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Abstract 
The aim of this study is to estimate the variations in curie point depth, 
geothermal gradient and heat flux from the frequency analysis of magnetic 
data in order to evaluate the geothermal potential of the Kaladi locality and 
its surroundings. For this purpose, the magnetic field map was first re-
duced to equator (RTE). The centroid method was used to divide the RTE 
grid into a set of 40 blocks. The spectral analysis applied to each block al-
lowed determining the depth to top (Zt), center (Z0) and bottom (Zb also 
called curie point depth or CPD) of the magnetic sources. Knowing the 
different CPD, the geothermal gradient associated with each block was 
calculated. The heat flow was then calculated from the geothermal gradient 
associated with the anomaly block considered. From the set of values ob-
tained for each block, maps of geothermal gradient and heat flow varia-
tions were established. Analysis of these maps shows that the sectors that 
could be favourable for geothermal exploration are the north of Kaladi and 
the Goro-Bembara corridor, because they show variations in the geother-
mal gradient and heat flow between 0.4 and 0.8˚C/m and between 1.2 and 
2 mW/m2 respectively. In addition, the superposition of the different hot 
springs highlighted in previous studies with areas of high geothermal gra-
dient and heat flow values supports this analysis. The proposed models can 
be used as background documents for any geothermal exploration project 
in the study area. 
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1. Introduction 

Energy is the basis of any idea of industrialisation and is therefore one of the es-
sential factors for socio-economic development. This is even truer for developed 
or industrialised countries than for developing countries like Cameroon (Central 
Africa). As far as Cameroon is concerned, the country has many sources of re-
newable energy such as biomass, wind, solar and geothermal energy, which re-
main largely untapped for a country that aspires to emerge. The area investi-
gated in this study is located in the Adamawa, Cameroon region. It is bounded by 
longitudes 13˚45' - 14˚15' East and latitudes 06˚00' - 06˚45' North and covers an 
area of 5100 km2. According to several previous studies ([1]-[7]), the geological 
setting of the Adamawa region seems to be favourable for the study of geothermal 
resources. Indeed, most geodynamic events such as volcanism, earthquakes, and 
the formation of mountain ranges associated with tectonic plate movements are 
controlled at the levels of the earth’s crust by heat transfer. All these geodynamic 
phenomena are common to the Adamawa region and the study area in particular 
([1] [8] [9] [10] [11] [12]). On a local scale, the compilation of previous studies 
shows that the study area lies within the central Cameroon shear Zone (CCSZ), 
which is a system of strike-slip faults within which the directions vary from N30˚E 
to N70˚E. This tectonic corridor, originally sinistral, was reactivated into a dextral 
shear during the late Pan-African evolution ([3] [4] [13] [14]), thus showing its in-
stability. The development of this corridor would have taken place under high 
temperatures and pressures which would have caused a significant variation in the 
geothermal gradient in the area. This hypothesis is supported by the existence of 
numerous hot springs in the study area, which has been highlighted in previous 
studies ([5] [15]). These hot springs can therefore be associated with the magmatic 
processes generated by this tectonic corridor and the proximity of a volcanic sys-
tem to the north of the study area (Figure 2). The structural model proposed by 
Ngako et al. [4] (Figure 1), shows the complexity and structural instability of the 
CCSZ. The major geological structures developed in this corridor at the scale of 
the study area may therefore correspond to areas of significant variation in the 
geothermal gradient. Since these structures can be interpreted from the contrast 
of magnetic susceptibilities, the magnetic method can be used to explore poten-
tial geothermal energy targets in the study area through the estimation of curie 
point depths as well as the calculation of the geothermal gradient and heat flow. 
This is the objective of this study. 

