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ABSTRACT. Orogenic asymmetry is ubiquitous in terms of topography, structure
and metamorphism, but the relative influences of climate and tectonics in determining
such asymmetry remain contentious. This study demonstrates that for the case of the
European Pyrenees, orogenic asymmetry is not defined by inherited structural asymme-
try, nor by orographic asymmetry of precipitation, but is the simple consequence of the
inherent tectonic growth of a doubly-vergent orogen.

The Pyrenees record approximately 60 Myr of upper crustal accretion, erosion
and sedimentation that developed from Late Cretaceous to early Miocene times.
Approximately 165 km of plate convergence was accommodated by four phases of
orogenic growth that can be summarized in terms of their generic orogenic develop-
ment as follows: 1) Early inversion of passive margin extensional faults, initiating the
pro-wedge. 2) Growth by a combination of frontal accretion and underplating to the
pro-wedge; symmetrical and steady record of erosion and foreland basin sedimenta-
tion. 3) Cessation of pro-wedge frontal accretion with propagation of the retro-wedge
deformation front. 4) Accelerated growth of pro-wedge antiformal stack induced by
underplating; accelerated erosion over antiformal stack and increase in sediment
discharge to pro-foreland basin; stabilization of outer pro-wedge by sediment blan-
keting.

Discrete element model experiments are used to explore the natural tendency of
the system towards asymmetry. Model output demonstrates that during active frontal
accretion to the pro-wedge of an orogen, the maxima in erosional denudation is offset
towards the pro-wedge relative to the maximum depths of exhumation. This asymme-
try is fundamentally driven by the progressive reduction in advection velocities of
material within the orogen from the pro-wedge into the retro-wedge. Hence, for an
efficient erosional regime, a dynamic coupling between erosion and structural uplift of
the pro-wedge will reduce activity of the retro-wedge and hence drive asymmetry in
terms of low temperature thermochronometry, erosion and sedimentation. The mod-
els also demonstrate the tendency for pro-wedge growth through frontal accretion to
slow. However, the cessation of frontal accretion as recorded by the South Pyrenean
Thrust Belt (phases 3 and 4) requires additional forcing; it is proposed that the thick
wedge-top sedimentation recorded at this time, increased taper angles and hence
stabilized the wedge. Accretionary influx into the orogen at this time was accomplished
through underplating. These processes governing asymmetry do not require a spatially
variable climate or a laterally heterogeneous underthrust plate.

introduction
Significant advances have been made in establishing the potential contributions

of climate and tectonics in defining the long-term (106 – 107 yrs) mechanical and
topographic asymmetry in the growth of mountain belts (for example Beaumont and
others, 1992; Koons, 1995; Willett, 1999; Burbank and others, 2003). Numerical
models have been used to demonstrate that in the absence of erosion, trajectory paths
for a parcel of rock accreted from the underthrust plate will be directed towards and
over the overthrust plate resulting in a highly asymmetric form. These trajectories
through an orogen are significantly deflected when erosion, whether localized or
widespread drives the surficial removal of mass. Through this understanding, we now
recognize that trajectory paths determine the structural and thermal evolution of the
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orogen, and so, erosion is now understood as a first-order control on orogenesis (for
example Beaumont and others, 1992; Pinter and Brandon, 1997).

Many of the young active mountain belts of the world have been used as the
laboratories in which to investigate the natural tectonic forcing of orogenesis, and the
potential role played by climatic forcing. Examples include the Southern Alps, New
Zealand (Koons, 1990; Norris and others, 1990; Beaumont and others, 1996), Taiwan
(Suppe, 1981; Deffontaines and others, 1994), the Olympic Mountains, Washington
State (Brandon and others, 1998; Pazzaglia and Brandon, 2001) and the Andes
(Montgomery and others, 2002; Lamb and Davis, 2003). In addition, mountain belts
that are now relatively inactive contain records of orogenesis from initiation to
late-stage decay, and have the potential to record complete histories of mountain
building through analysis of multiple geo- and thermochronometers, structural studies
and the stratigraphic records of the exposed foreland basins. The European Alps
represent an example of such a long-term integrated understanding (Sinclair and
Allen, 1992; Schlunegger and Willett, 1999; Pfiffner and others, 2000; Cederbom and
others, 2004).

Both numerical and analogue models have been successful in exploring the
potential controls on orogenesis. Sand-box experiments have demonstrated the con-
trols on taper angles, and the mechanics of frontal accretion and internal thickening
(for example Storti and McClay, 1995). On the scale of entire orogens, finite element
continuum models have revealed the importance of horizontal advection of mass
through the orogen in determining the asymmetric topographic form of a mountain
belt (Willett and others, 2001). In addition, these same models have explored the
potential role of orographic precipitation in generating variable erosion that drives
trajectory paths (Beaumont and others, 1992; Willett, 1999). They have also enabled
quantitative predictions of cooling paths, and hence thermochronometric age distribu-
tions across orogens (Batt and others, 2001) that have been used to assess the flux
balance in these systems (Willett and Brandon, 2002).

Here, we provide documentation of the long-term (approximately 60 Myr)
evolution of the Pyrenees of western Europe in order to quantify the accretionary,
erosional and sedimentary flux of the system, and evaluate the underlying controls on
its asymmetry. We differentiate the first-order, simple tectonic development of the
system from components that we believe require some degree of external forcing (for
example additional climatic or tectonic components). This is aided by the use of a
series of experiments run using a discrete element model (Burbidge and Braun, 2002;
Naylor and others, 2005). The results demonstrate the natural tendency for small,
doubly-vergent orogens to focus deformation and erosional unroofing towards the
pro-wedge (that portion overlying the underthrust plate) when coupled to an efficient,
spatially invariant erosional system. In the Pyrenees, this is achieved through underplat-
ing which represents the primary accretionary flux, and which couples directly to the
maximum erosional efflux and goes on to determine the asymmetry of sedimentation
rates in the neighboring foreland basins. The results revise aspects of current theories
of the controls on Pyrenean orogenesis (for example, Fitzgerald and others, 1999;
Beaumont and others, 2000) and provide insight into the general interactions between
frontal accretion, underplating and erosion during orogenesis.

The data is presented in three components: (1) The thermochronometric data
yielding insight into rates and timing of exhumation. (2) The timing of thrust activity
based on the history of wedge-top sedimentation; this reveals the rates and timing of
frontal accretion to both the pro- and retro-wedges. (3) The sediment volumes and
hence sedimentation rates in the two foreland basins (Ebro and Aquitaine basins).
These data are then integrated into a flux-based evolutionary model for the Pyrenees,
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which is used as the basis for a comparison with predictions from the numerical model
experiments.

geology of the pyrenees
The Pyrenees formed by the convergence of the Iberian and European plates

during Late Cretaceous to early Miocene times (Roest and Srivastava, 1991), involving
at least 165 km of shortening and upper crustal thickening (Muñoz, 1992; Beaumont
and others, 2000). The ECORS deep seismic reflection profile (Choukroune and
others, 1989) in combination with other geophysical data (Pous and others, 1995)
indicate that the Iberian plate has been subducted northwards to a minimum depth of
approximately 80 km. The surface expression of this collision is a doubly-vergent
orogen that is approximately 150 km wide with a central zone dominated by Hercynian
basement flanked by thin-skinned fold and thrust belts and associated foreland basins
(figs. 1, 2 and 3). The central Axial Zone is separated from the North Pyrenean Zone by
the North Pyrenean Fault, which is believed to represent the suture between the
material accreted from the European craton versus the Iberian craton (Fischer, 1984).
Lying between the North Pyrenean Zone and the Aquitaine Basin are the Sub-Pyrenees
which represent a narrow zone of thin-skinned accretion of Tertiary foreland basin
strata and are bound to the north by the Sub-Pyrenean thrust front (Deramond and
others, 1993).

The Axial Zone and North Pyrenean zones contain numerous igneous and
high-grade metamorphic crystalline basement rocks that yield minerals suitable for

Fig. 1. Geological map of the Pyrenean region of Spain and France. Transect of study is outlined by box.
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thermochronological analyses. Hence, a number of studies have used both individual
elevation sampling procedures (Garwin, ms, 1985; Yelland, 1990; Morris and others,
1998) and vertical sampling in order to investigate long-term cooling histories in the
orogen (Fitzgerald and others, 1999). The results of these studies have demonstrated
the asymmetric exhumation history of the orogen, with greater, and younger exhuma-
tion occurring in the south (pro-side) of the orogen. This asymmetry has been
simulated using crustal heterogeneities in the underthrust plate as input into finite

Fig. 2. Geological map across a traverse of the central Pyrenees showing the main structural and
lithological units with locations for thermochronological studies. Digital topography across the Axial Zone of
the Pyrenees showing sample sites, with topographic details identifying the sampling sites with respect to
topography.
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element models; these heterogeneities are interpreted to have enhanced underplating
and resulted in the formation of the Axial Zone antiformal stack in the rear of the
pro-wedge (Beaumont and others, 2000).

