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We present new geochronologic data illuminating the tectonic and erosional history of the orogenic wedge
exposed in the south-central Pyrenees, Spain. We interpret illite-age analyses from four fault gouges that
record thrust-belt development and document the importance of out-of-sequence thrusting. Fault activity
occurs in pulses, with slip occurring contemporaneously on multiple faults throughout the wedge. New
apatite fission-track data from syn-orogenic sediments of the Sis Conglomerate body reveal ages of 48 to
42 Ma, with no consistent variation upsection in strata deposited from 41 to 30 Ma. We interpret these data,
as well as thermal modeling of track-length distributions, to imply rapid cooling in the interior of the
Pyrenean wedge during the Middle Eocene. The record of fault activity and erosion suggests that orogenic
wedges may not evolve in a steady fashion, but generally exhibit significant changes in rates of deformation
and exhumation. The observed correlation in the timing of tectonism and erosional exhumation provides
evidence for links between tectonic and surface processes.
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1. Introduction

As links between tectonic and climatic forces are increasingly well-
documented, erosion has been recognized as a key parameter
impacting the long-term evolution of orogenic belts (e.g., Dahlen
and Suppe, 1988). Patterns and rates of erosion affect fundamental
aspects of mountain building, including the development of surface
topography and relief, orogen size and width (Roe et al., 2006; Stolar
et al., 2006; Whipple and Meade, 2004), and the flow of crustal
material within an orogen (Willett, 1999). Of key importance is the
relationship between erosion and crustal deformation. Both numer-
ical and analogue models demonstrate that the pattern of erosion in
mountain belts exerts a major control on the structural evolution of
orogenic wedges (e.g., Beaumont et al., 1992; Konstantinovskaia and
Malavieille, 2005; Koons, 1990; Willett, 1999). In order to test and
refine our understanding of these processes, it is essential to study
records of deformation and erosion in natural settings.
Our goal is to investigate the relationship between deformation
and erosional exhumation in the central Spanish Pyrenees. Previous
work provides a relatively detailed history of faulting in the frontal
fold-thrust belt (Burbank et al., 1992b; Meigs, 1997; Meigs et al.,
1996), and the record of bedrock exhumation in the interior of the
mountain belt is documented through several thermochronology
studies (Fitzgerald et al., 1999; Gibson et al., 2007; Metcalf et al., 2009;
Sinclair et al., 2005). In this contribution, we expand and refine these
records, presenting 40Ar/39Ar data from fault gouge that provide
absolute ages of motion on Pyrenean thrusts. Several of these results
focus on structures in the interior of the orogen, where stratigraphic
approaches to bracketing episodes of slip are limited.We also describe
new detrital apatite fission-track ages that complement the record of
Pyrenean exhumation from bedrock cooling data. The data presented
here enable us to address key questions about the tectonic and
erosional evolution of wedges with time. Does within-wedge
deformation evolve in a relatively simple fashion, with active faults
progressively migrating toward the foreland, or do out-of-sequence
thrusts play an important role? Do the previously documented
changes erosion of the wedge interior correspond to variations in
tectonic activity? Our data demonstrate the significance of out-of-
sequence faulting and suggest a relationship between tectonic and
surface processes, with episodes of faulting coincident with periods of
accelerated erosional exhumation of the Pyrenean wedge.

http://dx.doi.org/10.1016/j.epsl.2011.04.036
mailto:rahlj@wlu.edu
http://dx.doi.org/10.1016/j.epsl.2011.04.036
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2. Geologic background

The Pyreneanmountain chain stretches for ~1500 km, the result of
continental collision between the European and Iberian Plates. Late
Cretaceous through Early Miocene convergence involved at least
165 km of shortening, with Iberian lithosphere thrust a minimum of
80 km beneath Europe (Beaumont et al., 2000; Choukroune et al.,
1989; Ledo et al., 2000; Muñoz, 1992; Souriau and Granet, 1995). The
orogen is an excellent example of an asymmetric, doubly-vergent
wedge. To the north, the retro-wedge comprises imbricated Mesozoic
cover and basement derived from the European Plate and separated
from more southerly Iberian rocks by the strike-slip North Pyrenean
Fault (Fischer, 1984). On the pro-side of the orogen, south-verging
imbricate thrust sheets expose Mesozoic platform carbonates and
Paleogene siliciclastics. Syn-deformational sediments preserved
throughout the fold-thrust belt have enabled an unusually detailed
reconstruction of pro-wedge evolution, with deformation from ~55–
25 Ma characterized by changes in the slip-rates and position of active
thrusts (e.g., Burbank et al., 1992b; Deramond et al., 1993; Meigs et al.,
1996; Meigs and Burbank, 1997; Williams et al., 1998).

The core of the mountain belt, the Axial Zone, exposes the most
deeply exhumed rocks, a series of pre-Cambrian through Carboniferous
basement thrust sheets initially stacked during Hercynian orogenesis
(Muñoz, 1992; Zwart, 1986). Structural and petrologic observations
suggest that these sheets were intruded syntectonically by crustal-
derived granodioritic plutons around 300 Ma (Evans et al., 1998).
Subsequent deformation warped these units into the broad, south-
vergent antiformal stack observed in the modern cross-section
(Beaumont et al., 2000; Muñoz, 1992; Seguret and Daignieres, 1986).

