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Abstract

Cenozoic volcanic activity in Morocco started in the Miocene and proceeded,
after a short break, during Pliocene and Quaternary. Calc-alkaline magmatic
activity occurred first and was accompanied by the eruption of transitional
lavas, followed by Plio-Quaternary alkali basaltic activity, which was em-
placed within Neogene sedimentary basins of the Rif belt and its foreland.
From calc-alkaline to alkaline magmatism, passing through a transitional
term, volcanic activities in Morocco formed magnificent outcrops, very di-
versified in their affinities, their mineral compositions and their geochemi-
stry. The petrographic study and geochemistry of Plio-quaternary volcanic
rocks in the areas with high geothermal potential in northeast of Morocco
show a dominance of Na-rich basaltic rocks (basanites, basalts, tephrites and
basaltic trachy-andesites), followed by trachy-andesites. Most of the samples
exhibit an enrichment of large-ion lithophile elements (LILEs) over high-
field-strength elements (HFSEs). These results were used to test the global
model of Circum-Mediterranean Anorogenic Cenozoic Igneous Province
(CiMACI) and the regional model of [1].

Keywords

Cenozoic, Basaltic Activity, Northeast of Morocco, Alkaline, CIMACI

1. Introduction

Neogene-Quaternary volcanic activity is widely present in the Western Mediter-
ranean region, and its volcanic centers and structures are observed all along the

Maghrebian coast from Tunisia through Algeria to Morocco [2]-[8].
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The study of the west Mediterranean volcanism revealed an evolution in the
chemical nature through time [6] [7] [8]. In fact, the first activity was calc-alkaline
and was recorded firstly in Algeria and Spain at 16 - 15 Ma, and later (14.5 to 11
Ma) in all Maghrebian margin [5] [6] [9] [10] [11] [12]. This calc-alkaline activ-
ity was followed by a potassium-rich shoshonitic to Lamproic activity at 8 - 5 Ma
in Spain and 9 - 4 Ma in Africa [2] and lasted by alkaline activity during
Plio-quaternay in Spain and earlier from Messinian to quaternary in North
Africa [2]. This temporal evolution with the different rocks representing the
three volcanic activities can be observed in few volcanic centers such as Oranie
in Algeria [7] and Gourougou volcanic field in Morocco [5] [6] [13].

Plio-quaternary volcanism in Morocco is represented by alkali basalts, basa-
nites, basaltic trachy-andesites and other intermediate lava while Miocene vol-
canism is dominated by calc-alkaline to highly-potassic calc-alkaline and sho-
shonitic magmas [4] [5] [6] [8] [9] [10] [14] [15] [16] [17] [18]. The transitional
magmatism between the calc-alkaline and alkaline activities occurred after the
eruption of the first alkali basalt (6.3 Ma) and ceased after the last shoshonitic
eruption (4.8 Ma) [8]. In addition to North Africa, where the transitional terms
were well described and studied (ie. [4] [5] [6] [19] [20]), the transition from
orogenic calc-alkaline magmas to intraplate alkaline associations is frequently
observed in many other areas in the Mediterranean region, e.g. in Anatolia and
Western Turkey [21], Sardinia [22], Southern Spain [23] and in Central South-
ern Italy [24].

Different tectonic models were proposed to explain the genesis and the evolu-
tion of the different volcanic activities (e.g. [2] [6] [8] [25] [26]). However, the
occurrence of a post-collisional magmatic activity close, geographically and
temporarily, to an orogenic magmatism is still a hot topic. The main models
proposed activities (e.g. [2] [6] [8] [25] [26]) include: 1) an orogenic setting re-
lated to subduction for the calcalkaline and the shoshonitic magmatic activity
and an intraplate setting for the alkaline activity, contemporaneous with the sa-
linity crisis during the Messinian and involving a westward roll-back of an east-
ward-dipping slab of the Tethyan oceanic lithosphere; 2) delamination of a part
of the continental lithosphere beneath the Alboran Sea; and 3) asthenospheric
upwelling (diapirism).

The Plio-quaternary volcanic activity, topic of this paper, is recorded in dif-
ferent structural domains of Morocco, including the Rif belt and the adjacent
parts of Eastern Morocco (Figure 1). In fact, different volcanic facies mainly ba-
sanites and phonolites [27] are observed in the Middle Atlas [18]; in Central
Morocco and in the Anti-atlas belt [28]. The Middle Atlas is the largest basaltic
province in Morocco and exhibits a hundred of strombolian cones and maars of
different ages (Miocene, Pliocene and Quaternary). In the Anti-Atlas, the recent
volcanic activity (10 - 2.8 Ma) is represented by the strato-volcano of Siroua to
the west, mainly trachytic and Phonolitic with an alkaline to hyper-alkaline cha-

racter and Jbel Saghro, mostly phonolitic, with olivine-bearing nephelinites,

DOI: 10.4236/0jg.2022.1211040

830 Open Journal of Geology


https://doi.org/10.4236/ojg.2022.1211040

R. Meryem et al.

o'W 5°W 4"W 3'W 2°W

Tanger, Mediterranean Sea

El Hoceima
/]

i Nador
SV PN

Legend

~— thrusts - Internal domain
s normal faults - Flysch [
- Plioquaternary volcanism

:| Miocene volcanism

- Salt

Foreland basins
Eastern foreland

Cenozoic basins

Il vidie Atias
Z

~ Quaternary

External domain <
| Mesorif -

‘ - Ketama unit
- Aknoul nappe

‘ Tanger Unit
- Loukkos

| Senhadja Unit

- Tectonic windows

Temsamane

Cap de l'eau ]

7 -~

,///

L

Rides pre-rifaines

f
- Prerif nappes

Figure 1. Structural map of the north of Morocco (Geological map of Morocco (1/1,000,000)).

phonolitic nephelinites and phonolites, more or less alkaline and similar to the
alkali-rocks of Central Morocco [28].

Volcanic areas in northeastern Morocco occur either in the Rif belt’s Miocene
sedimentary basins or within its foreland (Figure 1). The latter is formed by
Gareb chaotic units towards the south of the volcanic complex of Gourougou
and a part of the deformed tectonic foreland (Z.e. Beni Bou Yahi and Beni Snas-
sen located in west of Saka and Oujda, respectively). Neogene basins of Guercif
and Taourirt-Oujda consist of sediments from middle Miocene to Quaternary,
and are connected to the Algerian Tafna basin towards the east [29]. The whole
area is affected by faults [30], which crosscut the basement and the overlying
cover, and even, locally, the calc-alkaline volcanic rocks [31]. Plio-quaternary
volcanic activity in NE of Morocco is noticed to be spatially close to hot water
points (springs and wells), with an average geothermal gradient of about 126°C/
km at depths greater than 300 m, as it was recorded by [32] in a borehole near
Berkane.

In the present study and in the general frame of constraining the geothermal
exploration in the NE of Morocco, different outcrops from the Plio-quaternary

activity were studied based on the importance of the heat flow and the permea-
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bility within geothermal promising areas. Therefore, we present in this paper the
results of new petrology and geochemistry data performed in different volcanic
rocks of the northeast of Morocco (Nador, Guilliz, Saka and Oujda areas) with
special emphasis on detailed petrography of these rocks, generally missing in the
papers already published on this part of Morocco. Furthermore, we intended a
comparison of the geochemistry of our rocks with published data of alkali vol-
canic rocks from different Mediterranean surrounding areas (Middle and An-

ti-Atlas, Oran, south-eastern Spain and Canary Islands).

2. Geological Settings

The Western-Mediterranean alpine belts are considered as the result of a com-

plex orogenic alpine history developed as a consequence subduction processes

related to Africa-Eurasia convergence since Cretaceous, the slab roll back of the

Maghrebian Tethys lithosphere during the end of Eocene-Early Oligocene and

the delamination of the African subcontinental mantle (e.g. [33] [34]). This

transition marks the closure of both branches of the Maghrebian Tethys and the
opening of the West Mediterranean Basin. The direction of the convergence

between Eurasian and African plates is NW-SE [35].

During the Alboran block progressive movement towards the west, the Afri-
can plate will continue the migration towards the northwest. At the Alboran
plate border, the north component creates in its eastern part a sinistral strike-slip
zone. The latter will use different tectonic directions emplaced during the colli-
sion of the internal zones (Jebha, Nekor etc.) and ensure the opening of the
post-nappe basins [2]. From this period and on, the volcanism history of the two
provinces (the orogenic and the anorogenic) is discontinuous, the volcanism
progression and the opening of basins are symmetrically done from both sides of
the strike-slip faulting zone. In Morocco, the opening of Cenozoic basins is
shifted towards the East using the directions of older Middle Atlasic accidents,
the volcanism follows this progression. In Spain, there is a clear evolution of the
volcanism towards the North-west (e.g. [2]).

The Rif belt is situated in the North of Morocco, sketching the southern lamb
of the Gibraltar arc and the equivalent of the Betic Cordilleras [36] [37] in the
other side of the Mediterranean, and forms the westernmost part of the alpine
belt which extends along the north of Africa (with Tell and Kabylie) and contin-
ues eastward to Sicily and Calabria in southern Italy. Three main structural do-
mains form the Rif belt, from the North to the South: Internal zones, Flysch
Zones and External Zones (Figure 1). Each domain is divided itself to several
sub-domains as follows:

- Internal zones, also called Alboran domain, where we recognize three main
subdomains, which are from the lower to the upper: Sebtides, Ghomarides
and the Dorsale calcaire;

- Maghrebian Flyschs; with two main different kinds of Flysch, Numidian, and
Mauritanien-Massylian;

- External zones, with three main subdomains and they are from the North to
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the South: Intrarif, Mesorif and the Prerif.

