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The objective of the gravity investigation in Saghro is to follow the depth of the causative
sources and to examine the continuity of the geological formation boundaries. To
achieve these objectives, the Bouguer anomaly data was subjected to a subtraction
of the regional component and, then, interpreted in the light of three mathematical
transformations. The upward-continuation enabled classifying the causative features
to deep and shallow sources. Source-Parameter-Imaging allowed us to determine the
depth and distribution of the basement uplifts, while the horizontal gradient was used
to detect subsurface linear discontinuities, which correspond to geological lineaments.
The horizontal gradient enabled revealing several faults trending mainly E-W, NE-SW,
and NW-SE; these lineaments are linked to the Anti-Atlas tectonic events. The gravity
analysis outcomes were validated by field investigations and interpreted in the light of
the previous geological studies carried out in Saghro. The distribution of the basement
uplifts is related to tectonics, which transformed the basement into high and low areas,
and subsequently influenced posterior sediments distribution. The Saghro southern
flank registers a thick and complete sedimentary sequence, whereas the sequence on
its northern flank is thin, indicating relatively higher subsidence on the southern flank
due to various faulting systems.

gravity data, Jbel Saghro, fault, anomaly, basement, eastern Anti-Atlas.

1. Introduction

The eastern Anti-Atlas is located on the northern rim of the West African Craton that exposes
wide Neoproterozoic outcrops (Leblanc and Lancelot, 1980; Saquaque et al., 1992) surrounded
by a massive Paleozoic cover. The Anti-Atlas has a complex geodynamic evolution, with numerous
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tectonic events recorded during its geological history (Charrue, 2006; Baidder, 2007; Gouiza et
al., 2017).

Several studies have provided significant information on the Anti-Atlas structural and
sedimentological evolution. Despite these studies (Leblanc and Lancelot, 1980; Saquaque et
al., 1992; Charrue, 2006; Baidder, 2007), the eastern Anti-Atlas has not been fully studied and
most of its geological features remain undiscovered. In order to shed light on the geology of the
eastern Anti-Atlas, a gravity data analysis was carried out in the Jbel Saghro area. The objective
of this analysis is to delineate subsurface geological structures controlling the distribution of
sedimentary successions and to estimate their location and depth.

To achieve this aim, the Bouguer anomaly data were processed to produce a residual anomaly
map using the Oasis Montaj Software (Geosoft, 2007). The gravity lineament map, compiled
from the gravity analysis, highlighted the geological structures and helped delineate the
heterogeneities of the Jbel Saghro basement. The results of the gravity analysis are compatible
with the field data, proving the efficacy of the current method.

2. Geological setting

The eastern Anti-Atlas is characterised by the complexity of its structural style and the
diversity of its lithostratigraphy, ranging from Neoproterozoic to Cretaceous (Piqué et al., 2006).
Due to its position on the northern rim of the West African Craton (Fig. 1), the eastern Anti-Atlas
records a particular geological history and geodynamic evolution.

2.1. Neoproterozoic tectonics

The Pan-African orogeny is heterogeneous throughout the Anti-Atlas, and has been
produced by several faults of various orientations (Leblanc, 1973, 1976, 1977; Leblanc and
Billaud, 1978; Leblanc and Lancelot, 1980; Ennih et al., 2001). This orogeny has led to the
assemblage of the three cratons: West African Craton, Congo Craton, and South African Craton.
In the eastern Anti-Atlas, the Pan-African deformation is concentrated in E-W trending dextral
shear zones (Ighid et al., 1989).

During the Upper Neoproterozoic, the Jbel Saghro underwent an extensive phase that probably
led to an ocean basin opening (Mokhtari, 1993). Based on combinations of sedimentological
analyses and synsedimentary tectonics, a NW-SE to WNW-ESE trending extension was proposed
by Fekkak et al. (2001, 2003).

A NE-SW trending tectonic inversion occurred throughout the terminal Proterozoic, leading
to the emplacement of calc-alkaline intrusions in Jbel Saghro (Mokhtari, 1993).

