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ABSTRACT

A good knowledge of fracturing leads to a better exploitation of the groundwater of the areas in
crystalline basement. This study area of interests the catchment of Black Volta area in north
eastern Céte d’lvoire. Its aims to characterize the fracture networks of the catchment of Black Volta.
Various methods were used notably mapping using satellite image processing, statistical and
geostatistical analysis.

The results showed that fracturing of Black Volta area is dense and homogeneous. Statistical
analysis of geometric parameter of the fracturing such as fracture lengths and spacing are
distributed respectively according to power law and gamma law. The deployment of the fracturing in

*Corresponding author: E-mail: melzocbg@gmail.com;
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this area is organized and the experimental variogram is characterized by two nested elementary
structures. The practical ranges of these two elementary variograms are respectively 34, 5 km to 60
km. Results indicate that the fracturing of Black Volta area reached a stage of advanced
development and is complex. Fracturing of Black Volta area is now well known and the

groundwater modeling can be undertaking.

Keywords: Black Volta; Cote d’Ivoire; satellite image; fracture analysis; statistical;, geostatistical.

1. INTRODUCTION

Groundwater meet in  crystaline and
metamorphic rocks preferentially in the fissures
of aquifers. In this media three aquifers were
identified: weathering materiial, fissured zone
and the faults aquifers [1]. These aquifers had
the advantage to be at safe of seasonal
fluctuations and possible accidental pollution
[2,3].

However these systems present a very complex
configuration [4,5]. The fractures have
geometrical and hydrodynamic properties
extremely variable. These last decades, the
fractured mediums were abundantly studied. In

Coéte d’lvoire several studies [6,6,2,3,7,8,9,10]
were carried out and contributed to the
knowledge of this medium which covers 97.5%
of national territory.

In the basin of Black Volta in eastern Cobte
d'lvoire very few studies [11] and this basin is not
well known in hydrogeology point of view.
Complete studies were carried out by Youan [8]
and Jofack-Sokeng et al. [12] in Bondoukou
area. The present study area of interest is the
part of Black Volta basin were study are sparse.
It aims to analyze the networks of fractures from
a statistical point of view for a better knowledge
of their water resources.
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1.1 The Study Area

The study area is the part of transborder basin of
Black Volta in Cote d'lvoire. It covers a surface of
12950 km?2. It is located between the latitudes
7°78°00” and 9°94’'00” N and longitudes 2°49
and 3°35 W and is situated in the extreme North-
Eastern Céte d'lvoire.

In a geological point of view, this area is situated
on the Paleozoic crystalline basement.

It was affected by three orogenesis (Leonean,
Liberian and eburnean) which contributed to the
structuring of the two principal geological
domains of Céte d'lvoire: the archaean and
paleo-proterozoic domains respectively in the
west and east parts and separated by the major
fault of Sassandra. In petrographic point of view,
this area is constituted mainly of schists,
gneisses and granitoid (Fig. 1).

On the level hydrogeologic, three aquifers were
distinguished weathering aquifer, the fissured
aquifer and faults aquifer.

2. MATERIALS AND METHOD
2.1 Data Generation and Treatments

Pretreatment of satellite images: Various
techniques were carried out on the rough satellite
images before the treatment itself with an aim of
facilitating their interpretation. A mosaic was
carried out in the extreme starting from four
scenes of sensor OLI of Landsat 8.

The radiometric and atmospheric correction was
applied to increase the legibility of data by
correcting certain variations of the distribution of
those caused by atmospheric and radiometric
noises. In the same way a harmonization of the
histograms by the method of equalization of
histogram contributed to the improvement of
apparent contrast on the mosaic of the scenes.
The essence of these operations was carried out
on these last including/understanding seven
bands selected among the nine bands collected
by OLI (OLI2, OLI3, OLI4, OLI5, OLI6, OLI7 and
OLI8 resampled to 30 m of resolution).

The methods applied for the image processing at
the time of this study are three. One notes the
analysis in principal components (ACP), the
ratios bands and the techniques of filtering per
drop window.

The principal analysis in components (ACP), is a
mathematical transformation based on the
analysis of the covariance of the image or the

matrix of correlation of several sets of data. It
generates new component images which are in
linear combination with the original images. This
method was applied to the image resulting from
the procedure of pretreatment. The ACPS made
it possible to raise the quality of the multispectral
images by eliminating the redundancy from the
data contained in the various channels.

