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ABSTRACT

The Mekkam inlier is located 50 km southeast of the town of Taourirt, in northeastern Morocco. It offers a great

opportunity for the study of Variscan magmatism in Morocco. This inlier is punctuated by small magmatic bodies which

we will characterize through a petrographic and geochemical study to situate this inlier in its geotectonic context. The

petrographic study revealed the existence of three trends: acidic, intermediate, and basic, which are represented by facies

ranging from granites to basanites, including andesites, rhyolites, trachytes, dacites, quartz microdiorites, Aplite and

microgranites. All these facies have a mineralogical assemblage dominated by quartz, plagioclase, oligoclase, potassium

feldspar, pyroxene, and biotite; the most abundant accessory minerals are zircon and apatite. Green hornblende is found in

*CORRESPONDINGAUTHOR:

Gouiss Abdelali, Geosciences Laboratory, Faculty of Sciences, Ibn Tofaïl University, P.O. Box 133, Kenitra 14000, Morocco;

Email: abdelali.gouiss@uit.ac.ma

ARTICLE INFO

Received: 17 November 2024 | Revised: 22 November 2024 | Accepted: 28 November 2024 | Published Online: 22 January 2025

DOI: https://doi.org/10.30564/jees.v7i2.7784

CITATION

Abdelali, G., M’rabet, S., M’rabet,A., et al., 2025. TheMekkam Inlier (EasternMorocco): AMagmatic Domain withMixed Characteristics: Contribu-

tion of Petrographic and Geochemical Data. Journal of Environmental & Earth Sciences. 7(2): 49–61. DOI: https://doi.org/10.30564/jees.v7i2.7784

COPYRIGHT

Copyright © 2025 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons

Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License (https://creativecommons.org/licenses/by-nc/4.0/).

49

https://orcid.org/0009-0007-9315-9780
https://orcid.org/0000-0002-0242-8014
https://orcid.org/0009-0001-8898-896X
https://orcid.org/0000-0001-7407-0755


Journal of Environmental & Earth Sciences | Volume 07 | Issue 02 | February 2025

microdiorites and dacites. The geochemical analysis, conducted through the examination of major elements, trace elements,

and rare earth elements, has uncovered the presence of two distinct magmatic series: a calc-alkaline series of the island arc

type or active continental margin, and another alkaline series of syn-collision. Based on this combined data, we propose

that the Mekkam sector represents a magmatic arc developed within a compressional tectonic regime located above a

subduction zone, which was later followed by an intracontinental collision phase.

Keywords: Mekkam; Petrography; Geochemistry; Eastern Meseta; Morocco

1. Introduction

The Paleozoic Inlier of Mekkam, the object of this

study (Figure 1), is part of the Eastern Moroccan Meseta

linked to the Variscan chain. The inlier appears as an ero-

sion window through a Meso-Cenozoic cover located 50 km

SE of the city of Taourirt (northeastern Morocco). In the

Eastern Meseta, magmatic activity is expressed by intrusions

of granitoids deposited at different levels in the Paleozoic

series. The ages of emplacement of these plutons are close:

348.1 ± 2.3 at Zekarra [1], 344 ± 60 at Tanncherfi [2], 321 ±

19 at Merguechoum [3], 328 ± 19 at Tarilest [4], 308.2 ± 2.7 at

Beni Snassene [1], and 287 ± 7 at Soulouina [5]. Their links

with the phases of Variscan structuring are the same. They

also have significant mineralogical and geochemical differ-

ences. Several petrographic, structural, and geochemical

studies have been carried out on these plutons in the East-

ern Meseta [5–10], whereas the Mekkam inlier has been little

studied due to the restriction of its outcrops. The magmatic

manifestations of the Mekkam include: (1) small plutons,

dykes and sills at Sidi Lahcen crossing the Devonian schists

to the north, (2) the Hassiane Ed Diab-Soulouina series with

metric-sized granitoid pointements to the south, and (3) the

Zerroug volcano-sedimentary complex, which also outcrops

south of the inlier. In previous geological studies of the re-

gion [11–18], only a few petrographic and geochemical studies

have been conducted. The region has never been the object

of a detailed petrographic study, and its geotectonic context

has never been discussed. It is in this context that the inlier

was targeted with the following objectives:

1. establish petrographic characteristics to identify rock

types and their mineralogical composition.

2. specify rock geochemistry (major elements, trace

elements and rare earth elements).

3. determine geotectonic implications.

