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Abstract

In Cameroon in general and in the Highlands of Cameroon in particular,
there is no fracture map since its realization is not easy. The region’s harsh
accessibility and climatic conditions make it difficult to carry out geological
prospecting field missions that require large investments. This study proposes
a semi-automatic lineament mapping approach to facilitate the elaboration of
the fracture map in the West Cameroon Highlands. It uses neural networks in
tandem with PCI Geomatica’s LINE algorithm to extract lineaments
semi-automatically from an ALOS PALSAR 2 radar image. The cellular neur-
al network algorithm of Lepage et al (2000) is implemented to enhance the
pre-processed radar image. Then, the LINE module of Geomatica is applied
to the enhanced image for the automatic extraction of lineaments. Finally, a
control and a validation of the expert by spatial analysis allows elaborating
the fracture map. The results obtained show that neural networks enhance
and facilitate the identification of lineaments on the image. The resulting map
contains more than 1800 fractures with major directions N20° - 30°, NS,
N10° - 20°, N50° - 60°, N70° - 80°, N80° - 90°, N100° - 110°, N110° - 120°
and N130° - 140° and N140° - 150°. It can be very useful for geological and
hydrogeological studies, and especially to inform on the productivity of aqui-
fers in this region of high agro-pastoral and mining interest for Cameroon
and the Central African sub-region.
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Cameroon, ALOS PALSAR Image

1. Introduction

Fracture mapping is very important in mining and hydrogeological prospecting.
Indeed, fractures promote the circulation of water and facilitate the location of
favorable targets for mineralization exploration. In mining prospecting, a hie-
rarchical mapping of fractures allows to orientate the prospecting during the re-
connaissance phase and to bring new ideas on potential traps. In hydrogeology
and hydrology, they are the origin of the formation of underground water tables
and constitute the zones par excellence of water flow.

In the Western Cameroon Highlands in general, geological maps date from
the colonial period [1] [2] [3]. Since then, the identification of fractures from
field missions has been limited by the difficulty of access to the region. The main
obstacles are generally the large area to cover and other natural factors (rivers,
mountains, dense woodlands) that make this approach expensive and time con-
suming for the state of Cameroon.

Satellite images, with the synoptic view they offer, have proven to be comple-
mentary to this difficult work and have made it possible to develop several me-
thods for direct and indirect study of fractures [4]. Indeed, in an image, fractures
correspond to rectilinear or curvilinear features that can be perceived on the
surface of the Earth’s crust and that reflect the presence of deeper phenomena
(faults, seams, and geological contacts), generally known by the name of linea-
ments [5]. The identification of lineaments in satellite images is therefore de-
pendent on the ability of the sensor to detect the slight variations in reflectance
associated with these geological phenomena [6].

Several studies in Cameroon [4] [7]-[12] and Central Africa [13] [14] have
used satellite imagery to detect lineaments. In the West Cameroon Highlands, a
region with high agricultural and agro-pastoral potential and with very rugged
terrain and complex geomorphology, only the work of [11] focuses on structural
mapping by remote sensing. This work, which is limited to the characterization
of the large collapse structures of Ndop, Mapé and Batié, has shown that remote
sensing is an irreplaceable source of geomorphology [11]. The lineament extrac-
tion approaches frequently used are of two types [15]: 1) the manual approach
which is done by photo-interpretation of processed images on one hand; and 2)
the automatic extraction approach [16] [17] [18] [19] [20]. The manual tech-
nique, which is done by photo-interpretation, is very slow, laborious and often
gives subjective results. As for the second approach, which is hardly used in
structural studies by remote sensing in Cameroon, it has the disadvantage of
presenting the lineaments as small strands. Indeed, during extraction, the linea-
ments of regional scope are intersected by occlusions [21] due to the relief, the

presence of trees and buildings that give them a discontinuous appearance.
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The main objective of this study is to extract fractures from ALOS PALSAR 2
images of the Western Highlands of Cameroon. This study proposes a semi-
automated lineament mapping approach to facilitate fractures mapping in the
West Cameroon Highlands. It uses neural networks [21] [22] [23] in tandem
with PCI Geomatica’s LINE algorithm to semi-automatically extract lineaments
from ALOS PALSAR 2 satellite imagery while respecting their spatial continuity

and the regional extent of fractures.

