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ABSTRACT

The Goulfey-Tourba sedimentary basin (GTSB) is a portion of the West and Central African Rift System whose studies on
its structural geology remain very limited. Belonging to the vast semi-arid Sahelian region, this sedimentary basin covers
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several localities in Cameroon and Chad, whose economic and social activities are highly impacted by the shortage of  resources; Goulfey-Tourba sedimentary basin.

drinking water. In this work, a new look is taken at the geological features of this local sedimentary region. To perform this,
a preliminary synthetic study is carried out to assess the performance of some classic and recent edge detection methods.
The effectiveness of the recent Improved Logistic (IL) method is approved, given its ability to highlight low amplitude
and deep features with a refined resolution. A regional/residual separation was applied to Bouguer gravity disturbances
to avoid blurring some upper crustal structures by high-frequency anomalies. The effectiveness of this regional/residual
separation has been validated by checking the absence of ringing artifacts (Gibbs phenomenon). The application of the
IL method on residual gravimetric disturbances of the study area revealed a series of lineaments not yet identified by pre-
vious scientific studies. The results show a slight fracturing of the basement, with geological features mainly trending in an
NW-SE direction. A newly identified geological discontinuity continuously crosses the study area from 12°45'N latitude to
the southeast. Utilizing a modified and recent form of the Euler deconvolution theory (Improved Tilt-Euler method) has
enabled the detection of several density sources in the GTSB, most of which correlate well with the lineaments outlined
by the IL method. The improved Tilt-Euler method results show anomalous sources at more than 6 km depth beneath
the Bodélé sedimentary series of the Upper Tertiary. The Euler’s linear solutions attributed to basement fractures show
an average depth of 1 km. These results are undoubtedly a major contribution to refining the research of hydrogeological
resources in this Sahelian area.

Mapeo estructural de la cuenca sedimentaria de Goulfey-Tourba (Rift de Africa Occidental y Central) a través de

informacion de gravedad de alta resolucion

RESUMEN

La cuenca sedimentaria de Goulfey-Tourba se encuentra en el sistema de rift de Africa Central y Occidental, pero sus es-
tudios de geologia estructural son muy limitados a la fecha. Perteneciente a la vasta region semidrida del Sahel, esta cuenca
sedimentaria cubre varias localidades en Camertin y Chad, cuyas actividades econdmicas y sociales se ven fuertemente im-
pactadas por la escasez de agua potable. En este trabajo se ofrece una nueva mirada a las caracteristicas geoldgicas de esta
region sedimentaria. Para el cumplimiento de este objetivo se realizé un estudio sintético preliminar con el fin de medir el
desemperio de algunos métodos clasicos y recientes de deteccion de bordes. Se aprobo la efectividad del reciente método de
Logistica Mejorada debido a su capacidad para resaltar las amplitudes bajas y las caracteristicas profundas con una solucién
fina. Luego se aplicé una separacién regional/residual a las anomalias gravitatorias de Bouguer para evitar el desenfoque de
algunas estructuras de la corteza superior por las anomalias de alta frecuencia. La efectividad de esta separacion regional/
residual se ha validado al verificar la ausencia de discontinuidades (fenémeno de Gibbs). La aplicacién del método de Logis-
tica Mejorada en las anomalias gravimétricas residuales en el area de estudio revel6 una serie de lineamientos que no habian
sido identificados. Los resultados muestran un fracturamiento ligero en los cimientos, con caracteristicas geoldgicas con una
tendencia mayoritaria en la direccion NW-SE. Una recién descubierta discontinuidad geoldgica cruza regularmente el area
de estudio desde la latitud 12°45’N hacia el sudeste. Al utilizar una forma recientemente modificada de la teoria de deconvo-
lucién de Euler (Método Tilt-Euler mejorado) fue posible detectar varias fuentes de densidad en la cuenca sedimentaria de
Goulfey-Tourba, muchas de las cuales estan bien correlacionadas con los lineamientos referenciados con el método de Logis-
tica Mejorada. Los resultados del método Tilt-Euler mejorado muestran fuentes anémalas a una profundidad de 6 kilémetros
debajo de la serie sedimentaria de Bodélé, del Terciario Superior. Las soluciones lineales de Eulers asignadas a las fracturas de
los cimientos muestran una profundidad promedio de 1 km. Estos resultados son, sin duda, una contribucién mayor en el
mejoramiento de la busqueda de recursos hidrogeoldgicos en el area del Sahel.
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Introduction