(a) (b)

Figure 1. Location of the study area. (a) Position of the study area on the structural map of the different Hercynian domains in northern

Morocco [19]. (b) Simplified geological map of the Mekkam inlier.
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2. Geological Setting

The geological setting of the study area is part of the

Moroccan Eastern Meseta. The latter represents what re-

mains of the Variscan chain in Morocco, following the colli-

sion of the two main continents Laurussia to the north and

Gondwana to the south, during the Upper Paleozoic under a

transpressive tectonic regime [20, 21]. The Variscan orogeny

was formed over a variable time interval between the Ter-

minal Devonian and the Upper Carboniferous. During this

period, the Rheic Ocean to the north and theMedio-European

Ocean to the south were subducted to form the gigantic con-

tinent of Pangea [20, 21]. This is reflected regionally in the

Eastern Meseta by early deformation followed by signif-

icant magmatism in the Lower Carboniferous [22]. Lower

Visean granodiorites and rhyodacites are the most dominant

facies in this region [23]. Locally in the Mekkam region, out-

crops vary in nature and age. The schists of Mekkam which

occupy the entire northern part of the inlier (Sidi Lahcen

area) are a thousand-metre-thick series consisting of olive-

green or violet schists alternating with beds of sandstone

and greywacke [11]. Palynological studies by Marhoumi et

al. [14] have given this series a Middle Devonian age. The

volcano-sedimentary series from Zerroug to Hassiane Ed

Diab occupies almost the southern half of the inlier and con-

sists of extensive eruptive material underlain by detrital and

carbonate levels of Upper Visean age [18]. The work of Rem-

mal [17] has shown that this series can be divided into three

sets: a basal unit corresponding to the first layers of the

Carboniferous series, the volcanoclastites of Jbel Zerroug

superimposed on the detrital and carbonate base levels, and

the Hassiane Ed Diab-Soulouina series, which extends be-

yond a major E-W fault that limits the Jbel Zerroug complex

to the south. According to our observations, these ancient

terrains are unconformably covered by Triassic formations

and Quaternary deposits.

The structural context of the Mekkam region is marked

by polyphase deformation [24], characterized by the combined

effects of Variscan and Atlasic deformation, resulting in the

emergence of a variety of ductile and brittle tectonic struc-

tures such as faults, folds, and associated schistosity. The

sequence of these tectonic events led to two episodes of

Variscan deformation, D1 and D2 [16], the most significant

of which was dated at 368 Ma using the K/Ar method [25]. In

addition to these two episodes, there is a third episode D3

of deformation of Westphalian C age [16]. The episode D1

corresponds to the major structuring of the Mekkam shale.

The episode D2 is the second episode of deformation in the

sector, probably occurring during the Breton phase and pre-

dating the Upper Visean deposits [11]. The D3 episode is late

Hercynian, dated to the Westphalian C [15].

3. Material and Method

Field missions were the first step in this work, where

all magmatic occurrences were surveyed with a total of 76

rock samples representing the various rock types found in the

Mekkam region. Amineralogical and petrographic study has

enabled their identification. Then, 14 unaltered samples were

selected to cover the entire region for geochemical analysis

(major, trace, and rare earth elements) by X-ray fluorescence

spectroscopy (XRF) for major elements and inductively cou-

pled plasma mass spectrometry (ICP-MS) for trace elements

and rare earth elements at the Reminex research center in

Guelmassa (Managem, Marrakech, Morocco). Chemical

analyses of major elements in percent oxide weight, as well

as trace elements and rare earths in ppm, are shown in Ta-

ble 1.

4. Results

4.1. Petrography

Macroscopic and microscopic observations of all fa-

cies in the three major regions of Sidi Lahcen, Jbel Zerroug

and Hassiane Ed Diab show the presence of a notable petro-

graphic variety.Primary mineralogy is represented by quartz,

plagioclase, potassium feldspar, pyroxene and biotite. Am-

phibole is found in microdiorites and dacites. The most abun-

dant accessory minerals are zircon and apatite. Hydrothermal

alteration has been observed in most of the samples, linked to

the low-grade epizonal metamorphism affecting the province.

This alteration contributes to the appearance of a secondary

paragenesis represented by chlorite and calcite, The original

texture of magmatic facies is generally well preserved. The

specific petrographic features of the three regions are shown

below.

(1) To the north, in the Sidi Lahcen region, the outcrops

appear as dykes and sills oriented E-W for the microgran-

ites, rhyolites, and dacites and NW-SE for the microdiorite
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Table 1. Geochemical analyses of magmatic rocks from the Mekkam inlier.

