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Abstract 
The late Neoproterozoïc Toubkal inlier (Ancient Massif of the High-Atlas, Morocco) contains two 
igneous basaltic series (Tircht and Sidi Chamharouch). Investigated rocks display characteristics 
of within-plate continental tholeiitic and are similar to rocks originated in orogenic contexts. The 
geochemical results allow the assumption that subduction active processes are indirectly respon-
sible for the genesis of theses rocks. The orogenic signature is linked probably to a Pan-African 
magmatic source previously metasomatized in the northern margin of the West African Craton. 
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1. Introduction 
The Late Neoproterozoic volcanism of the Western High Atlas, Morocco (WHA) (Figure 1), mainly repre- 
sented by volcanic rocks with andesitic to dacitic composition (e.g. [1]-[3]), is located to the north of the Tizi 
n’Test Fault [4]. It was assigned to be Late Neoproterozoic to Early Cambrian in age [5]. 

Recent investigations in the eastern and western part of the WHA concern particularly the Late Neoprotero-
zoic basalts of the Toubkal inlier (Figure 1). The aim of this paper is to present new geochemical data concern-
ing this volcanism, to constrain its tectonic setting and to discuss its attachment for the late Pan-African history 
(rifting) of the West African Craton northern margin [3] [5]-[7]. 

The investigated basaltic rocks crop out in two areas (Figure 1): respectively in the eastern (Tircht series) and 
the western (the Sidi Chamharouch series) parts of the WHA. 

In spite of alteration processes, which primarily affect some of the major elements, the original textures and 
minerals are usually preserved. Basaltic rocks display evidence of calcitization, sericitization, chloritization and 
silicification. New six major and trace (including rare earth element) analyses make it possible to characterize 
the magmatic affinity, nature and origin of the Toubkal inlier basaltic rocks. Chemical analysis of the studied 
rocks was carried out in the CRPG, Nancy (France). The major elements were performed by ICP-AES and the 
trace elements by ICP-MS. 

As the basaltic rocks of the Toubkal inlier have undergone some effect of hydrothermal alteration, our inter- 
pretation is focused primarily on the high field strength elements (as Nb, Ta, Zr, Hf) and the rare-earth elements 
which are generally considered as immobile during alteration [8]. 

 

 
Figure 1. (a) Location of the Toubkal inlier in the map of Morocco, (b) Geological sketch map of the 
Toubkal inlier in the High Atlas Old Massif (after Proust, 1973 modified). 1: Tircht sector; 2: Sidi Cham-
harouch sector.                                                                                  



G. Zahour et al. 
 

 
511 

2. Geological Setting 
The Toubkal inlier is a domain oriented ENE-WSW which is limited to the south by the south-atlasic fault 
(Figure 1). In the north, it is bounded respectively from the west to the east by the Imlil, Ourika and Meltsene 
faults. These accidents representing branches of Tizi-N-Test fault [4] have an average direction of 70 to 80. 

In the Toubkal inlier, the studied volcanic formations belong to a vast old material which is known as “the 
Eastern Block of the Western High-Atlas massif” or “Headland of Ouzellarh” [9]. It is constituted by: (i) Paleo-
proterozoic (Ourika valley Precambrian I; Choubert and Faure-Muret, 1973), which consist of gneiss and am-
phibolites highly metamorphosed by the Eburnian orogeny [10]; (ii) Neoproterozoic (Upper Precambrian II and 
Precambrian III ([5] [11]) represented by granodiorites, dacites [12] and lavas of varied composition (basalts, 
andesites, rhyodacitic ignimbrites, rhyolitic ignimbrites) associated with “volcanoclastites” [12]. The matters are 
observed in the West (Sidi Chamharouch sector) and in the East (Tircht sector). In the Tircht locality, datations 
(U/Pb on zircon) gave an age of 585 ± 15 Ma for the rhyolites, and 563 ± 20 Ma for the Meltsene pink granite. 
Dolerite dykes [12] which transect the Sidi Chamharouch rocks are attributed to the Precambrian III (Late Neo-
proterozoic or Ediacaran). 