Structural andmetamorphic data suggest about 15 kmof exhumation
has occurred in the core of the Axial Zone (Muñoz, 1992). Erosion is
inferred to be the primary exhumation process in the interior of the belt
because of a lack offield evidence for normal faulting or tectonic thinning.
Apatite fission-track and other thermochronologic data document the
history of erosion in the Axial Zone (Fitzgerald et al., 1999; Metcalf et al.,
2009; Sinclair et al., 2005). Near-vertical age-elevation profiles obtained
from several massifs throughout the central Pyrenees document both
spatial and temporal variations in exhumation throughout the mountain
belt. For example, the age-elevation profile from the Maledeta Massif
Fig. 1. Simplified geologic map of the Pyren
shows an upper portionwith invariant ages and long fission-track-length
distributions, suggesting an episode of rapid cooling around 32 Ma
(Fitzgerald et al., 1999). Lower elevations in this transect yield younger
ages, defining a shallow slope that indicates a significant deceleration in
cooling rate. Comparisons with other vertical transects, both to the north
and south of theMaledeta region, reveal a general pattern of younging to
the south (Fitzgerald et al., 1999; Sinclair et al., 2005),with apatitefission-
trackages as young as20 Ma. Sinclair et al. (2005) interpreted this pattern
of ages to reflect a shift in the position of maximum erosion caused by
progressive southward growth of the Pyrenean wedge.

Much of the material eroded from the interior of the orogen was
transported to the foreland and deposited in the Ebro Foreland Basin
and smaller wedge-top basins in the fold-thrust belt. The Ebro Basin
sediments record a transition from initial marine sedimentation
(turbidites, carbonates) to more continental deposits, with deltaic,
fluvial, alluvial, and occasional lacustrine sediments dominant by late
Miocene (e.g., Puigdefàbregas et al., 1992). Noteworthy is a thick
package (up to 3 km) of fluvial–alluvial sediments that buried the
growing fold-thrust belt during the Eocene–Oligocene (Coney et al.,
1996), stabilizing the thrust wedge (Sinclair et al., 2005).

Central to our study are the Sis conglomerates (Vincent, 2001),
preserved in a 20 km by 7 km body that contains over 1400 m of
sediment deposited from the Middle Eocene to Oligocene. Vincent and
Elliott (1997) interpreted these fluvial–alluvial sediments to represent
deposition in anortheast–southwest trendingpaleovalley that served as
amajor conduit for erodedmaterial to be transported to the Ebro Basin.
Clast composition in the Sis conglomerates generally is dominated by
Mesozoic carbonates and Paleozoic metasediments derived from lower
thrust sheets of the Axial Zone, but also present locally throughout the
section are cobbles of Hercynian granitoid. As described below, apatite
fission-track dating of these clasts provides a means to track the history
of erosional exhumation in interior of the Pyrenees.

3. Methods

3.1. Illite age analysis of fault gouge

The timing of fault slip in fold-thrust belts is usually estimated by
establishing the age of events that preceded and followed fault motion
ees, with fault-gouge sample localities.
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(e.g., Armstrong and Oriel, 1965; Farrell et al., 1985; Puigdefàbregas
and Souquet, 1986; Williams, 1985) or by dating syn-tectonic
sediments using biostratigraphic or paleomagnetic techniques (e.g.,
Burbank et al., 1992a,b;Meigs, 1997;Meigs et al., 1996; Sussman et al.,
2004). Dependent upon the local geology, these approaches are
commonly inapplicable or may provide only loose ages. Recent work
has demonstrated that the direct dating of authigenic clay mineral-
ization in clay-rich fault gouges provides a reliable alternative to
establish the timing of slip on brittle faults (Solum et al., 2005; van der
Pluijm et al., 2001; van der Pluijm et al., 2006; Ylagan et al., 2002).
Growth of authigenic minerals, particularly the 1 M/1Md polytype of
illite (mixed-layer illite-smectite), is a key process in the development
of clay-rich gouges at temperatures less than 180 °C (Grathoff et al.,
2001; Vrolijk and van der Pluijm, 1999). Typical fault gouge also
contains the 2M1 polytype of illite, a higher temperature (N280 °C,
Srodon and Eberl, 1984) phase commonly inherited from the
surrounding wallrock. Therefore, the measured 40Ar/39Ar age of a
gouge samples will be a mixture of the ages of the detrital and
authigenic components. The detrital component represents the age of
grains mechanically introduced into the gouge from the host rock. If
the wallrock is sedimentary, the detrital age may reflect the
sedimentary provenance of the wallrock or post-depositional cooling
depending upon the thermal history. Although it is not possible to
easily isolate the 1Md polytype for direct dating of authigenic clay
growth (and therefore fault growth), standard X-ray diffraction (XRD)
techniques enable quantitative measurement of the abundance of
each polytype in a gouge sample. Because the kinetics for the growth
of large clay crystallites at low temperatures are unfavorable, the
authigenic clays are typically very fine-grained (b1 μm) and generally
smaller than the 2M1 (detrital polytype) illite. Thus, high-speed
centrifugation techniques can be used to create subsamples of gouge
of varying size fractions and containing varying proportions of
authigenic illite. If three or more grain-size fractions from a single
gouge are dated, eachwith varying proportions of authigenic illite, the
age of a sample comprising100% authigenic clay can be determined by
extrapolation (see van der Pluijm et al., 2001, for details).

