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Abstract

In the northern part of the Marrakech High Atlas (MHA), along the southern Variscan segment of the Western Meseta, a 
Variscan granitic intrusion crops out, intruding metasediments and meta-volcanosedimentary rocks of Early Cambrian 
to Ordovician age. A new whole-rock Rb-Sr isochron age of 268 ± 9 Ma for the granite, combined with a previously pub-
lished whole-rock Rb-Sr radiometric dating (271 ± 3 Ma), reveals a post-kinematic (tectonic) character with regard to the 
main Variscan deformational event, belonging within the tectonic context of the Moroccan Variscan orogenic belt. Geo-
chemically, the Azegour intrusion is metaluminous to peraluminous and exhibits a calc-alkaline affinity with a ferrug-
inous composition. The massif shows an extremely differentiated character (SiO2 = 77.53–78.14 per cent), K2O and high 
total alkali contents, FeOt/(FeOt + MgO) and Ga/Al ratios, which have typical characteristics of an A-type granite. In 
addition, the granite contains high concentrations of LREE (LaN/SmN= 7.9–13.67) relative to HREE (LaN/YbN= 4.81–11.61) 
and a well-defined Eu negative anomaly (Eu/Eu* = 0.44–0.75). The granitic samples exhibit a strong enrichment of the 
most incompatible elements (RbN/YbN = 69.84–159.98) and a strong depletion of Ba, Sr, Eu, Nb, P and Ti. These charac-
teristics are similar to those of A1-type granites. The absence of mineralogy typical of an S-type granite, combined with 
its weakly peraluminous character [A/CNK (molar Al2O3/CaO+Na2O+K2O) = 1,013–1,045], suggest that there is little 
or no significant involvement of supracrustal sources in the petrogenesis of the intrusion studied. Despite the strongly 
differentiated character of Azegour granitic rocks samples, their multi-element patterns shows many similarities to those 
of I-type granitoids, which has led to postulate that the parental liquids of A1-type were derived from partial melting 
of mafic magmas. The representative samples studied show less depleted εNd(t = 270 Ma)values of  –0.94 to –4.85 and lower 
positive to slightly negative εSr(t = 270 Ma) values of –1.45 to 9.32. The isotopic data suggest that the Azegour granite was 
emplaced 270 myr ago, apparently generated by partial melting of a mafic/intermediate magma source in the lower crust 
as a result of the underplating of the asthenosphere mantle-derived Oceanic Island Basalt-like magmas. Alternatively, 
their isotopic signatures also can be attributed to the interaction and/or hybridisation of basaltic liquids derived from the 
mantle with these lower crust materials. The generated parental magma probably occurred at deep structural levels and 
involved fractional crystallisation processes by the separation of a mineralogical association composed of plagioclase + 
potassium feldspar ± biotite ± amphibole ± sphene ± apatite. The whole-rock Rb-Sr age of 268 ± 9 Ma, whole-rock geo-
chemistry and Sr-Nd isotopic compositions of εNd(t = 270 Ma) and εSr(t = 270 Ma), combined with fieldwork data, suggest that the 
Azegour granite was emplaced during the later stage of compressional Variscan events in the MHA. 
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ing, Variscan orogeny, Morocco

© 2024 Hadani M., Azevedo M.R., Dias R., Saeed A. & Awadelsied S.F. This is an open access article licensed under the Creative Commons Attribution-
NonCommercial-NoDerivs License (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Geochemistry, Rb-Sr whole rock age and  
Sr-Nd isotopic constraints on the Variscan A1-type granite...

Mohamed Hadani et al.



2 Mohamed Hadani et al.

1. Introduction

Granitoids are major components of the continen-
tal crust. Their study has led to understanding the 
conditions of emplacement of intrusion rocks in 
their deformed Variscan basement (e.g., Lagarde & 
Choukroune, 1982; Vigneresse, 1995; Essaifi et al., 
2001; Lécuyer et al., 2017; Delchini et al., 2018; Cho-
pin et al., 2023). Although the generation of granit-
ic magmas can take place in almost all geotectonic 
environments (e.g., White & Chappell, 1983; Pearce 
et al., 1984; Whalen, 1985; Maniar & Piccoli, 1989; 
Eby, 1992; Moyen et al., 2017; Castro, 2021), the in-
trusion of large volumes of granitic rocks is prefera-
bly associated with areas where the continental crust 
had been thickened as a consequence of collisional 
mountain building, such as ocean-continent or conti-
nent-continent convergence. Indeed, during the col-
lisional and post-collisional phases of the Variscan 
orogeny, the meta-igneous and/or metasedimentary 
rocks of the (upper or lower) continental crust may 
have easily reached partial melting conditions and 
produced significant amounts of voluminous granit-
ic magmas (e.g., Barbarin, 1999; Bonin, 2007; Castro, 
2014; Moyen et al., 2017; Liu et al., 2020). However, 
the direct or indirect contribution of the mantle to 
these processes should not be underestimated. The 
heat required to melt the crust is provided by the rise 
of basaltic magmas derived from the mantle. These 
magmas can still interact, to varying degrees, with 
the residual and/or crustal rocks materials to form 
liquids with mixed signatures (e.g., Pitcher, 1983; 
White & Chappell, 1983; Brown et al., 1984; Pearce et 
al., 1984; Whalen, 1985; Cui et al., 2021).