3. Lithostratigraphy 
The Tircht basic lava (Upper volcanic cycle, Figure 2(a)) overcome a thick Lower volcanic cycle (500 m) con-
taining fragments of rocks originated from the immediate substratum which consists of calc-alkaline rhyodacitic 
ignimbrites (100 m) [12] and pyroclastites (40 to 150 m) and ended by epiclastic rocks. The Upper volcanic cy-
cle (500 m) starts with a decametric basalt flow (10 to 20 m) of purple colour with fine white feldspar crystals 
and a second vesicular flow (90 m) of greenish grey colour. The vesicles which may reach 2.5 cm in diameter 
are of round or elliptic shape. 

Basalts, which are the subject of this study, are covered by rhyolitic ignimbrites (860 m) of alkaline affinity 
[12] [13]. These rhyolites gave an age of 585 ± 15 Ma, which postdates the late Pan-African orogenic phase (B2) 
dated to 623 ± 18 Ma [14]. The calc-alkaline rhyodacitic ignimbrites form a shape-dome extrusion. The basalts 
and ignimbrites from the Upper cycle are organised in a type-stratiform volcano. However, the settlement of the 
volcanism of Tircht will be controlled by volcano-tectonic activity inherited from the lower Proterozoic and 
corresponds probably to the old south-atlasic fault activity. These tectonic lineaments are (actually) oriented 
W-E to WNW-ESE and functioned in the Precambrian III as normal faults associated to an NS extension. Later, 
the volcanic formations of Tircht were raised by these faults (re-activity) during the atlasic orogeny before they 
are eroded. 

The basic lava succession of Sidi Chamharouch, 950 m (Figure 2(b)) consist of (i) an upper Precambrian II 
volcanic unit (dacite, quarzitic diorite) and (ii) a Precambrian III volcanic unit (rhyolites, andesites, ignimbrites, 
and megaphyric or doleritic basalts) of a post-orogenic calc-alkaline affinity [12]. The last volcanic unit, which 
contains the studied basalts, is unconformably overlain by cambrian schists. 

4. Petrography 
(i) Basalts of Sidi Chamharouch 
According to macroscopic and microscopic aspects and to the mineralogical compositions, two main facies 

are distinguished (Figure 2(b)): 
Pyroxene-bearing doleritic basalts: The primary paragenesis of these rocks is made of plagioclase (40%; 0.1 

mm - 1.5 cm), augite (25%; 0.1 - 0.5 mm), opaque and olivine (13%; 0.5 - 4 mm) completely chloritized and 
opacified. The mesostase (20%) contains microlitic plagioclase. Locally, these microlites are included partly or 
entirely in augite conferring to the rock a subophitic texture. More rarely, pyroxene can fill the open space be-
tween plagioclase (intersertal texture). The mesostase displays vesicles with sequential filling made of calcite in 
the walls and chlorite in the core. The rock is locally affected by microfractures which are filled by calcite. 

Megaporphyric basalts: Primary mineralogy (30% - 50%) of this facies consists of plagioclase (30% - 45%; 
0.1 mm - 3 cm), opaque (1% - 5%; 0.05 - 0.5 mm) and olivine (1%; 0.25 - 1.75 mm) completely opacified. The 
mesostase (50% - 70%), sometimes vesicular contains microlites of plagioclase in a partially or completely 
opacified matrix. It includes millimetric to centimetric vesicles, filled by calcite, chlorite, quartz (monomineral 
or sequential). In this last case, quartz occupies the walls and calcite the core of the vacuoles. 
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Figure 2. Lithostratigraphic column of the PIII formations of the High Atlas Old Massif: (a) Tircht; (b) Sidi Cham-
harouche.                                                                                                    

 
(ii) Basalts of Tircht: These rocks were divided into two petrographic facies according to their microscopic 

aspect: the porphyritic microlitic facies and the vesicular porphyritic microlitic facies. The first facies represents 
the basic lava flow and displays a primary paragenesis including plagioclase (70%; 0.25 - 2.75 mm), opacified 
olivine (7%; 0.15 - 0.5 mm) and opaque (5%; 0.05 - 0.25 mm). These components are included in a calcitized 
and hematitized very reduced mesostase (4%). 

