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Abstract Spectral geology and aeromagnetic data help geoscientists in mapping and prediction of potential
mineral areas. This paper aims to present structural features of the poorly studied Pako region of northern Benin
using Landsat 8 OLI images and aeromagnetic data. Remote sensing technique led to the discovery of several faults
of two main directions (N-S and E-W), resulting from great regional tectonics’ deformations. The other faults have
NE-SW to NW-SE orientations. Among identified faults, N-S faults (N18°) gathering 14% and E-W (N92°) to
NW-SE (N160°) fractures cumulating 61% limit the basin on both sides. Therefore, these faults could be interpreted
as border fractures which have initiated the formation of Pako basin. Total magnetic field technique held to define
anomalous zones and associate shears zones in order to identify potential corridors of mineralization. Field
observations in Pako region have confirmed the existence of brittle deformations, as sociated to dextral and/or
senestral detachment, and ductile deformations with rotational dextral components. The integration of our results

with the regional geological context allow to propose a structural model of Pako region.
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1. Introduction

Remote sensing technology plays animportant
role ingeological mapping and provides opportunity to
investigate the remoteareas of the earth's surface.
Magnetic survey is an important geophysical technique
that is particularly suitable for surface and subsurface
investigations. Thus, satellite images and magnetic data
allow to discriminate linear structures and rock units.
They are also useful to establish reasonable correlations
between structures and rocks units identified on
earth surface and their continuities in depth [1-7].
Landsatimages and geophysical data have shown that
western and eastern blocks of Dahomeyids Panafrican
chain are connected by important geological structures
[8,9]. These structures form large, decaying shear zones
of general direction N-S to NE-SW related to the
genesis and deformation of Neoproterozoic granites
[9]. In the Western Bloc of Nigeria, these shear zones
are closely associated with spatial distribution and
deformation of schists chains which include corridors

carrying interesting mineralization. For example, Anka
shear corridor (Nigeria) represents an important
gold mineralization that extends to Maradi region
(Niger Republic) [10,11,12]. Until that day, geological
prospection in the northern part of Benin didn’t yet
highlight some corridors of mineralization, however
this part of the country, which include the Pako region,
has a similar geological history with western Nigeria.
The Pako volcano-sedimentary basin has been subject
of some limited prospecting work because the National
fauna Park W covers a large part of this basin [13,14].
Based on Landsat 8 image, aeromagnetic data and field
observations, the present study aims to provide more
informations for better structural characterization of Pako
region.

2. Geological Setting

Located in Alibori department (North Benin) and
delimited by latitudes North 11° and 12° and longitudes
East 2° and 3°, the Pako region, partially covers Banikoara
and Karimama municipalities (Figure 1).
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The study area is devoid of significant relief and
characterized by a migmatic gneissic basement, containing
schists, metasediments, volcanites and intruded granites
(Figure 2).

Rocks of the region can be grouped in three major
lithotectonic units [8,9,16-20]:
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- a migmatitic gneiss complex unit of Archean age
marked by several metamorphic events between 3.1 and
0.6 Ga and intruded by Panafrican calco alkaline granites;

- a schists chains unit composed of metasediments,
green schists and amphibolite facies;

- a Neoproterozoic granites unit [8,9].
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Figure 1. Location of the study area [15]
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Figure 2. Geological map of Pako basin region a) Regional context b) local context [14,22]

3. Material and Methods

3.1. Types of Used Data

- Landsat 8 OLI (Operational Land Imagery)
image (LCO8_L1TP_192052) free downloaded from
http://earthexplorer.usgs.gov/;

- Aeromagnetic data in raster format available at
Beninese Office of Geological and Mining Research.

These data were obtained after a geophysical campaign
held in March 1966 by Prakla [13]. For data acquisition,
spacing between flight lines was five hundred (500)
meters with a maximum tolerance of seven hundred (700)
meters;

- Geological maps at 1 / 200,000 of northern part [14]
and tourist maps of Benin [15].

