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Abstract In the Tifnoute Valley, three plutonic units have been
defined: the Askaoun intrusion, the Imourkhssen intrusion and
the Ougougane group of small intrusions. They are made of
quartz diorite, granodiorite and granite and all contain abundant
mafic microgranular enclaves (MME). The Askaoun granodi-
orite and the Imourkhssen granite have been dated by LA-ICP-
MS on zircon at 558±2Ma and 561±3Ma, respectively. These
granitic intrusions are subcontemporaneous to the widespread
volcanic and volcano-detrital rocks from the Ouarzazate Group
(580–545 Ma), marking the post-collisional transtensional

period in the Anti-Atlas and which evolved towards alkaline
and tholeiitic lavas in minor volume at the beginning of the
Cambrian anorogenic intraplate extensional period.
Geochemically, the Tifnoute Valley granitoids belong to an
alkali-calcic series (high-K calc-alkaline) with typical Nb-Ta
negative anomalies and no alkaline affinities. Granitoids and
enclaves display positive εNd-560Ma (+0.8 to +3.5) with young
Nd-TDM between 800 and 1200Ma and relatively low 87Sr/86Sr
initial ratios (Sri: 0.7034 and 0.7065). These values indicate a
mainly juvenile source corresponding to a Pan-African meta-
somatized lithospheric mantle partly mixed with an old crustal
component from the underlying West African Craton (WAC).
Preservation in the Anti-Atlas of pre-Pan-African lithologies (c.
2.03 Ga basement, c. 800Ma passive margin greenschist-facies
sediments, allochthonous 750–700 Ma ophiolitic sequences)
indicates that the Anti-Atlas lithosphere has not been thickened
and was never an active margin during the Neoproterozoic.
After a transpressive period, the late Ediacaran period (580–
545Ma) is marked bymovement on near vertical transtensional
faults, synchronous with the emplacement of the huge
Ouarzazate Group and the Tifnoute Valley granitoids. We pro-
pose here a geodynamical model where the Tifnoute Valley
granitoids as well as the Ouarzazate Group were generated
during the post-collisional metacratonic evolution of the north-
ern boundary of theWest African craton. The convergence with
the peri-Gondwanan active margin produced brittle fracturing
of the cratonic boundary without thickening, allowing rising of
magmas. The Tifnoute Valley granitoids display a metasomat-
ized lithospheric mantle source mixed with a minor ancient
(2 Ga) continental crust component from the underlying WAC.

Introduction

Our understanding of the Neoproterozoic events in the Anti-
Atlas belt has largely increased during the last decade due to

Editorial handling: T. Abu-Alam

A. Toummite : E. H. Beraaouz :M. Ikenne
LAGAGE, Faculté des Sciences, B.P. 8106, Agadir, Maroc

A. Toummite
e-mail: atoummite@yahoo.fr

E. H. Beraaouz
e-mail: beraaouz@hotmail.com

M. Ikenne
e-mail: ikenne@univ-ibnzohr.ac.ac.ma

J. P. Liegeois
Isotope Geology, Royal Museum for Central Africa, 3080
Tervuren, Belgium

J. P. Liegeois
e-mail: jean-paul.liegeois@africamuseum.be

D. Gasquet (*)
EDYTEM, Université de Savoie, CNRS, Campus Scientifique,
73376 Le Bourget du Lac Cedex, France
e-mail: dominique.gasquet@univ-savoie.fr

O. Bruguier
Laboratoire ICP-MS Géosciences Montpellier UMR5243-CNRS,
Université Montpellier 2, Place E. Bataillon CC060,
34095 Montpellier cedex 05, France

O. Bruguier
e-mail: bruguier@gm.univ-montp2.fr

Miner Petrol (2013) 107:739–763
DOI 10.1007/s00710-012-0245-3



new geochemical and geochronological data and geodynam-
ical interpretations (Ennih and Liégeois 2001, 2008; Walsh
et al. 2002; Samson et al. 2004; Thomas et al. 2002, 2004;
Inglis et al. 2004, 2005; Gasquet et al. 2004, 2005, 2008;
D’Lemos et al. 2006). However, despite this progress, the
significance of the late Neoproterozoic magmatism is still
not completely elucidated within the Pan-African evolution
of the Anti-Atlas Belt. This Late Neoproterozoic magma-
tism is felsic, voluminous, potassic, mainly volcanic with
the presence of plutons emplaced close to the surface. It has
been traditionally interpreted as subduction-related volca-
nism (Bajja 1987; Saquaque et al. 1989; Regragui 1997;
Zahour et al. 1999). However, this interpretation has been
challenged by Ennih and Liégeois (2001) who proposed a
post-collisional transpressive, evolving to transtensive, en-
vironment for that huge felsic magmatism. Since that time,
the origin of this magmatism has been a subject of debate
(Soulaimani and Piqué 2004; Oudra et al. 2005; Ikenne et al.
2007; Mortaji et al. 2007; Errami et al. 2009).

The northern lithospheric boundary of the West African
craton has been considered to be the South Atlas Fault
(Fig. 1; SAF; Ennih and Liégeois 2001; 2008). The
Tifnoute Valley region has a peculiar position, being located
within a protuberance of the Anti-Atlas within the High
Atlas range (Fig. 1), being made of Precambrian rocks from
the so-called Ouzellarh Salient and the Sirwa Massif
(Choubert 1942, 1952; Michard et al. 2010). Together, the
Ouzellarh Salient and the Sirwa Massif separate the
Cenozoic Ouarzazate basin to the NE and the Souss basin
to the SW, which extends towards the Atlantic Ocean. Since
they are both uplifted and in a similar manner, we propose
here to extend the notion of salient to the Sirwa area and to
call it the Ouzellarh-Sirwa Salient (OSS Figs. 1 and 2). This
is also justified by the continuity of the basement from
Ouzellarh to Sirwa areas as observed in the studied
Tifnoute Valley region (Fig. 3).

Limited to the south by the AAMF, the OSS situated
between the NHAF and the SAF (Fig. 1) is covered to the
SE by the large Cenozoic Sirwa stratovolcano (Berrahma
and Delaloye 1989; Liégeois et al. 2005). The OSS is also
the locus of the largest Pan-African granitoids outcrops in
the Anti-Atlas, indicating that it was a preferential locus for
magmatic intrusions and extrusions, including during the
Cenozoic (Sirwa stratovolcano).

This paper combines new whole-rock Sr-Nd isotopic data
from volcanic rocks and granites from the Tifnoute Valley,
in order to identify the source of the magmas. Then, we
present zircon U-Pb ages from these rocks and a modelling
of the magmatic evolution of the Tifnoute granites. The
discussion focuses on the final stages of the geodynamical
evolution of the Ouzellarh-Sirwa Salient as this area is
fundamental to the understanding of the northern border of
the WAC, including current behaviour.