The Goulfey-Tourba sedimentary basin (GTSB) is located in the Far
North region of Cameroon. Also called Makari Basin, the GTSB constitutes the
northern part of the Logone Birni sedimentary basin (LBB) in the Central and
West African Rift System (WCRAS) (Loule and Pospisil, 2013). The GTSB
also belongs to the large endorheic Chad basin domain. Located between
longitudes 14°15"E and 15°15'E, and latitudes 12°12'N and 13°12'N, the GTSB
constitutes the main geological formation in the study area (Figure 1). The study
area shows a relatively flat topography. Although several localities in this area
have been identified as abounding a good hydrogeological potential (Isiorho
et al., 1991), few geophysical studies have been carried out to improve the
exploitation of groundwater resources. Also, the hydrocarbon potential of the
neighboring sedimentary basins, all of them belonging to the WCRAS, makes
the GTSB an area of interest for the scientific community (Poudjom et al., 1996;
Loule et Pospisil, 2013; Nguimbous-Kouoh et al., 2017). Unfortunately, the
available ground-based gravity data are already aged and very sparse to conduct
a detailed structural study of the local basin. So, the geophysical investigation of
the GTSB requires the use of new high-resolution data and advanced potential
field processing methods.

Until today, the Far North region of Cameroon in general and especially
the GTSB, is still suffering from great difficulties in accessing potable
drinking water (Fantong et al., 2010; Cheo et al., 2017). This water shortage
considerably affects the economic development of the region and population
health. According to Lianchong et al. (2011) and Hasan et al. (2019), the
identification of faults and underground geological formations is a major
asset for the exploitation of groundwater contained in the underlying aquifers.
A precise mapping of the fractured-rock aquifers in the region would be an
undeniable contribution to the project of installation of water boreholes in
the most affected localities. Besides, the optimal exploitation of hydrocarbons
and mineral resources available to the region is a necessity to ensure sustainable
development. This requires a preliminary geometric characterization of
underground anomalies (Wang and Huang, 2012; Ugbor et al., 2021; Habu et
al., 2022). The precision provided in the delineation of geological structures
depends on the method and the quality of the data used (Ammar and Kamal,
2018; Hasan et al., 2019; Ekwok et al., 2020; Deep et al., 2021).

The use of the gravimetric method for the characterization of structural
features in the basement has been successfully applied in hydrogeophysics
according to recent scientific projects (Redhaounia et al., 2016; Epuh, 2020;
Taha et al., 2021; Ziani et al., 2022). The improvement and optimization of data
acquisition techniques during the latest satellite missions enable the production
of global gravity field models with unprecedented resolution and accuracy
(Andersen et al., 2020; Guo et al., 2020; Miiller and Wu, 2020; Gautier et al.,
2022). On the other hand, the detection techniques of geological lineaments
are widely and increasingly used in structural geophysics (Kamto et al., 2021;
Pham et al., 2021; Eldosouky et al., 2021,2022a; Ekwok et al., 2021; al., 2022;
Ekka et al., 2022; Kamto et al., 2023a). For decades, new edge detection
methods have been developed by researchers to provide better results in the
mapping of structural features, and to avoid the occurrence of extraneous noise
which could be assigned to geological features (Wijns et al., 2005; Cooper
and Cowan, 2006; Tatchum et al., 2011; Oksum et al. (2021); Pham, 2021;
Melouah and Pham, 2021; Pham et al., 2022; Prasad et al., 2022). Most of these
processing methods are designed using vertical or horizontal derivatives of
amplitude, basically used to highlight sharp gradient areas in a potential field.
The classic horizontal gradient (Cordell and Grauch, 1985) and total gradient
(Roest et al., 1992) filters are among the most widely used techniques in
structural geophysics. Based on these latter and mathematical functions, Wijns
et al. (2005), Ferreira et al. (2013) and Pham et al. (2020) proposed some edge
detection methods mainly based on the ratio of derivatives of the gradient of
the amplitude; these methods are respectively the theta map, the tilt angle of
the total horizontal gradient and the improved logistic filter. Since then, these
advanced and new techniques are commonly exploited to produce quality
results in structural geology and tectonics (Ekka et al., 2022; Eldosouky et al.,
2022b; Ekwok et al., 2022; Ghomsi et al., 2022; Kafadar, 2022; Sahoo et al.,
2022; Arogundade et al., 2023).