The South Pyrenean Fold and Thrust Belt (figs. 2 and 3) comprises a deformed
Mesozoic succession detached on Triassic evaporites and overlain by syn-deformational
Tertiary sediments that have been used extensively for documenting the history of
thrust motions (for example, Mutti and Sgavetti, 1987; Deramond and others, 1993;
Mellere, 1993; Meigs and Burbank, 1997; Williams and others, 1998; Vergés, 1999; see
below). The South Pyrenean Thrust Belt is separated from the Axial Zone by a narrow
region of deformed Carboniferous to Triassic sediments known as the Nogueres Zone.
This zone is believed to represent the southern limb of a major antiformal stack of the
southern Axial Zone (fig. 3; Séguret, ms, 1972; Muñoz and others, 1986; Vergés, 1999).

exhumation of the pyrenees from thermochronology
Here, we aim to document the relative timings and amounts of exhumation across

the ECORS line of the Pyrenees (figs. 2 and 3) using low temperature thermochronol-
ogy from the basement massifs of the Axial and North Pyrenean Zones. There is no
evidence for normal faulting through this part of the orogen, therefore, we assume all
exhumation to equate to erosional unroofing. We do not emphasize absolute exhuma-
tion rates as there is little constraint on the evolving palaeotopographies during
exhumation that is likely to have resulted in a dynamic and unresolvable thermal
structure of the shallow crust (Stüwe and others, 1994). This is particularly valid when
the data plots with little age variance against elevation indicating rapid cooling
associated with deformed isotherms (for example, Braun, 2003), as has been demon-
strated for parts of the Pyrenees (Fitzgerald and others, 1999).

Apatite and zircon fission track (AFT and ZFT) data are presented and integrated
with data from Fitzgerald and others (1999), Yelland (ms, 1991) and Morris and others
(1998). In addition to the published sub-vertical profiles from the western Maladeta,
Riberot and Lacourt Massifs (fig. 2; Fitzgerald and others, 1999), we provide new
apatite and zircon ages from the eastern Maladeta, Nogueres Zone, Barruera and
Marimaña Massifs (figs. 2 and 3).

Methodology for new data.—Three of the transects collected were from the Hercynian-
age eastern Maladeta (from 2870 –1750m), Marimaña (from 2030 – 2635m) and

Fig. 3. Structural cross-section following the traverse shown in figure 2 compiled from geological maps
(BRGM 1973) and the published literature (Muñoz, 1992; Meigs and Burbank, 1997; Vergés, 1999).
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Barruera (from 1150 –1780m) granodioritic massifs from coherent structural blocks
where no evidence was seen for significant faults or shear structures (fig. 2). The other
transect from the Nogueres Zone was taken from the Carboniferous Erill Castell
Volcanics (from 960 – 1280m) located north-east of Tremp (fig. 2). Individual samples
were extracted from unweathered bedrock outcrop displaying no evidence of late-
stage hydrothermal activity. The sampling strategy was chosen to cover the maximum
possible elevation difference and the minimum horizontal deviation at each locality
(fig. 2). The preparation and processing of samples was carried out at Apatite to Zircon
Inc., USA by Ray Donelick; the procedures used are outlined in the caption to table 1.
To compliment cooling ages, the cooling histories are analysed from Apatite track
length distributions using AFTSolve (Ketcham and others, 2000). AFTSolve is a fission
track-specific, numerical-based model that can be used to generate statistically-
plausible T-t histories from a given suite of fission track data (for example, AFT age,
track length distributions and kinetic data (dpar). The generated T-t histories are a
function of the suite of data provided, the kinetic model imposed and the searching
algorithm used.

Results and interpretations (eastern Maladeta, Marimaña, Barruera Massifs and Nogueres
Zone).—The eastern Maladeta Massif data is plotted against the western Maladeta age
profile from Fitzgerald and others (1999) for comparison (fig. 4B). The new data from
2870 to 1750m are within error of similar elevation samples from the western end of
the Massif (20 km away). This assures us that we can compare the data from our study
to the previous analyses by Fitzgerald and others (1999). The new samples comprise
long track length distributions (13.7 – 14.27 microns) with low standard deviations
(1.1 – 1.7). The age/elevation profile for the western Maladeta reveals no significant
variation in age from 1945 to 2850 m with ages clustered around 32 Ma, and with
confined mean track lengths ranging from 13.8 to 14.4 microns. This part of the
profile has been interpreted as recording rapid cooling through the PAZ at approxi-
mately 32 Ma (Fitzgerald and others, 1999). Integrating the two datasets, it appears
that the entire Maladeta Massif experienced a similar history of rapid cooling at
approximately 32 Ma. The lower part of the western profile shows a kink from the
upper part of the section, with a decrease in age with elevation, and with lower
confined mean track lengths. These data have been interpreted to represent the
preservation of the upper part of a PAZ that was established soon after the 32 Ma
episode (Fitzgerald and others, 1999).

In addition to the AFT data we have obtained a ZFT age of 49.3 � 2.6 Ma for the
middle part of the Maladeta profile at 1760m elevation (fig. 4B; table 1). This puts a
limit on the amount of denudation that can have occurred around 32 Ma, that is, it did
not exhume material from below the zircon fission track closure temperature. In
summary, the Maladeta Massif cooled from a depth below the ZFT closure temperature
at, or before 49 Ma, and rapidly cooled through the AFT partial annealing zone at 32
Ma prior to a deceleration immediately after this.

The samples from the Marimaña Massif range in elevation from 2635 to 2030 m
and in age from 36 � 3.2 Ma to 27.6 � 2.4Ma (fig. 4D, table 1). Confined mean track
lengths for all the samples range from 14.19 to 14.32 microns with low standard
deviations (1 – 1.58), which indicates steady cooling through the PAZ without any
extended residency. Even though the age scatter with elevation is large, a regression
line through the age/elevation profile is very steep to vertical supporting rapid cooling
of all samples through the PAZ during the period 30 to 35 Ma. The ZFT age for the
topmost sample of the Marimaña profile is 49.7 � 3.1 Ma indicating that the massif was
being cooled through the ZFT closure temperature during Middle Eocene times. The
simplest interpretation of these data is that they represent a very similar cooling history
to the Maladeta Massif.
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The most southerly of the sampled massifs of the Axial Zone is the Barruera Massif
from which we have obtained three AFT ages at elevations from 1150 to 1780 m, and a
ZFT age for the lowest sample. The three AFT ages show no significant variance with
elevation, all clustered around 20 Ma (fig. 4C, table 1). Confined mean track lengths
for the upper two samples are 13.95 and 14.17 microns, which combined with low
standard deviations implies rapid transit through partial annealing temperatures. The
lowermost sample has shorter mean track lengths (13.18 microns). When this track
length distribution is modelled using AFTsolve, it suggests a slightly slower passage
through the PAZ than the upper two samples. The ZFT age for the lower sample is
104 � 7 Ma, indicating a Pre-Pyrenean cooling history. When these ages are compared
to similar elevation samples from the Maladeta and Marimaña Massifs, it is clear that
the Barruera Massif experienced a later cooling history, and that the total depths from
which it cooled during Pyrenean orogenesis were significantly less.

The samples from the Nogueres Zone range in age from 26.2 � 3.1 to 17.2 � 3.4
Ma (fig. 4A, table 1). The mean track lengths for these samples range from 13.75 � 0.2
to 14.76 � 1.2 microns with standard deviations from 1.9 to 2.8 microns. The sample
with the longest mean track lengths and highest standard deviation only had six tracks
measured, and hence we cannot draw meaningful conclusions from it. A lower sample
at 805m also provided a ZFT age of 159 � 33 Ma. As with the Barruera Massif, these
outcrops have not been exhumed from below the ZFT partial annealing zone during
the Pyrenean orogeny. Their passage through the AFT partial annealing zone, appears
to have been later, and slower than the Maladeta and Marimaña Massifs having shorter
track lengths and higher standard deviations, Axial Zoneothers.

Summary of published data.—The most northerly of all AFT ages along the line of
study is from near Foix in the northern Arize Massif (figs. 2 and 3). The published age
of 106 � 5 Ma represents the oldest AFT age along the traverse (Yelland, 1990). The
age and the confined track length distribution indicate steady cooling through the
partial annealing zone (PAZ) during Middle Cretaceous times, possibly linked to
strike-slip movement between the Iberian and European plates at this time, but prior to
collision (Morris and others, 1998).