Our fault dating approach requires that the 1Md polytype of illite
grows during the generation of gouge and is neither inherited from the
wallrock nor formed following the end of fault-slip. The observed
concentration of the 1Md polytype is concentrated in the finer-grained
gouge and suggests in situ growth rather than inheritance, since
mechanical breakdown would not preferentially affect one polytype
over another. Field observations, both fromthe faults describedbelowas
well as in many other settings (e.g., Haines and van der Pluijm, 2008,
2010), show that fault gouge commonly preserves a crude foliation. This
indicates the gouge formation under significant differential stress (i.e., is
syn-tectonic). Significantly, a lack of overprinting of this fabric suggests
that any post-illite-growth slip and deformation was minor. Thus,
although the authigenic illite may have formed during individual slip
events, during aseismic creep, or during fluid flow, the age of the 1Md

polytype provides an estimate for fault formation.
We analyzed fault gouge sampled from major thrust faults in the

central Pyrenean fold-thrust belt (Fig. 1). For each sample, standard
gravitational settling techniques were used to create three or four
grain-size fractions, typically 2.0 to 0.4 μm, 0.4 to 0.05 μm, and
b0.05 μm. The authigenic/detrital clay ratio for each subsample was
estimated by modeling observed XRD patterns using WILDFIRE©, a
program that calculates XRD patterns for illitic clays with a variety of
crystallographic variables (Reynolds, 1993a,b). The 1σ uncertainty on
the quantification of the clay components is estimated to be about 2%
(Haines and van der Pluijm, 2008). Further details on gouge sample
preparation and clay modeling are presented in Appendix A.

A total of 13 size fractions from four faults were dated by 40Ar/39Ar
methods at the University of Michigan. To avoid the problem of argon
recoil, the samples were packaged into fused silica vials and sealed
prior to irradiation (van der Pluijm et al., 2001). Thus, the 39Ar
expelled from the crystallites during irradiation is retained for
analysis (see Dong et al., 1995 for a treatment of the issue). The
sample vials were broken open, the initial gas was analyzed, and the
vials were then step-heated under a defocused laser until sample
fusion occurred. The total gas age obtained from the vacuum-
encapsulated sample is equivalent to a conventional K–Ar age.

3.2. Detrital thermochronology of syn-tectonic sediments

Although studies of river sediment loads (e.g., Milliman and Syvitski,
1992) and cosmogenic nuclides (e.g., Bierman and Steig, 1996) provide
estimates of erosion rates over geologically short (b104 years) time
periods, low-temperature thermochronology represents a key tool
capable of quantifying rates of erosion over themillion-year time-scales
relevant to orogenesis (see Reiners and Brandon, 2006, for a recent
review). Of particular relevance are approaches focused on the cooling
ages preserved in detrital grains in sedimentary rocks (Bernet and
Spiegel, 2004, and references therein). Many stratigraphic sections
preserve continuous deposition over 10s of millions of years, enabling
reconstruction of the long-term record of exhumation in a source
terrane (e.g., Cerveny et al., 1988; Copeland and Harrison, 1990).

The estimation of erosion rates through detrital thermochronologic
ages depends upon the lag-time, defined as the difference between the
thermochronologic age and the depositional age for a sedimentary rock
(Brandon and Vance, 1992; Cerveny et al., 1988). Thermochronologic
ages generally represent the amount of time that has passed since a
sample has cooled through a closure temperature isotherm (Dodson,
1973) at someclosuredepth (Zc). Short lag-times indicate that relatively
little timewasneeded to exhumea sample fromthe closure depth to the
surface, implying relatively fast rates of erosion (assuming tectonic
exhumation is insignificant). One challenge for relating observed lag-
times to source terrane erosion rates is that rapid erosion advects both
rock and heat toward the surface, altering the thermal profile of an
orogen, and therefore Zc (e.g., Brandon et al., 1998). However, it has
been shown that steadily eroding mountain belts will achieve a stable
thermal profile; in these situations, the system will evolve to a
predictable relationship between erosion rate and lag-time (Reiners
and Brandon, 2006). Numerical models can be used to infer changes in
erosion rate from lag-time in non-steady-state orogens (e.g., Rahl et al.,
2007).