In the classification scheme proposed by Chap-
pell & White (1974, 1992) granites are linked to 
source rock compositions. I-type granites are pri-
marily metaluminous and typically derived from 
meta-igneous source rocks, whereas S-type granites 
are strongly peraluminous and produced by partial 
melting of metasedimentary source material. Grani-
toid rocks may be divided into those generated dur-
ing the evolution of fold-thrust belts (orogenic) and 
those associated with uplift and major strike-slip 
faulting (anorogenic) (Whalen et al., 1987). Anoro-
genic or A-type granites, initially defined by Loiselle 
& Wones (1979) and further discussed by Collins et 
al. (1982), Collerson (1982), Whalen & Currie (1984) 
and Whalen (1986),  have recently received signifi-
cant interest, essentially due to their economic po-
tential and tectonic setting (e.g., Bonin, 2007; Greben-
nikov, 2014; Li et al., 2014; Vonopartis et al., 2021).   

There is a wide variety of rocks that fall into the 
A-type classification, making it possible to classify 
them into two main categories (Eby, 1990, 1992):

a) A1-type granitoids, generally referred to as 
anorogenous granites, which assume an origin 
from the differentiation of Oceanic Island Basal-
tic (O.I.B) magmas from enriched mantle sourc-
es, contaminated to varying degrees by crustal 
materials.

b) A2-type granitoids, normally associated with 
post-collisional or post-orogenic geodynamic 
environments. The genesis of these granitoids 
may be related to either the interaction of man-
tellic magma with crustal rocks or with the par-
tial fusion of exclusively crustal sources.
The present-day structure of the Moroccan Var-

iscan belt is mainly the result of oblique conver-
gence between the Gondwana and the Laurasia 
supercontinents during the late Palaeozoic (e.g., 
Ribeiro et al., 1979; Matte, 2001; Michard et al., 2010; 
Martínez-Catalán et al., 2021; Arenas et al., 2021; 
Chopin et al., 2023). This chain, located in north-
west African Variscan-Alleghanian orogen, is sub-
divided into different segments (Fig. 1). In central 
Morocco, the Marrakech High Atlas (MHA) repre-
sents the southernmost segment of the Moroccan 
Variscan belt. It is composed of Lower Palaeozoic 
sequences (Early Cambrian to Ordovician age), var-
iably affected by metamorphism and deformation 
during the Late Carboniferous and the main struc-
tures generated can be attributed to a main episode 
of Namuro-Westphalian age deformation (e.g., 
J. Lagarde, 1985; Cornée et al., 1987, 1990; Mabk-
hout et al., 1988; Piqué, 1994). Their exhumation is 
conditioned by late Variscan and Atlasic (Alpine) 
episodes (Schaer, 1964; Proust et al., 1977; Cornée et 
al., 1987; Dias et al., 2011; Loudaoued et al., 2023).

Significant granitic igneous activity, mainly 
calc-alkaline, occurred in the Moroccan Variscides 
between the Westphalian and Early Permian. This 
magmatism shows differences between the Western 
Moroccan Meseta with peraluminous granites and 
the Eastern Moroccan Meseta with potassic to sho-
shonitiic and calc-alkaline granitoids (e.g., Gasquet 
et al., 1996; El Hadi et al., 2006). The calc-alkaline 
nature of both the granitoids and a late-orogenic 
magmatism associated with the presence of amphi-
bole-bearing rocks (diorite-tonalite-andesite), have 
led several workers to suggest an orogenic context, 
such as an active subduction zone and/or partial 
melting of a metasomatised upper mantle (e.g., 
Gasquet et al., 1996; El Hadi  et al., 2003).