2. Tectonic and Geological Setting 

The compilation of the results of previous studies shows that the study area is 
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located in the central Cameroon shear zone (CCSZ) ([4] [6] [15] [16] [17]). This 
zone is a sub-domain of the central Cameroon domain (Figure 1), that is cha-
racterised by large strike-slip faults such as the CCSZ ([13]). This corridor con-
stitutes a fault system within which the directions vary from N30˚E to N70˚E 
(Figure 1). According to Tchoua [18] et Kamgang [19], these directions corres-
pond to those of the major Pan-African structures in North Cameroon. Accord-
ing to these authors, the N30˚E direction of Ngaoundere coincides with that of 
the Cameroon volcanic line, while the N70˚E direction corresponds to that of 
the Adamawa volcanic massif. Many studies have defined the CCSZ and its ex-
tension as dextral shear zones ([10] [16] [20] [21]). However, recent studies ([2] 
[4] [6] [13]) have revealed a sinistral shear superimposed on the posterior dex-
tral shear in the same direction. According to Njonfang et al. [2], this superposi-
tion is because of the interference of two shear phases with opposite dip direc-
tion and similar direction, evolving successively under deep and superficial con-
ditions, respectively. Structural studies of the Adamawa domain highlight four 
deformation phases: D1, D2, D3 et D4 ([3] [4] [13] [16] [22]). The D1 phase is 
marked by flat foliation associated with isoclinal folds and stretching lineations. 
The CCSZ was associated with the D2 phase ([2] [3] [13]), which was characte-
rised by the formation of a pre-sinistral main shear. D2 was reactivated into a 
dextral shear at phase D3 during the late Pan-African evolution ([3] [4] [13] 
[16]). 

According to the compilation of the studies of Toteu et al. [5] and Lasserre et 
al. [15], the study area covers the four main petrographic types (Figure 2), 
namely: sedimentary formations (sandstones, conglomerates, sands, etc.), vol-
canic formations (basalts, rhyolites, etc.), metamorphic formations (gneiss, 

 

 
Figure 1. Kinematic evolution of the Pan-African-Brazilian chain, from Ngako et al. [4], modified. The dip directions of the 
second tectonic episode (black arrows) and the third tectonic episode (white arrows) in the North-Cameroonian domain. 
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Figure 2. Geological map of the study area, according to Toteu et al. [5] and Lasserre et al. [15]. 

 
amphibolites, etc.) and plutonic formations (granites). The geological model 
proposed by these authors (Figure 2), shows a preferential orientation of the 
geological bodies (WSW-ENE) and the granito-gneissic nature of the basement 
of the study area. The model also highlights various mining index including: 
monazite, rutile, zircon, gold and several hot springs (HS). Thus, the location of 
the study area in a tectonic corridor (Figure 1), the presence of numerous hot 
springs highlighted by previous studies (Figure 2), the existence of volcanic 
formations (mainly to the north of the study area) and the structural instability 
linked to numerous phases of tectonic deformation, constitute a set of factors 
that could encourage geothermal exploration in the study area. 

3. Data and Method 
3.1. Origin of the Magnetic Data 

The magnetic data used in this study were recorded during aeromagnetic sur-
veys conducted between 1970 and 1976 by SURVAIR, on behalf of the Canadian 
International Development Agency. The aeromagnetic survey was conducted at 
a flight altitude of 235 m following N135˚E directional profiles spaced 750 m 
apart, with a magnetometer of recording sensitivity ± 0.5 nT ([23]). Several cor-
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rections were applied to the measured field data grid. We obtained the total 
magnetic intensity map (TMI) using the difference between the measured field 
and the fraction of the regional field or IGRF (International Geomagnetic Ref-
erence Field) for the date of 1 January 1970 and the minimum curvature as the 
interpolation method for a sampling step of 500 m (Figure 3(A)). A reduction 
equator filter (RTE) was applied to the TMI grid to bring the observed anomalies 
vertically over their respective causative sources. This was done by selecting a 
point at the center of the magnetic anomaly map (13.98˚E and 06.38˚N), with an 
inclination (I) and declination (D) of −10.41˚ and −4.82˚, respectively, taken 
from the IGRF theoretical field model as of 1 January 1970. Figure 3(B) shows 
the resulting RTE map. 

