerates, which correspond to proximal fan delta and mass flow deposits,
uncomformably overlie deformed Mesozoic, Paleocene and Eocene sedimentary rocks. They form
spectacular high cliffs towering above the Ebro basin depression whose elevation ranges from around
300 — 500 m. The elevation of the conglomerates reaches 1120 m. (c¢) Eocene paleorelief buried by
Oligocene conglomerates (Olvena, northeast of Barbastro). Oligocene conglomerates fill in a structural
paleorelief that formed during folding of late Cretaceous limestones. Growth strata at the base show that
folding was partly synsedimentary. See color version of this figure at back of this issue.
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Figure 10. (continued)

when the valleys have reached maximum relief. Then, as
degradation occurs, both relief and mean elevation are
gradually reduced. At the end of the cycle, the landscape
has been degraded to a surface of very low relief near base
level called a “peneplain.” In others words the decrease of
the mean elevation toward sea level is accompanied by a
progressive smoothing of the landscape. In this model, the
sea level is viewed as the ultimate base level to which the
landscape eventually grades. In this paper we further this
idea by proposing that the same effect can result from a rise
of base level (Figure 2). In particular, this can be expected at
the front of mountain belts when foreland basins become
closed and progressively filled with sediments. In such a
case, internal drainage results in a general rise of the base
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level in the foreland basin and in considerable continental
sedimentation. This is exactly what happened for the
southern flank of the Pyrenees and the entire Ebro basin.
The fluvial valleys developed on the southern flank of the
Pyrenees during the period of external drainage were then
rapidly filled when the Ebro foreland basin became internal,
with the aggradation of sediments far inland the mountain
range witnessing a large base level rise. We suggest here
that before its recent excavation, the Pyrenean southern
flank looked like a large-scale E-W elongated smoothed
half-dome, at the top of which Paleozoic basement and
minor Mesozoic sedimentary cover were outcropping, sur-
rounded by Tertiary detrital sediments. We develop in the
following two types of arguments that lead us to this
conclusion.

4.1. Present Slight Difference in Elevation Between
the Axial Zone and the Top of the Detrital Series is
Inherited From the Internal Drainage Stage

[31] The unusual slight difference between the elevation
of the Axial Zone summit and the Ebro foreland basin top-
wedge at present cannot be entirely explained by the recent
rejuvenation of the relief because this would assume much
more erosion of the former. Indeed, the effect of recent
rejuvenation can easily be distinguished when looking at the
geomorphology of the Cerdanya region (Figure 11a). Cer-
danya corresponds to a Miocene half-graben bounded to the
south by a north dipping normal fault zone. The graben is
filled by detrital continental sediments which overlap the
basement to the north. Sedimentological analysis of the
basin fill reveals the development of shallow ponds,
swampy zones, and lacustrine paleoenvironment [Cabrera
et al., 1988; Roca, 1996]. All together, those observations
suggest internal drainage of the graben. The fine-grained
nature of most of the deposits also suggests that the
surrounding summits were not very high with regard to
the basin base level. At present, the erosional surface on top
of the basement shows a gentle southward dipping slope of
about 10° [Briais et al, 1990] (0.17 m/m, Figure 11b)
which was induced by Miocene tilting along the southern
boundary fault. Therefore this surface was subhorizontal
before the Miocene. This surface is now incised by the
current drainage network (Figure 11c). It consists of a main
longitudinal drain, the Segre River which is flowing south-
westward, and several transverse tributaries on each side of
the trough. In fact neither these tributaries nor the upper-
most course of the Segre River do incise strongly the
sedimentary basin fill and underlying basement. Both the

Figure 11. (a) Topography of the Eastern Pyrenees (SRTM90 DEM data) including the Cerdanya, Capcir, and Conflent
intermontane basins. Black lines delimit the three main catchments drained respectively by the Segre, Aude and Tét rivers.
Maximum elevation in the Miocene half graben of Cerdanya is about 1000 m. (b) The local slope map shows that north of
Cerdanya and west of Capcir, extensive remnants of the Miocene erosional surface are preserved that show a slope of about
10° toward the S-SE. (c) Local geophysical relief highlighting the dissection of the high-elevation, low-relief surfaces and
the margins of the Cerdanya Basin. It consists of the difference between two surfaces: a smooth surface that fits all the
ridges and summits of tributaries of the Segre, Aude and Tét rivers and the current topography itself [e.g., Abbott et al.,
1997; Small and Anderson, 1998]. Deep incision develops on both southwestern and northeastern edges of the Cerdanya
trough, contrasting with its rather gentle slopes (see text for further explanation).
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High-elevation, low-relief erosional surfaces

