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Abstract: The West African craton (WAC) was constructed during the Archaean and the c. 2 Ga
Palaeoproterozoic Eburnian orogeny. Mesoproterozoic quiescence at c. 1.7–1.0 Ga allowed
cratonization. In the absence of Mesoproterozoic activity, there are no known WAC palaeogeo-
graphical positions for that time. At the beginning of the Neoproterozoic, the WAC was affected
by several extensional events suggesting that it was subjected to continental breakup. The most
important event is the formation of the Gourma aulacogen in Mali, and the Taoudeni cratonic sub-
circular basin and deposition of platform sediments in the Anti-Atlas. At the end of the Neopro-
terozoic, the WAC was subjected to convergence on all its boundaries, from the north in the
Anti-Atlas, to the east along the Trans-Saharan belt, to the south along the Rockelides and the
Bassarides and to the east along the Mauritanides. This led to a partial remobilization of its
cratonic boundaries giving rise to a metacratonic evolution. The WAC boundaries experienced
Pan-African Neoproterozoic to Early Cambrian transpression and transtension, intrusion of
granitoids and extrusion of huge volcanic sequences in such as in the Anti-Atlas (Ouarzazate
Supergroup). Pan-African tectonism generated large sediment influxes around the WAC within
the Peri-Gondwanan terranes whose sedimentary sequences are marked by distinctive zircon
ages of 1.8–2.2 Ga and 0.55–0.75 Ga.

WAC rocks experienced Pan-African low grade metamorphism and large movements of
mineralizing fluids. In the Anti-Atlas, this Pan-African metacratonic evolution led to remobiliza-
tion of REE in the Eburnian granitoids due to the activity of F-rich fluids linked to extrusion of the
Ouarzazate Supergroup. During the Phanerozoic, the western WAC boundary was subjected to the
Variscan orogeny, for which it constituted the foreland and was, therefore moderately affected,
showing typical thick-skin tectonics in the basement and thin-skin tectonics in the cover.
During the Mesozoic, the eastern and southern boundaries of the WAC were subjected to the
Atlantic opening including Jurassic dolerite intrusion and capture of its extreme southern tip by
South America. The Jurassic is also marked by the development of rifts on its eastern and northern
sides (future Atlas belt). Finally, the Cenozoic period was marked by the convergence of the
African and European continents, generating the High Atlas range and Cenozoic volcanism encir-
cling the northern part of the WAC. The northern metacratonic boundary of the WAC is currently
uplifted, forming the Anti-Atlas Mountains.

The boundaries of the WAC, metacratonized during the Pan-African orogeny have been period-
ically rejuvenated. This is a defining characteristic of the metacratonic areas: rigid, stable cratonic
regions that can be periodically cut by faults and affected by magmatism and hydrothermal altera-
tion – making these areas important for mineralization.

A craton is a stable part of the continental litho-
sphere which has not been deformed for a long
time (Bates & Jackson 1980). Although cratons
are not tectonically active, they can be located
near active margins, such as the Brazilian craton
at the rear of the Andean active margin. Cratons
proximal to collision zones act as a shield, as their
thick lithosphere protects them from most of the
collisional effects (Black & Liégeois 1993).
However, cratons can be partly subducted or
affected by transpressive tectonics. Such partial
reactivation of a rigid body or of the boundaries

of a rigid body gives rise to geological character-
istics different from the cratonic quiescence as
well as from the intense activity occurring in a
mobile belt. This has been called metacratonic evol-
ution (Abdelsalam et al. 2002).

This special volume has been generated by the
UNESCO IGCP485 (International Geological
Correlation Programme, now International
Geoscience Programme) called Cratons, metacra-
tons and mobile belts: keys from the West African
craton boundaries; Eburnian versus Pan-African
signature, magmatic, tectonic and metallogenic
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implications. The aim of this project, and of this
book, was to encompass the whole evolution of
the boundaries of the West African craton, from
the Archaean/Palaeoproterozoic towards Recent
times. The IGCP485 organized field conferences
in remote areas such as the Reguibat Rise in Maur-
itania, the Gourma region in Mali, the Hoggar
shield in Algeria and twice in the Anti-Atlas belt
in Morocco. This book contains twenty-four
papers concerning these regions and other bound-
aries of the West African craton.

The West African craton

The West African craton (WAC) is composed of
three Archaean and Palaeoproterozoic metamorphic
and magmatic shields separated by two cratonic
sedimentary basins (Fig. 1). The WAC components
include: to the south the Man shield, to which the
smaller Kayes and Kenieba inliers can be associ-
ated; to the north the Reguibat shield; and to the
extreme north, the Anti-Atlas belt. In between are,
in the centre, the huge Taoudeni basin and to the
north the Tindouf basin. The Man and Reguibat
shields comprise Archaean nuclei to the west

(Feybesse & Milési 1994; Potrel et al. 1998; Key
et al.). In the Man shield, a large part of the WAC
consists of the Palaeoproterozoic Birimian conti-
nent (Abouchami et al. 1990; Liégeois et al. 1991;
Boher et al. 1992; Soumaila et al.). The Reguibat
shield contains Palaeoproterozoic assemblages in
the eastern part as well as Archaean components
that include kimberlites (Kahoui et al.). The Anti-
Atlas belt comprises only a Palaeoproterozoic base-
ment (Thomas et al. 2004). The WAC terranes were
affected by the Eburnian orogeny, at around 2 Ga.
During the Mesoproterozoic, no event or rocks are
known in the WAC. This extremely quiet period
between 1.7 Ga and 1 Ga allowed this large area
to become a craton by acquiring a thick lithosphere
(Black & Liégeois 1993). The palaeoposition of the
WAC during the Mesoproterozoic is not known. By
contrast to the Mesoproterozoic, the Neoprotero-
zoic was an important period of evolution for the
West African craton. At the beginning of the Neo-
proterozoic, the WAC was affected by several
extensional events associated with continental
breakup. The most important event was the for-
mation of the Gourma aulacogen in Mali (Moussine-
Pouchkine & Bertrand-Sarfati 1978) but also the
deposition of passive margin sediments on its

Fig. 1. Main geological units in West Africa, from Fabre (2005) and Liégeois et al. (2005). The positions and
shapes of the Peri-Gondwanan terranes are based on Nance et al.
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northern boundary in the Anti-Atlas (Bouougri &
Saquaque 2004) and to the SE in the Voltas basin
(Ako & Wellman 1985; Nédélec et al. 2007).
The formation of the huge Taoudeni cratonic sub-
circular basin also began during that period
(Bronner et al. 1980).

At the end of the Neoproterozoic, the WAC
was first subjected to island arc accretion during
760–660 Ma on its northern and eastern sides, in
the Moroccan Anti-Atlas (Thomas et al. 2002;
Samson et al. 2004; D’Lemos et al. 2006; Bousquet
et al.), in the Malian Tilemsi (Caby et al. 1989) and
in the Gourma area (De la Boisse 1979). During the
main Pan-African orogenic phase, the WAC was
subjected to convergence on all its boundaries,
from the north in the Anti-Atlas (Hefferan et al.
2000; Ennih & Liégeois 2001), to the east along
the Trans-Saharan belt (Black et al. 1979, 1994;
Affaton et al. 1991; Attoh & Nude), to the south
with the Rockelides and the Bassarides belts and
to the east with the Mauritanides belt (Villeneuve),
with several thrust sheets preserved on the craton
itself, such as in Mali (Caby et al.). These collisions
partly remobilized other cratonic regions to the east
of the WAC in the Tuareg shield (Liégeois et al.
2003; Bendaoud et al.; Adjerid et al.) and also
the peri-Gondwanan terranes (Nance et al.;
Pereira et al.; Gürsu & Gonçuoğlu).

