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ABSTRACT Jbel Ougnat is the eastern extension of the eastern belt of the Anti-Atlas. This article
focuses on a geophysical study using high-resolution aeromagnetic data covering the Jbel
Ougnat area. These data were first filtered using several geophysical processing methods:
reduction to the pole, horizontal gradient (HG), and Euler deconvolution (ED). They were,
then, analysed and interpreted in the light of the geological background. The HG is used
to detect magnetic lineaments, whereas the ED is used to estimate the location and depth
of magnetic sources. The results obtained were compared with the geological maps and
field survey data. The orientations of the lineaments, extracted from the HG map, are
mainly trending NE-SW and NNW-SSE to N-S and NW-SE. The fieldwork helped to identify
the mineralised features of these lineaments. The combination of these results with the
depth values obtained from Euler solutions shows that these orientations are associated
with several tectonic events, recorded by the area during its entire geological history.
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1. Introduction

The exposures of the Pan-African belt in Morocco are primarily characterised by the presence
of Precambrian basement rocks located within a folded Palaeozoic belt of the Anti-Atlas,
with NE-SW orientation as shown in Fig. 1A (Gasquet et al., 2008). These outcrop areas hold
significant importance, as they serve both as a key to deciphering successive orogenic events
and metallogenic provinces of the country. The Ougnat Massif is situated in the easternmost
part of the Moroccan Anti-Atlas (Fig. 1B), which formed during the Pan-African orogeny (Ennih
and Liégeois, 2001).

Geophysical techniques, including aeromagnetic, electric, and gravimetric, are increasingly
used in structural mapping and mining prospecting. Magnetic surveys, for example, measure
variations in the Earth’s magnetic field to detect changes in the geological composition and
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subsurface structure. This technique has proven to be valuable in mineral exploration, as it
employs various approaches and algorithms to pinpoint the presence of minerals or deposits.
Additionally, filters applied to aeromagnetic data, such as the horizontal gradient (HG) and Euler
deconvolution (ED), enable the identification of geological structures like faults, lithological
contacts, and dikes. The magnetic method, combined with the filters employed in this research,
plays a role of utmost importance in refining the search for metallic and non-metallic mineral
deposits and addressing geological challenges, thus rendering it indispensable in the field of
Earth sciences. The effectiveness of this method in mineral exploration has been demonstrated
in numerous studies conducted by researchers (e.g. Abdelrahman et al., 2003; Bouiflane et al.,
2017; Essa and Elhussein, 2019; Rezouki et al., 2020; Benyas et al., 2021, 2022; Essa et al., 2021,
2023; Idrissi et al., 2021, 2022; Mehanee et al., 2021; Biswas et al., 2022; Mohamed et al., 2022;
Tazi et al., 2022).

The study area has been subjected to several analyses and studies, among which structural,
lithostratigraphic, and mineralogical, by numerous authors (e.g. Abia et al., 2003; Gasquet et
al., 2005; Raddi et al., 2007; Baidder et al., 2008, 2016; Essalhi et al., 2017; Michard et al., 2017;
Hejja et al., 2020; Aabi et al., 2021, 2022; Sassioui et al., 2022; Courba et al., 2023; Samaoui
et al., 2023). However, none of the previous works studied the deep structures of the area
using geophysical methods. Therefore, the present work shows and discusses the results of the
mapping of the subsurface magnetic lineaments, and the identification of their depths, to fully
understand the structural and geological framework of this area.
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Fig. 1 - Geological location of the Ougnat Massif: A) map of geological Moroccan domains; B) Anti-Atlas geological map
showing all Precambrian inliers surrounded by Palaeozoic rocks, adapted from a 1:1,000,000-scale geological map of
Morocco (Geologic Service of Morocco, 1985); C) geological map of eastern Anti-Atlas (Michard et al., 2008; Baidder
et al., 2016; Saidi et al., 2020), with the red rectangle in panel C indicating the study area.
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2. Geological setting