One difficulty in detrital studies of fine-grained deposits (e.g.,
sandstones) comes from sedimentary mixing: individual grains in a
sample may be derived from separate source areas that have different
exhumation histories. Peak-fitting procedures provide a statistical
basis for identifying distinct populations of grains (e.g., Brandon,
1992), but there is still uncertainty as to whether variations in the
observed distribution of cooling ages reflect the evolution of a single
source or are instead caused by the conflation of signal from multiple
areas (Carter andMoss, 1999; Rahl et al., 2003). This ambiguity can be
avoided by focusing on cobbles in a conglomerate, in which the
detrital ages can clearly be related to a particular source area. For this
reason, our study is focused on granitic cobbles in the Sierra de Sis
body that are lithologically similar to those of the Maledeta pluton,
enabling us to reconstruct the lag-time evolution of rocks derived
from the Axial Zone.

Like in other mountain belts, profiles in the Pyrenees show a
correlation of apatite fission-track age and elevation (Fitzgerald et al.,
1999). Therefore, sediment from the modern landscape will have a
range of cooling ages that reflects the ages of rocks exposed throughout
the upstream drainage basin. A similar situation must have existed at
times in the geologic past. This raises a potential problem for a study like
ours, which seeks to track lag-time with time, because variations in the
cooling age in different cobbles over time could be caused by either a) a
change in erosion rate of the source region, or b) variation in the
elevation in the paleo-landscape from which a sample originated. To
address this issue, we developed a sampling strategy that minimizes
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analytical costs while allowing us to better account for potential
variability in the source terrane. For a subset of samples, we collected 40
well-rounded granitic cobbles from a given layer, took an equal sized
split of each cobble, and crushed and homogenized the material. We
obtained an AFT age from this aggregate sample as well as for a single
cobble from each layer. The homogenized sample should include grains
with ages that span the range that existed in the paleo-landscape of the
pluton. This distribution provides context for the interpretation of the
individual cobble samples. The apatite fission-track analysis was
conducted by Paul O'Sullivan, using laser ablation inductively couple
plasma mass spectrometry for U concentrations (see Donelick et al.,
2005 for a description of methodology).
4. Results and interpretations

4.1. Illite age analysis

The XRDmodeling of the various size fractions from gouges shows
that all samples display a clear change in polytypism from relatively
2M1-rich (detrital polytype) in the coarse size fractions to relatively
1Md-rich (authigenic polytype) in the finer size fractions, supporting
the implication that the 1Md polytype grew at relatively low
temperatures during gouge formation. A characteristic polytype
quantification and associated 40Ar/39Ar degassing spectra for the
same material are shown in Fig. 2. The Ar-release spectra typically do
not show plateaus due to the effect of Ar recoil (see Dong et al., 1995)
and because individual crystals have different ages. Therefore, the
total gas age is taken as the age for each subsample (see van der
Pluijm et al., 2001). Illite age analysis plots of the % detrital (2M1

polytype) versus the apparent 40Ar/39Ar age of each size fraction are
shown in Fig. 3. Here, we discuss new results from four Pyrenean
thrusts, moving from the foreland toward the interior of the orogen
(Fig. 4).
Fig. 2. Left: Representative XRD patterns (black) and modeled patterns (gray) for gouge fro
4.1.1. Boixols thrust
The Boixols thrust sensu stricto is exposed for ~32 km along strike

where Jurassic to Cretaceous shelf carbonates are thrust over Late
Cretaceous foredeep carbonates and shales (Ardèvol et al., 2000;
Deramond et al., 1993; Simo, 1986). The fault is considered the result
of inversion of an early Cretaceous extensional basin (Bond andMcClay,
1995). Existing stratigraphic data (Ardèvol et al., 2000; Guillaume et al.,
2008) indicate that the Boixols thrust was active during the Campanian
(83–70 Ma) and became inactive at in the early Maastrichtian (70–
65.5 Ma) (Deramond et al., 1993). The 71.2±6.4 Ma age (Fig. 3) of
authigenic illite in Boixols gouge, collected east of the town of Boixols,
indicates the timing of the latest Cretaceous contractional event at this
location. The fault splays to the west, and intraformational unconfor-
mities and growth strata (Mellere, 1993; Sinclair et al., 2005) and
stratigraphic data (Ardèvol et al., 2000) suggest deformation there may
continue into the Eocene or Oligocene.

4.1.2. Nogueres zone thrust
A southward-facing overturned thrust in the Nogueres zone is

found in a kilometer-scale region of south-dipping overturned thrusts
that juxtapose Paleozoic andMesozoic units at the southernmargin of
the Axial Zone. The thrust has a relatively minor displacement of
~160 m (Saura, 2004), although it kinematically linked to the major
Gotarta thrust (Saura and Teixell, 2006). Existing data on the timing of
thrust movement are few, with motion known to predate deposition
of an upper Eocene conglomerate that unconformably overlies the
Nogueres thrust slice. Authigenic illite in the gouge is 56.4±1.3 Ma,
recording latest Paleocene to earliest Eocene activity on the Gotarta
thrust.

