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Abstract

The tectonic structures of the Mako area in the Kédougou-Kéniéba inlier
(KKI) were mapped with tele-analytical investigation which is validated by
field data. This study is based on different images processing in particular: 1)
the colored combinations (1 to 5) and panchromatic (8) thematic mapping
bands of the Landsat-8 (ETM") satellite; 2) Digital Elevation Model (DEM)
image of Space Shuttle Radar Topography Mission (SRTM); 3) airborne geo-
physics (aeromagnetic and radiometric) images. In these images, four major
directions of lineaments NS, NNE-SSW, NW-SE and EW would be related to
the tectonic structures, have been identified and mapped. Field data confirm
these four structural directions and show that most of these lineaments are
related to faults, shear and/or thrust zones, or even basic rock dykes. N-S to
NE-SW oriented lineaments are more frequent followed by those NW-SE
oriented. These two directions of lineaments are generally in correlation with
trajectories of major sinistral shear zones in the Mako area. They would be
associated with the S,, and S,; schistosities relative to the D, Eburnean major
deformation. They often intersect the E-W oriented lineaments which are less
frequent and sometimes folded and crenulated. This E-W oriented lineament
would be prior and are associated with the S, schistosity of the D, Eburnean
thrust phase of deformation. At the scale of the studied area, these major
linear structures (shear zones) are conjugated and create a partitioning of
deformation through an anastomosed network of mylonitic shear zones
which surround weakly deformed rock bodies. All these structures would be
related to the Eburnean or post-Eburnean orogenic events in this Mako
area.
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1. Introduction

In the Kédougou-Kéniéba Inlier (KKI), the major tectonic structures that affect
the Paleoproterozoic (Birimian) formations are essentially related to the Ebur-
nean orogeny ([1] [2] [3] [4]). They are characterized by major shear zones,
faults, folds, fractures related to Eburnean and even post-Eburnean tectono-mag-
matic events. Processing of satellite and airborne geophysical images provides a
panoramic view of the distribution of surface and subsurface tectonic structures
across the Mako area. Indeed, some tectonic structures can be highlighted in the
form of lineaments resulting from the processing of appropriate images. A li-
neament is a simple or compound linear line, detected at the surface, the differ-
ent parts of which, aligned along a straight or a curve line, stand out distinctly
from their surroundings and possibly reflect a phenomenon generated below the
surface ([5]).

Lineaments are linked to structural elements such as faults, fractures, fold axes
and lithological contacts ([6] [7]). Many studies have shown that remote sensing,
due to the synoptic nature of satellite images, has revealed the abundance of li-
near structures and significantly improved knowledge of the location of areas
with mining potential ([8] [9]). Because of the problems associated with the
sometimes sporadic distribution of rock outcrops, vegetation cover and surface
weathering of outcrops, the lineaments of satellite images will be combined with
those resulting from the processing of aeromagnetic geophysical images. Indeed,
these lineaments of aeromagnetic geophysical images are also characteristic of
sub-surface structures.

This study presents the results of the lineaments analysis in the Mako area,
extracted by image processing methods (satellite and geophysical) and compared
to field data in a Geographic Information System (GIS). The objective is to iden-
tify and characterize the tectonic structures of the Mako area in order to estab-
lish for the first time a detailed structural map of the Mako sector which takes
into account the subsurface data. The methodological approach includes three
main steps: 1) the localization and extraction of lineaments using image
processing techniques (image enhancement using colored composition and fil-
tering by Sobel directional filters); 2) comparative analysis of lineament direc-
tions using directional rosettes; 3) validation of tele-analytical results with field
data in a GIS, followed by interpretation.

Using imagery (satellite and airborne geophysics) combined with field data,
integrated into a Geographic Information System (GIS), is a new approach
which allows us to validate or improve the existing structural geological map of
the Mako area.
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2. Geological Setting