3.2. Method 
3.2.1. Spectral Analysis 
Spectral analysis has been widely used by several authors ([24]-[29]) for depth 
determination of magnetic and gravity anomalies. Since the gravity and magnet-
ic anomalies can be conveniently treated as space series amenable to Fourier 
analysis and synthesis ([26] [27]), without in any way affecting the intrinsic fea-
tures of these anomalies, spectral methods provide a powerful approach to their 
analysis and interpretation. Spectral analysis does not require knowledge of the 
geometry, the density contrast or magnetic susceptibility of the causative bodies; 
it simply asks the study of power or energy spectrum as a function of wavelength 
or frequency. The power or energy spectrum of the anomaly will have dominant 
high frequency components when the anomaly is continued to the proximity of 
the source ([26] [27]). The near-surface sources will thus give flatter, and the 
deeper sources will give steeper, power spectrum ([26] [27]). The depth (h) of an 
interface can be obtained by using the Gerard and Griveau [30] formula which is 
given below: 

( ) ( )log 4h E n= ∆ π∆                       (1) 

where E represents the energy spectrum; Δ(logE) is the variation of logarithm of 
energy spectrum in the interval of frequency Δ(n). 

3.2.2. Curie Point Depth or CPD 
The spectral analysis method is generally used to determine the curie point 
depth at a given point or CPD ([31]-[36]). The calculation of the CPD using the 
spectral analysis method can be done in the following four steps: 
• Apply the centroid method to the magnetic grid reduced to the equator. This 

method consists of cutting the magnetic field grid into a set of square or rec-
tangular blocks so that the central point of one block is one of the vertices of 
another block. The central point of each block is called “centroid”. The analysis 
of the power spectrum will make it possible to determine at this central point 
(on the vertical plane), the depth to top Zt, to middle Z0 (also called the centro-
id depth), and the depth to bottom Zb, also called curie point depth (CPD). 
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• Switch the data for each block from the spatial to the frequency domain and 
calculate the power spectrum associated with each. 

• Analyse the resulting power spectrum and calculate the centroid depth Z0 (in 
the low frequencies) and the top depth Zt (in the high frequencies) using the 
formula of Gerard and Griveau [30] given in Equation (1). 

• Calculate the CPD or depth to bottom Zb using the following equation: 

02b tZ Z Z= −                          (2) 

3.2.3. Geothermal Gradient (gradT) 
The geothermal gradient is defined as the observed increase in temperature of 
the subsurface as one moves away from the surface. The average earth gradient is 
3˚C/100m, but it can vary greatly depending on the geographical location ([37] 
[38]). Expressed in ˚C/m in this study, it is related to the CPD or Zb and is cal-
culated using the following formula: 

d
d

C mc sur

b sur

T TTgradT
Z Z Z

−
= =

−
                   (3) 

In other words, the geothermal gradient is the temperature variation (dT) 
over the depth variation (dZ). In the expression of the gradT: 
• Tsur is the average surface temperature. But in numerous studies, it is always 

assumed that the average surface temperature is 0˚C ([39] [40] [41]). Other 
authors use instead the average annual temperature of the area concerned 
([42] [43]). 

• Tc is the curie temperature, the approximate value of which is defined by 
numerous authors as 580˚C ([36] [41] [43]); 

• Zb is the curie point depth or CPD; 
• Zsur is the surface depth generally considered to be zero (Zsur= 0). 

Considering Zsur = 0 and Tsur = 0, the expression of the geothermal gradient 
becomes: 

d
d

C mC

b

TTgradT
Z Z

= =                       (4) 

3.2.4. Heat Flow (QZ) 

Considering Zsur = 0 and Tsur = 0, the geothermal gradient is then related to the 
heat flow by the following equation: 

2d
d

mW mC
Z t t

b

TTQ C C
Z Z

= =                    (5) 

where Ct is the thermal conductivity (the amount of heat in watts transferred 
through a square or rectangular area of material of given thickness due to a 
temperature difference). A thermal conductivity of 2.5 Wm−1∙˚C−1 is considered 
average for igneous rocks ([36] [44] [45]). 