Geological setting

The Anti-Atlas

The Anti-Atlas and High Atlas mountain ranges are parallel
and NE–SW elongated (Fig. 1). They are separated by the
South Atlas Fault (SAF), which marks the northern bound-
ary of the West African craton (Ennih and Liégeois 2001,
2008). The High Atlas is a Cenozoic fold-thrust assemblage
resulting from the inversion of Triassic–Jurassic transten-
sional rifts related to the Atlantic opening (Frizon de
Lamotte et al. 2000; Arboleya et al. 2004; Laville et al.
2004) . In contrast , the Ant i -At las comprises a
Palaeoproterozoic basement (2.2–2.0 Ga) and abundant
Neoproterozoic rocks covered by Palaeozoic sediments
(Figs. 1 and 2). Four orogenies are recorded in the Anti-
Atlas: (1) the Eburnian orogeny (2.2–2.0 Ga) generated
amphibolite facies metamorphism and magmatism
(Thomas et al. 2002 and references therein); (2) the Pan-
African orogeny includes several phases from 750 to
550 Ma with abundant magmatism and affected the
Eburnian basement mainly through brittle tectonics and
fluid percolations (Ennih and Liégeois 2008); (3) the
Variscan orogeny induced a shortening that was accommo-
dated by polyharmonic buckle folding of the Palaeozoic
sedimentary cover in a thick-skinned fashion during Late
Carboniferous to Early Permian times (Burkhard et al. 2006)
and do not include magmatism and (4) the Alpine orogeny,
inducing in the Anti-Atlas brittle tectonics, uplift and
volcanism.

The Neoproterozoic evolution of the Anti-Atlas can be
subdivided into five main stages: (1) a c. 800 Ma old passive
margin sequence (Tizi n-Taghatine or Taghdout-Lkest
Group), 2 km thick, very well preserved, showing beautiful
sedimentary features such as ripple marks or desiccation
cracks despite the presence of a greenschist-facies metamor-
phism (Bouougri and Saquaque 2004); (2) several allochth-
onous ophiolitic sequences (Bou Azzer/Lkst and Sirwa
Groups; Leblanc and Lancelot 1980) of intra-oceanic arc
type (Leblanc 1976; Bodinier et al. 1984; Beraaouz et al.
2004; Ikenne et al. 2005; Ahmed et al. 2008) whose various
stages are dated between 760 and 700 Ma (Thomas et al.
2002; Samson et al. 2004; D’Lemos et al. 2006; El Hadi et
al. 2010). Its obduction towards the WAC occurred probably
at c. 660 Ma and is marked by an amphibolite facies meta-
morphism (Thomas et al. 2002). These ophiolitic sequences
are located along the Anti-Atlas Major Fault (AAMF), north
of which the Eburnian basement is not outcropping; (3) The
Saghro Group, formerly considered as a c. 700 Ma island
arc series (Saquaque et al. 1989; Hefferan et al. 2002) but
actually made of 6 km thick turbiditic series with some
intercalation of rift-type tholeiitic basalts (Fekkak et al.
2003) and deposited during the 630–610 Ma time interval
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(Liégeois et al. 2006; Gasquet et al. 2008; Abati et al. 2010);
(4) The Bou Salda Group, mostly volcanic and related to a
transpressive event (Thomas et al. 2002) emplaced between
610 and 580 Ma (5) The Ouarzazate Group, contemporane-
ous with the here studied Tifnoute Valley granitoids, cov-
ered the whole Anti-Atlas and lasted from 580 to 545 Ma
during a transtensional context (Gasquet et al. 2008 and
references therein). The Bou Salda Group is actually the
precursor of the Ouarzazate Group, which together form the
Ouarzazate Supergroup (Thomas et al. 2004). This huge and
protracted late Ediacaran magmatic event (610–545 Ma)
emplaced during a strong transtensional tectonic regime
was linked to an intense hydrothermal activity that generat-
ed major Au-Ag-Co-Cu deposits (Gasquet et al. 2008 and
references therein). This hydrothermal event induced
greenschist facies alteration of the Eburnian basement, in-
cluding the mobility of rare earth elements (Ennih and
Liégeois 2008). Important vertical movements linked to
transtension induced a large variability of the thickness of

the Ouarzazate Group from 0 to at least 2500 m. The
Ouarzazate volcanism belongs to an alkali-calcic series,
high-K calc-alkaline to shoshonitic in composition, domi-
nantly effusive, mainly andesitic at the bottom of the se-
quence and rhyolitic-ignimbritic towards the top of the
sequence (Gasquet et al. 2005).

At the very end of the Neoproterozoic, from 545 Ma, and
during the Cambrian, the Anti-Atlas was flooded and cov-
ered by sediments with rare alkaline volcanism (Soulaimani
et al. 2003; Pouclet et al. 2007). This Cambrian event is also
known in the High Atlas range (Pouclet et al. 2008).

The Ouzellarh-Sirwa Salient (OSS)

The OSS, as defined above, is a northern Anti-Atlas bulge
located across the South Atlas fault. As a consequence, its
northern part, the Ouzellarh Salient (Choubert 1942, 1952)
is located within the High Atlas Range. The Taghdout
Group is mainly present just to the south of the AAMF,
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above the Eburnian basement of the Zenaga inlier, and
represents the Early Neoproterozoic passive margin sedi-
mentary cover (Bouougri and Saquaque 2004). The Bou
Azzer-Lkst ophiolitic Group extends along the AAMF and
is abundant to the south of the OSS (Thomas et al. 2002).
The Saghro Group, mostly present to the south of the SAF,
is largely dissected by later tectonic events and its stratigra-
phy is poorly known in the OSS (Thomas et al. 2002). It is
covered by the Bou Salda Group in which rhyolites have
been dated at 606±6 and 605±9 Ma close to the Zenaga
basement (U-Pb zircon SHRIMP dates; Thomas et al. 2002).
Finally the whole assemblage is covered by the huge
Ouarzazate Group that extruded between 580 and 545 Ma
(Cheilletz et al. 2002; Thomas et al. 2004; Gasquet et al.
2005, 2008). In the field, the Bou Salda (610–580 Ma) and
Ouarzazate Groups (580–545 Ma) can be hardly distin-
guished due to similar textures and clast composition, justi-
fying their assembling in the Ouarzazate Supergroup.

In the OSS, the plutonic rocks are subdivided into three
suites: (1) the Assarag suite, comprising two main plutons,
Askaoun and Tamtattarn; (2) the Amassine suite, including the
Imourkhssen pluton and (3) The Ougougane suite, which
includes small late intrusions. All these granitoids comprise
abundant mafic microgranular enclaves (MME). They are
intrusive within the Ouarzazate volcanoclastic rocks at shal-
low depth and are crosscut by the important Zaghar mafic
dyke swarm, mostly NE–SW oriented. These dykes have
generally a meter-size width but can reach 25 m in some
cases. Individual dykes can be several km long, the swarm

itself being more than 50 km long. The denser part of the
Zaghar dyke swarm is located within the Askaoun pluton. The
Zaghar dyke swarm, undated, is considered as a late manifes-
tation of the Ouarzazate Group (Thomas et al. 2002).

Petrography of the granitoids and associated rocks

Based on the observation of more than 70 thin sections, we
can give the following short petrographical descriptions.

The Assarag magmatic suite

In this study, the Assarag magmatic suite is represented by
the Askaoun pluton, which covers a surface of about
600 km2. In its eastern part, the contact with the hosting
volcanodetrital rocks of the Saghro group is sharp. The
Askaoun pluton includes quartz diorite and amphibole-bio-
tite granodiorite (Fig. 3). The quartz diorite is grey colored,
medium to coarse-grained, with euhedral plagioclase (60–
70 % in volume) commonly altered to sericite, quartz (14–
17 %), amphibole and biotite. Secondary chlorite, sericite,
epidote, and opaque minerals are present. The granodiorite
is grey to pink colored and medium-grained; in addition to
plagioclase, amphibole and biotite, the quartz crystals form
interstitial or poikilitic megacrysts and the K-feldspar (per-
thitic orthoclase or kaolinitized microcline) appears as anhe-
dral megacrysts. Accessory minerals are apatite, zircon and
epidote with rare titanite.

