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Abstract

Characterized by lithological diversity and rich mineral resources, Benshangul-Gu-
muz National Regional State located in Asosa Zones, Western Ethiopia has been in-
vestigated for geological mapping and morpho-structural lineaments extraction us-
ing PALSAR (Phased Array type L-band Synthetic Aperture Radar) Fine Beam Single
(FBS) L-HH polarization and Landsat-5 TM ( Thematic Mapper) datasets. These data
were preprocessed to retrieve ground surface reflectance and backscatter coefficients.
To overcome the geometry acquisition between the two sensors, they were geometri-
cally and topographically rectified using ASTER-V2 DEM. Intensity-Hue-Saturation,
directional filters and automatic lineaments extraction were applied on the datasets
for lithological units” discrimination and structural delimitation for potential mineral
exploration. The obtained results showed good relationship among the topographic
morphology, rock-substrate, structural variations properties, and drainage network.
The spectral variations were easily associated with lithological units. Likewise, the
morpho-structural information highlighted in the PALSAR image was visible with-
out altering the radiometric integrity of the details in TM bands through the fusion
process. Moreover, predominant lineaments directions trending NE-SW, NS, and
NW-SE were identified. Results of this study highlighted the importance of the PALSAR
FBS L-HH mode and TM data fusion to enhance geological features and lithological
units for mineral exploration particularly in tropical zones.
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1. Introduction

Geological and structural maps are very important for mining and petroleum explora-

DOI: 10.4236/ars.2016.54020 November 21, 2016



http://www.scirp.org/journal/ars
http://dx.doi.org/10.4236/ars.2016.54020
http://www.scirp.org
http://dx.doi.org/10.4236/ars.2016.54020
http://creativecommons.org/licenses/by/4.0/

A. Bannari et al.

tion operations, because these two resources are often associated with specific lithology.
Subterranean structures, which are conducive to trapping oil or hosting specific miner-
als, often manifest themselves on the Earth’s surface. By delimiting these structures and
by identifying associated lithology, geologists can recognize areas that show these char-
acteristics and target them for exploration. For this type of maps, geologists have always
exploited the synergy between the fieldwork and aerial photographs. Although these
techniques are accurate, they are time consuming and require significant financial in-
vestment. However, since the launch of the first Earth observation satellite in 1972, re-
mote sensing has become a scientific domain of wide interest for geological mapping,
particularly in developing countries where cartographic documents are incomplete or
out of date. This technology allows for relatively fast and economic data acquisition,
and covers large territories. Optical remote sensing is sensitive to the Erath surface re-
flectivity illuminated by the Sun. It can be used to describe the lithology using colour
and characteristics of alteration and erosion, drainage networks and bedding thickness
[1]. Nevertheless, it can only provide information on the physical structure of surfaces,
which limits its application in geological mapping, particularly when the structures are
buried underground or under vegetation cover or forest canopy. To overcome these
limitations, active remote sensing with its ground-penetration capability can be used to
obtain relevant and precise information on geological structures, micro-topography
and the dielectric properties of the terrain [2]-[7]. In fact, the backscatter coefficient re-
trieved from active remote sensing depends on the signal itself, the illumination ge-
ometry, the wavelength characteristics, and the observed targets [8]. In general, radar
uses wavelengths between 2 and 100 cm, but unlike the short wavelengths; longer ones
as L-band can penetrate the vegetation cover and the forest canopy, and then detect the
soil background features [9]. Certainly, the long wavelengths (L-band) are more im-
portant than the shorter wavelengths for geological mapping, especially in tropical
zones as Ethiopian environment where fog and clouds are frequently present and be-
drocks are not well exposed to the FOV of the instruments. Indeed, Pour and Hashim
[7] and Pour et al [10] showed that the PALSAR L-band data are positively useful for
mapping major geological structural features and detailed structural analysis of fault
systems and deformation areas in Malaysia.