This work aims to achieve a precise and detailed structural mapping of the
GTSB using a high-resolution global gravity model XGM2019e (Zingerle et al.,
2020). In order to evaluate their performance, the horizontal gradient (THG),
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the total gradient (TG), the theta map (TM), the tilt angle of the total horizontal
gradient (TTHG) and the improved logistic (IL) techniques are beforehand
tested through a complex synthetic model. Then, to delineate lineaments and
faults of the GTSB, these techniques are applied to the topography-free gravity
disturbances. Additionally, the Euler deconvolution method (Thompson, 1982
and Reid et al., 1990) is used to estimate the depth of anomalous discontinuities
in the basement.
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Figure 1. Location and topographic map of the Goulfey-Tourba sedimentary basin
in the Far North region of Cameroon. The region’s main geological structures
are the West African Rift System (WARS) and the Central African Rift System
(CARS). White lines represent national boundaries. The inset exhibits Central
Africa and some geological and tectonic units including the Endorheic Lake Chad
Basin (ELCB), the Sahara MetaCraton (SMC) and the Congo Craton (CC). The
white box circumscribes the Far North region of Cameroon and its surroundings.
GOG: Gulf of Guinea.

2. Geologic and tectonic framework

Figure 2a shows a simplified view of the major geological formations and
structures in Central Africa. The GTSB belongs to one of the largest geological
structures of the African lithospheric plate, namely the WCARS. The tectonic
evolution of Central Africa is strongly linked to its major geological units,
especially the Congo craton and the Sahara metacraton, the Cameroon line, the
WARS and CARS (Moreau et al., 1987; Fairhead, 1988; Binks and Fairhead,
1992). The young deposits of the Cenozoic era are the main geological
formation of the CARS and thus, of the GTSB. Guiraud et al. (1992) affirmed
that the evolution of the CARS between Nigeria, Cameroon and Chad during
the break-up of Gondwana would be at the origin of the appearance of strong
stresses between tectonic plates, inducing the reactivation of tectonic structures
in the study area. The geological patterns of the GTSB are presented in Figure
2b and is linked to the formation of the endorheic Lake Chad basin during
the Cretaceous period. There are four main geological formations in the area,
namely: the Bodele serie (dating of Pliocene times), the Soulias serie (from the
upper Pleistocene), the Labde serie (from the upper Holocene) and volcanic
rocks (Mathieu, 1976). These geological formations cover granitic and gneissic
rocks in the basement. Loule and Pospisil (2013) showed that the GTSB is the
site of volcanic bodies dating from the Cretaceous and trapped in the crustal
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basement. According to these authors, the geological stresses caused by the
extension and uplift of the Mesozoic LBB would be the main cause of tectonic
structures, and thus, of the underlying magmatic intrusions.
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Figure 2. (a) Simplified view of major geological formations and structures in
Central Africa. (b) Geological patterns of the Goulfey-Tourba sedimentary basin
(Modified from Nguimbous-Kouoh et al., 2017).

Data and Method

Gravity disturbances

To access structural and geological information at a local scale such as the
study area, the exploitation of high-resolution and accurate data is essential. In
this work, the global gravity model XGM2019e has been utilized. It is one of
the most recent gravity models improved following a series of anterior global
models namely XGM2016 (Pail etal., 2018), XGM2019 and XGM2019¢_2159
(Zingerle et al., 2020). The gravity field model XGM2019e has been developed
using satellite altimetry data, terrestrial and marine gravity data, gravity effects
of topography and the satellite gravity model GOCOO06s. This high-resolution
global gravity field model contains spherical harmonic coefficients up to
degree and order (d/o) 5399 (~2’ or 4 km of spatial resolution). The gravity
data derived from satellite altimetry and topography has been computed
respectively from the 1°x1’ spatial resolution DTU13 (Andersen et al., 2016)
and EARTH2014 (Hirt and Rexer, 2015) models. The combination of satellite
data with terrestrial data has been made using normal equation complete
derivation for spectral bands up to d/o 719, and the use of a block diagonal
least squares regression technique for d/o above 719 (Zingerle et al., 2020). By
performing some comparison tests with GPS/levelling points, Zingerle et al.
(2020) showed a slight improvement in the XGM2019e gravity model on land
compared to its predecessors (EGM2008, XGM2016 and EIGEN6C4). This
global gravity model is increasingly exploited and validated in many recent
studies in geodynamics and structural geophysics (Abrehdary and Sjoberg,
2021; Samprieto and Capponi, 2021; Ognev et al., 2022; Lewerissa and
Lapono, 2023; Li et al., 2023).