Fig. 2 Satellite photograph of the north–western part of the Anti-Atlas
and nearly corresponding to Fig. 1 area. Orthorectified Landsat The-
matic Mapper Mosaics as compressed color imagery in MrSID™ file

format from Lizardtech. The studied area is outlined in blue. AAMF:
Anti-Atlas Major Fault. SAF: South Atlas Fault
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The Amassine magmatic suite

The main pluton of this suite is the Imourkhssen granitic
pluton. It intrudes the volcanodetrital series of the
Ouarzazate Group as well as the Askaoun intrusion.
This granite is pink colored and coarse-grained and con-
sists of plagioclase (31 %), K-feldspar (30 %), quartz
(37 %) and chloritized biotite (<2 %). Accessory miner-
als include opaque minerals and rare epidote. Texturally,
this homogeneous granite is marked by large pink sub-
hedral crystals of K-feldspar and xenomorphic crystals of
quartz.

The Ougougane magmatic suite

The small intrusions of this suite intrude the Askaoun and
Imourkhssen plutons. They are essentially made of micro-
granite with the occurrence of some quartz microdiorite in
the Takatart area. The quartz microdiorite is a grey colored
and fine-grained rock with abundant and large phenocrysts
of plagioclase and hornblende (4 mm) in a matrix of quartz
and plagioclase. Brown biotite occurs as scattered chlori-
tized phenocrysts. Opaque minerals and epidote occur with
hornblende and biotite. The pink colored and fine-grained
microgranite (grain size<1 mm) contains abundant intersti-
tial quartz (37 %) and perthitic orthoclase (40 %); the
plagioclase occurs as scattered zoned phenocrysts (3 mm
in size) and rarely in the matrix. Accessory minerals are
biotite, euhedral Fe-Ti oxides and epidote.

Mafic microgranular enclaves (MME)

MME are abundant in the Tifnoute Valley granitoids. They
are rounded to ovoid in shape, dark colored and fine grained
and generally 5 to 10 cm in size, some reaching a size of
50 cm (Thomas et al. 2004). They are commonly porphyritic
and range from microdiorite, quartz microdiorite and micro-
monzodiorite. The mineral assemblage is similar to those
described in their hosting granitoids but with different pro-
portions. Zoned, often altered, plagioclase is preponderant
(43–65 %) with abundant hornblende (5–19 %), rarer quartz
and subordinate biotite. The monzodiorite contains nearly
20 % of K-feldspar. Ouralitised clinopyroxene has been
indentified sporadically from the Abrouay region, for exam-
ple in sample (Ab6). Accessory minerals include epidote,
apatite and euhedral Fe-Ti oxides.

Mafic dykes

The Zaghar mafic dyke swarm is microdioritic, with a
slightly porphyritic microlitic groundmass composed of
plagioclase with rare Fe-Mg minerals transformed to
epidote.

LA-ICP-MS U-Pb zircon dating

Analytical techniques

The sample selected for laser ablation U-Th-Pb geochronol-
ogy was processed by crushing, heavy liquid and magnetic
separation following conventional techniques. Zircons from
the non magnetic fractions were hand-picked and mounted
along with chips of the G91500 zircon standard
(Wiedenbeck et al. 1995) onto adhesive tape. The grains
were then enclosed in epoxy resin and polished to expose
internal structures. Laser ablation analyses were conducted
using a Geolas platform housing a 193 nm CompEx 102
laser from LambdaPhysik, which was connected to an
Element XR ICP-MS from ThermoFinn igan a t
"Laboratoire ICP-MS Géosciences UMR5243-CNRS
Montpellier (France)". Details of the analytical procedure
are described in Neves et al. (2006) and Dhuime et al.
(2007) and are only briefly summarized below. Data were
acquired in the peak-jumping mode with the laser operating
at an energy density of 15 Jcm−2 and a frequency of 3 Hz.
The laser spot size was 26 μm. Measured isotopic ratios
were monitored with reference to the G91500 zircon stan-
dard. Pb/Pb ratios in the unknown zircons were mass-bias
corrected using a power law whose parameters were deter-
mined by repetitive analysis of the reference material mea-
sured during the whole analytical session. This mass bias
factor was used to correct the 207Pb/206Pb ratios measured
on the unknown zircons and its associated error was added
in quadrature to the 207Pb/206Pb ratios measured on each
unknowns following the procedure described in Horstwood
et al. (2003). Inter-element fractionation for U and Pb is
more sensitive to analytical conditions and the Pb/U ratios
of each batch of five unknowns were calibrated against the
bias factor calculated using four standards bracketing the
five unknowns. The mean Pb/U ratio of the four measured
standards was used to calculate the inter-element fraction-
ation and its error was then added in quadrature to the
individual error measured on each 206Pb/238U unknown.
Reproducibility of the standard Pb/U ratio was 0.9 %
(RSD; n=24) for the whole LA-ICP-MS session required
to analyse the samples and mass bias was 0.21 %. Accurate
common lead correction is difficult to achieve, mainly be-
cause of the isobaric interference of 204Hg on 204Pb. The
contribution of 204Hg on 204Pb was estimated by measuring
the 202Hg and assuming a 204Hg/202Hg natural isotopic
composition of 0.2298. This allows monitoring the common
lead content of the analysed grain, but corrections often
result in spurious ages. Analyses yielding 204Pb were thus
rejected and Table 1 reports only analyses for which no
204Pb was detected. Quoted ratios correspond to measured
ratios corrected from background and mass discrimination
(+ elemental fractionation for the 206Pb/238U ratios). All

744 A. Toummite et al.



ages have been calculated using the U and Th decay con-
stants recommended by Steiger and Jäeger (1977).
Analytical data were plotted and ages calculated using the
IsoplotEx program (Ludwig 2000). Individual analyses in
the data Table 1 and in concordia plots are±1σ errors and
uncertainties in ages are quoted in the text at the 2σ level.

Results

Two samples from the Askaoun granodiorite have been
dated. Both samples contain euhedral to subhedral zircon
grains which range in color from light yellow to translucent.
Sixteen analyses have been performed on twelve zircon
grains from sample DZB. All analyses are concordant at
about 560 Ma (Fig. 4a) and provide a concordant age of 558
±2 Ma. Sample MS7 (Fig. 4b) includes (1) a tight concor-
dant group of ten analyses yielding a concordant age of 558
±3 Ma, (2) inherited cores overgrown by magmatic zircon
(as demonstrated by analyses #6-1 and #6-2) yield an age of
588±6 Ma which reflects assimilation of crustal material at
depth, probably in the source region of the magma. Both
samples provide identical ages of 558 Ma which are inter-
preted as dating emplacement and crystallisation of the
Askaoun granodiorite.