2.2. Paleozoic tectonics

The dislocation of the paleo-Gandowana and the opening of the paleo-Tethys ocean led to
a crustal extension in the Gandowanian terrains (Stampfli and Borel, 2002). Due to this event, a
Lower Cambrian rift was triggered in Moroccan lands, and structured the Anti-Atlas into horsts
and grabens. In the eastern Anti-Atlas, the extension was oriented NW-SE and generated by
normal NE-SW trending faults (Baidder, 2007; Hejja et al., 2019; Idrissi et al., 2021).

The Hercynian orogeny in the eastern Anti-Atlas was controlled by faults inherited from
the extensive Neoproterozoic-Cambrian phase. A thick-skin tectonic inversion occurred in the
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Fig. 1 - Geological map of the Anti-Atlas belt in the West African Craton (WAC) (Gasquet et al., 2008): a) position of the
Anti-Atlas in the WAC; b) main geological features of the Anti-Atlas belt; c) geological map (north of Morocco, Lambert
projection) of the Jbel Saghro area derived from the geological maps of Imiter, Boumalne, Taghazout, Imi N’zrou, Tiwit,
and Ikniwen maps of the Moroccan Geological Survey, Ministry of Energy and Mining (scale 1:50,000).
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absence of major decollement at the basement-cover contact (Burkhard et al., 2006; Charrue,
2006; Baidder et al., 2016). The Hercynian orogeny was produced by a compressive regime of a
NE-SW trending main stress (Baidder, 2007).

2.3. Meso-Cenozoic tectonics

Various studies by several authors claim that the Anti-Atlas remained stable during the post-
Hercynian period (Choubert, 1952; Michard, 1976). Yet, new works have confirmed a post-
Hercynian tectonic instability in the entire Anti-Atlas domain (Charrue, 2006; Baidder, 2007;
Soulaimani et al., 2014; Gouiza et al., 2017).

Contemporary with the central Atlantic rifting and the Atlas rifting, and due to its position on the
high edge of the rift zone during the Late Triassic to Middle Jurassic period (Soulaimani et al., 2014;
Gouiza et al., 2017), the Anti-Atlas underwent an elevation of 7.5 to 10.5 km (Gouiza et al., 2017).

The post-rift phase from Jurassic to Lower Cretaceous corresponds to a period of the lithosphere
thermal relaxation (Gouiza et al., 2017), which led to E-W trending tectonics (Baidder, 2007) and
a subsidence rate ranging between 1 and 3 km of the Anti-Atlas basement (Gouiza et al., 2017).

The dislocation of the Pangea during the terminal Cretaceous to Cenozoic period by the
opening of the North and South Atlantic (Stampfli and Borel, 2002), initiated the convergence and
collision between Africa and lIberia/Europe. The convergence generated a compressive regime
that led to the present elevation (2-3.5 km) of the Anti-Atlas via the reactivation of Precambrian
and Paleozoic faults.

2.4. The Cambrian sediments record

The sedimentary formations of Lower and Middle Cambrian deposits are divided into several
formations. The Lower Cambrian formations belong to the Tata group consisting of detrital
and carbonate sediments, which lie unconformably on the Neoproterozoic basement. The
distribution of the Lower Cambrian formations varies in the Anti-Atlas, they are complete in the
western Anti-Atlas and gradually reduced towards the eastern regions.

In the eastern Anti-Atlas, the Tata group classically comprises a basal conglomerate (Landing
etal., 2006), followed by shale and limestone intercalations referred to as the Issafene Formation,
and finally the Pink Sandstone Formation (Piqué et al., 2006). These formations occur mainly in
the SE of the Taghazout buttonhole, the south of the Imi n’Ouzrou buttonhole, the Alnif region
and in the south of the Ougnat Massif. Lower Cambrian sediments are absent in the Boumalne
and Imiter buttonhole, which are located in the northern flank of Jbel Saghro (Choubert, 1946;
Destombes et al., 1985; Baidder, 2007; Hejja et al., 2019).

The Middle Cambrian consists of the Internal Feijas formations (Choubert, 1946). The sedimentary
series begin with the discordant level of the Breccia at Micmacca, which marks the transgression
of the Middle Cambrian on the Lower Cambrian deposits and on the Neoproterozoic basement.
Above, the sedimentary successions continue with the Paradoxides rich Shales also called the J.
Wawrmast Formation crowned by the Tabanite Sandstone Formation (Destombes et al., 1985).