The Kédougou-Kéniéba (straddle the border between Senegal and Mali) and
Kaye (western Mali) inliers (KKI) correspond to small cores of the Paleoprote-
rozoic basement of the Leo Ridge (Figure 1(a)). They outcrop in the western
part of the West African Craton (WAC) within the Neoproterozoic to Paleozoic
sediments of the Taoudeni basin. The Paleoproterozoic (Birimian) formations of
the KKI were divided into two Supergroups ([10]) or Groups ([11]): Mako in the
West and Dialé-Daléma in the East, separated by a Main Transcurrence Zone,
(MTZ) ([12]) (Figure 1(b)). In this paper, we will use the Supergroup term. The
Mako Supergroup is a predominantly tholeiitic volcanoplutonic complex, dated
between 2205 Ma and 2125 Ma ([13] [14] [15] [16]). The Dialé-Daléma Super-
group is essentially detrital with turbiditic and carbonate metasediments, cross-cut
by hypovolcanic and volcanic complex which mainly andesitic characteristic
([10] [17]). The sedimentary rocks are dated between 2096 * 8 to 2165 + 1 Ma
([18] [19]). The calc-alkaline volcanic and hypovolcanic complex has been dated
between 2099 + 4 Ma and 2072 Ma ([18] [20]). These Birimian volcanosedimen-
tary and volcanic assemblages constitute the host of several generations of gra-
nitoids in coalescing massifs distributed in two batholiths, Badon-Kakadian and
Saraya-Boboti which are intrusive respectively in the Mako and Dialé-Daléma
Supergroups ([1] [3]). [11] renames these batholiths under the name of Suites
and distinguish: the Sandikounda-Soukouta Suite (2170 - 2140 Ma) which is in-
trusive in the Mako Group and the Saraya (2100 - 2060 Ma) and Boboti (2080 -
2060 Ma) Suites, which are intrusive in the Dialé-Daléma Group. Post-Birimian
dolerite dykes are intrusive later within N20" to N90” oriented eburnean tectonic
structures ([11] [21]).

The intrusions of granitoids are essentially associated to the Eburnean oroge-
nesis which also leads to variable metamorphism and deformations features.

The Eburnean metamorphism is generally in the epizonal facies and locally in
the mesozonal facies, in particular at the contacts with granitic intrusions ([15]
[22]). It is accompanied by an Eburnean deformation subdivided into two or
three distinct phases at the KKI scale ([2] [4] [12] [23]). A D, phase marked by
an NO° to N70" oriented S, schistosity associated by variable size of P, over-
turned folds ([4] [24]). The style of the deformation of this phase is tangential
tectonics ([2] [12] [24]) or peribatholitic gravity tectonic ([3] [11]). A sinistral
D, transpressive deformation phase, responsible of the large NE-SW and NW-SE
shear zones ([2] [4] [11]). According to most of the above-mentioned authors,
the main direction of shortening associated with this deformation would be be-
tween NW-SE. A D, Eburnean deformation phase which is characterized by a
transcurrent to dextral transtensive style. It’s associated with an N45° and N140°
oriented S, schistosity and Z-shaped P, folds ([23]). Lineament analysis using
satellite and geophysical images allows a good mapping of large tectonic struc-
tures at the scale of the Mako area. The results obtained by images processing

are validated through a comparison with the field structural data.
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Figure 1. Kédougou-Kéniéba Inlier (KKI) in the Man shield, southern part of the West African
Craton (WAC). (a) Schematic map of the major Precambrian greenstone belts of the southern
part of the WAC (simplified from [24]. (b) Simplified geological map of the Birimian of KKI
(modified after [24]). Rectangle delimits the study area. Bo: Boboti; Gm: Gamaye; LSZ: Lamé
Shear Zone; MSZ: Mako Shear Zone; MTZ: Main Transcurrent Zone; SMF: Senegalo-Malian
Fault; SSZ: Sékoto Shear Zone; RN7: National Road N°7; WSZ; Wassadou Shear Zone.
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Analysis and interpretation of these data will allow a better understanding of
the Eburnean and post-Eburnean deformations in the Birimian formations of
Mako area in the KKI.

3. Material and Methods
3.1. Material

The material used consists of 1) Landsat-8 ETM* (Enhanced Thematic Mapper)
satellite images with a resolution of ~30 m (bands 1 to 5) and 15 m (panchro-
matic band 8); 2) DEM (Digital Elevation Model) with resolution of ~90 m; 3)
airborne geophysical images. The Landsat-8 ETM" image was acquired at March
14, 2020 during the dry season. In the Mako area (Sénégal), during this period,
the disruptive effect of cloudiness and vegetation is minimized except for some
isolated fumes due to bush fires. The characteristics of the satellite images used
are mentioned in Table 1.