Samples HD 5B HD 6B SL 23 SL 25 SL 26 SL 7B HD 48 HD 41 SL 3 SL 5 SL 14 HD 9 SL 24 HD 36

%

SiO2 41.16 41.2 47.67 54.38 54.7 65.09 68.02 74.07 75.52 74.41 75.39 74.69 72.85 73.36

TiO2 3.48 3.48 1.48 1.56 0.71 0.49 0.3 0.16 0.045 0.36 0.046 0.12 0.19 0.023

Al2O3 13.41 13.43 13.48 16.66 15.68 16.05 16.53 14.14 14.09 14.89 14.3 14.07 14.22 14.78

Fe2O3 15.3 15.3 8.59 7.34 5.98 3.92 3.1 4.48 0.81 2.87 2.33 0.72 1.88 0.67

MnO 0.22 0.22 0.19 0.2 0.19 0.13 0.096 0.012 0.045 0.013 0.032 0.021 0.085 0.011

MgO 8.28 8.27 7.19 3.16 5.82 1.79 1.11 0.32 0.11 0.32 0.17 0.32 0.59 0.057

CaO 10.15 10.17 10.58 5.19 4.6 1.47 1.47 0.2 0.42 0.15 0.17 0.51 0.6 0.62

Na2O 3.51 3.52 3.09 3.55 3.75 3.07 6 0.16 3.14 0.26 2.24 3 3.17 3.42

K2O 1.25 1.25 2.1 2.84 1.14 3.96 1.9 3.78 4.73 4.19 3.09 5.4 4.96 6.37

P2O5 0.93 0.92 1.31 0.35 0.22 0.17 0.098 0.065 0.047 0.17 0.043 0.088 0.12 0.088

SO3 0.25 0.24 3.05 0.18 0.03 0.15 0.021 0.083 0.029 0.053 0.22 0.011 0.012 0.03

Loi 1.83 1.78 0.87 4.45 7.03 3.39 1.33 2.41 1.01 2.14 1.96 0.98 1.19 0.6

Total 99.77 99.78 99.6 99.86 99.85 99.68 99.975 99.88 99.996 99.826 99.991 99.93 99.867 100.02

ppm

As 40.62 11.81 12.56 16.88 196.62 12.17 148.26 97.56 49.28 25.23 156.41 22.86 32.39 186.63

B 15.09 14.46 28.82 26.44 21.1 15.48 12.46 19.25 0.92 9.84 3.01 1.35 6.61 3.37

Ba 736.2 735.43 586.92 545.09 365.72 3240.4 462.27 983.62 153.9 1131.9 269.5 628.44 699.64 128.74

Be 1.45 1.35 2.04 2.08 1.29 2.87 1.02 3.23 8.11 0.65 4.15 2.93 3.8 3.93

Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 5.81 1.07 14.35 5.46 <0.1 <0.1 <0.1

Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Ce 91.59 93.03 177.66 67.31 56.69 72.11 40.98 55.26 11.26 63.02 13.78 42.52 53.48 24.57

Co 43.06 43.31 24.58 17.32 12.48 8.78 7.31 4 12.04 11.16 5.32 2.63 4.01 2.72

Cr 135.88 134.61 140.11 62.83 228.3 62.63 72.75 105.2 21.34 51.74 40.68 66.01 74.9 112.37

Cs 0.24 0.25 22.99 6.72 2.34 4.21 4.5 8.02 5.25 6.32 7.59 7.34 5.3 4.97

Cu 43.36 44.65 38.26 27.1 21.57 42.53 23.73 196.49 20.52 30.07 60.99 28.56 13.37 13.85

Dy 5.62 5.69 3.22 4.78 2.51 2.94 1.08 2.77 1.46 2.49 1.1 2.01 2.48 3.29

Er 2.19 2.25 1.27 2.49 1.24 1.48 0.48 1.36 0.82 1.26 0.64 1.04 1.29 1.57

Eu 3.26 3.32 2.65 1.77 1.4 4.07 0.87 0.98 0.2 0.82 0.45 0.79 1.18 0.13

Ga 23.14 22.36 20.29 21.13 19.95 20.23 20.86 22.15 18.49 22.04 19.23 15.9 18.1 20.55

Gd 8.68 8.74 7.22 5.63 3.5 4.5 1.85 4.01 1.37 3.62 1.14 2.58 2.87 3.43

Ge <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Hf 1.38 1.4 1.24 1.85 1.46 18.9 1.9 4.27 0.94 2.16 1.5 1.7 4.17 1.12