It is important to know that for geothermal exploration, areas with high val-
ues of geothermal gradient or heat flow are generally sought. 
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4. Results and Discussion 

The Total Magnetic Intensity or TMI map (Figure 3(A)) was produced using 
the “Minimum curvature” as the interpolation method for a sampling step of 
500 m (related to the spacing of the measurement points). In order to bring the 
observed anomalies vertically to the causative sources, the TMI grid has been 
reduced to equator (RTE) using the parameters described in the methodology. 
The resulting RTE grid (Figure 3(B)) shows important positive and negative 
anomalies of different shapes, orientations and intensities that probably reflect a 
variation in the depths of the magnetic sources: 
• Positive anomalies (with intensities between 18 and 381 nT) are observed at 

the North (north of Mboula), at the Centre (along the corridor from Bindiba 
to Kaladi) and at the South (along the corridor from Boye to Kaia). The large 
positive anomaly situated at the north of Mboula does not appear entirely 
within the study area due to the limitations of the dataset used; but if it is to 
be characterised within the area, it can be said to be roughly circular and 
elongated (oval) with an E-W orientation. The positive anomalies along the 
Bindiba-Kaladi path (in the centre), which are much straighter, therefore be-
long to the same corridor with an approximate ENE-WSW direction. The 
Boye-Kaïa anomalies, very elongated and less circular than the north of  

 

 
Figure 3. TMI map (A); RTE map (B). 
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Mboula, also have an E-W direction. We thus find ourselves in a configura-
tion where we have two more or less parallel corridors of E-W anomalies, 
linked together by a diagonal corridor of ENE-WSW anomalies. This confi-
guration is common to the strike-slip zone. 

• The negative anomalies (with intensities between −236 and −12 nT) occupy two 
large anomaly corridors with a NE-SW direction: the Goro-Mboula-Goumbéla 
anomaly corridor and the Ouemba-Bembara corridor. A detailed analysis of 
the RTE shows that each of the two negative anomaly corridors is bounded 
by two positive anomaly corridors (the Goro-Mboula-Goumbéla corridor lies 
between the large positive anomaly at the north of Mboula and that of the 
Bindiba-Kaladi corridor, while the Ouemba-Bembara corridor lies between 
the Bindiba-Kaladi corridor and that of Boye-Kaïa). These anomalies are 
specific to diamagnetic bodies which are characterised by a lack of rema-
nence. This alternation of positive and negative anomalies thus shows the ex-
istence of horst-graben structures in the study area. 

In order to study the depths of the magnetic sources and thus calculate the 
different CPD, the centroid method was first applied to the RTE grid. It con-
sisted in cutting the RTE grid into a set of 40 rectangular blocks of dimensions 
14 km × 17 km (Figure 4(A)). The magnetic data associated with each of the  

 

 
Figure 4. (A) Map of the different anomaly blocks; (B) Map of the curie point depth. 
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anomaly blocks in the spatial domain were all transformed into frequency data. 
The transformation from the spatial to the frequency domain was then used to 
develop a set of power spectra associated with each of the 40 blocks (Figure 5). 
The analysis of each spectrum allows us to understand its variation and thus to 
identify the spectral domains in which the parameters Z0 and Zt will be calcu-
lated on the vertical plane. Z0 corresponds to the depth at the center and is cal-
culated in the low frequency domain (Figure 5). Zt is the depth to the top and is 
calculated in the high frequency domain (Figure 5). In each of these domains 
(low and high frequencies), the Z0 and Zt parameters of each of the 40 blocks 
were evaluated using the formula of Gerard and Griveau [30] given by Equation 
(1). Knowing these two parameters, the different CPD or Zb could be calculated 
using Equation (2). All the CPD values for the 40 blocks are given in Table 1. 
The interpolation of all these depths according to the minimum curvature me-
thod led to the elaboration of the map of curie point depth (Figure 4(B)). This 
map shows a variation in depth from the surface to a maximum of 7500 m, with 
maximum depths mainly located in the south and north of the study area 
(Figure 4(B)). 