The eastern part of the Middle Atlas forms the Rif foreland and consists of
high intra-continental belts, notably folded, and characterized by a strong Me-
so-Cenozoic cover, repetitively affected by a series of tectonic events usually
linked to the Alpine orogeny (s.1) [18].

The lithosphere beneath the northeast of Morocco is remarkably thin (15 - 20
km) and the crustal anomaly extends far to the south and draw the so-called
“Moroccan hot line” referred to as “MHL”, striking NE-SW [25] [38], crossing
the main tectonic structures of Central Morocco. The MHL is highlighted by the
occurrence of recent volcanic activities along a NE-trending outcrops starting
from the Trans-Alboran zone and extending to the Canary Islands. It also covers
Atlasic (Middle Atlas and Anti-Atlas) and Riffian domains, from Nador (Gou-
rougou) to Guercif (Guilliz) in the Rif and Oujda areas [2] [6] in the Middle At-
las and Saghro and Siroua in the Anti-Atlas. Geophysical study indicated the
presence of high magnetic anomalies beneath the northeast of Morocco, towards
the east in the volcanic area [39].

The geochronological data on the northeastern Morocco indicates a temporal
evolution of the volcanic activity in this region [6] [8], The oldest record is from
the Ras Tarf eruptions (late Tortonian); then the magmatic activity has been in-
terrupted for 2 Ma followed by the Tres Forcas eruptions (North of Gourougou)
maintained for almost 0.5 Ma (Figure 1). After a short period, eruptions started
in Gourougou and Guilliz areas and proceeded for almost 3 Ma. In the Gourou-
gou volcanic field, the volcanic activity has stopped in the early Pliocene and did
not resume until Quaternary, while it took longer to reach the surface and
record the most recent eruptions in Guilliz area. The volcanic eruptions of Ouj-
da and the alkaline episode of Guilliz emissions were the latest events recorded
in the northeastern Morocco.

Based on geochemical (major, REE and isotopes) and geochronological (K/Ar
and 40Ar/39Ar) data, many authors concluded to deduce a volcanic evolution in
the western Mediterranean area from an orogenic to an intraplate magmatism
with the presence of transitional terms (e.g. [2] [8] [40]). In Morocco, the first
magmatic activity recorded ranges from calc-alkaline to a highly potassic
calc-alkaline and shoshonitic composition. Transitional magmatism occurred
between the eruption of the first alkali basalt (6.3 Ma) and the last shoshonitic
eruption (4.8 Ma) [8]. The youngest magmatic activity (6.3 - 0.65 Ma) is alkaline
represented by basaltic rocks showing an ocean island basalts (OIB) affinity.
These rocks are associated with crustal stretching along the trans-current linea-
ments [41]. This activity was attributed by some authors [42] to the Cir-
cum-Mediterranean Anorogenic Cenozoic Igneous Province (CiMACIP).

Samples collected for the present study belong to different outcrops in nor-

theastern Morocco including:

2.1. Nador Volcanic Field

Gourougou stratovolcano dominates the landscape near Nador city (Figure 1 &
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Figure 2). This well-preserved stratovolcano and its satellites (9 - 5.4 Ma) are
considered the largest volcanic complex in the northeast Morocco. The volcano
is of about 12 km diameter and 900 m of elevation and consists mainly of inter-
mediate lava flows. The massif’s central part is mostly formed by calc-alkaline
and shoshonitic Miocene volcanic rocks (rhyolites, dacites and andesites) in ad-
dition to local interstratified volcanoclastic layers with basin sediments [10] and
few granodioritic intrusions close to the main volcanic area (Beni Bou Ifrour). In
this volcanic field, three areas were studied, Amejjaou and Selouane areas sur-
round the Gourougou stratovolcano from the west and the south, respectively,
and Terkaa area is located in the south of the volcanic complex.

Amejjaou volcanic area is located around 12 km in the west of Gourougou’s
main eruptive centre (Figure 1 & Figure 3) and is crossed by the Nador-Amejjaou
village national road. The rocks in both sides of the roads are strongly altered.

Selouane volcanic area is made of two small hills, located 5 km in the south-
east of Selouane village, approximately 13 km south of Nador city (Figure 1).
Selouane’s volcanic rocks are well preserved and very hard to break (Figure 3).

Terkaa volcanic area is located in the southeast of Gourougou’s main eruptive
centre (Figure 1) and the south of the Terkaa charqiya district. It consists of a
large basalt quarry (Figure 4(a)), under current exploitation. The upper volcanic

level is vesicular and the vesicles are sometimes filled with marls and calcite.
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Figure 2. Localization of plioquaternary volcanic rocks in Gourougou volcanic area.
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Figure 3. Field photos of Selouane and Amejjaou volcanic rocks. (a) Selouane trachy-
andesites outcrop; (b) Selouane trachy-andesite sample; (c) Amejjaou trachy-andesites
outcrop; (d) Amejjaou trachy-andesite sample.

2.2. Saka-Tassatfacht Volcanic Field

In contrast to Ain Zohra volcanic complex, described in the literature [43],
hardly seen in the field, Saka’s outcrops are well visible and easily accessible
(Figure 4(b)). Saka volcanic outcrops are located in the north of Guercif city
and northeast of the village of Saka. The volcanic area is made of a small hill
crosscut by a normal fault oriented NE-SW (Figure 4(b)). The rocks are strong-
ly altered and show great similarity with Selouane’s volcanic facies.

Tassatfacht is located south of Saka outcrop and consists of greyish basaltic
rocks occurring as small blocs and volcanic scree topping the sedimentary levels
below (Figure 4(c)).

2.3. Guilliz Volcanic Field

Guilliz volcanic area is represented as an alignment of volcanic centres, 24 km
northeast of Guercif city (located between Fez and Oujda) (Figure 1). It consists
of two main volcanos (Guilliz Elkbir “big” and Guilliz Essghir “small”) and few

smaller satellites.
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Figure 4. Field photos of Terkaa, Saka, Tassatfacht, Guilliz, Elghassoul and Ezzerga vol-
canic rocks. (a) Terkaa quarry; (b) Saka outcrop crosscut by a normal fault oriented
NE-SW; (c) Small basaltic bloc in Tassatfacht; (d) One of the outcrops in the West of
Guilliz Elkbir; (e) Basaltic lava flow in Guilliz Essghir; (f) Elghassoul basaltic pillow lavas;
(g) Ezzerga spheroidal form in a basaltic outcrop.

The age and the composition of the magmatic flows of Guilliz are similar to
those of Gourougou [2]; the evolution goes from more acidic term, calc-alkaline
and shoshonitic composition to an under-saturated term of a younger age. The
magmatic eruptions occurred within the Neogene Guercif Basin is considered as
the eastern continuation of the Riffian foredeep, before getting separated by the
late Neogene uplift of the diaper of Tazzeka and it overlies the Jurassic half-grabens
of the Middle Atlas [31].

Guilliz Elkbir is the main massif of Guilliz volcanic area and is almost 3 km
large; it consists of several felsic outcrops, frequently bearing enclaves and presents
irregular forms (Figure 4(d)) and sometimes a peculiar shape of domes.

Guilliz Essghir is located in the south of Guilliz Elkbir and it consists of sever-

al basaltic flows, some of them are of a great size, while others are thinner and
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crosscut other volcanic rocks (Figure 4(e)).

2.4. Elghassoul-Ezzerga Volcanic Field

This volcanic field crops out in a desertic zone, located in the east of Saka and
Guilliz and surrounded by quaternary alluviums from the Tertiary basins
(Figure 1). The closest geological units to the area are those of the eastern forel-
and.

Elghassoul volcanic field is presented by two facies; the first is strongly altered,
has a greenish colour and exhibits different structures (pillow lava, stratification
(N125), and imbrication); the second is less altered and shows no preferential
structure (Figure 4(f)).

Ezzerga volcanic area outcrops mainly in the valley and is represented by py-
roclastic tuffs and lava flows. The rocks are rounded, brecciated, random and

compact (Figure 4(g)).

2.5. Oujda Volcanic Field

Oujda region is a collapsing ditch wedged between the Horsts chain to the south
and the Beni Snassen chain to the north (Figure 1). This depression was sub-
mitted to an intense alkaline volcanic activity which ranging from the upper
Neogene (6.2 Ma) to the early Quaternary (1.5 Ma). This depression with about
3.5 to 4 km of diameter is filled with volcanic and volcano-clastic formations
deposited in a collapsed area 230 meters deep [44] [45]. This activity also con-
ceals the effects of a phreatomagmatic activity, associated to typical volcanic
rocks such as tephrites [6]. The four volcanic areas of Oujda studied within this
work are Jorf Lakhdar, Oujda Oujda, Oued Lakram and Semara (Figure 1).

Oujda Jorf Lakhdar volcanic area is located in the northwest of Oujda city
centre and the outcrop show three different volcanic levels (Figure 5). The low-
est level is made of spectacular huge volcanic columns, the rocks have a greyish
colour and they are well preserved (Figure 5(a) & Figure 7(b)). The second
volcanic level consists of vesicular facies (Figure 5(c)), this volcanic level is gen-
erally surrounded by marls (Figure 5(d)). The third level has the same composi-
tion of the first level but the columns are smaller (Figure 5(f)).

Oujda-Oujda and Oujda Oued Lakram volcanic areas are small outcrops di-
rectly observed on the road named “La Rocade” and they exhibit a variety of
structures such as cracks, fractures, breaks (Figure 6(a)), secondary alteration
minerals filling (Figure 6(b) & Figure 7(c)) and spheroidal weathering (Figure
6(f) & Figure 7(g)). Oujda Oued Lakram volcanic rocks are more altered and
deformed than those of Oujda Oujda’s outcrop (Figure 6(e)).