One sample from the Imourkhssen granite (PH10) has
also been analysed. Zircon grains are euhedral to subhedral
and translucent. Eleven analyses have been performed on
nine grains. The analysed grains do not show any age
variation and are all tightly concordant at 561 ±3 Ma
(Fig. 4c). Zircon morphology suggests an igneous origin,
and there is no evidence from the results that the zircon
population contains older inherited grains. Therefore, the
561 Ma age is interpreted as the age of zircon crystallisation
and emplacement of the granite. This age is identical within
error to the age of the Askaoun granodiorite.

Interpretation

The two ages of 558±3 Ma and 558±2 Ma obtained for the
Askaoun granodiorite are younger than the age of 575±
8 Ma obtained by Thomas et al. (2002). Considering the
spread of individual spots along the Concordia obtained by
Thomas et al. (2002) and the existence of inherited zircons
at 588±6 Ma in sample MS7, it is likely that the older age of
Thomas et al. (2002) was influenced by a component of
inherited Pb. We thus consider that the Askaoun granodio-
rite intruded at 558±2 Ma.

The age of 561±3 Ma obtained on the Imourkhssen
granite is identical within errors with the age of 562±5 Ma
given by Thomas et al. (2002) for the same granite. This age
implies that the Askaoun and the Imourkhssen plutons
intruded in a short period of time, within a few millions
years.

These ages at c. 560 Ma are similar to that of the syn-
Ouarzazate Tazoult quartz porphyry (559±6 Ma; Thomas et
al. 2002; Fig. 2). Rhyolites from the Ouarzazate Group have
been dated at 577±6 Ma (Aguins Member, close to Zenaga
basement; Thomas et al., 2002; Fig. 1), 571±8 Ma (Tikhfist
Formation, east of OSS; Thomas et al. 2002; Fig. 1), 552±
5 Ma (Bou Madine – Ougnat dome, Eastern Saghro;
Gasquet et al. 2005) and 543±9 Ma (Tachkakacht dome,
Saghro; Gasquet et al. 2005). The obtained ages at c.
560 Ma are thus coeval with the Ouarzazate magmatic
activity period and suggest that the studied plutons are
subvolcanic manifestions of the volcanic Ouarzazate
Group. Slightly older inherited zircons can be related to
the Bou Salda Group, the older part of the Ouarzazate
Supergroup.

Geochemical characteristics of Tifnoute granitoids and
associated rocks

Twenty-two representative samples of different granitoid
units, associated MME and mafic dykes have been analysed
for major and trace elements (Table 2).

The main magmatic body in the studied region is the
Askaoun granodiorite (Fig. 3). It varies from 62 % to
67 % for SiO2, and from 14.1 % to 15.5 % for Al2O3.
This granodiorite is peraluminous (A/CNK or ASI: 0.87–
1.29), extends on the boundary limiting the calc-alkalic and
the alkali-calcic series (Fig. 5a) and belongs to the high-K
calc-alkaline series (Fig. 5b). Sample (AZ5) has been
strongly albitized (high Na2O=6.31 %, low K2O=0.25 %
and CaO=1.10 %). Sample (IM4) is albitized to a milder
extent, although it yields a very low CaO content (0.59 %).
Both samples have also low Sr content (109 and 128 ppm
while other granodiorites around 65 % silica have concen-
trations above 250 ppm). Using the sliding normalization
(Liégeois et al. 1998), trace elements confirm that the
Askaoun granodiorite belongs to a potassic series and is
not alkaline (Fig. 5c), including IM4 and AZ5. Sample
AZ5 has a lower mean [Rb-Th-U-Ta]NYTS, which is due to
a very low content in Rb (5 ppm against around 100 ppm for
the other granodiorites) associated with low K and Ba con-
tents as a consequence of albitization (Table 3; Fig 6b). REE
patterns (Fig. 6a) are parallel and typical of alkali-calcic
series. Samples IM4 and AZ5 are moderately enriched in
LREE (LaN: 64–115) and fractionated (LaN/LuN: 7–10) with
rather flat HREE (DyN/LuN: 1.04–1.16) and moderate Eu
negative anomalies (0.50–0.68). The sum of all REE
(ΣREE) ranges from 108 to 178 ppm. Spidergram
(Fig. 6b) are also alkali-calcic in character with enrichment
in LILE (Large Ion Lithophile Element, K to Th), depletion
in Sr and P, resulting from the fractionation of plagioclase
and apatite respectively, and Nb-Ta negative anomaly. As
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written above, the albitization of sample AZ5 is well
expressed by K, Rb and Ba depletions.

The Askaoun quartz diorite outcrops in a restricted area,
close to Imourkhssen granite. It is characterized by a silica
content around 60 % and differs from the Askaoun main
granodiorite by some geochemical differences. The quartz-
diorite also lies close the alkali-calcic – calc-alkalic bound-
ary (Fig. 5a), being high-K calc-alkaline (Fig. 5b) and
clearly potassic (Fig. 5c). REE patterns (Fig. 6c) are parallel
to the Askaoun granodiorite and are similar to the poorer
granodiorites in terms of total REE abundance (ΣREE: 106–
116) and in LREE (LaN: 63–68). It is slightly less fraction-
ated (LaN/LuN: 6.1–6.3) with similar flat HREE (DyN/LuN:
1.03–1.12) but with nearly no Eu negative anomaly (Eu/Eu*
=0.92–0.94). Spidergram have a similar pattern as for the
granodiorite with slightly lower Th, Nb, Ta, Ce, Nd contents
and slightly higher Zr and Hf contents (Fig. 6d) although the
Nb-Ta negative anomaly is still well marked.

The Ougougane granite (71–74 % SiO2) lies also across
the alkali-calcic/calc-alkalic boundary (Fig. 5a), is high-K
calc-alkaline (Fig. 5b) and has a global trace element signa-
ture similar to the Askaoun granodiorite, if normal differen-
tiation is taken into account (sliding normalization, Fig. 5c).
REE patterns (Fig. 6e) are close to that of the Askaoun
granodiorite with similar REE abundance (ΣREE: 115–
133), LREE enrichment (LaN: 85–107), slightly more frac-
tionated (LaN/LuN: 12.6–14.6) due to lower HREE, which
are roughly flat (DyN/LuN: 0.93–1.08) and a moderate Eu
negative anomaly (Eu/Eu*=0.57–0.66). Spidergram
(Fig. 6f) have a similar pattern but are characterized by a
stronger feldspar (lower Sr and Ba) and apatite (lower P)
fractionation and a globally lower HFSE content that can be
attributed to accessory mineral fractionation such as zircon
(lower Zr Hf, Y, Yb) and titanite (lower Ti).

The Imourkhssen granite (74–77 % SiO2) corresponds at
first view to a differentiated Ougougane granite with signif-
icant fractionation of feldspar (lower K2O, Fig. 5b; lower Sr
and Ba, Fig. 6h; more negative Eu anomaly, Eu/Eu*=0.37–
0.49; Fig. 6g) as well as of apatite (lower P), titanite (lower
Ti) and zircon (lower Zr, Hf, Y, Yb) (Fig. 6h). This impov-
erishment in LILE is important, leading to a distinct position
in the NYTS diagram (Fig. 5c) even if the sliding normal-
ization takes into account the silica content of the rocks.
REE patterns are close to that of the Ougougane granite
although they display higher total REE (ΣREE: 150–154)
and LREE (LaN: 105–117) abundances. The REE patterns
are less fractionated (LaN/LuN: 7.9–8.8) due to a slightly
convex HREE pattern (DyN/LuN: 0.83–0.85), and the Nb-Ta
negative anomaly is less pronounced.