Ho 0.79 0.8 0.45 0.78 0.41 0.48 0.19 0.43 0.27 0.4 0.21 0.34 0.42 0.5

La 42.74 43.56 74.47 30.84 25.29 39.13 21.02 23.26 5.19 33.49 6.95 18.21 18.45 9.46

Li 17.4 17.69 76.62 68.07 91.14 36.18 44.52 21.13 36.15 21.42 18.56 26.05 38.65 12.49

Lu 0.2 0.2 0.11 0.31 0.14 0.23 0.058 0.24 0.14 0.19 0.11 0.15 0.19 0.22

Mo 3.73 3.57 2.65 4.16 3.71 5.39 4.76 6.38 1.44 3.68 3.39 6.09 4.19 7.12

Nb 17.93 16.04 16.06 17.06 17.41 16.64 11.22 15.51 93.38 11.1 11 64.07 46.28 19.92

Nd 48.72 49.4 76.31 30.22 23.57 27.57 14.29 22.06 5.89 22.43 6 15.51 16.12 14.21

Ni 129.71 130.71 151.11 15.16 82.84 31.46 24.98 13.8 9.11 8.83 15.24 11.33 83.64 30.02

Pb 4.84 5.99 25.5 45.93 40.06 11.36 28.87 12.45 56.59 219.82 77.58 41.63 69.55 34.53

Pr 10.81 10.94 21.26 7.26 5.83 7.14 3.92 5.75 1.57 6.14 1.66 4.3 4.41 3.57

Rb 24.12 23.89 27.99 109.36 43.7 158 57.2 297.21 257.09 196.15 237.76 214.19 179.62 231.9

Sb 1.03 0.88 0.77 <0.1 0.6 <0.1 0.24 0.53 4.18 0.61 0.58 0.2 0.49 0.28

Sc 15.65 15.48 15.72 15.37 13.52 6.53 4.46 4.59 4.02 6.1 3.69 3.2 4.58 6.2

Se <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.36 <0.1 <0.1 <0.1 <0.1

Sm 9.81 9.9 10.33 5.97 4.06 4.89 2.23 4.65 1.64 4.09 1.42 3.11 3.26 4.55

Sn 1.03 1.97 13.9 1.22 <0.1 0.93 <0.1 <0.1 <0.1 1.91 <0.1 4.14 0.34 <0.1

Sr 1049.2 1051.7 2122.1 452.4 446.58 299.38 260.44 25.88 45.39 95.2 63.74 108.37 152.76 34.26

Ta 2.37 2.38 1.09 0.95 0.83 0.49 0.41 0.26 0.34 0.21 0.18 0.21 0.44 0.49

Tb 1.03 1.04 0.68 0.76 0.42 0.51 0.2 0.51 0.22 0.43 0.17 0.34 0.39 0.53

Th 3.63 3.63 8.81 9.94 10.05 17.91 12.38 17.17 9.12 18.4 6.5 13.34 15.37 16.3

Tm 0.27 0.27 0.15 0.36 0.17 0.23 0.066 0.22 0.14 0.19 0.1 0.16 0.2 0.25

U 0.99 0.96 2.13 2.39 2.85 5.34 3.11 3.74 5.02 6.77 5.5 4.1 5.46 4.24

V 193.47 194.04 156.2 112.17 101.73 48.96 36.3 55.47 0.8 38.47 2.08 11.65 18.16 6.67

W 3.03 2.61 2.92 2.4 2.78 2.47 1.96 10.13 9.45 56.53 8.78 6 3.63 5.33

Y 20.06 20.08 11.64 20.56 10.14 13.47 4.48 11.53 6.7 11.1 5.03 9.11 11.27 12.61

Yb 1.68 1.68 0.91 2.44 1.13 1.62 0.45 1.64 1.11 1.39 0.83 1.16 1.43 1.81

Zn 129.71 131.13 99.73 112.59 112.12 53.22 53 35.95 47.18 29.63 49.05 75.72 75.7 30.46

Zr 242.68 254.05 160.07 238 127.73 98.56 96.21 82.31 85.05 271.17 50.99 58.57 75.79 59.03

dykes. The relative chronology shows that the microdiorite

dykes are the oldest since in the field, the microdiorites are

intersected by the other dykes. The most represented facies

in this region are:

a) The quartzitic microdiorite (SL25) with a porphyritic

microgranular texture. It is composed of the following min-

eral assemblage: plagioclase, amphibole, biotite, quartz, rare

orthoclase crystals and accessory minerals. The plagioclase

corresponds to the most represented mineral phase, and they

are subautomorphic, of andesine type (An 30 to 40%). The

mesostasis is microgranular, showing a relatively high crys-

tallization rate containing microcrystals of quartz surrounded

by a fine halo of secondary minerals such as calcite and ox-

ides. This facies shows strong alteration, highlighted by the

presence of calcite and chlorite (Figure 2a).