The Lacourt profile from Fitzgerald and others (1999) ranges from 1048m to
470m in elevation, and comprises five samples that range in age from 55 � 3 to 37 �
1Ma (fig. 4). The Lacourt granite represents the westernmost part of the Arize Massif
(fig. 2). Fitzgerald and others (1999) argue that the three ages in the middle of the
Lacourt profile record accelerated cooling through a PAZ at approximately 50 Ma,
with the anomalously young age at the base of the section representing fault move-
ment. By integrating additional data from Yelland (ms, 1991) from the same massif, it
is conceivable that the profile may also be interpreted to represent steady cooling
through the PAZ between approximately 55 and 33 Ma (fig. 4). This interpretation
would infer that the profile can be fit by a linear regression and does not require a
significant change in slope. Modeling of the confined track length distributions for two
of the low elevation samples at 500 and 520m suggests relatively steady cooling through
the PAZ from approximately 45 to 20 Ma (Morris and others, 1998). Alternatively, as
suggested by Fitzgerald and others (1999), the interval between 600 and 1000 m
elevation may represent rapid cooling, with the lower samples recording the slowing
and residence within a PAZ developed after 50 Ma. The AFT age/elevation plot for the
Riberot Massif yields ages from 44 to 36 Ma over an elevation range from 2483 to
1340 m. These samples may be interpreted as a record of steady cooling from 44 to 36
Ma with a subsequent slowing since then (Fitzgerald and others, 1999). Alternatively,
the data could also record an acceleration in cooling between 38 and 36 Ma; there is no
distinction in the mean track lengths of these samples that might differentiate these
possibilities.
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Integration and interpretation of FT data.—Overall, these data demonstrate the
asymmetric pattern of exhumation through time across the Pyrenees as recognized by
Fitzgerald and others (1999). However, the integration of new data enables us to refine

Fig. 4. Age/elevation plots for apatite and zircon fission track samples from the various locations shown
in figure 2, and listed in table 1. Filled diamonds are new AFT data shown in table 1, empty diamonds are
from Fitzgerald and others (1999). Starred data are new ZFT ages (table 1). Errors are � 1 sigma.
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our understanding of this development (fig. 5). In order for us to describe the relative
cooling histories, it is necessary to discuss some of the factors that influence the record
of cooling and the assumptions required to make comparisons.

Firstly, as the first-order form of the topography is a limiting control on the form
of the isotherms, ideally, we would model the growth of the topography through time.
However, as there are no available independent constraints on the topographic
evolution of the orogen, we assume that at the time of mineral closure, the large-scale
morphology of the mountain belt, in terms of mean elevations and the location of the
drainage divide, approximated that of the modern system. Models suggest that
topographic steady-state is achieved rapidly during the early growth of an orogen (Batt
and Braun, 1997; Willett and others, 2001). However, this system has had approxi-
mately 20 Myr of post-orogenic erosion, which may have modified the original
tectonically-driven form of the orogen.

Secondly, we assume that the isothermal surfaces that define the thermochrono-
metric closure temperatures and partial annealing-/partial retention zones have
remained broadly parallel to the mean long wavelength topography across the moun-
tain belt. Local perturbations of the thermal regime from this parallel geometry are
assumed not to exceed that which is likely imposed in the modern setting. That is to
say, the amplitude and wavelength of the modern short-wavelength topography in the
central Axial Zone is a broad approximation of the local topography during the time of
mineral closure, and therefore topographically-induced isothermal perturbations are

Fig. 5. Representation of relative cooling histories from the apatite partial annealing zone and zircon
closure temperature for the sample sites projected onto a traverse across the Nogueres, Axial and North
Pyrenean Zones. The isotherms are schematic to enable relative histories to be illustrated. The average valley
and ridge heights are represented across this traverse to indicate first-order topographic form to which
isotherms may have responded (for example Stüwe and others, 1994). The early history of cooling (60 – 50
Ma) was associated with extensive frontal accretion onto the pro-wedge. Therefore, during these periods it is
interpreted that there was a significant component of retro-ward advection of the rock, hence the curved
trajectory paths. This horizontal component of motion is not quantitatively constrained here. See text for
further discussion.
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also similar for a given set of uplift rates and thermal parameters. We also assume the
advective influences of increased rates of exhumation on the thermal regime did not
increase local geothermal gradients significantly. By applying these assumptions and
employing the calculations of Stüwe and Hintermüller (2000), it can be shown that the
magnitude of the topographic relief within the modern Pyrenean setting would induce
perturbations of less than approximately 125m on the 110°C isotherm (approximately
Tc for the apatite fission track system). These calculations are based on a maximum
exhumation rate of 2 kmMyr-1 in a steady-state setting (thermal diffusivity (K): 31.536
km2Myr-1, depth (L) and temperature (TL) of the lower boundary: 100km and 1000°C,
respectively, Uplift rate (U): 2 kmMyr-1, Wavelength (I) and Amplitude (H) of
topography: 8 and 1.2 km, respectively). In addition, this estimation of isothermal
perturbation must be considered a maximum value as it is based upon a two-
dimensional representation of infinitely linear valley-ridge topography. In reality, the
three-dimensional ‘peak’ topography of the region would have significantly less ability
to perturb isotherms (Stüwe and Hintermüller, 2000; Reiners and others, 2003). The
consequences of adopting an overly simplistic approach, and therefore poorly charac-
terizing the true nature of isothermal deformation at the time of closure, have been
shown to be significant when attempting to derive rates of exhumation from thermo-
chronological data (for example, Braun, 2002), but of limited impact when assessing
the relative variations in exhumation between specific localities, as in this study.

Finally, rock trajectory paths through the closure isotherms should also be
considered when interpreting isotope chronology (for example, Batt and Brandon,
2002). As is documented later, the Pyrenees appear to have been dominated by a
combination of frontal accretion and underplating in the early stages of development,
with underplating dominating the accretionary flux later in the orogens development.
While frontal accretion encourages horizontal advection of rock particles through an
orogen, underplating translates material more vertically to the surface; hence, these
processes represent first-order controls on the distribution of thermochronometric
ages across an orogen (Batt and others, 2001).

The maximum depths of exhumation occur in the region of the Marimaña and
Maladeta Massifs where Pyrenean age ZFT ages are found indicating erosional unroof-
ing during latest Paleocene to early Eocene times (fig. 5). From Middle to Late Eocene
times (approx. 50 to 40 Ma) the entire orogen from the Maladeta Massif north to the
Lacourt Massif was unroofing; this represents the most rapid period of erosion for the
Riberot Massif. By early Oligocene times (36 to 32 Ma) the more southern portion of
the Axial Zone was rapidly eroding, with the cooling of the Marimaña and Maladeta
Massifs through the AFT partial annealing zone; this was followed by an abrupt
deceleration at approximately 32 Ma. The Nogueres Zone on the southern limb of the
antiformal stack passed through the AFT partial annealing zone between approxi-
mately 26 and 17 Ma, and the Barruera Massif reveals the youngest period of cooling
with erosion of the core of the evolving antiformal stack at 20 Ma. Given that this 20 Ma
age is localized to the core of the antiformal stack, this indicates that the structure was
still active at this time, and hence this extends the duration of Pyrenean orogenesis
which had previously thought to have ceased at 30 Ma based on AFT ages (Fitzgerald
and others, 1999) and approximately 26 Ma based on deformation of sediments in the
Sierras Marginales (Meigs and others, 1996). This younger age for orogenesis compli-
ments Iberia/Europe convergence histories from magnetic anomalies in the Bay of
Biscay (Roest and Srivastava, 1991).

The southernmost boundary of the evolving antiformal stack is marked by the
accumulation of syn-tectonic conglomerates that draped the edge of the previously
deformed Nogueres Zone from 42 Ma to at least 24 Ma (Mellere, 1993; Beamud and
others, 2003). We can therefore identify an abrupt southern boundary to the eroded
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antiformal stack during this time (figs. 2 and 6). The northern boundary is marked by
the pre-Pyrenean AFT age given by the Arize Massif in the vicinity of Foix (Yelland,
1990).

In summary, the erosional unroofing of the core of the Pyrenean orogen evolved
from a broad region of unroofing from 60 to 40 Ma, followed by a progressive
southward shift with a period of highest erosion rates between approximately 36 and
20 Ma linked to growth of the antiformal stack. The data from Maladeta and Marimaña
indicate that erosion of the northern limb of the antiformal stack decelerated soon
after 32 Ma, but the southern limb, around the Nogueres Zone continued to erode
after 26 Ma. This was followed by a tightening of the structure with erosion localized to
its core at approximately 20 Ma. In considering the trajectory paths through the
isotherms, frontal accretion was significant until approximately mid-Eocene times (see
subsequent section), since which time, underplating dominated the accretionary flux.
Therefore, horizontal advection of rock through the orogen is not considered to have
played a major role in the Late Eocene to Miocene cooling of the Axial Zone.

The ZFT ages for the Maladeta and Marimaña Massifs suggest approximately 6 to
9.5 km of erosion over the core of the Axial Zone since 50 Ma; this assumes average

Fig. 6. (A) Cross-section through South Pyrenean Thrust Belt with river profile shown down the
Flamicell and Noguera Pallaresa valleys, and interfluve ridges projected onto section enabling maximum
information on syn-tectonic sediment drape. (B) Section restores to approximately 25 Ma to show the nature
of the Oligocene to Miocene sediment drape over the South Pyrenees Thrust Belt.
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geothermal gradients of 25 to 30°C/km (present-day values � 30°C/km; Zeyen and
Fernández, 1994) and a ZFT closure isotherm of 176 to 240°C (Brandon and others,
1998; Bernet and others, 2002). This compliments, and places further constraints on
previous estimates of the amounts of erosion based on balanced cross-sections (Vergés
and others, 1995).

thrusting and wedge-top sedimentation
Methodology.—Documenting rates of frontal accretion to thrust wedges using

foreland basin strata has been achieved in a number of different settings (for example,
Oriel and Armstrong, 1966; Jordan, 1981; Wilschko and Dorr, 1983; Homewood and
others, 1986). In the southern Pyrenees, excellent preservation of syn-tectonic sedi-
ments has enabled a wealth of information on rates of thrust accretion using growth
strata around evolving thrust anticlines (for example, Mellere, 1993; Williams and
others, 1998) and truncation and onlap geometries of dated sediments around thrust
faults (for example, Meigs and others, 1996). In many of the studies in the southern
Pyrenees, detailed magnetostratigraphy has enabled relatively accurate dating of
thrust-related folding in the Eocene and Oligocene strata (for example, Burbank and
others, 1992). For this study, we build on the extensive research that has already been
carried out along the line of the ECORS deep seismic profile (Choukroune and others,
1989). The timing of frontal accretion in the southern Pyrenees along the ECORS line
has been documented by Meigs and others (1996) and Meigs and Burbank (1997).
Here, we further develop this by incorporating new magnetostratigraphic ages from
Beamud and others (2003) for conglomerates that blanket some of the more internal
structures of the South Pyrenean Thrust Belt (fig. 6), and integrate this with data from
the Sub-Pyrenees representing accretion to the northern retro-wedge (fig. 7).