4.1.3. Gavarnie thrust
The Gavarnie thrust marks the southern edge of the Axial zone and

juxtaposes Devonian and Silurian phyllites and slates (unconformably
overlain by upper Cretaceous limestones) over Triassic to late
m the Boixols thrust. Right: the corresponding 40Ar/39Ar spectra for the same samples.

image of Fig.�2


Fig. 3. Illite age analysis plots, showing percentage detrital components and ages of three fractions of four fault gouge samples. Function e(λt−1) is related to detrital illite, where λ is
decay constant and t is time.

184 J.M. Rahl et al. / Earth and Planetary Science Letters 307 (2011) 180–190
Cretaceous redbeds and limestones (van Lith, 1965). The outcrop
sampled is 200 m north of the hangingwall cutoff for the Gavarnie
nappe where Cretaceous limestones unconformably overlie Devonian
phyllites. To the southeast along strike, the fault is observed to cut
Cuesian (52–48 Ma) turbidites but not latest Eocene and Oligocene
sediments (Labaume et al., 1983), thus bracketing fault activity from
earliest to latest Eocene. The age of authigenic illite in the sheared
phyllite of 36.5±1.4 Ma reveals the youngest record of fault
movement on the Gavarnie thrust is the latest Eocene. The very
small amount of material obtained for the b0.05 μm size fraction
resulted in an atypically lower-quality XRD pattern for polytype
modeling, so a 1σ estimate of 5% was used for this size fraction in the
error analysis.

The Gavarnie thrust has a complex history of fluid flow (Banks et al.,
1991; Grant et al., 1990; McCaig et al., 1995; McCaig et al., 2000), with
migration of at least twopulses of 250–300 °C salinebrines derived from
underlying Triassic redbeds and Silurian phyllites observed in Gavarnie
mylonites. These infiltration events represent a potential cause of
authigenic illite growth other than fault activity. However, we interpret
our authigenic illite age to record slip on the Gavarnie fault for two
reasons: 1) overprinting relations in the field indicate that brittle
deformation postdates earlier mylonitization, so gouge formation
occurred after fluid-flow; 2) the estimated fluid temperatures are high
enough that it would grow illite primarily as the 2M1 polytype rather
Fig. 4. A cross-section through the central Pyrenees (after Sinclair, 2008), with ages o
than the low-temperature 1Md polytype that grows at temperatures
b200 °C (Srodon and Eberl, 1984). Therefore, we interpret the 1Md illite
as cogenetic with the lower-temperature deformation also recorded by
cohesive fault breccias, dating the last major event on this fault.

The age of the detrital component (69.3+/−0.7 Ma) of the
Gavarnie thrust is interpreted as the time of early, high-temperature
deformation andmylonitization along the Gavarnie thrust. In outcrop,
structurally early carbonate mylonites are overprinted by more brittle
breccias and clay gouges, indicating a transition from crystal-plastic to
elasto-frictional processes during progressive deformation. The
hangingwall cutoff of the late Cretaceous unconformity is spectacu-
larly exposed at the Plan de Llari outcrop 200 m down-dip, and thus
indicates the burial depth of the phyllites in the immediate hanging-
wall to be b0.2 km during the Cenomanian (100–94 Ma). The
thickness of the Cretaceous and Paleogene sections overlying the
late Cretaceous unconformity at Plan de Llari is ~2.5 km, and so at
69 Ma when the 2M1 component of the gouges began trapping
significant daughter product, the immediate hangingwall of the thrust
had been buried no more than 3 km. For measured diffusion
parameters of Ar in muscovite (Do=4 cm2/s; E=64 kcal/mol)
(Harrison et al., 2009) and grain sizes appropriate for illite (effective
diffusion radius=0.1 to 1.0 μm), cooling rates of 1 to 10 °C/Ma predict
effective closure temperatures in the range of 250 to 310 °C
(calculation made using the software Closure by Brandon, described
f fault activity from this (bold) and previous (italics) studies. See text for details.

image of Fig.�3
image of Fig.�4
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in Ehlers et al., 2005). Thus, even for very high geothermal gradients,
the observation of carbonate mylonites in the fault zone and young
40Ar/39Ar ages in detrital micas in the gouge forming at depths b3 km
requires that the temperatures of 200–300 °C indicated by both the
carbonate mylonite fault rocks and the 40Ar/39Ar ages of the detrital
micas (the 2M1 component) record the passage of the 250–300 °C
basinal fluids documented by McCaig et al. (1995, 2000). As the
evidence for hydrothermal alteration is confined to the fault zone, we
conclude that the ages of both the detrital and authigenic components
at Gavarnie date faulting events, an early mylonization event aided by
high-temperature fluids migrating up the detachment at 70 Ma, and a
late event indicated by the growth of the low-temperature polytype of
illite in gouge at 35 Ma. Our result supports the inference of Metcalf
et al. (2009), who used K-spar multi-diffusion domain modeling from
footwall samples to argue that slip on the Gavarnie fault began at
about 70 Ma.