The main Variscan deformation in the Western 
Meseta took place in Westphalian-Stephanian times 
(320 to 290 Ma), later than in the Eastern Meseta 
(e.g., Mrini et al., 1992; El Hadi et al., 2006; Zouicha 
et al., 2022). Whole-rock radiometric ages availa-
ble for the Variscan granites in the Western Meseta 
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(Fig. 1) range between 330 and 260 Ma (e.g., Mrini 
et al., 1992; Gasquet et al., 1996; Essaifi et al., 2003; 
Marcoux et al., 2019; Chopin et al. 2023).

The aim of the present paper is to outline pe-
trographic aspects, whole-rock geochemistry, Rb-
Sr whole-rock age and Sr-Nd isotopic data of the 
Azegour granitoid in an attempt to contribute to the 
discussion about the petrogenesis of A-type gran-
ites in Variscan terrains and their tectonic setting 
with regard to the first main Variscan deformation-
al event D1.

2. Geological setting 

The Marrakech High Atlas (MHA) (Fig. 1) corre-
sponds to the southernmost fragment of the West-
ern Meseta; it was deeply affected by Variscan 
orogeny during the major Westphalian-Namurian 
deformational event (e.g., Cornée et al., 1987, 1990; 
Ait Ayad et al., 2000; Berrada et al., 2011; Ibouh et 
al., 2011). Detailed structural mapping of the MHA 
has shown that the Variscan deformation is related 
to several crustal-scale shear zones: the coeval ENE-
WSW dextral Amizmiz and Tizi-n’Test shear zones 
and the slightly younger WNW-ESE-trending sinis-
tral Medinat shear zone (Hadani, 2009; Dias et al., 
2011). The first major stage of deformation (D1) is 
predominantly associated with dextral shearing; 

it produced a N-S pervasive axial planar cleavage 
(S1). The regional schistosity (S1) passes towards the 
southeast at a metamorphic foliation in the vicinity 
of the Tichka granite (e.g., Cornée et al., 1987, 1990). 
At the end of this deformation phase, or relatively 
later, occurred the emplacement of a series of intru-
sions (e.g., Tichka, Adassil, Medinat and Azegour). 
These areas of crustal fractures are spatially favour-
able to the emplacement establishment of magmatic 
bodies. Their ascent was facilitated by the existence 
of NNE-SSW trending crustal anisotropies, subpar-
allel to the Western Mesetean Shear zone (WMSZ).

In the Azegour region (Fig. 2), an intrusive body 
crops out over a surface area of approximately 5 x 
0.8 km. Along its north-easterly edge, the massif 
defines discordant relationships with the metased-
imentary and metavolcanic rocks, apart from the 
south-westerly contact which is covered by Me-
so-Cenozoic deposits (Fig. 2). The metasedimenta-
ry rocks are located outside the influence of con-
tact metamorphism, containing chlorite and white 
micas as the main index minerals, suggesting that 
regional metamorphism did not exceed epizonal 
and/or anchizonal conditions. The Mo-W-Cu min-
eralisations are located within the metamorphic au-
reole surrounding the Azegour intrusion, and occur 
as irregular mineralised bodies extending in a N-S 
structural trending (e.g., Ait Ayad et al., 2000; Ber-
rada et al., 2011; Ibouh et al., 2011).

Fig. 1. A – Location of the Marrakech High Atlas (MHA) within the context of the Alleghanian-Variscan Orogeny 
(Ribeiro et al., 1979); B – Location within the northern Moroccan Variscan chain; C – Simplified geological map of 
the MHA (adapted from Cornée et al., 1987). 
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3. Analytical methods

Four representative samples from the Azegour 
granite, including six samples from neighbouring 
intrusions outcropping in the northern part of the 
MHA, were analysed for major and trace elements 
by ICP-AES (inductively coupled plasma atomic 
emission spectrometry) and ICP-MS (inductively 
coupled plasma mass spectrometry) at the Activa-
tion Laboratories Ltd (Canada). The detection limit 
is 0.01 per cent for all major elements and loss on 
ignition, except for Ti and Mn for which this limit is 
0.001 per cent. For all elements, the analytical error 
is less than 4 per cent; results are shown in Table 1 
(see Supplement).

Rb-Sr and Sm-Nd isotopic analyses of granitic 
samples studied were conducted at the Laborato-
ry of Isotopic Geology of the University of Aveiro. 
A chemical preparation was performed following 
previously established analytical procedures. The 
samples were analysed in a solid source thermal 
ionization mass spectrometer, VG SECTOR 54, 
equipped with six moveable collectors and a fixed 
central. The reference used in Sr analysis was the 
international standard NBS 987, obtaining the 
value of 0.710263(10) for a grade of 95 per cent 
confidence in four measurements. Data were nor-
malised to the value of 86Sr/88Sr = 0.1194 (Dickin, 
1997).

