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The post-Paleozoic tectonothermal evolution of the SW Iberian Variscides is poorly known mainly due to the
scarce low-temperature geochronological data available. We have obtained new apatite fission-tracks and
apatite (U–Th)/He ages to constrain the Mesozoic and Cenozoic tectonic evolution of this portion of the Iberian
Massif located just north of the Betic-Rif Alpine orogen.
We have obtained nine apatite fission-track ages on samples from Variscan and pre-Variscan granitoids. These
ages range from 174.4 (±10.8) to 54.1 (±4.9) Ma, with mean track lengths between 10.3 and 13.9 μm. We
have also performed 5 (U–Th)/He datings on some of the same samples, obtaining ages between 74.6 (±1.6)
and 18.5 (±1.4) Ma. Time–temperature path modeling of these low-temperature geochronological data leads
us to envisage four post-Paleozoic tectonically controlled exhumation episodes in the SW Iberian Variscides.
Three of these episodes occurred in Mesozoic times (Middle Triassic to Early Jurassic, Early Cretaceous, and
Late Cretaceous) at rates of ≈1.1 to 2.5 °C Ma−1, separated by periods with almost no cooling. We relate these
Mesozoic cooling events to the formation of important marginal reliefs during the rifting and opening of the
central and northern Atlantic realm. The fourth exhumation episode occurred in Cenozoic times at rates of
≈3.2 to 3.6 °CMa−1, being only recorded in samples next to faults with topographic escarpments. These samples
cooled below 80 °C at ≈20 Ma at rates of 3–13 °C Ma−1 due to roughly N–S oriented compressional stresses
affecting the whole Iberian plate, which, in the particular case of SW Iberia, reactivated some of the previous
Late Paleozoic thrusts.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Orogen exhumation occurs as a combination/competition of
tectonically- and gravity-driven processes. Thus, tectonics is commonly
responsible for rock—and surface—uplift, while erosion removes part of
the emerging relief (e.g. Burbank andAnderson, 2011; Keller and Pinter,
2002; Whittaker, 2012). The final result depends on the balance
between long-term erosional and tectonic rates. In active and recent
orogens, steep topography and exhumed deep-seated rocks usually
witness fast denudation processes concomitant with high uplift rates.
On the contrary, present-day exhumed old orogens (Paleozoic and
older) generally represent a longer and protracted history with several
reactivation episodes of alternating burial and denudation.

Geochronology has become an essential tool to decipher orogenic
evolution in general and exhumation histories in particular. Different
chronometers provide information on different moments of the PT
path undergone by a rock. Those systems with high closure tempera-
tures (e.g. U–Pb on zircon) yield information on the deeper portions of
the exhumation PT path, which is often exclusively controlled by
tectonic and magmatic processes. The shallower part of the PT path
can be investigated through low temperature geochronology, being
usually controlled by both tectonic (faulting and folding) and erosional
processes. Low temperature geochronology has been extensively
applied to recent and active orogens (e.g. Kali et al., 2010; Kirstein
et al., 2010; Vázquez et al., 2011), where Neogene–Quaternary basins
also provide a time frame for the final exhumation of metamorphic
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terranes. Older orogens have received less attention regarding its recent
thermal and exhumation history (e.g. Kohn et al., 2002; Miller et al.,
2013), assuming that generally those regions were exhumed during
the vanishing stages of the corresponding orogeny.

The post-Paleozoic vertical movements of the SW Iberian Variscides
are poorly known mainly due to the scarce low-temperature geochro-
nological data available and the nearly absence of post-Paleozoic
sediments. However, those data point to a complicated evolution of
the region, with exhumation occurred at Triassic–Early Jurassic times
in a rifting episode related to Pangea break-up (Stapel, 1999; Barbero
and López-Garrido, 2006; Juez-Larré and Ter Voorde, 2009, and
references therein). These ages contrast with the fact that local relief in
the Sierra Morena can reach 500m and streams show V-shaped deep in-
cised valleys, which point to recent tectonic—and exhumation—activity.
This recent uplift of the Sierra Morena was interpreted as due to litho-
spheric folding (e.g. Cloetingh et al., 2002; Fernández-Lozano et al.,
2012; Tejero et al., 2010).

Ourwork in the SW Iberian Variscides provides new low-temperature
geochronological data, namely apatite fission-track and apatite (U–Th)/
He cooling ages on samples from Variscan and pre-Variscan granitoids,
which serve to feature time–temperature paths, as well as to constrain
the post-Paleozoic thermal and exhumation evolution of this region.