The Ougnat Massif, the eastern part of the eastern Anti-Atlas, is mainly composed of two
inliers: Saghro and Ougnat (Fig. 1C). It is characterised by a Precambrian basement formed during
the Pan-African orogeny and, then, transformed into an in-extension-metacratonic domain
throughout the end of the Neoproterozoic (Ennih and Liégeois, 2001; Gasquet et al., 2005).
During the Palaeozoic, the study area recorded the imprint of several transgressions, ranging
from the Middle Cambrian to the Lower Carboniferous period. The result of this transgression
is the deposition of Palaeozoic sedimentary formations that outcrop around the Neoproterozoic
basement (Hollard, 1974; Wendt, 1985). The sedimentary series were subjected to a compressive
deformation during the Hercynian orogeny, which transformed these series into a SE-trending
folded ridge [the Ougnat-Ouzina ridge (Hollard, 1974; Wendt, 1985; Baidder et al., 2008)].

The stratigraphy of Jbel Ougnat (Fig. 2) iscomposed of Neoproterozoic folded metasedimentary
formations dated by U-Pb detrital zircon (Abati et al., 2010), that suggests a maximum age of
610-620 Myr for the Saghro Group sediments. The dating also shows that the Saghro Group
was intruded recently by Mellab granitoid dated 547 +26 Myr. The Ougnat anticlinal structure
presents a complex assemblage of rocks, and a multiphase geological history. To identify the
stratigraphy, the formations of the study area have been divided into three domains.

The Neoproterozoic volcanic-sedimentary basement (the Saghro Group) consists of deformed,
schistose and metamorphosed quartzite schists and sandstones (Lécolle et al., 1991, 2003).
These terrains outcrop in the central part of the massif, where granitoids have also been found
in the form of two facies: quartzite diorites and garnet-granites (Marini and Ouguir, 1990). The
setting of these two granitoids is synchronous (El Baghdadi et al., 2001).

The terminal Neoproterozoic volcanic-sedimentary formation (the Ouarzazate Group)
is composed of a sequence of brecciated rocks, sandstones, and volcanic rocks (rhyolites,
andesites, and ignimbrites) with intercalations of tuffs or eruptive breccias (Ennih and Liégeois,
2001; Thomas et al., 2002; Alvaro et al., 2014).

The Ouarzazate Group deposition was followed by the deposition of a Palaeozoic cover of
significant unconformity. The Cambrian series contains the internal Feijas and Tabanit sandstone
formations formed by paradoxides shales and sandstones, respectively (Destombes and Hollard,
1988). The Cambrian deposits are intercalated by alkaline basaltic formations and crowned
by the rest of the Palaeozoic series (4 km thick), ranging from the Ordovician to the Lower
Carboniferous, to the south and east of Jbel Ougnat (Raddi et al., 2007).

From a structural point of view, Ougnat, like all the Precambrian massifs of the Anti-Atlas,
records several local and regional tectonic events. Two phases of deformation characterise the
Pan-African orogeny: the major phase, B1, and the ultimate phase, B2 (Leblanc and Lancelot,
1980). The major phase, B1, corresponds to a phase of compressive deformation accompanied
by a facies metamorphism. It is also characterised by isoclinal folds that extend southwards,
and mainly affect the upper Proterozoic basement. The B1 phase has been attributed to the
abduction of part of the oceanic crust on the NE edge of the West African Craton (WAC) (Leblanc
and Lancelot, 1980). In contrast, the second phase, B2, has been described as an ultimate phase
materialised by brittle deformation in the absence of metamorphism (Clauer and Leblanc, 1977).
During the B2 phase, a collision was generated between the mobile lands, eastern Anti-Atlas and
stable WAC (Leblanc and Lancelot, 1980).

The Hercynian orogeny is manifested by kilometric folds, trending NNE-SSW in the western
Anti-Atlas, and E-W in the eastern and central Anti-Atlas. Metamorphism is absent or of low
intensity (Raddi et al., 2007; Soulaimani et al., 2014).
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Fig. 2 - Geological map of Jbel Ougnat (Destombes and Hollard, 1988).