The characteristics of the spectral bands are presented
in the Table 1.
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Table 1. Characteristics of the spectral bands of Landsat 8 OLI

Captors Spectrales Bands Wave length Resolution
Band 1 - Aérosols 0,433 - 0,453 um 30m
Band 2 - Blue 0,450 - 0,515 pm 30m
Band 3 - Green 0,525 - 0,600 pm 30m
Band 4 — Red 0,630 - 0,680 um 30m
Band 5 - Near infrared 0,845 - 0,885 um 30m
oLl Band 6 - Medium infrared 1 1,560 - 1,660 um 30m
Band 7 - Medium infrared 12 2,100 - 2,300 pm 30m
Band 8 — Panchromatic 0,500 - 0,680 um 15m
Band 9 - Cirrus 1,360 - 1,390 pm 30m
Band 10 - Infrared moyen 1 10,30 - 11,30 um 100 m
TIRS Band 11 - Infrared moyen 2 11,50 - 12,50 pm 100 m

Each type of data has been subject to specific
processing.

3.2. Processing Methods

Landsat 8 OLI images were processed by Sobel 7x7
directional filters in order to improve artifacts and facilitate
the manual extraction of lineaments in accordance with
the process defined by [24,25,26]. After hydrographic
network analysis, the interpretation method consisted in
search of various alignments and small traces underlined
by tonal contrasts of the light or dark streaks and abrupt
change of slopes. An automatic extraction carried out on
the first Principal Component (ACP1) of the first seven
bands of Landsat 8 image, allows to draw up a density
map of lineaments network [27,28,29,30]. The superposition
of results of manual and automatic extraction of lineaments
helped to detect a considerable number of joints, fractures
or faults. Treatments were done using Envi 5.1, Geomatica
2015 and QGIS3.4 software platforms. Lineaments directions
were discriminated by Georose software.

Aeromagnetic data processing started with total
magnetic field data generation using GIS [13]. Taking into
account the geographic position of the study aera, method
of total magnetic field reduction to equator was adopted
[1]. Thus, to reduce the magnetic data to equator; equation
(1) was applied:

[sin(l)—icos(l)-cos(D—H)]2
x(—cosz(D—H))

L( )
[sinz(la)+cosz(la)-cos2 (D —9)}
><|:Sin2(|)+COSZ(| )-cos2 (D—e)}

where:
L (6) = TMI Reduction to Equator (RTE);
| = geomagnetic inclination;
la = inclination for amplitude correction (never < 1);
D = geomagnetic declination.
When reducing to equator from low latitudes,

North-South features can blow-up due to the numerical
error (from the term of 0/0) in amplitude correction (the

sin (1) component) that is applied when (D-) is 8/2 (i.e.
a magnetic east-west wave number). By specifying
higher latitude for the amplitude correction alone, this
problem can be reduced or eliminated at the expense
of slightly under-correcting the amplitudes of near
North-South features. The following parameters obtained
from geomagnetic calculator (IGRF) were used for
RTE:

Table 2. Parameters from IGRF (International Geomagnetic
Reference Field) of the study area in 1966

DE) | I() | F(nT) H (nT) X (nT) Y (nT) Z(nT)

-7 35 32463 32875 32644 -3890 2186

The horizontal (x, y) and vertical (z) gradients were
applied to the reduced magnetic field data to equator [31].
These different processes allowed to get maximum
amount of informations concerning magnetic structures,
maps, structural discontinuities and confirm certain results
obtained from spatial data.

The horizontal derivative enhances high frequency
variation of magnetic data. These variations can be caused
by faults and/or boundaries between different geological
units. Horizontal derivative is useful for detecting or
interpreting rocks features. In spatial domain, the horizontal
gradient method of magnetic field F(x, y) defined at different
points (X, y) of the horizontal plane of measurement, is given
by the relation of [31].

HG (x,y) = (aa—i)z +[%sz @

However, the vertical derivative is commonly applied
to total magnetic field data to enhance the shallow
geologic sources and suppress deeper ones. The
computational relation of vertical derivative is giving by
equation (3).

f(nl)

$(x1y,2g) = (x3.20) +w(x,y) £(n2) (3)

(x.y.20)"

MAGMAP extension of Geosoft 6.4 software (Oasis
Montaj) served as a platform for the various treatments.




