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Introduction

The Atlas Mountains represent the
most significant relief in North Africa.
They extend from Morocco towards
Algeria and Tunisia along 2000 km,
attaining elevations up to 4000 m.
Two branches can be distinguished in
Morocco: the NE-trending Middle
Atlas and the ENE-trending High
Atlas (Fig. 1), which attains the high-
est altitudes. Traditionally, the Atlas
Mountains have been considered in-
tracontinental chains because they are
located far from collisional zones and
because of the lack of fold nappe
structures, regional metamorphism,
granitoid intrusions and other features
typical of interplate orogens.
Several studies have focused on

various aspects of the Atlas structure
and evolution, from rift or transcur-
rent sedimentary troughs during the
Mesozoic, to compressional belts of
tectonic inversion in Cenozoic to pre-
sent times (Choubert and Faure-Mu-
ret, 1962; Mattauer et al., 1977;
Laville, 1988; Frizon de Lamotte
et al., 2000; Piqué et al., 2000; Teixell

et al., 2003; Arboleya et al., 2004).
The Atlas experienced moderate cru-
stal shortening and exhumation, de-
spite their high elevation (see
structural style in Fig. 2). Accord-
ingly, crustal thickening is modest
(Wigger et al., 1992; Ayarza et al.,
2005), and the Atlas uplift has been
partly attributed to mantle causes
(Teixell et al., 2003, 2005; Zeyen et al.,
2005).
The timing of the uplift in the

Moroccan Atlas Mountains is still
poorly constrained and constitutes a
matter of debate. Gomez et al. (2000,
2002) and Laville (2002) recently
argued on the chronology of folding
and uplift. Laville (2002), following
Mattauer et al. (1977) and Laville and
Piqué (1992), argued that total shor-
tening includes a: (a) pre-Cretaceous
component resulting in folding, clea-
vage and erosion of Jurassic igneous
and sedimentary rocks; and (b) late
Cretaceous to Miocene component
responsible for rapid uplift of the
High Atlas and for basin development
to the south of the chain. On the other
hand, Gomez et al. (2000, 2002) con-
sidered that the shortening of the
Moroccan Atlas is the entire result of
Cenozoic plate convergence, with no
significant pre-Cretaceous shortening.
With regard to the main Cenozoic
deformation and uplift, several
authors have proposed different
phases on the basis of syntectonic

sediments; their ages range between
the late Eocene and the Quaternary
(Fraissinet et al., 1988; Görler et al.,
1988; El Harfi et al., 1996; Frizon de
Lamotte et al., 2000; Morel et al.,
2000).
Apatite fission track (AFT) analysis

combined with (U–Th)/He chronol-
ogy can be a powerful tool to unravel
exhumation and uplift histories of
orogens (Gallagher et al., 1998). To
shed more light on the history of the
shortening and exhumation of the
central High Atlas Mountains, we
have performed, for the first time,
FT and (U–Th)/He dating in apatite
crystals recovered from Palaeozoic to
Jurassic supracrustal igneous com-
plexes and sedimentary rocks of this
mountain chain.

Summary of geological framework

The Atlas Mountains derive from
earlier intracontinental basins, filled
with thick sedimentary deposits from
the Triassic to the late Cretaceous and
affected by episodic magmatic events
(see summaries in Choubert and
Faure-Muret, 1962 and Piqué et al.,
2000). Pre-Mesozoic rocks, cropping
out in the margins of the High and
Middle Atlas and in sparse internal
massifs (Fig. 1), were previously affec-
ted by the Hercynian orogeny.
During much of the Mesozoic, the

High Atlas experienced extension and
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rifting. The first rifting period oc-
curred during the Triassic as evi-
denced by thick red beds and by a
basaltic magmatic episode. A post-rift
Liassic platform was drowned and
disrupted during the late Liassic–
Dogger by a renewed rifting episode
(Warme, 1988), and subsiding basins
started to differentiate, essentially

coinciding with the present day High
and Middle Atlas. Up to 5000 m of
marls, calciturbites and reefal lime-
stones were accumulated from Toar-
cian to Bajonian times in central High
Atlas. Red beds indicating generalized
filling and regression became wide-
spread during the Bathonian. Crustal
thinning led to alkaline magmatism,

whose manifestations crop out along
the axis of the central High Atlas
(Figs 1 and 2). Three magmatic for-
mations can be distinguished (Laville
and Harmand, 1982; Beraâouz et al.,
1994): (a) epizonal plutonic complexes
emplaced along the main fault zones
at pressures <1.5 kbar (Lhachmi
et al., 2001), mainly composed of