Furthermore, the fusion of multi-sensors data, and unlike images, increases the in-
formation extraction and interpretation capabilities that can be derived from each image
individually [11] [12] [13]. According to Pour and Hashim [14], integration of PALSAR
and ASTER data support the comprehension of geological information, lithological and
structural mapping, and provide more accurate information compared to individual
sensor results. Likewise, the advent of remote sensing not only requires new technology
for instruments and sensors, but also new analytical approaches and techniques to ma-
nipulate and process data and extract information from multi-sensors fusion and inte-
gration. In the literature, many methods were developed for multi-source images fusion
using advanced technique to enhance the apparent information in the images as well as
to increase the reliability of the interpretation [15]. Recently, Joshi et al [16] reviewed
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112 studies on fusing optical and radar data for the land cover exploiting different fusion
methods and techniques. Among these, the Intensity-Hue-Saturation (IHS) technique
that has become a standard procedure in image processing, providing important results
for the geological mapping. It serves the colour enhancement of highly correlated data
[17], the feature enhancement [18], the improvement of spatial resolution [19] and the
fusion of disparate datasets [20]. Otherwise, many authors [21] [22] demonstrated the
potential and advantages of Synthetic Aperture Radar (SAR) integration with Enhanced
Thematic Mapper (ETM) for geological mapping in arid and tropical regions. Moreover,
for various lithologic units mapping, ERS-2 SAR has been fused with IRS-1C LISS-III
using principal component analysis approach [22]. Based on a GIS platform and Fuzzy-
logic data fusion methods, Rogge ef al [23] integrated SAR image with airborne geo-
physical data, litho-geochemistry, and sediment information map for geological features
mapping. In Mackenzie Valley Pipeline Corridor, Canada, Pavlic et al [24] developed an
improved technique based on HIS and combining RADARSAT-1, DEM and ETM +
images for surficial geology mapping. Furthermore, to establish a relationship between
gold mineralization, lithological and structural information in the Buhweju area, western
Uganda, Bahiru et al [25] integrated each of SRTM-DEM, TM and airborne geophysical
with the geological field data. Nevertheless, these multi-sources images vary in radio-
metric, spectral, spatial and temporal resolutions; as well, their respective sensors are
on-board different platforms that follow different orbits. Moreover, these sensors have
different characteristics and viewing geometries, interact differently with shadow and
topographic variability’s effects, etc. [8] [26]. Therefore, the considered images must be
preprocessed correctly before any fusion or integration operations. Indeed, the stan-
dardization steps are necessary to integrate, manage and manipulate spatial and auxiliary
datasets in GIS environment for geological mapping or for any other application.

In this study, we investigated a fusion approach of PALSAR (Phased Array type L-
band Synthetic Aperture Radar) Fine Beam Single (FBS) L-HH polarization and Land-
sat-5 TM (Thematic Mapper) datasets for geological mapping and morpho-structural
lineaments extraction in the context of mineral exploration. The images were prepro-
cessed to retrieve ground surface reflectance and backscatter coefficients. Then, to
overcome the geometry acquisition between the two used sensors, they were geometri-
cally corrected and topographically rectified using Advanced Space-borne Thermal
Emission and Reflection Radiometer (ASTER) digital elevation model (DEM). The
processing step was based on the Intensity-Hue-Saturation transformations methods
(hexagonal, double hexagonal and cylindrical), and the lineaments extraction using
LINE module of PCI-Geomatica [27], directional filters and visual analysis. The used

methodology is summarized in Figure 1.

2. Materials and Methods
2.1. Study Site and Geological Setting

The study area is situated in Western Ethiopia, Benshangul-Gumuz National Regional
State, Asosa Zones (9°43'30"N, 34°22'13" E; Figure 2); which is characterized by litho-
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logical diversity and rich mineral resources. The region climate is tropical with long dry
season from December to May, and a rainy period from June to September. It is classi-
fied as a hot-arid region with a mean annual temperature of 32°C and mean annual
rainfall of 1000 - 1400 mm per year [28]. In this region, the topographic variability
plays an important role on the climatic conditions. It is ranging from plain lowland
to rugged mountainous terrains. The elevated topography is common in the north,
northeast, east, south and southeast corner, but relatively flat to plain areas are found in
the central and western portion of the study site. The highest elevation is about 1775
meters to the north and the lowest elevation is approximately 525 meters to the central
west. The region is crossed by active streams draining mostly towards west directions.

Vegetation is sparse consisting mainly of bamboo, mango trees, incense trees and savannah
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Figure 1. Methodology flowchart.