2. Geological setting

The Iberian Massif (Fig. 1a) constitutes the most complete transect
of the Late Paleozoic Variscan Orogen (e.g. Simancas et al., 2013),
whose outcrop extends to the South in NW Africa and to the North in
France and Central Europe. The Variscides have a counterpart in North
America, namely the Alleghanides, which crop out in the Appalachian
and Ouachita Mountains. The Variscan–Alleghanian orogenic system
resulted from the complex collision in Late Paleozoic times of two con-
tinental plates, Gondwana and Laurussia, after the consumption of the
Rheic Ocean (e.g. Kroner and Romer, 2013; Matte, 2001). As a whole,
a b

Fig 1. (a) Location of the study area (rectangle) within the Iberian Massif. (b) Geological sketc
temperature geochronological work (yellow circles) and their AFT and AHe ages. The location an
AF: Aroche Fault, MPD: Messejana-Plasencia Dyke, STF: San Telmo Fault, VMF: Vidigueira–Mou
the Iberian Variscides feature an S-shaped orocline (Martínez-Catalán,
2011, 2012; Shaw et al., 2012), whose final development seems to
have occurred in Early Permian times (Weil et al., 2000) and marks
the end of the Variscan orogeny.

The Iberian Massif has been classically divided into a number of
zones (Fig. 1a) according to stratigraphic, tectonic, metamorphic and
magmatic criteria (e.g. Julivert et al., 1972; Lotze, 1945). A detailed
description of these zones is beyond the scope of this paper. Thus, we
will present a brief summary of this zoning and its interpretation. In
the Northern Iberian Massif, the Cantabrian zone constitutes the most
external zone, being characterized by thin-skinned tectonics developed
on the passive margin Paleozoic sediments of Gondwana (e.g. Pérez-
Estaún et al., 1988). Westward from the Cantabrian Zone, the West
Asturian Leonese Zone and the Central Iberian Zone represent progres-
sively more internal domains affected by ductile deformation and low-
to medium-grade metamorphism. Finally, the Galicia Tras-Os-Montes
Zone appears as an allochthonous—and exotic to Gondwana—domain
with continental and oceanic units (e.g. Martínez-Catalán et al., 1996).

In the southwestern Iberian Massif (Fig. 1b), the South Portuguese
Zone is themost external one, having been affected by thin-skinned tec-
tonics developed on Devonian to Lower Carboniferous sedimentary
rocks, generally attributed to Avalonia (a palaeogeographic domain
linked to Laurussia). Northwards, the Ossa-Morena Zone and the
Central Iberian Zone represent the hinterland, with penetrative ductile
deformations and variable metamorphism. The boundary between the
South Portuguese and the Ossa-Morena Zone is generally interpreted
as the Rheic suture, while the Ossa-Morena/Central Iberian contact
seems to correspond to a lesser-scale suture, attesting the closure of a
narrow ocean (Gómez-Pugnaire et al., 2003; Simancas et al., 2013).

Apart from the pre-Variscan magmatic bodies, the Paleozoic
sequences of the southwestern Iberian Massif contain intrusive com-
plexes mainly with tonalitic to granitic compositions and intrusion
ages ranging from ≈350 to 300 Ma (e.g. El Hadi et al., 2006; Simancas
et al., 2013).
h of the SW Iberian Variscides showing the location of the granitoids sampled in our low-
dAFT ages of the samples from Stapel (1999) are alsomarked in black squares. Acronyms:
ra Fault, VCF: Villanueva de los Castillejos Fault.

Image of Fig 1
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The Lower Permian continental deposits from the Viar Basin (Fig. 1b)
contain abundant Autunian flora (Broutin, 1981) and cover unconform-
ably the rocks at the boundary between the South Portuguese and the
Ossa-Morena Zone (Simancas, 1983). Finally, Late Cretaceous (88.3 ±
0.5 Ma and 68.8 ± 1.0 Ma; Grange et al., 2010) alkaline igneous rocks
outcrop in central and southern Portugal (Sintra, Sines, Monchique).

3. Tectonic geomorphology of the SW Iberian Variscides

Most of the Iberian massif is dominated by a ≈600 m high plateau
(Iberian Meseta) surrounded by Alpine mountain ranges to the North
(Cantabrian Mountains), the East (Iberian ranges) and South (Sierra
Morena and Betic ranges). The Iberian Meseta is interrupted by the
Alpine Central System,which reaches altitudes of 2000m. This topogra-
phy is indicative of a certain grade of tectonic activity in Alpine times,
concentrated in the margins and the center of the Iberian Meseta.
According to geomorphic criteria, the Iberian Meseta features plains at
different elevations, which, as a whole, are interpreted as the remains
of a large polygenic erosional surface that truncates the Variscan base-
ment (Birot and Solé Sabarís, 1954; Tejero et al., 2010) and formed at
Late Cretaceous–Early Paleogene times (Feio, 1951; Ferreira, 1980;
Martín-Serrano, 1988; Cabral, 1995).