Knowing the different CPD, the geothermal gradient (gradT) associated with 
each centroid was calculated. This was done by taking the temperature and 
depth at the surface to be equal to zero as given by equation 4 (Zsur = 0 et Tsur = 
0). All these calculation results are recorded in Table 1 and their interpolation 
according to the minimum curvature method made it possible to elaborate the 
map of the geothermal gradient variations of the study area (Figure 6(A)). This 
map shows that the areas with high geothermal gradient values are mainly lo-
cated at the north of Kaladi and along the Goro-Bembara corridor with a gra-
dient variation between 0.4˚C/m and 0.8˚C/m. From the geothermal gradient, 
the heat flow (Qz) associated with each centroid was also calculated using Equa-
tion (5). All these calculation results are shown in Table 1. As before, the heat 
flow variation map (Figure 6(B)) was obtained by interpolation of all the results 
obtained. As in the case of the geothermal gradient, this map shows a significant 
variation in heat flow at the north of Kaladi and along the Goro-Bembara corri-
dor with values between 1.2 et 2 mW/m2. 

Based on the analysis of the geothermal gradient and heat flow maps, it is 
clear that the sectors of the study area that could be favourable for geothermal 
exploration are the north of Kaladi and the Goro-Bembara corridor respectively. 
This is because these sectors present significant variations in geothermal gradient 
and heat flow between 0.4˚C/m and 0.8˚C/m and between 1.2 and 2 mW/m2 re-
spectively. Also, if we superimpose all the mining index resulting from the com-
pilation of the studies of Toteu et al., 2008 [5] and Lasserre et al., 1961 [15] 
(Figure 2) on the geothermal gradient and heat flow maps respectively, we can see 
that the different hot springs identified by these authors are located in areas with 
high geothermal gradient and heat flow values. The location of these favourable 
sectors can be justified by the existence of volcanic formations to the north of  
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Figure 5. Power spectrum associated with the first 12 anomaly blocks. 
 

Table 1. Summary of the different parameters calculated for the 40 blocks. 

Easting (m) Northing (m) CDP (m) gradT (˚C/m) QZ (mW/m2) Block 

368183.512 738354.332 2364.27548 0.24531828 0.61329571 A1 

382050.27 738354.332 2407.53185 0.24091062 0.60227656 A2 

395917.027 738354.332 1592.86624 0.36412348 0.9103087 A3 

409783.785 738354.332 2263.6465 0.25622375 0.64055938 A4 

368183.512 721657.032 3609.68153 0.16067899 0.40169749 A5 

382050.27 721657.032 2294.90446 0.25273383 0.63183458 A6 

395917.027 721657.032 2128.90924 0.27243998 0.68109996 A7 

409783.785 721657.032 2771.56051 0.20926839 0.52317097 A8 

368183.512 704959.733 1373.86943 0.4221653 1.05541325 A9 

382050.27 704959.733 962.515924 0.60258743 1.50646858 A10 

395917.027 704959.733 1892.34873 0.30649742 0.76624355 A11 
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Continued 