48

This technique applies 2D Fast Fourier Transform (FFT)
approach on magnetic data.

The relevance and consistency of ours results will be
established after control and validation with field data.
Thus, geological map of the study area is compared with
linear structures extracted from satellite images and
aeromagnetic data in order to infer their structural
meaning [32]. The proven anthropogenic lineaments
(roads, tracks, limits of forests or cultivated areas, power
lines, etc.) are removed and the remaining lineaments
are considered as fractures. The verification process
is supported by field observations and structural
measurements.

4. Results and Discussion

4.1. Results

4.1.1. Extraction of lineaments

Sobel filters have the particularity to enhance
lineaments perpendicular to their convolution direction.
Sobel filter of N-S (0°) direction accentuates linear
structures of E-W (90°) and NE-SW directions. Sobel
filter of NE-SW(45°) direction accentuates NW-SE and
E-W steering accidents. Sobel filter of E-W (90°)
direction highlights direction N-S and NW-SE. Manually
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lineaments extraction results are presented in Figure 3.
The synthesis of manual extraction process enabled to
create linear map of Pakovolcano-sedimentary basin
region (Figure 4). On this map, one hundred and
seventy-one (171) lineaments of varied direction and
length (683 m to 13.63 km) were represented.

Detailed analysis of this map shows that some sectors
are apparently less fractured and extracted lineaments are
globally of five directions. lineaments, which follow each
other in the same direction suggest a same zone of
weakness (Figure 4). They are structural lineations
(schistosity and/or foliation planes; shear or foldszones).

Rosace of lineaments directions automatically
generated by Georose software showed five main
directions: N40°, N55°, N72°, N120° and N160° (Figure
5a). These lineaments directions can be grouped into: i)
NE-SW (N40° to N55°); ii) the E-W (N72°) and iii)
NW-SE (N120° to N160°). N-S direction (NO° to N20°) is
poorly represented.

Statistical analysis of lineaments groups indicates that
NE-SW orientation is predominant, with 45.03% of
the lineaments; NW-SE direction gather 28.65%; E-W
direction represents13.45% and N-S direction accounts
for 12.87% (Figure 5b). Remote sensing results allow
us to conclude that NE-SW lineaments have played
an important role in the actual configuration of Pako
region.

raa > am e [ fE

AW

A

Giudai

Legend

— Y DA s L1 ey
o Locabtiet

Tiswarn

e e e

T

e

ran

Are

Ay

e

(8

ey

wa

1Mo 11754000 A1*annen” 11800’

Humbinnr

Figure 3. Sobel directional filters maps a) NW-SE b) E-W ¢) NE-SW d) N-S



Journal of Geosciences and Geomatics 49

2°12'E 2°36'E

3°0E

12°0'N

11°48'N

11°36'N

12°0'N

Guéné

11°48'N

11°36'N

Legend
Localities

§ — Pako basin contour
= —— Extrated Linéaments
g ) $ 0 10 20 km
= < SR —
/l‘ Gomparou
///
z z
7 50%0::‘:%‘\ >
= Goumon s -
Tissarou
Banikoara
Sonsoro
FIE 2°24°E °36°F. FINE 0E
Figure 4. Extracted lineaments map of Pako region
N
a . b
Manually extracted lineaments
mains directions proportions
77
80
70
60 49
W E| 50
40 22 23
30
20
10
0
- N ~ <
A, ) -~
-~ = . =
- N N
' < .
S

Figure 5.Pako region lineaments main directions: a) Rosace diagram; b) histogram of directions