Figure 2. Study site localization, Asosa zone (Ethiopia).
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grass [29]. However, the savannah grass is relatively dense during the rainy season, but
less dense in the dry period. According to the UNESCO soil classification scheme, the
general soil types are Nitosols with minor Humic-Cambisols and Chromic-Vertisols
[28]. The geology of this region is mainly composed of low-grade and high-grade
metamorphic rocks, intrusive and mainly includes granitic-gneiss, meta-granite, meta-
granodiorite, meta-diorite, and meta-gabbro. Moreover, other types of rocks are pre-
sent such as amphibole schist, quartz-feldspar-biotite schist, amphibole-feldspar-biotite
schist, biotite schist, chlorite schist and talc schist, graphitic schist and some un-mappable
meta-sediments and remnants of basalt. In general, the structures directions are trend-
ing NE-SW, N-S and NW-SE. Figure 3 shows a simplified geological map of a part of
the Asosa study site [30].
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Figure 3. Simplified geological map of a part of the Asosa study site (Source:
Managem, Mineral ONA Group).
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2.2. Images and DEM Data

The two used images were acquired over the same area in January that is the driest
month with no precipitation and less vegetation distribution, which are the good con-
ditions for geological and structural mapping. The PALSAR image level 1.5 product
was acquired on 16 January 2009, and the TM image was acquired on 2nd January
2009. Obviously, this difference of 14 days between the two images will not have any
impact on the used approach. Figure 4 illustrates the preprocessed images recorded
over the study site. In addition, the ASTER DEM was used for topographic distortions

rectification and lineaments extraction.

2.2.1. PALSAR Data

The PALSAR is a SAR system operating in L-band from space on-board ALOS satel-
lite following a sun-synchronous orbit of 700 km altitude and 98.16° inclination. The
Ministry of Economy, Trade and Industry (METI) and Japan Aerospace Exploration
Agency (JAXA) developed it in 2006 for resource exploration (especially for geological
structure analysis and rocks distribution), environmental protection, natural disaster
management, etc. PALSAR could simultaneously receive horizontal and vertical po-
larization per each polarized transmission (dual polarization simultaneous reception),

and could switch from horizontal to vertical polarization and vice versa at respective

Kilometers
T —
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Figure 4. TM (7-5-4) color composite and PALSAR images recorded over the study site.
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transmission pulse, enabling to obtain four-polarization characteristics of observation
target by dual polarization simultaneous reception (full polarimetry) [31]. Otherwise, it
operates under different incidences and off-nadir angles by single polarization of HH or
VV (FBS), and by dual polarization of HH+HYV or VV + VH (FBD: Fine Beam Dual). It
can also operate in three other different modes: Downlink SiNgle mode (DSN), PALSAR
ScanSAR (WB) and Polarimetry mode (PLR). The PALSAR image level 1.5 product was
acquired on 16 January 2009 following an ascending orbit with a FBS L-HH polariza-
tion (frequency ~1.27 GHz, and wavelength ~24 cm), with incidence angle of 38.70°,
off-nadir angle equal to 34.30°, and a spatial resolution of 10 m. This geometry acquisi-
tion was selected for this research since the topography of the study area is relatively
variable and the structures directions are NE-SW, NS, and NW-SE. In addition, this
acquisition mode was recommended for structural, geological and rocks distribution

analysis and mapping [31].

2.2.2. Landsat TM Data

Started in 1972, the Landsat program is one of the mainstays of NASA’s Earth-obser-
vation program. Launched in orbit on March 1984, Landsat-5 was designed to be used
for many applications, such as geology, forestry, agriculture, etc. Outliving its five-years
design life, Landsat-5 delivered high-quality global data of Earth’s land surface for ap-
proximately 28 years, officially setting a new Guinness World Records title for the
“Longest-operating Earth observation satellite” [32]. In November 2011, the TM in-
strument stopped acquiring images, and in December 2012 the USGS announced the
operations cessation of Landsat-5 after the failure of a redundant gyroscope. On Octo-
ber 5 1993, the EOSAT owned Landsat-6 failed at launch because it was not reaching
the velocity necessary to obtain orbit. On May 31 2003, the Scan Line Corrector (SLC)
failed to operate on Landsat-7. Prior the Landsat-8 launch in February 11 2013, the
Landsat-5 was invaluable as a data source for the international scientific community. In
this study, we selected a TM image that was recorded on the 2ndof January 2009 in a
clear and cloudless day, two weeks before the radar image acquisition. The six spectral
bands, covering the visible-near and short wave infrared (VNIR and SWIR) with 30 m
spatial resolution, were used in this research (Figure 4).

