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Abstract

Geothermal energy resources of the northern part of Congo Craton boundary in Cameroon are high-
lighted by 3-D geophysical inversion-modeling and intrusion estimation using gravity data. Determination
of the magnitude maxima of (1) tilt derivative gravity allowed map to be produced showing various lines of
fractures interpreted as the preferential paths for circulation of geothermal energy resources up flow to the
surface, and (2) the total horizontal derivative give an overview of the possible deep geological setting in
the area, which are acting as the source of geothermal potential. We find that these structures (fractures and
igneous intrusion) are associated to long-wavelength anomalies, suggesting that its should be connected
with large-scale structural deformation due to the collision between Congo Craton (CC) and Pan-African
belt or Mobile zone (MZ). Interpretation of 3-D density models derived from the inversion of gravity data
shows the presence of igneous intrusion within the faults with high density, probably granulitic rocks put in
place during the Pan-African belt reactivation. The distribution of high density constitutes the geothermal
potential energy resources of the studied area.

Keywords: Bouguer anomaly; tilt derivative gravity; 3-D analytic signal amplitude; density modeling;

geotectonic units

1 Introduction

The measured gravity field is caused mainly by the gravitational attraction of Earth’s
mass, but it is also affected by the centrifugal force due to Earth’s rotation and the ellip-
soidal shape of the Earth. The international gravity formula (IGF) defines the normal value
of the gravity on a reference ellipsoid, the surface of which coincides with the mean sea
level of the oceans (Choi et al., 2019; Geng et al., 2019a,b, 2020; Ghomsi et al., 2020).
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The gravity field is not uniform, because the mass is not uniformly distributed inside the
Earth. Large scale anomalies in the gravity field and the potential defined by the geoid are
caused by mass variations inside Earth’s crust and mantle. Local anomalies that are usu-
ally studied in applied geophysics are caused by topography variations and near-surface
mass distributions (7elford et al., 1990; Pirttijarvi, 2014). Geophysical investigations car-
ried out in the northern edge of Congo Craton in southern Cameroon have used seismic,
gravimetric, magnetic and magneto-telluric methods to study deep and superficial struc-
tures, to propose geodynamic and tectonic evolutionary models for the region (Manguelle
Dicoum et al., 1992; Mbom-Abane, 1997; Tadjou et al., 2004, 2009; Shandini et al., 2010;
Tokam et al., 2010; Shandini et al., 2011; Ndougsa-Mbarga et al., 2012; Feumoe et al.,
2012; Feumoe, 2014; Feumoe and Ndougsa-Mbarga, 2017). The results obtained suggest
that (1) the area was affected by a series of tectonic events due to the collision between
the Pan-African belt and Congo Craton that formed the structural features of the south-
ern Cameroon, (2) the depth of the Moho is between 48 km and 50 km, and (3) the Curie
point depth of magnetic sources does not exceed 25 km. The purpose of this study, based
on the 3-D geophysical inversion-modeling and intrusion estimation using gravity data,
is to obtain knowledge of the deep structure in the area, and to analyse the geothermal
potential resources over an area comprised between longitudes 10.50°E and 16.50°E and
latitudes 3.50°N and 6.00°N by considering the existing geophysical and geological infor-
mation. This is made possible by the magnitude maxima of tilt derivative gravity (Miller
and Singh, 1994; Cooper and Cowan, 2006), the total horizontal derivative developed
by Nabighian (1974) and Roest et al. (1992) as well as 3-D modeling and inversion of
gravity sources. Many authors, e.g., Pirttijéirvi (2014), Farhi et al. (2016), Andersson and
Malehmir (2018), Choi et al. (2019), and Geng et al. (2019a,b, 2020) have demonstrated
the effectiveness of these techniques in mapping of crustal fabric, basement structures, in-
trusive complexes, rift basins and particularly the distribution of high density beneath the
cover. These methods are used here to highlight and characterize the structural features,
igneous intrusion, and distribution of high density in the study area. As the results ap-
prove the effectiveness of these methods, to test this aspect of the gravity analysis results,
we constructed four vertical models across the zone of collision each of one west-east
trending direction and three south-north-trending direction. The results are assessed and
give an overview of the possible deep geological setting in the area which explain the oc-
currence of high density at depth, sources of geothermal energy resources. The study is
organized into many sections. Section 2 describes the geological and tectonic setting of
the study area, data acquisition and interpretation of the Bouguer anomaly map is given in
Section 3. The methods we used to proceed are briefly described in Section 4, the results
are presented and interpreted in Sections 5 and 6. The study is concluded in Section 7.