South Pyrenean Thrust Belt.—The South Pyrenean Thrust Belt in the transect
running through Balaguer and Tremp (figs. 3 and 6), comprises three main south-
directed thrust sheets that detach in Triassic evaporites, and carry thick Mesozoic
carbonates and Palaeogene siliciclastic rocks in their hanging-walls. These three
thrusts are the Boixols, Montsec and Sierras Marginales (Séguret, ms, 1972; Muñoz
and others, 1986; Muñoz, 1992). The northern-most thrust sheet (Boixols) is bound to

Fig. 7. Cross-section through the North Pyrenean Zone and Sub-Pyrenees demonstrating the timing of
movement on the Sub-Pyrenean thrust front by the deformation of the Upper Eocene Poudingue de
Palassou and the subsequent drape by the Lower Oligocene Molasse deposits of the Aquitaine Basin
(modified from BRGM 1973).
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the north by a northwardly-vergent backthrust termed the Morreres backthrust (Mellere,
1993). This structure marks the boundary between the fold and thrust belt and the
Nogueres Zone, which comprises Permian and Triassic strata wrapped around the
Axial Zone antiformal stack (fig. 3; Séguret, ms, 1972; Muñoz, 1992).

The timing of initial movement on the three main thrust sheets is well docu-
mented. The oldest structure in this region is the Boixols thrust and the associated
Sant Cornelli anticline located east of Tremp (fig. 2). Lower Cretaceous strata show a
dramatic southward thickening into the hanging wall of the Boixols thrust indicating
that it represents an inverted normal fault (Deramond and others, 1993). Upper
Cretaceous and Paleocene strata thin and onlap onto the southern limb of the Sant
Cornelli anticline and show associated intraformational unconformities and growth
strata (Mutti and Sgavetti, 1987; Deramond and others, 1993). Similar stratal relation-
ships are seen in the Upper Eocene sections of the Pobla de Segur Conglomerates that
overlie the northern hanging-wall of the Sant Cornelli anticline (Mellere, 1993;
Beamud and others, 2003). Therefore, the Boixols Thrust and Sant Cornelli Anticline
were initiated in Late Cretaceous times, and were intermittently active until at least
Late Eocene times. Deformation after this time is possible on these structures, as all of
the Pobla De Segur Conglomerates are tilted by approximately 20° to the north in the
hanging-wall of the Boixols thrust (fig. 6).

The Montsec thrust sheet forms a prominent ridge of steeply dipping Jurassic and
Cretaceous Limestones (fig. 6). During Eocene times, this formed the structural
boundary between the shallow marine Tremp and Ager basins to the north and south
of the structure respectively (Mutti and others, 1985). The Figols Group that is seen to
thicken away from the southern footwall of the Montsec thrust is middle Ypresian in
age (53 – 51.5Ma; Mutti and others, 1988). Similar thickening of the Upper Paleocene
Garumnian strata suggest that the Montsec thrust was initiated at this time (Vergés,
1999). Movement along the Montsec thrust terminated in late Eocene to early
Oligocene times based on conglomerate drape over the structure as it is traced
eastwards (Vergés and Muñoz, 1990).

The Sierras Marginales thrust sheet comprises a thinner Mesozoic succession
relative to the Montsec and Boixols, and is emergent in the region north of Balaguer
(Meigs and others, 1996; Vergés, 1999). The first evidence of activity on this structure
comes from the Lower Eocene marine strata found between the Montsec thrust and
the Sant Mamet anticline to the south which forms the hanging-wall of the Sierras
Marginales thrust sheet (fig. 6; Vergés, 1999). The later history of movement on the
Sierras Marginales thrust has been well documented for the interval 37.0 to 27.8 Ma
using magnetostratigraphic dating of the surrounding continental sediments. From
37.0 to 29.5 Ma, the thrust sheet is interpreted to have been displaced stably over the
footwall succession for approximately 30 km (Meigs and Burbank, 1997; Vergés, 1999).
The intraformational unconformities between the time equivalent growth strata are
angular and therefore record periods of erosion above emergent structures at the
thrust front during, and immediately after this period of stable sliding (Meigs and
others, 1996). An anticline in the footwall of the Sierras Marginales thrust to the east
(the Oliana anticline) has associated growth strata that reveal steady deformation
through this time period (Vergés, 1999) supporting the interpretation that the frontal
thrust must have been sliding during this interval, and that it was emergent. Since 29.5
Ma there has only been approximately 1.2 km shortening to the south of the Sierras
Marginales thrust sheet on relatively minor structures such as the Cubells backthrust
and the Barbastro anticline (Meigs and Burbank, 1997).

The documentation of the timing of movements on the Boixols, Montsec and
Sierras Marginales thrusts enable us to plot shortening across the South Pyrenean
Thrust Wedge through time (fig. 8). If this is integrated with information on the
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restored thickness of the thrusted units that were incorporated into the thrust wedge
(Vergés, 1999), then it is also possible to assess the mass flux of frontally accreted
material into the pro-wedge of the Pyrenees. During the period from when thrusting
was initiated approximately 75 Ma to approximately 50 Ma, the rate of mass flux
through frontal accretion on the southern pro-wedge was approximately 1 km2/Myr,

Fig. 8. Thrust shortening and accretionary flux of the South Pyrenean thrust Wedge plotted through
time. Shortening amounts are taken as the amount of shortening across the South Pyrenean Thrust Belt
from a point in the uppermost thrust sheet (Boixols) to a point in the undeformed foreland craton. The data
are compiled from Specht and others (1991), Meigs and Burbank (1997) and Vergés (1999). The frontal
accretionary flux was generated from a restored cross-section by Vergés (1999). The cumulative cross-
sectional area for each of the restored thrust sheets was measured and plotted against the timing of initiation
of the thrust sheet. The evolution of the South Pyrenean Thust Belt is divided into three stages: 1) Initial
rapid growth by frontal accretion during which the wedge accreted the thick succession of the Boixols and
Montsec sheets, and the relatively thin Sierras Marginales sheet. 2) Rapid shortening accommodated by
stable sliding of the wedge over the underthrust foreland. During this interval there was little to no internal
deformation or frontal accretion. 3) Slowing of convergent shortening during late-stage orogenesis.
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and shortening rates were approximately 0.6 km/Myr (fig. 5). After approximately 50
Ma (that is after initial accretion of the Sierras Marginales thrust sheet), the rate of
frontal accretion was negligible with only a few minor structures developing in the
foreland. However, the shortening rate accommodated through stable sliding over the
underthrust foreland craton remained high from 1.3 to 4.8 km/Myr (Meigs and
others, 1996). This period of stable sliding lasted until the slowing of the Sierras
Marginales sheet at 29.5 Ma, after which there was only minor shortening across
structures in the foreland. In summary, whilst localized deformation of the South
Pyrenean Thrust Belt continued to the end of Oligocene times (approx. 30 Ma), the
significant flux into the orogen from frontal accretion was achieved by approximately
50 Ma.

Sub-Pyrenees.—Accretion to the northern retro-wedge of the Pyrenees is repre-
sented by a thin-skinned fold and thrust belt that forms a narrow strip of deformed
foreland basin sediments of Eocene age termed the Sub- Pyrenees (fig. 7; BRGM,
1973). These are bound to the north by the Sub-Pyrenean Thrust Front, and to the
south by the North Pyrenean Thrust Front that carries thick Mesozoic successions
dominated by the Cretaceous Flysch beds (fig. 3; see section below on Aquitaine
Basin). Within the hanging-wall of the North Pyrenean Thrust are the Arize and Trois
Seigneur Massifs for which three apatite fission track ages of 34, 38 and 39 Ma have
been measured (Yelland, 1990). These ages indicate erosional unroofing at this time
and can be interpreted as a record of thrusting on the North Pyrenean Thrust; whilst
this gives us an age of activity on the structure, it does not yield a timing of initiation.
The Sub-Pyrenean Thrust deforms a thick succession of Eocene strata, with the Upper
Eocene Poudingue de Palassou capping the succession (BRGM, 1973; Mirouse, 1992).
Draping over these defomed Eocene strata are Lower Oligocene ‘molasse’ deposits
(BRGM, 1973; fig. 7). Hence this structure was initiated post-late Eocene times, and
terminated prior to early Oligocene times.

foreland basin sedimentation
Aquitaine Basin.—The Aquitaine Basin was initiated by rifting in early Permian

times, which continued episodically until Early Cretaceous times (Bourrouilh and
others, 1995). Initial Permian fluvial sediments were overlain by up to 1000m of
Triassic evaporites, then by up to 3500 m of Jurassic to middle Cretaceous limestones
and mudstones. Throughout Cretaceous times, the Triassic salts were remobilized
along faults to form diapirs that modified basin morphology. During late Early
Cretaceous times, rapid, localized subsidence occurred in a number of pull-apart
basins, and sub-basins developed containing thick accumulations of deep-water silici-
clastics in their lows, and carbonate growth on the faulted highs. By Cenomanian
times, surface uplift along the North Pyrenean Fault generated an emergent landmass
that provided sediment for the basins of the North Pyrenean Trough that ran
immediately north of the present-day North Pyrenean Fault (Bourrouilh and others,
1995). This style of sedimentation continued until end-Paleocene times and resulted in
the accumulation of up to 5000m of “North Pyrenean Flysch”.