The MME analyzed have all been sampled in the
Askaoun granodiorite. They show a large range in silica
(54–66 % SiO2), and are centered on the alkali-calcic series
(Fig. 5a). The K2O content is variable (1.37–3.58 %) andT
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not correlated with silica (Fig. 5b). This can be related to
some alkali mobility, the Na2O+K2O being relatively con-
stant (7.4–8.0 %, except the 54 % SiO2 TA7 sample, 4.7 %),
to some possible cumulative character or to interaction with
the granodioritic host. Despite this variability, the Askaoun
MMEs are all within the potassic field in the NYTS diagram
(Fig. 5c). The higher [Rb-Th-U-Ta]NYTS value of sample
IM2 is due to a higher U content (8.42 ppm) that can be due
to higher mobility of this element in subsurface conditions.
The peculiar position of samples Ta6a and Ta6b is due to
lower values in Rb and higher values in Y and Yb. This is
well seen in their REE patterns (Fig. 6i) that are enriched in
LREE, Ta-6b having a seagull pattern suggesting a possible
beginning of tetrad effect (enrichment in REE due to F-rich
fluids; Bau 1996; Veksler et al. 2005). Sample Ta6a displays
a similar enrichment in HREE but is not impoverished in
LREE. Such fluid-related disconnection between LREE and
HREE behaviour has also been observed in granitoids from
the Zenaga Paleoproterozoic basement and has been attrib-
uted to complex fluid action generated by the huge
Ouarzazate volcanic activity (Ennih and Liégeois 2008).
Apart these two samples (TA6a and TA6b), the Askaoun
MMEs are moderately but variably enriched in REE (LaN:
42–104), moderately fractionated REE patterns (LaN/LuN:
4.5–7.4) with rather flat HREE (DyN/LuN: 1.12–1.22). Eu is
rather constant (13 to 16 times chondrites), implying a
deepening of the negative anomaly with REE enrichment
(Eu/Eu*: 0.81 to 0.42). Sample TA7, the most basic sample
(54 % SiO2) is the less enriched in REE (ΣREE: 89 ppm),
ΣREE ranging in the MME from 89 to 208 ppm, covering
the whole span of the studied rocks. Spidergrams (Fig. 6j)
display roughly parallel spectra, with enrichment of LILE
over HFSE, Nb-Ta negative anomalies, which are attributed
to the source, and P and Ti negative anomalies, attributed to
magmatic processes. The enrichment in most HFSE and low
LILE values displayed by sample Ta6a can be ascribed to
their more felsic character (enrichment in incompatible ele-
ments) but also to interaction with fluids, as demonstrated
by the seagull shape of REE patterns.

The two analyzed Zaghar mafic dykes share some chem-
ical similarities but display also major differences. They are
low in silica (48 and 49 % SiO2), are both in the range of the
alkali-calcic series (Fig. 5a) but are medium-K calc-alkaline
(Fig. 5b). They are too low in silica to be represented in the
NYTS diagram (Liégeois et al. 1998). They show variably
enriched REE patterns (Fig. 6k; ΣREE of 94 and 353 ppm)
and variable REE fractionation (LaN/LuN of 4.9 and 17.5)
with however the same content in Lu (0.34 and 0.36 ppm).

RFig. 4 U-Pb zircon ages. a Askaoun granodiorite MS7; b Askaoun
granodiorite DZB; c Imourkhssen granite PH10. Red ellipse=magmatic
zircon crystal or rim; blue ellipse=inherited zircon core; grey ellipse=
discordant zircon spot not used for age calculation
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The Eu anomaly is either absent or weak (Eu/Eu*=1 and
0.87). Despite important differences in absolute abundance,
the two Zaghar spidergrams (Fig. 6l) appear subparallel with
a strong enrichment from Sr to Ba and Th, a major Nb-Ta
negative anomaly and a slight decreasing from Ce to Yb.
The Sm positive anomaly in sample AB3 relays the LREE
enrichment of this sample (Fig. 6k).

Nb-Ta anomaly (calculated as (Nb+Ta)/(Th+Ce), nor-
malized to MORB values) is present in all studied samples
but is of variable importance: it varies from 0.4 to 0.5 in the
Askaoun granodiorite and quartz diorite, in the Ougougane
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Fig. 5 Tifnoute Valley granitoids and associated rocks in a MALI
diagram (Modified Alkali-Lime Index; Frost and Frost 2008); b SiO2

vs K2O diagram with the boundaries between calc-alkaline series of
Peccerillo and Taylor 1976; c NYTS diagram (sliding normalization to
the Yenchichi-Telabit series; Liégeois et al. 1998)

T
ab

le
2

(c
on

tin
ue
d)

S
am

pl
e

A
sk
ao
un

qu
ar
tz
-d
io
ri
te

A
sk
ao
un

gr
an
od

io
ri
te

Im
ou
rk
hs
se
n

gr
an
ite

O
ug

ou
ga
ne

gr
an
ite

M
M
E
M
M
E

M
af
ic

dy
ke
s

TA
1

TA
2

A
s8

P
T
N

IM
3

IM
4

A
b1

A
b2

A
z1

A
z5

A
M
3

A
M
4

LT
1

TA
4

IM
2

TA
6a

TA
7

A
b
1

E
nc
l

A
b6

TA
-6
b

A
B
3

A
z2

G
d

4.
78

4.
12

4.
81

4.
66

4.
52

4.
70

4.
88

5.
75

4.
62

3.
62

4.
28

4.
29

3.
03

2.
98

8.
27

7.
55

3.
89

5.
96

5.
06

8.
93

12
.4
4

4.
32

D
y

3.
93

3.
45

3.
88

3.
75

3.
78

3.
68

4.
00

4.
66

3.
87

3.
03

3.
45

3.
57

2.
34

2.
19

6.
86

7.
98

3.
76

4.
74

4.
04

8.
25

6.
59

3.
68

H
o

0.
83

0.
75

0.
85

0.
80

0.
80

0.
77

0.
85

1.
02

0.
83

0.
67

0.
76

0.
80

0.
49

0.
45

1.
49

1.
81

0.
80

1.
01

0.
82

1.
88

1.
24

0.
83

E
r

2.
30

2.
07

2.
26

2.
33

2.
21

2.
19

2.
39

2.
77

2.
27

1.
88

2.
26

2.
38

1.
43

1.
30

4.
05

5.
15

2.
18

2.
82

2.
33

5.
21

3.
00

2.
32

Y
b

2.
30

2.
19

2.
28

2.
27

2.
14

2.
22

2.
36

2.
74

2.
38

1.
90

2.
77

2.
79

1.
48

1.
50

3.
78

5.
49

2.
26

2.
77

2.
28

5.
67

2.
50

2.
21

L
u

0.
35

0.
33

0.
35

0.
36

0.
33

0.
35

0.
35

0.
40

0.
34

0.
29

0.
41

0.
43

0.
22

0.
23

0.
56

0.
86

0.
32

0.
43

0.
36

0.
86

0.
36

0.
34

Σ
R
E
E

11
6

10
6

13
0

14
6

12
8

16
1

15
8

17
8

12
5

10
8

15
4

15
0

11
5

13
3

20
8

12
8

89
15

9
13

4
20

2
35

3
94

E
u/
E
u*

0.
94

0.
92

0.
64

0.
57

0.
68

0.
57

0.
61

0.
50

0.
64

0.
54

0.
49

0.
37

0.
66

0.
57

0.
42

0.
37

0.
81

0.
46

0.
68

0.
36

0.
87

1.
00

(L
a/
L
u)