20 km

Tét river

Segre river

Figure 12. Three-dimensional view looking to the southwest of the Eastern Pyrenees showing high-
elevation, low-relief surface remnants of the Miocene erosional surface. The remnants of the Miocene
erosional surface are incised by the tributaries of the Segre. Note the knickpoint of the Tét river, at the
northeastern edge of the Cerdanya Basin (similar knickpoint occurs along the Segre river, at the
southwestern edge of the Cerdanya Basin, in the background. (No vertical exaggeration.)

Segre River and the Tét River begin to incise dramatically
when they leave the Cerdanya trough at its southwestern
and northeastern edges, respectively. In others words, the
Cerdanya trough appears as an area mostly preserved from
erosion by the current rivers, the Segre and the Tét rivers,
whose longitudinal profiles display huge knick points when
approaching the Cerdanya trough (Figures 8 and 12). A
remarkable geomorphologic feature of this area is the
contrast of relief and roughness of the valley sides observed
between outside and within the Cerdanya area. Where the
Segre and the Tét rivers leave the Cerdanya basin and begin
to form deep valleys in the basement, the valley sides
become strongly incised by their tributaries (Figures 11c
and 12). This results from the fact that in this area the
difference of local relief between the borders of the Cerda-
nya basin and valley sides of the Segre and Tét is directly
related to the difference of base level position in both areas.

[32] This example can be viewed as a small-scale exam-
ple of what happened at the scale of the Pyrences (their
southern flank at least) when the base level was much
higher and Eocene valleys where filled with sediments.
We therefore conclude that before the rejuvenation of the
relief by the present drainage network, landscape in the
Axial Zone was probably poorly incised and looking rather
smooth because denudation was relative to a much higher
base level. This implies (1) that the slight difference
observed today between the mean elevation of the Axial
zone and the top of the Tertiary detrital series cannot be
attributed to the much more intense erosion of the Axial
Zone during the recent period of relief rejuvenation, and (2)
that high-elevation, low-relief surfaces were already present
during Miocene times.

[33] In the Maladeta massif, Fitzgerald et al. [1999] have
argued for a recent exhumation of about 2—3 km since the

late Miocene. In this area, high-elevation, low-relief ero-
sional surfaces lie between 2000 to 2600 m asl, whereas the
uppermost Oligocene detrital series, located 20 km farther
to the south, reaches an altitude of 1800 m. The maximum
exhumation estimate was deduced from radiometric dating
of samples located in a valley at an elevation of 1100 m. As
quoted by Fitzgerald et al. [1999], “the present-day topo-
graphic form of the Pyrenees is largely a relict of the
topography that formed in the Eocene and Oligocene.”
Hence their estimate only refers to exhumation in relation
with recent valley incision. Their conclusions therefore do
not hold for the whole area, and in particular for the arca
where high-elevation, low-relief surfaces are preserved. If
their conclusions were valid for the whole area, this would
imply that most of the detrital deposits of the Sis paleo-
valley would have been eroded. According to Vincent
[2001], only 400 m were eroded on the top of the Sis
paleovalley since the Oligocene-Miocene. Finally, Fitzgerald
et al. [1999] also state that their exhumation model describes
the recent rejuvenation of the southern flank, including the
dissection of a previous highly elevated peneplain, which
reinforces the idea we develop here.

4.2. Base Level Rise as a Cause for Relief Decrease
Between the Axial Zone Summits (Mean of Peak
Elevations) and the Top of the Detrital Series

[34] There is no doubt that the base level of the Pyrenean
southern flank has dramatically risen since the closure of the
Ebro basin. Huge discharge of continental detrital sedi-
ments, especially conglomerates, has back-stepped toward
the chain, onlapping previously deformed basement. Con-
glomerates filled the paleovalleys which developed during
the period of external drainage. Some of them, such as the
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Sis valley, were up to 800 m deep, suggesting jagged relief
on the southern flank during the period of external drainage.
However the morphology of certain paleovalleys appears to
have been controlled by large-scale folds so that the valley
depth does not reflect vertical incision (Figure 10c). More-
over, the conglomerates that now fill these paleovalleys do
not seem to have eroded the floor and walls much, they
simply overlap them.