2.2.3 ASTER-V2 DEM Data

The ASTER-V2 DEM is a joint product developed and made available to the public by
the METT of Japan and the United States National Aeronautics and Space Administra-
tion (NASA). It is generated from data collected from the optical instrument ASTER
onboard TERRA spacecraft [33]. This instrument was built in December 1999 with a
long-track stereoscopic capability using its nadir-viewing and backward-viewing tele-
scopes to acquire stereo image data with a base-to-height ratio of 0.6 [34]. Since 2001,
these stereo pairs had been used to produce single-scene (60 x 60 km) DEM based on
stereo-correlation matching technique, using UTM map projection and WGS84 geo-
detic reference [35]. According to Chrysoulakis et al. [36], the planimetric and altemi-
tric accuracies of the produced ASTER DEM over Greek islands are + 15 and + 12.41

252

K
0:52: Scientific Research Publishing



A. Bannari et al.

m, respectively. They considered these precisions satisfactory for watershed manage-
ment, hydrological applications, and the ortho-rectification of satellites images ac-
quired over the same area with the same spatial resolution; which was the case in this
study for TM and PALSAR resampled image (see section 2.3.3). Testing the ASTER
DEM over Vancouver (West Canadian territory), Toutin [37] demonstrated that the
derived DEM was almost linearly correlated with the terrain slopes. Based on a set of
geodetic ground control points over Western Australia, Hirt et a/ [38] had shown that
the vertical accuracy of ASTER DEM was approximately +15 m. They also reported that
this accuracy varied as a function of the terrain type and shape, and it was relatively low
in areas with low topographic variability. In 2011, NASA and Japanese collaborators
[39] [40] made the validation and the accuracies assessment of ASTER DEM products
(version-2) jointly. Their results showed that the absolute geometrical rectification ac-
curacies, expressed as a linear error at the 95% confidence level, were +8.68 and +17.01
meters for planimetry and altimetry, respectively [41]. Consequently, the DEM over
our study region (Figure 5) was downloaded from USGS data explorer gate [42], it was
preprocessed, and then it was used for the PALSAR and TM images data ortho-rectifi-

cation.

Kilometers
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Figure 5. ASTER-V2 DEM over the study site.
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2.3. Data Preprocessing

2.3.1. Radar Data Backscatter Coefficients Retrieval

For radiometric calibration, “Elevation Antenna Pattern Calibration” (EAPC) and ab-
solute gain calibration were performed. The EAPC was carried out to eliminate the in-
fluence on gains due to the elevation antenna pattern. This step involves SAR data
analysis over homogenous area such as Amazon rain forests. According to [31], each
beam mode was analyzed with at-least 10 data acquisitions to get good average values
for the shapes of the antenna patterns. Analysis of ascending and descending pass data
was also performed by JAXA. The absolute gain calibration was performed to obtain
absolute gains by eliminating effects on other comprehensive gains. The absolute gains
values obtained through analyzing responses from a transponder used as a point target
placed on the calibration site. Absolute gain calibration for a beam mode was needed to
be done after all data sets for the same beam mode were analyzed for EAPC. Finally, the
calibration of PALSAR image was carried out, enabling the derivation of backscattering

coefficients (in Decibel) using the following Equation [43] [44]:
¢” 1.5 Product =10-log,, (DN *) +CF (1)

where DN is the digital number of the amplitude image, which is a level of 1.5 product
(16-bit unsigned short integer), and CF is the provided calibration factor. Then, the
backscatter coefficients image was filtered to reduce speckle noise using the gamma fil-
ter [45]. Moreover, the PALSAR image, initially coded in 16 bits, was converted to 8
bits for easier processing and integrating with TM data (Figure 3). According to Knipp
[46], the 16 to 8-bit conversion was performed after speckle reduction in order to re-

duce the loss of information.

2.3.2. Optic Data Surface Reflectance Retrieval
Drift of the sensor radiometric calibration (relative and absolute) is a necessary step,
which consists of correcting artifacts affecting the sensor in order to extract precise and
reliable information from an image [47]. Relative calibration that is a normalization
and harmonization of the data received from the different detectors of the TM sensor.
This step corrects any striping effects caused by the detectors sensitivity differences
[48]. Absolute calibration allows the transformation of the digital number [DN ()],
which is measured at the sensor level (Top of Atmosphere: TOA), into apparent equi-
valent radiance [L*(A1)]. Without these operations, the changes caused by artifacts rela-
tive to the sensor can be mistakenly attributed to changes in the land-use and ground
biophysical components. Consequently, errors can propagate in all subsequent steps
taken during the image processing such as spectral indices calculations, multi-temporal
analysis, classification, climate change modeling, etc. [47] [49] [50]. USGS EROS Cen-
ter delivered the values of the solar angle, multiplicative and additive rescaling coeffi-
cients (gain and offset) for the apparent radiance conversion.

