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Abstract
Received: The Moroccan Middle Atlas is an intracontinental chain characterized by a combination of
31 January 2023 tectonic, sedimentary, and magmatic events. These events influenced the Middle Atlas
basement structure and its morphology. In order to improve our understanding of the
Accepted: subsurface and deep geological structures, a gravimetric investigation was carried out. A
6 June 2023 . . . . L .
residual gravity map and its horizontal derivative were computed and interpreted. We present
published: in this work the main findings: The residual gravity anomaly map shows fourteen positive
31 October 2023 anomalies which are well correlated with the undulated Paleozoic basement in the Middle

1. Introduction

Atlas or with the High Moulouya and the Merhraoua Anticlinorium in the Northeastern part
of the Middle Atlas chain.lIt also exhibits sub-circular negative anomalies related to the thick
subsurface Meso-Cenozoic cover of the Middle Atlas chain depocenters located in the center
and southeastern parts of this chain. These anomalies are correlated with the Bou Anguer,
Bekrit, Tazouta, Enjil, and Almis Mermoucha basins; the Bounacer mount; and the extension
of Boumia granite in the High Moulouya. The horizontal gravity gradient map discloses that
the study area is mainly affected by the NE-SW trends as major faults, while the N-S, NW-
SE, and E-W are minor faults. They’re superposed with the Southern Middle Atlas Accident,
the North Middle Atlas Accident the Tizi N’tretten Accident, and their branches. They are
due to the alpine neotectonic reactivation phases of the Paleozoic and Jurassic heritaged
faults. A synthetic structural map displaying the lateral extension of most Middle Atlas faults
was postulated. Consideration is also being given to explore the buried faults or unmapped
ones. Our final map represents an efficient and effective tool to help decision-makers during
mining exploration.

Keywords:  Middle Atlas, Residual anomaly; Paleozoic basement; Depocenter; Granite

The Middle Atlas chain is one of the fold-belt Moroccan chains (Frizon de Lamotte et al., 2008). It
bounded in the North by the Sais basin and the Riffian domain; in the East by the Oriental Meseta,
Guercif, and Missour basin, in the South by the Central High Atlas and the High Moulouya plain; and
in the West by the Occidental Meseta (Fig. 1). The Middle Atlas was subdivided into two domains
(Piqué, 1996; Fig. 2). The first one is located in the septentrional part of the chain, corresponding to the
tabular Middle Atlas. It is composed of Liassic formations separated by the NE-SW Middle Atlas
Tabular Fault as the Tizi N'tretten Accident (TTA). These rock blocks are progressing toward the
northwest. The tabular domain is separated from the second domain by the accident of the North Middle
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Atlas. It's a folded domain made up of a series of broad and deep synclines and narrow anticlinoriums
that are linked to the major faults of the Middle Atlas, which were affected by the alpine orogeny (Fedan,
1989).

Morocco is one of the countries that developed its mining sectors and proceeded with the
exploration and exploitation of industrial resources. Therefore, geophysical, geological, and
hydrogeological studies are beneficial to the discovery, enhancement, and guidance of the mining
prospect. Through its history during the Paleozoic and Meso-Cenozoic, it experienced several magmatic,
metamorphic, and sedimentary events during these periods. The magmatic and metamorphic events
were responsible of forming the mineral deposits. While the sedimentary processes produced the
deposition of industrial materials like phosphate, clay, marls, schists, gypsum, etc.,
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Fig. 1. Simplified geological and geographical setting of the study area (Hollard et al., 1985)

The current study aims to determine of the structural context of the chain, namely the distribution
of the fracturing intensity, the localization, the directions, their association with salt diapir along the
chain, and their extension behind it. Secondly, the determination of the vertical-lateral variation of the
density of the subsurface along the chain is necesseray in order to identify their distribution and compare
it with the results of the structural-sedimentary results identified by Fedan, (1989); Charriere, (1990);
Piqué, (1996); Aboussalam et al. (2020), etc. However, these studies are based on surface data, while
the subsurface structures remain unidentified. We used the gravimetric data and their processing by
adopting different techniques different techniques to realize a synthetic structural map, also to provide
an interpretative displays related to the ambiguous zones of the chain, and follow the major faults of the
Middle Atlas.
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Fig. 2. Geological map of the Middle Atlas Chain (from a geological map of Morocco, 1/1 000 000
after Hollard et al., 1985; modified); 1: Middle Atlas tabular domain; 2: Folded Middle Atlas domain;
SMAA: South Middle Atlas Accident; CMAA: Central Middle Atlas Accident; NMAA: North Middle
Atlas Accident; TTA: Tizi N'tretten Accident