143Nd/144Nd data in samples were corrected 
according to the law of exponential fractionation 
for 146Nd/144Nd = 0.7219 values and normalised 
for 146Nd La Jolla standard (Lugmair & Carlson, 
1978). The Jndi-1 (143Nd/144Nd = 0.5121157, Tana-

ka et al., 2000) standard was also analysed with 
143Nd/144Nd = 0.512114 (2), for a confidence lev-
el of 95 per cent in 27 measurements. The values 
of concentrations of Rb, Sr, Sm and Nd, used 
for calculating ratios 87Rb/86Sr and 147Sm/144Nd, 
were determined by ICP-MS at Activation Lab-
oratories. For the calculation of isochrones, the 
software program Isoplot version 3.00 (Ludwig, 
2003) was used, which calculates the regression 
line based on the least squares method (York, 
1969). The decay constant used for 87Rb was 
1.42x10–11 year–1 (Steiger & Jäger, 1977). The maxi-
mum numbers of errors admitted for the 87Rb/86Sr 
ratio are 2 per cent.

4. Results

4.1. Petrography characteristics of the 
Azegour intrusion

The four sampled rocks from the Azegour gran-
ite show strong similarities between them, which 
points to a great homogeneity on the scale of the 
massif. The dominant facies exhibit a pink colour, 
a medium-grained phaneritic texture (Fig. 3A, B), 
and a mineralogical composition of quartz, potassi-
um feldspar (microcline), plagioclase (oligoclase-al-
bite), biotite, apatite, sphene, zircon, monazite and 
opaque (Fig. 3C–F). 

The other samples correspond to microgranit-
ic facies, also pink in colour, which appear in the 
form of centimetre-sized veins in continuity with 

Fig. 2. A – Geological sketch map of the Azegour region showing major formations (Geological map of Amizmiz 
1:100,000; SGM, 1996); B –Simplified geological cross-section (NE-SW) of the Azegour region (adapted from Per-
mingeat, 1957; see location in Figure 1).
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the main facies. They have phaneritic texture and 
are fine grained. Their mineralogical composition is 
identical to the main facies. The scarcity of biotite is 
one of the most relevant characteristics of this gran-
itoid (Permingeat, 1957).

4.2. Structural aspects 

A detailed structural analysis in the Azegour re-
gion shows that the first major deformational event 
(D1) produced a set of very penetrative structures, 

Fig. 3. Field photographs and microphotographs representative of principal facies of the Azegour granite. A – Pano-
ramic view of the Azegour granite, which intrudes Lower Cambrian metasedimentary and metavolcanosedimen-
tary rocks. Meso-Cenozoic formations overlie the south-westerly contact of the granite; B – Photograph of a hand 
specimen of the rosy-pink- coloured, medium-grained granite composed mostly of quartz, potassium feldspar (mi-
crocline), plagioclase (oligoclase-albite) and biotite; C – Biotite in association with opaques in the Azegour gran-
ite (plane-polarised light); D – Microcline-microperthite megacrystal with inclusion of a small plagioclase crystal 
(cross-polarised light); E – Plagioclase crystal with polysynthetic albite twins in contact with quartz (cross-polarised 
light); F – Zircon inclusions in quartz; intergrowth phenomena of vermicular quartz in plagioclase (myrmekite PPL). 
Abbreviations in microphotographs: Bio – biotite, Op – opaques, Qz – quartz, Plg – plagioclase, Mc – microcline, 
Ap – apatite, Bio – biotite.
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and generated slightly N-S folds facing folds to 
the west with an axial planar schistosity (S1) and 
a sub-horizontal stretching lineation (Fig. 4). The 
stereographic projection of stratification (S0) data 
allows to conclude that the attitude of the fold axis 
displayed a weak inclination to the south or SSW 
quadrant. The behaviour of cleavage/schistosity 
(S1) shows a general N to NNE-WSW trend and 
a steep dip towards the east. The distribution of the 
stretching lineation, the intersection lineation and 
the folding axis show, in general, a sub-horizontal 
to weak inclination trending towards the north. In 
addition, the stretching lineation (Le1), materialised 
by stretching quartz and micas, have subparallel 
trends to the b-kinematic axis of N-S trending folds. 

4.3. Whole-rock Rb-Sr isochron age dating

Four samples of the Azegour granite were analysed 
for Rb, Sr, and Sr isotopic compositions. The Rb-Sr 
isotopic compositions of the Azegour granite are 
listed in Table 2 (see Supplement). Rb and Sr con-

tents of the four granitic samples are 192–213 ppm 
and 12–46 ppm, respectively, with 87Rb/86Sr ratios 
of 12.15–45.58 ppm.