Two spectral zones were identified: The domain
of visible (OLI2, OLI3 and OLI4) and the domain
of the average infrared (OLI6 and OLI7) to which
one can join the panchromatic band (OLI8).

Thus the ACP234 and ACP678 were carried out.

Certain structural information’s contained in the
image could be raised thanks to bands ratios
which aim is to be reduced the sum of
information or the description of particular topics
on the images. The ratios bands carried out are:
Ratios OLI5/OLI7 (attenuation of shadow effect;
OLI4 — OLI3/OLI4 + OLI3 (clearness index IC, for
the description of the naked ground); OLI5 -
OLI4/OLI5 + OLI4 (vegetation index NDVI); OLI7
— OLI8/OLI7 + OLI8, (enhancement of the
regional lineament); OLI7/OLI5 (enhancement of
the lineament from hydrographic network).

The technique of filtering per drop window was
applied to generated news channels the to
accentuate discontinuities images by using the
gradients filters (13) and directional of Sobel 7x7
calculated by assignment of higher weights on
the level of convolution matrix. The Matrix
presented below (Table 1) accentuate the
images discontinuities in the perpendicular
directions to the convolution matrix.

Lineaments mapping was done manually by
using the visual analysis of the enhanced images
and/or filtered (first component of ACPS, indices
and ratio bands).

2.2 Statistical and Geostatistical
Analyses of Fractures Network

Fractures network was analyzed according the
statistical and geostatistical point of view. The
statistical analysis consisted of study of the
distribution law of fractures length and spacing.
Geostatistical analysis consisted of study of the
experimental.

The main part of the lineaments was indexed on
these enhanced images using the filters of Yésou
and Sobel (Fig. 2) Variogram.
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Table 1. Directional filters of Sobel of size 7x7: a) NS; b) E-W; c) NE-SW and d) NW-SE

a) Filter of Sobel of NS direction

1 2 3 4 3 2 1
2 3 4 5 4 3 2
3 4 5 6 5 4 3
0 0 0 0 0 0 0
-3 -4 -5 -6 -5 -4 -3
-2 -3 -4 -5 -4 -3 -2
-1 -2 -3 -4 -3 -2 -1
b) Filter of Sobel of E-W direction
1 2 3 0 -3 -2 -1
2 3 4 0 -4 -3 -2
3 4 5 0 -5 -4 -3
4 5 6 0 -6 -5 -4
3 4 5 0 -5 -4 -3
2 3 4 0 -4 -3 -2
1 2 3 0 -3 -2 -1
c) Filter of Sobel of NE-SW direction
0 1 2 2 3 3 4
-1 0 3 4 4 5 3
-2 -3 0 5 6 4 3
-2 -4 -5 0 5 4 2
-3 -4 -6 -5 0 3 2
-3 -5 -4 -4 -3 0 1
-4 -3 -3 -2 -2 -1 0
d) Filter of Sobel of NW-SE direction
4 3 3 2 2 1 0
3 5 4 4 3 0 -1
3 4 6 5 0 -3 -2
2 4 5 0 -5 -4 -2
2 3 0 -5 -6 -4 -3
1 0 -3 -4 -4 -5 -3
0 -1 -2 -2 -3 -3 -4
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Fig. 2. Identification of the lineaments on filtered images (a) filters of Sobel E-W enhanced the
lineaments NS on CP1 ,34; (b) filter of Yésou enhanced the lineaments
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Intr 2l wayis s studntial rjthees = 1s used and
defi|3} nedd by 2
a )) y(hh) =—exp leshh)) 1)

With a: Practical range; h: The distance between
sampling point; C+Cy: The sill and C ,: Nugget
effect.

ENVI 5.1 (Environment for Visualizing Image)
was used for the image processings and
lineaments mapping. Program RAFESP was
used to calculate fractures spacing. Statistical
and geostatistical analyses are carried out using
software Statistica 7.1 and Variowin (Pannatier,
1996) respectively.

2.3 Control and Validation

The control and validation of the
extracted lineaments were essential to judge
relevance of the method used. Control phase
consisted to eliminate the artificial or manmade
lineament (railroad, roads, tracks, telephone line,
limiting lines of fields, park, etc.) beforehand
mapped.

Lineaments mapped were confronted with the
fracturing map, the hydrographic network and
productive drillings with large flows of the area in

order to confirm their structural origin. The
identified fractures were analyzed using
frequential analysis and compared to fracture
directions from geological map of the study area
and earlier former work [3,9]. The fracturing map
obtained constitute a useful support for a better
knowledge of fissured aquifers.