This history of fault-block development formed the template upon which the
Tertiary succession accumulated. Consequently, the Tertiary Aquitaine basin has been
divided into a series of sub-basins (the Parentis, Arzacq, Mirande, Tarbes and Com-
minges sub-basins) bound by inherited structural highs termed shoals (fig. 9A).
Throughout Paleocene and early Eocene times, calcareous turbidites and marls
accumulated in the North Pyrenean trough. An abrupt change took place in Middle
Eocene times when shallowing and the deposition of thick conglomerates along the
southern fringes of the Aquitaine Basin took place. The conglomerates (Poudingues
de Palassou) are intercalated with nodular mudstones and sandstones, and suggest
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Fig. 9. (A) Geological map of the Aquitaine Basin showing the location of intra-basinal highs and the
sampling region shown in B. (B) Names and locations of the wells used in the construction of the isopachs
illustrated in figure 10. Well names and grid reference system are those given by the Ministère de l’Industrie
de la Poste et des Télécommunications.
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fluvial settings with periodic marine transgressions (BRGM 1973). Molasse sedimenta-
tion continued in the southern Aquitaine Basin up to Pliocene times.

In order to evaluate the volume of sediment preserved in the Aquitaine Basin
through the Tertiary, isopach maps were generated for specific intervals (fig. 9B).
These maps are generated from 105 wells acquired from the Ministère de l’Industrie
de la Poste et des Télécommunications (Service de Conservation des Gisements
d’Hydrocarbures) for the region west of Toulouse to the Atlantic Ocean. As most of
the flow within the basin was westward into the Atlantic, it is intended that this region
records a representative history of evolving sedimentation rates. Thicknesses for the
stratigraphic intervals for the Danian, Upper Paleocene, Ypresian, Lutetian, Upper
Eocene, Oligocene and Miocene were recorded. However, because a large number of
the wells do not differentiate the Oligocene and Miocene succession, we have also
integrated them. For each interval a thickness value was assigned to each well, and the
region was contoured using a Kriging method. The isopach maps were converted into
volumes of rock that were then divided by the time interval of accumulation, the area
over which they accumulated, and a rock density of 2500 kg m-3 to yield sedimentation
rates in mm/yr.

The isopach maps reveal a complex pattern of sediment accumulation across the
basin. Initial accumulation through Paleocene times (Danian and Thanetian; fig. 10)
was focussed in the Tarbes and Arzacq sub-basins. The Tarbes sub-basin continued to
act as the main depocentre from Upper Paleocene to Lower Eocene (Ypresian) times.
During the Paleocene and Lower Eocene, overall mean sedimentation rates through
the sampled region accelerated from 0.02 to 0.05 mm/yr. Middle Eocene times
recorded a westward shift in the locus of sedimentation into the Arzacq sub-basin, and
a reduction in sedimentation rates to 0.02 mm/yr. From Upper Eocene times onwards,
sedimentation occurred dominantly in the south and east of the region at rates similar
to those during the previous intervals (fig. 10). These results are used for comparison
to the Ebro Basin, although it is recognized that some of the sediment produced from
the northern Pyrenees is likely to have been flushed into the Atlantic of the Bay of
Biscay.

Ebro Foreland Basin.—The Ebro foreland basin has a broadly triangular shape
bound to the north by the Pyrenees, to the southeast by the Catalan Coastal Ranges,
and to the southwest by the Iberian Ranges (fig. 1). The basin is a direct response to
crustal loading by all three of these ranges, but is dominated by the Pyrenees (Brunet,
1986; Desegaulx and others, 1990; Zoetemeijer and others, 1990). Much of the
tectono-stratigraphic development of the Ebro Basin is best recorded in syn-tectonic
wedge-top basins of the south Pyrenean fold and thrust belt and well data from the
undeformed foredeep (Puigdefàbregas and others, 1986; Puigdefàbregas and Sou-
quet, 1986; Puigdefàbregas and others, 1992). Subsidence in the basin was initiated in
the north-northwest in the position of the present-day fold and thrust belt, and
migrated south-southeastwards through time (Vergés and others, 1998). The strati-
graphic history of the basin has been divided into four phases (Puigdefàbregas and
others, 1992): 1. Late Santonian to Maastrichtian accumulation of turbidites in deep
troughs that developed during inversion of Lower Cretaceous extensional faults in the
northern part of the basin (see earlier discussion of Boixols thrust history). 2. Late
Maastrichtian to Paleocene transition into continental red beds in the north, with
deep-water carbonates towards the west. 3. Early to Middle Eocene turbidite sedimenta-
tion in east-west aligned basins with time equivalent carbonates accumulating to the
south in the present-day center of the basin. 4. Late Eocene to Miocene infilling of the
turbidite troughs with deltaic, fluvial and alluvial sediments, and a transition from
longitudinal discharge to transverse south away from the mountain belt. Sedimenta-
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tion continued with underformed lacustrine and alluvial sediments up to at least 14 Ma
in the center of the basin (Pérez-Rivarés and others, 2002).

These youngest lacustrine and fluvial sediments of the Ebro Basin are preserved
undeformed at current elevations of 800m (Pérez-Rivarés and others, 2002). The
youngest sediments preserved in the Pobla Basin (the most orogen-ward of the
wedge-top basins) are approximately 24 Ma assuming steady sedimentation rates from
the magnetostratigraphically dated underlying succession (Beamud and others, 2003).
These sediments are preserved at elevations of approximately 1700m onlapping onto
the margins of the Nogueres Zone (Coney and others, 1996). These observations have
led some workers to suggest that the Ebro Basin was ponded, caused by structural
confinement by the Catalan Coastal Ranges and the Iberian Ranges from uppermost
Eocene to Miocene times (Riba and others, 1983; Coney and others, 1996). This
sediment ponding has been interpreted as the driver for blanketing of the South
Pyrenean Thrust Wedge by thick conglomerates from Late Eocene to mid Miocene
times (figs. 3 and 5; Mellere, 1993; Coney and others, 1996; Beamud and others, 2003).
However, it is important to note that the accumulation of continental conglomerates
in the Pobla Basin occurred prior to the interpreted confinement of the Ebro Basin
(Beamud and others, 2003). It is also important to recognize that there was a structural
barrier between the Ebro Basin and the wedge-top basins as evidenced by the
intraformational unconformities located around the Sierra Marginales thrust sheet
(Meigs and others, 1996; see previous description).

Isopach maps for the bulk of the undeformed Ebro Basin were generated from 48
wells extracted from a compilation of Spanish well data (Lanaja and others, 1987; fig.
11). The sample area covered by the wells has avoided regions where provenance data
indicate that there is evidence for significant volumes of material being derived from
the Iberian Range and Catalan Coastal Ranges (Allen and Mange-Rajetsky, 1982;
Villena and others, 1996; Teixell, 1998). However, these data do not incorporate
regions where sediment is now incorporated into the thrust wedge, such as the Jaca
Basin in the west, and in the northern flank of the Ripoll Basin in the east where up to 5
km of sub-vertical lower to middle Eocene strata are partially preserved (Vergés, 1999).
Chronostratigraphic resolution in the wells permitted four temporal sub-divisions to
be established, Ypresian, Lutetian, Upper Eocene and Oligocene. These intervals were
correlated and isopach maps generated as with the Aquitaine Basin. Additionally, a
complete Tertiary isopach map was generated (fig. 12) showing a general thickening
of the basin succession northwards, and the presence of two primary depocenters; one

Fig. 11. Well locations in the Ebro Basin used in construction of the isopachs shown in figure 12. Names
link to those given in Lanaja and others (1987).
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located approximately 60 km east of Tremp, and the other in the west, approximately
50 km northwest of Luna (Anadón and Roca, 1996). This latter depocenter marks the
easternmost end of the Rioja Trough (Muñoz-Jimenez and Casas-Sainz, 1997).