Despite the aforementioned erosional surface, the prominent relief
of the SW Iberian Massif denotes some degree of Alpine tectonic
activity. Thus, the topography of this region consists in an ENE–WSW
trending mountainous region, namely the Sierra Morena, with average
elevations progressively decreasing westward from ≈1300 to ≈200
m.a.s.l. (Fig. 2a). To the South, the Sierra Morena is bounded by a
sharp ENE–WSW oriented topographic escarpment, which separates
the mountainous area from the flat Guadalquivir valley (Figs. 1b and
2). This flat region constitutes the foreland basin of the Betic Cordillera
located to the South. To the North, the relief of the Sierra Morena
decreases, progressively joining the Iberian Meseta.

The drainage network in the southern slopes of Sierra Morena is
dominated by NW–SE oriented streams, which are tributaries of the
Guadalquivir River (Fig. 2a). In the western Sierra Morena, three main
rivers, namely Tinto, Odiel, and Guadiana, cut through the relief
with N–S trend, directly flowing to the Atlantic Ocean (Fig. 2a). Some
Cenozoic faults have been described, as the Vidigueira–Moura (VMF in
Figs. 1 and 2), the Guadalupe–Montánchez, and the northern Badajoz
basin faults; these faults are north-dipping surfaces with reverse left-
lateral regimes, giving way to vertical throws of hundreds of meters to
1 km (Álvarez et al., 2004; Brum da Silveira et al., 2009). The footwall
blocks of these faults appear covered by Cenozoic continental sedimen-
tary rocks deposited during faulting.

Apart from the abovementioned Alpine faults, other faults with
inferred Alpine activity can be recognized in the Variscan outcrops
drawing on their topographic expressions. The western Sierra Morena
slope map shows, from south to north, a first escarpment located at
Villanueva de los Castillejos, where a plain area to the south is cut by a
WNW–ESE trendingmountain front (Figs. 2 and 3a and b). This escarp-
ment is approximately 150 m-high and coincides with the trace of the
north dipping Villanueva de los Castillejos thrust fault, which super-
poses Early Carboniferous rocks with different ages, but with roughly
the same strengths. To the north, a second escarpment, namely San
Telmo Fault, with E–W orientation and ≈500 m-high is located south
of Aracena (Figs. 2 and 3c). A third topographic step with 250 m of
local relief and E–W orientation is located north of Aroche (Fig. 2), in
close coincidence with the so-called Beja-Valdelarco (Apalategui et al.,
1983) or Aroche Fault (Simancas et al., 2003).

Other expressions of Alpine or recent tectonics in the area come
from the presence of some waterfalls along the Guadiana river and its
tributaries, in places with homogenous lithologies in terms of strength
and erodibility. Thus, the main rivers of the Guadiana fluvial system
show topographic steps that concentrate mainly in the low and middle
courses of the trunk river. In its low course, the Guadiana River is
entrenched in a narrow gorge (Guadiana canyon) with steep slopes at
both sides (Figs. 2 and 3d). The entrenchment is around 50–60 m
when cutting through the Pulo do Lobo unit, where a 20 m-high fall is
observed (Fig. 3e). This fall is located on a monotonous sequence of
phyllites and quartzites, the so-called Pulo do Lobo Formation, without
strong lithological contrasts. Downstream from the fall, the Guadiana
River presents a transversal profile with strath terraces at 20 m over
the water channel (Fig. 3f).

4. Apatite (U–Th)/He and fission-track determinations

4.1. Samples and methods

In order to determinate the Mesozoic–Cenozoic thermal history of
SW Iberian Massif, we have combined AFT and AHe analyses. To do so,
we collected 35 samples, though only nine of them contained sufficient
high-quality apatite grains as to perform the thermochronological
analysis. Thus, we have determined nine AFT ages and five AHe ages
(Tables 1 and 2).