Gradient-based filters

Edge enhancement techniques in structural geology and geophysics have
experienced a particular boom since the end of the 20th century. One of the
most classic and widely used methods is the horizontal gradient mathematically
formulated in its completed form for the first time by Cordell (1979). The HG
method is established from the variations of the potential field along the x
and y directions. Representing a field of gravimetric disturbances A(x,y) as a
regular grid of points (i,/) with amplitudes AiJ, an approximation of its first order
derivatives in the x and y directions can be written as follows:
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So, the HG is defined as the amplitude generated by the D_and D,
components:

HG(x,y) = (D,* + D,*)'/? )

Besides, Nabighian (1972) introduced the analytical signal method on
a three-dimensional potential field. Also called the total gradient method, the
analytical signal was discovered as a technique for outlining structural features
according to the study of Roest et al. (1992). This method is defined as follows:

TG(x,y) = (D* + D,* + D,))'/? @

Unlike the HG, the TG integrates three components of the potential
field: D, D, and the first-order vertical derivative D,. It was Evjen (1936) who
first introduced this notion and its importance in the interpretation of gravity
anomalies. The vertical gradient can be easily calculated in the frequency
domain using the fast Fourier transform F and the radial repetency k& of the
potential field (Gunn, 1975):

0A

D
z 0z

~ F U Ik|F(A)]

Phase-based filters

In order to overcome the limitations of gradient filters, many researchers
introduced a wide variety of phase-based edge detection methods. The THETA
method, proposed by Wijns et al. (2005), is basically an improvement of the
TG method in the delineation of magnetic anomalous sources at low latitudes.
Therefore, this method has been undervalued for almost two decades for the
gravimetric processing of geological features (Oruc, 2011; Kumar et al., 2022).
The THETA filter is defined as the phase difference between HG and TG
functions. So, this filter could be expressed as follows:

- -1[HG
THETA = cos (TG] (6)

Like the THETA method, the TTHG method (Ferreira et al., 2013) is a
phase-based filter developed to balance both deep and shallow amplitudes of
the potential field. It is an improvement of the tilt angle method (Miller and
Singh, 1994) which integrates as the main variable. So, this method is designed
by normalizing the vertical derivative of by its horizontal gradient:

TTHG = tan™!

HG,
(HGx?+HGy?) 1/2] ()

where HG , HGy and HG, are respectively the first-order derivatives of
HG in the x-, y- and z-directions.

Improved logistic method

Beyond the numerous edge detection methods in the scientific literature
(mainly derivative- and phase-based filters), Pham et al. (2020) recently
designed the IL method to increase the precision and resolution of the outlined
geological lineaments. This method associates the improved logistic function
and the total horizontal gradient. The IL method is defined as follows:

1
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The parameter p in Ep. (8) is a positive real constant and its value has a
great influence on the resolution of results. An estimation of the optimal p-value
has been discussed by Pham et al. (2020) (values between 2 and 5 leading to
best resolutions). In this work, the IL method is applied for p = 2. Although its
performance has already been confirmed by many recent geophysical studies
(Ekka et al., 2022; Eldosouky et al., 2022b; Ekwok et al., 2022; Kafadar, 2022;
Sahoo et al., 2022; Arogundade et al., 2023), the advantages and limitations of
the IL method will first be evaluated on a synthetic model before its application
in the study area.

Improved Tilt-Euler deconvolution

The first version of the Euler deconvolution method, widely used
in estimating the depths of crustal anomalous sources, was introduced by
Thompson (1982) and subsequently adapted in its 3D form by Reid et al.
(1990). The main problem with this classic Euler deconvolution theory is that it
incorporates a parameter called Structural Index (SI), which the choice greatly
influences the precision and quality of the estimated solutions. Several authors
have already proposed modified forms of the Euler deconvolution formula
to minimize the influence of the SI parameter. One of the modified forms is
the Tilt-Euler deconvolution (Salem et al., 2008) which has the advantage of
remove the SI parameter as input value. To further improve the previous form
which is limited to points where the horizontal gradient of the potential field
is different from zero, Huang et al. (2019) recently proposed another modified
form called the Improved Tilt-Euler deconvolution method:

a6 a6 a6
(x—xO);+(y—yo)5+(z—ZO);=0 ©)

where the triplets (x,),z) and (x,, y,, z,) are respectively the geographical
coordinates of the observed anomaly and of the anomalous source to be
estimated; 0 represents the improved tilt angle given by:

# = arctan (:—;) (10)

4. Test of edge detection methods

The methods for delineating geological discontinuities presented in
section 4 represent filters of the potential field which, despite their effectiveness,
could show some limitations in certain circumstances. In this section, a complex
synthetic model is established to evaluate the efficiency of these filters. Figures
3a and 3b show respectively a layout of synthetic density sources in the plan
and in 3D. The proposed model consists of five prismatic sources (A, B, C, D
and E) with alternately positive and negative density contrasts, and located at
different depths. Another peculiarity in the arrangement of the prismatic sources
is that D and E induce a certain asymmetry in the proposed synthetic model.
Table 1 summarizes the geometric and density parameters of the five prismatic
sources.