Oujda Semara volcanic area corresponds to an old basalt quarry and is located
in the southwest of Oujda city. It is a big outcrop near the national road N17. It
consists of three volcanic levels (Figure 7); in the middle, it takes a shape of small
columns (Figure 7(a)), topped by tephrites (Figure 7(b)) and topping the lowest

level, mostly massif and strongly crosscut by breaks and faults (Figures 7(c)-(e)).
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Figure 5. Field photos of Jorf Lakhdar basaltic structures. (a) Jorf Lakhdar volcanic out-
crop; (b) Zoom in the columnar basaltic facies; (c) Zoom in the vesicular facies; (d) Vesi-
cular trachy-andesites surrounded by marls; (e) Zoom in the limit between the vesicular
and the marly facies; (f) Columnar basaltic level showing a slight deformation.

3. Analytical Methods

Samples are collected from five volcanic fields and they are Nador, Saka-Tassat-
facht, Guilliz, Elghassoul-Ezzerga and Oujda. They are generally of a quaternary
age, except for one sample from Guilliz volcanic field (Guilliz Elkbir), dated for
Miocene and one sample from Nador volcanic field (Amejjaou) where there is
no accurate information about the age.

In one hand, whole-rock major elements were analyzed on fused glass disks
using X-ray fluorescence (XRF) spectrometer (THERMO ARL ADVANT XP+)
at the National Geoanalysis Center, Chinese Academy of Geological Sciences.
The results were all normalized against the Chinese rock reference standard
GBW07103, GBW07105. Analytical uncertainties range from +1% to +5% and
the loss on ignition (LOI) was obtained by heating about 1 g of sample powder at
980°C for 0.5 h [46].

In the other hand, trace elements were analysed at National Geoanalysis Cen-
ter, Chinese Acedemy of Geological Sciences, using a PerkinElmer Nexion 300D

coupled plasma mass spectrometer (ICP-MS) after acid digestion of sample
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Figure 6. Field photos of Oujda-Oujda and Oued Lakram outcrops. (a) Oujda-Oujda
outcrop; (b-c) Secondary mineral alteration consisting of Calcite and Zeolite; (d) Oued
Lakram outcrop showing an intense cracking; (e-f) Spheroidal weathering of basalts.

powders in Teflon bombs. First, 25 mg of sample was dissolved in an equal mix-
ture of sub-boiling distilled superpure HF and HNO; with a Teflon digesting
vessel on a hot-plate for 24 h. This process was repeated using smaller amounts
of acids for another 5 h. Then, the sample was evaporated to incipient dryness,
refluxed with 6N HNOs;, and heated again to incipient dryness. Finally, the sam-
ple was dissolved in 2 ml of 3N HNO; and diluted with Milli-Q water (18 M(Q)
to a final dilution factor of 2000 [47]. The aforementioned Chinese reference
rocks (GBW07103 and GBW07105) were also used to monitor the analytical ac-
curacy and precision and the result suggests a relative difference (RE) between
measured and recommended values better than 10% for most elements, +5% for
trace elements above 20 ppm, and approximately +15% for elements below 20
ppm.

Minerals’ analyses with SEM were performed at the University IBN ZOHR in
Agadir. Selected shells were observed using a JSM IT100 SEM (JEOL) with 0.5 to
30 kV accelerating voltage. Raman Spectroscopic Analysis were conducted by
the National Office of Hydrocarbons and Mines laboratory using the Analytical
Spectral Device (ASD) NIR “TerraSpec Halo mineral identifier (350 - 2500 nm)”.
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Figure 7. Field photos of Semara outcrops. (a) The higher part of Semara outcrop show-
ing columnar basaltic facies; (b) The Uppermost level consisting of tephrites; (c) The
lower part of Semara outcrop; (d) Intense cracking with different orientations, generally
ranging between N20, N100 and N160; (e) Horizontal cracking and Calcite veins.

4. Petrography and Mineralogy

Plio-quaternary volcanic activity in the study area mainly resulted in basaltic
rocks such as alkali basalts, basanites and basaltic trachy-andesites, in addition to
tephrites and trachy-andesites. The volcanic areas of Jorf Lakhdar, Guilliz Essghir
and Amejjaou show a wider petrographic association compared to Terkaa and
Tassatfacht volcanic areas, only represented by basaltic trachy-andesites and ba-
sanites, respectively.

Basaltic samples have a blueish to greyish colour, they are globally holocrys-
talline and porphyritic and represent sometimes a glomerophyritic texture. The
main phenocrysts occurring in most of the samples are the Olivine (Ol) with
different shape and size, Clinopyroxene (Cpx) with a size up to 2 mm, Plagioc-
lase (P1), Magnetite (Mt) and Amphibole (Amph). The fine-grained groundmass
is made of Feldspar (Sanidine (Sa) and Pl), Olivine, Cpx, Mt and accessory min-
erals such as Sphene and Apatite. Basanite samples consist of a phenocryst as-
semblage of Ca-rich Plagioclase, Cpx, Olivine, and occasionally few minerals of
Leucite (Leu).

Trachy-andesites are generally greyish, inequigranular and porphyritic with a
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phenocryst assemblage consisting of Plagioclase, often with an elongated shape,
often oriented, Amphibole, Biotite (Bt), Clinopyroxene with a size ranging from
1.5 mm to 0.1 mm, Fe-Ti oxides. The very fine groundmass shows magma mix-
ing prints and small microliths of Pl and Sa. Basaltic trachy-andesites are usually
dark in colour, greyish too. They are porphyritic with phenocrysts of poecilitic
Plagioclase, Clinopyroxene (up to 3 mm of size, often zoned), Olivine, Iddingsite
(Idd) and Magnetite. The groundmass is generally holocystalline, mainly made
of intergranular or interstitial textures, with local mineral orientations but some-
times, an aphanitic groundmass is recorded.

Basanites and tephrites are usually Si-poor alkali facies, they mainly consist of
Pyroxenes (Opx and Cpx), Amphibole, P, very few O], Idd and Mt.

4.1. Nador Volcanic Field

In this volcanic field and as our study is focused mainly on Plio-quaternary vol-
canic activity, three volcanic outcrops were sampled and studied: Terkaa, Se-
louane and Amejjaou.

Terkaa is made for the major part of basaltic trachy-andesites (Figure 8).
They are porphyric with a very fine-grained groundmass. The phenocrysts as-
semblage consists of Cpx (Augite) (Figures 8(a)-(c) & Figure 9(a)) + Ol
(Figure 8(b)) + Amp (Oxy-Hbl) + Pl (zoned) (Figure 9(b)) + Idd (Figure 8(b))
+ Mt (Figure 8(d)), with few small crysts of KF (Figure 8(a)).

Amejaou is made of basanites, basalts and trachy-andesites (Figure 8). They
are generally porphyric and exhibit a phenocrysts assemblage of Bt (deformed)
(Figures 8(a) & Figure 9(d)) + Amp (oxy-Hbl) (Figure 8(b)) + P1 (An = 50 -
60, Andesine, frequently zoned) (Figure 8(c) & Figure 9(e)) + KF + Cpx (frac-
tured Aegyrinic augite and augite) (Figure 8(d) & Figure 9(c)) + Lm + Mt in-
clusions (Figure 8(d)). They show a fine-grained groundmass, sometimes blurry
with few microliths (Figure 8).

Selouane is made of basaltic trachy-andesites. They are porphyric with a
fine-grained groundmass and present a phenocrysts assemblage of Pl (zoned) +
Ol + Idd + Bt + KF + Mt (Figure 8(d)).

4.2. Saka-Tassatfacht Volcanic Field

Saka outcrop is well preserved and is mainly formed by basalts and
trachy-andesites. Both facies have a porphyric microlithic texture. Microliths
occupy the most of basaltic rocks’ mineral content and they generally consist of
Pl (Figure 10(a)). They also exhibit a phenocryst assemblage of Cpx (Augite)
and OPx (Figures 10(b)-(d)) + Ol + Idd (Figure 10(d)) + Pl (Figure 10(e)) +
Mt, while the trachy-andesites show the same mineral assemblage excluding Ol
and adding + KF phenocrysts.

Tassatfacht volcanic rocks consist of basanites. They are porphyric and exhibit
a fine-grained groundmass. The phenocryst assemblage consists of zoned Cpx
(Mg-rich) (Figure 9(f)) + Ol + Idd + Pl (Figure 10(f)) + Mt (Table 1).
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Figure 8. Petrography of Terkaa, Amejjaou and Selouane outcrops. Terkaa: Basaltic
trachy-andesite showing (a) phenocrysts of Feldspar in a fine-grained groundmass; (b) Id-
dingsitized Olivine; (c) Intersected phenocrysts of CPx; (d) Imbricated CPx and Mt. Amej-
jaou and Selouane: (a) Scattered and deformed Bt in basanite; (b) Oxy-Hbl in a
trachy-andesite; (c) Intersected phenocrysts of Pl in basalt; (d) Augite phenocryst present-

ing inclusions (Mt and Idd) in a trachy-andesite.

4.3. Guilliz Volcanic Field

Located in the North of Guercif, two different volcanic activities were recorded.
The most recent activity crops out in Guilliz Essghir, while Guilliz Elkbir is
mainly dominated by the older (Miocene) volcanic activity, except for few ran-

dom eruptions.
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Figure 9. MEB of different phenocrysts from the volcanic areas. (a) Cpx in Terkaa; (b) Zoned plagioclase more calcic towards
the centre in Terkaa; (c) Augite (Mg rich) in Amejjaou; (d) Biotite in Amejjaou; (e) Pl in Amejjaou; (f) Cpx in Tassatfacht; (g)
Cpx (Mg-rich) in Ezzerga; (h) Cpx in Guilliz Essghir; (i) Olivine (Fo) in Guilliz Essghir; (j) Calcite in Guilliz Elkbir; (k)
Oxy-Hbl of Guilliz Elkbir; (1) Oxy-Hbl Jorf Lakhdar; (m) Cpx Jorf Lakhdar; (n) Oxy-Hbl Jorf Lakhdar; (o) Olivine (Fo) Jorf
Lakhdar; (p) Oxy-Hbl Semara; (q) Leucite in Semara; (r) Pl in Oujda Oued lakram; (s) Oxy-Hbl in Oujda-Oujda with a Ferric rim.