Moreover, the two processes responsible for the modification of the satellite signal,
are mainly the absorption by gases (ozone, water vapour, and CO,) and the scattering

by aerosols and molecules [51] that dominate atmospheric effects. These phenomena
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cause an attenuation of the signal in the direction of illumination, but increase the sig-
nal in the other directions because of scattering effects. An accurate correction of at-
mospheric effects requires a priori knowledge of the atmospheric parameters that in-
terfere during the data acquisition operation [52]. For the used TM image, these pa-
rameters were measured during the satellite overpass using meteorological station data
located closest to the study site. The Canadian Modified Simulation of the Satellite Sig-
nal in the Solar Spectrum (CAMS5S), based on the Herman radiative transfer code [53],
was used for atmospheric parameter simulation in this study. CAM5S simulates the
signal measured at the TOA from the Earth’s surface reflecting solar and sky irradiance
at sea level, while considering the TM sensor characteristics, such as the band passes of
the solar-reflective spectral bands, satellite altitude, atmospheric condition, atmospheric
model, Sun and sensor geometry, and terrain elevation. Consequently, all the requested
parameters for atmospheric corrections were simulated and calculated. Then, they were
used to transform the apparent reflectance at the TOA to the ground reflectance pg(4)
using the Equations (2) and (3). To preserve the radiometric integrity of the image,
drift of the sensor radiometric calibration and atmospheric effects (scattering and ab-

sorption) were combined and corrected in one-step [54] [55].

_— L'(4)-7-D?
# (M= E52) - Cos(os) ®)
p'(2) :t_g(ﬂ)'{pa(iﬂ P6 (A).%} 5

where:
£ (1) = Apparent reflectance at the sensor level,
I*(1) =Apparent radiance at the sensor level,
p.(A) = Reflectance intrinsic to atmosphere at the sensor level,
pAA) = Reflectance at the ground surface,
D = Earth-sun distance in astronomical units,
Es(A) = Solar irradiances,
Os = Solar zenith angle,
T(A)s, = Total descending scattering transmittance,
T(A)e, = Total ascending scattering transmittance,
S'= Spherical albedo, and

fg(1) = Average total gaseous transmittance.

2.3.3. Geometric and Topographic Rectifications

Image-to-image registration is the process of matching two images so that correspond-
ing coordinate points in the two images correspond to the same physical region of the
scene being imaged [26] [56]. It is a classical problem in several images preprocessing
applications, especially when it is necessary to combine (merge or integrate) two or
more images acquired over the same scene using different sensors. Indeed, as discussed

previously, these sensors are on-board different platforms and follow different orbits,
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each having different characteristics, viewing geometries, and interact differently with
shadow and topographic variability’s effects, etc. [26]. Consequently, it is necessary to
register the images prior to their processing, interpretation and analysis. For PALSAR,
geometric correction was done on the data of multiple beam modes spanning the vari-
ous look angles of the SAR sensor. Analysis of the image data with ground control
points, and estimating the time offsets in a range echo delay and azimuth along-track
time were performed as geometric correction by JAXA [57]. However, despite this im-
portant correction step, the radar geometry remains less stable and less accurate com-
paratively to TM who had acquisition geometry at the nadir. To overcome this prob-
lem, the proposed approach by Rig not et al [58] and Takeuchi [59] which involved
DEM as ancillary data for co-registration between SAR and TM images was considered
in this study. Image-to-image geometric registration and topographic corrections were
achieved using TM image as a reference for 22 ground control points (GCPs) selection.
These CGP’s and the ASTER DEM were used for ortho-rectification process using the
“Radar Specific Model” implemented in Ortho-Engine module of PCI-Geomatica [27].
This step enables corrections of the parallax effect at the spatial arrangement of pixels
along the scanning system of the disruptive effects caused by shadow and topographic
variability’s. To preserve the images radiometric integrity, geometric corrections have
been combined into a single step with the topographic effects rectification [60]. The
UTM map projection and the WGS84 geodetic reference were considered. The cor-
rected PALSAR image was resampled using the nearest-neighbor method and the out-
put pixel size was fixed to 30 x 30 m, which is similar to the spatial resolution of TM
image and DEM. Finally, the RMSE registration between the two considered images

was less than 1 pixel.