3. Data and methods

3.1. Aeromagnetic data

The compilation of the aeromagnetic data of the study area is based on the 1:50,000-scale
maps (five maps: Bou Adil, Oukhit, Goulmima, Taroucht, and Touroug) provided by the Ministry
of Energetic Transition and Sustainable Development. The geophysical survey was carried out
between November 1998 and May 1999, with the aid of the Eurocopter AS35083, and AS35082
helicopters. At a height of 60 m above ground level, the magnetometer elevation was 30 m above
ground level. The direction of the flight lines was 315°, 30°, and 15°, and the mean distance
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between them was approximately 500 m. The tie lines for the crossover adjustment of the data
were also flown at 45°, 120°, and 105° directions, with a mean distance of 4,000 and 8,000 m.
The total magnetic field data were recorded using a Scintrex CS2 magnetometer. After
verification, the data underwent several corrections: denoising, closing errors, diurnal variation,
and, for certain data sets and where needed, a threshold micro levelling treatment of 2 nT. The
International Geomagnetic Field of Reference of the total area corrected has been extracted. The
residual magnetic field values obtained have been interpolated using a 125-metre square mesh grid.

3.2 Field data

The field survey aimed to verify the lineaments found, by using geophysical processing, and
to confirm whether they were mineralised or not. Therefore, we carried out several field surveys
in the study area and oriented the examination, using the outcomes of the structural map
generated through geophysical processing. The strategy was to verify most of the lineaments to
confirm whether they coincided with the structural features, and, then, check for the presence
of mineralisation.

3.3 Methods

In order to filter and use the aeromagnetic data, the process below has been followed. The
values of the residual magnetic field contours were digitised with the flight lines and tie lines at
the intersection point with ArcGIS software (Fig. 3), and converted to an Oasis Montaj regular
mesh grid (Geosoft Inc., 2007).

With the mapping features of the Oasis Montaj program (Geosoft Inc., 2007), we created
the residual magnetic field map using the database generated from these operations. The same
software treated the residual map using several mathematical techniques.

The reduction to the pole (RTP) is used to eliminate the anomaly distortion caused by the
tilt of the Earth’s magnetic field, and to obtain anomalies whose maximum is centred on the
magnetic sources (Blakely and Simpson, 1986). This is a basic feature of magnetic data processing
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Fig. 3 - Representation of the data points used.
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techniques. Due to the bipolarity of the magnetic field, the anomalies appear in a two-lobe
format, which complicates their interpretation. The application of the RTP helps delineate the
source of the magnetic anomalies, and, for this reason, the RTP is the first step in treating the
magnetic data (Baranov, 1957; Baranov and Naudy, 1964).

The RTP map is fundamental for the processing workflow, as it will be used for the rest of the
mathematical operations, including the HG and ED.

The HG, widely used by several authors (e.g. Cordell, 1979; Amiri et al., 2011; Azaiez et al.,
2011; Gabtni et al., 2013; Dufréchou et al., 2014; Bba et al., 2019; Idrissi et al., 2022), is an
effective source edge detection method used in structural mapping. In the present paper, the
HG has been applied to reveal and detect linear structures that can be distinguished by abrupt
changes in the magnetic field (Blakely and Simpson, 1986). The structures identified by this
process can be described as geological contacts or subsurface faults.

The HG equation, developed by Cordell and Grauch (1985), can be expressed as follows:

HG (e y) = &2+ (D2 (1)

where T is the total field reduced to the pole, and T and %" are the first horizontal derivatives
following x and y, respectively. dx @

Furthermore, using the corresponding structural index (S/), the ED equation enables the
detection and defining of the causative magnetic bodies, dykes, geological contacts, cylinders,
and spheres (Reid et al., 1990). We highlighted the depth of magnetic faults with an S/ equal to
zero (Table 1), typically used to indicate large-scale faults (Harrouchi et al., 2016) and, as a result,
create a magnetic lineament map of the study area. Thompson (1982) demonstrated that the
Euler equation could be expressed (Table 2) as:

N ) = 5 8

Table 1 - N values by source geometry (Reid et al., 1990).

Geometric source N (magnetism)
Sphere 3
Vertical cylinder 2
Cylinder horizontal 2
Dyke / Sill 1
Contact 0

Table 2 - Terms of the ED equation.