Table 1. Geometric and density parameters of prismatic bodies.

Parameters/

. A B C D E
Prisms

Coordinates of the

center in knm (50,150) |(100,100)| (150,50) |(150,150)|(150,150)

(x-length,

ylengthy inkm | (80:20) | (80.20) | (80.20) | (50.50) | (30.30)
(Width, depth to

top) in km 42 | 46 | &*10) | D | (52
Density contrast 0.2 03 03 03 s

(g/em?)
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Figure 3. Layout of synthetic bodies in (a) 2D and (b) 3D.

The gravity anomaly model displayed in Figure 4a is generated by the
five synthetic bodies (A, B, C, D and E). This model is presented on a grid of
dimensions 200 km x 200 km, with a spatial resolution of 1 km. The results of
applying the HG, TG, THETA, TTHG and IL methods to the gravity anomaly
are respectively shown in Figures 4b-f. At first glance, the HG classic filter
doesn’t generate noise or spurious signals around the edges of prismatic bodies.
However, the HG filter manages to maximize the signal only on the boundaries
of prisms A and E, thus neglecting the existence of other density sources. Unlike
the HG method, the TG and THETA methods induce spurious signatures
around A, B, C and D. The true boundaries of the density sources are diffused,
probably because of the asymmetric arrangement due to D and E prismatic
bodies. This assertion is justified by the difficulty of the TG and THETA
filters to outline the edges of prism A, although buried at the same depth (2
km) and having the same density contrast (0.2 g/cm?®) as prism E. Even in the
case of a synthetic model with a symmetric arrangement of density sources, the
THETA method already showed some limitations with the appearance of untrue
surrounding signatures in the results (Oksum et al., 2021; Pham et al., 2022).
Despite spurious signatures produced by the asymmetry in the arrangement of
the density sources, the results of the TTHG (Figure 4e) and IL (Figure 4f)
methods are more realistic than those presented previously. The amplitudes
are well maximized at the boundaries of the five prisms. However, the best
resolution goes to the IL filter which refines and maximizes the signatures on
the boundaries of the five density sources. Pham et al. (2020) also attested a
good accuracy of the IL method on thin prisms compared to the TTHG method.
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Figure 4. (a) Gravity anomalies generated from the synthetic density sources A, B,
C, D, and E, and results from the application of the (b) HG, (c) TG, (d) THETA, (e)
TTHG and (f) IL methods on the gravity anomaly grid.

The filters assessed in this section are now performed in a disturbed
environment. For this, a white noise of 4% of the amplitude of the synthetic
gravity anomalies initially produced has been added to obtain the noisy gravity
anomalies (Figure 5a). The results of applying the HG, TG, THETA, TTHG and
IL methods to the noisy gravity anomaly are displayed in Figures 5b-f. The result
displayed in Figure 5b shows that the HG filter seems less sensitive to the white
noise contained in the gravity anomaly grid. In addition, the TG and THETA
filters have great difficulties in highlighting the edges of the density sources. The
wrong signals generated by the asymmetrical arrangement of bodies D and E
are still visible in the southwestern part of Figures 5c¢ and 5d. Unlike the classic
HG filter, the TTHG and IL filters accentuate surrounding noise in the displayed
results (Figures Se and 5f). However, the edges of the five prisms A, B, C, D and
E are still visible, with better sharpness and less spurious signals in the results
following the application of the IL method (Pham et al., 2020).

With the aim of reducing the negative influence of white noise on the results
displayed by edge detection filters, the upward continuation filter is commonly
required as a solution. So, Figure 6a presents the noisy gravity anomaly upward
extended to an elevation of 2 km. Figures 6b-f show the results of applying the
HG, TG, THETA, TTHG and IL methods to the gravity anomaly grid of Figure
6a. The spurious signals caused by the white noise injection have considerably
disappeared on the HG and TG results. Yet, the precise identification of the
edges of prisms A, B, C and D is difficult and limited. The result of the THETA
method shows for the first time (contrary to the results of Figures 4d and 5d) a
minimization of the amplitude near the edges of the density sources. However,
the outlined boundaries are diffused outside the true edges of prisms A, B, C
and D (Figure 6d). In spite of the spurious amplitudes which persist as shown in
Figures 6a and 6b, the TAHG and IL methods maximize well the amplitudes on
the edges of the five prisms. But, the TAHG filter seems to thicken the edges of
the prismatic bodies and generate more intrusive signatures compared to the IL
filter. So among the five edge detection methods evaluated in this section, the IL
method shows the best performance in delineating density source boundaries.
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Figure 5. (a) Noisy gravity anomalies generated from the synthetic density sources
A, B, C, D, and E, and results from the application of the (b) HG, (c) TG, (d)
THETA, (e) TTHG, and (f) IL methods on the noisy gravity anomaly grid.
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Figure 6. (a) 2 km upward continued noisy gravity anomalies generated from the
synthetic density sources A, B, C, D, and E, and results from the application of the
(b) HG, (¢) TG, (d) THETA, (¢) TTHG and (f) IL methods on the noisy gravity
anomaly grid.
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5. Results and Discussion