3. Data and method

The data used in this study have been provided by the International Gravimetric Bureau (IGB)
as numeric format of the complete Bouguer anomaly, published by Bosch (1972). The Bouguer
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anomalies are derived from the official Earth Gravitational Model (EGM2008) released by the
National Geospatial Intelligence Agency (NGA).

The Bouguer anomaly map is the result of superimposing regional and local anomalies. It is
therefore necessary to separate these two components by the trend surface (Menke, 1989), a
mathematical filtering procedure obtained by fitting a polynomial function using the method of
least squares (in this study we used a first order equation).

Because the current study is focused on local subsurface structures, the residual anomaly
map was subjected to several mathematical transformations, including the calculation of the
upward continuation (UC), the application of Source Parameter Imaging (SP1), and the calculation
of the horizontal gradient (HG).

3.1. Upward continuation

The UC is a mathematical technique used to attenuate short wavelengths due to surface
sources or various noises. UC converts the potential field measured on one surface to the
field that would be measured on another surface farther from all sources (Blakely, 1995). It
is a practical operation for smoothing anomaly maps, and for assembling maps from surveys
carried out at different altitudes into a single map (Blakely, 1995), in order to simplify regional
interpretation (Mouge and Galdeano, 1991; Asfirane and Galdeano, 1995). The UC of the
anomaly map helps highlight buried causative sources of any dimension at any depth and
separate the anomalies of the deeper geology from shallower geology, by attenuating the
short wavelength anomaly components and enhancing the long wavelength ones (Jacobsen,
1987; Blakely, 1995). Furthermore, the UC filter helps in sampling the gravity data according to
various horizontal surfaces; in this study case, the residual gravity map was upward continued
to several elevations between 1000 and 9000 m, in order to follow the vertical distribution of
the anomalous features.

According to Jacobsen (1987), the UC operator is given by elementary functions in both space
and wavenumber domains, is numerically stable, and can be used to build standard separation
filters. Zeng et al. (2007) demonstrated that UC can also be used to separate a regional gravity
anomaly resulting from deep sources from the observed gravity.

According to Kebede et al. (2020), the UC is a transformation of the gravity anomaly
determined at a point, Q (x,, y,, Z,= 0); on the mean sea level to a point p (x,, y,, z, =-h), on some
higher flat surface upward continued to z = -h < 0 (Fig. 2).

The gravitational attraction per unit mass of a causative source, dm, at mean see level,
Q (x, ¥, 2,=0), at distance R from the source location point Q (x, y, 2), is given by:

Gdm _ Gdm
RZ ~ (x—x0)2+(y—¥0)2+(z—20)?

dg = (1)

In terms of practical manipulation, the residual anomaly map was used as an input in the
MAGMAP Tool of Oasis Montaj Software (version 8.4). Since the residual map was upward
continued following various elevations, the UC operation was repeated several times.
Accordingly, nine upward continuation residual anomaly maps have been generated in this
section, each representing the variation of the anomalous features at the corresponding UC
height.
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Fig. 2 - Pictorial representation of UC technique in Cartesian coordinate system (Kebede et al., 2020).

3.2. Source Parameter Imaging

SPl is a fast and efficient function to determine the depth of gravity and magnetic sources
(Nabighan, 1972) using an extension of the complex analytical signal. The SPI was developed by
Thurston and Smith et al. (1997), and has been used extensively by Thurston and Smith (1997) and
Salako (2014). The method uses the relationship between the observed field local wavenumber
(k) defined as the rate of change of the phase of the analytic signal (Bracewell, 1965) and the
source depth, which can be calculated for any point within a grid of data via horizontal and vertical
gradients. At peaks in the local wavenumber grid, the source depth is equal to (n+1)/k, where n
depends on the assumed source geometry. Peaks in the wavenumber grid are identified using a
peak tracking algorithm and valid depth estimates are isolated (Blakely and Simpson, 1986). The
advantages of the SPI method are that no moving data window is involved and the computation
time is relatively short. Also for magnetic data treatment, the SPI method is independent of
remanent magnetisation or other magnetic parameters like inclination, declination, dip, and
strike. However, the SPI method requires the first- and second-order derivatives of the anomaly
field (to obtain the first- and second-order wave numbers), which can amplify noise in the data
and be affected by interference (Phillips, 2000). On the other hand, errors due to this noise can
be reduced by careful filtering of the data before depths are calculated. The outcome of the
SPl is an image (Smith et al., 1998) that indicates the estimated depth and shape of anomalous
features using an automatic application on SPI software included in the Oasis Montaj Package
(version 8.4).