Equation terms Significance
Xy Yor 2, Position of the magnetic sources
XV, z Observation point position
T Total field detected at (x, y, z)
B Regional value of the total field
N Homogeneity degree often referred to as the S/, which characterises the type of source
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4. Results

4.1. Residual field map

The examination of the residual map (Fig. 4) shows several anomaly types based on different
shapes, sizes, and intensity values that vary between -300 and 500 nT.

However, the anomalies are generally asymmetric, consisting of two lobes (a positive lobe,
coloured in red, and a negative lobe, coloured in blue). This geometry is related to the bipolarity
of the Earth’s magnetic field, making the interpretation of the anomalies difficult. For a better
interpretation of the anomalies, the residual field map has been pole-reduced by introducing the
RTP transformation.
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Fig. 4 - Residual magnetic field map of Jbel Ougnat.

4.2. Reduction to the pole (RTP) map

As mentioned, RTP processing has been applied to the residual anomaly map (inclination
= 42.8°, declination = -3.4°). The first observation deduced from the RTP map (Fig. 5) is the
displacement of the anomalies towards the north, as well as the increase of the magnetic field
intensity values (the intensities vary between -380 and 600 nT instead of -300 and 500 nT). To
facilitate the description, and subsequent interpretation of our results, the RTP map of the study
area has been subdivided into six major areas based on the features of their anomalies.

The A Area, located in the centre of the map, presents a linear magnetic signature trending
N-S, with positive intensity values of 200 nT. This anomaly coincides with the outcropping
magmatic rocks, massive gabbros, andesites, and lower Proterozoic amphibole granites (PII-PII)
(Fig. 2). These outcrops are situated along major N-S-trending faults.
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The B Area, also located in the centre of the map, presents a large negative anomaly, 15 km
long and 10 km wide, elongated according to an N-S to NNE-SSW direction. The intensity values
of the B Area vary between -100 and -250 nT. According to the geological map of Ougnat (Fig. 2),
the anomaly corresponds to the terminal Neoproterozoic rhyolites and tuffs.

The C Area is formed of two elongated negative anomalies trending NNE-SSW to NE-SW. The
larger anomaly is 8 km long, with an intensity of -150 nT, while, in comparison, the smaller one is
less important in intensity and size. These two anomalies correspond to Palaeozoic sedimentary
terrains.

The D Area shows a very active magnetic field, dominated by positive anomalies of great
intensities that reach 300 nT. The anomalies are elongated along two main directions, N-S and NE-
SW. Based on the geological map (Fig. 2), these anomalies coincide with terminal Neoproterozoic
magmatic formations such as andesitic lavas, andesites, and rhyolites. In the southern part of the
D Area (east of the Bou Adil village, see Fig. 5), two negative anomalies of elliptical shape and
intensity value of -200 nT have been observed. These correspond to Cambrian basalts.

The E Area is located to the west of the map (Fig. 2); the anomalous sources are allogenic,
mainly trending N-S and NE-SW, with negative values ranging from 0 to -60 nT. They correspond
to terminal Neoproterozoic ignimbrites and rhyolites.

The F Area is located between the two villages of Assemam and Taroucht, and includes small-
sized anomalies. The first type of anomaly, elongated to the NE-SW, with intensity values of -10
nT, is located above granitic terrains. The second is elliptically shaped with intensity values of
-100 nT. These areas are located above the terminal Neoproterozoic andesites.
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Fig. 5 - RTP map of Jbel Ougnat.
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4.3. Horizontal gradient (HG) map

The HG is a highly effective filter in identifying linear magnetic sources, such as faults,
lithologic contacts, and dykes, based on sudden changes in intensity. The HG map of the study
area (Fig. 6) shows a set of magnetic lineaments of different directions, which were manually
digitised according to the magnetic signal contrast.

The NE-SW-trending lineaments are the most dominant, and are found almost all over the
study area, with an ascendency in the eastern and northern part of the map.

The N-S-trending system is located in the centre, with considerable lengths that reach from
10 to 15 km.

The lineaments trending NW-SE are generally situated in the eastern part of the Ougnat area.
The E-W trending set is less represented on the map but is characterised by large extended
lineaments located in the south-western part of the map.
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Fig. 6 - HG map.