b) The micro-gabbrodiorite (SL23) exhibits a micro-

granular texture with dominant plagioclase (An 25 to 30%)

with a little alkaline feldspar of the microcline type. The fer-

romagnesian mineral is green amphibole with automorphic

patches, giving the rock its mesocratic color (Figure 2b).

c) The microgranite (SL24) has a porphyritic micro-

granular texture with the presence of slightly perthitic alkali

feldspar phenocrysts, automorphic to subautomorphic quartz,

altered plagioclase, and chloritized biotite in a micrograined
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mesostasis composed mainly of feldspars and quartz (Figure

2c).

d) The aplite (SL14) is vacuolar leucocratic and slightly

oxidized. Under the microscope the rock is primarily com-

posed of subautomorphic quartz grains with recrystallized

edges and rosette-shaped muscovite, sometimes associated

with hematite (Figure 2d).

e) The rhyolite (SL3) has a weathering rind with a

color that varies from pink to white. The rock is composed

of automorphic quartz phenocrysts, alkali feldspar, and pla-

gioclase in a microlitic quartz-feldspathic micaceous matrix

(Figure 2e).

f) The andesites (SL26) are less represented in the Sidi

Lahcen area. They are identifiable by the abundant pres-

ence of plagioclase crystals and their purple hue. They also

contain crystals of amphibole and biotite, which are often

altered to chlorite. Their matrix is composed of microlites

and microcrystals of plagioclase.

g) The dacites (SL 7B) are composed of phenocrysts

of fully sericitized plagioclase, altered green hornblende,

chloritized biotite, and globular quartz. The mesostasis is

microlitic (Figure 2f).

Figure 2. Petrography of the main facies of Sidi Lahcen: (a) mi-

crodiorite, (b) micro-gabbrodiorite, (c) microgranite, (d) aplite, (e)

rhyolite, (f) dacite.

(2) To the south of the study area, between the village

of Hassiane Ed Diab and the Soulouina region, extends a

schist-sandstone series of Upper Visean age [17]. Through

this series, outcrop points of an underlying granitic massif

are observed. In this region, facies are represented by:

a) The biotite microgranite of Ras-Mohamed (HD9),

which has a porphyritic microgranular texture characterized

by zoned automorphic plagioclase phenocrysts of oligoclase

type (An 30%). These plagioclase crystals cluster into sev-

eral contiguous individuals, forming feldspathic aggregates

sometimes reaching up to 3 cm. These plagioclase crystals

are slightly altered. The quartz is automorphic to subauto-

morphic. At its edges, it associates with plagioclase to form

myrmekite, indicating a eutectic syncrystallization between

feldspar and quartz. These myrmekites make up the matrix

of the microgranite. The biotite is in the form of laths with

numerous inclusions of apatite and metamict zircons (Figure

3a,b).

b) The Soulouina granite (HD36) is pinkish leucocratic

with a granular texture. It is composed of acidic plagioclases,

alkali feldspars, quartz, and a few rare biotite. Myrmekite is

observed along the edges of the alkali feldspars. Zircon and

hematite are accessory minerals (Figure 3c,d).

Figure 3. Petrography of the granitoids of Hassiane Ed Diab: (a,b)

microgranite, (c,d) granite.

(3) The volcanic-sedimentary complex of Jbel Zerroug,

has slightly undulating and elongated SW-NE reliefs, with

the highest point at Jbel Zerroug (1314 m). The general ap-

pearance of outcrops is characterized by scree [26]. The main

facies of this complex are:

a) The trachyte (HD48) has a porphyritic microlitic

texture. The main minerals are potassium feldspar, plagio-
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clase, green amphibole often altered to chlorite and calcite,

and occasional patches of black mica. The matrix is felds-

pathic microlitic. Oxides are scattered throughout the rock

(Figure 4a).

b) The rhyolite (HD41) outcrops to the east of the vil-

lage of Hassiane Ed Diab in the form of a pull-apart structure;

the rock varies in color from pink to dark pink. It exhibits

a porphyritic texture where the main minerals are automor-

phic quartz, sericitized alkali feldspar, greenish biotite, and

a few rare amphiboles. The groundmass is feldspathic. The

rock is altered with the development of hematization and

sericitization (Figure 4b).

c) The andesite exhibits a massive texture composed

of the following mineralogy: oligoclase-type plagioclase

(An 25–30%), in the form of microlites, green amphibole,

and clinopyroxene as microphenocrysts. Their matrix is

microlitic (Figure 4c).

d) The basanite (HD5B) has a microlitic texture com-

posed of phenocrysts of plagioclase (An 35 to 42%), pyrox-

ene, olivine, and nepheline, with a microlitic matrix primarily

formed by plagioclase microlites. The accessory minerals

are epidote and oxides (Figure 4d).