The boundaries of the West African

craton

The Pan-African orogeny induced a partial rem-
obilization of the WAC boundaries, inducing a
metacratonic evolution. At the end of the Neopro-
terozoic, the West African craton belonged to the
subducting plate, implying that it was never an
active margin above a subduction oceanic plate
(Black et al. 1979; Hefferan et al. 2000; Ennih &
Liégeois 2001; Villeneuve), with craton-ward
directed fold-and-thrust structures (Jahn et al.
2001; Caby et al.) also forming outboard of the
craton (Attoh & Brown). The West African
craton acted as a rigid indenter during the
Pan-African orogeny in a similar way as India is
currently indenting the Asian continent (Black
et al. 1979). The thick cratonic continental litho-
sphere was partly affected by transpression and
transtension tectonic episodes, intrusion of grani-
toids and extrusion of volcanic sequences, such as
in the Anti-Atlas (Ouarzazate Supergroup). High
temperature/low pressure grade metamorphism
occurred with large movements of fluids causing
mineralization in several areas (Inglis et al. 2004;
Kolb et al.; Belkabir et al.). Although partially
buried by younger deposits, rock exposures
contain excellent preservation of the early

Neoproterozoic events such as the passive margin
sediments (Bouougri & Saquaque 2004), the early
thrust oceanic terranes (Samson et al. 2004;
Bousquet et al.) and Pan-African magmatism
(Touil et al.; Ezzouhairi et al. ). The Pan-African
orogeny generated large sediment influx, for
example outside the WAC, within the Peri-
Gondwanan terranes whose sedimentary sequences
are marked by the WAC-typical signature, a
bimodal set of zircon ages at c. 1.8–2.2 Ga and at
0.55–0.75 Ga (Nance et al.). The metacratonic
evolution affected some parts of the WAC and peri-
Gondwanan terranes such as the c. 2 Ga Icartian
gneisses in Brittany (Calvez & Vidal 1978;
Samson & D’Lemos 1998). A better knowledge of
the boundaries of the West African craton is, there-
fore, of importance for the study of peri-
Gondwanan terranes in Europe and in America.

During the latest Neoproterozoic and early
Palaeozoic, the western WAC boundaries were
first subjected to a major extensional event produ-
cing sedimentary and volcanic sequences (Alvaro
et al.; Pouclet et al.) and the drifting of some of
the peri-Gondwanan terranes (Nance et al.). Thick
Phanerozoic sedimentary sequences were deposited
afterwards up to Devonian times (Baidder et al.;
Ouanaimani & Lazreq). The Late Palaeozoic Var-
iscan orogeny moderately affected the WAC by
generating thick-skin tectonics in the basement
and thin-skin tectonics in the sedimentary cover
rocks (Caritg et al. 2004; Burkhard et al. 2006;
Baidder et al.; Dabo et al.; Soulaimani &
Burkhard). In the Mesozoic, the western and
southern WAC boundaries were subjected to the
Atlantic rifting and Jurassic dolerite intrusions and
massive Central Atlantic magmatic province
(CAMP) basalt flows (Marzoli et al. 1999;
Deckart et al. 2005; Verati et al. 2005). The Jurassic
was also marked by the development of rifts on the
eastern side (e.g. Gao rift) and on the northern side
(e.g. Atlas belt), contemporaneously with the devel-
opment of the Central Atlantic Ocean and the
Western Mediterranean Sea (Laville et al. 2004;
Guiraud et al. 2005). Finally, the Cenozoic era
was marked by the convergence of the African
and European continents, generating the High
Atlas range, the uplift of the Anti-Atlas (Malusa
et al. 2007) and the Cenozoic volcanism in West
Africa (Berger et al.) and the Hoggar (Liégeois
et al. 2005). The northern metacratonic boundary
of the WAC is currently uplifted, forming the Anti-
Atlas Mountains.

The boundaries of the WAC, metacratonized
during the Pan-African orogeny, have been rejuve-
nated periodically. The rigid WAC metacraton has
been affected by the reactivation of lithospheric
faults that facilitate hydrothermal mineralization
(Pelleter et al. 2007). This is the main characteristic
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of the metacratonic areas (Liégeois et al. 2003,
2005): being rigid but affected by faults of litho-
spheric scale, they constitute areas subjected to
reactivation, including intraplate reactivations
(Azzouni-Sekkal et al. 2003; Liégeois et al.
2005), making them areas likely to be rich
in mineralizations.

The case study of the remobilization

of the Eburnian basement in the

Anti-Atlas belt

Our recent study on the Eburnian basement of the
Anti-Atlas, in the Zenaga inlier (Figs 2 and 3) has
revealed extensive REE mobility in Eburnian
granites during the Pan-African orogeny. REE
mobility is attributed to Pan-African transcurrent
tectonism and associated Neoproterozoic Ouarza-
zate Supergroup volcanism.

The Anti-Atlas belt

The Anti-Atlas belt (Fig. 2) is separated in two parts
by the Anti-Atlas major fault (AAMF) – long con-
sidered as the northern limit (e.g. Hefferan et al.
2000) of the WAC because it is marked by ophioli-
tic remnants, including that of Bou Azzer, and
because Eburnian outcrops are not known north of
it in the Saghro Mountains. For various geological
but also rheological and isotopic reasons, Ennih &
Liégeois (2001) proposed that the actual northern
boundary of the WAC is the South Atlas fault that
borders the High Atlas mountain range to the
south (Fig. 2) of the AAMF. According to Ennih
& Liégeois (2001), the South Atlas Fault marks
the edge of the deepening of the WAC basement
under Neoproterozoic volcano-sedimentary series.
Here we will focus on the Zenaga inlier, which
consists of Eburnian basement rocks and is
located just to the south of the AAMF, for deci-
phering the Pan-African effects on the WAC
northern boundary basement.

The Zenaga inlier

The Zenaga inlier is a depression of about 500 km2

containing mainly Palaeoproterozoic gneisses and
granitoids unconformably overlain by the late
Neoproterozoic Ouarzazate volcanic Supergroup
or by the Cambrian Tata Group (Fig. 3). Within
the inlier, Neoproterozoic rocks also consist of
passive margin sediments (Taghdout Group),
pre-Pan-African doleritic dykes and sills and a
late Pan-African alkaline ring-complex. Along the
AAMF, to the west and to the east, remnants of
the Bou Azzer–Sirwa oceanic terrane are present.
A summary of the geology of the area helps to

understand the metacratonic evolution of the
Zenaga basement.