2. Geological Setting

The Middle Atlas chain corresponds to an intracontinental chain that was progressively formed and
structured during the succession of extensive and compressive events that marked its geological history
during the Mesozoic and Cenozoic ( Mattauer et al., 1977; Fedan, 1989; Laville et al., 2004). It begins
with extensive events due to the Atlasic Rifting and the creation of intraplate basins along the periods
of Mesozoic and Cretaceous (Benzaquen et al., 1965; Fedan, 1989). These basins marked a tectonic
inversion due to the Alpine orogeny from the Maastrichtian to the present (Mattauer et al., 1977; Laville
etal., 2004;).

The formations of the Hercynian basement of the Middle Atlas chain are outcropped in several
inliers, the most numerous of which is that of Tazekka (Hoepffner, 1987), and others such as Bsabis,
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Menzel, and Kerrouchen, and that of Immouzzer Kandar (Piqué, 1996; Aboussalam et al., 2020), etc.
Their lithological content is almost similar to that of the Meseta in the metamorphic context and the
biostratigraphic content of the Paleozoic facies. These formations are commenced by Cambrian-
Ordovician detrital sandstone sedimentation, generally schistose (Piqué, 1996; Oudy et al., 2020),
followed by Silurian black shales rich in graptolites, pursued by Devonian clays, and surmounted by a
volcano-sedimentary series. They are affected by tight folding and an NNE-SSW-oriented
crystallophyllous schistosity (Piqué, 1996).

In the Middle Atlas, except for the Paleozoic inliers, the Middle Atlasic domain is covered by Meso-
Cenozoic formations (Fig. 3), which mark the geological history of the domain that can be subdivided
into two major stages.

2.1. Atlasic Rifting Stage: the Individualization of the Triassic-Liasic Basins and the Compression
of the Dogger

During the Triassic and Lias, the Atlasic Rifting allowed the installation and individualization of
pull-apart basins in the Atlasic domain, especially in the Middle Atlas. This installation was guided by
the reactivation of faults inherited from previous orogenies. These faults have NE-SW to E-W trending
(Fedan, 1989), which guided the rifting under an extension regime. They allowed the basins to collapse
and be filled with detrital rocks of continental origin. These detrital rocks are composed of
conglomerates, sandstones (Fig. 3), and arkoses passing through siltstones and mudstones intercalated
with "argilo-saliferes” evaporites, becoming from Meseta paleoreliefs and surmounted by doleritic
basalts ( Fedan, 1989; Charroud et al., 1996). These basalts have an age of between 210 + 2.1 Ma and
196.3 £ 1.2 Ma (Fiechtner et al., 1992), while Knight et al. (2004) and Verati et al. (2007) give an age
of 200 Ma.

During the Lower Lias, the MA domain experienced an episode of carbonate platform emplacement
(Fedan, 1989; Ellouz et al., 2003), which was uniform, deep, and delimited by the same faults with
tectonic stability. Therefore, the main control responsible for the installation of the carbonate platform
is the western Tethyan transgression ( Fedan, 1989; Ellouz et al., 2003) with the deposition of pure
carbonate sedimentation (limestone and dolomite) in the entire Atlas domain (Benzaguen et al., 1965;
Ellouz et al., 2003). At the Lower Lias—Middle Lias transition, the carbonate platform is dislocated
(Laville and Fedan, 1989; EI Kochri and Chorowicz, 1996; Choukrad et al., 2022) due to the reactivation
of the same faults that allowed large subsidence in the western part of the Central High Atlas and the
southern part of the Middle Atlas (Ellouz et al., 2003), with a normal component at the ENE-WSW
faults and a sinistral set at the NE-SW faults (Mattauer et al., 1977), demonstrating a general distensive
context (Fedan, 1989). This context allows differentiation between a platform domain where carbonate
sedimentation continues and a basin domain where sedimentation thickens and marl intercalations occur
(Fedan, 1989). The individualization of these basins continued throughout the Middle and Upper
Liassic, with paroxysmal subsidence peaking during the Lower Domerian—Toarcian. It corresponds to
the Toarcian tectonic crisis due to the combination of the distensive regime and marine transgression.