Figure 4. Petrography of the main facies at Jbel Zerroug: (a) tra-

chyte, (b) rhyolite, (c) andesite, (d) basanite.

4.2. Geochemistry

4.2.1. Major Elements

The chemical analyses of the samples (Table 1) reveal

a generally low percentage loss of ignition (LOI) between

0.6 and 4.45%, except for sample SL26 (andesite) with a rate

of 7.03%. The rocks are therefore slightly altered and close

to the line of fresh rocks. The projection of the different fa-

cies(HD4B, HD5B, SL3, SL26, HD7B, HD48, HD41) using

the TAS classification diagram of Bas et al. [27] reveals that

the volcanic rocks occupy the fields of ultrabasic rocks for

basanite, intermediate rocks for andesite, and acidic rocks

for dacite, rhyolite, and trachyte. These facies exhibit a calc-

alkaline lineage and an alkaline affinity for the basanites

(Figure 5). The range of major element composition varies

among these three groups:

• Basanites have the following composition: SiO2

around 41 wt.%, TiO2 (3.48 wt.%), Al2O3 (13.41

wt.%), Fe2O3 (15.3 wt.%), MgO (8.3 wt.%), CaO

(10.17 wt.%), Na2O (3.52 wt.%), K2O (1.25 wt.%),

and P2O5 (0.9 wt.%). These geochemical character-

istics are comparable to Quaternary-aged basanites

recently described by Bosch et al. [28] and Bernard-

Griffiths et al. [29].

• Intermediate rocks have SiO2 contents of 54.38

wt.%. The other oxides have the following contents:

Fe2O3 (5.98%), CaO (4.6%), MgO (5.82%), and

TiO2 (0.7%).

• The acid volcanic rocks have high contents of SiO2

(65.09–75.72 wt.%), Al2O3 (14.09–16.53 wt.%),

Na2O (0.1–6 wt.%), and K2O (1.9–4.73 wt.%), and

low percentages of CaO (<1.47 wt.%), MgO (<1.79

wt.%), TiO2 (<0.49 wt.%), and variable for Fe2O3

(0.43–2.35 wt.%). The rhyolites have a relatively

high content of K2O (4.73 wt.%), which is attributed

to the alteration of feldspar into sericite. These geo-

chemical characteristics are similar to volcanic rocks

described in the Western Meseta by Hadimi et al. [30]

and Ntarmouchant et al. [31].

The projection of the different facies (SL23, SL25, SL5,

SL14, SL24, HD9, HD36) using the TAS diagram [32] for clas-

sifying plutonic rocks shows that microgranites, aplites and

granites fall within the granite field, microdiorites within

the diorite field, and micro-gabbrodiorites within the gabbro

field. These granitoids are affiliated with a calc-alkaline lin-

eage, while the granites of Soulouina, micro-gabbrodiorites,

and microdiorites fall within an alkaline lineage (Figure 6).

The plutonic rocks have higher contents of SiO2 ranging

from 72.85 to 74.69 wt.%, Al2O3 (14.07 to 14.78 wt.%),

Na2O (0.26 to 3.42 wt.%), and K2O (4.19 to 6.37 wt.%).

These rocks have lower contents of CaO (0.15–0.62 wt.%),
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MgO (0.057–0.59 wt.%), Fe2O3 (0.67–2.87 wt.%), and TiO2

(0.023–0.36 wt.%). Microdiorites and micro-gabbrodiorites

have the following compositions: SiO2 (47.67–54.38 wt.%),

TiO2 (1.48–1.56 wt.%), Al2O3 (13.48–16.66 wt.%), Fe2O3

(7.34–8.59 wt.%), MgO (3.16–7.19 wt.%), CaO (5.19–10.58

wt.%), Na2O (3.09–3.5 wt.%), K2O (2.1–2.84 wt.%), P2O5

(0.35–1.31 wt.%). These geochemical characteristics are

similar to the granites described in the Moulay Bouazza re-

gion of the Western Meseta by Oudy et al. [33] and in the

Tanncherfi inlier, located 40 km north of Mekkam [2].