2. Study Area

2.1. Location and Hydrogeomorphological Condition

The study area selected in the Western Highlands of Cameroon (WHPC) has an
area of 9000 km” (Figure 1) and is located between 09°50' and 10°45' East longi-
tude and 5°15' and 6°10' North latitude. It is partially combined with the West
and North-West regions of Cameroon with Bafoussam and Bamenda as the re-
spective headquarters and important urban centers.

The relief is mountainous (altitude above 2000 m) with plains (altitude below
500 m) and plateaus (altitude between 500 and 2000 m) associated with plutonic
massifs such as Mbam (2335 m), Nkogam (2263 m), Mbapit (1989 m), with alti-
tudes exceeding 2000 m. In the west, the Santa Peak or Mount Lefo (2550 m)
constitutes the Bamenda Mountains. The Bamboutos Mountains, with a series of
peaks above 2700 m, are the highest point of the West Cameroon region and
constitute the second largest water tower in Cameroon after Adamaoua [10].
They therefore provide the majority of the water that drains and infiltrates the

region.
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Figure 1. Location map of the study area.
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The hydrographic network of the HPOC is dense, linked to the relief [24] and
follows the fracturing with a general SE-NW and SW-NE direction. It is made
up of numerous rivers (Mbam, Noun, Nkam, Metchum, Menoua, etc.) and is
drained by four main watersheds, two of which are of coastal origin (Cross-River
and Wouri) and two of continental origin (Benue-Niger and Sanaga). The two
largest water collectors in the region are the Noun and the Nkam. They are
oriented NW-SE and NS and have tributaries (Mifi South, Mifi North, Menoua,
etc.) that are often perpendicular to them. They are sometimes crossed by nu-
merous waterfalls (Marnmywata, Metche, etc.) at the level of the flow fronts and

feed lake dams, the most important of which is the Lake Bamendjing dam.

2.2. Geological and Structural Framework

The geology is very complex [10] [11]. The basement, representing about 2/5 of
the study area, consists of crystallophyllous rocks and magmatic rocks emplaced
during the Pan-African orogeny and overlain by a layer of Cenozoic and Qua-
ternary volcanic rocks [1] [2] (Figure 2). The crystallophyllous rocks consist of
ortho-gneiss, migmatitic gneiss, and amphibolites crossed by veins [25]. The
magmatic rocks are composed of ancient syn-tectonic granitic massifs (biotite
granites) and post-tectonic massifs [10]. They dominate the south and north of
the study area and form large plutons such as the Bandja, Fomopéa (Fokoué)
and Batié plutons [25]. Volcanic formations dominate the western highlands of
Cameroon and include the basaltic cover of the entire Bamilek plateau (basaltic
quarries of Dschang, Bafou, Bandjoun, Bangang, Batcham and Choumi Falls,
Metche...), the trachytes of the Bamboutos and Bamenda mountains and rhyo-