The SPI has the advantage of providing a more complete set of coherent solution points and is
easier to use. The SPI resulting image can be easily interpreted according to Thurston and Smith
(1997).

The SPI transformation is carried out through several automatic mathematical processes
from several grids. The application of SPI method needs the following:

* GRD1: grid of the horizontal derivative in the X-direction;
* GRD2: grid of the horizontal derivative in the Y-direction;

220



Contribution of gravity anomalies interpretation to the geology of the Jbel Saghro Bull. Geoph. Ocean., 63, 215-236

* GRD3: grid of the first vertical derivative;
* GRDA4: grid of tilt derivative;

* GRD5: grid of local wavenumber k grid (horizontal gradient of tilt derivative).
The SPI technique assumes a step-type source model. The following formula holds:

Depth = 1/kmax (2)

where kg represents the peak value of k, which located over the step source (Smith et al.,
1998):

dA

K= |G+

dy

)? (3)
where A is tilt derivative given as (Fairhead, 2011):

&9

G + G2y

A = atan

(4)

g is the total magnetic field anomaly grid.

3.3. Horizontal gradient

Horizontal gradient is a powerful technique that helps to detect lateral density variation,
which may be related to structural accidents and abnormal contacts of any orientation (Cordell,
1979; Blakely and Simpson, 1986; Amiri, 2011; Azaiez et al., 2011; Dufréchou et al., 2013; Gabtni
et al., 2013; Nait Bba et al., 2019). The horizontal gradient amplitude was developed by Cordell
and Grauch (1985), and is defined by the following equation:

dG dc
GH(x,y) = (E Z+ (d_y z (5)

where G is the field strength measured at (x, y), and dx and dy are the first horizontal derivative
following respectively x and y.

The horizontal gradient operatoris widely used in mapping major structural boundaries, which
are poorly exposed or completely buried. This technique highlights poorly known structures,
which may have major tectonic significance (Sharpton et al., 1987).

The resulting map was used in the structural analysis of the site, which is discussed later in
the text.
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3.4. Geological field surveys

The lack of previous geophysical surveys and deep wells in the study area made it difficult
to interpret and validate the results obtained from the gravity data analysis. Therefore, the
verification of the thicknesses of the sedimentary succession in the field was necessary. We
carried out several field missions to establish nine cross-sections separated by a few kilometres
within Jbel Saghro, and analysed the repartition of the basement uplifts (Table 1).

Table 1 - Details of the gravimetric survey.

Survey details Characteristics

Elevation 455.6 m
Reference station Latitude 31° 38.0' N
Longitude 08° 01.0'W

Density used for data raw data reduction (g/cm3) 2.67
Survey accuracy +-0.3 mGal
Date of the survey 1965

4. Results and interpretation

4.1. Gravity data analysis

The first phase in quantitative analysis of a gravity data is the separation of the Bouguer
anomaly into its regional and residual.

41.1. Bouguer anomaly map

Based on gravity data, the Bouguer anomaly map of the Jbel Saghro eastern Anti-Atlas was
generated. The map has been plotted using the minimum curvature interpolation method (Fig. 3).

This map shows anomalies of various forms, organisations, orientations, and intensities. The
gravity field values range from -166 and -58 mGal, the anomalies are elongated in predominantly
E-W to ESE-WNW directions. The intensity of the Bouguer anomalies decreases from south to
north, showing minimal values to the NE of the map.

41.2. Residual anomaly map

The residual anomaly map (Fig. 4), obtained by subtracting the regional component from
the Bouguer anomaly using the trend surface (previously mentioned), shows values ranging
between -20.1 and 23 mGal. Based on the geological knowledge of the region, a qualitative
interpretation of the anomalies can be made. The origin of the positive and negative anomalies
is associated respectively with the heterogeneity (metamorphic rocks, granitoides, and granite)
of the outcropping basement and the location of the sedimentary basins (Fig. 5). This mainly
means that more the basement rocks are exposed, the more the density contrast is evident, but
when the basement is hidden by sedimentation, the contrast is unnoticeable.
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Fig. 3 - The Bouguer anomaly map of Jbel Saghro (UTM projection).
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Fig. 4 - The residual anomaly map of Jbel Saghro.
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Fig. 5 - Density values of some igneous and metamorphic rocks (after Schon, 2015).