Figure 5. Classification of volcanic rocks from the study area, TAS

diagram [27].

Figure 6. Classification of plutonic rocks, total alkali versus silica

diagram [32].

4.2.2. Trace Elements and Rare Earth Ele-

ments (REE)

The multi-element diagrams normalized to primitive

mantle [34] revealed the following observations:

The spectra of the granitoids show enrichment in Rb,

Cs and a negative anomaly in Ba, Nb, and Ti, with a pos-

itive anomaly in Pb (Figure 7a). The anomaly in Nb on

the normalized diagrams of the primitive mantle is widely

used to examine the effects of either crustal contamination of

the lithosphere or the subducted slab in magmatic processes.

In the granitoids of Mekkam, the presence of this negative

anomaly indicates an orogenic nature associated with a sub-

duction zone [35, 36]. According to Thompson et al. [37], La/Nb

values suggest the influence of crustal contamination. These

values range between 0.5 and 7 in arc settings. The granitoids

of Mekkam have La/Nb values of 3.01 with modest Th/Nb

ratios of 1.65 and Th/La ratios of 0.54, which could suggest

that they originate from a mantle source with contamination

by the continental crust in a geodynamic context of an island

arc or active continental margin. The spectra obtained for

the microdiorites and micro-gabbrodiorites are slightly dif-

ferent. The negative Nb anomaly is present, characteristic

of orogenic volcanism (Figure 7a). This orogenic nature is

also confirmed by the low quantities of transition elements

(V, Cr, Ni, and Sc) [38]. Thus, the high values of La/Nb ratios

exceeding 1.8 (2.4–4.81), the values of Zr/Y ratios exceeding

3 (4.91–5.58), and the low values of Ti/Y ratios (2.66–3.63)

characterize an orogenic magmatism in an active continental

margin context [39].

The spectra obtained for the volcanic rocks (rhyolite,

trachyte, and andesite) reveal marked similarities despite

differences in their mineralogical compositions and degrees

of differentiation. Compared to the primitive mantle, the

profiles show a negative anomaly in Nb and Ti, characteris-

tic of orogenic volcanism (Figure 7b). These rocks exhibit

positive anomalies in Rb and negative anomalies in Nb, sug-

gesting that their formation occurred in a convergent margin

setting [34]. The enrichment in LILE (Ba, Pb, Rb) and deple-

tion in HFSE (Nb, Ta, Lu, Eu, Y) suggest that these rocks are

similar to those formed in a subduction zone or post-collision

continent-continent collision setting [39] (Figure 7b).

The spectra of dacites show a positive anomaly in Ba,

Pb, Nd, and Eu, and a negative anomaly in Ti and P. This

negative anomaly can be explained by prior fractionation of

iron-titanium oxides and apatite.

In the basanites, the spectra are different, with the

presence of a positive Ba and Ti anomaly (Figure 7b) and

an enrichment of elements (Sr, Nd, Zr, Ti), indicating that

these rocks are intraplate in nature [40]. These characteris-

tics are identical to the Quaternary basanites generated in an
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intraplate context in the Middle Atlas [41].

(a)

(b)

Figure 7. Multi-element diagram normalized to the primitive man-

tle [34]. (a) Plutonic rocks (b) Volcanic rocks.

4.2.3. Geotectonic Setting

• For volcanic rocks, the diagram from Cabanis [42] is

highly effective in characterizing magmatic series

and their geotectonic environment. Some trace el-

ements and potassium are normalized to MORB.N

(Mid-Ocean Ridge Basalt). The volcanic rocks are

associated with the orogenic domain linked to a com-

pressive active margin context and the post-orogenic

domain linked to a compressive intraplate magmatism

context (Figure 8). Thus, in the diagram by Pearce,

Harris and Tindle [43], acidic volcanic rocks (rhyolite

and dacite) project into the orogenic granitoids of

volcanic arcs. This indicates the orogenic context of

subduction and their formation in a tectonically active

zone, confirmed by their calc-alkaline nature. The

Zerroug basanites occupy the domain of active mar-

gins and show different characteristics from the other

group, confirming the different context of these facies

already discussed in the previous section.

• Regarding granitoids, the use of diagrams from

Pearce, Harris and Tindle [43] allows for distinguishing

between four groups: volcanic arc granites (VAG) and

syn-collision (Syn-COLG) granites, associated with

the convergent orogenic domain; ocean ridge granites

(ORG), linked to divergent zones; and within-plate

granites (WPG) from the anorogenic intraplate do-

main.