In the southern Sierra Morena, five AFT ages (I-4, I-7, PO-9, PO-10,
and PO-25) and three AHe ages (I-7, PO-10, and PO-9) were obtained
(Figs. 1b and 2a). These samples were collected from various igneous
and metaigneous bodies:

a) Sierra Norte de Sevilla monzogranite (I-4). Zircons from this sample
yield a SHRIMP U–Pb age of 344 ± 3 Ma (Pérez-Cáceres, pers.
comm.).

b) Santa Olalla del Cala granodiorite (I-7), with an age of 347 ± 3.4 Ma
determined by SHRIMP-zircon U–Pb dating (Ordóñez-Casado et al.,
2008).

c) Beja-Acebuches amphibolites (samples PO-9 and PO-10). Zircons
from one of these samples (PO-10) yielded a SHRIMPU–Pb protolith
age of 332 ± 3 Ma (Azor et al., 2008).

d) Viana do Alentejo orthogneiss (PO-25), with a protolith age of
≈600 Ma according to SHRIMP-zircon U–Pb dating (Martínez-
Poyatos, pers. comm.).

Sample I-4 is located in the footwall of the reverse San Telmo fault,
while samples I-7, PO-9, and PO-10 are in the hanging-wall of this
fault (Fig. 2). Sample PO-25 is located in the hanging wall of the
Vidigueira–Moura fault (Fig. 1).

Two more samples from the central Sierra Morena were studied,
namely a granodiorite from the Burguillos del Cerro pluton (sample I-
8, dated at 338 ± 1.5 Ma by the conventional U–Pb method on zircon
grains; Casquet et al., 2001), and a metagranite from the Ribera del
Fresno orthogneiss (I-9, with a protolith age of 475 ± 7 Ma obtained
by SHRIMP-zircon U–Pb dating; Schäfer, 1990).

Finally, the northern Sierra Morena was sampled at Los Pedroches
granodiorite (I-10, with an age of 307.7 ± 0.4 Ma obtained by conven-
tional U–Pb zircon dating; Carracedo et al., 2009) and Valle de la Serena
orthogneiss (I-11, with a protolith age of 573 ± 14 Ma obtained by
SHRIMP-zircon U–Pb dating; Ordóñez-Casado, 1998).

Apatite grainswere separated using standard heavy-liquid andmag-
netic techniques. To perform fission track analysis on apatite, aliquots
were mounted in epoxy, polished to expose internal crystal surfaces,
and etched with 5.5 M HNO3 during 18 to 20 s at 20 ± 0.5 °C. Low-U
muscovite sheets were fixed to the mounts, to be used as external
detectors, and samples were irradiated in the FRM II Research Reactor
at the Technische Universität München (Germany). Apatite samples
were irradiated together with IRMM 540R dosimeter glasses and
Durango and Fish Canyon Tuff age standards. After irradiation, the
mica detectors of all samples and standards were etched with 48% HF
during 40 min at room temperature. The samples and standards
were counted dry at 1250× magnification, using a Carl Zeiss Axio
Imager M1m optical microscope and the FTStage 4.04 system. Apatite



a

b

c

Fig 2. (a) Hypsometric map of the western Sierra Morena with location of the main topographic escarpments attributed to Alpine fault activity (AF, STF and VCF). AA′ and BB′ locate
the composite topographic profile shown in b. Yellow circles locate the samples used for the geochronological study. Acronyms as in Fig. 1b. (b) Composite topographic profile with
the location of three major topographic scarps and the related faults. (c) Slope map of the western Sierra Morena with location of the major topographic scarps mentioned in the text.
Acronyms as in Fig. 1b.
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a b
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e

Fig 3. Photographs of themain geomorphic features discussed in the text. (a) Topographic escarpment of Villanueva de los Castillejos viewed from the east. (b) Oblique aerial view of the
Villanueva de los Castillejos escarpment obtained with ArcScene (see Fig. 2a and c for location). (c) View from the west of San Telmo Fault topographic escarpment (westwards of
Aracena). (d) View at Pomarão (Portugal) of the Guadiana River channel entrenched into the so-called polygenic erosional surface (see Fig. 2a and c for location). (e, f) Views of the
Pulo do Lobo Falls (Portugal) and strath terraces at both sides of the channel.
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fission-track ages were calculated applying the ζ-method (external
detector method) described by Hurford and Green (1982, 1983). The
ζ-value of 337.21 (±13) was obtained by counting several Durango,
Fish Canyon and Mont Dromedary apatite age standards (see details
in Table 1). The fission track age passes the χ2 test (Galbraith and
Laslett, 1993), thus suggesting that the whole set of individual apatite
grain ages in one sample belongs to one homogeneous population
(Table 1). We were able to measure a representative number of
horizontal confined track lengths and the lengths of etch pits of tracks
that crop out on the etched surface (Dpar).