4.1.2. Intensity of Fracturing Network in Pako Region

The fractures are distributed differently in Pako region.
The areas of high linear density are found in the southern
sector of Pako basin and neighboring regions up to
Nipouni (Figure 6). The northern sector seems to be less
fractured due to the presence of athick vegetation of
National fauna Park W. The overlay of manually extracted
lineaments map with the density map of the automatically
generated fracturing network shows that highly fractured

zones are concentrated on the red color zones of
the density map while, meanly fractured areas are
concentrated in yellow zone. Weakly fractured areas and
areas without fracturation are concentrated in green and
white color zone respectively (Figure 6). Areas, where
satellite could not collect enough data to provide structural
information correspond to sectors covered by National
fauna Park W, hunting areas of Djona and Atacora (see
Figure 1).
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4.1.3. Reduction to Equator (RTE)of Total Magnetic
Field (TMF)

Reducing the TMF (Total Magnetic Field) to equator
has contributed to make anomalies symmetrical with
respect to their sources and to re-specify their contours.
Analysis of the map shows a range of intensity variation
between -124.54 nT and 132.90 nT. The zones between
54.05 nT and 132.90 nT are zones with very high
magnetic intensity, those between 0.7nT and 42.45nT of
medium magnetic intensity and zones with values between
-1.25nT and -49.72nT, are weedy intensity magnetic.
Anomalous values between -58.28 nT and -124.54 nT, are
very low magnetic intensity. However, in low latitudes
magnetic regions, specifically around the equator, a low or
negative magnetic peak value represents typical abnormal
signatures. Consequently, we can recognize in Pako
region four (4) major geological processes in relation to
the recognized anomalous zones.

The central sector of Pako is characterized by a very
high magnetic anomaly and the Nipouni sector shows

anomalies of medium, low to very low magnetic intensity.
There are very low values of magnetic intensity in the
Djadja sector structured E-W and NE-SW (Figure 7). In
South of Pako region, the magnetic anomalies are high
moderate but very discontinuous.

4.1.4. Horizontal Gradient (X-derivative)

The component (x) of horizontal gradient of magnetic
anomaly reduced to equator allows highlighting N-S linear
structures of short lengths. It enhances faults and
geological contacts (lithological and tectonic). Analysis of
(x) derivative map shows that in Pako region, the axes of
both negative and positive anomalies are globally oriented
NE-SW (Figure 8). Two major directions (E-W and NW-
SE)characterize fractures identified on this map. They are
totally discordant with N-S to NE-SW faults directions
which are linked to Panafrican orogeny. NW-SE to E-W
could be related to tectonic evolution of Pako volcano-
sedimentary basin. They represent the southern border
faults of Pako basin in Djadja region (Figure 8).
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4.1.5. Horizontal Gradient (Y-Derivative)

The component (y) of horizontal gradient consists
in suppressing anomalies of long wavelengths to
highlight oriented E-W structures of short wavelengths.
Within the framework of the present study, it highlights
structures with very weedy negative anomalies in
further north and Founougo sectors (Figure 9). NE-SW
direction of structures are observed in the whole
Pakoregion. Several types of fracturing are distinguished.
Some NNE-SSW to NW-SE border faults and transform
NE-SW directional faults of northern Nipouni that cross
Pako basin are also highlighted. The border faults of
NW-SE direction recognized in Djadja locality (Figure 8
and 9) could be synchronous with the compressive
tectonics of N-S direction having affected the Benino-
Nigerian block creating the conditions favour able to
genesis of basins. Transforming faults could be late
fractures that played after genesis of pelvis.

4.1.6. Vertical Gradient (Z-Derivative)

The vertical gradient or first vertical derivative,
accentuates the responses of high frequency anomalies
and attenuates low frequency anomalies. It’s a kind of
filter which allows to get a better image of surface
structures. In this perspective, we observe the horizontal
distribution of major magnetic units, regardless of their
position on the vertical plane in the crustal succession in

Pako region. We note the presence of folded structures
located in northwest of Nipouni and represented by
anomalies of very high magnetic intensity oriented NE-
SW. This folding could be synchronous to Panafrican
shortening E-W. Two types of fracturing are identified on
this map (Figure 10) transforming overall NE-SW
directional fractures and simple three-way fractures (NE-
SW, NW-SE to E-W). These different fractures are shown
in black lines on the map.