Guilliz Essghir is made of alkali basalts, basaltic trachy-andesites and basanites.
They are microlithic porphyric with a phenocryst assemblage of PI (Figure 11(a)),
frequently zoned (labradorite-andesine) and exhibiting different mineral inclu-
sions (Sph + Mt + Idd) + Cpx (Figure 9(h); Figure 11(b); Figure 11(d) & Fig-
ure 11(e)) + Lim + Ol (Figure 9(I); Figure 11(c) & Figure 11(f)) + KF (Figure
11(e)), with an abundance of secondary minerals (Zeo + Cal) (Figure 11).
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Figure 10. Petrography of Saka-Tassatfacht volcanic rocks. (a) Intersected microliths of Pl in basalt; (b) Augite phenocryst
in basalt; (c) Opx phenocryst in basalt; (d) CPx phenocryst in basalt with small altered Ol; (e) Long phenocryst of Pl show-
ing Mt inclusions in basalt; (f)Phenocrysts of P, altered Ol and Cpx phenocrysts surrounded by a fine-grained groundmass.

Table 1. Corresponding MEB analysis.

Samples/bulk

Mineral C NaO MgO ALO; SiO: Cl K20 CaO TiO: FeO P.Os MnO
elements (%)

a Cpx 19.69  0.96 9.38 1211  32.6 0.2 5.35 0.98 4.72 14 - -
b Pl 42.83  2.02 - 2112 27.23  0.07 0.25 6.48 - - - -
c Aug 1911 054 11,57 1.14 4487 0.11 - 16.71 - 5.95 - -
d Bt 20.15 093 11.78 11.21 32.71 0.38 6.91 3.79 12,14 - -
e Pl 26.84 4.1 - 2196 37.14 0.22 0.59 8.38 - 0.77 - -
f Cpx 12.14 0.83 1233 737  42.79 - - 18.21 1.61 4.73 - -
g Cpx 1544 137 13 13.02 3096 0.13 6.63 3.74 6.92 8.37 0.41 -
Cpx 18.71 - 22.17 115 33.07 - - 1.17 0.51  23.21 - -
i Ol 16.6 - 39.1 - 36.53 - - - - 7.77 - -
Cal 21.23 1.5 0.68 0.85 3.14 - - 72.59 - - - -
k Oxy-Hbl 23.62 1.34 4.06 3.86 2424 0.16 0.93 2.8 0.83 36.4 0.69 1.06
1 Oxy-Hbl 11.19  1.03 1544 14.11 33.95 - 8.11 0.86 7.14 8.17 - -
m Cpx 21.3 1.14 3216 0.56 33.86 0.27 0.19 0.8 0.3 9.42 - -
n Oxy-Hbl 22.09 124 2614 234 33.09 0.25 0.48 1.48 0.32 12,57 - -
o Ol 1635 1.03 1086 7.38  40.29 - - 17.08  2.35 4.47 - -
P Oxy-Hbl 26,59  4.83 4.39 132 30.27 - 3.01 1.81 3.62 12.73 - -
q Leu 18.74  2.01 0.35 1856 46.57  0.32 53 7.8 - - 0.35 -
r Pl 13.96 2.46 - 31.92  37.63 - - 13.73 - - 0.3 -
s Oxy-Hbl  6.89 - 17.09 14.81 35.89 - 9.03 - 7.65 8.63 - -
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Figure 11. Petrography of Guilliz volcanic area. Guilliz Essghir: (a) Huge phenocryst of Pl in a basalt, exhibiting inclu-
sions of Mt and Idd; (b) CPx phenocryst in a basalt; (c) Altered Ol phenocrysts in a microlithic groundmass of a basalt;
(d) CPx phenocrysts in a fine-grained groundmass of a basaltic trachy-andesite; (e) CPx and Sa phenocrysts in basaltic
trachy-andesite; (f) Huge altered Ol phenocrysts in a basanite. Guilliz Elkbir: trachy-andesites showing: (a) Sa and
Oxy-Hbl phenocrysts surrounded by a fine-grained groundmass; (b) Agglomerates of Mt, Ol, Idd and Cal; (c) Imbricated
phenocrysts of Sa, Aug and altered Ol; (d) Altered CPx phenocryst; (e) Oxy-Hbl phenocryst; (f) OPx phenocryst.

Guilliz Elkbir consists of trachy-andesites. They are porphyric with a fine-grained
groundmass (Figure 11(a) & Figure 11(b)) and show a phenocryst assemblage
of KF (zoned) (Figure 11(a) & Figure 11(c)) + Cpx (Augite and Aegyrinic Au-
gites) (Figure 11(c) & Figure 11(d)) + Oxy-Hbl (Figure 9(k) & Figure 11(e)) +
Opx (Figure 11(f)) + Lim + Mt + Cal (Figure 9(j) & Figure 11(b)).

4.4. Elghassoul-Ezzerga Volcanic Field

Elghassoul and Ezzerga volcanic outcrops are made of alkali basalts. They are

DOI: 10.4236/0jg.2022.1211040 845 Open Journal of Geology


https://doi.org/10.4236/ojg.2022.1211040

R. Meryem et al.

porphyric with a fine-grained groundmass (Figure 12(a) & Figure 12(b)). The
phenocryst assemblage consists of Ol + Idd (Figure 12(a)) + Cpx (Augite)
(Figure 9(g) & Figure 12(c)) + Pl (zoned) + KF + Mt + Cal + Zeo (Figure
12(d)). However, they represent some mineralogical differences: basaltic rocks
of Elghassoul show phenocrysts of Opx (Figure 12(e)) and secondary minerals
of zeolites and calcite, while Ezzerga basalts exhibit phenocrysts of Oxy-Hbl
(Figure 12(b)) with a microlithic groundmass (Figure 12(f)).

4.5. Oujda Volcanic Field

Oujda volcanic areas considered in this study are all located in the east, north-
east and northwest of the city. Jorf Lakhdar outcrop is made of basaltic trachy-
andesites, basalts and basanites. Four different facies have been identified, the first
level is porphyric with a fine-grained to microlithic groundmass while the other
levels show only few phenocrysts with dominance of the fine-grained ground-
mass. The first volcanic level shows a phenocryst assemblage of Ol (Figure
13(a)) + Idd (Figure 13(b)) + Pl (Figure 13(c)) + Oxy-HbI (Figure 9(l); Figure
9(n) & Figure 13(d)) + Cpx (Figure 9(m) & Figure 13(e)) + Mt + KF with a
secondary alteration of Calcite (Figure 13(f)). The second volcanic level is rather
microlithic with only KF and Mt crysts. The third volcanic level exhibits a phe-
nocryst assemblage of rare Ol + Idd + KF + Mt, with zeolite and calcite second-
ary minerals (Figure 9(o) & Figure 13(f)). The fourth level (the uppermost)
shows a poor phenocryst assemblage of Cpx + Lm + Idd + P1 + KF + Mt.

Semara outcrops are made of basanites and tephrites, three different levels are
presented in the field. The lowest level exhibit a porphyric aphanitic texture (Figure
13(a)) with a phenocryst assemblage of Oxy-Hbl (Figure 9(p) & Figure 13(b))
+ Ol (Figure 13(c)) + Cpx (Figure 13(d)) + Idd (Figure 13(e)) + P1 + Mt, with
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Figure 12. Petrography of Elghassoul-Ezzerga basalts showing some huge phenocrysts. (a) Altered Ol Phenocrysts;
(b) Oxy-Hbl phenocryst; (c) CPx phenocryst; (d) Hydrothermal alteration minerals (Zeolite and Calcite); (e) OPx

phenocryst in a microlithic groundmass; (f) Altered Ol Phenocrysts in a microlithic groundmass.
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Figure 13. Petrography of volcanic rocks of Oujda. Jorf Lakhdar: (a) Ol phenocrysts; (b) Altered Ol in a
fine-grained groundmass; (c) Imbricated Pl phenocrysts; (d) Huge Oxy-Hbl phenocryst surrounded by a
thick ferric rim; (e) A cracked Oxy-Hbl phenocryst crossed by to rounded Cpx phenocrysts; (f) Calcite altera-
tion in a microlithic groundmass. (Continued on the next page)
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the same secondary minerals of Zeolites and Calcites (Figure 13(b)). The level
in the middle shows less phenocrysts, mainly consisting of Cpx + KF + Leu
(Figure 9(q)) + Mt, with Pl showing traces of the magma mixing process
(Figure 13(f)). The third level shows a fine-grained groundmass with rare small
phenocrysts of Pl + Idd + Mt.

Oued Lakram and Oujda-Oujda volcanic fields outcrop in both sides of the
road taken from the West of Oujda to Guenfouda in the South. Oued Lakram
area mainly consists of alkali basalts with intensely altered intrusions. They are
porphyric with a fine-grained groundmass and exhibit a phenocryst assemblage
of zoned Ol (Figure 13(a)) + Idd + Pl (mostly oriented and intersected) (Figure
9(r) & Figure 13(a) & Figure 13(b)) + Cpx (Figure 13(b)) + Lim + Bt (as rel-
ics) + Mt + KF + Oxy-Hbl (Figure 13(c)). Secondary minerals are of Zeolites
and Calcite. The oxidized volcanic intrusion consists of altered porphyric basalts
with few phenocrysts of Ol + Idd + KF + Pl + Mt.