lites (younger) in the Bamoun plateau.
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Figure 2. Geological map of the study area.
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Structurally, two tectonic phenomena have occurred in the West Cameroon
Highlands that are unfortunately not represented on the existing 1:500,000 geo-
logical map: 1) Folding of crystalline rocks; 2) Brittle tectonics with large dislo-
cations observed on crystalline and magmatic rocks. Folding is related to the
first two phases of deformation defined [26] west of the Tcholliré-Banyo shear
zone (North Cameroonian domain): phase D1 marked by horizontal foliation,
isoclinal folds and a stretching lineation oriented N110°E - N140°E; and phase
D2 characterized by tight folds with a vertical axial plane that carries a mineral
lineation parallel to the fold axes, oriented NNE-SSW to NE-SW [27]) The main
directions of foliations recorded during field missions are N118°E, N142°E,
N123°E, N106°E, N145°E, N125°E, in the Dschang area, N20°E to N80°E north
of Santchou, N60° - 70°E southeast of Bafoussam. Similarly, in the gneisses and
amphibolites, foliation and schistosity with isoclinal folds with axial planes
oriented N60° - 70°E have been identified. As for the brittle tectonics, very few
signs are listed on these gneissic formations if we omit the shear planes. The
mylonites are the only evidence of ancient faults with orientations that vary from
N28°E to N58°E. On the other hand, on the magmatic rocks, horizontal faults
with sinister movement dominate according to the directions N50° - 60°E and
N120° - 130°E.

This lithological and structural diversity, which justifies the lack of studies of
the West Cameroon Highlands, makes it difficult to store and circulate water,
which is only possible if there is a sufficiently thick alteration zone and a good
network of fissures or uncapped fractures. This study highlights the fracture
networks of this region of high groundwater exploitation, which is of proven
agropastoral and mining interest for Cameroon and the Central African

sub-region.

3. Material and Methods
3.1. Materials

The Douala East [2] and Douala West [1] sheets of the 1:500,000 geological
maps provided information on the geological formations and contours of the re-
gion. From the 1:200,000 topographic maps (Douala East and Douala West) of
the Yaoundé IGN, the hydrographic network, roads, high voltage lines and many
other anthropogenic linear structures were extracted for the validation of the li-
neaments. Finally, six scenes of images taken by the PALSAR sensor of the Jap-
anese ALOS satellite acquired in November 2015 (dry season) in Dual polariza-
tion mode (HH/HV) from the project submitted to the European Space Agency
(ESA) and whose number is ID 28952. The choice of these images is motivated
by the high spatial resolution (12.5 m) and the high wavelength (L-band = 23.6
cm) interesting for a good structural and geological mapping.

Image pre-processing and processing were performed with PCI Geomatica.
The neural networks were trained with MATLAB 2020a. Finally, the digitization,

spatial analysis and the realization of the maps were carried out with ArcGIS.
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The methodological approach used can be summarized in 4 steps: first,
pre-processing operations are performed on the ALOS PALSAT image; the cel-
lular neural network algorithm [21] is trained in MATLAB [28] and applied to
improve the pre-processed image; then, the LINE module of Geomatica is ap-
plied on the improved image for automatic extraction of lineaments; finally, a
control and a manual validation by spatial analysis lead to the realization of the

fracturing map.

3.2. Methods

3.2.1. Image Pre-Processing

The pre-processing consisted in applying on the ALOS PALSAR 2 scenes of the
study area, mosaic operations and a Lee filter of size 5 x 5 aiming to reduce
speckle and improve the readability of the image while preserving the high fre-

quencies and the geological structures (Figure 3).

3.2.2. Cellular Neural Network for Lineament Detection

The detection of lineaments on an image consists in finding the local variations
of gray levels. One of the simplest methods is to calculate the first derivative of
the image called gradient [21]. The lineament corresponds in fact to the local
maximum of the gradient, the result of this derivative. The objective of the cel-
lular neural networks used is to calculate the gradient while enhancing the li-
neaments. In a dynamic of continuity, we have implemented the architecture of
the directional cellular neural network with large neighborhood and formed by a
large matrix of identical, homogeneous and interconnected cells proposed in
previous works [21] [28] [29] and which have demonstrated their relevance to

the detection of contours (Figure 4).

3.2.3. Automatic Extraction of Lineaments

To isolate the detected lineaments, the LINE algorithm of Geomatica [30] was
applied to the enhance image. Parameters such as RADI (Filter Radius = 10),
GTHR (Edge Gradient Threshold = 100), FTHR (Line Fitting Threshold = 30),

Figure 3. Raw radar image (a) and preprocessed image with Lee filter (b).
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Developped cellular
neural network
developped on matlab

Preprocessedimage

Figure 4. Application of cellular neural networks developed by on the enhanced image.