The residual map shows the distribution of positive anomalies (red colour) in the north-eastern
and south-western regions of the Jbel Saghro trending generally E-W to ESE-WNW. The location of
the anomalies coincides with the location of crystalline Neoproterozoic basement rocks.

While the negative anomalies (blue colour) are located in the north-western and south-
eastern parts of Jbel Saghro, oriented NE-SW and NW-SE respectively. The negative anomalies
are located underneath the low-density rocks of the Meso-Cenozoic cover.

41.3. Upward continuation

In this work, the UC was used to highlight the depth of the anomalous sources, and the
residual gravity map was upward continued to a height of 1000, 3000, 5000, 7000, and 9000 m
(Fig. 6).

The UC maps highlight long wavelength anomalies. The shape and extension of the anomalies
are presentedinfunction of the UCaltitude. The analysis of the UC mapsreveals that the amplitude
of the anomalies decreases or disappears as the height of the UC increases. By increasing the
altitude from 1000 to 9000 m, the behaviour of the anomalous features varies in three different
ways. Some positive anomalies interfere with each other and merge under one single anomaly,
as in the case of (A6, A5, and A4); other intensities decreased (A3 and A1), while some anomalies
gradually decrease until disappearing (A7 and A2). The UC of the residual anomaly map allowed
distinguishing the anomalies attributed to surface sources (depth between 1000 and 3000 m)
from those of deeper origin (depth > 9000 m), and designated the anomalies that have the same
origin (depth between 5000 and 7000 m).

The origin of the causative sources is the basement rocks. The differential distribution of the
basement uplifts generated a modification of the sources depth - low areas of the basement are
deep, while the high areas are exposed, which explains the depth variation of the anomalous
sources.
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Fig. 6 - The residual anomaly map of the Jbel Saghro upward continued to different altitudes (UC is the value of UC
altitude in metres).
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41.4. Source Parameter Imaging

The map produced by SPI transformation (Fig. 7) reveals variable depths ranging between
637 and 3495 m. In comparison with the geological map and the field studies, the shallower
depths coincide with the basement outcrops (blue colour), and the deeper depths coincide with
the profounder sources hidden by the Paleozoic and Meso-Cenozoic sedimentation sites (red
colour).

The Jbel Saghro basement is characterised by the heterogeneity of its rocks, including Middle
Neoproterozoic granitoids and dense metamorphic rocks, overlaid by Upper Neoproterozoic
andesites and conglomerate deposits (Leblanc, 1976; Ait Malek et al., 1998; Piqué, 2003). The
distribution of Upper Neoproterozoic deposits locally conceals earlier terrains, which explains
the increase in depth of anomalous sources even at the basement level. Field verification reveals
the existence of enormous Upper Neoproterozoic conglomerate benches (Fig. 7), which cover
the high density rocks deposited earlier. This would explain the great depth of the causative
sources in the basement areas.

The SPI map delineates sedimentary depressions as well, such as the Tisdafine basin
(composed of calcareous rocks) located in the extreme NE, the Cambrian basin situated in the
SE, and Meso-Cenozoic deposits in the north and NE (Fig. 7).

220000 230000 240000 250000 270000 280000

260000

3495.9

3029.4

2754.8

3480000
3480000

2491.8

3470000
3470000

3460000
3460000

3450000

3440000

220000 230000 240000 250000 260000 270000 280000 6377

[ == 1 km m
0 5 10 20

Fig. 7 - The SPI map showing the depths distribution of causative sources.
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The distribution of Precambrian basement uplifted blocks influences the repartition of
post-Neoproterozoic sedimentation along the Jbel Saghro. A verification of the thickness of
the sedimentary series in the field was necessary to validate the outcomes of the gravity data
analysis.