Gravity disturbances

The gravity disturbances utilized in the work are derived from the
combined gravity field model XGM2019e (Zingerle et al., 2020). The free-air
gravity disturbances of the study area are displayed in Figure 7a. This free-air
gravity grid has been downloaded with a spatial resolution of 0.033 degree and
at a height of 10 km above the ellipsoid to avoid distorting the spectrum of the
original gravity field model. The free-air gravity disturbances range from -4.45
to 10.04 mGal, with a mean of 2.23 mGal (Figure 7a). The lowest amplitudes
are observed over the young deposits and trend in a N45°E direction. To reveal
the gravimetric signatures induced by the major sedimentary formations, and the
anomalous crustal and mantle density structures, it is necessary to subtract the
gravimetric effects of the topography (Uieda et al., 2016; Kamto et al., 2023b).
There are several methods to reduce the topographic effect in the scientific
literature (Grombein et al., 2013; De Gaetani et al., 2021). The study area is
circumscribed at a very local scale, and the influence of the curvature of the
Earth has been neglected. The topographic corrections are calculated using
the EARTH2014 global topographic model (Hirt and Rexer, 2015) and at a
constant average density of 2670 kg/cm®. Then, we obtain the Topography-
free gravity disturbances (Figure 5b), approximated here to the Bouguer
gravity disturbances. The amplitudes of Bouguer gravity disturbances in the
study area are completely negative and range from -36.78 to -22.88 mGal. The
lowest amplitudes correlate approximately with the Bodele geological series
(Figure 2b), essentially made up of sediments belonging to the Upper Tertiary
(Mathieu, 1976).
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Figure 7. (a) Free-air and (b) Topography-free gravity disturbances in the study
area.

Regional/Residual gravity disturbances

For a better delineation of the geological features of the GTSB, it is
advantageous to separate the regional gravity disturbances (generally attributed
to density anomalies extending from the lower crust to the mantle) from
the residual ones. Several regional/residual separation methods exist in the
scientific literature (Beltrao et al., 1991; Keating and Pinet, 2011; Mallick and
Sharma, 1999; Meng et al., 2009). Each of these methods could be limited and
subjective depending on the characteristics of the gravity anomaly grid or the
filtering technique used. Kebede et al. (2020) recently conducted a comparative
analysis of the most widely used regional/residual separation methods namely
the upward continuation (Jacobsen, 1987) and the polynomial trend analysis
(Simpson, 1954); they concluded a better reliability of the upward continuation
technique provided that the continuation height is suitably estimated. For this
study, the spectral analysis (Spector and Grant, 1979) and upward continuation
methods have been appropriately applied to the Bouguer gravity disturbance
grid (Figure 7b). After an estimation of the continuation height (20 km) using
spectral analysis, the grid of regional disturbances is obtained (Figure 8a). The
regional disturbances model displays negative amplitudes ranging from -33.47
to -24.74 mGal. These disturbances clearly reflect the regional anomalous
trend of the Moho in the study area. The residual disturbances displayed in
Figure 7b are obtained by subtracting the regional amplitudes (Figure 8b)
from the topography-free gravity disturbances (Figure 7b). The residual
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gravity disturbances range from -5.97 to 4.74 mQGal; they correlate well with
the signatures of the initial gravity disturbances grid and the geological series
mainly made up of Tertiary sediments (Figure 8b). Although the signatures
observed on the grid of the residual gravity disturbances seem realistic, the
authenticity of the latter will be further verified in the results section. Indeed,
when applying the regional/residual separation filter, the Gibbs phenomenon
(Bocher, 1906) could occur and generate ringing artefacts (spurious signals) in
the output model.
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Figure 8. (a) Regional and (b) Residual Bouguer disturbances computed using
spectral analysis and upward continuation method.