[35] However, the fact that the base level rose, does not
imply that the relief between the Axial Zone summit and the
top of the detrital series was decreasing, a requisite condi-
tion to smooth relief roughness. According to most authors
[Seguret, 1972; Choukroune et al., 1989] the main phase of
tectonic shortening in the Pyrenees occurs during Eocene
times and a second minor phase develops during the
Oligocene in the most external parts of the chain. So,
tectonic uplift was paroxysmal during Eocene times, and
it can be reasonably expected that the chain reached its
maximum elevation by the end of the Eocene. In a similar
way, it can be expected that from the Oligocene onward, the
mean elevation of the chain was progressively decreasing as
tectonic uplift vanished. Continuation of continental sedi-
mentation on the top of the previous Eocene top-wedge
basin shows that the local base level of the Pyrenean
southern flank was at least as high during the Oligocene
and the Miocene as it was at the end of the Eocene. As the
top of the detrital series overlaps the Axial Zone, if
subsidence were to have occurred, inducing a decrease of
the local base level elevation, it would have resulted in a
similar effect for the elevation of the Axial Zone. Therefore,
from the Oligocene onward, the relief between the Axial
Zone summit and the top of the sediments was most
probably decreasing, a process that will have strengthened
during Miocene times as continental sedimentation still
lasts. This results in the progressive smoothing of the relief
roughness in the Axial Zone and the development of high-
elevation, low-relief erosional surfaces.

[36] Finally, we cannot exclude the possibility that such a
process initiated during Eocene times, when huge amount of
conglomerates start to sediment. Indeed, as far as the surface
elevation as defined by England and Molnar [1990], could
be considered it was roughly constant during Eocene times,
with the rapid filling of the initial marine foreland basin
reflecting the rise of the southern flank base level as a
whole. This relative relief decrease between the high chain
and the sedimentary wedge could have therefore initiated
the decrease of the local relief within the Axial Zone as soon
as the mid-Eocene.

5. When Does the Dissection of the High-
Elevation, Low-Relief Surfaces Begin?

[37] As discussed before, high-elevation, low-relief ero-
sional surfaces in the Pyrenean southern flank are remnants
of a smooth landscape that has been rejuvenated by a recent
drainage network. Several explanations have been proposed
to account for this rejuvenation (see above). Among them,
the new connection of the Ebro River to the Mediterranean
has been invoked, which is supposed to have occurred just
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after the dramatic sea level fall of the Mediterranean during
the Messinian Salinity Crisis. Resulting strong regressive
erosion along the eastern margin of the Catalan ranges
would have broken the previous Catalan dam and finally
induced the capture of the Ebro drainage network by the
Mediterranean. It is well known that the sea level fall of
around 1500 m in the Mediterranean induced strong inci-
sion of the continental surface by rivers and the creation of
deep canyons all around the Mediterranean region [Hsii et
al., 1973; Ryan, 1976; Clauzon, 1978; Clauzon et al., 1996;
Krijgsman et al, 1999]. The subsequent opening of the
Strait of Gibraltar caused the catastrophic reflooding of the
desiccated Mediterranean basin, stopping rivers incising and
allowing the inland canyons to be preserved by early
Pliocene marine deposits [Denizot, 1952; Chumakov, 1973].

[38] Inthe Rhone valley, fluvial incision propagated more
than 300 km inland and canyons reached more than 1000 m
depth in the downstream part. The present drainage area of
the Ebro basin (4 = 0.9.10° km?) is similar to that of the
Rhone (4 = 1.10° Km?). If the Ebro basin had been
connected to the Mediterranean before or during the Messi-
nian Salinity Crisis then similar canyons would have
developed within the Ebro basin, but none has been
identified at present. Messinian inland canyons that were
identified do not cross through the Catalan coastal ranges
[Agusti et al., 1983; Arasa Tuliesa, 1990]. We therefore
conclude that the Ebro River was not connected to the
Mediterranean before the Pliocene. By analyzing the Valen-
cia trough fill, where the Ebro enters the Mediterranean,
Field and Gardner [1990] observe a major change in
sedimentation style from clays to prograding sands. Field
and Gardner [1990] link this change to the discharge of the
Ebro River, suggesting that the Ebro River connected to the
Mediterranean during the Quaternary. However a first order
evaluation of the balance between the amount of eroded
terranes within the Ebro basin and the amount of sediments
deposited within the Valencia Trough, in which the Ebro
River enters, since the Messinian Salinity Crisis shows that
the Ebro River could have flowed into the Mediterranean as
soon as the Pliocene (Figure 13). This means that the new
base level of the Ebro basin has dropped at least since the
Pliocene leading inevitably to regressive erosion within the
entire Ebro catchment. In this way, relief rejuvenation in
the Pyrenean southern flank could have started as soon as
Pliocene times. Alternatively, major change in type of
sedimentation from clays to sands recorded in the Valencia
trough at the end of the Pliocene as well as the three times
increase of sediment influx during late Pliocene, also
suggests that relief rejuvenation could have been triggered
by global climate change.