2 Geologic and tectonic setting

Geologically, the area studied includes the Pan African Belt (Yaoundé Domain) and
Congo Craton with it Proterozoic cover (lower Dja serie), which has a complex structure
(Fig. 2.1).
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Fig. 2.1: Simplified (a) topographic map and (b) structural and tectonic map of Cameroon (modified after
Ghomisi et al., 2020).

The Yaoundé domain (YD) is the southernmost part of the Oubanguide complex
(Poidevin, 1983; Ngako et al., 2003; Owona et al., 2012) which is the southern part of the
Central African Fold Belt (CAFB) formed during the collision of Congo, West African
and East Sahara cratons during the Pan-African orogeny (~ 600Ma; e.g., Abdelsalam et
al., 2002; Ngako et al., 2003; Owona et al., 2012). This domain is interpreted as an al-
lochtonous nappe thrusted onto the autochtonous Congo craton. The YD is made up of
low-to high-grade garnet-bearing schist, orthogneisses and gneisses (Fig. 2.2), which had
been subjected to medium-high pressure metamorphism reaching the granulite facies (7o-
teu et al., 2004). In the study area, the YD consists of the series known as ‘intermediate
series’. The Mbalmayo—Bengbis series are dominated by schist and quartzites which re-
crystallized in the greenschist facies conditions (Vicat, 1998). The Yaoundé series consists
of strongly deformed metamorphic rocks (schists and gneisses) and migmatites (Nzenti et
al., 1988). Isotopic data from Toteu et al. (1994) and Toteu et al. (2001) indicate that the
metaigneous and metasedimentary rocks originated from a protolith made up of a mixture
of juvenile Paleoproterozoic and Neoproterozoic sources without noticeable contribution
from the Congo craton. The only possible source for old components is illustrated by the
Paleoproterozoic basement of north-central Cameroon, which suggests that the Yaoundé
series were formed in the internal zone of the mobile belt before the southward thrusting
onto the Congo craton (7oteu et al., 2004).

The Craton constitutes the north-western part of the Congo Craton and is very well
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Fig. 2.2: Geological sketch map of the studied area, showing the two distinct geotectonic units PAB and CC.
Modified after Soba, 1989 and Poidevin, 1991.

exposed in southern Cameroon (Maurizot et al., 1986). It includes Ntem unit and Lower
Dja series (Proterozoic cover). The Ntem unit is made up dominantly of Archean rocks
with some reworked material that formed in Early Proterozoic times (Tchameni et al.,
2000; Tchameni, 2001).

The Pan-African units rest directly on the Ntem complex basement and constitute
the second cover of the Congo Craton. The first Craton cover (Proterozoic) is constituted
by the Dja series and the tillitic complexes. It is discordant with the Mbalam belt and
covered partially in the north by the Yaoundé nappe (Mvondo et al., 2003; Caron et al.,
2010).

The major tectonic feature of the region is constituted by the extension of the Congo
Craton under the Pan-African units. This event marks the subduction of the Congo Craton
under the Pan-African belt. According to the hypothesis of subduction of the southern
plate Craton, it must have provoked deep fractures in covers.