Fig. 1 Geological map of the Central High Atlas (Teixell et al., 2003) showing the location of samples. SM, Skoura massif; OB,
Ouarzazate basin; AK, Aı̈t Kandoula basin; TZ, Tamazerht massif; TS, Tassent massif; TI, Tizi n’Isly syncline. Inset shows the
location of the Atlas Mountains in the North African foreland (HA, High Atlas; MA, Middle Atlas).

Fig. 2 Cross-section through the High Atlas in the Imilchil region indicating the structural location of the Jurassic intrusive, the
Jurassic red bed samples, and the projected position of sample IM-16 (section after Teixell et al., 2003). See location in Fig. 1.
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cumulate rocks and syenites-monzo-
diorites; (b) olivine dolerite dykes,
which feed sills intercalated within
mid-Jurassic deposits; and (c) plateau
basalts produced by fissural volcan-
ism. K–Ar radiometric ages of the
Mesozoic intrusions of the High Atlas
are compiled in Laville and Harmand
(1982) and range from 119 to 173 Ma.
Mattauer et al. (1977) and Laville and
Piqué (1992) proposed that in the late
Jurassic there was a major phase of
transpressional folding and erosion.
The Cretaceous is represented by a

basal red bed formation followed by a
platform limestone of Cenomanian–
Turonian age; both units either cover
the earlier Jurassic deposits or overlap
the basement to the N and S of the
High Atlas (Figs 1 and 2), being
interpreted as post-rift deposits (Teix-
ell et al., 2003). The uppermost Cre-
taceous consists of fine-grained red
beds which according to some authors
are coeval with the beginning of the
Alpine compression (Laville et al.,
1977; Froitzheim et al., 1988; Amrhar,
1995), although in any case deforma-
tion was minor and not widespread at
that time. A Maastrichtian to middle
Eocene marine limestone, now pre-
served in sparse synclines, is trans-
gressive over the red beds and also
records mild and local fold structures.
Upper Eocene to Pliocene continental
deposits are contemporaneous to the
main compression (see references
above). There is also abundant mag-
matism of Cenozoic age, of alkaline to
hyperalkaline affinity, composed of
volcanic (basalts to phonolites) and
minor subvolcanic rocks (syenites

with associated carbonatites), clus-
tered into two age groups: 40–45 and
15–0.5 Ma (Tisserant et al., 1976;
Harmand and Cantagrel, 1984; Berra-
hma and Hernandez, 1985; El Azzouzi
et al., 1999). This magmatism has
been attributed to a mantle upwelling
occurring synchronically with the At-
las compression (Teixell et al., 2005).

Methods and results

Samples for thermochronological ana-
lysis were collected from diverse rock
types in the central High Atlas
(Fig. 1). These include granitic and
porphyritic intrusions within Palaeo-
zoic basement (IM-16 and DMN-1),
late Jurassic to early Cretaceous detri-
tal red beds (IM-2) Jurassic syenites
(IM-4–IM-6, TAS-1 and TAS-3,
AMG-1), and Eocene syenites (IM-9
and IM-10). FT and (U–Th)/He ana-
lyses in apatite crystals were carried
out in the University of Cádiz Fission
Track Laboratory and Yale Univer-
sity Thermochronometry Laboratory
respectively. The analytical methods
are described in Barbero et al. (2005)
and Mitchell and Reiners (2003).
In the (U–Th)/He system in apa-

tites, He is partially accumulated in
the crystal lattice when the tempera-
ture is between 40 and 90 �C (Farley,
2000). This range is known as He
partial retention zone. Although He
continues to diffuse out at slow rates
at temperatures outside this range, at
higher temperatures (Tc ¼ 80 �C for
usual cooling rates; Farley, 2000) most
He is lost by diffusion. If the tempera-
ture is lower than 40 �C most of the