4.1.4. Llavorsi-Senet zone thrust
The thrust in the Llavorsi-Senet thrust zone is the most inboard

sampled thrust and juxtaposes Cambro-Ordovician metapelites of the
Orri and Erta thrust sheets. The age of the thrust has beenuncertain, as it
juxtaposes Paleozoic rocks over its entire length. Section-balancing
implies it is younger than the Nogueres thrusts, which have been tilted
southward post-slip (Muñoz, 1992). The age of the authigenic illite in
the gouge is 24.0±1.3 Ma, refining an inferred early Oligocene age
basedon the syn-tectonic Senterada conglomerates that unconformably
overlie strongly tilted Nogueres Zone structures and contain clasts
derived from the hangingwall Orri thrust sheet (Saura and Teixell,
2000).

4.1.5. The thermal history of the host rock
In addition to providing the age of the authigenic clays formed

during faulting, the illite age analysis technique also estimates the age of
the 2M1 illite in gouge. Van der Pluijm et al. (2001) proposed that this
age represents the mean age of cooling of the source area through the
illite closure temperature, and therefore reflected sedimentary prove-
nance of the wallrock. In the Pyrenees, the 2M1 ages for the studied
faults young toward the coreof themountainbelt, from357±2.8 Ma for
the Boixols to 69.3 Ma 0.7±for Gavarnie. The Boixols age clearly
predates Pyrenean orogenesis and we interpret it to reflect provenance
as suggested by van der Pluijm et al. (2001). However, themore inboard
samples show Cretaceous ages that post-date the Paleozoic and
Mesozoic depositional ages of juxtaposed units.We note thatmaximum
metamorphic temperatures typically increase toward the interior of
orogenic wedges (e.g., Barr et al., 1991). Therefore, we propose that the
host-rock ages of the more inboard samples reflect at least partial
resetting of the 2M1 illite during Pyreneanmetamorphism.Metcalf et al.
(2009) use K-spar 40Ar–39Ar multi-diffusion domain modeling to
Fig. 5. A) Depositional age versus apatite fission-track age for individual cobbles (white circle
cobbles in the Sis, La Pobla, and Senterada basins, as reported by (Beamud et al., 2010).
upsection, indicating a decrease in erosion rate with time.
demonstrate peak temperatures in the Axial Zone reaching 270 to
280 °C,which is similar to the effective closure temperature for veryfine
illite (see above). More generally, we propose that in settings where
bedrock has been heated about N280 °C, the 2M1 illite will reflect
exhumation-related cooling (e.g., Haines and van der Pluijm, 2008).

4.2. Detrital thermochronology

We present thermochrologic results from eight cobble samples
derived from throughout the Paleogene Sierra de Sis conglomerate body.
Depositional ages are estimated from rare biostratigraphic data,
correlation with better understood strata from the adjacent Graus-
TrempBasin (Vincent, 2001), and limitedmagnetostratigraphy (Beamud
et al., 2003; Beamud et al., 2010). Samples were collected from several
units in the conglomerate body, including the Cornudella, Sis, and
Collegats Formations. The stratigraphic ages shown in Fig. 5 are based on
the stratigraphic column fromVincent (2001)with revisions to the lower
part of the section based on more recent magnetostratigraphy (Beamud
et al., 2010). The sampled horizons span from about 41 to 30 Ma.

The central ages for the apatite fission-track analyses range from
43.0 to 57.2 Ma (Table 1; Fig. 5). Four of the eight samples fail a χ2 test
(Galbraith, 1981), suggesting that the apatites for these cobbles do not
belong to a single age population; a similar result was reported by
Beamud et al. (2010). For these four samples, the additional variation
in the single grain ages likely reflects variable annealing caused by
chemical differences between the apatites (O'Sullivan and Parrish,
1995; Tagami and O'Sullivan, 2005). Binomial peak-fitting (Galbraith
and Green, 1990) was applied to all samples to identify multiple age
components, using the software RadialPlotter (Vermeesch, 2009). The
results of the peak-fitting are shown in Fig. 6.

As noted above (Section 3.2), we have analyzed both single
cobbles and an aggregate sample from three horizons (Fig. 7). The
spread of grain ages is greater for the aggregate sample, consistent
with it being a mixture of grains from sources with variable histories.
The AFT ages from the individual cobbles generally are similar to those
of the corresponding aggregate sample, indicating that the cobble
samples are representative of the landscape exposed at the time of
exhumation. In the case of sample C49, the central age is ~9 Ma older
than both the aggregate sample and a second cobble collected from
the same horizon (Fig. 5). When compared to the aggregate sample,
C49 lacks a population of young grains (Fig. 7), suggesting this sample
cooled early and was derived from high in the paleo-landscape. This
interpretation is supported by the modeled time–temperature history
(discussed below) for this sample, which shows an early and
relatively slow cooling (Fig. 6).

The observed detrital cooling ages cluster around 45 Ma and do
not show a clear trend over time (Fig. 5A). Also plotted are recent AFT
results on granitic cobbles from the Sis and the nearby deposits in La
s) and aggregate samples (dark gray diamonds). The gray circles are taken from grantitic
B) Depositional age versus apatite fission-track lag-time. Lag-times decrease moving
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Table 1
Apatite fission-track data.