The excellent alignment of data in the 87Sr/86Sr 
vs 87Rb/86Sr isochron diagram, is consistent with the 
whole-rock isochron of 268 ± 9 Ma, with an initial 
ratio (87Sr/86Sr)i of 0.7049 [Mean Square Weighted 
Deviation (MSWD) = 0.15] (Fig. 5). The low value 
of MSWD (model 1, Isoplot) indicates a high con-
fidence in analytical results. This leads to interpret 
the isochron age of 268 ± 9 Ma as a minimum age for 
the emplacement of the Azegour granite, confirm-
ing that the studied samples are congenetic. 

The initial 87Sr/86Sr ratio of the Azegour granite 
is 0.7049 ± 0.0023, which indicates a provenance 
from primitive sources with strong juvenile contri-
bution, which is compatible with significant partic-
ipation of mafic/intermediate igneous rocks of the 
lower crust.

4.4. Whole-rock major and trace elements 
geochemistry 

Four samples, all representative of the Azegour 
granite, were analysed for major, trace elements 
and rare earth elements (REE). Results are shown 
in Table 1 (see Supplement). In addition, the geo-
chemical data (major, trace elements and REE) of 
the neighbouring Adassil, Medinat and Bouzouga 
granitoids, outcropping in the northern part of the 
MHA (unpublished data; Hadani, 2009) and those 
of the Tichka granitoids (major elements; Gasquet 
et al. 1992), have been used for the purpose of com-
parison in the present study (Table 1). 

The Azegour granite samples have an extremely 
differentiated character (SiO2 = 77.53–78.14%) (Fig. 
6A). They present relatively low contents of Al2O3 
(12.01–12.33 wt.%), FeOt (0.72–0.81 wt.%), MnO (0–
0.01 wt.%), MgO (0.04–0.13 wt.%), CaO (0.39–0.47 
wt.%) and high values of Na2O+K2O (8.26–8.56 
wt.%). All these characteristics are similar to those of 
A-type granites (e.g., Whalen et al., 1987; Eby, 1990). 

Fig. 4. Synthetic equal-area lower hemisphere stereograms of the structural elements measured in outcrops of the 
north-easterly metamorphic host rocks of the Azegour massif. Stereograms plotted using GEOrient 9.4 software 
(Holcombe, 1994).

Fig. 5. Plot of Azegour granite samples on the (87Sr/86Sr) 
vs(87Rb/86Sr) isochron diagram.
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Cross, Iddings, Pirrson and Washington 
(CIPW) normative compositions were determined 
from their major oxide compositions (Table 3 in 
Supplement). The samples studied fall into gran-
ite field of the An-Ab-Or diagram (Barker, 1979) 
(Fig. 6B). When applying the multi-cationic R1–R2 
diagram (De La Roche et al., 1980), all Azegour 

granite samples plot in the alkaline granite field 
(Fig. 6C).

In the diagram proposed by Debon & Le Fort 
(1983), samples from the Azegour massif plot in 
the leucogranite domain, with slightly positive 
A values (A>3.10–10.43) and very low B values (B< 
13.17–15.54) (Fig. 6D). The absence of typical S-type 

Fig. 6. Classification of Azegour granite samples using: A – Rb-Ba-Sr diagram after El Bouseily & El Sokkary (1975). Ab-
breviations: I–very differentiated granites, II–granites, III–anomalous granites, IV–granodiorites, V–quartz-diorites, 
VI–diorites; B – Normative An-Ab-Or diagram (O’Connor, 1965; modified by Barker, 1979). Abbreviations: T – to-
nalites, Gd – granodiorites, Tr – trondjhemites, Gr – granites; C – multi-cationic R1–R2 diagram (De La Roche, 1980); 
D – A-B diagram after Debon & Le Fort (1983, 1988). Abbreviations: Mu – muscovite, Bi – biotite, Hb – hornblende, 
Cpx – clinopyroxene; E - A/CNK vs SiO2 diagram (Clarke, 1992); F – Na2O vs K2O diagram (White & Chappell, 1983).
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granite mineralogy (e.g., muscovite, monazite, cord-
ierite, sillimanite and garnet) from Azegour granite 
samples, along with their weakly peraluminous 
character [A/CNK (molar Al2O3/CaO+Na2O+K2O) 
= 1,013–1,045] (Fig. 6E), suggests that supracrus-
tal sources did not significantly contribute to their 
petrogenesis. These characteristics are in close con-
cordance with an I-type or A-type affiliation for 
the Azegour granite (e.g., White & Chappell, 1983; 
Whalen, 1985; Clarke, 1992). The A-type affiliation 
is also confirmed in the K2O vs Na2O diagram (Fig. 
6F).