At the Upper Toarcian—Lower Aalenian transition, the Middle Atlas Basin evolved as a basin
system with depocenters and ripples running NE-SW, NW-SE, N-S, and E-W, indicating marine
regression due to the transpressive context. Furthermore, this intraplate basin is characterized by deep
subsidence and marly sedimentation (Benzaquen et al., 1965; Fedan, 1989) with a syntectonic aspect. It
is marked by a transition from carbonate deposits to marl with a ferrous surface, indicating the Toarcien—
Aalenian limit. During the Lower Aalenian—-Bajocian, the environment became shallower with the
deposition of limestones (Benzaquen et al., 1965), followed by a marine transgression responsible for
the deposition of the large series of Boulemane marl formation (Fedan, 1989) and its equivalent
Bouchyene formation, which testifies to the tectonic activity of the middle Atlassian wrinkles during
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this episode. In continuity, at the Upper Bajocian, the Middle Atlas domain marked a reinstallation of
the carbonate platform (Fedan, 1989) with calcareous sedimentation called "Limestone corniches,"
which marked a decrease in subsidence.

After the Bajocian transgression, the Middle Atlasic domain experienced a regression due to the
closure of the marine trench of the Western Tethyan (Brede et al., 1992). This closure is recorded by the
succession of detrital geological units of continental origin, with the deposit environment evolving from
a marginal-littoral swamp to a shallow intracontinental sedimentation instead of the former Tethyan
trench. Moreover, the asymmetric basin filling and the besetting of these formations retain an
unconformity at the approach to the ridge. (Charriére and Haddoumi, 2016; Haddoumi et al., 2019)
argue that the transpressive regime is the primary control of closure and deposition variation.

The geodynamic context of the Atlassian domain during the Bathonian—Callovian is a blockage of
the rift system due to the acceleration of the Atlantic Rifting. While Missenard et al. (2006) and Frizon
de Lamotte et al. (2008 and 2009) describe the presence of a major thermal seat due to crustal thinning,
the rifting stage is left behind, with Jurassic—Cretaceous magmatic activity at the core of major rifts
(Fedan, 1989). However, the Middle Atlas experienced an Atlantic-Tethysian marine transgression with
an evolution from a fluvial-lacustrine sedimentation to a marine one during the Aptian to the Senonian
(Fedan et al., 1989). Thus, these are marine transgression series during the Cretaceous under an NNE-
SSW distensive regime.
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2.2. Stage of the Alpine Orogeny: The Surrection of the Chain during the Late Cretaceous to the
Present