Oujda-Oujda outcrop is made of basanites and tephrites; it presents different
local volcanological and deformation structures (e.g. radial form and frequent
fracturing lineaments). They are porphyric with a fine-grained groundmass.
They show a phenocryst assemblage of pyroxenes with rare Opx (Figure 13(a))
and Cpx + oxy-Hbl (Figure 13(b)), surrounded by a thick ferric rim (Figure
9(s)) and exhibiting Idd inclusions (Figure 13(c)) + KF + Pl in addition to sec-
ondary Carbonates mineral.

The clinopyroxenes are generally Mg-rich, Ca and Ti content is highly rele-
vant in the sampled phenocrysts. However, sometimes they exhibit a high con-
tent of Fe. Overall samples, plagioclase is Ca-rich and olivine is Mg-rich.
Oxy-hbl show high contents of Mg, Fe, Ti and K (Table 1).

5. Major- and Trace-Element Geochemistry

We selected 19 Rock samples from different volcanic field from Eastern Moroc-
co to be analysed at the National Geoanalysis Center, Chinese Aceadmy of Geo-
logical Sciences. Major-element compositions of SiO,, ALOs, Fe,O;, MgO, CaO,
Na;0, K;0, TiO;, P,Os, MnO were analyzed by X-ray fluorescence (XRF). Trace
elements of Li, Be, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr,
Nb, Mo, Cd, In, Sn, Sb, Cs, Ba, La, Le were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS). The analyzed rock types included different
petrographic types from basalt to trachy-andesite. The whole-rock major- and

trace-element data for the analyzed samples are presented in Table 2 & Table 3.

5.1. Hydrothermal Alteration Effects

Analyzed rock samples display slight to moderate alteration effects, as reflected
in their loss on ignition (LOI) values, ranging mainly between 0.34 and 3.05 wt%
(Table 1) and in their petrographic assemblages.

Petrographic observations indicate that all the samples exhibit a replacement

of olivine with iddingsite suggesting an oxidizing environment during the alteration
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Table 2. Whole rock major element chemical data of the studied samples from the northeast of Morocco.

Sample MR-7 MR-9 MR-28 MR-31 MR-34 MR-36 MR-39 MR-40 MR-45 MR-46

Location Jorf Lakhdar Oujda Oujda Jorf Lakhdar Terkaa Saka
basaltic . - . trachy- basaltic  basaltic trachy-
Rock type trach?r— basalt tephrite  basanite  basanite andesite trach?r— trach?r— basalt andesite
andesite andesite  andesite
SiO2 53.19 45.46 44.72 42.46 42.45 45.75 52.85 53.04 45.52 58.97
TiO: 1.91 2.40 3.60 3.51 3.65 2.38 1.00 0.98 2.37 0.81
ALOs 18.99 16.88 16.34 15.03 14.41 16.63 17.28 16.87 16.75 17.05
TFe20s 8.24 11.00 12.30 12.18 11.83 10.51 8.02 7.91 10.51 5.30
MnO 0.22 0.16 0.21 0.20 0.18 0.16 0.13 0.12 0.16 0.06
MgO 2.24 3.99 5.95 5.20 7.17 6.39 3.66 3.46 6.19 1.65
CaO 5.51 10.14 9.36 9.67 9.50 9.32 7.48 7.23 9.37 5.68
Na.O 4.03 2.92 3.90 3.78 3.47 3.12 3.05 3.04 3.02 2.88
K0 3.73 1.74 3.50 1.10 0.72 1.60 3.12 3.29 1.47 3.48
P20s 0.83 0.44 0.81 0.79 0.63 0.51 0.39 0.39 0.50 0.45
LOI 1.97 2.12 1.27 3.05 2.92 0.99 0.66 0.80 0.94 0.89
SUM 100.85 97.26 101.96 96.97 96.92 97.34 97.64 97.11 96.79 97.21
Sample MR-12 MR-13 MR-16 MR-18 MR-19 MR-20 MR-41 MR-42 MR-44
Location  Guilliz Elkbir ~Tassatfacht Guilliz Essghir Amejjaou
Rock type trachy-andesite basanite basalt  basalt basanite basaltic .. basanite trachy-andesite  basalt
trachy-andesite
SiO2 59.28 44.44 47.09 45.09 42.26 51.70 43.56 59.96 45.58
TiO: 1.27 1.49 1.72 1.68 2.11 1.84 2.34 0.85 2.38
ALO:; 16.39 16.07 16.56 15.69 16.33 18.26 13.54 17.37 16.59
TFe20s 6.80 9.85 10.11 10.90 9.70 7.99 13.19 5.44 10.70
MnO 0.13 0.14 0.17 0.16 0.15 0.23 0.16 0.06 0.16
MgO 1.75 5.90 6.77 8.57 4.39 2.15 7.40 1.73 6.40
CaO 3.76 12.59 8.73 9.81 791 5.46 8.07 5.43 9.14
Na.O 4.57 2.74 3.51 2.97 3.42 3.96 3.34 2.90 2.86
KO 3.77 0.64 1.26 0.77 1.77 4.11 2.34 3.47 1.85
P20s 0.39 0.21 0.37 0.26 0.56 0.79 0.95 0.46 0.50
LOI 0.53 0.77 0.83 0.34 1.49 3.37 2.35 2.29 0.98
SUM 98.65 94.83 97.12 96.25 90.09 99.86 97.25 99.96 97.13

processes (Figures 11-13). Vesicles and fractures in studied samples are filled
with secondary minerals, mainly calcite and zeolite, probably resulting from the
circulation of hot hydrothermal fluids. In alkali systems, zeolites in vesicles dis-

solve with decreasing temperature, and F.K. precipitates.
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Table 3. Whole rock trace element chemical data of the studied samples from the northeast of Morocco.

Sample MR-7 MR-9 MR-28 MR-31 MR-34 MR-36 MR-39 MR-40 MR-45 MR-46

Location Jorf Lakhdar Oujda Oujda Jorf Lakhdar Terkaa Saka
basaltic basaltic ~ basaltic
Rock type trachy- basalt tephrite  basanite  basanite trachy- trachy- trachy- basalt trach?l-
andesite andesite andesite  andesite andesite
Li 18.70 8.68 8.61 8.91 10.70 18.50 10.00 8.90 7.95 8.08
Be 3.12 1.45 2.58 2.64 2.22 3.39 2.76 2.68 1.59 1.74
Sc 5.8 22.3 18.9 20.3 26.4 6.6 24.5 23.2 23.8 22.8
Ti 11,289 14,387 19,698 20,114 20,770 10,724 6013 5535 14,353 14,692
\% 76 330 402 408 388 76 234 229 351 364
Cr 19.8 66.3 30.7 16.4 90.1 2.3 61.8 57.0 77.3 72.2
Mn 1760 1318 1608 1647 1418 1733 972 856 1286 1308
Co 10.20 39.40 40.40 38.70 44.70 11.80 25.70 29.00 43.80 43.50
Ni 9.42 37.50 35.20 32.40 67.70 4.63 27.80 23.80 49.20 49.40
Cu 8.10 37.20 42.40 45.50 48.40 7.32 55.20 46.70 40.40 36.60
Zn 105.0 91.8 107.0 119.0 109.0 105.0 61.9 49.4 90.9 98.6
Ga 20.1 19.1 21.2 21.7 21.2 21.2 17.6 16.1 19.6 20.6
Ge 1.17 1.12 1.13 1.16 1.21 1.19 1.12 1.08 1.12 1.18
As 1.16 1.22 1.16 2.16 1.19 1.11 1.35 1.98 0.90 0.96
Rb 109.0 42.6 120.0 124.0 64.4 114.0 124.0 125.0 36.0 43.0
Sr 1151 670 1030 1121 999 1047 602 513 847 742
Y 36.1 23.5 28.2 29.5 26.1 37.6 21.2 19.9 21.1 21.2
Zr 397 143 332 343 292 416 126 117 132 137
Nb 145.0 43.3 157.0 159.0 124.0 154.0 32.2 30.5 50.4 51.0
Mo 1.59 2.95 3.47 3.50 2.41 1.52 0.85 1.06 1.70 1.67
Cd 0.17 0.20 0.13 0.15 0.13 0.17 0.07 0.05 0.12 0.21
In 0.08 0.07 0.09 0.10 0.09 0.08 0.04 0.04 0.07 0.07
Sn 2.56 1.72 2.48 2.62 2.56 2.70 1.51 1.78 1.69 1.81
Sb 0.11 0.10 0.15 0.14 0.13 0.17 0.11 0.19 0.10 0.12
Cs 1.13 0.77 2.02 2.26 1.81 2.14 1.58 2.22 2.63 2.78
Ba 1056 562 893 837 1039 1120 893 775 646 653
La 85.8 32.5 88.0 82.6 66.4 90.6 39.0 41.8 38.5 39.4
Ce 165.0 61.5 174.0 166.0 134.0 177.0 67.6 72.0 72.8 74.4
Sample MR-12 MR-13 MR-16 MR-18 MR-19 MR-20 MR-41 MR-42 MR-44
Location  Guilliz Elkbir  Tassatfacht Guilliz Essghir Amejjaou
Rock type trachy-andesite  basanite basalt basalt  basanite tracltl);?zgj;esite basanite :;Tice}gt_e basalt
Li 19.00 7.29 7.08 4.77 7.59 6.32 8.73 8.25 12.20
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Continued
Be 3.47 1.57 1.52 0.98 1.40 1.00 4.10 4.46 2.32
Sc 13.5 24.1 23.3 29.0 22.6 34.9 23.1 23.9 24.6
Ti 7360 15,158 10,394 9582 13,070 8850 5158 4950 5329
\' 96 358 209 230 240 263 200 186 199
Cr 11.1 85.7 185.0 256.0 25.8 191.0 25.1 26.7 27.0
Mn 1032 1390 1373 1199 1261 1189 398 444 947
Co 25.20 47.50 42.40 46.60 35.70 45.60 17.90 19.90 20.30
Ni 5.88 52.70 87.20 116.00 32.70 100.00 8.00 8.66 6.53
Cu 8.88 40.50 40.80 42.30 34.90 54.00 8.27 8.35 6.69
Zn 69.5 96.1 84.2 77.4 81.7 77.5 48.9 44.7 60.8
Ga 21.5 20.1 18.3 16.8 18.3 17.5 19.9 20.6 18.6
Ge 1.37 1.22 1.16 1.09 1.13 1.11 1.50 1.45 1.41
As 1.78 1.22 0.78 0.61 4.29 0.55 4.38 4.61 2.90
Rb 121.0 20.7 27.5 18.1 52.1 14.1 151.0 165.0 79.2
Sr 329 908 583 474 710 495 616 616 386
Y 38.4 22.2 22.6 19.8 25.4 20.0 21.1 23.2 23.3
Zr 281 134 128 96 125 93 197 213 125
Nb 66.8 50.9 41.1 23.8 67.9 19.5 17.2 18.1 115
Mo 3.12 1.63 1.84 0.94 1.90 0.83 0.46 0.52 0.48
Cd 0.12 0.14 0.11 0.10 0.11 0.05 0.01 0.01 0.05
In 0.06 0.08 0.07 0.07 0.08 0.07 0.07 0.06 0.04
Sn 2.99 1.68 1.45 1.17 1.37 1.15 3.94 3.92 1.66
Sb 0.27 0.08 0.08 0.15 0.10 0.06 0.51 0.57 0.27
Cs 2.13 2.83 1.41 0.39 1.44 0.30 11.90 13.80 7.55
Ba 694 655 391 222 696 193 1679 1616 751
La 66.1 40.2 31.1 18.2 42.0 14.8 49.1 56.5 35.8
Ce 126.0 74.0 55.6 35.0 72.1 28.8 92.1 108.0 65.9