The isopachs for the four intra-Tertiary time intervals presented, reveal the
initiation of thick sediment accumulation in the eastern part of the basin from
Lutetian to Upper Eocene times, and that by Oligocene times, the thickest accumula-
tions were in the west of the basin. Sedimentation rates increased from 0.03 mm/yr
during Ypresian times to 0.08 mm/yr during Lutetian times, increasing again to values
of 0.3 and 0.2 mm/yr for the Upper Eocene and Oligocene respectively (fig. 13).
Clearly, these undeformed Ebro Basin sediments do not represent all the sediment
produced from the southern Pyrenees at this time, as much sediment was preserved in
wedge-top basins such as the Jaca and Ripoll Basins. Consequently, the sediment
volumes for the early basin development will be minimum amounts. However, as with
the Aquitaine Basin, the sampled region is sufficiently large to represent the major
relative changes in sedimentation rates.

The increase in sedimentation rates in the Ebro Basin occurred prior to the
interpreted closure of the basin, which is recorded by the transition from marine
siliciclastic sediments of the Igualada Formation to the continental evaporites of the
Cardona Formation in late to end Eocene times (Riba and others, 1983). The oldest
conglomerates of the Pobla Basin are mid- to upper Eocene in age (42 Ma – Beamud

Fig. 12. Isopach maps for varying time intervals for the Ebro Basin with time averaged sedimentation
rates labelled above each map.
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and others, 2003) indicating that the draping of the wedge was also initiated prior to
the ponding of the Ebro Basin.

growth of the pyrenees—a qualitative interpretation
Summary of Pyrenean growth.—In order to compare the relative timing of the growth

of the orogen through frontal accretion, underplating, erosion, and the consequent
sediment yield to its foreland basins, it is necessary to plot these data together against
time. Chronostratigraphic plots have been widely used to study the interactions of
thrust faults with foreland basin stratigraphy (for example, Schedl and Wiltschko,
1984; DeCelles, 1984; Burbank and others, 1986). However, a plot of thrust develop-
ment and foreland basin stratigraphy for both sides of an orogen has not previously
been achieved, but has the potential to yield insight into coupling between the pro-
and retro-wedge components. The difficulty in constructing a plot of this type is that
the components of the system are moving in different directions and at different rates
relative to each other through time. A point on the pro-plate moves towards the
retro-plate at the overall convergence velocity until it is accreted into the wedge. When
in the wedge, it moves more slowly, and intermittently towards the retro-plate depend-
ing on the incremental strain distribution within the wedge. A parcel of rock on the
retro-plate is stationary in this frame of reference until it is accreted, and is then
translated over the point at which it is accreted. In order to plot such complexity in a
single frame of reference requires a reconstruction of the trajectory paths of every
package of rock through the orogen with time. As yet this has not been achieved, and
so we use separate frames of reference for the two sides of the orogen; those being
stable points on the pro- and retro-plates. The division between these two frames of
reference is a vertical line drawn above the restored position of the singularity. The
restoration used for the pro-wedge was taken from Beaumont and others (2000), and
integrated with new data for the retro-wedge (fig. 7). The absolute accuracy of the

Fig. 13. Plot of sedimentation rates for the Ebro and Aquitaine Basins through time.
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restoration is not vital, as we are primarily concerned with relative motions and
timings. Additionally, the area where we have the most accuracy is in the fold and
thrust belts where frontal accretion is documented. The same plot is used to illustrate
the timing of erosional denudation across the orogen, and sedimentation rates in the
foreland basins. However, we must also recognize the dangers in comparing a
two-dimensional reconstruction of erosion with three-dimensional sediment volumes
in a foreland basin; inevitably, the erosion of the mountain belt will have varied along
its strike. However, we are only extracting the first-order signals from these data (that is
an order of magnitude increase in the Ebro).

The growth of the Pyrenees can be viewed in terms of four stages that have been
recognized by previous workers (for example, Vergés and others, 1995; Beaumont and
others, 2000) but that are revised here based on the new data provided (figs. 14 and
15):

1) Orogenesis started in Late Cretaceous times and was characterized by the
localized development of structural highs over the Sant Cornelli and Turbon
anticlines generated by transpressive deformation and inversion of normal
faults (figs. 14 and 15). Sedimentation in both basins was marine, with
turbidites infilling basinal lows, whilst the north-eastern Pyrenees were uplifted
above sea-level (Puigdefàbregas and Souquet, 1986; Specht and others, 1991).

2) From end-Paleocene to mid-Eocene times (figs. 14 and 15), the system records
steady unroofing of the Axial and North Pyrenean Zones; rapid frontal
accretion onto the South Pyrenean Thrust Belt (pro-wedge); fully marine
depocenters for both foreland basins with modest and comparable rates of
sedimentation; initial sediment drape of pro-wedge by marine wedge-top
basins (for example Tremp and Ager Basins).

3) During mid- to late Eocene times (figs. 14 and 15), accretion and internal
thickening of the retro-wedge took place during a period of inactivity on the
pro-wedge. It was also the period when the two foreland basins were filled to,
or above sea-level.

4) From Oligocene to early Miocene times, the pro-wedge was reactivated by
stable sliding over the foreland succession associated with rapid erosional
unroofing of the southern Axial Zone linked to underplating and the growth
of the antiformal stack. This growth generated a four-fold increase in sedimen-
tation rates in the pro-foreland basin, and established the present-day struc-
tural form of the orogen (figs. 14 and 15).

experiments with a discrete element model
Background to model.—We employ a 2D discrete element model developed by

Naylor and others (2005) in order to investigate the natural progression of a doubly-
vergent orogen. The aims of this component of the study are to assess the orogenic
processes that are required to understand the primary aspects of the evolution of the
Pyrenees as summarized in figure 15. The model localizes deformation across discrete
faults as an emergent phenomenon in a similar way to sand-box experiments; this
opens a new field of investigation, and hence provides a significant advance on
previous numerical approaches (for example Beaumont and others, 1999).

Discrete element models were first developed by Cundall and Strack (1979) as a
method for analyzing granular materials. The approach taken by Naylor and others
(2005) uses large numbers of elements to approximate the rheology of deforming rock
within an orogen. A spring-dashpot model limited by Coulomb failure is used to
calculate contact forces between irregular elements. The size of these elements limits
the scale of structure that can be resolved. We apply geologically motivated boundary
conditions and then numerically integrate the resulting equations of motion. The
rheology is an emergent property of the model and compares well with the orogen-
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scale behavior of the finite element models, but also permits localized strain down to
the scale of individual thrust faults.

The distinction between the over-riding and the subducting plates of the model is
made by introducing a discontinuity in the basal velocity on a Coulomb lower

Fig. 14. (A) Chronostratigraphic plot documenting the timing of thrust shortening and the timing of
erosional exhumation of the core of the orogen relative to the preserved stratigraphic record. The x-axis
represents the distance from a restored convergence point based on the restorations of the Pyrenean orogen
presented by Beaumont and others (2000). Separate frames of reference are used for the pro- and
retro-wedges, and are points on their respective undeformed plates. Importantly, the propagation of the
pro-wedge deformation front is not shown to move back into the orogen as illustrated in subsequent model
output (fig. 17). Presently, we do not have the data on the amounts of internal shortening in the orogen that
would permit integration of this component of the system. Stratigraphic data from the Ebro Basin is
summarized from Vergés (1999) and Mutti and others (1988). Aquitaine Basin stratigraphy from Bourrouilh
and others (1995). Thrust movement data from Specht and others (1991), Mellere (1993), Bond and
McClay (1995), Meigs and Burbank (1997), Wayne and McCaig (1998), and derived from BRGM (1973).
Fission track data presented here (table 1), integrated with data from Fitzgerald and others (1999).
Chronostratigraphic timescale from Berger (1992). (B) Interpretational summary of the chronostrati-
graphic figure showing the four phases discussed in the text, and shown in figure 15.
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boundary; this discontinuity is termed the S-point. The lower boundary represents the
line below which all material is subducted. Material on the over-riding plate is
stationary with respect to the S-point, material on the under-thrust plate is dragged
towards the S-point by a traction force derived from the lower boundary. As material
thickens over the S-point during convergence a topography is developed that is

Fig. 15. Summary of the evolution of the Pyrenean orogen based on fluxes through the system recorded
by frontal accretion, underplating, erosion and sedimentation. The four figures represent the four stages
outlined in figure 14B and discussed in the text.
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supported on an infinitely rigid plate. That is there is no isostatic compensation for
topography incorporated into the model.

We examined the interaction of this system with a simple erosional algorithm that
removed all material above a mean height. This represents a mean topographic
elevation above which erosion is efficient at removing all material that attempts to
surmount it. The material is removed from the model and not redeposited as
sediment. The end result is that erosion responds directly to structurally-driven rock
uplift rate above the threshold. The importance of this approach is that whilst
simplistic, it is easily understandable in terms of the link to tectonic forcing as there are
no lag times in response.

Three experiments were run with identical parameter combinations to describe
the tectonic forcing of the system, but with either no erosion, erosion at a threshold 2
times the thickness of the accreted crust (2.0Tc), and with an erosional threshold at
1.5Tc. The output for each model run starts with a series of images of the deforming
discrete element wedges (figs. 16 A, B and C). For each output, we plot the progressive
outward migration of the deformation fronts for the pro- and retro-wedges (fig. 17). In
addition there is a plot of the cumulative erosion located over a snapshot of the final
state of the erosional models showing short trajectory paths for the elements in the
model (figs. 18A and B).