2.4.Images Processing

2.4.1. Data Fusion Technique

Rocks and soils can be characterized by intensity (I), hue (H) and saturation (S) ac-
cording to their mineralogy and colour [15] [61] [62] [63]. These three variables, de-
rived by transformation of the visible bands, summarizes the absorption bands infor-
mation to maps potential alteration areas and lithological formations based upon the
predicted relationships between the image color and mineral absorption features [64]
[65]. The Hue is defined as the predominant wavelength of a color, the saturation as the
purity or total amount of white light of a color, and the intensity is related to the total
amount of light that reaches the eye (brightness of the colour) [20] [66] [67]. The Hue
is an important parameter because its values are independent of illumination and are
related only to the shapes of the spectral signatures [66]. In the literature, three meth-
ods had been developed to transform the visible bands to the “I”, “H” and “S”: hexago-
nal [68], double-hexagonal [69] and cylindrical transformation [64]. The contribution
of the semethods is well documented in the literature. According to Madeira et al [70]
and Fonts and Carvalho [71], the “H” characterizes well the hematite and describes

adequately the hematite/goethite ratio. As for the “S”, it quantifies correctly the iron

256

K
0:52: Scientific Research Publishing



A. Bannari et al.

oxides in the soil [70] and discriminates the different rock types [72]. The IHS trans-
formation is the commonly used method to merge data from different sensors (optical
and radar) for soil and rocks discrimination [15] [67]. It significantly provides impor-
tant results in terms of geomorphological and geological mapping [73] [74] [75]. It can
be applied directly or by substitution [67]. The direct technique consists in modulating
“T”, “H” and “S” by assigning those values before re-transformation to RGB. The sub-
stitution approach consists of calculating “I”, “H” and “S” parameters for a spectral
colour composition, then replacing the radar data to be merged by “I” or “S”. This ap-
proach was used in this study considering the three transformation methods: hexago-

nal, double hexagonal and cylindrical.

2.4.2. Lineaments Extraction

Lineaments extraction and analysis constitute a major step in geologic mapping and
mineral exploration. Since many mineralizations occur near fracture zones, lineaments
are useful for the sezones localization [76]. In digital satellites images, they are usually
defined as straight or somewhat curved features. They can be natural such as geological
structures (faults, fractures, lithological boundaries, etc.) or drainage networks (rivers),
or can result from manmade structures such as transportation networks (roads, canals,
etc.). According to digital image processing methods, the lineaments distinction is
based on the intensity change in an image as measured by gradient [77]. Through ap-
plying edge detection filters to the image, a visual method for lineament detection can
be constructed. Certainly, this method involves the human visual interpretation, which
is excellent in extrapolating linear features. Thus, to the interpret eye, a lineament that
varies in intensity along its length may be viewed as a single long lineament, whereas to
an automatic method, this may appear as several short lineaments. Automatic linea-
ments detection and extraction methods should be robust and allow for gradual or
sudden changes in the gradient along the lineament, and also for minor changes in the
direction. This concept is implemented in PCI Geomatica [27] in three steps: 1) an edge
detection operator is applied to the image that produces a gradient image, 2) the gradi-
ent image is thresholded to create a binary edge image, 3) then, this latest is used to ex-
tract linear features. This last step contains many sub-steps such as edge thinning, curve
pruning, recursive curve segmentation, and proximity curve linking. Finally, extracted
lineaments are saved in a vector segment. This algorithm provides a good accuracy for

lineaments extraction [78], and it was used in this study.

3. Results and Discussion

To realize an optimal image fusion for geological interpretation, the “I”, “H” and “S”
were coded using three different methods (hexagonal, double-hexagonal, and cylindri-
cal) and several tests integrating TM and PALSAR bands. The TM spectral band in
SWIR and NIR (7, 5, 4) had been selected because of their important geological infor-
mation content, and the significant derived results in comparison to other bands inte-