The Zenaga Palaeoproterozoic metamorphic
rocks include medium to high-grade amphibolite
facies grey gneisses, biotite-rich schists, garnet +
sillimanite paragneisses, calc-silicate rocks, mig-
matites and rare amphibolites. The gneissic layering
and the migmatitic leucosomes are deformed by
isoclinal ductile folds, whose axes have variable
plunge. This basement represents a high-grade
metamorphic supracrustal series. These schists
have not been dated but inherited zircons at
c. 2170 Ma within the c. 2035 Ma cross-cutting
granitoids could be attributed to the Zenaga
schists (Thomas et al. 2002).

The Zenaga Palaeoproterozoic granitoids are
represented by the Azguemerzi mesocratic grano-
diorite, and the Aı̈t Daoui, Assersa, Tamarouft and
Tazenakht granites. The Zenaga plutons show
quartzo-feldspathic layers separated by biotite and
garnet layers, locally associated with gneisses and
anatectic products. They contain rare metasedimen-
tary xenoliths and no mafic microgranular enclaves
(MME). The presence of aluminous minerals
(biotite, garnet, muscovite), the association with
migmatitic rocks, the absence of MME suggest
that the Zenaga granitoids originated by the
partial melting of crustal rocks. The granodiorite
and the granites have been dated at 2037 + 7 Ma,
2037 + 9 Ma and 2032 + 5 Ma (U–Pb zircon
ages, Thomas et al. 2002). These dates give a
minimum age for the gneisses and schists.

The Zenaga granitoid basement is unconform-
ably covered by the Taghdout sedimentary Group,
also known as the Tizi n-Taghatine Group
(Thomas et al. 2004). The Taghdout Group displays
brittle tectonic faults folds associated with a south-
verging thrust event. Portions of this unit have been
metamorphosed to greenschist facies. The Taghd-
out Group contains well-preserved sedimentary
features, such as ripple marks, desiccation cracks
or oblique stratification (Bouougri & Saquaque
2004). The Taghdout Group is a 2 km-thick succes-
sion deposited during three stages of an extensional
event (Bouougri & Saquaque 2004): (1) a shallow-
water and gently dipping mixed siliciclastic–
carbonate ramp facing north and attached to
braided alluvial plain in the south, indicating a rela-
tively stable margin; (2) tholeiitic sills and dykes of
the Ifzwane Group that cut the sedimentary
sequence and the basement of the Zenaga inlier
(particularly to the NW; Fig. 3a); (3) deepening of
the margin marked by turbidites.

Although they are not directly in contact with
the Zenaga basement, remnants of the Bou Azzer
and Sirwa oceanic island arc complex occur along
the AAMF (Fig. 2). This complex comprises ophio-
litic sequences in which plagiogranites have been
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Fig. 2. (a) Geological map of the Anti-Atlas (Morocco), from Thomas et al. (2004) and Gasquet et al. (2008).
The rectangle outlines the area in Figure 1B. (b) Satellite photograph of the Anti-Atlas (Orthorectified
Landsat Thematic Mapper Mosaics as compressed colour imagery in MrSIDTM file format from Lizardtech).
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dated at 761 + 2 Ma and 762 + 2 Ma at Taswirine
(Sirwa area; U–Pb zircon; Samson et al. 2004) and
a tonalitic migmatite at 743 + 14 Ma at Iriri (Sirwa
area; U–Pb zircon; Thomas et al. 2002). The zircon
rims of the latter gave an age of 663 + 13 Ma,
interpreted as the age of the metamorphism
that accompanied the island arc accretion towards
the craton (Thomas et al. 2002). In Bou Azzer,
juvenile metagabbros (752 + 2 Ma), augen
granite gneiss (753 + 2 Ma) and leucogranites
(705 + 3 Ma; 701 + 2 Ma) are linked to this

750–700 Ma event but in a way still to be deci-
phered (D’Lemos et al. 2006).

The Zenaga basement is overthrust by the Tam-
wirine rhyolitic unit, attributed to the Bou Salda
Group, which has been dated at 605 + 9 Ma
(U–Pb zircon, Thomas et al. 2002). The Tamwirine
rhyolites are unconformably overlain by the Ouar-
zazate Group. Rhyolites and granitoids of the Ouar-
zazate Group have been dated between 581 + 11
Ma and 543 + 9 Ma (Gasquet et al. 2005). Within
the Zenaga inlier, the Sidi El Houssein alkaline

Fig. 3. (a) Satellite photograph of the Palaeoproterozoic Zenaga inlier (Orthorectified Landsat Thematic Mapper
Mosaics as compressed colour imagery in MrSIDTM file format from Lizardtech). The inlier is noted
‘Zenaga’ on Figure 2a and 2b. (b) Sketch geological map of the Zenaga inlier (from Ennih & Liégeois 2001). The scales
of the satellite image and of the geological map are the same.
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Table 1. Major element compositions of Palaeoproterozoic Zenaga plutons