Sample Latitude Longitude Elevation Depositional
age

Stratigraphic
unit

Number of
grains

Dpar Apatite fission-track
central age±1σ

Number of
confined tracks

Mean track
length

χ2

probability
(°N) (°E) (m) (Ma) (μm) (Ma) (μm) (%)

060709-2 42.36 0.68 1543 30.0±3.0 Collegats
Formation

23 2.11 47.6±2.9 129 14.21±1.34 11.66

060711-3 42.327 0.623 1627 35.0±1.0 Sis 3 member 25 1.64 54.7±6.8 107 13.75±1.29 0.02
Sis 2a 42.323 0.620 1504 38.0±0.5 Sis 2 member 40 1.68 49.7±5.7 151 13.28±1.67 66.29
Sis 2 aggregate 42.323 0.620 1504 38.0±0.5 Sis 2 member 119 1.75 44.6±1.7 – – –

060711-7 42.322 0.620 1504 38.0±0.5 Sis 2 member 24 1.59 43.0±3.5 120 13.90±1.18 0.01
060713-5 42.316 0.618 1397 39.0±1.5 Sis 1 member 25 1.59 48.8±3.0 120 14.23±1.38 16.22
Sis 1.1 42.312 0.617 1278 39.5±1.5 Sis 1 member 39 1.77 46.5±2.4 205 13.56±1.46 0.00
Sis 1.1 aggregate 42.312 0.617 1278 39.5±1.5 Sis 1 member 116 1.74 47.0±1.9 – – –

060710-3 42.290 0.614 1193 41.0±1.0 Cornudella
Formation

24 1.63 46.7±1.9 109 13.37±1.24 5.92

C 49 42.290 0.614 1197 41.0±1.0 Cornudella
Formation

40 2.08 57.2±3.5 203 14.20±1.59 0.16

C49 aggregate 42.290 0.614 1197 41.0±1.0 Cornudella
Formation

118 1.85 48.3±2.1 – – –
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Pobla and Senterada (Beamud et al., 2010), which show a similar
pattern. The generally uniform ages result in an increasing lag-time
upsection (Fig. 5B), from about 5 Ma to N15 Ma in over 10 million -
years of deposition, implying a decrease in erosion rate in the Middle
to Late Eocene (e.g., Rahl et al., 2007). Beamud et al. (2010) do observe
several old (~62 Ma) apatite fission-track ages that give large lag-
times in Middle Eocene sediments, but given the similarity in the ages
to our sample C49, we interpret these samples to have derived from
high in the paleo-landscape and insensitive to the rapid Middle
Eocene exhumation. Oligocene sediments have young ages with short
lag-times, indicating a rapid transition back to rapid erosion in the
Early Oligocene (Beamud et al., 2010).

To further explore the thermal history of the source region, we
have modeled apatite track-length distributions using the HeFTy
software package (Ketcham, 2005). Our average track-length mea-
surement for the Durango apatite standard 1.55 μm is less than the
1.91 μm value from Carlson et al. (1999) for the same etching
conditions (5.5 M HNO3 for 20 s) that is incorporated into Ketcham et
al. (2007) built into HeFTy. Therefore, we scaled our track-length
measurements for model input.

Several time–temperature constraints were incorporated into the
HeFTy models. First, each time–temperature path begins at a
temperature in excess of 160 °C prior to 80 Ma, reflecting the pre-
annealing history of each grain. The time of deposition provides a
second constraint, with an assumed surface temperature of 15±5 °C.
Third, given post-depositional burial, the model explores the time–
temperature space between 10 and 120 °C prior to 20 Ma. Within
these constraints, HeFTy generates random time–temperature paths
and compares the predicted and observed track-length observations.
The quality of fit for eachmodel is assessed using either the Kuiper's or
Kolmogorov–Smirnov statistic (Ketcham, 2005). Models were ran-
domly generated until 100 time–temperatures paths yielding “good”
fits with the data were identified.

The track-length modeling results (Fig. 6) indicate that most
samples preserve a period of rapid cooling generally around 45 Ma.
Several samples, particularly lower the stratigraphic section, may
have experienced reheating during burial to temperatures that
approached 80 °C. These samples could be partially reset and
experienced some age reduction (see Beamud et al., 2010). However,
the track-length measurements are generally long (N13.5 μm),
suggesting that post-deposition age reduction is minimal.
Fig. 6. Left: Radial plots of single grain apatite fission-track ages. The component age and pr
Right: Time–temperature models based on inversion of track-length distributions using the
of good (light gray) and excellent (dark gray) paths are shown. The “good” solution envelo
cooling between 50 and 40 Ma.
5. Discussion and conclusions