6. Discussion

6.1. Foreland Basin Overfilling and Base Level Rise

[39] We have tentatively demonstrated that the develop-
ment of the high-elevation, low-relief erosional surfaces that
are a striking feature of the Pyrenees morphology resulted
from the rise of the base level of the southern foreland basin
whereas surface uplift (i.e., uplift of rocks-exhumation) of
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Figure 13. Estimate of the eroded volume in the Ebro basin since the Pliocene. (top) Topography of the
Ebro drainage area (SRTM90 DEM data). Black line AA’ marks location of the topographic profile
shown below. The catchment contour of the Ebro River is also shown. The volume of post-Messinian
detrital sediments within the Valencia trough has been determined as 25,700 km® from the difference
between the Messinian top-surface and the current bathymetry (accurate reconstruction of the top-
Messinian surface is from Maillard [1993]). Nelson [1990] estimated the volume of post-Messinian
detrital sediments that are discharged by the Ebro River in the Valencia fan to be 6300 km?>. This provides
a total amount of post-Messinian sediment of 32,000 km®. (Black lines show isobaths of Pliocene and
Quaternary deposits.) (bottom) Topographic profile of the reconstructed paleotopography and the current
topography. The paleotopography has been computed by fitting a smooth surface between the Pyrenean
summits, and the center of the Ebro basin within all the catchment of the Ebro river. The Ebro basin is a
trough, the maximum elevation of which is 860 m [4renas, 1993]. Elevation of the basin edges reaches
1000 m. From the southern limit of the Axial Zone to the limit of the south Pyrenean zone the
paleosurface elevation decreases from 2000 m to 1000 m. The paleotopography is calculated with a mean
slope (s) = 1.25°. The eroded volume (37,800 km?, computed from the difference between two surfaces:
the paleotopography surface and the current topography) is comparable to that of post-Messinian deposits
in the Valencia trough and Valencia fan.
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the high chain was vanishing. We also suggest that this
process of “high-altitude peneplanation” could have started
during Eocene uplift, when the foreland basin became
closed and started to overfill. From the Pliocene onward,
excavation leads to the present morphology of the Pyrenean
southern flank including the dissection of the high-

elevation, low-relief erosional surfaces. Our interpretation
disagrees with previous interpretations which consider that
the high-elevation, low-relief surfaces were remnants of a
low-elevation peneplain that resulted from long-term
erosion of the Pyrenees and that was uplifted to 2000 m
during the Pliocene. As shown by Babault [2004] and
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Figure 14. Idealized reconstruction of the paleotopography of the Pyrenees before post-Miocene

landscape rejuvenation.

according to England and Molnar’s model [1990], removal
by recent erosion accounts for a maximum of 400 m of
isostatic rebound, which cannot explain the present-day
high elevation of these low-relief surfaces.

[40] It has long been recognized that, at midlatitude,
erosion is mainly governed by the potential energy of
streams which depends on the difference in elevation
between their source and base level. Whatever the process
that will lower the potential energy, it will result in pene-
planation but not necessarily near sea level. In the case of
the southern flank of the Pyrenees the base level rose as
sediments accumulated at the surface of the top-wedge
foreland basin. Following tectonic uplift, ongoing sediment
accumulation was obviously resulting in lowering such an
elevation difference. Depending on the relative rates of both
surface uplift and sedimentation, this difference may have
decreased during tectonic uplift. This could be achieved if
the difference between the surface uplift rate and the rate of
the base level rise decreased. As discussed in section 4, it
was probably the case from late Eocene to early Oligocene,
in as far as one can consider that erosion was counter-
balancing tectonic uplift when the chain was fully active
(i.e., in steady state equilibrium [Hack, 1960]).