Sample SiO2 TiO2 Al2O3 Fe2O3t MgO MnO CaO Na2O K2O P2O5 LOS SUM

Azguemerzi granodiorite
TZG2 63.80 0.77 15.90 7.00 2.00 0.06 2.60 2.94 3.04 0.13 1.27 99.50
ASZ16 65.30 0.54 17.60 3.80 1.18 0.03 2.31 2.50 4.64 0.17 1.50 99.57
Tim40 66.00 0.53 16.50 4.17 1.54 0.03 2.57 2.42 3.94 0.17 1.87 99.74
Asra12 61.50 0.19 15.60 7.03 2.11 0.06 2.42 2.99 2.37 0.19 4.77 99.22
TGZ7 63.10 0.55 19.00 6.10 1.54 0.03 0.77 2.57 3.42 0.09 2.52 99.69
TT58 63.30 0.73 17.50 5.65 2.39 0.05 2.40 2.58 2.68 0.24 2.17 99.69
TL52 63.70 0.73 17.10 5.22 2.04 0.04 2.64 2.38 4.09 0.29 1.29 99.52
TL49 66.00 0.59 17.00 3.99 1.80 0.04 2.24 2.62 3.56 0.17 1.62 99.63
TL47 66.50 0.24 17.90 2.73 1.44 0.04 1.16 5.81 2.12 0.10 1.94 99.98
Tiz42 67.20 0.53 15.90 4.18 1.21 0.03 2.83 2.81 3.22 0.28 1.45 99.64
Ti31 67.90 0.33 16.50 2.56 0.81 0.03 1.83 2.70 4.79 0.20 1.96 99.61
TT21 68.00 0.51 15.90 4.93 1.80 0.09 0.25 2.26 3.58 0.09 2.45 99.86
TZG6 68.10 0.46 15.70 3.92 0.90 0.03 2.48 3.26 3.28 0.33 1.25 99.71
Tiz46 69.00 0.47 14.70 4.51 1.06 0.02 2.50 2.58 3.96 0.19 0.77 99.76
Tiz43 69.20 0.42 15.50 3.44 1.25 0.02 1.34 2.60 4.56 0.15 1.27 99.75
Ti30 69.70 0.26 16.90 2.24 0.49 0.01 0.35 2.51 6.10 0.13 1.15 99.84
Ti34 71.50 0.16 14.40 1.45 0.56 0.02 1.90 1.73 5.99 0.11 2.02 99.84
Ait Daoui monzogranite
AD24 67.40 0.47 16.30 3.46 1.62 0.02 0.35 2.34 5.89 0.12 1.69 99.66
AD26 67.60 0.28 16.80 2.59 1.53 0.00 0.81 2.79 5.76 0.15 1.47 99.78
AD28 70.80 0.28 15.40 2.54 0.68 0.02 2.37 2.75 3.76 0.21 1.03 99.83
AD25 70.50 0.29 15.20 2.29 1.38 0.02 0.62 2.50 5.37 0.10 1.52 99.78
Assersa monzogranite
Asra9 72.20 0.04 16.10 1.25 0.25 0.08 0.47 3.53 5.17 0.10 0.84 100.03
Asra11 74.70 0.01 14.20 0.91 0.11 0.01 0.66 3.28 5.46 0.18 0.44 99.96
As112 74.40 0.07 15.00 1.00 0.25 0.01 0.51 2.81 6.22 0.10 0.59 100.96
Asra10 73.40 0.01 15.30 4.98 0.10 0.02 0.55 4.04 4.04 0.12 0.47 103.02
As111 73.00 0.04 15.10 1.08 0.30 0.01 0.69 2.80 6.15 0.17 0.59 99.93
As114 71.90 0.47 14.80 3.45 1.19 0.02 1.28 2.44 2.64 0.10 1.51 99.80
Tamarouft monzogranite
AN39 74.20 0.04 14.40 0.62 0.15 0.01 0.35 2.94 6.32 0.17 0.55 99.75
TGR43 70.60 0.03 18.10 1.31 0.48 0.01 0.47 3.50 3.68 0.32 1.44 99.93
TGR48 72.40 0.02 16.30 0.33 0.21 0.01 0.42 3.81 4.79 0.33 0.89 99.51
TAM31 66.30 0.54 15.70 5.24 2.23 0.03 1.37 4.67 2.47 0.20 1.11 99.86
TAM32 72.50 0.25 14.20 2.39 1.18 0.01 1.53 5.59 1.26 0.20 0.75 99.87
TAM33 71.50 0.02 16.10 0.96 0.27 0.01 0.75 2.94 5.58 0.30 1.42 99.84
TAM35 69.50 0.22 20.20 1.06 0.23 0.01 0.34 1.07 5.20 0.30 1.86 99.98
TOU37 71.10 0.28 15.50 2.41 0.44 93.00 0.53 3.46 4.91 0.11 1.05 192.79
TOU38 72.80 0.04 15.40 0.57 0.18 0.01 0.50 3.71 5.45 0.20 0.89 99.75
AN40 73.30 0.14 17.10 1.59 0.55 0.01 0.13 0.88 4.80 0.09 2.12 100.70
AN41 71.30 0.12 16.00 1.54 0.43 0.01 0.34 3.12 5.65 0.20 1.11 99.81
AN42 68.30 0.12 18.50 0.53 0.51 0.01 0.47 2.23 5.62 0.53 1.72 98.53
TGR44 71.20 0.00 16.10 0.22 0.07 0.00 0.20 2.53 8.87 0.31 0.36 99.86
TGR45 71.60 0.03 17.40 0.90 0.22 0.01 0.74 5.00 2.63 0.48 0.97 99.97
TGR46 71.10 0.02 17.10 0.73 0.17 0.01 0.40 4.42 4.21 0.31 0.87 99.33
TGR47 72.90 0.07 15.60 0.85 0.20 0.00 0.59 3.84 4.75 0.22 0.86 99.89
TAM44 70.10 0.32 16.90 1.11 0.42 0.01 0.85 2.87 5.70 0.49 1.25 100.01
Tazenakht monzogranite
TZK3 73.00 0.07 14.80 0.85 0.25 0.01 0.40 2.00 7.53 0.17 0.75 99.84
TA4 73.10 0.15 14.70 1.55 0.07 0.00 0.45 3.88 5.34 0.03 0.51 99.77
TA8 75.10 0.02 15.50 0.70 0.19 0.01 0.51 5.22 1.72 0.27 0.83 100.07
Ti38 71.70 0.14 16.20 1.06 0.28 0.01 0.53 2.91 6.12 0.20 0.80 99.95
TZi101 72.85 0.10 15.44 1.11 0.35 0.01 0.38 3.73 4.80 0.16 1.07 100.00
TZi10B 72.88 0.10 15.38 1.23 0.34 0.01 0.41 3.83 4.69 0.19 0.96 100.02
TZi300 72.26 0.10 15.79 1.16 0.37 0.01 0.30 3.20 5.53 0.16 1.13 100.01
TZi500 73.02 0.09 15.29 1.13 0.34 0.01 0.26 3.01 5.50 0.16 1.20 100.01
TZi800 68.00 0.20 19.45 1.36 0.61 0.01 0.33 3.35 4.70 0.12 1.87 100.00
TZi100 73.28 0.12 15.27 1.10 0.33 0.01 0.32 3.49 4.82 0.18 1.07 99.99
TL51 70.00 0.12 17.00 0.80 0.27 0.00 0.43 2.76 7.08 0.14 1.29 99.89
AK18 72.30 0.24 14.90 1.94 0.42 0.01 0.66 3.45 4.69 0.12 0.99 99.72
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granitic ring-complex (579 + 7 Ma; U–Pb zircon;
Thomas et al. 2002) is contemporaneous with the
Ouarzazate Group.

Structurally, the c. 2 Ga Eburnian deformation
was high-grade and north–south to NE–SW orien-
tated (Ennih et al. 2001). The Pan-African defor-
mation occurred under greenschist conditions and
is mostly NW–SE oriented along the AAMF corri-
dor (Ennih et al. 2001). The Anti-Atlas was later
deformed during the Late Palaeozoic Variscan
orogeny, which was responsible for the generation
of domes and for major décollements between the
Palaeoproterozoic basement and the Neoprotero-
zoic/Phanerozoic cover. Variscan deformation
produced spectacular disharmonic folds in the
Ouarzazate and Tata Groups and listric extensional
faults within the basement (Faik et al. 2001;
Burkhard et al. 2006), reactivating faults generated
at the end of the Pan-African orogeny (Soulaimani
et al. 2004). Those extensional structures were
again reactivated during the Cenozoic Alpine
orogeny generating the current relief of the
Anti-Atlas with its Precambrian inliers and Ceno-
zoic volcanism (Berger et al.). Within the Palaeo-
proterozoic basement, attributing a structure to the
Pan-African, Variscan or to the Alpine events is
not easy because of the strong rheological contrast
between the rigid basement and the softer sedimen-
tary cover, inducing partition of the deformation.
Even the rare thrust faults in the Zenaga basement
that are generally interpreted as Pan-African in
age could be Variscan or even Alpine in age
(Thomas et al. 2002). However, it seems that the

Variscan and Alpine events never induced thermal
effects above 300 8C, based on the 580–525 Ma
biotite-whole-rock mineral Rb–Sr dates obtained
(Thomas et al. 2002).

The deformed Eburnian Zenaga granitoids are
strongly peraluminous in character.