He is retained. For the FT system, the
uppermost limit of the partial anneal-
ing zone for a Durango-type compo-
sition apatite (0.4 wt % Cl) cooled at a
rate of 5 �C Ma)1, is c. 108 �C (Bran-
don et al., 1998).
Sample description, FT and (U–

Th)/He data are presented in Tables 1
and 2. Samples from Palaeozoic
blocks to the north and south of the
High Atlas (Fig. 1) show AFT ages of
270 and 143 Ma; average track length
in the former is 11.59 lm, being
slightly negatively skewed. The Dpar

values (Table 2) vary from 1.61 to
1.80 lm. AFT ages in the red bed
sample could be resolved, on the basis
of binomial peak-fit procedures (Bran-
don, 1992, 1996), into two peaks, at
165 and 295 Ma. AFT ages of Jurassic
syenites from the Imilchil area range
from 73 to 92 Ma, most showing very
low dispersion (chi-squared test
passed; Galbraith, 1981). Track
lengths measured range from 12.81
to 13.85 lm, the histograms being
negatively skewed. The Dpar values
measured vary from 1.62 to 2.22 lm
and no correlation with grain age has
been found in any case. Finally,
Eocene syenites from the Tamazerht
massif near Midelt (Fig. 1) yield AFT
ages of 50–52 Ma. Track lengths are
13.85-lm long, although uncertainty
is high due to the low number (n ¼
15) of confined tracks found. The Dpar

values in the Eocene syenites vary
from 1.60 to 1.80 lm.
The (U–Th)/He replicate ages have

been obtained in two clear inclusion-
free handpicked apatite single grains
for each sample. Ages in the red bed

Table 1 Apatite fission track data.

Sample Rock type

No.

crystals

CN-5 track

density

(·106 tr cm)2)

(tracks counted)

Spontaneous track

density

(·106 tr cm)2)

(tracks counted)

Induced track

density

(·106 tr cm)2)

(tracks counted)

Chi-squared

probability

(%)

Fission

track

central age

(±1r) (Ma)

Mean track

length (lm)

(no. tracks)

SD

(lm)

Dpar

(lm)

(n)

SD

(lm)

IM-2 Jurassic red bed 30 1.038 (4813) 2.148 (1213) 1.533 (866) 0.0 242 ± 20

IM-4 Jurassic syenite 41 1.085 (5029) 0.198 (309) 0.419 (654) 93.3 87 ± 8 12.91 (82) 2.5 1.62 (145) 0.15

IM-5 Jurassic syenite 32 1.076 (4988) 0.284 (317) 0.646 (721) 95.3 80 ± 6 12.81 (43) 1.9 1.91 (150) 0.09

TAS-3 Jurassic syenite 23 1.074 (4981) 0.474 (642) 0.934 (1265) 99.8 92 ± 4 2.22 (150) 0.33

TAS-2 Jurassic syenite 22 1.100 (4328) 1.334 (324) 2.989 (726) 0.0 80 ± 6

AMG-1 Jurassic syenite 33 1.192 (4759) 0.299 (307) 0.893 (849) 45.4 76 ± 5

IM-9 Eocene syenite 20 1.067 (4947) 0.317 (236) 1.208 (899) 14.9 50 ± 4 1.80 (50) 0.20

IM-10 Eocene syenite 23 1.058 (4906) 0.378 (316) 1.289 (1098) 46.0 52 ± 4 13.85 (15) 1.5 1.60 (100) 0.17

DMN-1 Palaeozoic dyke 26 1.105 (5126) 1.553 (992) 2.184 (1395) 10.7 143 ± 10 1.61 (200) 0.17

IM-16 Palaeozoic

granite

19 1.102 (5110) 6.298 (3317) 4.274 (2251) 23.5 270 ± 10 11.59 (89) 1.7 1.80 (200) 0.18

Ages determined by external detector method using a zeta value (LB) of 337.8 for dosimeter CN-5.
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are markedly spread (135 and 33 Ma).
In Jurassic syenites, (U–Th)/He ages
spread from 25 to 43 Ma. In all cases,
two different single-grain replicate
ages are clearly different, the maxi-
mum difference being of 11 Ma (sam-
ple IM-6). The (U–Th)/He ages of
Eocene syenites vary from 9 to 38 Ma,
replicates being also different
(Table 2).