During the Cenozoic, plate reorientation caused the atlas chains to lift, resulting in a progressive
convergence of the African and Eurasian plates (Ellouz et al., 2003). In general, the Atlasic tectonic
inversion characterized by polyphase compression starts in the Senonian period and continues to the
present day, with an evolution from marine to molasses sedimentation, marking the opening and closing
of several basins, and more intense magmatic activity in the Middle Atlas. Therefore, it can be
summarized as a compressive history of the Middle Atlas, which begins with the formation of certain
basins in the form of gulfs and lagoons with marly and bituminous sedimentation in the Senonian
(Charriére, 1990). It is due to the Atlantic transgression, guided by the extensive regime of NW-SE
accidents (Fedan, 1989). In the Maastrichtian, the sedimentation becomes more phosphate and
bituminous (Timhdite bituminous shales), outcropping in the Guigou-Timhdit and Oudiksou
depocenters. The bituminous sedimentation is a marker of the confinement and maximum subsidence
of the environment (anoxic condition). In the Paleogene, the Middle Atlas marks the progressive
disappearance of the phosphate-bituminous formations (Fedan, 1989) and the migration of the
subsidence zones from the NE to the SW by the tectonic style of the major Middle Atlas accidents
(Fedan, 1989). In the Palaeocene, the phosphate and bituminous sedimentation became detrital with the
deposition of calcarenite, sandstone, conglomerates, and marls (Fig. 3), indicating the installation of a
lagoon system. These detrital deposits are surmounted by lower Eocene limestones (Fedan, 1989) or
middle Eocene lacustrine limestones. In the Upper Eocene, the deposits of the Middle Atlas are gypsum-
marl (Charriére, 1990), then flinty limestone. This evolution from marine sedimentation to a lagoon-
lacustrine one shows a brutal surrection of the Middle Atlas chain and thus a complete sea withdrawal
at that time. During the Oligocene, the Middle Atlas sedimentation was composed of conglomerate,
sandstone, limestone, and marl from Jbel Hayane and Ain Nokra, with synsedimentary activity
responsible for the Oligocene-Eocene unconformity. During the Miocene, the marine transgression
arrives from the northwest, penetrates the Middle Atlas at Ribat Al Khair, and reaches the Skoura
syncline. The sedimentation accompanied by this transgressive phase is composed of conglomerates,
gypsum marl, and sandstone limestone (Fedan, 1989) in a NE-SW distensive context (Charriere, 1984).
The latter induces the individualization of continental basins associated with magmatic activity dated
10-9.7£0.5 Ma, presented by dykes intersecting ESE-WNW to NW-SE faults, which is part of the
Middle Atlas Volcanic Province (Frizon de Lamotte et al., 2009). During the Upper Miocene to
Quaternary, the tectonic context was a submeridian compressional regime that affected the Riffian
domain, and the Atlasic domain (Charriere, 1984). This context influenced sedimentation so that it is
purely continental molasses. The molassic products come from the erosion of the ridges, and they are
deposited in the basins in a local extensive regime. In the same period, the MA experienced magmatic
activities grouped in the Middle Atlas Volcanic Province (MAVP). The latter is a field of intraplate
volcanism (El Azzab and EI Wartiti, 1998a; Lakroud et al., 2019), represented by volcanic cones and
fissural volcanoes dated from 16.5 to 0.5 Ma by the K/Ar method (El Azzouzi et al., 2010). It is
composed of alkaline to sub-alkaline basalts, basanites, and nephelinites (El Azzab and El Wartiti,
1998b; El Azzouzi et al., 2010). The emplacement of magmatic activity and its concentration in the
tabular Middle Atlas rather than the folded Middle Atlas confirm the existence of an extensive regime
in the first domain with a sinister regime of NW-SE and other compressive faults in the folded Middle
Atlas during the same period (Gomez et al., 1996). The magma emplacement is linked to the hot spot
recognized globally (Frizon de Lamotte et al., 2008 and 2009) due to lithospheric thinning. Therefore,
we can summarize that the sedimentary evolution of the Middle Atlas during the Tertiary and Quaternary
was guided by NE-SW, NW-SE, and E-W faults under an alternating regime of transpression and
distention with reorientation stress.
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3. Gravity data and Methodology

The gravity data used in this study is in the numeric format of the Bouguer Anomaly Map, published
by Van den Bosch (1971). It was based on numerous surveys carried out for the Moroccan Direction of
Mines and Geology. These surveys cover the entire Middle Atlas domain. The Bouguer anomalies
represents the summation of gravimetric effects which related for both near surface sedimentary cover
and deep basement rocks causative . The Bouguer Anomaly map shows the deep regional and local sub-
surface structures. The Bouguer anomaly data will be transformed by filters and mathematical
techniques to exploit the subsurface heterogeneity, and to detect the possible geological sources of
anomalies which related to subsurface density variation. The residual field represents mainly the
anomalies due to density variations within the sedimentary cover, including the variation in basement
density, the thickness, and the density of the sedimentary layers underlain by the metamorphosed
basement. It was obtained by subtracting the regional field anomaly from the complete Bouguer
anomaly.The horizontal gradient is a method of detecting the exact sources of anomalies, used for
structural mapping and lateral density variation (Cordell, 1979; Cordell and Grauch, 1985; Blakely,
1996); the point of inflection of the curve is at the plumb line of this contact, thus materializing the
maximum of the horizontal gradient (Cordell and Grauch, 1982, 1985; Blakely and Simpson, 1986).
Therefore, the horizontal gradient can be used to map the lateral variation of near-surface lithology and
discontinuities due to density variation (Cordell, 1979; El Azzab et al., 2019; Benyas et al., 2022).

4. Results

4.1. Bouguer Anomaly Map

The Bouguer anomaly map of the Middle Atlas (Fig. 4a) shows negative values ranging from a
minimum of -130 mGal to a maximum of -4 mGal, indicating a significant density variation in the
subsurface and the deep structure, such as the presence of faults, thick sedimentary basins,
metamorphosed basements, and intrusive body boundaries. High negative value is referring to (negative
anomalies) , while low negative values considered as ( positive anomalies). The Highly negative are
located in the Middle Atlas's center, southern, and eastern parts. The low negative anomalies are in the
northeastern, northern, and western parts of the chain.