Image of Fig 3
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The AHe analyses were performed at SUERC (Glasgow). Individual
crystals were hand-picked under a binocular microscope at 218×
magnification. Crystal dimensions were measured with a calibrated
graticule. One or two grains were loaded into standard Pt foil tubes
and analyzed using standard procedures (Foeken et al., 2006). The
alpha-emission correction (Ft) is based on emission from all surfaces
(Balestrieri et al., 2005) (see Table 2 for details). The results in Table 2
come from three or four replicates of each sample. Uncertainty in the
ages obtained is 10% (±1σ) based on laboratory reproducibility. Sample
I-10 does not show a positive relationship between grain size and
uncorrected He ages. Therefore, the age variation might be an artifact
due to unobserved U-, Th- and or He-bearing inclusions. For this reason,
we do not use this AHe age in our regional interpretation.

Modeling of AFT and AHe thermal histories was performed using the
HeFTy software (Ketcham, 2005). Cooling histories were determined
using the multi-kinetic AFT annealing model of Ketcham et al. (2007)
for etching conditions of 5.5 M HNO3. Single grain-age counting data
and track-length measurements were incorporated in the model and
combined with the Dpars as kinetic parameter. C-axis track length
projection (Ketcham et al., 1999) has been used. AFT and AHe data
were modeled together. For the AHe data, we have used the value of
each single grain analyses, including single ages, grains radius and U
and Th concentrations. We have used the Flowers et al. (2009) algo-
rithm to determine He diffusion. Furthermore, we have incorporated
two external constraints (Table 1): 1) a box to allow high temperatures
(N600 °C) conditions following the emplacement age of the granitoids
studied, and 2) in the case of the samples coming from the southern
Sierra Morena, another box to allow the rocks to be at surface tempera-
tures at Early Permian time, as it is shown by the fact that clasts of the
Paleozoic sequence were incorporated into the sediments of that age
in the Viar Basin (Broutin, 1981; Simancas, 1983). However this second
constraint cannot be applied to the samples of the central and northern
Sierra Morena, since no Permian sediments crop out there. HeFTy
software produces a large number of time-temperature paths (in our
case 50,000). The AFT and AHe predicted data are then compared to
the measured values and only those time-temperature paths with
good or acceptable fit are retained.

Fig. 4 provides a graphic summary of representative models of ther-
mal histories for different samples across the SW Iberian Massif. For
each sample, the green and purple areas depict statistically acceptable
and good fit paths, respectively, with thick lines corresponding to the
best fit thermal histories. The goodness-of-fit (GOF) provides a numer-
ical value representative of the fit between observed and predicted
values (values close to 1 are the best; a value N0.5 is considered good;
a value N0.05 is considered acceptable) (Table 1).

4.2. Results

The determined AFT ages are oldest than AHe ages in all cases. As a
whole, AFT ages vary between 54.1 ± 4.9 and 174.4 ± 10.8, though
most of them range from 54.1 ± 4.9 to 72.7 ± 4.1 Ma. No clear correla-
tion between AFT ages and elevation is observed. Mean track length
(MTL) varies from 10.5 to 12.5 μm. Dpar values range from 2.6 to
2.8 μm, indicating that the apatite grains studied show annealing
features similar to those of the Durango apatite. AHe of multiple ali-
quots replicate well, with the exception of the sample PO-9 (Table 1).
Individual AHe ages range from 14.0 ± 1.0 to 88.6 ± 1.5 Ma, showing
a negative correlation with elevation.

The interpretation of apatite (U–Th)/He data has been performed by
taking into account the accumulation of crystal defects. To do so, the
effective uranium factor (eU) has been considered by applying the ex-
pression eU = [U] + 0.235 [Th] (Table 2), where [U] and [Th] are ppm
concentrations of U and Th in the apatite crystals. This factor character-
izes the dependency of 4He-diffusion on the amount of accumulated
crystal defects created by the movements of the fission products and
the alpha-recoil nucleus in the crystal lattice. The eU values of sample



Table 2
Apatite (U–Th)/He data and information from samples from the southwestern Iberian Massif.

Sample 4He (fml) 238U (ppm) 232Th (ppm) eU Number
crystals

Equivalent
radius (μm)⁎

Uncorrected
He age (Ma)

Corrected
He age (Ma)†

Mean ages (Ma)

I-7 377 6.3 11.9 9.1 2 145 80.5 88.6 ± 1.5 72.5 ± 1.4
189 15.3 20.5 20.1 2 95 62.9 73.0 ± 1.2
54 14.0 9.1 16.1 2 78 46.1 55.8 ± 1.4

I-8 64 14.5 47.2 25.6 2 54 65.8 85.0 ± 1.7 74.6 ± 1.6
58 23.7 87.9 44.4 2 37 49.6 70.4 ± 1.3
30 10.9 37.5 19.7 2 57 52.4 68.4 ± 1.7