gration. Moreover, the cylindrical transformation provides the best results, since the
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spectral variations are easily associated with land use units, topographic and structural
variations. Figure 6(a) and Figure 6(b) illustrate the selected combinations (named
spatiomap) integrating, respectively, “I”, “H” and “L-HH” bands; as well as “I”, “H”
and the blue band resulting from the fusion of TM (7, 5, 4) and PALSAR-LHH bands.
Visual interpretation and evaluation of the produced spatiomaps show significant im-
provement compared to the original data, Ze. the interpretation of lithology boundaries
and recognition of structural features. Indeed, these maps show good relation between
the topographic morphology, rock substrate properties, and drainage network. Addi-
tionally, the morpho-structural information, highlighted in the PALSAR image, is visi-
ble in the two derived spatiaomaps without altering the radiometric detail in TM spec-
tral bands through the fusion process. The structural features show faults, fractures,
ridges, and hydrographic networks in the NE-SW, N-S, and NW-SE directions. These
features are valuable for exploration of mineral deposits such as gold mineralization.
Concerning lithological information extraction, the only information that we have for
validation purposes are the simplified geological map (Figure 3) and the global geolog-
ical map of Ethiopia [79]. These were geo-referenced and overlapped on the derived
spatiomaps in GIS environment. This step shows the potential of the used methodology
to produce results containing information that is more useful. In fact, such comparison
shows that it is possible to identify ten geological classes, which are: intermediate-meta-
volcanic + Chlorites-schist + Andesite-lava 1); metagranite 2); granite 3); sericite-quartz
4); basic-metavolcanic 5); foliated-metagranite 6); granitic-gneiss 7); metagranodiorite
8); amphibol-biotite-quatrz-shist 9); and basic meta-volcanic with minor metasedi-
ments 10). Figure 6(b) illustrates the spatial distribution of these classes on the study
site by their respective numbers.

Figure 7 illustrates the retrieved “R-G-B” color composite based on the fusion of “T”,
“H”, “S” and “L-HH”. The “I”, “H” and “S” coded before were used as moderate spatial
resolution, while L-HH was introduced as a reference image with its original spatial
resolution, 7Ze. 10 m x 10 m. This product highlighted significantly the granitic rocks
group independently to the other surrounding rocks in their neighborhood. Indeed,
among the ten classes presented in Figure 6(b), six sub-classes are identified clearly
without confusion with their neighbourhoods: 2) metagranite, 3) granite, 5) basic-meta-
volcanic, 6) foliated metagranite, 7) granitic-gneiss and 10) basic meta-volcanic with
minor metasediments. However, despite these encouraging results, validation with re-
spect to the ground truth remains a critical step. In addition, identify to accurately the
mixed sub-mineral classes as provided by the simplified geological map (Figure 3), it is
necessary to explore hyperspectral data with high spatial resolution, supported by
campaign field spectroradiometric measurements, for calibration and validation.

Furthermore, the lineaments were extracted from several combinations of TM image
(VNIR and SWIR), PALSAR image, data fusion, and DEM using visual and automatic
methods. The visual method was not completely manual but semi-automatic; it was
based on directional filters (Laplacian, Sobel, Edge detection and directional filters).

Then, the extracted lineaments were analyzed visually and digitized manually using PCI
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(a) (b)

Figure 6. Spatiomap (R, G, B) integrating “I” and “H” derived from cylindrical
transformation and the “L-HH” band (a), spatiomap (R, G, B) integrating “I” and
“H” derived from cylindrical transformation and the blue band that resulted from
the fusion of TM (7, 5, 4) bands and PALSAR-LHH (b).

Figure 7. Retrieved “R-G-B” color composite
based on the fusion of “I”, “H”, “S” and “L-HH”.
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vectors editing functionality. While, the automatic method was based on the module
LINE of PCI Geomatica, which extracts linear features from a single image and records
the output as poly-lines in a vector segments.

Using the visual method, a lineaments map was generated exploring numerous di-
rectional filters that had been applied on the considered datasets (TM and PALSAR
images, and DEM). Definitely, the exploration of only a single color composite and one
filter may not detect all the lineaments because of the variation in the spectral and ra-
diometric behavior of targets’ materials in the scene, such as variations in the vegeta-
tion cover density, soil moisture, structural directions, and topographic variability.
Among the analyzed possibilities, the “I”, “H” and “L-HH” color composite offer greater
contrast between the units in the image than do the individual TM band false color im-
ages, or the single band of PALSAR or DEM. Processed by Laplacien filter, it gave the
best combination providing the acceptable lineaments map. Unfortunately, this map
contains uncertainties in recognizing lineaments that are not geological structures, such
as roads, drainage and hydrological networks, and weathered ridges. Nevertheless, this
weakness had been eliminated based on the visual interpretation and analysis of many
color composites integrating different datasets. Only the potential and significant linea-
ments were retained and saved in vectors format for comparison with the automatic
process in GIS environment. Cert, the visual technique was principally subjected to the
data quality, as well the operator expertise and ability.