N
6.
25

6.
10

7.
37

8.
80

7.
58

9.
89

9.
73

9.
18

6.
91

7.
13

8.
77

7.
90

12
.6
3

14
.6
1

6.
78

2.
10

4.
48

7.
10

7.
44

4.
00

17
.4
5

4.
90

(D
y/
L
u)

N
1.
12

1.
03

1.
12

1.
05

1.
16

1.
06

1.
14

1.
15

1.
13

1.
04

0.
85

0.
83

1.
08

0.
93

1.
22

0.
93

1.
16

1.
12

1.
13

0.
96

1.
85

1.
08

N
Y
T
S
-
X

0.
77

0.
72

0.
75

0.
77

0.
72

0.
75

0.
74

0.
89

0.
69

0.
65

1.
05

1.
21

0.
65

0.
71

0.
87

1.
20

0.
49

0.
68

0.
60

1.
23

1.
04

0.
45

N
Y
T
S
-
Y

1.
35

1.
09

1.
74

1.
49

1.
58

1.
86

1.
35

1.
56

1.
36

0.
82

0.
94

0.
80

1.
36

1.
20

2.
95

1.
29

1.
41

1.
51

1.
64

1.
05

14
.9
3

2.
78

750 A. Toummite et al.



granite and in most MME. It is lower in the Imourkhssen
granite (0.56–0.58), a consequence of its felsic character,
and in the two seagull MME (Ta6a and Ta6b, 0.82 and 0.70,
respectively). It is higher in the most basic MME (TA7,
0.29) and in the two mafic dykes (0.21 and 0.03), confirm-
ing that the Tifnoute Nb-Ta anomaly is a source
characteristic.

Sr, Nd isotope composition

Sr and Nd isotopic compositions (Table 2) have been
obtained at the Royal Museum for Central Africa on an
IsotopX Sector 54 multicollector thermo-ionisation mass
spectrometer (TIMS). The average 87Sr/86Sr ratio of the
NBS SRM987 standard and 143Nd/144Nd ratio of the
Rennes Nd standard during the period of analyses were
0.710258±10 (2σ on 12 measurements) and 0.511956±9
(2σ on 16 measurements), respectively. Sample ratios have
been standardized to a value of 0.710250 for NBS987 and to
0.511963 for the Merck standard (corresponding to a La
Jolla value of 0.511858). Data are given in Table 3. The
initial εNd and (87Sr/86Sr)i values recalculated at 560 Ma
(zircon ages, see above) are shown in Fig 7.

All the studied magmatic rocks have a depleted signature,
with positive εNd and relatively low (87Sr/86Sr)i, indicating a
largely juvenile source, either the mantle or a young lower
crust recently formed from the mantle. Indeed the Tifnoute
granitoids and associated rocks have εNd-560 Ma between
+0.8 and+3.5 (up to +5.9 when considering the Zaghar
mafic dykes) and (87Sr/86Sr)i, between 0.7034 and 0.7065
(not considering the two Imourkhssen samples with too high
Rb/Sr ratios for getting meaningful initial Sr isotopic ratios)
(Fig. 7a). These Nd and Sr initial isotopic ratios are similar
to that of the Ouarzazate rhyolites from the area (Thomas et
al. 2002), confirming a common origin. By opposition, they
are more juvenile than those measured eastward in the
Saghro region (Fig. 7b; Errami et al. 2009). They are also
far from the signature of the nearby Eburnian basement
(Zenaga complex; Ennih and Liégeois 2008; Fig. 7c), indi-
cating a minor participation of the latter in the generation of
the Tifnoute granitoids. The juvenile character is confirmed
by the Nd TDM model ages, which are in the range 800–
1200 Ma (down to 650 Ma when considering the Zaghar
mafic dykes) (Fig. 7c). There are some variations in these
initial isotopic ratios but they are not linked to the silica
content of the rocks (Fig. 7d, e). Even if extending from
54 % to 77 % SiO2, the mean initial Nd and Sr initial ratios
are constant. Only the Zaghar mafic dykes show distinctly
higher εNd (Fig. 7e). The relatively large variations observed
in the initial Sr isotopic ratios (Fig. 7d), even in one single
pluton, point to some mobility of alkali and alkali-earth
elements. This can be attributed to the overlying

subcontemporaneous volcanic Ouarzazate Supergroup as
demonstrated in the Zenaga basement (Ennih and Liégeois
2008) or to younger events such as the Variscan orogeny,
which may be the origin of some ore deposits in the Anti-
Atlas (Gasquet et al. 2005).

Modelling of the magmatic evolution of the Tifnoute
granitoids

Considering that the Tifnoute granitoids intruded in a short
period of time (within age error limits, ±3 m.y.) and have a
rather homogeneous mostly juvenile signature, it is wise
evaluating if they belong to a single magmatic differentia-
tion or not. For that purpose, we modelled the observed
geochemical evolution by using (1) the major elements with
a mass balance calculation (Fig. 8; PETROMODE software,
Christiansen, pers. comm.) and (2) we calculated the evolu-
tion of trace elements using partition coefficients available
in the literature and the modal mineral proportion obtained
from the major elements (Fig. 9). We compared these cal-
culated results with the measured trace element concentra-
tions of the rocks, thus testing independently the results
obtained through the major element mass balance.

The mass balance calculation has been based on trends
taking sample TA1 (Askaoun quartz diorite), the most mafic
granitoid sample (59 % SiO2) as parent magma. Isotopes
have shown that alkali and alkali-earth elements have been
partly mobile. Samples obviously hydrothermally affected
have been discarded in this modelling, such as sample AZ5
with 6.3 % Na2O and 0.25 % K2O. After this screening, five
trends have been calculated towards three Askaoun grano-
diorites (AS8, AZ1, IM3) for covering the observed vari-
ability, one Ougougane granite (LT1) and one Imourkhssen
granite (AM3). A sixth trend has been envisaged from
Ougougane granite LT1 towards Imourkhssen granite
AM3 but no acceptable results have been obtained (residual
sum of squares (RSS) >1), indicating that the Imourkhssen
granite is not a differentiated product of the Ougougane
granite. Calculated trends are represented in Fig 8 and the
results are given in Table 4.

The three trends towards the Askaoun granodiorites give
similar cumulate compositions and fractional crystallization
rates between 57 % and 62 % with low RSS (0.03–0.29).
Obtained cumulates are biotite quartz diorites: 66–70 %
plagioclase, 9–11 % quartz, 13–14 % biotite, 3–5 % mag-
netite and 0.2–0.7 % apatite. Some variability occurs in the
amphibole/pyroxene content: 0.7 and 6.2 % hornblende for
AS8 and AZ1 trends, respectively and 2.9 % clinopyroxene
for IM3 trend. The Ougougane granite LT1 (72.6 % SiO2) is
a prolongation of the trend defined by granodiorite AZ1
(65 % SiO2) with FC rate of 79 % in the case of AZ1, the
two cumulates being similar: 63 % plagioclase (66 % for
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AZ1), 10 % quartz (10 %), 15 % biotite (14 %), 8.6 %
hornblende (6.2 %), 2.77 % magnetite (2.75 %), 0.27 %
apatite (0.24 %). This is in agreement with the field relation-
ships, showing that the Ougougane granite is a local differ-
entiated product of the Askaoun granodiorite all over the
massif (Fig. 3).