Analytical techniques

Whole-rock major and trace elements. Major
elements have been measured by X-ray fluor-
escence (Université Catholique de Louvain) and
the trace elements by ICP-MS (VG PQ2þ, Royal
Museum for Central Africa). For trace elements,
the result of the alkaline fusion (0.3 g of
sampleþ 0.9 g of lithium metaborate at 1000 8C
during one hour) has been dissolved in 5% HNO3.
The calibrations were set using both synthetic sol-
ution (mixture of the considered elements at 2, 5
and 10 ppb) and international rock standards
(BHVO-1, W1, GA, ACE). For all these elements,
the precision varies from 5 to 10% (for details,
see Navez 1995). Results are given in Table 1
(major elements) and Table 2 (trace elements).

Sr–Nd isotopes. After acid dissolution of the
sample in a beaker or in a pressure vessel if any
solid is present after centrifugation and Sr and Nd
separation on ion-exchange resin, Sr isotopic com-
positions have been measured on Ta simple filament
(VG Sector 54), Nd isotopic compositions on triple
Ta–Re–Ta filament (VG Sector 54) in the Section
of Isotope Geology of the Africa Museum,

Table 2. Trace element compositions of Palaeoproterozoic Zenaga plutons

Sample V Rb Y Zr Nb Ba La Ce Pr Nd Sm Eu

Azguemerzi granodiorite
TZG2 44.2 98.8 32.8 228.4 8.3 958 50.0 105.6 12.24 47.0 8.44 1.45
ASZ16 21.4 89.0 15.0 196.8 7.1 1539 47.4 96.2 11.04 42.2 6.56 1.33
Tim40 25.1 92.6 11.8 165.8 7.2 812 35.0 74.1 8.76 33.1 6.14 1.03
Ait Daoui monzogranite
AD26 26.6 153.9 15.1 167.8 8.9 1628 8.20 20.1 2.38 9.73 2.53 0.78
AD28 10.0 130.3 15.7 122.3 4.7 894 1.84 5.11 1.04 6.64 3.42 0.55
AD25 13.4 87.8 14.7 219.6 4.1 773 41.8 87.2 10.30 39.4 6.89 0.98
Assersa monzogranite
Asra11 0.76 152.3 6.6 37.0 1.7 51 5.13 12.74 1.60 6.31 2.19 0.07
As112 0.44 121.5 12.5 26.9 0.8 79 7.00 14.38 1.78 6.90 2.31 0.06
Asra10 1.07 178.3 10.3 45.8 4.3 65 4.07 9.46 1.22 4.70 1.62 0.13
Tamarouft monzogranite
TGR43 3.30 135.6 2.0 4.0 0.7 891 2.27 4.32 0.51 1.97 0.28 0.71
TGR48 ,0.1 166.2 5.6 35.2 5.9 89 1.32 2.70 0.42 1.92 0.90 0.10
TAM31 ,0.1 131.4 1.9 27.7 2.4 141 1.97 4.11 0.51 1.79 0.57 0.11
Tazenakht monzogranite
TA4 1.21 157.1 26.1 42.9 1.4 841 19.16 39.2 4.76 17.7 3.97 0.75
TA8 3.86 135.3 39.4 198.5 9.6 867 36.0 76.5 9.00 35.2 7.13 0.74
Ti38 0.93 67.7 4.8 16.5 2.9 27 4.98 8.68 0.95 3.24 0.81 0.26
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Tervuren. Repeated measurements of Sr and Nd
standards have shown that between-run error is
better than 0.000015 (2s). The NBS987 standard
has given a value for 87Sr/86Sr of
0.710275 + 0.000006 (2s on the mean of 12 stan-
dards, normalized to 86Sr/88Sr ¼ 0.1194) and the
Rennes Nd standard a value for 143Nd/144Nd of
0.511959 + 0.000006 (2s on the mean of 24 stan-
dards, normalized to 146Nd/144Nd ¼ 0.7219)
during the course of this study. All measured
ratios have been normalized to the recommended
values of 0.710250 for NBS987 and 0.511963 for
Nd Rennes standard (corresponding to a La Jolla
value of 0.511858) based on the 4 standards
measured on each turret together with 16 samples.
Decay constant for 87Rb (1.42 � 10211 a21) was
taken from Steiger & Jäger (1977) and for 147Sm
(6.54 � 10212 a21) from Lugmair & Marti (1978).
Results are given in Table 3.

Geology and petrography

The Azguemerzi porphyritic biotite-granite is a
coarse-grained, zoned and mesocratic rock. The
primary minerals are mainly plagioclase and mega-
alkali feldspar which are resorbed and largely
sericitized. The mega-alkali feldspar occurs as
coarse perthitic orthoclase megacrysts and
medium grained microcline. Myrmekitic inter-
growths are uncommon, but when present, perva-
sive and large orthoclase megacrysts are
occasionally surrounded by a composite mantle of
plagioclase and quartz. The quartz is typically

interstitial and forms late stage inclusions. The
main mafic magmatic silicates are biotite, garnet
and the epidote, which is included in or associated
with biotite (most of the epidote is secondary).
Accessory minerals include anhedral, rounded
zoned zircon, euhedral apatite, titanite, and ilme-
nite. Secondary minerals are sericite, chlorite and
most of the epidote. The Azguemerzi pluton
shows quartzo-feldspathic layers separated by
biotite layers, locally associated with gneisses and
anatectites in the Assersa and in Tizi-n-Taguergoust
valleys. The Azguemerzi pluton displays a
magmatic fabric which evolves locally to a true
foliation, which probably explains why it was
sometimes regarded as porphyritic gneiss. It
contains xenolithic micaschists and gneisses of
metasedimentary nature which could represent the
source of these rocks but are most probably xeno-
liths from the country-rocks.

The Assersa, Aı̈t Daoui and Tamarouft are gran-
odiorite and monzogranite plutons that show the
same mineralogical assemblage as the Azguemerzi
pluton without biotite, conferring their leucocratic
character. The Tazenakht granite in the northern
part of Zenaga is a heterogeneous coarse-grained
rock. It consists of abundant euhedral alkali feldspar
phenocrysts, xenomorphic crystals of quartz, sub-
hedral sericitized polycrystalline plagioclase,
twisted biotite and sometimes twisted muscovite.
Decimetre-size pegmatitic pockets are associated
with acidic pegmatitic and aplopegmatitic dykes.
Accessory minerals are mainly oxides; rare corun-
dum has been observed. This granite was generally

Gd Dy Ho Er Yb Lu Hf Ta W Pb Th U

6.45 5.73 1.31 3.54 3.64 0.55 6.85 0.28 0.77 20.3 14.1 1.48
4.63 3.10 0.64 1.41 1.32 0.21 6.04 0.26 0.70 18.2 11.0 0.84
4.48 2.59 0.47 1.05 0.94 0.14 5.16 0.35 1.15 16.2 11.1 1.03

3.19 3.16 0.67 1.76 1.65 0.23 5.22 0.31 0.57 21.7 21.1 1.74
3.97 3.11 0.63 1.60 1.36 0.19 3.94 0.37 22.6 10.0 1.35
4.65 3.04 0.59 1.33 1.15 0.17 7.01 0.20 0.57 20.7 11.3 1.29