I-10 255 64.2 97.4 87.1 2 45 102.4 138 ± 2.4 138.6 ± 2.5
392 86.4 126.7 116.1 2 49 114.4 152 ± 2.6
112 83.3 118.2 111.1 2 35 87.2 132 ± 2.6

PO-10 3 7.6 27.6 14.1 2 46 14.3 19.9 ± 1.7 18.5 ± 1.4
3 13.6 40.3 23.1 2 40 9.7 14.0 ± 1.0
8 4.2 68.2 20.2 2 46 16.4 21.9 ± 0.8
2 6.8 38.7 15.8 2 37 12.4 18.2 ± 2.0

PO-9 12 9.3 24.1 15.0 2 50 32.9 45.7 ± 1.6 19.8 ± 1.7
3 11.5 31.1 18.8 2 42 13.9 21.3 ± 1.6
2 18.7 48.2 30.1 2 48 3.4 4.6 ± 0.4
5 17.1 96.9 39.9 2 31 20.1 33.6 ± 3.2

⁎ The equivalent radius is the radius of a sphere with a surface to volume ratio equal to the apatite crystal.
† Alpha emission correction for broken grains assumes that broken faces represent zero-loss. Ft is increased by a factor equal to the ratio of the total grain surface area of the assumed

emitting faces. This typically increases Ft by b10%. No systematic relationship between the fraction of broken grains and corrected ages has been observed indicating that the correction
method is robust.
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I-10 (87–116 ppm) are significantly higher than those of the other
samples (9–44 ppm). This high eU factor could explain why sample
I-10 shows the older AHe age (138.6 ± 2.5), which is very close to the
corresponding AFT (153.6 ± 2.5). No paths were found when AFT and
AHe data from this sample were modeled together. The implantation
fromexternal phases,microinclusionswith high eU, andfluid inclusions
could induce the anomalously old (U–Th)/He dates in sample I-10. For
this reason, we do not use the AHe age from sample I-10 in our regional
interpretation.

The oldest ages have been obtained for sample I-7 in southern Sierra
Morena, with an AFT age of 174.4 ± 10.8 Ma and a mean AHe age of
72.5±1.4Ma.We have onlymodeled the thermal history of those sam-
ples with an adequate amount of measured track lengths (samples I-4,
I-8, I-10, PO-9, PO-10, and PO-25; Fig. 4). Finally, to convert cooling
rates to denudation rates during Late Cenozoic times we have used
geothermal gradients ranging from 19 to 29 °C km−1, in accordance
with the values provided by Fernàndez et al. (1998) for SW Iberia.

The obtained time–temperature paths for the samples from the
southern and central Sierra Morena show a similar evolution during
Mesozoic and Cenozoic times, characterized by a rapid cooling begin-
ning at ≈20 Ma in most of them (Fig. 4a, c, and d). Thus, samples I-4,
PO-10 and PO-25 show cooling rates between 3.2 and 3.6 °C Ma−1 for
the last 20 Ma, which, in turn, correspond to denudation rates of 0.110
to 0.189 mm year−1. Finally, sample PO-9 shows a less constrained
recent cooling, probably due to the dispersion of the AHe ages. Never-
theless, this sample also depicts a rapid cooling event starting at
35Ma (Fig. 4b) at 2.7 °CMa−1, with estimated denudation rates varying
between 0.093 and 0.142 mm year−1.

The obtained time-temperature paths for the northern Sierra
Morena samples are slightly different. In this case, a rapid cooling
stage beginning at ≈70 Ma (Fig. 4e and f) is deduced from the model-
ing. Sample I-8 has an AFT age of 156.6 ± 8.4 Ma and a mean AHe age
of 74.6 ± 1.6 Ma, depicting a long time-span with little or no cooling
(flat section between ~190 and ~100 Ma; Fig. 4e), which is consistent
with a very low rate of exhumation for that period; at ≈100 Ma, the
cooling rate shows a remarkable increase (2–2.5 °C Ma−1), reaching
surface temperatures at ≈50 Ma. AFT ages of samples I-10 and I-11
are 124.6 ± 7.7 (I-11) and 153.6 ± 6.9 (I-10) Ma. Time–temperature
path of sample I-10 indicates a long interval with little or no cooling
(flat section in the corresponding diagram of Fig.4f) that is consistent
with a very low rate of exhumation until ~80Ma. From 80Ma onwards,
cooling and exhumation rates increase significantly (1.14 °C Ma−1 and
0.039 to 0.060 mm year−1).