To constrain the nature of the main alteration phases present in these rocks,
analysis by Raman Spectroscopy of basaltic rocks from Oujda Semara and Guil-
liz Essghir show that the main hydrothermal alteration is a-clay type, followed
by mica-type, oxides, carbonates and sulfates minerals (Table 4). Abundant
minerals such as calcite, zeolite (Analcime) were also observed in thins sections.
Calcite is observed in basalts and pyroclastic tuffs due to the high porosity in the
lava (Figure 12 and Figure 13). The argillic alteration is characterized by the
presence of montmorillonite, palygorskite, stilpnomelane and ferrimontmorillo-
nite, eventually accompanied by low-temperature zeolites (Table 4).

The mica-type zone develops up to temperatures of 160°C, above which mont-

morillonite becomes unstable. Montmorillonite is a dioctahedral smectite that
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Table 4. Hydrothermal alteration minerals in Plio-quaternary basaltic rocks of NE of
Morocco depicted by Raman Spectroscopy.

Clays Phyllosilicates Oxides  Carbonates  Sulfates
Vermiculite Muscovite Hematite Calcite Jarosite
Iron Smectite Sepiolite
Iron Saponite Palygorskite Goethite
KaolinitePX Stilpnomelane
Montmorillonite
Ferrimontmorillonite

usually occurs in argillic alteration facies and it is a typical product of hydrolysis
reactions using silicate phases (Pl, F.K, Px, Ol, volcanic glass), generally at tem-
perature below 160°C (Figure 14). Kaolinite is a very common dioctahedral al-
teration mineral that we find in superficial geothermal zones and it is the first
alteration clay mineral to form but it is not considered as a good thermal indi-
cator, unlike the montmorillonite, systematically present in every hydrothermal
setting. Both minerals generally indicate a low temperature domain and less
frequently even medium temperature (i.e. Montmorillonite in Philippines [48]).

Sepiolite and palygorskite alteration minerals are mainly recorded in mafic
and ultramafic rocks of oceanic crust. They generally reflect a hydrothermal
temperature below 160°C (Figure 14) and are locally found in argillic alteration
facies [49]). Although they are not totally phyllic minerals, they are usually re-
ferred to as phyllosilicate s.I. [50]. Palygorskite might also be an indicator of a
temperature close to 200°C [51].

Saponite and Vermiculite are tetrahedral smectites; the former is frequently
identified within high temperature hydrothermal zones (propylitic facies) of ac-
tive geothermal systems [52]. While the latter is substantially is typically found
in argillic hydrothermal alteration facies. Kaolinite is a mineral of intermediate
argillic alteration facies and can rarely occur in developed argillic facies [53]. Its
significance lays on indicating relatively low fluid temperature (<110°C) (Figure
14).

The presence of jarosite indicates the probable presence of shallow sulphides.
The occurrence of kaolinite and jarosite might indicate a boundary between oxi-
dized and reduced materials and hence, point to acid-sulphate conditions sur-
rounding the sulphides [54].

As the hydrothermal alteration minerals are quite various and exhibit large
compositional variation, we believe that more than one hydrothermal fluid is
implicated in the alteration process after the volcanic activity volcanic setup. Al-
teration minerals can be classified based on temperature range in two classes in-
to two classes: a high temperature hydrothermal fluid of and a medium to low
temperature thermal fluid. The first is responsible of the precipitation of oxides
and sulphates, while the latter has controlled the clay, micas and calcite altera-

tion.
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Figure 14. Temperature spectra for different hydrothermal alteration minerals.

5.2. Major and Trace Geochemistry

Given this range of variations in the LOI values, we recalculated the major-element
oxides to total 100% on a volatile-free basis before using these compositions in
classification geochemical diagrams. In the TAS classification diagram of [55],
the volcanic rock samples plot in the basalts, basanites, basaltic trachy-andesites,
trachy-andesites and tephrites fields (Figure 15). In the TAS diagram, all the
samples are plot in between alkaline-subalkaline separating line of [56]. Basaltic
trachy-andesites (samples MR-7, MR-20, MR-39 and MR-40) contain SiO, (51.7
- 53.19 wt%), and K,O + Na,O (6.17 - 8.07 wt%). Basalts (samples MR-9, MR-16,
MR-18, MR-36, MR-44 and MR-45) contain SiO, (45.09 - 47.09 wt%), and K,O
+ Na,O (3.75 - 4.77 wt%). Basanites (samples MR-13, MR-19, MR-31, MR-34
and MR-41) contain SiO, (42.26 - 44.72 wt%), and K,O + Na,O (3.38 - 5.68
wt%). The tephrite sample (MR-28) contain SiO, (44.72 wt%), and K,O + Na,O
(7.4 wt%). Finally, the most felsic facies of trachy-andesites (samples MR-12,
MR-42 and MR-46) containing SiO, (58.97 - 59.96 wt%), and K,O + Na,O (6.36
- 8.34 wt%). Except for samples MR-20, MR-39, MR-40, MR-42 and MR-46 who
show a negative Na,O/K;O values, all the samples have a sodic affinity.

To summarize, the studied volcanic outcrops consist only on mafic rocks (ba-
salts, basanites and tephrites) as for example Oujda-Oujda and Tassatchaft, oth-
ers as Terkaa, only by intermediate rocks while other volcanic field exhibit rocks
spanning from mafic to felsic rocks as for example Amejjaou and Guiliz Esghir
and Jorf Lakhder. Saka volcanic field is formed only by trachy-andesite.

The multiple plot of SiO, vs. other major elements diagrams depict the fol-

lowing trends (Figure 16) basaltic trachy-andesite samples show high AL,O; and
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Figure 15. TAS diagram of alkali volcanic rock samples used in this paper for study and comparison [55]. The grey dashed line
corresponds to alkaline-subalkaline boundary line defined by [56].

K,O contents and MgO, CaO and TiO, low contents. The P,Os and Na,O con-
tents decrease significantly with increasing SiO, content in relation with the
crystallization of the apatite; 2) Trachy-andesite samples have lower contents of
TiO,, MgO and CaO than the basaltic trachy-andesites and higher contents of
ALQ; and K,O, while the content of Na,0O and P,Os are quite close in both facies
(excepting MR-12 that has a very high Na,O content; 3) basalts have high ALO;,
MgO, Na,O and CaO contents, but low K;0O, TiO, and P,Os contents. The nega-
tive correlation between CaO and SiO; contents in these samples correlates with
the fractional crystallization of clinopyroxene and plagioclase; 4) basanites have
high contents of TiO,, MgO, CaO, Na,O and P,Os but low ALO; and K,O con-
tents, in these samples, the P,Os and Na,O content decreases towards the less
saturated samples.

Rare earth elements patterns for the studied volcanic rock show the same pat-
tern, an enrichment in LREEs and a depletion in MREEs and HREEs (Figure
17), which is consistent with the general OIB pattern [57].