LTHR (Curve Length Threshold = 5), ATHR (Angular Difference Threshold =
35) and DTHR (Linking Distance Threshold = 20) were defined and the linea-
ments in vector format of the study area were extracted and validated and inter-
preted in order to deduce the fracturing map of the Western Highlands of Ca-

meroon.

3.2.4. Fracture Mapping and Validation

Firstly, the validation consisted in eliminating by geoprocessing, the linear
structures (roads, tracks, plantation limits, high voltage lines...) extracted by the
LINE algorithm. Secondly, a multi-criteria interpretation allowed to gather in-
formation from digital terrain models, previous works and field missions to
make a rigorous selection of fractures that have an appreciable length on the
image, represent in several cases the alignment of water drainage and vegetation

and coincide with slope breaks or drainage anomalies.

4. Results and Discussion
4.1. Results

Figure 5 presents a portion of raw ALOS PALSAR 2 image on which cellular
neural networks are used. It highlights the improvement brought by this method
which enhances several regional and local accidents. Specifically, the application
of cellular neural networks allows us to see large gashes that were masked by ve-
getation on the raw image. The local cracks and fractures of the large geological
formations in the study area are clearly visible and are clearly marked in Figure
5(b) and Figure 5(c).

The application of the LINE module on the enhanced image facilitates the au-
tomatic extraction of all lineaments (Figure 6) and a fracture map representing

up to 1850 fractures (Figure 7).
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Figure 5. Regional and local accidents enhanced by cellular neural networks; ((a) and (c))
portions of granitic and rhyolitic outcrops not enhanced; ((c) and (d)) portions of granit-
ic and rhyolitic formations enhanced by cellular neural networks.

The combination of the different results gives a fracture map that shows li-
neaments with different lengths and directions.

Statistical analysis of fracture directions in this area of the HPOC (Figure 8)
reveals four major directions: N50° - 60°, N70° - 80°, N110° - 120° and N130° -
140°. Other secondary directions are highlighted: N20° - 30°, NS, N10° - 20°,
N80° -90°, N100° - 110" and N140° - 150°.

On the ground, these directions correspond to the NE - SW, NW - SE and EW
directions along which the valleys, hills and hydrographic network are elon-

gated. Furthermore, they are similar to the directions of the foliation planes
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Figure 6. Lineaments extracted from neural network enhanced images on rhyolites (a)
and granites (b).
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Figure 7. Fracture map of the study area.
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(N25° - 75°), schistosity (NS - N60°) and diaclases (N20° - 40° and N120° -
130°). These more intense major directions are consistent with the Cameroon
Line regional faults (N20° - 30°, N70°, N135°) and with deformations (N110° -
140°, NE - SW, ESE - NNW, EW) in the northern domain of the Pan-African
Central African Range.

The distribution of the orientation of these fractures is heterogeneous over the
entire study area. Indeed, the more fractured basement rocks have orientations
that differ from those observed in younger rocks such as basalts, trachytes and
alluvium. The gneisses are mostly oriented N20° - 30°, N90° - 100°, N110° -
120°, N150° - 160°, N160° - 170" while the granites have major directions N10° -
20°, N70° - 80°, N130° - 140°, N140° - 150° and N160° - 170°. The high fracture
density observed in these formations and the diversity of directions, can be ex-
plained by the fact that these basement rocks have undergone tectonic move-
ments originating from both the Pan-African orogeny and those related to the
Cameroon line. On the other hand, the younger rocks, essentially related to the
Cameroon Line tectonics, are the least fractured and follow only the NS, N50° -
60° and N100° - 110° directions. All these faults are therefore points of weakness
for groundwater and are of great interest for the productivity of drilling in the

Western Highlands of Cameroon.
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Areas of high and very high density occupy more than half of the study area.
These areas dominate the south and northwest. An area of high density appears
in the northeast on the density map by number, while it seems to disappear on
the map by cumulative length. In general, the low-density zones are located at
the limits of the study area and around the alluvial plains where drainage is in-
tense. Finally, from a geological point of view, the high fracture densities domi-
nate the basement zones and thus allow a better knowledge of the geometry of

the aquifers in the study area.