The Digital Elevation Model (DEM) of the study area (Fig. 8) represents the elevation data
of the Jbel Saghro terrains. The DEM presents the reliefs of the study area and designates their
altitude.

According to Fig. 8, the topography is high where the basement is located and low where
the sedimentary basins are situated. This indicates the differential distribution of the basement
uplifts, which has been confirmed using the geophysical methods of this study.

4.2. Detection of subsurface discontinuities: horizontal gradient

The horizontal gradient is used to locate approximate boundaries corresponding to geological
contacts or faults from gravity data. Linear contacts correspond to faults, while circular contacts
are the boundaries of intrusive bodies (Vanié et al., 2005). The statistical analysis of the horizontal
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Fig. 9 - Horizontal gradient map of the Jbel Saghro.

gradient map shows three major faulting trends, listed in order of dominance: E-W, NE-SW, and
NW-SE.

The E-W family is frequently located in the SW and central part of the map, it is characterised
by extended lineaments, which limit the high-density bodies in the region. The E-W family
crosses most of the Jbel Saghro terrains, and corresponds to east-trending faults of the post-
Hercynian phase (Baidder, 2007) resulting from the post-rift phase of the central Atlantic (Gouiza
etal., 2017).

The NE-SW lineaments are located in the NW, the middle and in the SE of the map. The
lineaments are less extensive and delineate the anomalous sources as well. These lineaments
are located at the basement-cover contact, and can be interpreted based on previous work, as
inherited faults from the extensive Cambrian phase (Baidder, 2007; Hejja et al., 2019; Idrissi et
al., 2021).

The NW-SE faults are dispersed throughout the study area. According to several authors
(Mokhtari, 1993; Soulaimani et al., 2014; Hejja et al., 2019; Idrissi et al., 2021), this family
corresponds to normal faults responsible for the extension of the Upper Neoproterozoic in
the Saghro Massif, based on combinations of sedimentological analyses and synsedimentary
tectonics (Mokhtari, 1993; Fekkak et al., 2001; Fekkak et al., 2003).
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4.3. Field validation

In order to verify the results of the gravity data analysis, we carried out several field missions.
The study area displays hiatus, dissimilar sedimentation thickness, and outcropping basement
uplifts. To highlight these variations, we logged 9 distanced lithostratigraphic sections around
the Jbel Saghro basement. The sedimentary survey helped identify the basement topography
variation in the field and showed the dominance of tectonic control on the sedimentation rate.

The sections logged show thickness dissimilarities along the Jbel Saghro (Fig. 10): the
northern flank deposits are thinner than those of the southern flank, indicating a differential
distribution of basement uplifts, and thus the influence of tectonics on the basement and its
posterior sedimentary cover.

Based on our structural mapping and the existing geological maps of Jbel Saghro (scale
1:50,000), the fractures are mainly oriented: NE-SW, E-W, and NW-SE (Fig. 11). The comparison
between the rose diagram of structural fractures and the horizontal gradient lineaments trending
shows a significant orientation similarity.

5. Discussion

Gravity data analysis is an efficient method to highlight deep faults, their limits and ramifications
(Everaerts and Mansy, 2001), as well as the topography of the basement below the sedimentary
cover. The analysis of gravity data of the study area allowed us to highlight various geological
structures of Jbel Saghro, which are partially or totally hidden by the sedimentary cover.

The application of the horizontal gradient method, enabled detecting several lineaments
corresponding to known faults identified by the previous structural field studies, consisting
of three main families of regional gravity lineaments trending E-W, NW-SE, and NE-SW. These
faulting systems are in good agreement with the results of classical structural studies (Mokhtari,
1993; Charrue, 2006; Baidder, 2007; Soulaimani et al., 2014).
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Fig. 11 - Rose diagram of structural data of Jbel Saghro.
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According to the gravity anomaly combinations, their reflecting structural properties, and
field investigations, we identified the trend, the type, and the length of the mapped faults. These
faults correspond to an extensive structural style, which is the most common in the study area,
represented mainly by normal faults caused by the extensional tectonic stress field.

The NW-SE trend corresponds to inherited faults, mainly affecting the Neoproterozoic
basement and causing its topography variation. The geodynamic evolution during the late
Neoproterozoic era was controlled by an extensive main stress that led to the formation of
graben and horst structures throughout the entire Anti-Atlas.