For the geophysical images, the data (airborne images) were collected in 2009
by the company Fugro (Fugro Airborne Surveys Corp) for the benefit of the
Mines and Geology Department (DMG) of Ministry of Industry and Mines of
Senegal. They were carried out within the project of “PASMI” (Support Program
for the Mining Sector), which aims to consolidate Senegal’s geoscience infra-
structure. We obtained these geophysical data through collaboration between
the “DMG” and the Geology Department of the University Cheikh Anta Diop of
Dakar.

The airborne geophysical campaign acquired high resolution data, which cha-

racteristics are in Table 2.

Table 1. Characteristics of satellite images used.

acquisition date:

Path and Row:

Number of channels (bands):
spatial resolution:

Projection system:

Datum:

Spectral characteristics:

Landsat image ETM* Orthorectified Geo-Tiff

14 Mars 2020

202/051

11 bandes (B1, B2, B3, B4, B5, B6, B7, B8, B9, B10, B11)

30 m (B1 4 B7 et B9); 15 m (BS8); 100 m (B10, B11)

UTM (“Universal Transverse Mercator”), Zone 28N

WGS 84 (“World Geodetic System 1984”)

B1 (bleu), B2 (vert), B3 (rouge), B4 (proche infrarouge), B5 (mid infrared), B6 (Shortware
Infrared 1560 - 1660 pm), B7 (Shortware Infrared 2100 - 2300 pm), B8 (panchromatic), B9
(Cirrus 1360 - 1390 um), B10 (Long wavelength infrared 1030 - 1130 pm), B11

(Long wavelength infrared 1150 - 1250 pm)

SRTM image Shuttle Radar Topography Mission

Sensor bands:
Resolution:
Coverage:
Projection system:
Datum:

Band C et Bande X

90 m

N12° W013°

UTM (“Universal Transverse Mercator”), Zone 28N WGS 84 (“World Geodetic System 1984”)
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Table 2. Technical characteristics of the airborne geophysical surveys of Kédougou.

Flight line spacing 250 m
Control line spacing 3000 m
Flight altitude 80 m
Flight line direction 135 degrés
Control line direction 225 degrés
Magnetic data logging interval 0.05 secondes
Spectrometric data recording interval 1 secondes

The airborne geophysical images used in this work result from the processing
of geophysical data from the DMG. The software used for image processing are
Geosoft Oasis Montag and Envi 4.2 for geophysical and satellite data respective-
ly. The combination and analysis of multi-source data are carried out using

ArcGis software.

3.2. Methods

3.2.1. Satellite Images

Prior to the identification and extraction of lineaments related to geological
structures, the satellite images were pre-processed to minimize imagery artefacts
and allow better display of geological structures. The DEM (Digital Elevation
Model) type images have previously been corrected for their defects or “holes”.
In fact, in the raw state, some DEM images have defects which are characterized
by negative gray values (Figure 2(a)). Defect correction consists of bringing the
gray values back to normal between 0 and 255 pixels.

The second preprocessing corresponds to filtering and concerns the DEM and
Landsat-8 ETM* (Enhanced Thematic Mapper) satellite images. Filtering is a
technique aimed at removing noise from data. This noise is defined as any un-
necessary data that obscures information. The noise effect is expressed by a
much accentuated sawtooth appearance of a profile drawn on the unfiltered im-
age. After filtering, the shape of the curve is smoothed, reflecting the effective
elimination of the noise effect in the image (Figure 2(b)). The geometric correc-
tion aimed at bringing the image back to a planimetric reality is not necessary
here. Indeed, in the GIS the images obtained are perfectly consistent with the ge-
ology map of the sector.

The computer processing of the images allows the highlighting of the linea-
ments. This image computer processing (directional filtering, enhancement) al-
lows the display of lineaments relative to geological structures (fractures, faults,
folds) and to the landscape (hills, streams). The choice of a lineament enhance-
ment method must take into account its ability to enhance the high spatial fre-
quencies associated with lineaments in all directions, even those that are not fa-
vored by the lighting source. For this purpose, directional filters have long been
shown to be effective tools ([25] [26]). Among directional filters, the Sobel filter

offers the possibility of enhancing lineaments in directions other than those of
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Figure 2. (a) Gray values at the cursor position (yellow cross) in MNT rough image of study area. The negative gray value
(—32,768) of the rough image is related to defects (gaps) that have been corrected in the following (b) image, which shows mod-
erate indentations of profile curve. The profile location is indicated by the oblique red line that appears on the image.

the preferential enhancement by introducing directional attributes in the filter-
ing process ([27] [28]). For Landsat-8 (ETM") images, we used the panchromatic
band (8) which has a better resolution (15 m) for the visualization and extraction
of lineaments (Figure 3(a)). The 7 x 7 matrices of these Sobel filters are indi-
cated in Table 3.