The second facies constitutes the top of basaltic succession and is characterized by a mineralogical composi-
tion which, although it is similar to the former facies, is definitely less abundant (40%). Moreover, the abundant 
vesicular mesostase (60%) shows microlites of fine-plagioclase which are included in an entirely opacified 
background. The ferromagnesians (12%), as the opaques (3%), are included in feldspars (25%) or scattered in 
the mesostase. The filling of vesicles (10% - 30%; 0.5 - 2.5 cm), is either of monomineral (calcite or quartz), or 
bimineral type (calcite and albite). 

5. Geochemical Affinity and Geodynamic Significance 
Six new complete chemical analyses (major, trace and REE elements) allow characterizing the studied igneous 
rocks (Table). 

In the Nb/Y-Zr/ (TiO2*10 000) diagram of [15], rocks of Tircht and Sidi Chamharouch are in the common 
field of the basalts and andesite (Figure 3). 

Figure 4(a) shows chondrite-normalized REE patterns [16]. The Sidi Chamharouch basalt is weakly enriched 
in light rare earth elements (LREE) relative to the heavy rare earts elements (HREE) with normalized (La/Yb)N 
between 2.99 - 5.13. The REE patterns of the volcanic rocks from the Tircht are characterized by low fractiona- 
tion with (La/Yb)N ranging between 2.38 - 2.63, similar to tholeiitic rocks. The positive anomalies in Eu may 
express the role of accumulation of plagioclases. 

Plots of trace elements normalised to the average N-MORB are shown in Figure 4(b). The Tircht and Cham- 
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Figure 3. The Toubkal inlier volcanic rocks in the Nb/Y-Zr/(TiO2*10 000) 
diagram. Diamond: Sidi Chamharouch, Cercle: Tircht.                        

 

 
(a)                                                       (b) 

Figure 4. (a) Chondrite-normalized REE patterns and (b) Normalization diagram with respect to MORB for the Toubkal 
inlier volcanic rocks. Symbols as in Figure 3.                                                                      
 
harouch rocks have high Th and HFSE (Nb, Ta, Zr and Hf) contents relative to MORB, a feature characteristic 
of tholeitic basalts [17]. Enriched LILE (Ba, Rb) relative to MORB are also present as expected for arc rocks, 
but this could partly be due to alteration. However, slight enrichment in the Tircht LREE may suggest that the-
high Ba and Rb relative abundances may be primary, typical of arc lavas rich in LILE and LREE. The spider-
diagram displays Nb-Ta thoughs similar to subduction magmas. This could be also the consequence of crustal 
contamination [18].  

6. Discussion and Conclusions 
Petrographical and geochemical studies lead to the following result, i.e. the Chamharouch and Tircht studied 
basaltic rocks are comparable to the tholeiitic rocks originated in the orogenic contexts. The La/Nb ratios are 
relatively higher than 1.5 (1.7 - 5.2) suggesting a lithospheric mantle origin [15] [19] [20]. The high La/Ta ratios 
indicate a lithospheric source contaminated by the continental crust (17). The negative Nb anomaly confirms 
this assumption. 
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A common and approved tool for the specification of tectonic settings of basaltic rocks is the Zr/Y-Zr diagram 
introduced by [17]. Most of the basalts rocks plot into the field of “within plate basalts” which is considered as a 
geochemical argument for rifting as the tectonic setting of the investigated rocks (Figure 5(a)). 

Another commonly used diagram for discriminating tectonic setting is the Th/Yb vs. Ta/Yb plot proposed by 
[21]. Figure 5(b) shows that all the investigated rocks are in the field of calc-alkaline orogenic rocks. This geo-
chemical result allows the assumption that subduction active processes were indirectly responsible for the gene-
sis of theses rocks. 

In spite of the orogenic character of the studied rocks, it seems impossible to link this signature to a volcanic 
arc. Late Neoproterozoic paleogeography of the High Atlas (northern margin of the West African Craton), 
marked by the opening of a rift which never reached an oceanic stage, indicates a continental environment [6] [7] 
[22]. This allows ascribing the Nb anomaly, which can be encountered in extensional continental domains and 
the orogenic signature to partial melting of a metasomatized mantle by a continental component (source effect,  
 

 
(a) 

 
(b) 

Figure 5. (a) Zr/Y-Zr tectonic setting diagram. Legend idem Figure 3; (b) 
Th/Yb-Ta/Yb tectonic setting diagram. Legend idem Figure 3.                
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[23]). The origin of this metasomatism may be of Pan-African age. 
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