4.4. Euler deconvolution (ED)

The ED technique has emerged as a highly effective and widely used method for interpreting
and analysing potential field data. Its primary objective is to accurately estimate the location and
depth of abnormal sources within the surveyed area, based on the SI. This technique has proven
to be particularly valuable in geophysical studies, as it provides insights into subsurface structures
and geological features. In our specific study, we focused on analysing the RTP aeromagnetic data
collected at the Ougnat Massif. The main objective of this research was to estimate the depths of
the linear features, known as lineaments, found in the study area. To ensure accurate results, a S/ =
0 was selected, as such value is recommended for this type of investigation.
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The depths of the detected lineaments varied between 500 and 2500 m, as illustrated in Fig.
7. This range indicates significant subsurface geological variations and highlights the potential
presence of important geological structures at different depths. Understanding the depths of
these lineaments is crucial for gaining insights into the geological history and potential resources
within the Ougnat Massif.

The findings of the study further support the usefulness and relevance of the ED technique in
geophysical analyses. By providing accurate estimations of depth, this technique enhances our
understanding of the subsurface and facilitates geological interpretation. The results obtained
provide valuable information for future exploration and resource assessment efforts in the
Ougnat Massif, and other similar geological settings.
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Fig. 7 - ED solution with the magnetic data (S/=0, W = 8 x 8 km?, T = 12%).

5. Discussion

The analysis and interpretation of the results obtained from the geophysical processing (RTP,
HG, ED) are interpreted in the light of previous works such as Raddi et al. (2007), Baidder et al.
(2008), Soulaimani and Burkhard (2008), Soulaimani et al. (2014), Michard et al. (2017), and
Aabi et al. (2022). The results obtained from HG were compared with the data derived from
the geological map of the study area (Fig. 8) by Destombes and Hollard (1988). This comparison
revealed the alignment of geophysical lineaments with the previously mapped faults in the study
area, thus indicating their compatibility.

The main directions found by the geophysical processing also showed a distribution of
lineaments from NO° to N140°, with a predominance of the NE-SW direction. These directional
families are interpreted as follows:
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- lineaments of the NE-SW trending family are the most abundant in the area and exceed

1,000 m. In previous works, this direction of lineaments is related to the NW-SE directional
compressive regime of the Pan-African orogeny that affected the Ougnat, which was
reactivated as a reverse fault during the latest Variscan and Alpine tectonic events
(Soulaimani and Burkhard, 2008; Alvaro et al., 2014; Soulaimani et al., 2014);

lineaments of the NNW-SSE to N-S trending family are located in the centre of the Ougnat
Massif and present kilometric lengths. Euler solutions show that they have significant
depths of more than 1,000 m. This orientation correlates with the directions of ancient
Pan-African fault systems;

lineaments of the NW-SE trending family are represented having limited lengths, and
shallow depths of <500 m. They are generally located in the Palaeozoic cover, which
is explained by the fact that they are related to recent tectonic events (Gouiza et al.,
2017).

The results obtained through the application of the ED technique were highly promising.
There was a remarkable correlation between the Euler solutions and the magnetic lineaments
derived from HG filter.
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To validate the results obtained from the geophysical processing, we compared the synthetic
map gathering the different lineaments (Fig. 8a) with the faults digitised from the geological
maps. The comparison outcomes showed that the geophysical lineaments coincided with the
major faults of the study area (Fig. 8a). After field verification, these lineaments were found to
correspond to both unmineralised tectonic fractures (Figs. 9A to 9C) and mineralised veins (Figs.
10D to 10H, and 11).

Furthermore, the network, newly generated from the geophysical treatments together

with field observation, allows the identification of several new faults never mapped before in

45



Bull. Geoph. Ocean., 65, 35-52 Sassioui et al.