The DEM (Digital Elevation Model) images processing consists of directional
shading. Shading is performed on previously corrected and filtered DEM image
which is without “holes” and “noise effects”. It consists to image lighting fol-
lowing different azimuths (four), which allow to evidence the large tectonic
structures of the area (fractures, folds, faults, shear zones). These are more or
less visible depending on the inclination angle of the image relative to the light
source (Figure 3(b)).

The NS directional filter brings out E-O oriented structures (lineaments) on
the original image; in the same way the directional filter EO, brings out the
structures oriented N-S.

The NE-SW directional filter brings out NW-SE oriented structures (linea-
ments) of the original image; in the same way the NO-SE directional filter,
brings out the NE-SW oriented structures. The 7 x 7 matrices of these filters are
indicated in Table 4.

The lineaments displayed by the processed images will be the subject of a su-
pervised analysis which consists of their direct digitization in the GIS.

For multispectral 1 to 5 combined bands of Landsat-8 ETM", lineament su-

pervised analysis is performed in filtered images which are displayed in an
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Figure 3. (a) Panchromatic bande of Landsat-8, after directional filtering, showing larges linear structures underlined in
white; (b) Shaded and filtering DEM image following the N90° direction. The different lineaments are underlined in white
and their different orientations are summarized in sterographic projection (lower hemisphere) at the bottom of the image.
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Table 3. Matrices of some Sobel directional filters used.

1 1 1 2 1 1 1 -1 -1 -1 0 1 1 1
1 1 2 2 2 1 1 -1 -1 -2 0 2 1 1
1 2 3 4 3 2 1 -1 -2 -3 -0 3 2 1
0 0 0 0 0 0 0 -2 -3 -4 0 4 3 2
-1 -2 -3 -4 -3 -2 -1 -1 -2 -3 0 3 2 1
-1 -1 -2 -3 -2 -1 -1 -1 -1 -2 0 2 1 1
-1 -1 -1 -2 -1 -1 -1 -1 -1 -1 0 1 1 1
SOBEL Filter N-S SOBEL Filter E-W
0 1 1 1 1 1 2 2 1 1 2 1 1 0
-1 0 2 2 2 3 1 1 3 2 2 2 0 -1
-1 -2 0 3 4 2 1 1 2 4 3 0 -2 -1
-1 -2 -3 0 3 2 1 1 2 3 0 -3 -2 -1
-1 -2 -4 -3 -0 2 1 -1 -2 -3 -4 -3 -2 -1
-1 -3 -2 -2 -2 0 1 -1 -1 -2 -3 -2 -1 -1
-2 -1 -1 -1 -1 -1 0 -1 -1 -1 -2 -1 -1 -1
SOBEL Filter NE-SW SOBEL Filter NW-SE

Table 4. Matrices of some directional filters used.

-1 -1 -1 0 1 1 1 0 1 1 1 1 1 2
-1 -1 -1 0 1 1 1 -1 0 2 2 2 3 1
-1 -1 -1 0 1 1 1 -1 -2 0 3 4 2 1
-1 -1 -1 0 1 1 1 -1 -2 -2 0 3 2 1
-1 -1 -1 0 1 -1 -1 -1 -2 -4 -3 0 2 1
-1 -1 -1 0 1 1 1 -1 -3 -2 -2 -2 0 1
-1 -1 -1 0 1 1 1 -2 -1 -1 -1 -1 -1 1
Directional Filter N-S Directional Filter NE-SW
0 0 0 -0.7 -141 -141 -141 -1 -1 -1 -1 -1 -1 -1
0 0 0 -0.7 -141 -141 -141 -1 -1 -1 -1 -1 -1 -1
0 0 0 -0.7 -141 -141 -141 -1 -1 -1 -1 -1 -1 -1
0.71 0.71 0.71 0 -0.7 -0.7 -0.7 0 0 0 0 0 0 0
1.41 1.41 1.41 0 0 0 0 1 1 1 1 1 1 1
-1 1.41 1.41 0 0 0 0 1 1 1 1 1 1 1
-1 1.41 1.41 0 0 0 0 1 1 1 1 1 1 1
Directional Filter NW-SE Directional Filter E-W
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appropriate colored composition.