5. Discussion and conclusions

The Mesozoic and Cenozoic thermal histories determined from AFT
and AHe ages for the SW Iberian Variscides attest an Early Mesozoic
heating episode that reset the AFT ages. This Early Mesozoic heating
was followed by several Mesozoic fast cooling stages alternating with
long episodes with little or no cooling. Cooling and exhumation lasted
until Alpine times, since some samples show thermal histories with
rapid cooling at Cenozoic times.

5.1. Mesozoic cooling/exhumation stages

An important heating stage occurred in Triassic–Early Jurassic times,
being responsible for the complete annealing of previous AFT. Our data
suggest that this heating episode ended between 210 and 160 Ma and
was followed by a cooling event. This Early Mesozoic thermal episode
was recorded by different thermochronometers in most of the Iberian
Peninsula (see Juez-Larré and Ter Voorde, 2009, and references therein).
These authors indicate that this Triassic–Early Jurassic thermal stage can
be the responsible for the lack of cooling ages older than 200 Ma. This
stage coincided with the breakup of Pangea and the onset of the rifting
that gave way to the Atlantic Ocean, having been also recorded in other
sectors of the central and northern Iberian Massif (Barbero et al., 2005;
Grobe et al., 2010; Martín-González et al., 2012). Actually, rifting in this
stage occurred in the central Atlantic realm, with emplacement of
serpentinized mantle rocks overlain by decompression melting basalts
and gabbros (e.g. Marzoli et al., 1999; Sibuet et al., 2012; Wilson,
1997). In the Iberian Peninsula, the intrusion of the 500 km-long
Messejana-Plasencia dyke (Figs. 1 and 2) at 200 Ma (Cebriá et al.,
2003) is attributed to this stage of central Atlantic opening. In the
same way, this initial Atlantic rifting was also recorded in the sedimen-
tary sequence of the Lusitanian basin (Rasmussen et al., 1998) west of
the Sierra Morena. A cooling stage attested by the AFT cooling age of
the sample I-7 (174.4 ± 10.8 Ma, Early Jurassic time), followed the pre-
vious registered Triassic–Early Jurassic heating episode. Interestingly,
Barbero and López-Garrido (2006) proposed a roughly similar thermal
evolution for the southeastern corner of the Iberian Massif, though the
estimated AFT cooling ages are older than the Triassic, thus indicating
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Fig 4. Time–temperature paths obtained from inverse modeling with the HeFTy software (Ketcham, 2005) for samples I-4 (a), PO-9 (b), PO-10 (c), PO-25 (d), I-8 (e), and I-10 (f). This
software generates possible T–t paths using a Monte Carlo algorithm. Predicted apatite fission-track data were calculated according to the Ketcham et al. (2007) annealing model and
Dpars as kinetic parameter. Mean track lengths are reported after c-axis projection and, therefore, can differ from those listed in Table 1. Age of emplacement of the igneous protoliths
and Early Permian exhumation (PO-9, PO-10, PO-25, I-4) converted into time–temperature boxes have been used as constraints.
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that these rocks never entered the Complete Annealing Zone of apatite
(T N 110 °C). The different temperatures reached along the southern
Iberian Massif during the Triassic–Early Jurassic rifting could be due to
a higher thermal input at the Atlantic margin (western Iberian Massif)
with respect to the Neo-Tethys one (eastern corner of the Iberian
Massif).

A second cooling stage in SW Iberia occurred at Late Jurassic–Early
Cretaceous times (see Tritlla and Solé, 1999; Juez-Larré and Ter Voorde,
2009, and references therein), and is recorded by the AFT ages of sam-
ples I-10 (153.6 ± 6.9 Ma) and I-11 (124.6 ± 7.7 Ma). During this
stage, the progression of the Atlantic rifting produced the separation
of Newfoundland from Iberia, the emplacement of serpentinizedmantle
in the West Galician margin (e.g. Schärer et al., 1995; Tucholke et al.,
2007), and finally seafloor spreading in the North Atlantic region
(Rasmussen et al., 1998).

The aforementioned cooling stages can be interpreted as due to the
formation of important marginal rift reliefs, which, in turn, have been
related at depth to lithospheric thermal doming (Barbero and López-
Garrido, 2006). Thus, rift shoulder erosion would have yielded the
large volume of clastic sediments deposited in the Lusitanian basin at
Late Jurassic times (Kullberg, 2000; Rasmussen et al., 1998). Further-
more, the variation of cooling ages in small distances (see also Stapel,
1999) suggests that areas experiencing exhumation were relatively
small and changed through time, which, in turn, is in agreement with
the migration of the locus of extension in the Alentejo margin along
the Mesozoic (Pereira and Alves, 2011).