Furthermore, the lineaments were extracted automatically using LINE Module of
PCI, which is controlled by the six following parameters: radius of filter in pixels
(RADI), threshold for edge gradient (GTHR), threshold for curve length (LTHR),
threshold for line fitting error (FTHR), threshold for angular difference (ATHR), and
threshold for linking distance (DTHR). The values of these parameters were selected
according to many tests with the help of different color composite combinations, fil-
tered images and visual analysis. As well, the proposed values by other scientists were
experimented [80] [81]. However, the default parameters values provided by PCI were
chosen because they provide excellent balance between details and reliability of the
lineaments. These parameter values are as the following: RADI = 10, GTHR = 100,
LTHR = 30, FTHR = 3, ATHR = 30, and DTHR = 20. The extracted lineaments vectors
were saved in shapefile and superposed to the derived spatiomaps in GIS. We observed
that the automatic process provides more ambiguous details, which might be a result of
structural phenomena such as faults, fractures, ridges, hydrographic network, etc. At
each change of direction due to a fracture, a topographic variability, etc., the algorithm
indicates the existence of lineaments. Additionally, we found several types of linea-
ments: irregular (short or long), discontinuous (when the structures are buried under-
ground or under vegetation), overlapped other physical details (stream, watershed or
sub-watershed, etc.), and ambiguous (shadow projection, soil moisture variability, ag-
ricultural fields edges, etc.). However, comparatively to the visual method, the auto-
matic lineaments extraction shows the advantage of its ability to analyze uniformly dif-

ferent input images; processing operations are performed in a short time; and its ability
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to extract lineaments that are not recognized by the human eyes [17]. In general, simi-
larly to visual method results, the automatic process derives lineaments maps with un-
certainties and needs corrections. To overcome this problem, the synergy and cross-
comparison between the two used methods show certain complementary and allow the
selection of the significant lineaments detail, the elimination of the redundant linea-
ments and help to keep only desired geological lineaments. The final product (Figure
8) shows that the predominant lineaments directions are the NE-SW and the NS, and
then the second dominant direction is the NW-SE. These results are in agreement with
the observed trends on the PALSAR image (pixel size of 10 m x 10 m), and relatively in
agreement with the global geological map of Ethiopia [79]. Nevertheless, although the
final map shows an acceptable product approaching closer to reality, it requires valida-
tion with other geological data sources, as well as follow-up field investigations to con-
firm the validity of the lineaments and their relation to geological structures or fracture

Zones.

4. Conclusions

This research investigated a fusion approach of PALSAR-FSB L-HH polarization mode
and TM datasets for geological mapping and morpho-structural lineaments extraction
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Figure 8. Lineaments map resulting from automatic extrac-
tion and corrected using visual interpretation.
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in the context of mineral exploration in Western Ethiopia. After the preprocessing steps
and the datasets standardization, the processing approach was based on Intensity-Hue-
Saturation transformations considering three different methods such as hexagonal,
double hexagonal and cylindrical. For structural delimitation, the lineaments were ex-
tracted using automatic LINE Module of PCI-Geomatica, directional filters and visual
analysis.

Based on several tests integrating all the considered datasets, as well as the three
transformation methods, the obtained results show that cylindrical transformation in-
corporating the SWIR and NIR bands provides the best “I”, “H” and “S” for lithological
formations discrimination. Subsequently, two color composites were selected due to
their greatest results. The first considered “I”, “H” and “L-HH”, while the second inte-
grated the “I”, “H” and the blue band resulting from the fusion of TM (7, 5, 4) and
LHH bands. These color composite showed good relationship among the topographic
morphology, rock-substrate, structural variations properties, and drainage network. In
addition, the spectral variations were easily associated with lithological units. Likewise,
the morpho-structural information highlighted in the PALSAR image was visible without
altering the radiometric integrity of the details in TM spectral bands through the fusion
process. Additionally, a third color composite was retrieved based on the fusion of “I”,
“H”, “S” and “L-HH”. The “I”, “H” and “S” were fused as a moderate spatial resolution,
while L-HH was introduced as a reference image with its original spatial resolution (Ze.
10 m x 10 m). Based on the global geological map of Ethiopia, which was georeferenced
and overlapped on the derived spatiomaps in GIS for validation purposes, this product
highlighted significantly the granitic rocks group independently to the other surround-
ing rocks in their neighborhood. Furthermore, the synergy between visual, directional
filters and automatic methods for lineaments extraction provides the best structural de-
limitation for potential mineral exploration. Predominant lineaments directions trend-
ing NE-SW, NS, and NW-SE were identified. Results of this study highlighted the im-
portance of the PALSAR FBS L-HH mode and TM data fusion, as well as the proposed
methodology to enhance geological features and lithological units for mineral explora-

tion particularly in tropical zones.
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