The Red-Green-Blue (RGB) colored compositions processing of 1 to 5 bands
of Landsat-8 ETM*, improves the quality of the resulting image to better high-
light the geological structures. It is thus possible, from well-defined color com-
binations, to cancel or minimize the effects of vegetation and clouds on the re-
sulting images, in order to better exhibit the geological structures. In fact, we
used in this study the combination in colored composition of 4.3.2 bands respec-
tively in RGB canals. This combination in colored composition attenuates the
effects of clouds and turns vegetation into greyish blue, lateritic soils in yellow

and water in blackish blue (Figure 4(a)).

3.2.2. Geophysical Images

Geosoft Oasis Montaj mapping software was used for aeromagnetic data processing.
The processing performed included transformations and digital filtering tech-
niques, such as pole reduction (RTP) and the first vertical derivative. This treat-
ment improves short-wavelength characteristics and attenuates long-wavelength
anomalies associated with deep sources ([29]). This numerical filtering is useful
for highlighting shallow structures such as fault and swarm of dykes. The aim of
these transformations is to highlight characteristics for structural and geological
interpretations ([30] [31] [32] [33]).

Thus, the gray shading electromagnetic image (Figure 4(b)), there clearly ap-
pear magnetic discontinuities, which are highlighted geological structures (tec-
tonic structures and lithological boundaries).

The analogical interpretations consisted of lineaments extracting from raster
images in form of lineaments map which related to the geological structures.

The geophysical and satellite lineament data will be constrained by field data
for a validation of the tectonic structures.

3.3. Validation of the Tele-Analytical Map

The validation of the preliminary tele-analytic map is carried out by combina-
tion and comparison through a GIS, of structural data from images processing
and those identified and located in the field. The final map will take into account
the geological data of the pre-existing maps (lithology and tectonic structures).

The progress of our approach is presented in Figure 5.

4. Results
4.1. Combination and Analysis of Different Images Data

The lineaments extracted on the filtered image (panchromatic band 8 of Land-
sat-8 ETM"' and DEM image) in the different filtering directions (NS, EW,
NW-SE and NE-SW) are systematically compared to the lineaments obtained on
the multispectral images (4.3.2 bands combination of Landsat-8, ETM*) and on
geophysical images before being confirmed and digitized. Thus, we will avoid

repeating or adding elements that are not likely to be geological lineaments
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Figure 4. (a) Landsat-8 satellite image (in colored combination) of Mako area showing larges linear structures
underlined in white; (b) Aeromagnétic image showing different lineaments, some of which are folded in S or Z
shape.
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(road, wooded boundaries and power lines, etc.). To avoid the segments repeti-
tion on this synthesis map, a selective elimination of all the overlapping linea-
ments is carried out. The tele-analytic map of lineaments from the images
processed (Figure 6) is superimposed on the geological map of field data
(Figure 7) in order to check the existing correlations and improve the geological
map of the area. The stereographic projections of the directional measurements
resulting from these different images lineaments are attached as insets to the
aforementioned figures. They are compared to that of the field data.

For satellite images, it appears that the linear structures resulting from the
enhanced and filtered DEM image are mainly oriented NNE-SSW and NS, with
some NW-SE directions and rare EW directions (Figure 3(b)). On the enhanced
and filtered panchromatic band (8) images of the Landsat-8, ETM", the
NNE-SSW oriented lineaments remain in the majority (Figure 3(a)). However,
NW-SE trending lineaments are more frequent than those NS trending, unlike
the results obtained from DEM images. In addition, this Figure 3(a) shows lo-
cally folded structures which are arranged in echelon along a potential dextral
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Figure 6. Lithological map of the Mako Paleoproterozoic greenstone belt (modified after [24] [34]). RN7: National road N°7.

shear corridor.