All the samples exhibit a positive anomaly of Nd, Dy and Tm and a negative
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Figure 16. Multiple plot of SiO: vs other major elements (TiO2, Al.O3, MgO, CaO, Na.O, KO, P,05s).

anomaly of Ho and Er. Chondrite-normalized rare earth elements (REE) dia-

grams show a negative anomaly of Sm, well recorded in Guilliz Essghir samples

and of Gd in Jorf Lakhdar, Terkaa and Amejjaou samples. Three samples (MR-12,
MR-39 and MR-41) exhibit a very low (Eu/Eu*) of 0.84 - 0.85 while the others
show a slight negative and positive Eu anomalies (Eu/Eu* = 0.91 - 1.38). (Ce/Ce*)

anomalies are almost steady, with values ranging between (0.86 and 1.01), the

ratio values indicates a small interference of oxidation at an early stage. (La/Lu)N
and (La/Sm)N ratios are 7.27 - 28.54 and 2.44 - 4.95, respectively (Table 3). They
are higher in basanites and tephrite samples, suggesting a late-stage of fractional
crystallization from parent magma. (La/Yb)N, (Gd/Yb)N and (La/Gd)N ratios
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Figure 17. REE spider diagram of normalized to chondrite data of the northeast of Morocco (Normalization of [58]).

are 5.29 - 24.5, 1.13 - 2.68 and 2.94 - 16.6, respectively, these values suggest the
enrichment of LREE compared to MREE and HREE (Figure 17).

Basalts and basanites show a wide range of concentrations of incompatible
elements. Basalts generally have low Zr and Y contents, excepting one sample
makes the exception (MR-36) which is very different from other basaltic sam-
ples, they also show a low content of Cr, except for two samples (MR-16 and
MR-18). Unlike the basalts, basanites show a high content of Zr and Rb, except
for one sample (MR-13) which exhibit the lowest content of Rb (Figure 18). Ba-
saltic trachy-andesites show low Ni and Cr contents and high Rb contents (ex-
cepting the sample MR-20), they show also low Zr and Y contents (excepting
sample MR-7). Trachy-andesites samples show close compositions in Zr, Ba and
Rb, however, Ni, Cr and Y content is very low, except for one sample (MR-12),
where Y content is notably high. Tephrite sample shows low Ni, Zr, Rb and Cr
contents and high Ba and Y contents. The highest concentrations of large-ion
lithophile elements (LILEs) such as Rb and Ba, and high-field-strength elements
(HFSEs) such as Nb and Zr are those corresponding to Oujda area (Amejjaou
and Oujda-Oujda) (Figure 17 & Figure 18).

6. Discussion

The Neogene volcanism of Morocco was studied during last decades to understand
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SiO.

the geodynamic settings of the Western Mediterranean region during this time

period, however, most studies were focused mainly on the Miocene volcanic ac-

tivity, being almost all studies performed on Plio-quaternary activity dealing

with the geochronology and the geochemical fingerprints of this activity with no

or rare detailed petrographic studies of the Plio-quaternary volcanic rocks. For

this reason, this study aims to fill this gap and describe in details the petrography

of those rocks. The geochemistry was studied to make a comparison with the

previous data of similar rocks from other structural domains in Morocco and in

the western Mediterranean region. We therefore choose South-eastern Spain,

Oran region in Algeria, Canary Islands, Anti-Atlas and Middle Atlas and pre-
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vious studies on North-eastern Morocco. At a global scale, all these volcanic
rocks have geochemical signatures similar to those of continental intraplate vol-
canic settings and OIB (Ocean-Island Basalts). Finally, we try to put our obser-
vations within the CiMACI global model.

REEs patterns and the major element concentrations of the alkali olivine ba-
salts are closely comparable to those of average ocean island basalts (OIB) and
intra-continental basalts (Figure 17). Linear correlations observed in major
oxides vs. silica diagrams might indicate that the studied areas have experienced
fractionation of Olivine and Clinopyroxene to varying degrees [59]. Phenocrysts
of zoned clinopyroxene suggest that a magma mixing has been involved and lead
to a more complex evolution model.

The La/Nb classification (based on [8] classification of alkaline, transitional
and Calc-alkaline activities, he used the following discriminating rule: Alkaline
(for: La/Nb < 1); Transitional (for: 1 < La/Nb < 2) and Calc-alkaline (La/Nb >
2)) shows that three samples represent the Calc-alkaline volcanic activity (Amej-
jaou), two samples represent the Subalkaline activity (Terkaa), while the Alkaline
activity is represented by the majority of samples. The latter mainly consists of
basalts and basanites, having a low La/Nb ratios (0.51 - 0.78 except for one sam-
ple having a ratio of 0.98) highly supports a HIMU-type OIB basalts [60]. The
geochemical signature of the alkalic activity supports an enriched asthenospheric
mantle origin, also suggested for Cenozoic Alkali rocks from the volcanic prov-
inces of Central Europe and Western Mediterranean.

Recent volcanism in Oujda area is mainly represented by an alkaline activity,
with rocks spanning from basalts to basanites and basaltic trachy-andesites in
Jorf Lakhdar; Basanites and tephrites in Semara; Alkali basalts in Oued Lakram;
Basanites and tephrites in Oujda-Oujda. For Guilliz volcanic province, the tar-
geted areas were those affected by the latest alkaline activity. It is marked by the
presence of basanites in Jbel Tassatfacht; basaltic trachy-andesites in Ezzerga and
Jbel Elghassoul; as for the main volcanic area of Guilliz (s.s.), we have identified
trachy-andesites in Guilliz Elkbir (which represents the core), while basalts, ba-
saltic trachy-andesites and basanites are represented in Guilliz Essghir. In Nador
area, the three volcanic sites have completely different geochemical print. Terkaa
volcanic rocks represent the transitional term of the most recent volcanic activity
and consist of basaltic trachy-andesites. Selouane is made of alkaline basaltic
trachy-andesites. In Amejjaou, the Calc-alkaline trachy-andesites were identi-
fied, in addition to basalts and basanites. Saka volcanic area shows a very close
petrographic composition to Amejjaou, with the dominance of basalts and
trachy-andesites.

The correlations between major and trace elements denote the fractional crys-
tallization of existing phenocryst assemblages (Ol, Cpx and Mt). All the rocks
show an enrichment in LREEs and a depletion with tiny variation of MREEs and
HREEs and indicate similar pattern of Oceanic Island Basalts (OIB) (Figure 17).

Recent volcanic activities in the Mediterranean region show similar petro-
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graphic and geochemical characteristics. Below is a brief summary of these cha-
racteristics in each of the Anti-Atlas, SE of Spain, Oran, Middle Atlas and NE of
Moroccan Plio-quaternary volcanic areas:

Alkali volcanic rocks in the Canary Islands mainly consist of phonolites, teph-
ri-phonolite, phonotephrite, tephrite, basanite and basalts (Figure 15). They
show different textures (aphanitic, microlitic, trachytic and porphyritic) with a
fine groundmass while mineral phases mainly consist of Ol and CPx, in addition
to Neph, P1, Amph, Foides, Ti (Titanite), F.K, Oxy and Ap (Apatite). They exhi-
bit a progressive increase of major elements (Ze. CaO, TiO,, FeOt, MgO and
P,Os) suggesting the fractioning of Cpx, Ol and Oxides and the removal of
Amph, Pl and the Foides [61].

In southeastern Spain, Alkali volcanic rocks (Figure 15) exhibit a phenocryst
assemblage consisting of Ol, Cpx and Mt. Geochemical composition show posi-
tive Th-U anomalies and show a relative increase of Nb and Ta and decrease of
K, Pb, and have a relatively low Rb, Ba, Th, U, K and Pb, and moderately high Sr
and Ti concentrations. MgO content correlates negatively with ALLOs, Ta, Nb, Zr
and Hf and positively with TiO,, Cr and Ni [8]. Alkali basalts from Oujda Oued
lakram (data from [8]; when we visited the outcrop, it was quite oxidized and
could not use any sample for geochemical analysis) and the basaltic andesites of
Guilliz area exhibit similar characteristics of alkali volcanic rocks in the SE of
Spain.

In Algeria, Alkali volcanic rocks of Oran area in Algeria (Figure 15) exhibit a
geochemistry similar to the OIB’s, with enrichment in LREE and Nb. They show
a porphyritic texture with fine-grained groundmass and phenocrysts of Ol, Cpx,
Pl, Ap and Oxy. Cpx phenocrysts have a brownish colour and they frequently
exhibit a complex zoning with green core, referring to a Ti-rich composition.
Foides are occasionally present as interstitial Nephelines and Analcite. The alkali
basalts are TiO,-rich and their Mg values indicate both primitive and differen-
tiated terms [7]. These rocks go together with alkaline basaltic rocks from Ouj-
da-Oujda, Jorf Lakhdar, Guilliz Essghir and Saka as they show the same geo-
chemical signature with an enrichment of TiO, and a SiO, content less than 52
wt%.

The Alkali volcanic rocks of Saghro outcrops (Anti-Atlas, Morocco) are mostly
phonolitic nephelinites to Alkali Phonolites (Figure 15) ceasing the eruptive ac-
tivity. Two volcanic series are distinguished: the main stratovolcano in the center
(10 - 6 Ma), consisting of Olivine-bearing nephelinites, tephrites and phonolites;
and another volcanic area towards the North, consisting mainly of Olivine-bearing
nephelinites (5.5 - 2.8 Ma) [28]. Volcanic facies of Oujda-Oujda outcrop show a
great similarity with the phonotephrites of Canary Islands and the phonolites of
the Anti-Atlas [28] [61].

The Plio-quaternary alkali and subalkaline volcanic province in the Middle
Atlas includes Alkali basalts, basanites and few nephelinites (Figure 15). They

are Mg-rich and their geochemistry generally exhibit a multi-elements pattern
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similar to the primitive basalts [62] and those of intraplate OIB. They show a
typical pattern for incompatible elements with enrichment of LREE, increase in
YD to La contents and a negative anomaly in K, Rb and Ba [18]. Basaltic andesite
(MR-18) from Guilliz Essghir and the trachy-basalt (MR-34) from Jorf Lakhdar
have the most similar geochemical resemblance with the alkali basalts of the
Middle Atlas.