6.2. Internal/External Drainage and Sediment Length
Transfer

[41] High-elevation, low-relief erosional surfaces also
exist on the northern flank of the eastern Pyrenees. Their
elevation reaches up to 1800—1900 m as in the Aston
massif. They have been described as the continuation of
the low-relief, erosional surfaces that occur at lower eleva-
tion, between 700—800 m. Both these erosional surfaces are
supposed to belong to a posttectonic Miocene ‘“‘gently
undulating, very mature landscape, almost peneplain with
low hills, which in the centre did not rise above 1000 m
altitude™ [de Sitter, 1952]. In others words, these surfaces
would have been warped and uplifted up to 2000 m,
long after Pyrenean tectonics [Pannekoek, 1935; Birot,
1937; de Sitter, 1952], an interpretation that is opposite
with that proposed here for the high-elevation, low-relief
surfaces of the southern flank.

[42] A major difference between the northern and south-
ern Pyrenees is the fact that the drainage of the northern
foreland basin (Aquitaine basin) remains external all along
the building of the chain. However the sedimentation
pattern, that is basin progressive overfilling, of the Aqui-
taine basin is rather similar to that of the Ebro basin [e.g.,
Bureau de Recherches Géologiques et Minieres (BRGM),

1974; Dubreuilh et al., 1995]. Indeed, from the mid-Eocene
onward, previous marine sedimentation is replaced by
continental sedimentation, including conglomerates. More-
over occurrence of extensive evaporites during the late
Eocene in the western part of the basin [BRGM, 1974;
Crochet, 1991] suggests a poorly drained area. However,
coarse detrital deposits as observed today do not reach so
high an elevation as they do on the southern flank. Miocene
subhorizontal deposits reach 600 to 700 m asl at the top of
Lannemezan fan in central part of the northern Pyrenees
[Goron, 1941]. It is difficult to determine the maximum
elevation pre-Miocene detrital deposits in the northern flank
could have reached. Scarce continental coarse Eocene
deposits occur up to 1700m asl in the Lers area (Central
Pyrenees) [Choukroune, 1973, 1980]. Intercalation of con-
glomerates within extensive more fined-grained sediments,
are also present all along the foothills. This suggests that
coarse continental proximal deposits probably overlapped
the northern flank during the Paleogene, and were later
eroded. We therefore infer that the high-elevation, low-relief
surfaces of the northern flank developed in the same way as
the high-elevation, low-relief surfaces of the southern flank
did (Figure 14).

[43] An important point to consider is the nature of the
drainage with regard to the base level elevation. Although
we mention that the northern flank was poorly drained, the
drainage remains external all along the building of the chain
contrary to the drainage of the southern flank which became
internal from the late Eocene. This suggests that it is not so
much the nature of drainage as the river capacity to
transport sediments (sediment length transfer) that is the
most influential factor in setting the base level of the chain.
As a consequence, the limit of the most proximal, extensive
detrital sedimentation can be considered as the “efficient”
base level of a chain.

6.3. Rejuvenation of the Pyrenees Relief: Role of
Climate

[44] It is clear that the present jagged relief of the
Pyrenees has no relation with Palacogene tectonic building
of the chain insofar as the high elevation of the base level
resulted in the high elevated applanation. By analyzing the
characteristics of the present network on both flanks, we
have concluded that the recent morphology of the Pyrenees
results from rather uniform climatic conditions. Therefore
the hypothesis where the Ebro River capture by the Med-
iterranean was merely the cause of the reexcavation of the
buried southern flank needs to be revised. This is in
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accordance with our remark about the relative relation of the
drainage nature and the river capacity to transport sediments
with the efficient base level of a chain.

[45] According to recent works [e.g., Zhang et al., 2001],
the marked increase, since the last 2 to 4 Ma, of both the
sedimentation and erosion rates throughout the world has to
be related to global climate change from rather equable
climate during the Neogene to a period characterized by
frequent and abrupt changes in temperature, rainfall and
vegetation, from the late Pliocene. We suggest that in the
case of the Pyrenees the climate shift from the Pliocene
should have enhanced the transport capacity of rivers,
resulting in the lowering of the Pyrenees efficient base level
down to sea level. An alternative explanation is to consider
late Pliocene and Quaternary oscillatory climate as much
more efficient to erode and denude, than past equable
climates, by combining different erosional processes such
as chemical weathering, periglacial fracturing or other forms
of mass wasting [Zhang et al., 2001]. This would result in
strong size reduction of eroded particles, hence favoring
their discharge down to the sea.

[46] Finally we agree with England and Molnar [1990]
when they wrote that “the marked climatic changes in the
last few million years may be responsible for increased rates
of denudation, and the creation of dramatic morphology,
without any associated surface uplift.”