The AM3 Imourkhssen granite displays a cumulate with
the same minerals but with less quartz and more hornblende
(Table 4) indicating slightly different conditions of magmat-
ic differentiation or a slightly different source. Although this
pluton is affected by a higher alteration degree (local

development of molybdenite flakes; Thomas et al. 2002),
we worked on weakly altered samples. We attribute this
slight difference in the differentiation to its development as
a large pluton (Fig. 3), itself probably linked to the proxim-
ity of the South Atlas Fault. The SAF is a current tectonic
feature but it also corresponds to the reactivation of a pre-
existing major Pan-African lithospheric fault (Ennih and
Liégeois 2001, 2008).

Despite a large silica range (60 % to 75 % SiO2), imply-
ing important differentiation rates (between 57 % and 79 %),
the REE patterns of studied granitoids are remarkably

Chondrite-normalized

MORB-normalizeda b

c d

e f

Fig. 6 Chondrite-normalized REE (Evensen et al. 1978) and MORB-
normalized (Pearce 1980; Pearce et al. 1984) patterns for the Tifnoute
Valley granitoids and associated rocks. a and b: Askaoun granodiorite; c

and d: Askaoun mafic magmatic enclaves (MME); e and f: Askaoun
quartz diorite; g and h: Ougougane granite; i and j: Imourkhsen granite; k
and l: Zaghar mafic dykes
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similar in shape and comparable in abundance, from quartz
diorite to granites (Fig. 6a, c, e, g). The calculated cumulate
compositions are in agreement with this observation
(Fig. 9). In this REE modelling, we used the Kd values
specified in the figure and the mineral proportions and
crystal fractionation rate calculated with the major elements.
A few accessory minerals not influencing the major ele-
ments but essential for trace elements have been added,
i.e. allanite, zircon and titanite. Results are given in
Table 4 and shown in Fig. 9. The calculated REE patterns
are very close to the measured REE patterns, indicating that
the calculated cumulates are in agreement with both major
and rare-earth elements. These cumulates have been

reported in Fig. 8 together with the Askaoun MME. The
large K2O variability of the MME indicates interactions
with the host magma and/or late fluid modifications includ-
ing albitization (as shown by the very low K2O content of
AZ5; Fig. 8). Considering both major and trace elements,
only one MME (AB1) could represent cumulative phases.

Discussion and conclusion

The Tifnoute Valley granitoids are subvolcanic and closely
associated with the volcanic Ouarzazate Group. They are
here dated at 558±2 Ma and 561±3 Ma, which corresponds

Chondrite-normalized

MORB-normalizedg h

i j

k l

Fig. 6 (continued)
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to the volcanic climax of the Ouarzazate Group whose
extrusion occurred between 580 and 545 Ma (Thomas et
al. 2004; Gasquet et al. 2005, 2008). The Ouarzazate Group
extruded during a transtensional period that led to important
subvertical movements at the origin of the highly variable
thickness of this volcanic sequence (between 0 and
>2500 m). This transtensional period corresponds to the
end of the Pan-African post-collisional period (Bonin
2004; Bonin et al. 1994; Bonin et al. 1998; Liégeois et al.
1998; Rosenberg 2004; Oyhantçabal et al. 2007), and
evolved toward extension during the Cambrian, marking
the beginning of the anorogenic period. The geodynamical

context of the Tifnoute Valley granitoids is thus well de-
fined; its alkali-calcic/high-K calc-alkaline geochemistry is
indeed typical of the post-collisional period (Liégeois et al.
1998; Duchesne et al. 1998; Miller et al. 1999; Bonin 2007).

Tight relationship between shear zones and post-colli-
sional granitoids are linked to a high heat flow able to
generate high-temperature metamorphism and granitoids of
crustal or mixed crustal/mantle origin (Liégeois et al. 1998).
The main cause invoked is uprise of the asthenospheric
mantle either due to slab break off (Liégeois and Black
1987) or to linear delamination along mega-shear zone
(Liégeois et al. 1998, 2003; Azzouni-Sekkal et al. 2003;
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Acef et al. 2003; Fezaa et al. 2010). This asthenospheric
mantle uprising close to the Moho and consequent high
regional heat flow can be at the origin of the melting of
the lithospheric mantle (Bardintzeff et al. 2010), of the
lower crust (Fezaa et al. 2010) but also of the asthenopsheric
mantle itself (Hadj-Kaddour et al. 1998). This complex
situation is reflected by the telescoping of distinct magmatic
suites with various characteristics (Liégeois et al. 1998;
Bonin 2004; Seghedi et al. 2004; Williams et al. 2004;
Guo et al. 2007) which is often mistakenly attributed to
different geotectonic settings (Arculus and Gust 1995;
Wilson and Bianchini 1999; Duggen et al. 2005).

A common characteristic of the post-collisional magma-
tism is that it is generated in a pre-existing lithospheric
source, mantle or crust. This lithosphere can be much older
or slightly older and bear most often a composition modified
by earlier subduction period(s). The partial melting of such
sources enhances their characteristics, rendering the pro-
duced magmas richer in K2O and other LILE than those
produced during the dehydration of the subducting plate
(Liégeois et al. 1998 and references therein). This leads
classically to high-K calc-alkaline, partly alkali-calcic, gran-
itoid series. The characteristic Nb-Ta negative anomaly of
the subduction-related magmas (Green 1995) is preserved
during the remelting of the subduction-related lithosphere
(Liégeois et al. 1998; Morrisson et al. 2000) and is an
important inherited fingerprint.

In the case of Tifnoute granitoids, we must take into
account regional and internal constraints. These are:

(1) Tifnoute granitoids have been precisely dated at 558±
2 Ma and 561±3 Ma, demonstrating that they are
contemporaneous with the widespread volcanic
Ouarzazate Group, covering the whole Anti-Atlas
(Fig. 1). This precludes any large horizontal move-
ments between different parts of the Anti-Atlas after
their emplacement, including along the AAMF.
Constraints extracted from the whole Anti-Atlas must

thus be taken into account and the current disposition
can be considered as roughly equivalent to the Late
Ediacaran disposition. This means that the Ouzellarh
Salient in which the Tifnoute granitoids intruded, can
be considered as a Late Ediacaran feature, whatever its
origin. The South Atlas Fault or the North High Atlas
Front (NHAF; Fig. 1) can be considered as
Neoproterozoic features. Let us remark that the distinc-
tion between the NHAF and the SAF is not needed in
Neoproterozoic times, their distinction occurred only
during the Mesozoic rifting stage (Laville et al. 2004).