3. RESULTS AND DISCUSSION

3.1 Results

Satellite image processing: Atmospheric and
radiometric corrections applied to the images
led to new images which appear clearer, and
the linearities are more perceptible on these last
compared to the raw image (Fig. 3). This
processing increases the legibility of data by
correcting the distribution variations of data
caused by the atmospheric and radiometric
noises.

Fig. 4 presents respectively the first (CP1,34) and
third (CP3,34) component obtained by the
application of the ACPS. Results of the first
component of ACPS show that the process
enhance the quality of multispectral images.
Results of bands ratios carried out are presented
at Fig. 5.
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Fig. 3. Result of the atmospheric correction on raw image of the study area: Raw image OLI4
(A); image OLI4 corrected (B)
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Table 2. Results of Khi-2 test

Distribution laws Calculated Khi? Theoretical Khi? Degree of
(Threshold of 10%) freedom

Exponential 13.46 15.09 5

Lognormale 29.75 16.81 6

Gamma 12.51 13.28 4

Fig. 5 illustrates well the aptitude of arithmetic
ratios to highlight the information searched on
the images. Vegetation index shows the
vegetable cover brings the geomorphological
information on the study area and the clearness
index reduces the granular aspect of the raw
images and highlights the naked ground. These
images revealed each of interesting dis-
continuities.

The various techniques used for the satellite
image processing generated new images more
improved which were used as support for the
structural mapping.

Statistical analysis of fracture networks: The
lineaments network mapped counted have 12
596 lineaments. The lengths of lineament vary
between 0.207 and 59.6 km and spread over two
orders of magnitude, with an average and a
standard deviation respectively of 3 and 2.47 km.
The coefficient of variation Cv is equal to 82%.

The resulting map presents numerous lineament
of variable sizes that extend over several orders
of magnitude revealing the strong heterogeneity
of the area (Fig. 6).

Indicating a strong dispersion in the distribution
of lineaments lengths. This analysis indicate that
84.96% of the lineaments have lengths lower
than 7 km. There is thus a strong prevalence of

small features (< 7 km) which represent about
90.16% of frequency. One in addition notes the
existence of extreme values in the series lengths
occupying 8% of the frequencies.

Rose diagram (Fig. a) shows the frequencies
oscillate between 1 and 5%. The directions NOO-
10°, N10-20°, N70-80°, N80-90°, N90-100° and
N170-180° emerge from the whole with
frequencies ranging between 3 and 5%. On the
cumulated lengths rose diagram, the same
behavior is observed with frequen- with regard to
spacings, 806 spacings were measured. These
spacings vary between 1 and 10 370 m with an
average spacing of 1 440 m and a standard
deviation of 1569 m. the data of spacing also
presenting a strong dispersion with a coefficient
of variation Cv = 109%. Indeed, nearly 56% of
spacings are lower than 1 km. cies inferiors to
3%. The families NO-10°, N170-180° (4.5%), and
N70-90° and N150°-160° (3%) emerge from the
unit (Fig. 8=. Generally, the spatial distribution of
the features is homogeneous, indeed, no family
of features does not exceed 10% in frequency.

Validation of lineaments: Lineaments mapped
was validated using former work available in the
study area. On the rose diagram the repartition of
fracture is homogeneous in the study area.
Indeed, no family of fracture (directional)
exceeds 10% in frequency. The results
collaborated [8] observation that. However, some
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families of fractures (NS, NW-SE), distinguish of
others by their frequencies that oscillate between
3 and 5%.

The rest has very low frequencies and has
considered minority, lineament of directional NE-
SW are representative in Bondoukou area. The
other directional (NS and EW) are minority.

Jofack-Sokeng et al. [12] shows that the
directional fracture s —so (N50-60°, N70-80° and
N80-90°) and No- (N140-150°, and N150-160°)
are the major directional in the square degree of
Bondoukou. This author although has used an
automatic method for lineament extraction and
have confirmed the directions N70-80°; N80-90°
(E-W) and N140-150°; N150-160° (NW-SE) such
as majority.

Elsewhere, [13] indicates in the Tanda, Koun-
FAO and Transua areas that the major N90-100°
(E-W) and NO-10° (NS) and secondarily
fracturing are N70-80 (E-w-so) and N100-110
(ESE-WNW). These directions are the same that
these obtened by Mangoua [14] in the Baya
catchment (part of Comoe catchment, located at
the south of the area).