Thermal models and discussion

Modelling procedures can be used to
quantitatively evaluate the thermal
history of a rock, finding a range of
cooling paths compatible with the
measured FT data (Gallagher, 1995;
Willet, 1997; Ketcham et al., 2000). In
the present work, inverse modelling
was performed using Ketcham’s AFT-
Solve (Ketcham et al., 2000), which
generates random T-t paths using a
Monte Carlo algorithm. Estimated
ages and track length values were
calculated according to the annealing
model of Laslett et al. (1987) as the
measured Dpar values point to low
chlorine compositions similar to Dur-
ango apatite (Barbarand et al., 2003).
Modelling benefited from external
constraints that included the intrusion
age of the Jurassic igneous massifs of
the High Atlas provided by Hailwood
and Mitchell (1971), the (U–Th)/He
ages and the age of sedimentary
deposits directly overlying the Palaeo-
zoic basement.
The 270 Ma AFT age obtained in

sample IM-16, located originally out
of the main rift basin, indicates that
this region has remained, most of the
time, within the first 2–3 km below

surface since its late-Hercynian exhu-
mation. This is further confirmed by
their track length distribution and by
modelling results (Fig. 3), which show
a progressive cooling after intrusion
reaching the surface by Triassic times,
followed by slow heating to a maxi-
mum temperature of c. 80 �C attained
at 40–50 Ma. On the absence of
Palaeogene sediments in the area,
maximum heating could be caused by
thermal disruption related to a regio-
nal thermal anomaly that produced
volcanic–subvolcanic occurrences of
this age in some parts of the eastern
Atlasic domain (Taourit, Rekkame
and Tamazerht; Tisserant et al., 1976;
Rachdi et al., 1997; a thermal event
causing uplift and transition from
marine to terrestrial environment in
this domain was suggested by Teixell
et al., 2005). Finally, a cooling episode
from c. 40 Ma to present is observed.
With regard to sample DMN-1, a dyke
hosted in the Palaeozoic Skoura massif
at the southern margin of the High
Atlas (Fig. 1), the AFT age of 143 Ma
is close to that of the Jurassic mag-
matic event, and indicates a long
residence at temperatures below the
apatite partial annealing zone (APAZ)
after supracrustal intrusion, in agree-
ment with the location of the area out
of the deep rift trough, similar to
sample IM-16.
The detrital sample IM-2 presents

two age components that are older
than or contemporaneous with the
late Jurassic to early Cretaceous de-
positional age, implying that they
have never been reset above the
APAZ since erosion of source areas.
Although this sample belongs to the

deep Jurassic basin (Tizzi n’Isly syn-
cline), its stratigraphic position high in
the basin fill and the absence of nappe
stacking (Fig. 2) accounts for its long
residence at low temperatures. The
two age components must represent
an inherited thermal signal from
source areas, which are likely the
Palaeozoic massifs or the Triassic
sediments.
AFT ages in the Jurassic syenitic

massifs of the Imilchil area fall in the
late Cretaceous (Table 1); age values
and track lengths allowed thermal
modelling to be performed in two
samples (Fig. 3). On the other hand,
the inter- and intrasample spread in
(U–Th)/He ages could be indicative of
long-term residence within the (U–
Th)/He retention zone or of slow
cooling (Fitzgerald et al., 2006). There
are several factors which may contrib-
ute to (U–Th)/He age dispersion, such
as U–Th-rich microinclusions in apa-
tite crystals, fluid inclusions, compo-
sitional zoning, variation in crystal
size, a-particle ejection correction, He
implantation and 147Sm-derived
a-particles. Although some of them
cannot definitely be disregarded (the
presence of microinclusions or fluid
inclusions), in our case, He implanta-
tion can be ruled out as Sm has been
measured and corrections applied (see
Table 2).
The recorded AFT ages in the

Jurassic syenites coincide with the
age of the onset of Alpine compres-
sion in the Atlas region according to
the previously cited authors; however,
thermal modelling shows a continuous
and steady cooling from K–Ar
closure temperature at c. 140 Ma to

Table 2 Apatite (U–Th)/He data.