The regional field (RF) was estimated by first-order polynomial regression of the Bouguer anomaly,
increasing (0.67 mGal/km) from the SE towards the NW. The RF behaviour is compatible with the
seismic data results (Ayarza et al., 2014) that indicate the depth of the Moho at 35 km in the south and
around 31 km to the north of the Middle Atlas chain (Fig. 4b).
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4.2. Residual Anomaly Map of the Middle Atlas Chain

The residual anomaly map (Figs. 5 and 6) shows fourteen positive anomalies (P1 to P14) and eleven
negative anomalies (N1 to N11), ranging from a minimum of -60 to a maximum of +32 mGal of
amplitude, that can be effectively correlated with several known geological structures of the Middle
Atlas chain.
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Fig.5. Residual anomaly map superposed on the geological map

The residual anomaly map (Fig. 6) shows that there are 14 positive anomalies (P1-P14) and 11
negative anomalies (N1-N11), with amplitudes ranging from —60 to +32 mGal, which can be linked to
several known geological structures in the Middle Atlas chain.

The superposition of the residual anomaly map and the geological map (Fig. 6) concluded that the
significant anomalies could be correlated with:

The positive anomalies of the residual anomaly map (Fig. 6) reflect dense bodies outcropping or
near the surface that correspond mainly to the Paleozoic basement.

The positive anomaly P1 has a NE-SW direction with an intensity of +32 mGal. This anomaly can
be related to the extension of the Merhraoua anticlinorium, where the Paleozoic basement is near the
surface.
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P2 and P3 have the same direction as P1 with an intensity of +10 mGal. P2 is superposed with the
SW part of the Ribat EI Khair plateau, and P3 coincides with the Bou Iblane anticline.

The positive anomalies P4, P5, P6, P7, and P8 have an intensity of between 10 and 14 mGal. They
are superposed with EI Manzel, El Bsabis, Imouzzer Kandar, El Hajeb, and Ifrane Inlier, in that order.

P10 and P12 coincide with the El Hammam and Azrou Paleozoic inliers. Whereas the positive
anomaly P11 is correlated with the uplift of the Paleozoic basement beneath the Kerrouchen Basin.

P9 and P13 have an intensity of +10 mGal and are superposed with the High Moulouya Inliers
(Ahouli-Mibladen inlier).

The negative anomalies on the residual anomaly map (Fig. 6) show the relatively light bodies that
match the thick Triassic, Cretaceous, Tertiary, and Quaternary cover:

The anomalies N1, N3, N4, and N5 of the elongated shape of the major NNE-SSW direction
correspond to the North Middle Atlasic Accident and basins (depocenters) filled by thick layers of
Cretaceous and Tertiary formations. They are, respectively, the northwestern part of the Bekrit tertiary
basin, the Bou Angour, the Skoura, and the Tazouta basins.

The negative anomaly N2 with an E-W direction corresponds to the NE part of the Bekrit basin
with outcrops of thick tertiary series and fissural basalts coinciding with the Central Middle Atlasic
Accident (CMAA).

The anomalies N6 and N7 indicate the width and length of a depocenter superimposed on the Enjil
Basin in the SE of the Middle Atlas chain. Tertiary and Quaternary formations occupy this basin with
deep thicknesses indicated by the anomaly intensity value of -20mGal.

A sub-elongated anomaly of large amplitude (-10 mGal, N9), is due to the extension of the Boumia
granite basement, which reaches areas north of the Itzer village. This anomaly is intersected by another
one (N10) of ENE-WSW orientation, which correlates with Triassic diapers related to the one branch of
the North Middle Atlasic Accident (NMAA).

The N11 anomaly has a direction ranging from E-W to NNE-SSW, following the direction of the
atlasic middle south fault with the thickness of Triassic saliferous clays and thick Jurassic sedimentary
beds whose intensity is lower than -10 mGal in Bou Nacer Mountain.