3 Gravity anomaly and interpretation of Bouguer map

3.1 The origin of gravity data

The gravity data used in this work were obtained from the Office de la Recherche
Scientifique et Technique d’Outre-Mer (ORSTOM) database. The data were collected in
the area, using Worden gravimeters (no. 69, 135, 313, and 600), 0.2 mGal/division scale
precision and Lacoste & Romberg gravimeters (model G no. 471 and 823). The altimeter
readings were looped along with gravimeter reading to obtain reliable height differences
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between base stations, thereby guaranteeing reasonably accurate elevation values for in-
termediates stations. Maximum error in determining the height of any station by means
of altimeters did not exceed 10 m. Consequently, Bouguer anomaly value maximum error
for any station due to the above height determination error was not expected to exceed
0.15 mGal. The Bouguer anomaly values resulted from free-air reduction referring to the
ellipsoid, infinite plate reduction with 2.670 gcm™ constant reduction density and topo-
graphic reduction (Crenn, 1967; Collignon, 1968). Gravity survey accuracy was estimated
to be about +0.5 mGal.
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Fig. 3.1: Map showing the distribution of interpreted gravity data in the area being studied.

3.2 Bouguer anomaly map

This map (Fig. 3.2) shows that the region is characterized by a broad anomaly rang-
ing from —110 mGal to —20 mGal and bounded by relative steep gradients. The map is
characterized by high frequencies of anomalies and shows an acute variation in the gravity
density, indicating variations in either lithology or basement topography. The presence
of high gravity anomaly coupled with steep gradients which occur in the southern part
suggests the existence of a suture zone between two different density blocks of the crust
(Kennedy, 1984; Shandini et al., 2010). We find that these structures are associated to
long-wavelength anomalies, suggesting that its should be connected with large-scale struc-
tural deformation due to the collision between Congo Craton (CC) and Pan-African belt
or Mobile zone (MZ). The map shows a relative gravity magnitude greater than —20 mGal
situated on an axis, which has a WNW-ESE direction. This gravity magnitude could be
probably due to possible deep geological setting in the study area.
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Fig. 3.2: Bouguer anomaly map of the study area (Intervals: 5mGal) showing studied profiles for 3-D
density model. (S, S, and S3 directed south-north and S4 directed west-east).

4 Data processing methods

The methodologies we used to proceed with the geologic and gravity interpretation
are discussed in this section. These approaches are (1) tilt derivatives gravity, (2) the total
horizontal gradient and (3) 3-D modeling and inversion of gravity sources. These methods
are briefly described as following.

4.1 Derivatives gravity

Horizontal derivatives of gravity field data were computed using finite differences
relations. At a grid point i, j the derivatives of a gravity anomaly field measurement value
&i,j In the x and y directions are given as:

dg  &i+1,j—8i-1,]

ox 2Ax

4.1
98 _ 8ijtl ~8ij-1 @D
dy 2Ay

The derivative of the gravity field data in the vertical direction can be computed in
the frequency environment using the equation below (Gunn, 1975):

d
a—‘j — 2(f)f] 4.2)
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Here dg/dx; dg/dy; dg/dz are first vertical derivatives of the gravity field in x, y
and z directions. g(f) shows the amplitude value in the f frequency.

4.1.1 Tilt derivatives gravity

Tilt derivative gravity (TDR) edge detection on gravity data is a common technique
in geophysical interpretation, which is able to detect faults through significant density
contrast. It is a potential field data processing technique which is adequate to detect edges
of structural bodies by edge enhancement. In this study, this method was used to highlight
the deep faults system which is assumed to be the preferential paths as the circulation of
geothermal energy resources up flow to the surface (Nouraliee et al., 2015; Moghaddam
et al., 2016). Tilt derivative is defined as the arc-tangent value of the ratio of the vertical
derivative of the potential field to its horizontal derivative. If g is the gravity anomaly field,
then the tilt derivative gravity is given by (Miller and Singh, 1994; Verduzco et al., 2004;
Cooper and Cowan, 2006):

TDR = tan~! 9z (4.3)

4.1.2 Total horizontal derivative

In Cartesian coordinates, the total horizontal gradient (THG) of the gravity anomaly
field g is defined by the relation (Nabighian, 1974; Roest et al., 1992)

- Jg 2 dg 2 P 2
THG—\/($> +<&—y> —{—(a—z) . 4.4)

These filters are efficient to isolate boundaries, since maximum value usually is located

above the source, especially when symmetry is present (Ghomsi et al., 2022). The method
was used here to highlight the deep geological setting which is assumed to be the sources
of geothermal energy resources in the area.