In the same way, the concordance between the
major fractures with the geological structures
identified by Biémi [4] and the hydrographic
network confirm that the certain identified
lineaments are most probably associated the
fracturing [15]. Otherwise, all these observations
contribute to the validity the mapped lineaments
in the black Volta catchment in Cote d’lvoire.
Consequently, these lineaments can be
assimilated to fractures.

The three directions NS (N0O0-10°; N170-180°);
E-W (N70-80°; N80-90°); and NE-SW (N130-
140; N140-150°; N150-160°) meet as well at
relatively significant frequencies on the rosette of
the features of the zone of study (Fig. 9)

Statistical analysis of parameters of the
fracturing: The lengths of fracture were
analyzed using power law (Fig. 10). On the
diagram we can distinguishes a linear portion on
which it can be adjusted the power law (f= 6.1
km). His expression can be writing according
equation 2:

N(¢£)=3 E+13x 2% (2)
The coefficient of determination R*= 0.9765 can
be regarded as significant. The adjustment
following the power law remains valid for lengths

10

of fracture higher than 6.1 km. The characteristic
coefficient of the power law a is equal to 2.937, it
translates a good interconnection between the
long and the small fractures of the study area
favorable for a good groundwater flow.

Spacings were analyzed using main laws notably
exponential negative, lognormal and gamma
laws. Results of Khi-2 test at threshold of 10%
were illustrated in Table II.

Geostatistical analysis of the fracturing: The
experimental variogram of global fracturing is
presented at Fig. 11. This variogram presents a
particular behavior characterized by three sills
whose last seems incomplete. The practical
ranges of two elementary variograms are
respectively a; = 34.5 km and a,= 60 km.

This indicates that gamma law presents the best
adjustment. Spacings of this area are distributed
according gamma law.

This indicates that fracturing of this area is
complex and is due to the existence of several
structures at several scales. The fracturing is
characterized by a multi-regionalization i.e. a
multi-structuring. In other words, the deployment
of the fracturing in space in not random but is
structured.

The global variogram is the sum of two
elementary variograms. The equations of the
elementary variograms and the total global
variogram of the fracturing are given by the
expressions below (Eq. 3 to 5)

—3h
34.5

A(h) = 7.14 + 11.82(1 — exp (—2) (3)

72(h) = 13.59(1 — exp (‘6—3{:‘) (4)

A2(h) = 7.14+1182(1 — exp (ot) + 1359(1 —exp (=) (5)

34.5
3.2 Discussion

Structural mapping: The structural mapping is a
first stage for any hydrogeological investigation in
the crystalline basement. The techniques of
pretreatment and treatment implemented led to
the radiometric enhancement of the images that
have permitted, the mapping of fracture of
variable size. Indeed, with the ACPS approach,
made it is possible to enhancement the
differences between the spectral properties of
the images and thus facilitating the mapping of
discontinuities [3,8]. The index also has
increased the contrast between the various
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geological entities (lithology) of the zone of study.
The discontinuities images mapping was
improved, thanks to the use of the directional
filters (Sobel and gradient of Yésou et al. [13].
These methods were used successfully in many
areas in Cote d’lvoire: Man [6,2], Korhogo [3],
Soubré [10] and Tanda [16]. Also the quality of
OLI imagery of Landsat 8 used in a study
contributed to the improvement of the
informations contained on these images.

The extraction of the lineaments by the manual
method gave convincing results. A significant
number of lineaments was mapped. Indeed, the
study area is characterized by a strong density of
fracturing who is the results of various tectonic
events that have affected this area [8,9].

Analysis of fracturing: Statistical analysis of
fracturing has contributed a better knowledge of
the fractures network of the studied area. The
lengths of fractures are distributed according to a
power law. The characteristic coefficient (a
2.92) of this law is in agreement with the literature
data ranging between 1 and 3 [17,2,9,18].
According to these authors, this value so close to
3 is characteristic of fractures network percolant
in which the long and the small fractures control
the connectivity.

However this law does not take in account the
fractures length, lower than 5725 m. Indeed, this
law is not valid for these fractures. For their
characterization [2] suggests a sampling on a
scale smaller than that that studied here. For
many authors [2,19,20] this law is an indicator of
stage of development of the fractures networks in
terms of maturity. The fractures in the crystalline
rocks are distributed according to a power law
[7]. For [21], the not very mature networks at
small development or low maturity are distributed
according to the exponential law, whereas the
more mature networks follow a power law. This
power law can be used as an indicator of
development stage for the fracture networks. The
fracture networks identified here has reached a
stage of advanced development. Similar
results were obtained by various authors
[17,2,19,3,22,23,7]. For these authors, all the
natural fractures networks at the end of their
development have their lengths of fractures
distributed according to a power law. It is the
case of the fracturing in crystalline and
cristallophyllienne rocks of the Precambrian
basement of Cote d’lvoire [2,3,22,23,24]. The
power law seems a model good to represent the
distributions lengths of fractures.