Sample

Rock

type Age

Raw

age (Ma)*

Mass

(tg)

Mwar

(tm)�
U

(p.p.m.)

Th

(p.p.m.)

Sm

(p.p.m.)

4He

(nmol g-1)

Corrected age

(Ma) ± 2r*

IM2aA Red beds Jurassic 77.2 1.67 30.8 0.8 16.9 328.7 2.17 135.3 ± 14.6

IM2aB Red beds Jurassic 20.7 1.06 35.0 27.1 66.1 428.7 4.84 33.4 ± 3.0

IM5aA Syenite Jurassic 18.3 2.04 42.0 5.8 17.6 302.0 1.02 27.0 ± 3.4

IM5aB Syenite Jurassic 22.4 3.31 43.0 2.9 8.2 125.9 0.61 32.0 ± 4.4

IM4aA Syenite Jurassic 24.8 2.47 44.5 3.3 8.9 249.2 0.76 35.5 ± 1.4

IM4aB Syenite Jurassic 18.1 3.64 46.2 4.2 10.7 253.5 0.69 25.3 ± 3.2

IM6aA Syenite Jurassic 27.5 1.06 39.7 5.9 24.8 291.1 1.80 43.4 ± 1.8

IM6aB Syenite Jurassic 19.3 1.04 32.5 4.5 14.4 245.0 0.85 32.1 ± 0.9

IM9aA Syenite Eocene 9.4 1.50 33.0 7.3 51.0 111.1 0.99 15.3 ± 1.2

IM9aB Syenite Eocene 6.6 4.41 50.7 8.7 76.4 148.4 0.96 9.0 ± 0.4

IM10aA Syenite Eocene 12.1 7.36 74.7 11.6 144.0 86.3 2.98 15.3 ± 0.6

IM10aB Syenite Eocene 27.3 3.66 55.5 1.1 104.8 110.3 3.85 37.6 ± 1.5

*Mass weighted average radius.

�Raw ages were corrected for He loss by a-ejection at the rims of the grains (Farley et al., 1996).
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temperatures around 60 �C at c.
50 Ma. A slow cooling rate of 0.75–
1.5 �C Ma)1 is deduced for this per-
iod. Geological evidence for contem-
poraneous denudation is lacking. In
fact, there is a sedimentary record
(first of fluvial deposits of early Cre-
taceous age and then of platform
limestones of Cenomanian–Turonian
age) indicative of slow and homogen-
eous subsidence following the Jurassic
rifting episode. Late Cretaceous red
beds and Maastrichtian to Eocene

limestones, although claimed to be
contemporaneous with compression,
still record slow subsidence, and
regionally significant deformation or
erosion did not occur. Hence, we
interpret the slow cooling trend as a
combination of post-magmatic cool-
ing and post-rift thermal relaxation,
the individual AFT ages obtained not
reflecting any tectonically driven
exhumation. Thermokinematic mod-
els (Bertotti et al., 1999) have shown
that in rifting scenarios absolute ages

may not be directly related to defor-
mation, but controlled by the down-
ward movement of isotherms. Cooling
slowed down markedly c. 50 Ma ago,
leaving the samples residing at
approximately 70 �C until c. 20 Ma
ago (Fig. 3). (U–Th)/He data con-
strain the validity of the period of
thermal stability resulting from AFT
modelling (Fig. 3). This thermal sta-
bility suggests that the Atlas Moun-
tains remained in tectonic quiescence,
and the flattening of the cooling path
reflect the decay of the rift thermal
anomaly and/or the distant effect of
the Palaeogene magmatism. In the
past 20 Ma, rapid cooling from
60 �C to present surface temperature
coincides with a large coarse-grained
sediment influx into the adjacent fore
deeps, such as the Ouarzazate and Aı̈t
Kandoula basins, attributed to the
early Miocene (Görler et al., 1988;
Benammi and Jaeger, 2001; Tesón,
2005).
An additional conclusion that can