2.28 1.73 0.25 0.42 0.26 0.04 1.90 0.06 1.04 17.1 3.04 1.58
2.97 2.93 0.37 0.49 0.16 0.02 1.54 0.03 1.13 19.1 2.52 1.57
1.92 2.03 0.36 0.71 0.52 0.06 2.17 0.04 0.37 24.8 2.70 1.19

0.62 0.73 0.15 0.41 0.37 0.06 0.14 0.10 0.85 26.0 0.85 0.49
1.15 1.38 0.24 0.64 0.96 0.14 1.60 0.80 2.30 1.7 0.88 1.20
0.71 0.89 0.17 0.41 0.48 0.08 1.29 0.23 1.42 9.2 0.82 1.97

4.24 4.47 0.85 2.00 1.55 0.22 1.57 0.15 0.57 32.2 5.09 2.67
7.28 7.06 1.54 4.17 4.20 0.62 7.02 0.75 1.16 11.3 13.9 2.40
0.92 1.23 0.26 0.76 0.95 0.15 0.64 0.51 1.27 2.8 0.44 0.43
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deformed in a solid state; it has a planar structure
formed with mega-alkali feldspar sometimes frac-
tured, twisted and kinked muscovite and biotite
with heterogeneous levels corresponding to myloni-
tic rocks. Towards the south, the mega-alkali
feldspars are deformed within a very intense foli-
ation near the contact of the Azguemerzi granite.
These characters reflect an intense and hetero-
geneous deformation, locally transforming the
Tazenakht granite into orthogneiss, porphyroblastic
mylonites and phyllonitic layers.

A main characteristic of the Zenaga granitoids is
the abundant presence of peraluminous minerals
with abundant muscovite and almandine-rich
garnet (Alm71-89 Pyr3-14 Sps2-12), except the Taze-
nakht granite which does not bear garnet but is par-
ticularly rich in muscovite and locally
contains corundum.

Major elements

The studied Palaeoproterozoic granitoids (location
in Fig. 3b) are all mainly felsic (SiO2 . 68%)
except the Azguemerzi granodiorite, which is inter-
mediate in composition (most samples are in the
range 61–70% SiO2). They have variable compo-
sitions in alkalis and straddle the boundaries
defined for the alkalic, alkali-calcic, calc-alkalic
and calcic series (Fig. 4a) suggesting a hetero-
geneous source or some alkali mobility. They are
always strongly peraluminous (Fig. 4b) and yield
an alumina saturation index (ASI) decreasing with
silica, which points to a peraluminous melt crystal-
lizing aluminous minerals. The Al2O3 activity in the

melts compared with the ASI (Patiño-Douce 1992)
shows that the Zenaga granitoids are chemically
comparable to other garnet bearing granitoids
(Fig. 4c) pointing to a heterogeneous peraluminous
source rather than to alkali mobility.

This high peraluminosity indicates the presence
in the source of a strongly peraluminous com-
ponent, i.e. a pelitic continental crust, with, consid-
ering the quite high Ca, Na, Mg and Fe
concentrations in these granitoids, the addition of
a basaltic component. The garnet can crystallize
from the melt itself (Dahlquist et al. 2007) or
from the incongruent melting of a muscoviteþ
biotiteþ quartz assemblage in the pelitic source
that gives melt and garnet at c. 650 8C. In all
cases, a muscovite-rich source is needed, the only
mineral that undergoes substantial dehydration at
temperature ,800 8C (Miller et al. 2003).

REE and Nd isotopes as markers of the

Pan-African metacratonic evolution of the

Zenaga Eburnian basement

The rare earth element (REE) patterns of the five
plutons studied display very varied shapes consider-
ing that all rocks are within the 64–75% SiO2

range. The Azguemerzi granodiorites display
normal REE patterns for granodiorite, except the
large variability in HREE abundance that can be
attributed to variable garnet control (Fig. 5a).
The Tazenakht granite (Fig. 5b) has one sample
(TA8) very low in REE and with no Eu negative
anomaly, which is very different from the two

Table 3. Sr and Nd isotopes of Palaeoproterozoic Zenaga plutons

Pluton Sample Rb Sr 87Rb/86Sr 87Sr/86Sr 2s Sri
600 Ma

Sri
2035 Ma

Sm

Azguemerzi TZG2 110 172 1.858 0.749223 0.000012 0.733323 0.694741 8.44
Azguemerzi ASZ16 92 185 1.444 0.741828 0.000009 0.729473 0.699494 6.56
Azguemerzi Tim40 95 140 1.975 0.766482 0.000014 0.749583 0.708577 6.14
Assersa Asra9 165 16 32.291 1.539725 0.000015 1.263430 0.592997 2.19
Assersa Asra11 140 17 24.876 1.152029 0.000015 0.939183 0.422712 2.31
Assersa As112 178 21 26.443 1.499209 0.000015 1.272951 0.723935 1.62
Aı̈t Daoui AD 24 162 116 4.074 0.790233 0.000008 0.755372 0.670782 2.53
Aı̈t Daoui AD 26 150 156 2.798 0.764744 0.000009 0.740802 0.682706 3.42
Aı̈t Daoui AD 28 90 138 1.895 0.749736 0.000007 0.733521 0.694175 6.89
Tamarouft An39 143 170 2.449 0.768874 0.000008 0.747920 0.697076 0.28
Tamarouft TGR43 193 14 42.804 1.447583 0.000017 1.081334 0.192629 0.90
Tamarouft TGR48 155 29 15.974 1.039992 0.000012 0.903314 0.571665 0.57
Tazenakht TZK3 159 135 3.437 0.792343 0.000011 0.762937 0.691584 3.97
Tazenakht TA4 135 34 11.576 0.783725 0.000011 0.684674 0.444326 7.13
Tazenakht TA8 68 63 3.155 0.809272 0.000008 0.782279 0.716779 0.81

TDM model ages calculated following Nelson & DePaolo (1985). For altered samples, the magmatic eNd and the TDM model ages have
been calculated, using the 147Sm/144Nd ratio from 600 to 2035 Ma, of an unaltered sample, from the same pluton (column ‘147Sm/144Nd
used’).
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other samples; the Eu abundance of sample TA4
is similar to that of sample TZK3 but its other
REE are much higher, suggesting a possible
beginning of tetrad effect (enrichment in REE due
to F-rich fluids; Bau 1996; Veksler et al. 2005).
The three samples from the Tamarouft pluton
(Fig. 5c) display low abundance of REE, low REE
fractionation and variable Eu anomaly. Sample
TGR48 displays an REE pattern that could be mag-
matic; the two other samples show unusual spectra:
sample TGR43 is richer in normalized HREE than
in LREE and sample AN39 has a strong positive
Eu anomaly and also higher normalized HREE
than LREE. The three samples from the Ait Daoui
pluton (Fig. 5d) have similar HREE but very dis-
similar LREE. Sample AD28 has a normal mag-
matic pattern whereas sample AD26 suffered a
strong loss in LREE and sample AD24 has nearly
no Eu anomaly and a weak LREE/HREE fraction-
ation. The three samples from the Assersa granite
(Fig. 5e) display from La to Eu spectra similar to
seagull patterns but a strong depletion in HREE.
This suggests the influence of F-rich fluids (for
the tetrad effect) coupled to the destabilization of
a HREE-rich mineral such as garnet, present in
this granite.