Model results.—The non-erosive model run illustrates the growth of the orogen
through three distinctive stages (Willett and others, 1993; Naylor and others, 2005).
Initially, convergence is taken up by a retro-vergent thrust that propagates up from the
S-point forming a rise in topography (Stage 1). Subsequently, a detachment is formed
at the base of the incoming succession, and pro-wedge accretion is initiated whilst the
retro-wedge evolves by over-steepening (Stage 2). Finally, as the wedge grows it forces
accretion of material onto the retro-wedge which decreases in slope (Stage 3). The
lateral growth of the modeled orogen can be documented through a plot of the pro-
and retro-deformation fronts away from the singularity (fig. 17). The averaged trend of
these lines away from the singularity illustrates the power law decline (approximately
t 0.5) in growth rate as the orogen grows in size. The irregular fluctuations around this
trend illustrate the variability of activity on the deformation front as stress localization
oscillates within the modeled orogen in order to maintain some form of mechanically
stable morphology. The retro-wedge deformation front steps out with an irregular
history over the uppermost plate. In contrast, the pro-wedge deformation front steps
out during episodes of accretion, but is then dragged back into the orogen as the
interior of the wedge thickens, and the pro-wedge taper angle increases. Thus, the
width of the pro-wedge fluctuates around a long-term growth trend by increasing
during episodes of accretion, and decreasing during periods of internal thickening as
the deformation front is translated towards the interior of the orogen. The major
episode of growth of the retro-wedge deformation front between 125 and 150 output
timesteps, is coincident with a prolonged period of inactivity on the pro-wedge
deformation front (fig. 17). This indicates that at that time, the entire orogen was
being pushed over the upper plate, but that this is terminated when the stresses at the
pro-wedge deformation front are released, and frontal accretion and growth of the
pro-wedge is re-established.

The second experiment introduces a threshold for erosion at 2Tc; this could be
seen as a rough approximation of emergence from sea-level of a 2 km high thrust
wedge into a super-efficient erosional regime, where the thickness of accreted material
(Tc) is also 2 km. Similar changes in erosion with elevation can occur with intense
orographic enhancement of precipitation (Roe and others, 2003), and with glacial
erosion (Hallet and others, 1996). Figure 16B illustrates the initial growth of the wedge
without erosion until output timestep 85 when the threshold is reached at the crest of
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the deforming orogen. Figure 18 illustrates the progressive and cumulative erosion for
five output timesteps. The irregular pattern of erosion is caused by the localization of
structural-induced rock uplift in the interior of the modeled orogen. The initial
erosion is located over the S-point, but shifts pro-wards with time as the orogen grows,
resulting in a skewed distribution of total erosion towards the pro-side of the system.
The particle vectors (fig. 18) demonstrate that the distribution of erosion is deter-

Fig. 17. Plot of deformation front propagation for the pro-and retro-wedges for the three experiments
illustrated in figure 16. As erosional influence increases in the three experiments, so the long-term growth of
the orogen decreases. With higher erosion, the convergence towards a time-averaged flux steady-state
(Willett and Brandon, 2002) occurs more rapidly. The oscillation of the pro-deformation front reflects the
fluctuation of the growth of the pro-wedge between episodes of frontal accretion, and periods of internal
thickening; during the former, the deformation front moves outward, during the latter it is pulled back into
the mountain belt. Note the motion of the retro-deformation front appears to respond to the locking of the
pro-deformation front in the non-erosive case. This coupling decreases when trajectory paths are more
upright during erosion, and would be decreased further if isostasy were introduced.
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Fig. 18. Plots showing the distribution of erosion versus the depths of exhumation revealed by the two
erosive models illustrated in figures 16 and 17. The lowest portion of each plot shows vectors for each particle
during the last 3 time steps, and clearly demonstrates the reduction in particle velocities from the pro-wedge
into the retro-wedge. The middle portion of the plots uses numbered bands to indicate the region over
which exhumation depth has reached the numbered layers in the underlying particle plot. The uppermost
portion illustrates the cumulative erosion over the model measured as the number of particles removed from
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mined by the flux of material that originates at the deformation front and moves
towards the upper surface of the pro-wedge. During this time the retro-wedge experi-
ences little strain, effectively acting as a relatively inactive backstop. The plot depicting
the motions of the deformation fronts during the growth of the system demonstrate
the slowing in growth of the pro-wedge at the onset of surface erosion (fig. 17). The
retro-wedge deformation front propagates over the upper plate in a series of steps
through this interval.

The final experiment accentuates the erosional component by placing the thresh-
old at 1.5 Tc. The run illustrates the localization of both erosional denudation and
deformation in the interior of the orogen (fig. 16C). As with the 2Tc model, erosion is
skewed towards the pro-wedge with particle vectors demonstrating the relative inactiv-
ity of the retro-wedge (fig. 18). The deformation fronts reach a time-averaged
steady-state where there is no long-term growth of the orogen after approximately 80
output steps (fig. 17). During this interval, the pro-wedge deformation front continues
to fluctuate about a stable mean due to fluctuating episodes of frontal accretion and
internal thickening. The retro-wedge remains static for the bulk of the time due to the
high flux of material from the accreting pro-wedge out through the upper erosional
surface.

discussion of model results
Erosion and exhumation.—The experiments with the discrete element models

illuminate the potential interactions between erosion and accretionary growth of an
orogen. They do not attempt a simulation of the Pyrenees (compare Beaumont and
others, 2000), but instead provide new insight into the natural evolution of accretion-
ary wedges and orogens that enables a simpler interpretation of the Pyrenees.

The thermochronology from the Pyrenees and the sedimentation rates in the
foreland basins indicate a shift in the focus of erosional exhumation towards the
pro-wedge with time (fig. 5). The erosion experiments (figs. 16B and C) illustrate that
the intense coupling between erosion and internal deformation in the pro-wedge is a
natural tendency of the modeled system. This can be explained by recognizing that for
a doubly-vergent wedge at taper, all material that is removed through erosion, will be
replaced by tectonic deformation in order to retrieve taper. The rate at which material
is replaced will vary spatially across the orogen in response to the progressive reduction
in the horizontal velocity of particles from the pro-wedge deformation front to the
retro-wedge deformation front. The result is a strong coupling between erosion and
deformation that is greater on the pro-side of the orogen. This natural tendency for
material flux to be greater on the pro-side of the orogen is a fundamental component
of orogenesis that defines a strong asymmetry without recourse to spatial variations in
the surface processes.

Numerous other studies have analyzed the distribution of long-term erosion
across mountain belts. In the Olympic Mountains of Washington state, long-term
erosion appears to be in a flux steady state, with maximum values skewed towards the
pro-wedge (Brandon and others, 1998; Batt and others, 2001; Pazzaglia and Brandon,
2001). In contrast, maximum erosion rates in the Southern Alps of New Zealand are
heavily biased towards the western side of the range, which is considered the retro-

that point. Note the offset towards the retro-side of the orogen in exhumation depth versus the amount of
erosion. This is due to the rapid, and shallow trajectories of particles accreted to the pro-wedge deformation
front, and eroded from the pro-wedge compared to the slow trajectories seen in the retro-wedge. This
intense coupling between erosion and high strain in the inner parts of the pro-wedge approximates the
processes of rapid accretionary flux through underplating and erosion over the antiformal stack of the Axial
Zone in the Pyrenees during the final phase of growth (figs. 14 and 15).
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wedge (Kamp and Tippett, 1993; Batt, 2001; Willett and Brandon, 2002). The pattern
of erosion over mountain belts, incorporating asymmetry in precipitation has been
investigated using finite element models (Willett, 1999). The output from these
models has emphasized that the natural tendency of the system is for maximum depths
of exhumation to occur in the region of the retro-wedge. Therefore, based on the
continuum models, the Southern Alps would be viewed as the natural distribution of
exhumation that has been enhanced by strong orographic asymmetry on the western
side. In contrast, the Olympic Mountains have been viewed as a system that has
countered the natural tectonic forcing by a marked orographic enhancement on the
western pro-wedge (Willett, 1999).

While initially, the suggested predictions for the natural erosional tendency of the
finite and discrete element models appear to contradict each other, they can be
reconciled. The deformed finite element meshes remain intact and visible in the
experiments after the material has been eroded away (for example Willett, 1999). Due
to the strong component of horizontal advection of the finite element mesh it is
difficult to determine where the erosion responsible for the exhumed material took
place. However, the output of the finite element models have not been used to
illustrate the distribution of erosion, instead revealing the depths of exhumation in
order to predict measurable thermochronometric ages across orogens (for example
Willett, 1999, his fig. 5B). In contrast, when comparing thermochronology with the
spatial development of erosion and consequent sedimentation rates in foreland basins,
there may be some discrepancies. The discrete element models reveal that a large
proportion of material eroded from the pro-wedge is exhumed to the surface on
low-angle trajectories that need not have dipped beneath the AFT closure isotherm
(fig. 18). This flux of shallow crustal material is dependent upon the depth of
detachment at the thrust front, the pro-wedge taper angle and the distribution of
erosion. In contrast, trajectory paths in the retro-wedge are steep and come from
greater depths in the wedge (fig. 18). Consequently, unreset, shallow crustal material
in the retro-wedge can only be replaced by material that has originated from greater
depth, and hence is directly linked to the depth of exhumation as recorded by
thermochronology.