In an AFM (Na2O+K2O-MgO-Fe2O3tot) diagram 
(Fig. 7A), the granitic samples display a mainly 
calc-alkaline signature and show a typical calc-al-
kaline trend. Indeed, this signature is confirmed 
in the K2O vs SiO2 diagram (Fig. 7B), showing 
strong K-calc-alkaline affinities of the studied 

granite and the calc-alkaline affinities of the other 
granitoids outcropping in the MHA.

In the diagram of Frost et al. (2001), the investi-
gated A-type granite samples plot in the calc-alka-
line granitoids of a ferruginous nature field (Fig. 7C, 
D). According to those authors, ferriferous grani-
toid derives from anhydrous magmas with low ox-
ygen fugacity, as opposed to magnesian granitoids 
for which an origin from the melt is postulated, 
with relatively high contents of water and oxygen 
fugacity. All samples analysed from the Azegour 
granite have compositional characteristics similar 
to A-type granitoids from the Lachlan Fold Belt re-
gion (Fig. 7C, D). The A-type affiliation for the Aze-
gour magmas is also well expressed in the diagrams 
proposed by Whalen et al. (1987) (Fig. 8A–D), be-
longing to A1-type granites in the Nb-Y-Ce and Nb-
Y-3Ga triangular diagrams (Fig. 8E, F).

Fig. 7. Major element classification for the granite studied as well as for granitoids from the MHA. A – AFM diagram 
plot of granite samples; boundaries between tholeiitic and calc-alkaline fields are from Kuno (1968) and Irvine & 
Baragar (1971); B – K2O vs SiO2 diagram showing the calc-alkaline to high K-calc-alkaline affinities of granite sam-
ples (Peccerillo & Taylor, 1976); C – FeOt/(FeOt+MgO) vs SiO2; D – (Na2O+K2O-CaO) vs SiO2 diagrams for granite 
samples (Frost et al., 2001). The shading shows the compositional spectrum of the Lachlan Fold Belt granitoids in 
Australia (data from Landenberger & Collins (1996) and Australian Geological Survey Organization, AGSO). 
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4.5. Rare earth element geochemistry 

The samples from the Azegour intrusion stud-
ied show weak to moderate levels of rare earth 
elements (∑REE = 28.25–137.17 ppm), with a pro-
nounced fractionation of LREE (LaN/SmN = 7.9–
13.67; Fig. 9A), consistent with enrichment in light 
rare earth elements (LREE) relative to heavy ones 
(HREE; LaN/YbN = 4.81–11.61). All rock samples 
studied show strong negative Eu anomalies (Eu/

Eu* = 0.44–0.75). The development of negative Eu 
anomalies seems to have originated from fraction-
ation of plagioclase and potassium feldspar during 
the evolution of the A-type magmas, which could 
also be explained by the high degree of depletion in 
Sr and Ba elements in these rocks. 

In the primitive mantle-normalised, multi-el-
ement patterns for Azegour granite samples (Fig. 
9B), all samples exhibit enrichment in large ion 
lithophile element (LILE) (Rb, Th, K) and high field 

Fig. 8. Geochemical plots 1000*Ga/Al vs Y (A), Zr (B), Na2O+K2O,(C), and Nb (D) diagrams (Whalen et al., 1987). Ab-
breviations: A -, M-, S- and I-type granitoids; E – Nb-Y-Ce; F – Nb-Y-3Ga triangular diagrams applied to the Aze-
gour granite samples (after Eby, 1992). Abbreviations: A1 – anorogenic granites, A2 – post-orogenic granites. For 
comparison, Tichka granitoids plot in the Whalen et al. (1987) diagrams from Gasquet et al. (1992).
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strength element (HFSE) (Ta, Zr, Hf), and are con-
siderably depleted in Ba, Sr, P, Eu, Ti and less de-
pleted in Nb.

4.6. Whole-rock Sr-Nd isotope geochemistry

Based on available geochronological information, 
an age of 270 Ma was selected in order to calculate 
the initial 87Sr/86Sr and 143Nd/144Nd isotopic ratios 
of samples of the Azegour granite, as well as their 
values of εSr270 and εNd270 (Table 2 in Supplement, 
Fig. 10).

The low initial 87Sr/86Sr ratios of the samples 
studied (87Sr/86Sr270 = 0.7040–0.7048; εSr270= –1.43 
to +9.32) suggest a provenance from primitive 
sources with a strong juvenile contribution, which 
is compatible with significant participation of maf-

ic/intermediate igneous rocks of the lower crust. 
However, their isotopic signatures can also be at-
tributed to interaction and/or hybridisation of 
basaltic liquids derived from the mantle with this 
type of material. 