All these REE patterns indicate that some
Zenaga granitoids possess normal REE patterns
whereas others do not; the latter suggest an import-
ant role for fluids, probably enriched in elements
such as F (Veksler et al. 2005). Such fluids are
not typical in strongly peraluminous magmas,
except for extremely differentiated melts, which is
not the case in Zenaga. They are much more
similar to the characteristics of alkaline magmas,

frequently displaying seagull REE spectra (Bau
et al. 1996). This leads to the question of the age
of the fluid influence: these could be late-magmatic
fluids or much younger fluids derived by reac-
tivation of the northern boundary of the WAC.
The use of the Nd isotopes can constrain this topic.

Initial 143Nd/144Nd values relative to bulk Earth
(1Nd) are highly variable in the studied plutons: they
vary from –36 to þ16. This variation is observed
within all the plutons studied, although the most
extreme values belong to the Tamarouft and Ait
Daoui plutons (Table 3).

When looking closely at the evolution of the 1Nd

through time for the different plutons (Fig. 6),
several observations emerge. The Azguemerzi
granodiorite (Fig. 6a) displays the expected evol-
ution for a magmatic rock: similar slope (pro-
portional to the 147Sm/144Nd ratio), grouped 1Nd

at 2035 Ma (U–Pb zircon crystallization age),
and a progressively larger variability of 1Nd

while time is elapsing (common 1Nd at 2035 Ma,
slight difference in 147Sm/144Nd ratios between
samples inducing progressive difference in the
produced radiogenic 143Nd). The Tazenakht
granite (Fig. 6b) shows the opposite behaviour:
1Nd are distinct at 2035 Ma and become more and
more similar with time. The Tamarouft and Ait
Daoui plutons (Fig. 6c, 6d) display crossed patterns:
1Nd are very different at 0 Ma and 2035 Ma, having
a common value during the Neoproterozoic.
Finally, the Assersa pluton (Fig. 6e) shows parallel
evolution, the difference in 1Nd of the three samples
remaining nearly constant through time.

The spectra of the Tamarouft and Ait Daoui
plutons are particularly enlightening: their 1Nd

Nd 147Sm/144Nd 143Nd/144Nd 2s 1Nd 1Nd Magmatic 1Nd (see text) TDM

600 Ma 2035 Ma 147Sm/144Nd used 2035 Ma (Ma)

47.00 0.1085 0.511472 0.000009 216.01 0.30 measured 0.38 2284
42.22 0.0939 0.511356 0.000006 217.15 1.86 measured 1.93 2151
33.14 0.1121 0.511546 0.000007 214.84 0.81 measured 0.89 2253

6.31 0.2104 0.512862 0.000008 3.32 0.79 measured 0.94
6.90 0.2026 0.512699 0.000007 0.74 20.36 measured 20.22
4.70 0.2084 0.512539 0.000008 22.84 25.03 0.18 (estimated) 0.38
9.73 0.1573 0.511747 0.000008 214.38 27.12 0.1058 ¼ AD28 2.52 2120
6.64 0.3117 0.512344 0.000007 214.58 235.99 0.1058 ¼ AD28 2.32 2135

39.40 0.1058 0.511510 0.000011 215.05 1.77 0.1058 (measured) 1.84 2170
1.97 0.0843 0.511967 0.000032 24.47 16.37 0.1911 ¼ TGR48 23.32
1.92 0.2833 0.512959 0.000009 20.38 216.45 0.1911 ¼ TGR48 0.79
1.79 0.1911 0.512524 0.000011 21.80 20.77 0.1911 (measured) 20.63

17.70 0.1357 0.511978 0.000014 28.21 3.07 0.1357 (measured) 3.17 2086
35.24 0.1223 0.511972 0.000007 27.30 6.49 0.1357 ¼ TZK3 4.09 1992

3.24 0.1520 0.511963 0.000010 29.76 21.50 0.1357 ¼ TZK3 1.62 2245
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values are very close to ages corresponding to the
Pan-African orogeny. Three-point isochrons can
even be calculated: the Ait Daoui gives an age of
612 + 300 Ma (initial 143Nd/144Nd ¼ 0.51110
+0.00040; MSWD ¼ 8.5) and Tamarouft an age
of 761 + 300 Ma (initial 143Nd/144Nd ¼ 0.51156
+0.00041; MSWD ¼ 2.4). These ages are impre-
cise but they strongly suggest that, during the
Pan-African, the REE of some studied samples
were remobilized, as indicated by both

143Nd/144Nd isotopic ratios and REE abundances.
Such a remobilization requires aggressive F-rich
fluid percolations. The hydrothermal event can be
linked to the Ouarzazate Supergroup that crosscuts
and covers the Zenaga inlier: this is a huge volcanic
episode, alkali-calcic in nature and associated with
fluorine and beryl that has formerly been mined.
This hypothesis can be tested by using an evolution-
ary model in two stages, with the measured
147Sm/144Nd ratios of the sample from now to
600 Ma (Pan-African orogeny) and with the mag-
matic 147Sm/144Nd ratio that can be estimated
from unaltered samples from 600 to 2035 Ma
(U–Pb on zircon crystallization age). The Variscan
and Alpine events are not considered here for
two reasons: (1) the above mentioned convergence
of 1Nd occurred during the Pan-African and
(2) the two Phanerozoic events happened at
temperature , 3008C in the Zenaga inlier
(Thomas et al. 2002).

The unaltered Azguemerzi samples (Fig. 5a) can
be taken as reference for the magmatic signature of
the Eburnian Zenaga plutons: their 1Nd at 2035 Ma
vary between þ0.3 and þ1.9. In the Ait Daoui
pluton, the AD28 sample has a magmatic REE
pattern (Fig. 5d) and gives a 1Nd of þ1.8, within
the Azguemerzi range. This sample can, therefore,
be considered as having a REE magmatic signature.
Its 147Sm/144Nd ratio can be used from 600 to 2035
Ma for the two other samples of the Ait Daoui
pluton: with this two stage evolution, sample
AD24 get a 1Nd at 2035 Ma of þ2.5 and sample
AD26 a 1Nd of þ2.3 (Fig. 6d), very close to the
Azguemerzi range. In a similar way, sample
TGR48 from the Tamarouft pluton can be con-
sidered as having a magmatic REE signature (1Nd

at 2035 Ma ¼ 20.8) and when using its
147Sm/144Nd ratio from 600 to 2035 Ma (Fig. 6e),
one of the other samples get an Azguemerzi-
like 1Nd values (sample TGR43, 1Nd at 2035
Ma ¼ þ0.8) and the other sample (AN39) get a
lower 1Nd of 23.3 but however much more mag-
matic compatible that its single stage 1Nd of
þ16.4 (Fig. 6d).