Application of edge detection filters

Derivatives and Gradient maps

By applying equations 1, 2 and 5 to the amplitudes of the residual gravity
disturbances, the x-, y-, and z-derivatives maps are obtained (Figures 9a-c).
These derivative maps show the primary contribution of each directional
gradient for the characterization of geological structures and formations of the
GTSB. The x-derivative (Dx) gives an overview of geological discontinuities
or contacts along the x direction. The Dx map vividly shows a majority of
geological discontinuities with a NW-SE trend. The y-derivative (Dy) map
has a slight similarity with the Dx map in the Southwest, notably a WNW-
ESE trending gradient. The z-derivative (Dz) map shows gradient amplitudes
ranging from -0.52 to 0.53 mGal. The Dz map amplifies the amplitudes of
anomalous density sources and geological transition zones. Some signatures on
the Dz map correlate with those displayed on the Dx map.

For a better overview of the geological structures delineated in the study
area, the Dx, Dy and Dz components are combined in the classic HG and TG
filters. Figures 10a and 10b display the results of applying the HG and TG filters
respectively on the residual Bouguer grid of Figure 8b. The HG and TG maps
maximize the signal over geological discontinuities, as reported by Cordell
(1976) and Roest et al. (1992). The HG map gives very little information on
the geological features of the study area. The boundaries of main crustal density
sources are difficult to identify. The results displayed by the TG map are not
better, despite the addition of the vertical component Dz. As mentioned in
the synthetic example in section 4, the delineation of both shallow and deep
lineaments by the HG and TG methods remains inaccurate and limited.

THETA and TTHG maps

To solve the main limitations of gradient filters that only highlight high
gradientareas (Pham et al., 2020), a series of phase-based methods are introduced
to detect both deep and low amplitude of geological structures. Figures 10a and
10b show the results of applying the phase-based THETA and TTHG filters
to residual Bouguer disturbances. Unlike the HG and TG maps, the THETA
map minimizes the signal (zero amplitude) on geological discontinuities (Wijns
et al., 2005). The THETA map seems to delineate more lineaments. But, the
outlined lineaments are continuously attached to each other, which does not
reflect reality. Ting-Jie et al. (2016) and Oksum et al. (2021) also pointed out the
limit of the THETA method mainly because of the wrong signals generated in
the result. In addition, the TTHG map (Figure 10b) maximizes the amplitudes
of geological features of the GTSB around 1.5 rad (Ferreira et al., 2013). Like
the THETA map, the TTHG map depicts the boundaries of geological density
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sources with more details, but with the advantage of reducing the appearance of  is that it uses to scatter the signal around the true lineaments. A structural study
wrong edges in the results. However, as also mentioned by Melouah and Pham  at a local scale such as the study area requires the use of a precise and high-
(2021), and Oksum et al. (2021), the main disadvantage of the TTHG method  resolution method.
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Figure 9. x-derivative (a), y-derivative (b), and z-derivative (c) maps of residual Bouguer disturbances
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Figure 10. Results of the application of the HG (a) and TG (b) methods on the residual Bouguer disturbances.
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Application of the IL method

Figure 12a presents the IL method’s results to the residual Bouguer
disturbances in the study area. The IL map displays maximum amplitudes on
geological features and edges of anomalous bodies (Pham et al., 2020). The
IL method is also applied to the Bouguer gravity disturbances to verify that
the regional/residual separation applied in subsection 5.2 did not produce
ringing artifacts in the residual disturbances grid (Figure 7b). The IL(BG) map
displays the results of applying the IL method to Bouguer gravity disturbances
(Figure 12b). The amplitudes of geological discontinuities outlined in Figure 12a
(IL map) show a good correlation with those depicted in Figure 12b (IL(BG)
map). The slight differences observed could be mainly caused by the presence
of regional amplitudes in the IL(BG) map, which slightly blurs the geological
features in some zones. The highlighted features using the IL method are similar
to the results displayed on the TTHG map (Figure 11b). However, the display
of geological edges on the IL map seems sharper and more precise compared
to precedent maps. The effectiveness of the IL method in structural geology has
also been confirmed by several recent studies (Eldosouky et al., 2022; Sahoo et
al., 2022; Ekka et al., 2022; Maden and Elmas, 2022).
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Figure 12. Results of the application of the IL method on (a) the residual Bouguer
disturbances and (b) the Bouguer gravity disturbances.