4.3. Horizontal Gradient Map of the Middle Atlas Chain

Horizontal gradient (HG) is considered the most common method for detecting target edges or
gravimetric effects of a fault separating two mediums of different densities (El Azzab et al., 2019;
Benyas et al., 2022). This is why our proposal is to apply HG to residual anomaly gravity data, especially
to identify the deep faults, their limits, and their branches (Everaerts and Mansy, 2001). It should be
noted that in our study area, the elongated anomaly is generally created by faults, whereas the sub-
circular one corresponds to diaper or intrusive body limits
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The Middle Atlas horizontal gradient map (Fig. 7) shows a network of lineaments that reflect the
gravity heterogeneity of the causative bodies. The local maximum was digitized, which is interpreted as
faults or diapiric domes. Their statistical treatment revealed the existence of four systems of directions
: NE-SW, N-S, NW-SE, and E-W. These contacts can be connected to each other with the dominance
of the NE-SW direction, following the major trend of the Middle Atlas chain accidents. Some of the
founded lineaments overlap with the mapped regional faults, while others are hidden by the Mio-Plio-
Quaternary formations or have not been discovered yet. The obtained results are summarized in the table
1 as follows:

Table 1. Principal Horizontal Gradient Lineament of the Middle Atlas Chain

Lineament Direction Location Source
L1 NE-SW From SW of EI Hammam to Ifrane Oulouane I?laper associated
with TTA
L2 NE-SW From Bekrit to Ribat ElI Khair North Middle Atlas Accident
L3 NE-SW From Bekrit to Ader] Central Middle Atlas Accident
Branche
L4 NE-SW to E- From Itzer Village to Oulad Ali South Middle Atlas Accident
W Branche
ENE-WSW to From South of Oulad Ali to East of .
L5 QOulad Ali Fault
NE-SW Immouzzer Mermoucha
L6 ENE-wsw  romthenorthof Enjil tonorthof - oo oy \riddle Atlas Branche
Imouzzer Mermoucha
L7 NE-SW from the East to north of Imouzzer Central Middle Atlas Branche
Mermoucha
L8 NNE-SSW South of Berkine Bourached River (Fault under
quaternary cover)
L9 NE-SW Bel Ferah Basin Continuity (_)f I?ou Iblane
Anticline
. Southern branch of South
L10 NE-SW North of ltzer village ) .
g Middle Atlas Accident
L11 NE-SW El Bhalil area =l Bhalil accident associate
with a diapiric dome
L12 NE-SWo E- From east of Sefrou to Bir Tamtam Extension of Tizi N'retten
W Fault
L13 NE-SE El Hajeb area Adarouch Fault
L14 NE-SW Southern part of Taza village North Middle Atlas Accident

5. Discussions

The interpretation of the gravimetric anomalies of the Middle Atlas based on recent treatment
methods, notably the residual anomaly and the horizontal gradient, allowed us to identify the sources of
gravity anomalies. These sources are related to the extension of granite bodies and Paleozoic basement
as anomalies of lithology and to the origin related to the fracturing of subsurfaces and salt diapers to
exhibit the lithology-structural relationship of the Middle Atlas Chain.

5.1. Lithological Heterogeneous of Middle Atlas Domain

In the first part of this present study, we correlate the residual gravity anomaly map (Fig. 5) with
the geological data (Hoepffner, 1987; Fedan, 1989; Charriére, 1990; Piqué, 1996), which allows us to
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discuss the subsurface-lithologic features that contrast between the folded Middle Atlas part and the
tabular part. The positive anomalies in most parts of the Tabular Middle Atlas indicate the subsurface
or outcropping of the Paleozoic basement. This conclusion is confirmed by the geological study of many
Paleozoic inliers of the Middle Atlas Chain. In this part of the chain, the low thicknesses of the Triassic-
Liassic formations that have tens to hundreds of meters or are completely absent by erosion phenomena
along with the major accidents; the El Hajeb Paleozoic basement outcropping by the Adarouch Fault;
whereas the Imouzzer and El Bhalil ones were outcroppings by the El Bhalil Faults. EIl Bsabis and El
Manzel are outcroppings caused by the North Middle Atlas Accident. Generally, the tabular Middle
Atlas domain is characterized by an uprising of the basement, in contrast to the major part of the folded
Middle Atlas. whereas in the north of the Tazekka massif, even if the Paleozoic basement outcrop is
present, the residual anomaly lacks corresponding evidence at the surface, which can be explained by a
buried granite massif beneath the Paleozoic formation. This agrees with the outcropping of Hercynian
granite in the northern part of the Tazekka massif (Hollard et al., 1985; Ajamay et al., 2009). The Ribat
El Khair and Merhraoua regions, a part of the folded Middle Atlas where Jurassic formations outcrop in
the southern part of the Tazekka massif and Paleozoic basement are deep by a hundred meters or less,
are where the anomaly positive contrasts occur (Fig. 8.1). Consequently, their approach is due to the
convergence of the overlaps of the Middle Atlas accidents and the diaper phenomenon. We continue in
the westernmost part of the Guercif Basin, precisely in the Bel Ferah region, where the residual anomaly
has a high amplitude that can be related to the continuation of the overlapping of the middle atlas under
the Cenozoic formations. Then, the outcropping of Triassic formations in the SE of Bel Ferah Village
in the center of the anticline is considered the Bou Iblane anticlines' continuation. Therefore, Bel Farah's
basin corresponds to anticlines under the Cenozoic formation characterized by the upwelling of the
Paleozoic basement to the surface. Finally, the Merhraoua, Bou Iblane, and Bel Ferah areas can be
considered uplift maximum zones.