The youngest Mesozoic cooling stage occurred at Late Cretaceous
times and is recorded by the ATF ages between 95 and 60 Ma, and
the T–t paths of the samples from the northern Sierra Morena (I-8 and
I-10). These T–t paths include a cooling stage beginning at≈80 Ma.

This thermal eventwas also recognized by Stapel (1999) in aWSW–
ENE AFT profile along the Sierra Morena crest between Seville
and Córdoba (Fig. 1). This author obtained AFT ages between 56 and
70 Ma for this sector and interpreted them as a local thermal anomaly,
though he did not provide any plausible explanation. Actually, this
event was coeval with the intrusion of Late Cretaceous alkaline igneous
rocks in central and southern Portugal (Sintra, Sines, Monchique),
between 88.3 ± 0.5 Ma and 68.8 ± 1.0 Ma (Grange et al., 2010). The
most important of these intrusions is the Monchique alkaline complex,
with a great unexposed volume at shallow depths (González-Castillo
et al., 2014) and scarce AFT ages that suggest fast cooling after intrusion
(Terrinha et al., 2006). Grange et al. (2010) proposed that these alkaline
massifs as a whole are related to a deep-rooted mantle plume. The
thermal input from this mantle plume and the associated intrusions
would have produced general exhumation in SW Iberia, which, in
turn,would be responsible for the Late Cretaceous cooling event record-
ed by the AFT ages. Actually, a seismic survey in the Alentejo margin
shows that Upper Cretaceous sediments are tilted and eroded due to
surface uplift coeval with the intrusion of the alkaline massifs (Pereira
and Alves, 2011).

On the contrary, in the southeastern corner of the Iberianmassif and
its Mesozoic palaeomargin (Neo-Tethys), now incorporated into the
external zone of the Betic Cordillera, the Late Cretaceous thermal
event consist in a regional heating that has been related to subsidence
(Barbero and López-Garrido, 2006).

5.2. Cenozoic cooling/exhumation

The relief of the Sierra Morena suggests recent surface uplift and,
therefore, some sort of Alpine tectonic activity in the SW Iberian
Variscides as already pointed out in some previous studies (e.g., Brum
da Silveira et al., 2009; Salvany, 2004). Some of the ages and thermal
histories obtained in our study confirm the Cenozoic activity.

Final exhumation of SW Iberia seems to have occurred in Miocene
times with tectonic activity concentrated along some of the faults with
topographic scarps. Thus, the thermal histories of samples I-4, PO-10,
PO-25 record a fast cooling stage beginning at around 20 Ma. Further-
more, despite the fact that sample PO-9 has an AFT age of 68.4 ±
6.7 Ma and individual AHe ages that do not replicate well, it also
shows a fast cooling stage beginning at ≈40 Ma. The cooling rates for
samples I-4, PO-10, and PO-25 for the last 30 Ma vary between 3.2
and 3.6 °C Ma−1, which corresponds to denudation rates of 0.110 to
0.189 mm year−1. In the particular case of the PO-10 sample, located
in the hanging wall of the San Telmo Fault, the 18.5 ± 1.4 Ma AHe age
indicates that these rocks were exhumed to temperatures b40 °C
(AHe retention zone; Wolf et al., 1998) by that age. This fact points to
a moderate Miocene activity of the faults with topographic expression
in the Ossa-Morena, due to compressional stresses coming from the
most external domain of the Betic Cordillera located to the south. In
fact, the studied area represents the foreland of the Betic cordillera
and, therefore, its relief must be related somehow to rthis Alpine
orogeny located to the south (i.e. Cloetingh et al., 2002). Furthermore,
thermal histories deduced from AFT data within the external Betic
domain also record a cooling episode/exhumation episode of Miocene
age (Barbero and López-Garrido, 2006) and related to roughly NW-
directed thrusting.

To conclude, Cenozoic exhumation occurred as a result of roughly
N–S heterogeneous intraplate compressional tectonics affecting the
whole Iberian plate, which, in the particular case of SW Iberia would
have concentrated in the upper crust and reactivated some of the
Variscan faults rooted in a middle crust decollement. In northern Iberia,
AFT ages and geological data point to exhumation related to reverse
faulting in Middle Cenozoic times at ≈50 Ma in the Cantabrian Moun-
tains (Grobe et al., 2010) and Galicia (Martín-González et al., 2012).
However, in central Iberia AFT ages (de Bruijne and Andriessen, 2000,
2002) and geological data (de Vicente and Muñoz-Martín, 2013) point
to a younger exhumation related to reverse faulting in Miocene time.
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