4.1.7. Magnetic Fractures Synthesis

Magnetic method allows better imaging of the Earth's
structures. In the present study, it helps to confirm certain
fractures orientations defined above as lineaments with
remote sensing. We note four families of fractures
directions. The N-S family grouping the NO° to N20°
fractures make up 14% of the population. NE-SW
fractures form 25%. The E-W family contains 32% and
the NW-SW fractures form 29% of frequencies.
Directional discrimination of magnetic fractures of Pako
region shows that N-S faults are orientedNO° to N18°.NE-
SW faults are oriented N28° to N51°. E-W family of
fractures includes N72° to N90° directions and NW-SE
family of fractures united in N120° to N160° orientations
(Figure 11). Statistical data of these faults shows that
E-W orientations are more frequent in Pako region
(Figure 11).
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A transforming fault NE-SW direction crosses the
basin at north of Nipouni. This probably late
post-tectonic  fracture illustrates a visible dextral
displacement on the horizontal (x, y) and vertical (2)
gradients maps. Indeed, in gneiss, basalts, metagranites,
and gabbros of Wahakourou at north of Nipouni, the
presence of microscopic finite deformation markers
illustrating a dextral movement was outlined by [21].
Consequently, the existence of NE-SW shear corridors in
Pako basin is not exclude. Low intensity shear could
involve the secondary directions illustrated on magnetic
fault rosace diagram (Figure 11)

4.1.8. Validation of Results

Combine analysis of structures identified by spatial data
processing and those obtained with aeromagnetic data
confirm the existence of many fractures of various
directions in Pako region. Fractures of E-W direction
represent 32%.A field campaign, carried out in this region
allows us to validate these results. In fact, in Pako region,
the N-S oriented amphibolites and sandstone outcrops in
south-eastern edge (localities of Somperekou and Brokotto)
are associated with concordant fractures (Photo 1a and b).
The amphibolites and sandstones of this part of Pako are
probably prior to N-S transcontinental shear zonecalled
Kandi in Benin. This deformation, far from being at the
origin of Pako basin, affects it formations at its south-
eastern border. Referring to map of total magnetic field
reduced to equator, these formations have medium to low
intensity aeromagnetic signature.

Directions NE-SW to E-W are carried by the Poutigui
gneiss (Koke) and the granodiorite dykes associated with
concordant veins of basalts located at southwest of
Founougo (Photo 2 a and b). Gneisses are characterized by
a penetrative schistosity (S1) of foliation. They constitute
the oldest basement formations in the region and are
affected by Panafrican tangential tectonics responsible for
D1 deformation. It is important to note that the gneisses
are intruded by moderately to strongly alteredmafic rocks

of gabbroic nature. The basalt veins are melanocrate to
holomelanocrate (Photo 2b). This part of Pako region
is characterized by high to very high aeromagnetic
intensity.

Apart fractures and linear structures recognized; other
types of deformations are also identified. Unhooking
deformations with a dextral rotational component (Photo
3a) and ductile deformations characteristic of folding with
development of a schistosity (S2) axial plane (Photo 3b)
are also recognized. These structures are generated by D2
deformations. Deformations D2 are noticed in Djadja’s
schists which are composed of micas with places of
concordant veins of pegmatites and characterized by very
low aeromagnetic intensity.

4.1.9. Structural Model of Pako Region

Spatial and magnetic data interpretation supported by
field observations allowed to propose a structural model of
Pako region (Figure 12). Faults are linked to different
deformations and can be regrouped into two mains types.
Brittles deformations with dextral detachment are
observed in the localities of Somperekou and Gomparou
while brittle deformations with senestralde tachment and
a ductile deformation with a rotational dextralcomponent
are observed in Nipouni (Figure 12). The major fractures
of global direction NE-SW to NW-SE and those of E-W
direction are certainly responsible of collapse led to Pako
basin genesis, which they limit on both sides. After setting
up of Pako basin, appear characteristic directions
of Panafrican events playing in conjugate setbacks,
consisting of shears dextral NE-SW to NW-SE and
senestral NW-SE (Figure 12). These late setbacks

affecting Pako basin can be interpreted as the structures
resulting from a reactivation of Kandi shear or discordant
structures contemporary to this shear which had not been
mapped in previous works. There is a remarkable
importance of secondary fractures of various directions
throughout the region which can be interpreted as faults
without displacement or joints.