The record of brittle deformation in the central Pyrenees fold-thrust
belt is summarized in Figs. 4 and 8. Previous structural and
paleomagnetic work has demonstrated that fault activity in the area
occurred during distinct deformational pulses (e.g., Meigs, 1997; Meigs
and Burbank, 1997). The fault-gouge ages reported here complement
and significantly refine this record, and show that out-of-sequence
thrusting was an important process in the development of the wedge.
Our new data indicate motion on the Boixols thrust at ~72 Ma, and the
formation of the early hydrothermally-aided carbonate mylonites on
the Gavarnie thrust at ~69 Ma, confirming the onset of Pyrenean
convergence and associated thrust deformation by the late Cretaceous.
This early pulse of deformation is followed by a period of apparent
tectonic quiescence, characterized by low convergence rates and
deformation accommodated primarily on inverted Cretaceous exten-
sional faults (Vergés et al., 2002). By the late Paleocene–early Eocene,
however, active thrust deformation resumes and is observed through-
out the Pyrenean wedge. Thrusting occurred on the Sierres Marginales
andMontsec thrusts in the frontal part of thewedge (Meigs, 1997),with
coeval deformation observed inboard in the Nogueres zone (~56 Ma
fault gouge) andon theGavarnie thrust (Labaumeet al., 1985), aswell as
in the North Pyrenean fold-thrust belt (Fischer, 1984).

Duringmost of the Eocene (51 and36 Ma), there is little evidence for
within-wedge deformation, and Meigs and Burbank (1997) infer this
was a period characterized by stable sliding of the wedge on its base.
Thrust activity resumes between 36 and 28 Ma, with shortening at the
leading edge of the thrust belt (Meigs and Burbank, 1997) as well as
along the Gavarnie fault (with a gouge age of ~32 Ma). A final period of
early Oligocene faulting in the central portion of the Axial Zone is
recorded by the ~24 Ma gouge age on the Llavorsi-Senet thrust.

Similar to the history of within-wedge brittle deformation, the
record of erosion in the Axial Zone is also characterized by discrete
episodes. The thermal models of apatite fission-track data from cobbles
in syn-tectonic conglomerates record rapid exhumation from ~50 to
42Ma. Theonset of rapid erosion (N0.25 mm/a) at ~50 Mahas alsobeen
recognized from bedrock thermochronology with higher closure
temperature systems, including zircon fission-track (Sinclair et al.,
2005) and K-feldspar 40Ar–39Ar (Metcalf et al., 2009). This pulse of
exhumationwas followedbyaperiod of slower erosion, indicatedby the
increasing apatite fission-track lag-time observed in sediments
oportion of grains in each subpopulation are indicated for samples that fail the χ2 test.
HeFTy software package. Model constraints are indicated by the black boxes. Envelopes
pe is defined by 100 randomly generated paths. The models are consistent with rapid
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Fig. 7. Cumulative frequency diagram showing age distributions for individual cobble
and aggregate cobble distributions from three horizons (see text for details).

Fig. 8. Summary diagram showing the record of fault-slip and Axial Zone exhumation in
the central Pyrenees. Gray boxes correspond to periods of fault motion inferred in
previous studies (Burbank et al., 1992b; Meigs et al., 1996; Meigs and Burbank, 1997).
Black boxes represent illite-age analysis of fault gouge (this study). The white boxes
represent periods of rapid exhumation (N0.25 mm/a) inferred from this and previous
studies (Beamud et al., 2010; Fitzgerald et al., 1999; Metcalf et al., 2009; Sinclair et al.,
2005).

188 J.M. Rahl et al. / Earth and Planetary Science Letters 307 (2011) 180–190
deposited between 41 and 30Ma. Around 32Ma, age-elevation profiles
and thermal modeling showed that rapid exhumation resumed in the
Axial Zone (Fitzgerald et al., 1999; Metcalf et al., 2009; Sinclair et al.,
2005). This coincideswith activation of theGavarnie Fault in thewedge-
interior, marking a period of underplating-induced growth of the
Pyrenean antiformal stack, with the most rapidly eroding region
consequently migrating south of the Axial Zone (Sinclair et al., 2005).

The detailed records of thrust faulting and exhumation in the
Maledeta pluton in the Axial Zone reveal a temporal correlation
between thrust faulting and erosion (Fig. 8). Deformation in the
Pyrenean wedge occurred during discrete episodes, from ~56 to
48 Ma and later around ~36 to 30 Ma. Prior to each of these
deformational pulses, exhumation in theAxial Zonewas slow.However,
following the initiation of the thrust episodes, erosion accelerated, with
rapidMiddleEocenecoolingpreserved in the syn-tectonic cobbles of the
Sis Conglomerate body and Early Oligocene exhumation documented in
the Axial Zone bedrock.

The new data presented here document a complex pattern of
deformation within the Pyrenean wedge. Unlike simple physical and
numerical models that predict forward-stepping development of
thrust activity (e.g., Davis et al., 1983), our observations indicate that
deformation occurred throughout the wedge during its evolution.
During certain intervals, such as the early Eocene or early Oligocene,
active deformation occurred simultaneously on structures in both the
front and interior of the wedge. A similar result has been found in the
Canadian Rockies (van der Pluijm et al., 2006), where faults from
throughout the fold-thrust belt were found to be active in one of two
main deformational pulses. These conclusions support the idea that
tectonism within orogenic belts is generally not steady, but instead
may exhibit significant changes in the rates of deformation and
exhumation over time.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2011.04.036.
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