NE-SW trending lineaments are dominant in the Jbel Saghro area and are well documented
and interpreted as related to the Cambrian rifting. These structures are synsedimentary faults
and caused the sedimentary sequence thickness variation. In the field, the faults cause the
displacement and dislocation of strata, which also cause density differences and thus gravity
anomalies. Field measurement reveals a NE dip direction, which is conformable with the
sedimentological record. The sequences in the NE of the NE-SW trending faults are thicker than
those to the NW, and the basement also outcrops in the NW and is buried under the sedimentary
cover towards the NE of these faults.

E-W trending faults are interpreted as the consequences of post Hercynian orogeny extension,
and they crosscut the Neoproterozoic and the Paleozoic terrains. Their effect is low to moderate
in the study area compared to the NE-SW and the NW-SE trending faults, and they are rarely
associated with hydrothermal quartz.

The superposition of gravity derived lineaments with fault-systems, mapped by previous
geological studies (Fig. 12), allowed us to confirm the existence of some faults that were already
mapped by surface structural studies, as well as mapping and specifying new major blind faults
that have not been recognised before. However, in many parts of the Jbel Saghro area, some
geological fault-systems do not appear in our geophysical filtering due to the low density contrast
between the adjacent blocks.

The identification of the anomaly depths, caused by the basement uplifts, allowed us to
identify the Precambrian basement topography, and to explain the variation in thickness of the
sedimentary cover. This is validated by field investigations, which have surveyed the thickness
of the sedimentary series around the basement. These thicknesses are highly reduced and
even absent and less significant in the north compared to the south of Saghro, where Cambrian
series are complete and well developed. This indicates a differential distribution of Precambrian
basement uplifts, and thus the influence of tectonics on the structuring of the basement and on
the subsequent sedimentation.

Therefore, we can deduce that the subsurface geometry of the study area is configured by
many faults that organised the basement into low and high areas. The mapped gravity structures
correspond to the main tectonic trends that controlled the study area evolution during the
Neoproterozoic-early Paleozoic period.

The Anti-Atlas domain underwent several geological events throughout the early and
middle Neoproterozoic, where the terrains were deformed by the Pan-African orogeny. The late
Neoproterozoic instead corresponds to the destruction and erosion of the Pan-African belt, and
the deposition of the synrift sediments derived from the eroded Pan-African reliefs (Piqué et al.,
1999; Piqué, 2003; Soulaimani et al., 2003). From the latest Neoproterozoic to the beginning
of the Paleozoic, a structural extension occurred and developed fault-limited basins, as a result
of the stretching of the continental crust (Piqué, 2003). The crustal extension was shown by
the development of grabens where the Cambrian marine transgression progressed, while horsts
remained emerged.
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Fig. 12 - Geological map of Jbel Saghro (scale 1:50,000) showing the main structural features of the study area and the
projection of the gravity lineaments.

6. Conclusions

This work presents the analysis of gravity data of the Jbel Saghro area. The map of the Bouguer
anomaly includes regional and residual anomalies, hence the importance of the separation by
the polynomial method. The residual anomaly map was used as a base map for the geophysical
treatments.

The results of the horizontal gradient treatment indicate the presence of three faulting
systems: the E-W trend, which corresponds to the E-W striking faults of the extensive post-
Hercynian phase; the NE-SW trend from the Cambrian extension, and the NW-SE trend inherited
from the extensive Upper Neoproterozoic events. These latter two trending faults are responsible
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for the structuration of the Precambrian basement into high and low areas, which controlled the
sedimentation rate of the Paleozoic cover.

The application of the UC on the residual Bouguer anomaly map allowed identifying the
depth of the anomalous sources and following their vertical distribution in order to separate
the shallow anomalies from the deeper ones. The results of the SPI transformation highlighted
the spatial distribution of the anomalies, thus indicating the spatial organisation of the
basement uplifts that, consequently, influenced the posterior sedimentation. The results
of the gravity data interpretation are compatible with the field investigations, whereby the
lateral and spatial distribution of the anomalies corresponds to the basement rocks location
identified in the field. The sections logged and the observations noted made it possible to
interpret and validate the outcomes of the geophysical treatment, hence demonstrating the
effectiveness of this method.
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