4.2 Spectral analysis of gravity data

Spectral analysis as described by Spector and Grant (1970), Dimitriadis et al.
(1987), Fairhead and Okereke (1988), Bonvalot (1990), and Chakraborty and Agarwal
(1992) is an interpretation technique based on the study of power spectrum properties.
From the study of logarithmic power spectrum as a function of the spatial frequency, the
mean depth of bodies responsible for the observed gravity anomalies can be estimated.
The gravity data varies as a function of distance along a profile. The average depths of the
source bodies responsible of the observed gravity anomalies are determined by using the
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following expression by Gerard and Debeglia (1975)

_ AlnE(k)

d= “anAk 4.5)

where AlnE (k) is the variation of the logarithm of the power spectrum for a wave number
Ak (rad/km~!) and d (km) is the depth to approximate plane of density contrast. This
relation is deduced from the power spectrum logarithm curve versus the wave number. On
this curve, straight-line segments can be identified and plotted by a least square fitting on
the data points. The high wave portion is due to shallow bodies. Deep-seated bodies cause
the low wave number part.

4.3 3-D modeling and inversion of gravity sources

The 3-D inversion method used in this study was originally proposed by Pirttijéirvi
(2014). The forward computation is based on the dipping prism model algorithm (Hjelt,
1972) by inverting the gravity data. The method was evaluated and successfully found to
determine the upper and lower crustal density structures (Peace et al., 2018; Welford et al.,
2018). However, gravity data inversion has a non-unique solution as gravity anomalies re-
sult from the sum of all the gravity effects in the subsurface (Skeels, 1947; Chakraborty
and Agarwal, 1992; Strykowski, 1998; Widiwijayanti et al., 2004). In addition, the in-
version modeling objective is to minimize the difference (e) between measured gravity
data (d;) and estimated gravity model responses (y;). The use of Grablox was based on
a singular value decomposition (SVD), with adaptive damping used within unconstrained
inversions. The root mean square (RMS) error between response and observations is writ-
ten as follows (Pirttijirvi, 2014):

ot 8 fa -\
RMS — \/ 79 <V) 4.6)

=1

where Ad is the difference between the maximum value (dpax) and the minimum
value (dpi,) of gravity anomaly used to scale the data. The inversion process was done
repeatedly until a certain number of iterations to get a small difference (e). In this study,
spatial discretisation involved 25 west-east directed grid blocks, 25 north-south directed
grid blocks and 10 grid blocks in the Z direction, so we reconstructed the initial model in
the form of 6250 3-D minor blocks using Grablox. For three-dimensional gravity model-
ing and inversion, we used an interactive computer program for visualization and editing
of large-scale 3-D models (Bloxer 1.6) and a gravity modeling and inversion software
Grablox 2.1 based on a 3-D blocks model by Pirttijirvi (2003). The starting model was
built up by approximate the entire region by 29km x 11km x 5km blocks sizes. The initial
density distribution was arbitrarily filled and progressively changed by means of a trial-
and-error procedure using Grablox program to compute the gravity anomaly of the model
and to compare it to the observed anomaly.
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5 Results and discussion

5.1 Tilt derivative gravity

The advantages of tilt derivative gravity method compared to other is that it does not
need parameters (density, magnetic susceptibility, inclination, deflection angle, permanent
magnetization, and structural index). Due to the nature of the arc-tangent trigonometric
function, all tilt amplitudes are restricted between —90° and +90° (Miller and Singh,
1994; Salem et al., 2007, 2008). This map (Fig. 5.1a) shows the results obtained after
applying the TDR to the gravity anomaly data. The map reveals that derivative yields a
gravity configuration that emphasizes the linear trends in the gravity anomaly field and
the distribution of tilt derivative values ranges from —1.30rad up to 1.50rad. Value is
positive for the source, zero value for the edge next to the source vertical and negative value
for the other responses, where the edge of the source can be assumed as fault and rock
density contrast (Putri et al., 2019). We clearly see the concentration of tilt derivative high
bounded by values close to zero in the southern part of the map, mainly along the faults
with a longitude of 550km to 460 km striking WNW-ESE. To highlight the structural
directions shown on the TDR map, we drew the corresponding sketch map (Fig. 5.1b).
This map shows a predominance of deep fractures provoked by the collision in cover.
Fractures can be suspected preferential paths as the circulation of hydrothermal fluids.