409783.785 704959.733 1935.42197 0.29967625 0.74919063 A12 

368183.512 688262.434 1790.91561 0.32385669 0.80964173 A13 

382050.27 688262.434 3348.21656 0.17322655 0.43306637 A14 

395917.027 688262.434 1450.44586 0.39987704 0.9996926 A15 

409783.785 688262.434 1015.92357 0.57090909 1.42727273 A16 

368183.512 671565.135 1509.87261 0.38413837 0.96034592 A17 

382050.27 671565.135 5196.15446 0.11162101 0.27905252 A18 

395917.027 671565.135 2548.55892 0.22757959 0.56894898 A19 

409783.785 671565.135 1630.02389 0.35582301 0.88955752 A20 

375116.73 730005.876 3538.97293 0.16388936 0.40972339 A21 

388983.166 730005.876 5065.55732 0.11449875 0.28624688 A22 

402849.601 730005.876 1248.92516 0.46439932 1.16099831 A23 

375116.73 713308.964 1429.90446 0.40562151 1.01405377 A24 

388983.166 713308.964 2678.44745 0.21654336 0.54135839 A25 

402849.601 713308.964 2544.75318 0.22791994 0.56979986 A26 

375116.73 696612.053 2081.64013 0.27862645 0.69656613 A27 

388983.166 696612.053 1733.08917 0.33466253 0.83665631 A28 

402849.601 696612.053 1733.8535 0.334515 0.83628749 A29 

375116.73 679915.142 3943.51115 0.14707705 0.36769263 A30 

388983.166 679915.142 2616.44904 0.22167449 0.55418622 A31 

402849.601 679915.142 1517.61943 0.3821775 0.95544375 A32 

382049.795 721657.604 2241.19427 0.2587906 0.64697649 A33 

395915.925 721657.604 2115.65287 0.27414705 0.68536763 A34 

382049.795 704961.061 992.969745 0.58410642 1.46026604 A35 

395915.925 704961.061 1892.34873 0.30649742 0.76624355 A36 

382049.795 688264.517 2598.18471 0.22323278 0.55808195 A37 

395915.925 688264.517 1271.67197 0.45609246 1.14023115 A38 

388982.716 713309.506 2683.28822 0.2161527 0.54038176 A39 

388982.716 696613.311 1755.89172 0.3303165 0.82579124 A40 

 
the study area and the tectonic context in which the study area is located. This 
proves that the study area is potentially rich in geothermal energy, particularly in 
the sectors mentioned above. The models proposed in this study can therefore 
be used for more detailed geothermal exploration of the study area. 

5. Conclusion 

The aim of this study, based on the processing of magnetic data, was to analyze the 
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Figure 6. (A) Map of geothermal gradient variations; (B) Map of heat flow variations; The small coloured triangles correspond to 
the distribution of mining index taken from the compilation of studies carried out by Toteu et al., 2008 [5] and Lasserre et al., 
1961 [15]. 
 

geothermal potential of the Kaladi locality and its surroundings. This objective was 
achieved by following a very specific methodology to calculate a set of parameters 
(curie point depth, geothermal gradient and heat flow) from the frequency 
processing of the magnetic data. First, the magnetic field grid was reduced to 
equator in order to bring the anomalies vertically to the causative sources. Using 
the centroid method, the RTE grid was split into a set of 40 rectangular blocks. 
Each of the block databases was transformed into a frequency database and a set of 
power spectra was developed. The analysis of each spectrum allowed the determi-
nation of the depths to center Z0, to top Zt and the curie point depth (CPD) or Zb 
associated with each block. Knowing the different CPD, the geothermal gradient 
associated with each block was calculated. The heat flow for each block was then 
calculated from the value of the geothermal gradient associated with the block. 
Using all the calculated geothermal gradient and heat flow values, maps of geo-
thermal gradient and heat flow variations were developed. The analysis of these 
maps shows that the sectors that could be favourable for geothermal exploration 
are respectively the north of Kaladi and the Goro-Bembara corridor, as they 
present significant geothermal gradient and heat flux variations of between 

https://doi.org/10.4236/ijg.2022.1311052


N. N. M. Moustapha et al. 
 

 

DOI: 10.4236/ijg.2022.1311052 1036 International Journal of Geosciences 
 

0.4˚C/m and 0.8˚C/m and between 1.2 and 2 mW/m2 respectively. This last con-
clusion is confirmed by the fact that the various hot springs identified by previous 
studies overlap perfectly with the areas of high geothermal gradient and heat flow. 
The models proposed in this study can therefore be used as background document 
for any geothermal exploration project in the study area. 
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