Supervised lineament analysis on multi-spectral 3.4.2 enhanced and col-
or-combined bands of Landsat-8 (ETM"), corroborates the predominance of the
NNE-SSW and NS oriented lineaments (Figure 4). The NW-SE trending
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Figure 7. Tele-analytical map of Mako area showing tectonic lineaments which are resulted from satellite and airborne geophysi-

cal images analysis.

lineaments, although relatively infrequent, are well distributed throughout the
study area and sometimes form large structures which often cross-cut previous
lineaments directions. E-W oriented lineaments are rare. We can also note that
the trajectory of the large tectonic structures clearly appears on these satellite
images. In this case, we can notice that the N-S and NNE-SSE oriented linea-
ments are sometimes linked to the same linear structure whose trajectory has
undergone a great amplitude torsion during the deformation (Figure 4(a)).

For the aeromagnetic geophysical image, the result of the data processing
highlights the sub-surface geological structures which appear as multidirectional
lineaments associated with elliptical magmatic bodies. The vertical derivate of
RTP map, clearly shows the response of the dykes as short wavelength linear
anomalies that cross the study area in three main directions: NNE-SSW to
NE-SW, N-S, NW-SE and E-W (Figure 4(b)). The comparison with the biblio-

graphic data indicates that dykes are mafic rocks (dolerites) which present a
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post-Birimian age and which are most often intrusive in the Eburnean faults ([1]
(11]).

These lineaments are mainly NE-SW oriented, followed by the N-S then
NW-SE oriented lineaments. The E-W oriented lineaments are quite rare
(Figure 4(b)). In addition, these images show folded or crenulated lineaments,
locally arranged in echelons following a sinister potential shear corridor. Indeed,
the E-W oriented lineaments are often crenulated by those NE-SW and NW-SE
oriented. They would likely be the early structures in the study area. Locally,
they are trapped and micro-folded within the NE-SW oriented tectonic corri-
dors (Figure 4(b)).

4.2. Field Data

The field data collected in the area are presented in Figure 7. We are represented
the mainly structures such as shear zones, fold axis, schistosities, lineations,
faults and major fractures.

The schistosities directions recorded in the field are represented on the field
data map and projected as roses directional (Figure 7). The N75° to N100°
oriented S, schistosity, is the less preserved in the study area. It presents a varia-
ble dip direction. It is marked by foliation planes which often intersected or
crenulated by posterior schistosities (S, and S;). The S, schistosity is N00" to
N35° (S,,) and N150° to N160° (S,,) oriented. It constitutes the best preserved
structures in the study area. They locally intersect the S, schistosity (Figure
8(a)). In addition, these S,, and S,, schistosities are mainly located within major
co-directional shear zones and often exhibiting sinister movement ([34]). These
are mainly the Lamé (LSZ) and Mako (MSZ) shear zones (Figure 7). The NNE-
SSW and NW-SE (N20° and N130°) oriented S, schistosity, is weakly recorded
in the area. It is often located in minor shear zones which show dextral move-
ment (Figure 8(b)). Folds of variable geometry and size are also identified in the
area (Figure 9). These different tectonic structures are associated with three
phases of Eburnean deformations D;, D, and D, ([23]). The Eburnean D, defor-
mation phase, responsible for the S, schistosity, is a tangential tectonic which
causes thrust towards the W and the ENE direction ([34]).

The Eburnean D, deformation phase is a generally sinistral transpression tec-
tonics which causes anastomosed shear zones along the S, schistosity directions
(NOO° to N35° S,,, and N150° to N160° S,,). The Eburnean D, deformation
phase is a dextral transtension which reactivates the structures of the D, defor-
mation. This D; Eburnean deformation phase is of low intensity taking into ac-

count the others tectonic structures generated in the study area.

4.3. Analysis and Discussion of the Results

The lineaments resulting from satellite images (DEM, landsat-8 ETM") and
aeromagnetic geophysics as well as field data (schistosities, faults and shear

zones), present similar orientations (Figure 3, Figure 4 and Figure 6).
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Figure 8. (a) N160° oriented S, schistosity which cross-cut and crenulate the
N45° oriented S1 schistosity within pillowed metabasalts (Pw); (b) S3 schistos-
ity in rhyolitic tufs of Mako; (c) Folds in Mako metaperidotite rocks.
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Figure 9. Geological map of Mako area resulting from combinaison of lithologcal data and tele-analytical tectonic structures from
images treatments.