5.2 Total horizontal gradient

Total horizontal gradient yields a gravity configuration that emphasizes the circular
trends in the gravity anomaly field (Fig. 5.2). On this map, three circular trends are un-
veiled in the southern part near the deep fractures locality. The first one is formed by an
interior ring of 150 km striking N—S. The second is associated to a circular ring with a
longitude of 50 km striking E-W. The third trend at the end of the map is poorly defined.
Results of this analysis give an overview of the possible deep geological setting in the
area. By taking into account the tectonic setting of the northern margin of Congo Craton in
Cameroon characterized by the presence of deep Precambrian faults, i.e., its limit with the
Mobile Zone and the existence of a Cenozoic metamorphism represented by orthogneisses
and gneisses, which had been subjected to medium-high pressure metamorphism reaching
the granulite facies at depth during the Pan-African reactivation. These deep geological
structures (granulites) are assumed to be the sources of geothermal energy resources in the
area.

5.3 Spectral analysis of gravity data

After the description of the substantial gravity anomalies fields in the survey area,
the question of depth to the sources of the gravity anomalies arises. One which can easily
be applied to Bouguer anomaly map in this case is depth estimation by spectral analysis
of gravity data. This figure (Fig. 5.3) shows the results obtained after applying the spec-
tral analysis method. In this graph, the logarithm function of the power spectrum versus
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Fig. 5.1: (a) Shaded relief of tilt angle derivative (TDR) map of the studied area. (b) Sketch of the gravity
sources and the faults system generated.

the wave number presents approximately three linear segments with different slopes. The
slope of each segment divided by 47 is a measure of the depths of the major discontinu-
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Fig. 5.2: Shaded relief of total horizontal derivative (THD) map of the studied area.

ities in the basement by means of Eq. (4.5). The first domain in the very low frequency
(0.005 radkm ™! to 0.01 radkm™"!) has a depth of 50km. This depth corresponds to the
mean crustal thickness in the area. The second (28 km) and third (12 km) domains with fre-
quency ranging from 0.01 radkm ™! to 0.02 radkm ™! and 0.02 radkm ™! to 0.03 radkm ™!
respectively were assumed to be the depths of deep geological intrusions into the base-
ment. Thus, the depth of 50 km was used in this study for 3-D modeling and inversion of
gravity sources.

5.4 3-D modeling and inversion of gravity sources

The identification of high gravity horizon in southern Cameroon by applying deriva-
tives method encouraged the test of the result by building the 3-D model of distribution
of density. Using a background density of 2.670 gcm™3, the inversion process produces
high negative to high positive contrast values of rock density between —0.670 gcm >
+0.330gcm 3. The root mean square (RMS) error generated from the data is 0.038, while
that of the model is 0.00. These maps (Fig. 5.4a; 5.4b; 5.4c) show deviation from the inver-
sion process (distribution of light blue and yellow) and the results of these analysis indicate
that there is a high match between the observations and calculated data. The subsurface
model was constructed in four horizontal layers at depths of 10 km, 30 km, 40 km, and
45km (Fig. 5.5a; 5.5b; 5.5¢). The first layer (10 km) shows a more homogeneous model
dominated by rocks with negative to moderate positive contrast of density (—0.170 gcm ™3

and
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Fig. 5.3: Power spectrum for estimation of the top depths using the one-dimensional gravity anomaly data of
the area. 50(a); 28(b) and 12(c) km are obtained as the Moho, intracrustal and the basement interface using
the gradient of spectra defined as Aln(k)/4mwAk, where Ak is the wave number and Aln(k) is the radially
averaged power spectrum energy.