In the Northeast of Morocco, our study region, in the alkali volcanic rocks of
Gourougou and Guilliz, MgO, Cr and Ni correlate positively, with Ga too in
Gourougou volcanic field, and inversely with AL,O; in all the volcanic areas, and
with K,O and Th in Gourougou. Some of alkali samples of Gourougou and Guil-
liz, lack the negative K anomaly. Volcanic rocks of Oujda volcanic field exhibit a
decrease in MgO, FeO, TiO,, Co and V and a relative depletion of Rb, Th, U, K
and Pb. The MgO correlates positively with CaO, CaO/ALO;, Cr and Ni and
negatively with ALLO;, MnO, Cs, Hf, Eu, Yb, Zr, Luand Y.

6.1. Implication of Recent Magmatic Activity of NE of Morocco in
CiMACI Global Model of [42]

The Circum Mediterranean Anorogenic Cenozoic Igneous province (CiMACI)
refers to the Tertiary anorogenic magmatism, reported widely from the Medi-
terranean area. Previous studies revealed a common sub-lithospheric mantle
source component beneath most of the regions where the anorogenic magmat-

ism has been identified and studied (Figure 19); this source is also referred to as
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Figure 19. Digital topography of circum-Mediterranean area from NOAA
(https://ngdc.noaa.gov/mgg/global/global.html) showing the locations of Cenozoic igneous provinces
[42]. Red circles refer to the anorogenic provinces discussed in this paper [1: Maghrebian Africa (Mo-
rocco and Algeria); 2: Spain; 3: Canary Islands].
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the Common Mantle Reservoir (CMR). P and S wave velocity anomalies re-
vealed by different seismic tomography studies beneath CiMACI province and
suggest the presence of mantle plumes and diapiric upwellings. CiMACI igneous
activity may occur either in extensive settings or in compressive phases as it took
place in France along old suture zones affected by Cenozoic rifting and in Tur-
key in a hinterland position above active or fossil subduction zones. Hence, the
term anorogenic cannot be used as an exact synonym of “intra-plate” and the
term orogenic cannot be used as synonym of “subduction-related”, as both
terms are open to encompass a variety of geochemical compositions, unnecessa-
rily related to a contemporaneous geodynamic event [42].

CiMACI rocks are generally effusive and are under-saturated to saturated
(SiO; between 45 and 57 wt%), they are frequently sodic (Na,O/K,O between 1.4
- 5) and rarely CaO-rich [4] [63] [64] [65] [66]. The most primitive mafic rocks
are under-saturated and alkali-rich (Na,O + K,O between 3 and 10 wt%). The
main recorded subalkaline lithologies are the basaltic andesites, andesites, picrit-
ic basalts, dacites and rhyolites. While the identified alkali rocks are tephrites,
tephri-phonolites, leucitites and hauynophyres [67].

Cenozoic magmatic activity in NW Africa is mostly represented by volcanic
rocks characterized by a temporal sequence from orogenic products (Miocene
Calc-alkaline to high-K Calc-alkaline and Shoshonites) to anorogenic composi-
tions (Plio-quaternary Na,O-rich Alkaline). The anorogenic products generally
show typical trace element patterns of magmas emplaced in intraplate settings,
such as negative K anomalies, peaks at HFSE (Nb-Ta-Hf-Zr), enrichment of
LILE (Cs, Ba, Sr) over HFSE and depletion of Rb [42]. Volcanic rocks with in-
termediate geochemical affinities between orogenic and anorogenic composi-
tions occur in many areas (e.g., Spain, France, Algeria, Morocco, Turkey) and
are undoubtedly related to the interaction between anorogenic sub-lithospheric
melts and orogenic subcontinental lithospheric mantle [6] [8].

The geodynamic model of [42] points to a partially melted sub-lithospheric
mantle, resulting from different geodynamic settings related to lithospheric ex-
tension, and compression, including continental collision and orogenic collapse,

contemporaneous subduction, slab roll-back and slab-window formation.

6.2. Implication of Recent Magmatic Activity of NE of Morocco in
Regional Geodynamic Models

Three models can be proposed to explain the presence of the post-collisional
volcanic activity during the Plio-quaternary in NE of Morocco, taking in con-
sideration the regional geodynamic settings within the neighbouring regions.
Two of them were previously suggested for NE of Morocco by [6] [8].

The first model investigates the difference in geochemical characteristics of
rocks close in age and petrography occurring within the same area. The aim is to
explain the temporal transition from an orogenic igneous activity to an anoro-

genic magmatic activity, e.g., in Maghrebian Africa, Pannonian Basin and Tur-

DOI: 10.4236/0jg.2022.1211040

861 Open Journal of Geology


https://doi.org/10.4236/ojg.2022.1211040

R. Meryem et al.

key (e.g. [6] [7]). It consists of an adiabatic decompression causing partial melt-
ing of the asthenosphere as the mantle beneath the slab rises through the slab-
window created by the break-off of the subducted slab (Figure 20(a)).

The second was proposed by [8] for continental margins of South Iberia and
NW of Africa. It suggests that the igneous activity is structurally related to a
subduction system. It involves slab rollback or simple lithospheric delamination
and steepening of subducted oceanic lithosphere. Those elements contribute in

the transport of mantle flow to the surface by creating low-pressures zones

Upper/Lower
mantle transition

2900 km boundary

80 Em. Lithosphere

‘Upper/Lower

660 km. mantle transition
Core/mantle bounda
2900 km / ry
Canary Islands Spgin Veneto jovince (Italy)

80 km

‘Upper/Lower

660 km mantle transition

2900 km Core/mantle boundary

Figure 20. Schematic representation of three different petrological and geodynamic
models proposed in the literature to explain the origin of individual volcanic districts ((a)
Shallow mantle upwelling induced by subducted slab break-off; (b) slab-window causing
adiabatic decompression of asthenospheric mantle [71]; (c) Channelized mantle plume
along sub-lithospheric weak zones and through a slab-window).
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(Figure 20(b)). This model stands perfectly with geophysical data (earthquake
hypocentres’ locations and velocity anomalies) suggesting the presence of a thin
wedge-shaped layer (20 - 40 km) with asthenospheric material beneath SE of
Spain and NE of Morocco [68] [69].

The third model was proposed to explain the magmatic activity of Veneto
Volcanic Province and the north of Pannonian Basin [1] [70] in northern Italy
and Central Europe, respectively (Figure 20(c)). It consists of a channelized
plume sourcing probably for the lower mantle and laterally extending in the as-
thenosphere, feeding volcanic areas with magmatic flow through the weak zones
all along the Mediterranean and beneath the North-African crust during the late
Miocene to Quaternary. It also invokes the first model to explain the drastic
change in geochemistry of volcanic rocks present within the same areas and are
closest in age. This model covers a variety of aspects, represented within this
study, including the similarities between the different volcanic provinces, dis-
cussed previously, petrographic characteristics and the geochemical evolution of
volcanic rocks of NE of Morocco.

In northeastern Morocco, the main magmatic source during late Miocene
(Pliocene) changed from a subduction-modified subcontinental lithosphere to a
plume-contaminated sublithospheric source. Indeed, some of the silica-saturated
samples in Gourougou and Guilliz do not show the expected enrichment and
depletion in some FMEs (Fluid-Mobile Elements) (e.g. Th, U, K and Pb) and
display large ranges in these elements’ ratios, which values indicate a source be-
tween OIB and subduction zone lavas. Some alkali under-saturated samples
show silent depletion and enrichment in some FMEs (e.g. Th, U, K and Pb).
Such behaviour suggests a binary mixing of magmas from different sources, in-
cluding a shallow mantle wedge, enriched by melts and fluids from subducted
oceanic lithosphere beneath the Alboran Basin; a metasomatically enriched sub-
continental mantle lithosphere and an upwelling plume-contaminated asthe-
nosphere beneath the south of Iberia and northwest of Africa [6] (Figure 21).

Spain NE of Morocco

Canary Istands

80 Bm Lithosphere

‘Upper/Lower

660 km mantle transition

2900 km Core/mantle boundary

Figure 21. Application of the model of [1] in the NE of Morocco; Channelized mantle
plume along sub-lithospheric weak zones and through slab-window and setup of NE of
Morocco’ anorogenic volcanic province.
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This change can be observed in the Gourougou stratovolcanic area, in a progres-
sive temporal and geochemical evolution marked by decreasing influence of
subduction related component and increasing effect of intraplate-related com-

ponent.

6.3. Conclusions

Petrographic data and geochemical analysis of volcanic rocks from NE of Mo-
rocco’s Plio-quaternary volcanic fields show the dominance of Na-rich basaltic
rocks (basanites, basalts, tephrites and basaltic trachy-andesites), followed by the
trachy-andesites. Major and trace element compositions exhibit an enrichment
of LILE over HESE, with high content of Mg and show similar pattern of Ocea-
nic Island Basalts (OIB). The identification and characterization of hydrother-
mal alteration facies and minerals help us get a better understanding of hydro-
thermal and geothermal systems, induce thermal parameters and deduce wa-
ter/rock interaction processes such as the temperature and pH, which will be the
main perspective of related studies. We believe that involved hydrothermal flu-
ids in volcanic rocks of NE of Morocco must be at least two different fluids, a
low temperature fluid and a high temperature fluid.

Plio-quaternary alkaline volcanic activity, as an anorogenic magmatic prov-
ince shares many similarities with neighboring anorogenic magmatic areas (e.g.
Spain, Algeria, and Morocco), referred as CIMACI province developed along the
Mediterranean area. Comparison of different anorogenic magmatic fields within
the global model highlighted a great resemblance that supports the idea of areas
having a common source beneath the lithosphere. Indeed, inspired from [1], a
new model is suggested for the NE of Morocco’ recent volcanic province, in-
volving channelized mantle plume along sub-lithospheric weak zones and a

slab-window.
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