5°15'0"W 5°10'0"W 5°6'0"W 5°0'0"W 4°55'0"W 4°50'0"W 4°45'0"W 4°40'0"W 4°35'0"W
F3 = P P z
3 ’ Y
8 8
85 =
Py ©
z z
£ °
5 3
s 5
z Z
o | 3
g g
s 5

Ouinguigui
£ z
£ °
'° =1
N Bouadil §
4 P
Asemmam

z z
T g 5
by MM'ssici 0 2.25 4.5 ®

5°15'0"W 5°10'0"W 5°6'0"W 5°0'0"W 4°55'0"W 4°50'0"W 4°45'0"W 4°40'0"W 4°35'0"W

SW NE

Fig. 9 - Landsat image extract showing the location of the different lineament validation points in the field, with panels
A, B, and C showing photographic illustrations of a set of faults surveyed in the field.

46



Geophysical analysis using high-resolution aeromagnetic data of Jbel Ougnat Bull. Geoph. Ocean., 65, 35-52

GO \:;1\‘ G

Fig. 10 - Photographs of mineralised structures (barite mining trenches) surveyed in the field with marking of the
lineaments extracted from the geophysical treatments (see the location of pictures in panels D to H in Fig. 9).

I1°300°N 31°38'0"N

31°25'0"N

=y

Fig. 11 - Barite vein (Google Earth image).

47



Bull. Geoph. Ocean., 65, 35-52 Sassioui et al.

geological maps. By comparing the rose diagram of the geophysical lineaments with the rose
diagram of the digitised and mapped fractures, a notable similarity in the main orientation and
frequency (Figs. 8b and 8c) was observed. This approach confirms the faults already recognised
by previous studies, and exposes the continuities of some major faults, resulting in a very useful
outcome for the structural interpretation of the study area (Figs. 9A to 9C).

Moreover, the field observation indicates that the areas with a high lineament density
constitute a preferred space for the circulation of hydrothermal fluids and deposition of
mineralisation. Based on this logic, lineament density provides information on the influence
that brittle tectonics have on the distribution of mineralised veins. Mineralisation in this region
occurs in numerous veins of variable lengths, which can reach more than 1,000 m (Figs. 10D to
10H, and 11). Given that most of the fractures are mineralised (which is also an interesting fact
from an economic point of view), the structural map generated in this work can be a valuable
basis for metallogenic research and mineral exploration in the Ougnat Massif.

6. Conclusions

Geophysical mapping methods provide valuable information for the study of the Earth’s
subsurface, with both advantages and disadvantages. Advantages include non-invasiveness,
testing in difficult or contaminated areas, wide-area coverage, characterisation of large regions
with fewer tests, and relative cost-effectiveness given the vast areas covered. Conversely, there
are limitations, such as limited resolution requiring invasive techniques for detailed observations
and necessary knowledge on site conditions and target parameters for tool applicability. These
factors underline the importance of understanding and addressing the strengths and limitations
of geophysical mapping methods in order to achieve accurate and efficient subsurface analyses.

This work aims to interpret high-resolution aeromagnetic data (on a 1:50,000 scale) of Jbel
Ougnat. The geophysical processing results mainly describe the structural indicators of the study
area.

The map of the RTP residual magnetic field enabled identifying anomalies of different shapes,
sizes, and orientations, where most of the anomalous sources correspond to Neoproterozoic
volcanic rocks (rhyolites, ignimbrites, andesites, etc.), according to field investigations and
geological maps.

The map generated by the HG enabled us to highlight the magnetic lineaments in the
subsurface together with their characteristics and correlate them with the regional geological
context. In general, the main directions of the magnetic lineaments are NE-SW, NNE-SSW to
N-S, and NW-SE. They correspond to the major directions of the tectonic events that structured
Jbel Ougnat over time. Using the ED, each magnetic structure was matched to its depth. The
shallower features are NW-SE trending, their depths are less than 500 m, and they are mainly
located on the Palaeozoic cover. The lineaments trending NNW-SSE to N-S are situated in the
centre of the Ougnat area, and their corresponding depths reach more than 1,000 m, with the
deepest being the NE-SW trending lineaments.

As for mineralisation, the area involved is part of the Moroccan metallogenic province of
the Anti-Atlas, which presents numerous mineralogical activities. The study carried out on this
massif could lead us to believe that it may be considered as one of the best guides for a future
mineralogical prospection.
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