The center and meridional parts, the reflectance of gravity data, give the presence of the depocenters
(basins), characterized by the minima of residual anomalies that correspond geologically to the deep
basins where, according to Charriére (1984) and Fedan (1989), their center is occupied by thousands of
meters of Jurassic and Cenozoic formations. These basins are Bou Angeur, Bekrit, Tazouta, Ait
Kermous, Enjil, Skoura, and El Mers, which are composed of thick detrital and limestone series dated
from Trias to Quaternary, with evolution following the basin's geodynamic setting before inversion at
Maastrichtian and heterogeneous and deeply of the sedimentation of these basins and other regions of
the chain; whereas, the Bou Nacer and Tighardine Mount are considered as anticlines, characterized by
a high topography and occupied by the Jurassic formation (Fig. 8.2). They passed by the South Middle
Atlas Accident. This accident has an important rejection of overlapping and gives a thickening of the
Jurassic cover. The local minima (Fig. 8.3) located in the ltzer region show that the reflectance
corresponds to the extension of Boumia granite under the Meso—Cenozoic sedimentary cover (Fig. 8.4).
It is an outcropping in the Zaida-Boumia province and is dated to 329 Ma (Hoepffner et al., 1994). It
can be thought of as stopping the Middle Atlas domain from overlapping with the Paleozoic basement
of High Moulouya.
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Fig. 8 : The residual gravity profil and the corresponding geological cross-section; 1) The residual
gravity anomaly profile from the Sefrou-Bounaceur cross-section (AB, WNW-ESE); 2) The geological
cross-section of the Central Middle Atlas (After Sabaoui, 1998); 3) The residual gravity anomaly profile
from the Boufekrane-Zaida cross-section (A'B', NW-SE); 4) The geological cross-section from the
Middle Atlas (After Mounir et al., 2019, modified)

5.2. Structural Mapping and Features of Middle Atlas Domain

The new structural map of the Middle Atlas (Fig. 10) is elaborated based on the analysis of the
horizontal gradient gravity and the previous geological studies (Charriere, 1984; Fedan, 1989; Gomez
et al., 1996; Charroud, 2002; Frizon de Lamotte et al., 2008). It helped us find faults that hadn't been
mapped and figure out the main direction and location of gravity lineaments.

The rose diagram of lineaments derived from HG (Fig. 9b) shows four directions, with the major
NE-SW trend and E-W, NW-SE, and N-S minor trends that are very similar to the geological fault
system rose diagram (Fig. 9a). Those rose diagram results give the guided evaluative system that the
Middle Atlas chain followed from the basin stage (rifting) to the uplifting stage (belt).