The low negative values of εNd270 (–0.94 to 
–4.85), as well as the relatively younger model 
ages obtained of the four samples analysed (TDM 
= 0.11–0.83 Ga; Table 2), are compatible with both 
models referred to above, not allowing effective 
discrimination of the potential components in-
volved in their formation.  In fact, the isotopic 
compositions of Sr and Nd of the Azegour gran-
ite samples, when recalculated for the probable 
age of the intrusion, are projected in the lower 
right-hand quadrant of the diagram (εNd – εSr), 
in positions close to the mantle array and the low-
er crust field (Fig. 10).

Fig. 9. A – Chondrite-normalised REE patterns (Evensen et al., 1978); B – Primitive mantle-normalised, multi-element 
patterns for the Azegour granite samples (Sun & McDonough, 1989). For comparison, the I-type magmas patterns 
from Brown (1991) are also shown.

Fig. 10. Plot of the Azegour granite samples on the 
(143Nd/144Nd)270vs (87Sr/86Sr)270 diagram (De-
Paolo & Wasserburg, 1979; Rollinson, 1995).
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5. Discussion

5.1. Significance of isochron age of the 
Azegour granite 

The structural fieldwork data in the Azegour region 
allows us to understand the relationship between 
the granite emplacement and the deformational 
event in the surrounding sedimentary and volca-
nosedimentary host rocks. There is no geometric 
variation of the main schistosity (S1) or structural 
lineation trajectories in the north-easterly meta-
sedimentary rocks of the intrusion (Ait Ayad et al., 
2000). The intrusion crosscuts the regional struc-
tures, imposes contact metamorphism onto the 
adjacent host rocks and shows no evidence of sol-
id-state deformation. On a microscopic scale, con-
temporary intrusion minerals do not present any 
preferential orientation. All these features point to 
a post-kinematic (tectonic) emplacement character 
with regard to the main Variscan deformation-
al event (D1). Previous work assigned an age that 
ranged between 268 and 271 Ma for the emplace-
ment of the Azegour granite with a strong mantle 
component  (e.g., Mrini et al., 1992; AitAyad et al., 
2000), which is in clear agreement with the results 
obtained in the present paper (268 ± 9 Ma). Al-
though the possibility of some late isotopic re-equi-
librium of the Rb-Sr system cannot be excluded, the 
minimum age obtained should not be too far from 
the age of the intrusion.

5.2. Petrogenetic characterization 

The granitoid shows a calc-alkaline affinity of a fer-
ruginous nature. The absence of a mineralogy typ-
ical of S-type granitoid, combined with its weakly 
peraluminous character (A/CNK = 1,013–1,045), 
leads to the exclusion of any significant partici-
pation of supracrustal sources in their petrogen-
esis. Despite the extremely differentiated char-
acter of the Azegour massif, their multi-element 
patterns show many similarities to those of I-type 
granitoids, which has led some authors to postu-
late that the parental liquids of I-type and A-type 
were both derived from partial melting under an-
hydrous conditions. The extraction of I-type mag-
mas occurs at relatively early stages and causes 
dehydration of the source region. At a later stage, 
materials previously affected by partial melting 
processes under high temperature, in conditions 
of low water fugacity, contribute to the generation 
of A1-type magmas. The partial melting of lower 
crust granulitic rocks required temperatures above 

850–900°C, with involvement of a mantellic com-
ponent by the intrusion of basaltic magmas at the 
crust-mantle interface (underplating) (Clemens et 
al., 1986) during lithosphere extensional environ-
ments in a post-collisional tectonic setting. Thus, 
the hypothesis of A-type granitoids resulting from 
interaction processes of variable degree between 
mantellic mantle and crustal liquids, cannot be en-
tirely excluded.

According to Eby (1990, 1992), A1-type gran-
ites have lower Y/Nb ratios (< 1.2) and typically 
originate from magmas derived from Oceanic Is-
land Basalt (OIB) sources in intraplate or rift set-
tings. On the other hand, A2-type granites have 
higher Y/Nb ratios (> 1.2) and are commonly re-
lated to post-collisional or post-orogenic settings, 
having primarily formed from crustal-derived 
melts. 

5.3. Tectonic interpretation 

The Azegour intrusion samples have Y/Nb ratios 
of 0.353–0.534 (<1.2), consistent with A-type gran-
ites and plot in the A1-type granites field of Eby’s 
(1992) diagrams (Fig. 8). They fall within the plate 
granites (WPG) field (Fig. 11A, B), with one of them 
plotting within the syn-collision (Syn-COLG) field 
in the Ta vs Yb diagram (Fig. 11A).