be drawn from these results is that
during the late Jurassic to early Cre-
taceous times the sampled Jurassic
syenite massifs reside at temperatures
close to or above the upper limit of the
APAZ and were not exposed at sur-
face. This result does not favour the
late Jurassic shortening and erosion
phase claimed by some authors. The
inference of such a deformation phase
was based on the presence of red beds
of supposed Cretaceous age and un-
conformable attitude on top of the
Jurassic igneous massifs, which pres-
ently occupy the core of kilometric-
scale anticlines (Laville and Piqué,
1992). However, these red beds are
never seen overlapping the Jurassic
sedimentary layers in the anticline
flanks, and their geometry suggests
that they may be fragments of the
Triassic wall rock embedded within
the magmatic bodies.
The Eocene syenite of Tamazerth

yield AFT ages of 50–52 Ma that
although slightly older than previously
published Rb–Sr (44 ± 4 Ma) and
K–Ar (42 ± 3 Ma) ages (Tisserant
et al., 1976), confirm that they belong
to a different magmatic group from
those of the Imilchil area, and suggest
that they intruded rapidly in very
shallow crustal levels. Thermal
modelling has not been possible due
to the scarcity of confined horizontal
tracks.

Fig. 3 Thermal models from samples IM-16, IM-4 and IM-5. K–Ar ages used as
constraints for the gabbros of the Tassent massif vary from 119 ± 3 (whole rock) to
160 ± 3 (biotite) (Hailwood and Mitchell, 1971).
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Conclusions

The AFT and (U–Th)/He results pre-
sented in this work constitute the first
thermochronological dataset for the
Atlas Mountains of North Africa.
Samples from Palaeozoic massifs re-
cord old ages implying that the pre-
sent exposure of the basement massifs
within the Atlas Mountains does not
imply large amounts of Alpine exhu-
mation, but the massifs have resided
close to surface from the Mesozoic
until present. To unravel the Cenozoic
thermal history related to mountain
building in the central part of the
High Atlas, it has been necessary to
study of the Jurassic igneous intru-
sives. The main results from dating
and modelling in the latter indicate a
slow period of cooling from intrusion
time to c. 50 Ma, attributable to post-
magmatic and post-rift thermal relax-
ation, and preclude any significant
uplift and erosion in late Jurassic
times. This cooling period was fol-
lowed by an interval of stability until
c. 20 Ma, when thermochronological
and sedimentary data record the main
uplift and erosional phase of the
central High Atlas.
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527. Soc. Géol de Fr. Paris.

El Azzouzi, M., Bernard-Griths, J., Bellon,
H., Maury, R.C., Piqué, A., Fourcade,
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que. J. Afr. Earth Sci., 2, 51–55.

Ketcham, R.A., Donelick, R.A. and Carl-
son, W.D., 2000. AFTSolve: a program
for multi-kinetic modeling of apatite fis-
sion-track data. Geol. Mat. Res., 2, 1–32.

Laslett, G.M., Green, P.F., Duddy, I.R.
and Gleadow, A.J.W., 1987. Thermal
annealing of fission tracks in apatite: 2.
A quantitative analysis. Chem. Geol., 65,
1–13.

Laville, E., 1988. A multiple releasing and
restraining stepover model for the
Jurassic strike-slip basin of the central
High Atlas (Morocco). In: Triassic-
Jurassic Rifting: Continental Breakup
and the Origin of the Atlantic Ocean
and Passive Margins (W. Mainspeizer,
ed.), pp. 499–523. Elsevier, New York,
NY.

Laville, E., 2002. Role of Atlas Mountains
(northwest Africa) within the African-
Eurasian plate-boundary zone: com-
ment. Geology, 30, 95.

Laville, E. and Harmand, C., 1982. Évo-
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