The Tazenakht TZK23 sample, which shows a
classical magmatic REE pattern (Fig. 5b), has a
1Nd at 2035 Ma of þ3.1. With the TZK23
147Sm/144Nd ratio, the two other samples provide
1Nd at 2035 Ma of þ1.6 and þ4.1 (Fig. 6b).
Finally, if the samples from the Assersa pluton
have lost a part of their HREE content (Fig. 5e),
a feature likely to be linked to the fact that the
garnet in this pluton is altered to chlorite and
epidote, their LREE values appear to be less
affected. Their 1Nd at 2035 Ma are þ0.8 (Asra 9),
–0.36 (Asra11) and –5.03 (As112). The first two
are within the range of the Azguemerzi pluton.
Sample As112 has a lower 1Nd but this sample is
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Palaeoproterozoic Zenaga granitoids. (c) A* (¼ASI
*(Na2OþK2O)) vs. ASI (Patiño-Douce 1992); boxes
for the three kind of peraluminous granitoids are based
to the analyses compiled by Patiño-Douce (1992).
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REE-poor and with a Sm concentration of 1.4 ppm
(against the measured value of 1.6 ppm), this
sample would have a 1Nd at 2035 Ma of þ0.38
(Fig. 6e).

These results show that, when using magmatic
147Sm/144Nd ratios deduced from pristine samples
for all samples from 600 Ma to 2035 Ma, the
obtained 1Nd at 2035 Ma are quite homogeneous,
varying from –0.8 to þ2.5 for most samples, with
one sample at –3.3 and two samples at þ3.1 and
þ4.1 (Fig. 6f); with the recalculated values, the
mean 1Nd at 2035 Ma for the Zenaga plutons is
remarkably determined at þ1.1 + 0.9. This indi-
cates a mainly juvenile source (1Nd of the depleted
mantle at 2035 Ma ¼ þ5.5), which is also indicated
by the TDM model ages of the samples having
147Sm/144Nd , 0.15 (measured or recalculated)

whose mean is 2159 + 61 Ma. The calculation for
the other samples would have implied a three-stage
evolution and would have given similar model ages.
They denote that major REE fractionation existed in
the source, which, coupled with the strongly peralu-
minous character of the Zenaga granitoids, is
consistent with a metasedimentary juvenile conti-
nental crustal source combining metasedimentary
formations and mafic rocks melted at depth. More
details about the nature of the Eburnian orogeny
in the Anti-Atlas require further constraints on the
Zenaga metamorphic basement whose age, accord-
ing to the inherited zircons dated in the granitoids,
would be around 2.17 Ga (Thomas et al. 2002).

Sr isotopes have been largely modified by the
Pan-African event: at 2035 Ma, most of the
87Sr/86Sr initial ratios are much lower than 0.7.

0.1

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu

AD24
AD26
AD28

Ait Daoui
Chondrite normalized

67–71% SiO2

0.1

1

10

100

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu

Asra9
Asra11
As112

Assersa
Chondrite normalized

1000

72–75% SiO2

0.1

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu

TZG2
ASZ16
Tim40

Azguemerzi
64–66% SiO2

Chondrite normalized

0.1

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu

TZK3
TA4
TA8

Tazenakht
Chondrite normalized

73–75% SiO2

0.1

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb Lu

Tamarouft
Chondrite normalized

71–74% SiO2

AN39
TGR43
TGR48

(a) (b)

(d) (e)

(c)

Fig. 5. Rare Earth Elements normalized to chondrites (Boynton 1984) for the studied Zenaga granitoids, showing
the F-rich fluids influence on some of the samples. (a) Azguemerzi granodiorite; (b) Tazenakht granite; (c) Tamarouft
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The alignment (with a poor MSWD of 190)
determined by the 15 samples gives an ‘age’ of
1467+ 310 Ma (initial 87Sr/86Sr ¼ 0.711+ 0.078).
This ‘age’ is the result of the interplay of the
Eburnian age of the granitoids and the major
Pan-African effect.

Conclusions

The chemical and isotopic data for the Zenaga
Palaeoproterozoic magmatism indicate that these
peraluminous granitoids originated from the
partial melting of a juvenile, largely metasedimen-
tary, crustal source but that the Pan-African
orogeny has strongly reactivated some plutons or
parts of plutons, including REE. The likely cause
was the circulation of F-rich fluids circulation
linked to the extrusion of the voluminous Ouarza-
zate Group and the emplacement of associated
plutons (c. 580 Ma) along reactivated faults and
shear zones. The reactivation event occurred during
important vertical movements (the thickness of the

Ouarzazate Group varies from 0 to more than
2500 m) but without major crustal or lithospheric
thickening. This is demonstrated by the low-grade
character of the Pan-African metamorphism
(greenschist facies) and by the excellent preser-
vation of the c. 800 Ma passive margin sediments
and the early c. 750–700 Ma ophiolitic complex.
This is considered to be typical of a metacratonic
evolution: the cratonic boundary was dissected by
faults and invaded by magmas but preserved most
of its rigidity and primary features. Such a metacra-
tonic reactivation was favourable for fluid circula-
tion, in this case able to mobilize rare-earth
elements. Such fluid movements were also an excel-
lent vector for element concentration and genesis
of mineralizations, for which the Anti-Atlas is
internationally renowned.

This book concerns an example of these areas of
paramount importance that are the boundaries of
craton that suffered partial reactivation, i.e. a meta-
cratonic evolution. The West African craton is a
particularly good example because: (1) it became
a strong craton during the Mesoproterozoic, a
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Fig. 6. Nd isotopes (shown as 1Nd ¼ [(143Nd/144Nd)sample-(
143Nd/144Nd)Bulk-Earth]/(143Nd/144Nd)Bulk-Earth, both

sample and Bulk Earth Nd isotopic compositions being calculated at the time considered. Full lines are the evolution
calculated with the measured 147Sm/144Nd ratio of the sample (single stage evolution). The dashed lines from
600 Ma (age of the Pan-African perturbation) to 2035 Ma (age of the granite crystallization; U–Pb zircon, Thomas
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period of 600 Ma that left no trace on the WAC; (2)
all its boundaries intervened as indentors during the
Pan-African orogeny leading to situations varying
from nearly frontal collision to nearly entirely trans-
current dockings; (3) only its western and northern
boundaries were included as foreland in the Variscan
collision, allowing fruitful comparison between the
eastern and the western WAC boundaries; (4) the
WAC boundaries were major suppliers of
lithospheric pieces or of sedimentary material for
the Peri-Gondwanan terranes now located in Europe
or in North America; (5) currently, the WAC bound-
aries are reactivated by the stress generated by the
Africa-Europe convergence and constitutes a key
area for studying intraplate deformation submitted
to stress; (6) WAC boundaries, or at least a part of
them, are known for their mined or potential
mineral deposits. A better knowledge of the bound-
aries of the West African craton is a prerequisite for
understanding all these processes. This is the aim of
the papers constituting this Special Publication.
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(eds) The West African Orogens and Circum-Atlantic
Correlatives. Springer, Berlin, 107–122.

AKO, J. A. & WELLMAN, P. 1985. The margin of the West
African craton: the Voltaian basin. Journal of the Geo-
logical Society, London, 142, 625–632.

AZZOUNI-SEKKAL, A., LIÉGEOIS, J. P., BECHIRI-
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LIÉGEOIS, J. P., CLAESSENS, W., CAMARA, D. &
KLERKX, J. 1991. Short-lived Eburnian orogeny
in southern Mali. Geology, tectonics, U–Pb and Rb–
Sr geochronology. Precambrian Research, 50,
111–136.
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