to +0.130gcm™3). The second layer (30 km) is dominated by rocks with negative to high
positive contrast of density (—0.300 gcm ™ to +0.330gcm™). This layer looks more
complex with high positive contrast of density in the south and high negative in the north-
ern part of the area. The third (40 km) and fourth (45 km) layers, which are dominated by
rock with high negative to high positive contrasts of density, having values ranging from
—0.470gem ™3 to +0.230gcm ™3 and —0.670 gecm™ to 4+-0.180gcm > respectively. To
reinforce the prediction of possible deep geological setting in the area, we constructed
four vertical 3-D density-models across the zone of faults each of one west-east trending
direction and three south-north-trending direction.
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Fig. 5.5: 3-D subsurface model of Pan-Africa belt and Congo Craton based on gravity data inversion at depth
of (a) 10km; (b) 30 km; (c) 40 km; (d) 45 km.
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5.4.1 North—South 3-D density models

The North-South 3-D density models were chosen to include major negatives grav-
ity anomalies on both sides of the positives gravity anomalies interpreted as a zone of
faults (see Fig. 3.2). It can be seen that, the three verticals cross sections directed North—
South shows a massive and evident intrusion pattern with high rock density contrast, are
displayed in Fig. 5.6a; Fig.5.6b and Fig.5.6c. The highest density intrusion is well rep-
resented in the southern part of the models, down to a depth of 20 km with enough high
positive contrast of density (+0.33gcm™3). The prediction of massive igneous rock in-
trusions occurred just below the zone of faults in the southern part of the Bouguer map
and its surroundings. This deep geological setting probably granulitic rock put in place at
the zone of collision during the Pan-Africa reactivation was assumed to be the source of
geothermal energy resources in the area.
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Fig. 5.6: Profiles and cross-sections of the subsurface density of Pan-Africa belt and Congo Craton boundary,
Centre—South Cameroon (a), (b) and (c) from north to south and (d) from west to east. In the upper box are
shown the measured and calculated gravity anomalies.
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5.4.2 West—East 3-D density models

The selection of one vertical cross section directed West-East for 3-D modeling was
motivated by the results of the prior North-South models. This 3-D density model was cho-
sen to fully include the high positive gravity anomalies on the Bouguer map in Fig. 3.2.
Results of this analysis (Fig. 5.6d) clearly give an overview of the presence of deep geo-
logical setting in the area with high positives contrast of density, which crosses the area
from West to East.

6 Geothermal implications

The interpretative 3-D density models cross sections of the studied area (Fig. 5.6a;
Fig. 5.6b; Fig. 5.6¢c and Fig. 5.6d) clearly give an overview of the presence of deep ge-
ological setting probably granulitic rocks put in place at the zone of faults during the
Pan-African reactivation in the southern part. This result can therefore help us to:

* Locate the position for existence of faults. Faults can be suspected preferential paths
as the circulation of hydrothermal fluids.

* Map the zone of deep geological setting with high density in the area. High intru-
sives density are acting as the sources of geothermal energy resources.

7 Conclusion

In this study, Geothermal energy resources of the northern part of Congo Craton
boundary in Cameroon are highlighted by 3-D geophysical inversion-modeling and intru-
sion estimation using gravity data. The magnitude maxima of (1) tilt derivative gravity
and (2) the total horizontal gradient allowed maps to be produced showing various lines of
fractures and deep geological setting in the area. These structures are associated to long-
wavelength anomalies, suggesting that its should be connected with large-scale structural
deformation due to the collision between Congo Craton (CC) and Pan-African belt or Mo-
bile zone (MZ) and constitutes the preferential paths of circulation of hydrothermal fluids
up flow to the surface. Interpretative 3-D density models show the distribution of high
density associated to deep geological structures probably granulitic rocks put in place near
faults and surroundings. High density intrusions are acting as the source of geothermal
energy resources in the area. This study can be considered as preliminary research aiming
to improve our knowledge about the geothermal regime of this complicated region as this
area requires substantially more thermal data.
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