4.2. Discussion

Cellular neural networks have facilitated the analysis of the images by enhancing
the lineaments. This method is characterized by its speed of execution in the ex-
traction; thus reducing the time put in the realization of the structural map. The
results obtained are consistent with previous works [21] [23] [28] [29] using
neural network techniques to extract lineaments automatically on a satellite im-
age. They eliminate the effects of landforms and vegetation on the spatial conti-
nuity of structures in HPOCs. However, their main limitation is the significant
number of parameters to be considered in the extraction that can lead, depend-
ing on the expert, to a variation of the fracturing map. Finally, the extracted li-
neaments require a thorough validation, because the applied method considers
as lineament, any linear discontinuity whatever its origin. However, the results
obtained are fast and considerably reduce the expert’s time for the study of frac-
turing in this very rugged and difficult to access region.

The use of ALOS PALSAR radar imagery is only one of a multitude of appli-
cations of remote sensing in geology [4] [6] [8] [11] [13] [14] [19]. The synoptic
view it provides facilitates landscape analysis, and discrimination of geological
structures including fractures not present on previous geological maps [1] [2].
Several kilometer-long fractures could be mapped and the fracture density of the
region was highlighted.

The frequency of lineaments and their importance in cumulative length are
close to the major directions (N-S, N70°E, E-W and N135°E) noted in previous
studies in the region [10] [11] [25] and which explain the tectonics of the Ca-
meroon Line [25] [26] [27]. Tectonic faults oriented N20° - 30°, N50° - 60°,
N70° - 80°, N110° - 120° and N130° - 140°, were the most frequent and promi-
nent and are consistent with fieldwork [1] [2] [3] [9] [10] [11] [12] [25] the di-
rections of the major regional faults namely the Cameroon Line (N20° - 30°E)
and the faults in the North Cameroonian domain of the Pan-African Central
African chain (N30°E and N70°E) [12] [27]. These faults are points of vulnera-
bility that water passes through during rock weathering that are of great interest

for aquifer productivity in the West Cameroon Highlands.

5. Conclusion

This study has shown that ALOS PALSAR 2 satellite images are well suited to the
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study of fractures in the western highlands. In this region where field missions are
very expensive, the semi-automatic lineament extraction approach using neural
networks can be a palliative to facilitate the realization of a detailed fracture map
sketch. Indeed, these networks improve the enhancement of pre-processed images
and make the identification and automatic extraction of lineaments easy. The ex-
pert’s intervention is only necessary for the validation of the extracted lineaments
and allows to have a more or less exhaustive fracturing map. However, the number
of important parameters to define for the image enhancement and for the extrac-
tion is the main difficulty in the application of this method. The algorithms of [21]
and [29] work, therefore deserve to be tested in different regions of Cameroon and
Africa, experimented extensively in synergy with field studies and integrated into
major image processing software to facilitate the realization of geological and
structural maps in Africa. The method used in this study has allowed us to identify
fractures whose major directions (N50° - 60°, N70° - 80°, N110° - 120° and N130°
- 140°) and secondary directions (N20° - 30°, NS, N10° - 20°, N80" - 90°, N100" -
110° and N140° - 150°) are in phase with the directions of the major regional faults
of the Cameroon Line (N20° - 30°E) and faults in the North Cameroonian domain
of the Pan-African chain of Central Africa. The distribution of the orientation of
these fractures is heterogeneous over the entire study area. The basement forma-
tions are more fractured and the average fracture density of the region shows that
the rocks are permeable enough to facilitate the infiltration of groundwater re-

sources.
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