On these different images, NE-SW oriented lineaments are more frequent
followed by those NS oriented, then NW-SE oriented lineaments. E-W oriented
lineaments are quite rare and appear particularly on the aeromagnetic image. In

the landsat-8 ETM" (colored composition) and aeromagnetic geophysical im-
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ages, curvilinear, folded and crenulated lineaments appear (Figure 3(b), Figure
4(a)). The distribution and the relative importance of the different direction
families of lineament can be interpreted in comparison with the results of field
data and previous work ([2] [3] [23] [34]).

The N75° to N100° oriented S, schistosity, is poorly preserved in the field and
often intersected or crenulated by late schistosities (S, and S,). It would corres-
pond to the E-W oriented lineaments which are also infrequent on the studied
images (Figure 3 and Figure 4). In addition, these E-W oriented lineaments
show on Landsat-8 ETM" (colored composition) and aeromagnetic geophysi-
cal images the wrench and wrinkle deformations relative to the NE-SW and
NW-SE oriented lineaments which are associated with the late deformations
(D, and Dy).

The NS to NE-SW and NW-SE oriented lineaments are coincide with the di-
rection of the S, schistosities, in particular S,, (NS to NE-SW oriented) and S,,
(NW-SE oriented) and the large meridian to sub-meridian thrust or reverse-
shear zones which are identified in the study sector (Figure 7). These Eburnean
D, structures of the deformation intersect and create the crenulation of the S,
schistosity (N75° to N100° oriented) and associated thrust zones ([34]).

The NNE-SSW and NW-SE oriented S; schistosity which is weakly recorded
in the field, is not clearly identified on the images and remains confused with the
structures of the D, deformation. (Figure 8(b)). However, it would be correlated
with a part of the NNE-SSW and NW-SE oriented lineaments.

These lineaments from different images would be relative to geological struc-
tures associated with Eburnean and post-Eburnean tectonic events in the Mako
area. Their structural and geometric relationship support a polyphase Eburnean
deformation. Most of the NS and NNE-SSW oriented lineaments, and part of the
NW-SE oriented lineaments would be related to the D, major Eburnean defor-
mation phase. These lineaments are correlated with the S, schistosity of the D,
Eburnean deformation phase and essentially correspond to shear zones, faults
and fold axis. Most of these D, tectonic structures show sinistral movement.
Thus, the trajectory of Mako Shear Zone (MSZ) which represents one of the
major tectonic structures of the area has been clearly specified. The E-W
oriented lineaments predate the D, Eburnean deformation phase, because they
are cross-cut, crenulated or sheared by these former. Indeed, these E-W linea-
ments would be relative to the Eburnean D, deformation phase characterized by
thrusting towards the W and the ENE ([34]). Some NNE-SSW and NW-SE
oriented lineaments intersect or shift the D, Eburnean deformation structures
and would therefore be posterior. These structures would be relative to a late D,

Eburnean phase or even post Eburnean deformation ([23]).

5. Conclusions

The study of satellite and geophysical images lineaments, combined with field

data, allow us to establish a new structural map of the Mako area (Figure 9).

DOI: 10.4236/ijg.2022.131002

29 International Journal of Geosciences


https://doi.org/10.4236/ijg.2022.131002

|. Gassama et al.

Four directions of lineament (NS, NE-SW, NW-SE, and EW oriented) with va-
rying importance, were identified and mapped in the Mako area. The lineaments
resulting from satellite (DEM and Landsat-8 ETM") as well as aeromagnetic
geophysics images, present almost similar orientations in the studied area (Figure 3
and Figure 4). Through these different images, NE-SW oriented lineaments are
more frequent followed by those NS oriented, then NW-SE oriented lineaments.
EW-oriented lineaments are quite rare and appear particularly on the aeromag-
netic geophysical image. Folded, wrench and wrinkle lineaments are also
mapped on 4-3-2 colored composition bands of Landsat-8 EMT" and airborne
geophysical images (Figure 4(a) and Figure 4(b)).

These lineaments from different images would be relatives to tectonic struc-
tures of Eburnean and post-Eburnean orogeny’s events which are affected the

Birimian and Neoproterozoic formations of the Mako area.
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