The results of lineaments show the dominance of the NE-SW trend that is very correlated firstly to
the accidents of the Middle Atlas Chain, where the longest coincided with the great accidents like the
TTA, the Adarouch Accident, and the EI Bhalil Accident in the tabular part, the NMAA and the SMAA
in the folder part. Secondly, these faults are known as the evolution of Hercynian, Jurassic, and Alpine
deformations.
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S S

Fig. 9. Rose diagram of fault systems derived from geological data (a) and HG gravity data (b)

The first Tizi N’tretten that coincided with L1 is located in the chain's tabular part. Moreover, it is
described by Charriére (1990) as a sinistral strike-slip with a normal component that allows the collapse
of the Guigou and Ifrane-Imouzzer Blocks and its extension to the center of the Sais Basin in Bir Tamtam
and can be branched to the Southern Riffian Fault. This fault is associated in the south of EI Hammam
with the salt diaper of Ouiouane. While most of the lineaments of the horizontal gradient in the folded
Middle Atlas have the longest NE-SW, some are very correlated with the South, Central, and North
Middle Atlas faults (SMAA, CMAA, NMAA), while some other unmapped faults are considered hidden
faults where they coincide with the principal rivers of the chain. They are covered by thick sedimentation
or by quaternary basalts. Also, we note that the folded Middle Atlas is characterized by a strong
fracturing intensity that gives an interpretation of the distribution of the many basins in this part. Those
faults are a thrust to the sinistral strike-slip component (Fedan, 1989). Most of these are extended under
the Cenozoic formations of the Guercif Basin when they follow the anticlines or the rivers (Bourached,
Mansour, and Melloulou).

The system of NW-SE trending faults is also observed in the Middle Atlas, the longest of which
cuts across the domain from Oulad Ali at the borders of the chain with the Missour Basin to the Bir
Tamtam area of the Sais Basin in the east of Fez. This fault (L5), mapped in some areas and sometimes
hidden under dogger formations, allows us to say that it is a blind fault even for the whole system,
reflecting the formation mode and structure of the lozenge morphological Cenozoic basins of the Middle
Atlas. It allowed the outcropping of some Paleozoic inliers; therefore, it is considered a Hercynian
heritage fault.

The E-W direction fault system is considered a major accident a major accident direction in the
chain to which branches are attached. Therefore, most of them have a thrust with a sinistral strike-slip
component, and they are outcropping or hidden under the Cenozoic formation. Likewise, the part of
lineament L10 that coincided with the South Middle Atlas and deviated to E-W followed the limit of
Boumia granite, which is considered a blockage of overlapping of the Middle Atlas domain. The L4, the
second branch of SMAA, has the same direction as the L10, where most of it is hidden under the
Quaternary sedimentation of the Enjil basin.

These three fault systems are very likely related to ancien faults that guided the Paleozoic
sedimentation and the emplacement of the granite in the Tazekka, Boumia, and El Hammam Zones (Fig.
10). The faults NE-SW were reactivated as normal faults during the Triassic, Lower, and Middle
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Jurassic. That gave rifting and subsidence of the intraplate basins and their evolution of sedimentation,
while the NW-SE has a strike-slip component.
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Fig. 10. Subsurface structural map of the Middle Atlas Chain derived from gravity and geological
faults

6. Conclusions

The interpretation of the gravity data of the Middle Atlas chain allowed us to identify the major
gravity causative structures and establish a synthetic structural map (Fig. 10).

The qualitative analysis of the residual anomaly data made it possible to highlight a relationship
between the positive anomaly with the uplift or outcrop of the Paleozoic basement caused by the major
accidents of Middle Atlas and the negative anomaly with the presence of granite bodies, diapers
associated with Middle Atlas accidents, and deep sedimentary basins.

The fracturing analysis linked to the local maximum of the residual anomalies horizontal gradient
shows three main systems of lineaments, which are NE-SW, E-W, and NW-SE, affecting the two parts
of the middle atlas domain. The tabular domain does not present strong fracture intensity and is crossed
by NE-SW accidents (Fig. 10), corresponding to the Adarouch Fault, El Bhalil Fault, and Tizi N’tretten.
While the local maximum of HG in the folded Middle Atlas shows that a strong fracture intensity
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characterizes it, most of the faults are NE-SW coincident with the North Middle Atlas, Central Middle
Atlas, and South Middle Atlas accidents, which are connected with the E-W lineament, and are crossed
by NW-SE given the structure of the anticlines and synclines of this part of the Middle Atlas chain. The
most important faults are associated with salt diapers such as Ouiouane, Selouane, and El Bhalil diapers.
These faults are considered like a guide controller for the sedimentation and morphology of the chain
during the Jurassic and Cenozoic ages.

The results of this study area can be considered a qualitative analysis stage of gravity data, they are
rich in information about geological subsurface structures and will be very useful in the phosphates,
mining, and geo-material resources explorations in the Middle Atlas Chain.
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