7. Conclusion

[47] In contrast with the classical view of mountain
chains peneplanation by long-term erosion as described by
the “geographical cycle” of Davis [1889], we suggest that
relief subduing does not necessarily equate to surface
elevation lowering, so that relief of mountain belts can be
smoothed at high elevation. Such a process is allowed by
the piedmont aggradation of the eroded products of moun-
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tain ranges, resulting in the increase of their base level and
the relative lowering of their mean elevation, and in the
concomitant progressive decrease of the erosive power of
their drainage system. This explains in our opinion the
paradox of the occurrence of posttectonic high-elevation,
low-relief surface remnants of peneplain within the Pyre-
nees, the elevation of which has been previously misinter-
preted as resulting from enigmatic Pliocene uplift. The
rejuvenation of the Pyrenean relief starts most probably
during the Pliocene. As the current morphology of both
sides of the chain present similar characteristics, we believe
that rejuvenation is mostly due to the climate shift that
occurs from the late Pliocene, rather than due to changing
boundary conditions at the foreland basin margins such as
the capture of the Ebro River by the Mediterranean sea.
During Neogene times, most eroded products of the chain
were trapped in the northern and southern Pyrenean fore-
land basins. Global climate change from the Pliocene might
have enhanced the river capacity to transport the eroded
products, so that the efficient base level of the Pyrenees was
no longer their northern and southern piedmonts but the
Atlantic Ocean and the Mediterranean Sea, respectively.

[48] Finally, the example of the Pyrenees is probably not
a single case. Many ancient mountain chains show remain-
ing elevation and relative jagged relief, as well as preserved
crustal roots. The model of high peneplanation suggested
for the Pyrenees and the role of recent global climate change
in relief rejuvenation might also provide one explanation for
such features.
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Figure 4. Analysis of the local relief of the Pyrenees derived from SRTM90 DEM data. Local relief is calculated by
moving a 5 km wide circular search window over the DEM. At each point, the maximum range of elevation values within
the window is determined and plotted at the center of the circle. The same method is used to perform the mean elevation by
moving a 30 km wide window. (a) The mean elevation value is indicated and represented by lines superimposed on the
local relief. The drainage divide between the northern and the southern flank is also reported. The map shows low values of
local relief corresponding to low mean elevation and higher values of local relief corresponding to high mean elevation,
except in the Encantats and the eastern Pyrenees. The low relief of Cerdanya and Capcir corresponds in part to Neogene and
Quaternary depositional flat surfaces of extensional basins lying at 1000 m asl. (b) Rough contours of high-elevation, low-
relief erosional surface remnants, such as described in the literature, superimposed on the local relief. Dissection of the
initial erosional surface by the recent drainage system has resulted in small high-elevation, low-relief surface remnants of
hundreds of square meters to several square kilometers which cannot be represented on the map, explaining the misfit
between the contour lines and the local relief data. (c) The local slope map shows that high-elevation, low-relief surface
remnants appear as small areas with a local slope less than 11°.
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Figure 10. (a) Panorama looking to the north of the south Pyrenees showing N-S directed late Eocene-
Oligocene paleovalley (Sierra de Sis). The late Eocene-Oligocene paleovalley is filled with alluvial
conglomerates reaching nearly 1800 m asl. The Sierra de Sis conglomerate form a linear body extending
up to 20 km long and 5 km wide. The picture is taken from a promontory made of the same undeformed
conglomerates. Before dissection, the valley of the Rio Isabena was most probably looking like a bajada
overlapping the southern margin of the Axial Zone up to 2000 m, or even higher, in the background and
sloping down to 1000 m or more in the foreground. At the foot of the Sierra de Sis, the Rio Isabena
reaches an elevation of 750 m implying about 1000 m of dissection. (b) View looking to the northwest of
the early Miocene conglomerates of the Salto de Roldan (northern margin of the Ebro basin, north of
Huesca). The conglomerates, which correspond to proximal fan delta and mass flow deposits,
uncomformably overlie deformed Mesozoic, Paleocene and Eocene sedimentary rocks. They form
spectacular high cliffs towering above the Ebro basin depression whose elevation ranges from around
300 — 500 m. The elevation of the conglomerates reaches 1120 m. (c¢) Eocene paleorelief buried by
Oligocene conglomerates (Olvena, northeast of Barbastro). Oligocene conglomerates fill in a structural
paleorelief that formed during folding of late Cretaceous limestones. Growth strata at the base show that
folding was partly synsedimentary.
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Figure 10. (continued)
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