(2) Current Anti-Atlas outcrops result from the uplift of
the area as a single entity in consequence of the
Cenozoic Europe-Africa convergence (Ruiz et al.
2011). The Variscan orogeny produced severely
inverted intracratonic basins all over the belt
(Burkhard et al. 2006). Pre-Pan-African Cryogenian
lithologies such as the greenschist-facies sediments
from the WAC passive margin (c. 800 Ma; Bouougri
and Saquaque 2004) or the greenschist facies ophio-
lites from the Bou Azzer Group (750–660 Ma; Thomas
et al. 2004 and references therein) are well preserved
and have not been eroded, even during the Pan-African
orogeny (630–550 Ma). All these observations points
to a common rigid lithosphere corresponding to the
northern edge of a fractured but not thickened WAC
during the Pan-African orogeny (Ennih and Liégeois
2001, 2003, 2008; Gasquet et al. 2008). This can be
considered as a metacratonic behaviour (Abdelsalam et
al. 2002; Ennih and Liégeois 2008; Liégeois et al.
2012). Indeed, during the Neoproterozoic Pan-African
collision, the Anti-Atlas was in a passive margin con-
figuration. The corresponding active margin was rep-
resented by the Peri-Gondwanan terranes that drifted
away during the Phanerozoic transtensional regime
(Nance et al. 2008 and references therein).

(3) The Ouarzazate Group emplaced within a transtensional
tectonic regime. In Bou Azzer-Bleida and Imiter Inliers
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(central and eastern the Anti-Atlas), the Late
Neoproterozoic series emplaced during a NNW-SSE
extensional event which developed a sinistral transten-
sional tectonic regime (Azizi Samir et al. 1990; Leistel
and Qadrouci 1991; Ouguir et al. 1994; Levresse 2001).
The pre-existing discontinuities have controlled the ge-
ometry of the normal faults. In the Western part of the
Anti-Atlas, the late Neoproterozoic volcanic flows are
affected by N170° listric normal faults that correspond to
the border faults of kilometric-scale half grabens. These
faults are covered by lower Cambrian sediments (Piqué

et al. 1999). The magmatic and the structural data in the
Agoundis-Ounain and Toubkal area argue for a passive
margin rift setting, marked by a North–West facing NE–
SW normal faults and by a N30° E fissural system
(Pouclet et al. 2007).

(4) The Tifnoute granitoids are alkali-calcic and belong to
a high-K calc-alkaline series. Modelling of their geo-
chemical compositions indicates that the various gran-
itoid lithologies are cogenetic and linked by a crystal
fractionation. Sr and Nd isotopes exclude an AFC
process.
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(5) Sr and Nd isotopes of the Tifnoute granitoids point to a
mainly juvenile source (mantle or young lower crust;
εNd-560Ma between +0.8 and +3.5) with some

participation of the old basement from the West
African craton (NdTDM model ages between 800 and
1200 Ma) in agreement with the few data available in

Fig. 10 a. Localization of the
studied area, the Ouzellarh-
Sirwa Salient (OSS), within the
West African craton with the
representation of the
Peri-Gondwanan terranes at c.
560 Ma following Nance et al.
2008 and Ennih and Liégeois
2008. Terranes represented in
green belong to the Pan-African
belt girdling the West African
craton (WAC). Meseta,
Kabylia, Tuareg Shield and
Nigerian Shield are represented
in their present location while
the other (Peri-Gondwanan
terranes) are located in their
postulated position at c.
560 Ma, having moved away
since. b. Schematic cross-
section of the model proposed
for the Tifnoute granitoids, at
the northern margin of
Anti-Atlas, the metacratonic
boundary of the WAC (adapted
from Liégeois et al. 2012). The
latter, fractured but not thick-
ened was invaded by huge
amounts of alkali-calcic mag-
mas during Ediacaran
but preserved pre-Pan-African
lithologies
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the area for the Ouarzazate Group (Thomas et al.
2002). This WAC participation is lower than to the east
in the Saghro area (εNd-560Ma between +0.6 and −4 at
560 Ma and NdTDM are between 1000 and 1800 Ma;
Errami et al. 2009; Fig. 7).

(6) The late Zaghar mafic dyke swarm has a distinct geo-
chemistry but still has an important Nb-Ta anomaly
(Fig. 6l) showing they belong to the same tectonic
setting as the Tifnoute granitoids confirming their late
Ouarzazate status (Thomas et al. 2002). Their strongly
positive εNd-560Ma (+5 to +6) and young NdTDM model
ages (640–750 Ma) indicate that they represent litho-
spheric mantle partial melts. More samples are needed
for a proper characterization of their source.

To explain this regional scale magmatic activity that
operated around the NW edge of the West African craton,
we propose here a geodynamical model consisting in a post-
collisional metacratonic evolution (Liégeois et al. 2012) of
the former passive margin (WAC) but close to the terranes
of the former active margin (peri-Gondwanan terranes). In
other words, we interpret the Tifnoute granitoids and the
contemporaneous Ouarzazate Group as the magmatic re-
sponse, along the plate boundary, of the late Pan-African
metacratonic evolution of the northern part of the West
African craton, within a transtensive regime.

Linear delamination (Bird 1979; Black and Liégeois
1993) of the WAC continental lithosphere probably began
during the climax of the Pan-African convergence marked
by transpression (Ennih et al. 2001) but continued during
the late Ediacaran transtensional period. The protuberance
of the OSS implies the proximity of the subduction-gen-
erated lithosphere of the former active margin (peri-
Gondwanan terranes). Partial melts of juvenile sources
can thus invade the fractured WAC lithosphere, being
slightly contaminated by it, and emplaced at shallow level
either as subvolcanic plutons (Tifnoute granitoids) or as
lava and pyroclastic flows (Ouarzazate Group), during
vertical rift-related movements (Fig. 10). This event
should have left material in the Anti-Atlas lithosphere that
could correspond to the low resistivity anomalies local-
ized in the lower crust recently evidenced by Ledo et al.
(2011). These authors suggest that these anomalies could
correspond either to relic subducted oceanic sediments
linked to the ophiolitic remnants or to the Ouarzazate
volcanic group whose emplacement is linked to large
fluid movements that have mobilized REE (Ennih and
Liégeois 2008) and to worldclass precious metal deposits,
base-metal porphyry and SEDEX type occurrence
(Gasquet et al. 2005). This study favours the second
model, which is also sustained by the postulated presence
of the Eburnian basement below the whole Anti-Atlas
towards the North High Atlas Front (Ledo et al. 2011).

Other intrusions similar to Tifnoute Valley granitoids are
known in the Anti-Atlas, all being alkali-calcic/ferroan gran-
ites: Sidi El Houssein (or Tilsakht) pluton in Zenaga (579±
7 Ma), Taourgha pluton in the Bas Draa, Tafraout pluton in
Kerdous, Amassine and Imourghane plutons in Siroua. This
magmatism evolved to alkaline plutons during the early
Cambrian (Jbel Boho alkaline pluton; 529±3 Ma; Gasquet
et al. 2005). A similar model can be proposed to the east in
Saghro, where the plutons were more contaminated by the
Eburnian crust because of their location further from the
future SAF/NHAF, the craton boundary.

At the end of the process, the Zaghar strongly mafic dyke
swarm could be considered as a crude image of their litho-
spheric mantle source as for some Malagasy basalts
(Bardintzeff et al. 2010). They mark the last stage of the
delamination process (Lustrino 2005) just before the
Cambrian extension and its alkaline lavas, representing the
very last pulses of the asthenospheric mantle.

During the Phanerozoic, the OSS has always played a
rigid rheological role, inducing during the Cenozoic the
existence of two Cenozoic molassic basins to the south of
the High Atlas (Ouarzazate and Souss basins; Fig. 1) and the
location of the large Neogene Sirwa stratovolcano (Fig. 1).
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