The projection of data from the Mekkam inlier onto

these diagrams shows that most of the granitoids occupy the

domain of volcanic arc granites (Figure 9), likely associ-

ated with continental margin subduction or an evolved stage

of island arc development. The Soulouina granite occupies

the field of syn-collision granitoids, this agrees with their

geochemical signatures.

Figure 8.  Mekkam facies projection in the diagram of Cabanis [42].

Figure 9. Geotectonic diagram of Pearce, Harris and Tindle [43].
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5. Discussion

The origin of Variscan magmatism in Morocco remains

a topic of discussion to this day, and several hypotheses have

been proposed to explain the genesis of this magmatism. Au-

thors such as Kharbouch et al. [44] and Boulin, Bouabdelli

and El Houicha [45] propose an ocean-continent subduction.

Other authors [18, 26, 46] adopt the hypothesis of an intracon-

tinental subduction. Subsequently, some authors [38, 47–49]

interpreted the MoroccanMeseta domain as foreland or back-

arc basins. The recent work of Michard et al. [50] proposes a

southeast-directed subduction of the Rheic Ocean crust along

the Iberian and Moroccan Meseta. Accotto et al. [51] suggest

the hypothesis of an Avalonian magmatic arc in relation to a

northwest-directed subduction.

The recent model by Chopin et al. [1] explains the

chronology of the Variscan granitoids of the Moroccan

Meseta as linked to the early Carboniferous extensional event

resulting from the fragmentation of Gondwana associated

with the opening of the Paleotethys. Then, during the remain-

der of the Carboniferous and the early Permian, a Variscan

intracontinental collision occurred in two stages, indicating

the onset of the collision between Gondwana and the Euro-

pean Variscan belt.

This study, based on petrological and geochemical argu-

ments, reveals that the Mekkam inlier is part of the Variscan

magmatism of the eastern and western Moroccan Meseta,

with the presence of an initial alkaline magmatic event pre-

ceding a calc-alkaline orogenic magmatism linked to a vol-

canic arc context (microdiorite alkaline Sidi Lahcen and

calc-alkaline rhyolites & andesite Sidi Lahcen and Hassiane

Ed Diab). This is followed by a post- to late-orogenic alka-

line magmatism associated with an active continental margin

(Soulouina Granite). This is consistent with studies con-

ducted at the scale of the Eastern Meseta [1] and Western

Meseta [33]. These events unfolded as follows:

1. The first magmatic event is orogenic and likely

occurred during the Late Visean, associated with a signif-

icant volcanic episode during which the Zerroug volcanic

series and the microdiorite dykes of Sidi Lahcen were de-

posited. This magmatic event is comparable to magmatic

events widespread in the Eastern Meseta [1, 2, 52] and Western

Meseta [53–55].

2. The second event is syn-orogenic, marked by the

emplacement of alkaline granite and late-stage dykes at Sidi

Lahcen. The presence of this event is also reported in the

Eastern Meseta [1, 5, 18] and Western Meseta [30, 56, 57].

3. After these Paleozoic episodes, the area experienced

a long period of stability. Then, magmatic activity resumed

in the form of alkaline-affinity basic volcanism (basanites of

Hassiane Ed Diab), as described in other areas throughout

the Mediterranean [28, 58].

In this geodynamic framework, the first event can be

interpreted as associated with a magmatic arc in a compres-

sional setting above the subduction zone. This is consistent

with the model of Michard et al. [50]. The second event is re-

lated to the Variscan intracontinental collision in the Meseta,

which occurred in two stages at the end of the Carbonifer-

ous and the beginning of the Permian [59]. The third event

is related to the Quaternary magmatism in Morocco affect-

ing the Mediterranean periphery, generated in an intraplate

geotectonic context [41, 58, 60].

6. Conclusions

The Mekkam inlier has remained understudied to date

due to its remoteness and due to its covering by Mesozoic

and Cenozoic overburden, which reveals some exposures of

the Paleozoic crystalline basement. Field observations and

petrographic data combined with geochemistry have shown

that magmatic activity in the Mekkam inlier exhibits two

phases: volcanism associated with calc-alkaline plutonism

of island arc or active continental margin subduction type,

followed by subsequent intraplate alkaline volcanism.

Comparing the obtained results with studies conducted

in similar regions in the Eastern and Western Meseta allows

to highlighting the succession of magmatic events in this

region.

Utilizing all the data suggests that the Mekkam sector

corresponds to a magmatic arc in a compressional domain

situated above the subduction zone, followed by intraconti-

nental collision. These results are consistent wit the hypothe-

ses proposed for the tectonic framework of the Moroccan

Meseta.
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