11

Spacing is a significant geometrical parameter of
the fracturing which conditions the size of the
fractured blocks and suitable for inform about the
behavior and/or the permeability of the system of
fractures [2]. It controls also the implementation
of the new fractures [25,7]. The studies of
spacings carried out in rocks of nature and
competences different in the last decades have
permitted to underline the interest of this
parameter in fracturing [2,7].

In spite of these many studies, the law of
distribution of this parameter remains very
controversial in the literature [25]. However [25],
showed starting from analogical models and
digital simulations of fracture networks which the
distribution of spacing evolves with the
development of fractures and deformation. It start
of the negative exponential distribution to the
normal distribution which corresponds at the final
stage of development while passing by gamma
and lognormal distribution.

The spacing distribution according gamma law
indicates a development of the fracturing in the
Paléo-protérozoique basement of catchment of
Black Volta. Similar results were obtained by
various authors [26,2,8]. On the other hand, [17]
and [22] showed that fractures spacing can be
adjusted by the power law. In the same way [27]
and [28] showed that the distribution of fractures
spacing was lognormal. This various studies
highlights well the variability of this law of
distribution whose explanations can be found in
the sampling approach, window sampling,
measurements errors, the competence of the
operator, etc.

The geostatistical analysis of the fracturing
indicates that the density of fracturing behaves
like a regionalized variable. The behavior of the
variogram at small and long distance indicated
the present existence of nugget effect that
translates the irregularity of the studied variable.
This phenomenon is wusually met in the
geostatistical analysis of fractured media [29,9]
The nugget effect is interpreted like the
reminiscence of structures inaccessible on a
scale studied and represents the sum of
uncertainties of measurements. Its difficult on a
variogram to separate the effect of uncertainties
of measurements and the the reminiscence of
structures [2].

The nugget effect on the variogam represent
60,4% of total variance and is less significant
than that met in other studies undertaken in Céte
d’lvoire: Lasm [2] in Man-Danané area (27.56%),
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[8] in the area of Korhogo (36,46%), Baka [22] in
the area of Oumé (31,88%) and close to Lasm et
al. [7] in Bondoukou (77,38%) in the same area.

Results obtained here showed that the fracturing
of study area is well developed and seems
complex. Indeed, this fracturing present a multi-
regionalization characterized by many structuring
at different scale. The total practical range that
equal to 60 km is important. Similar results have
obtained by Youan [8], Youan-Ta et al. [9] in
Bondoukou area located at the south of the study
area, where the global variorum is constituted of
five elementary variograms which the practical
rage is equal to 56 km. Bondoukou and Black
Volta areas are so close i.e. neighboring areas.
These two areas have affected probably by the
same tectonics events and have similar
geological history.

These results come to confirm the conclusion
according to which, the fracturing of this area is
complex [9].

4. CONCLUSION

The techniques of digital processing (ACPS,
bands ratio, coloured composition) and of filtering
of the images (Sobel, Gaussian 3x3 and filters of
Yésou et al. [13] of the satellite images aided the
mapping of 12596 lineaments with lengths
oscillate between 0.2 and 59.6 km. The
directions NS (N00-10°, N170-180°), E-o (N70-

90°) and No- (N130-160°) represent the
dominant orientations of the zone of study.
The statistical analyses showed that the

distribution of the fracturing is homogeneous.
The lengths of fractures are distributed according
to the power law. This law characterizes the
lengths of fractures higher or equal to 5725 m.
Spacing was distributed according is of gamma
law. The fracture networks of the Black Volta
area reached a stage of advanced development
according to the statistical analyses.

The spraying of fracturing in the Black Volta area
has structured, indeed, fracturing behaves like a
regionalized variable. Global variogram presents
a double regionalization with two practical ranges
(a;= 34.5 km and a,= 60 km). Fracturing of this
area is developed and complex.

All these results permit a good knowledge of
fracturing of the Black Volta catchment in Céte
d’'lvoire. These results make it possible to
undertake the groundwater modeling on this
catchment.
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