In the R1–R2 tectonic discrimination diagram 
of Batchelor & Bowden (1985) (Fig. 11C), the Aze-
gour intrusion samples plot in the boundary area 
between the anorogenic and post-orogenic fields, 
which does not allow to discriminate between these 
two tectonic settings. The samples studied have 
similar tectonic environments to those observed in 
Oceanic Island Basalts (Fig. 11D) and show there-
fore an affinity to an enriched mantle source, de-
rived within intraplate settings (Fig. 12).

6. Conclusions

• Available structural data for the Azegour region 
allow us to understand the relationship between 
granite emplacement and surrounding sedi-
mentary and vulcanosedimentary rocks. The 
first major event of Variscan deformation (D1) 
produced a set of generally N-S trending pen-
etrative structures and there is no geometric 
variation of main schistosity (S1) or structural 
lineations in the vicinity of the intrusion. The 
emplacement of the Azegour granite seems to 
have been controlled by a crustal fracture orient-
ed WNW-ESE during post-collisional time. The 
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Fig. 12. Schematic cartoon showing the geodynamic model during the final stages of the Variscan orogeny, summarising the 
emplacement of the Azegour granite and neighbouring granitoids along crustal shear zones in the Marrakech High Atlas.

Fig. 11. Tectonic discriminant diagram plots for the Azegour granite samples and neighbouring granitoids. A – Ta vs 
Yb and B –Rbvs (Y+Nb) diagram (afterPearce et al. 1984; Pearce, 1996); C – R1-R2 tectonic discrimination diagram 
from Batchelor & Bowden (1985); D – Plot on Yb/Ta vs Y/Nb diagram designed to discriminate source (after Eby, 
1992). The Azegour intrusion samples falls within the ocean-island basalt (OIB) field. Abbreviations: ORG – ocean 
ridge granites, VAG – volcanic arc granites, syn-COLG – syn-collisional granites, WPG – within-plate granites, OIB 
– ocean-island basalt, IAB – island arc basalts.



 Geochemistry, Rb-Sr whole rock age and Sr-Nd isotopic constraints on the Variscan A1-type granite... 13

intrusion crosscuts the regional structures, im-
poses contact metamorphism onto the adjacent 
host rocks in the northern contact and shows 
no evidence of solid-state deformation; all these 
features point to a post-kinematic emplacement 
(post-D1).

• The geochemical signature of the Azegour gran-
ite is compatible with an A1-type affiliation. Giv-
en its extremely differentiated character, this 
granite seems to represent the most evolved 
stage of fractional crystallisation processes, 
which probably occurred at deep structural lev-
els and involved the separation of a mineralogi-
cal association composed of plagioclase + potas-
sium feldspar + amphibole + titanite + apatite. 

• Its magmatic precursors were most likely de-
rived from partial melts with involvement of 
a mantellic component by the intrusion of ba-
saltic magmas at the crust-mantle interface (un-
derplating), influenced by the asthenospheric 
mantle.

• The εSr, εNd and TDM values of the samples 
studied (εSr270 = –1.43 to +9.32, εNd270 = –0.94 to 
–4.85, TDM = 0.11 to 0.83 Ga), plot in the lower 
right-hand corner of the εNdvs – εSr diagram. 
There positions, close to the mantle array and 
the lower crust fields, suggest a provenance 
from primitive sources with a strong juvenile 
contribution, which is compatible with signifi-
cant participation of mafic or intermediate igne-
ous rocks of the lower crust at the crust-mantle 
interface (underplating) during lithosphere ex-
tensional environments in a post-collisional tec-
tonic setting.

• The age obtained by the whole-rock Rb-Sr dating 
method for the granite samples studied dates its 
emplacement around 268 ± 9 Ma, illustrating the 
post-tectonic character of the Azegour granite. 
This figure also provides a reliable age estimate 
for the last stages of the main Variscan deforma-
tion phase (D1) in the Marrakech High Atlas and 
in the Moroccan Meseta (e.g., Piqué, 1994; Hoep-
ffner et al., 2005; Delchini et al., 2018; Chopin et 
al., 2023).

• Results obtained in the present paper allow us 
to conclude that the Azegour granite was em-
placed about 268 ± 9 myr ago, in extensional en-
vironments of post-collisional Variscan orogeny, 
which is in clear agreement with fieldwork data 
obtained.

Supplement is available on http://www.geologos.
com.pl/ 
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