The potential discrepancy between the amounts of erosion and the depths of
exhumation from a point on the pro-wedge may help us to understand the relative
distribution of sediment to the foreland basins versus the thermochronometric age
distributions in the Pyrenees. Pyrenean age ZFT dates, are centered in the Axial Zone
(Maladeta and Marimaña Massifs - approx. 50 Ma). AFT ages younger than 50 Ma are
found in the Nogueres Zone, the Axial Zone and the North Pyrenean Zone with the
youngest ages centered around the antiformal stack on the southern edge of the Axial
Zone that is on the pro-side of the orogen. The post 50 Ma sediment delivery was far
greater to the pro-foreland basin (Ebro) than the retro-foreland basin (Aquitaine).

One possible explanation is that despite greater depths of exhumation through
the center of the Axial Zone, erosion was greater towards the pro-side due to unreset
shallow crustal fluxes during frontal accretion. However, the acceleration in sedimen-
tation in the Ebro Basin occurred after the dominant period of frontal accretion in the
Pyrenees, but synchronous to the growth of the antiformal stack induced by underplat-
ing. Therefore, the offset of young AFT ages and of sediment production towards the
pro-wedge compared to the young ZFT ages can be explained by a transition from
frontal accretion to underplating, that is from horizontal to more vertical trajectory
paths. The other factor that may have been important is that the drainage divide may
have been further north (retro-side) during active growth of the orogen as predicted
by numerical models (Willett and others, 2001).
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Propagation of thrust fronts.—The plots that record the modeled history of the
deformation fronts for each experiment (fig. 18) have a different reference frame to
that shown in figure 15. The modeled output is able to demonstrate the motion of both
deformation fronts relative to a stable upper plate. Therefore, the pro-deformation
front is able to illustrate both outward propagation during episodes of frontal
accretion, and inward migration during periods of internal thickening. Because of the
difficulty in defining the timing of internal deformation within the Pyrenean orogen
we have chosen not to incorporate it by plotting the deformation fronts relative to their
respective stable plates. Therefore, they do not show inward migration during periods
of inactivity on the thrust fronts as is likely to have been the case.

The initial period of rapid frontal accretion during Paleocene and early Eocene
times followed by a subsequent slowing is a general prediction of the model. However,
the apparent cessation of frontal accretion and stable sliding of the pro-wedge during
late Eocene and Oligocene times is not a prediction of any of the models. It is
important to note that throughout the growth of the pro-wedge, thick accumulations
of sediment were ponded in piggy-back basins. These accumulations were detached
from the sediment of the Ebro foreland basin as evidenced by the intraformational
unconformities above the Sierra Marginales. Therefore, these accumulations would
have increased the surface slope of the thrust wedge, and driven it into a stable
configuration (Willett, 1992). During stable sliding of the outer parts of the pro-wedge,
the inner parts of the same wedge grew by underplating and formation of an
antiformal stack.

Inherited extensional faults may well have played a significant role in the initiation
of the Axial Zone thrust sheets (Muñoz, 1992; Vergés and others, 1995, 2002).
However, heterogeneities in the underthrust plate are not required in order to explain
the accelerated erosion and growth of the antiformal stack as has been suggested
(Fitzgerald and others, 1999; Beaumont and others, 2000). Instead, this is a record of a
dynamic coupling between continued underplating and an efficient erosional system
in the interior of the pro-wedge.

Another outcome of the discrete element models is that cessation of pro-wedge
frontal accretion promotes the likelihood of retro-wedge accretion as well as internal
thickening (fig. 17). Retro-wedge accretion occurred during mid- to late Eocene times
in the Pyrenees, with the development of the Sub-Pyrenean Belt in the north during
inactivity of the southern pro-wedge (figs. 14 and 16C).

summary and conclusions
1. The growth of the Pyrenees was highly asymmetric and evolved through four

phases that can be summarized in terms of the generic behavior of the system
as follows: A) Early inversion of passive margin extensional faults, initiating the
pro-wedge. B) Growth by a combination of frontal accretion and underplating
to the pro-wedge; symmetrical and steady record of erosion and foreland basin
sedimentation. C) Quiescence of pro-wedge growth, and accretion to retro-
wedge. D) Accelerated growth of pro-wedge antiformal stack induced by
underplating; accelerated erosion over antiformal stack and increase in sedi-
ment discharge to pro-foreland basin; stabilization of outer pro-wedge by
sediment blanketing.

2. The distribution of thermochronometric ages across the orogen reveals great-
est depths of exhumation (Pyrenean age ZFT ages) in the core of the Axial
Zone, with the youngest AFT ages offset into the pro-wedge. The ZFT ages of
approximately 50 Ma were generated during maximum rates of frontal accre-
tion to the pro-wedge, and hence maximum retro-ward advection of rock
particles within the orogen. The youngest AFT ages of 35 to 20 Ma record the
growth of the antiformal stack characterized by underplating, and hence more
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vertical trajectories to the surface. This transition from dominantly frontal
accretion to underplating is interpreted in terms of stable sliding of the outer
fold and thrust belt induced by thick sediment accumulation in ponded
piggy-back basins on top of the outer pro-wedge.

3. Discrete element model experiments aid insight into what components of the
asymmetry of Pyrenean orogenesis are the predictable outcomes of the asymme-
try of subduction, versus those that require additional forcing, whether climatic
or tectonic. The models demonstrate the tendency for a strong coupling
between erosion and structural deformation in the pro-wedge. This asymmetry
is induced by the progressive reduction in rock particle velocities from the
pro-wedge accretion front to the retro-wedge and represents the first-order
control. Additionally, the model predicts an offset in the maxima of exhuma-
tion depth towards the retro-wedge, and a maxima in erosion over the
pro-wedge. The model doesn’t differentiate frontal accretion versus underplat-
ing as a mechanism for accretionary growth of the pro-wedge. The stabilization
of the outer pro-wedge, with continued underplating and growth of the inner
pro-wedge is a response to localized sediment ponding and erosion respec-
tively, and does not require climatic asymmetry or laterally heterogeneous
strength profiles in the underthrust plate (Beaumont and others, 2000).
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nique, v. 29, p. 47–65.

DeCelles, P. G., 1984, Late Cretaceous-Paleocene synorogenic sedimentation and kinematic history of the
Sevier thrust belt, northeast Utah and southwest Wyoming: Geological Society of America, Bulletin,
v. 106, p. 32–56.

Deffontaines, B., Lee, J. C., Angelier, J., Carvalho, J., and Rudant, J. P., 1994, New geomorphic data in the
active Taiwan orogen: A multisource approach: Journal of Geophysical Research, v. 99, B10, p. 20243–
20266.

Deramond, J., Souquet, P., Wallez, M. J. F., and Specht, M., 1993, Relationships between thrust tectonics and
sequence stratigraphy by surfaces in foredeeps: models and examples from the Pyrenees, in Williams,
G. D., and Dobb, A., editors, Tectonics and Seismic Sequence Stratigraphy: Geological Society of
London, Geological Society Special Publication, v. 71, p. 193–219.

Desegaulx, P., Roure, F., and Villein, A., 1990, Structural evolution of the Pyrenees: tectonic inheritance and
flexural behavior of the continental crust: Tectonophysics, v. 182, p. 211–255.

Donelick, R. A., and Miller, D. S., 1991, Enhanced TINT fission track densities in low spontaneous track
density apatites using 252Cf-derived fission fragment tracks: A model and experimental observations:
Nuclear Tracks and Radiation Measurements, v. 18, p. 301–307.

Fischer, M. W., 1984, Thrust tectonics in the northern Pyrenees: Journal of Structural Geology, v. 6,
p. 721–726.
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Géologique Française, v. 162, p. 553–562.

Storti, F., and McClay, K., 1995, Influence of syntectonic sedimentation on thrust wedges in analogue
models: Geology, v. 23, p. 999–1002.
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Luterbacher, H. P., and Fernàndez, M., editors, Cenozoic Foreland Basins of Western Europe:
Geological Society of London, Geological Society Special Publication, v. 134, p. 69–106.

405through measurement and modeling of orogenic fluxes



Wiltschko, D. V., and Dorr, J. A., Jr., 1983, Timing of deformation in thrust belt and foreland of Idaho,
Wyoming and Utah: American Association of Petroleum Geologists, v. 67, p. 1304–1322.

Yelland, A. J., 1990 Fission track thermotectonics in the Pyrenean orogen: Nuclear Tracks and Radiation
Measurements, v. 17, p. 3–299.

–––––– ms, 1991, Thermo-tectonics of the Pyrenees and Provence from fission track studies: London,
University of London, Ph.D. thesis.

Zeyen, H., and Fernández, M., 1994, Integrated lithospheric modeling combining thermal, gravity, and local
isostasy analysis: application to the NE Spanish Geotransect: Journal of Geophysical Research, v. 99,
p. 18089–18102.

Zoetemeijer, R., Deselgaulx, P., Cloetingh, S., Roure, F., and Moretti, I., 1990, Lithospheric dynamics and
tectono-stratigraphic evolution of the Ebro Basin: Journal of Geophysical Research, v. 95, p. 2701–2711.

406 H. D. Sinclair and others406