Photo 1. Pako regionsouth-eastern edge rocks fractures: a) Amphibolite; b)sandstone

Photo 2. Pako region central edge rocks features: a)S1schistosity in gneiss b) granodiorite associated with basalt veins
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Photo 3. Pako region rocks features: a) schists with dextral shear b) folding

4.2. Discussion

Several authors are agreed with the existence of a
large shear corridor in the Benin-Nigerian shield
[9,33,34,35,36]. The combined interpretation of Landsat 8
OLI images, magnetic and field data, indicate the
existence of at least two phases of deformations in Pako
region: N-S to NE-SW brittle or shear deformations and
E-W brittle deformations. Identified faults systems are in
accordance with those outlined by [37] in Nigeria where
the author had considered that they are linked to
Panafrican deformations that occurred around 530 Ma
across the continent [37]. The brittle deformations
observed in Somperekou (Brokotto) locality (Figure 9, 12
and Photo 1) are marked by a system of conjugate
N-S fractures forming sometimes, a network of
NE-SW to NW-SE fractures (Figure 4). In reality, this

network belongs to a large weakness area of the same
orientation.

Within Precambrian rocks of Benin-Nigerian shield,
some Panafrican transcurrent faults of varying orientations
have been described [23,38,42]. N-S trans current faults
are recognized in Kandi, Zungeru and Ifewara areas; NE-
SW in Kalanga area and ENE-WSW in Ngaoundere and
Benue areas [22,39]. According to [23], the Kandi Shear
Zone is of 50km wide and extends in Benin Republic from
Malanville to the coastal sedimentary basin. In Dassa
region (Benin center), it affects granulite, amphibolite and
migmatitic gneisses. Ours field observations show that in
the South-east of Pako region, some formations are
structured N-S. If these formations are affected by KSZ, it
is important to reevaluate the influence zone of this shear
corridor because studied formations are more than 50km
far from KSZ central zone.
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Figure 12. Structural model of Pako region
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NE-SW shear directions are also recognized in the
basement of Nikki, Djadja and Nipouni regions by some
authors [21,42]. Results of the present study gave a
synoptic view of deformations at the scale of Pako region.
The connection of identified outcrops isolated shears
allows to high light a dextral NE-SW shear corridor in
Pako region. These results are in agreement with those of
[39] who maps NE-SW shear corridors in the eastern
block of Panafrican chain in Nigeria. Thus, NE-SW faults
system is linked to regional tectonic event which affect at
least the Benino-Nigerian shield.

5. Conclusion

The multi-criteria analysis of Landsat 8 OLI images
coupled with magnetic data and their comparison with
field data have provided valuable geological informations
concerning faults systems of Pako region. Directional
Sobel filters results combined with Total magnetic field
gradients led to map discontinuities corresponding to the
limits of geological formations or to the faults systems in
the study area. Their directional discrimination highlights
two mains directions. The N-S direction structures
containing NO° to N18° fractures and the E-W structures
grouping fractures of N82° to N92° directions. These
fractures are the most important in Pako region with a
frequency of 32.%. Among others fractures, some are
oriented NE-SW (N40°) and define a shear corridor with a
dextral rotational component. Based on outlined faults
systems, a structural model of this region has been
proposed. The use of total magnetic field technics
allowed to high light magnetic anomalies zones.
Magnetic anomalies zones which could represented areas
with high mining potential are associated in ours study
area with Kokemetamorphic rocks, Founougo volcanic
rocks and Nipounimet asediments. The methodological
approach of this study led to map several fractures that
were not beidentified before. Complementary field work
should be carried out to measure the magnetic
susceptibility of the various rocks in order to confirm
magnetic data of Pako region. For geodynamic
reconstitution and chronology clarification, geochemical
and geochronological studies are necessary.
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