Structural map of the Goulfey-Tourba basin

Following the resolution and precision of the results provided by the IL
method, new geological features have been delineated in the basin. Figure 13a
shows the geological lineaments identified from the IL method in the GTSB.
A total of 28 geological features have been outlined, with lengths ranging from
2.55 to 116.25 km. Figure 13b presents a rose diagram showing the lineaments
orientation in the study area. Major geological features mainly trending in the
NNW-SSE direction are observed. This main direction brings some details to
the work of Nguimbous-Kouoh et al. (2017), who rather concluded on NE-
SW and NW-SE trending features in the basin. The outlined features can be
attributed to fractures, boundaries of intrusive anomalous bodies or contact
zones between geological formations. A geological feature newly identified and
continuously passing through the study area from latitude 12°45°N up to the
Southeast has been enhanced. Never mentioned in previous studies (Loule and
Pospisil, 2013; Nguimbous-Kouoh et al., 2017), this geological feature could
be attributed to a density contrast between two main geological formations.
The work of Guiraud et al. (1982) revealed that the appearance of stress
zones between tectonic plates during the opening of the South Atlantic could
have reactivated some tectonic features in the basement. The linear features
(considered as basement fracturing) observed in Figure 13a denote a slight
reactivation of crustal tectonic structures. The fractured areas could greatly help
improve the exploration of hydrogeological resources and reduce the problem
of lack of drinking water that severely affects the study area (Fantong et al.,
2010; Cheo et al., 2017).

Improved Tilt-Euler solutions

Estimating the average depth of anomalous density sources is important
in structural geology. One of the classic methods widely used to evaluate
the position and the depth of the contours of intrusive bodies is the Euler
deconvolution method (Thompson, 1982). In this work, one of its most recent

modified forms is utilized: the improved Tilt-Euler deconvolution method
(Huang et al., 2019). This Euler deconvolution form (as defined in equation
9) has the advantage of ignoring the SI parameter as input data. During the
computation phase, a compromise has been made for the optimum window
size and depth tolerance parameters (respectively 15 and 10%). Too-high
values of window size tended to produce spurious solutions around geological
discontinuities, while too-low values produced scatters solutions not located
on the structural features. Figure 14a displays the solutions proposed by the
improved Tilt-Euler deconvolution method in the study area. Most of the Tilt-
Euler solutions correlate well with the lineaments delineated by the IL method.
In addition, the displayed solutions provide an estimation of the GTSB density
sources depths. As depicted in the histogram (Figure 14b), the estimated depths
range between 0.27 and 6.27 km, with a mean of 2.09 km. The maximum
percentage is attributed to depths estimated between 1 and 1.2 km. The Tilt-
Euler solutions confirm the presence of a major discontinuity extending from
latitude 12°45°N up to the South-East, as identified on the lineament map
(Figure 13.a). The anomalous sources mainly take a NW-SE trend, probably
following the tectonic events that the basin underwent during the evolution
of the CARS as announced by Guiraud et al. (1992). The location of density
sources at more than 4 km depth should induce the scientific community to
research potential hydrocarbon resources in this still unexplored sedimentary
basin. The linear solutions estimated at 1 km depth on average and coinciding
with the structural features of Figure 13a give evidence of a slight fracturing of
the basement in the study area. The fractured zones of the basement up to 1 km
depth could potentially lead to a water table and should therefore be the target
of hydrogeological investigation.
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Figure 13. (a) Map of geological lineaments from the IL method; (b) Rose diagram
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Conclusions

The GTSB covers a local zone in Central Africa and serves as the transition
between the WARS and CARS geological structures. The structural geology
of this study area remains limited and its hydrogeological potential resources
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are still under-exploited given the serious lack of drinking water in the region.
This work aimed to reveal new patterns on the structural geology of the GTSB
using recent processing methods of potential field. The synthetic assessment
of the IL method validates the performance of this latter to delineate with a
good precision both shallow and deep geological features. Besides, the classic
HG and TG methods have shown great limitations in delineating low gradient
amplitude and deep geological features. The application of the IL. method on the
residual gravity disturbances provides new patterns in the structural geology of
the GTSB. The lineaments outlined in the study area mainly trend in a NE-SW
direction; this clearly explains the tectonic evolution of the WCARS and its
consequences in the reactivation of tectonic structure. However, the structural
impact of the tectonic evolution of the area would have been slight given the
density of the delineated geological features. A major geological discontinuity,
not yet identified by previous studies and continuously passing through the study
area from latitude 12°45° N up to the South-East, should contribute for updating
the geological map of this area. The application of a recent modified form of the
Euler deconvolution method enables to estimate the location and the depths of
anomalous density sources (between 0.27 and 6.27 km). The location of linear
structures identified as basement fractures and located at an average depth of 1
km, could be potential solutions to refine the hydrogeological investigations in
this local region. Besides, the identification of anomalous density sources (with
depths estimated at more than 6 km) must be the target of hydrocarbon research
in this still unexploited sedimentary basin. However, additional geological and
geophysical studies deserve to be carried out in this area, which is arousing
scientific interest in recent years.
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