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ABSTRACT

This study aimed to delineate the groundwater potential zones (GWPZ) through the integrations
of remote sensing (RS), geographical information system (GIS), and multi-criteria decision making
(MCDM). In this case, the RS and GIS were used to produce the hydrogeological thematic layers,
that is, geomorphology, slope, geology, land use, lineaments, and drainage. Therefore, the weight-
ing of each thematic layer was done by the weighted overlay technique in the ArcGIS environment
and normalized by the MCDM technique. The results consequently acquired from the integration of
the various thematic maps were then cross-checked with an electrical resistivity of the subsurface
layers and boreholes data; it was produced a good match with the GWPZ model. The final map of
the area was demarcated by four different GWPZ, namely, very good (11.03%), good (38.44%) poor
(37.33%), and very poor (13.20%) of the Shemeliab watershed area. The outcomes of this research
are advantageous to the decision-makers of the water management for locating suitable positions of
new production wells for their target areas. The process and findings of this study also could be used
for improving plans for potential utilization of the groundwater resources in other regions of the
same geological, hydrogeological, and environmental conditions.
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1. Introduction

Groundwater investigation is growing more and
became essential nowadays to meet the multiple needs of
water supply for drinking, industrial and agriculture sec-
tors, especially in areas where surface water supply is not
sufficient for human consumption and agricultural uses.
[1,2]. Water scarcity is a well-known problem, especially in

* Corresponding author.

basaltic rock terrain and high-dense clay soil, where rainfall
has runoff considerably without percolating to groundwater.
Through the most recent couple of decades, a great
interest in utilizing remote sensing (RS) and geographi-
cal information system (GIS) techniques for groundwater
potential zones (GWPZ) has been made by numerous spe-
cialists all over the world [3-6]. The GWPZ can be delineated
through different hydrogeological thematic layers that are,
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[7] depend only on lineaments for groundwater exploration,
[8] used the applications of RS, GIS, and analytic hierarchy
process techniques (AHP), when others integrated various
thematic layers, that is, geomorphology, slope, drainage, land
use/land change, and soil texture [9,10]. The use of RS data
and GIS techniques compound with field check and obser-
vations are well known as a useful method for groundwater
mapping and exploration [11].

Delineation of potential groundwater zones with geo-
physical methods has gained extensive interest in the last
few decades [12]. Electrical resistivity tomography (ERT)
is one of the geophysical methods most essential used
in exploring the subsurface lithology [13]. The electrical
resistivity technique has broad usage in environmental,
engineering, and shallow aquifers investigation [14].

Over the last 10 y, urbanization in Sudan has increased
the urban population three times higher increase in the past
[15], this leads to aggravated long suffered from an acute
scarceness of water especially in the study area. Our study
area lies eastern Gedaref town east-central Sudan, between
latitudes 13° 9’ 00" N and 14° 22’ 00" N and longitudes 35°
11 00" E and 36° 13" 00" E. Shemeliab watershed area is one
of the agricultural centers of seeds producing in Sudan [16],
it consists six localities of population settlement, Sharafa,
El Ogol, Weheshat, Umm shagara, Ruffah, and Shemeliab.
Geomorphologically, the Shemeliab watershed area char-
acterized by flat plain with some elevated areas. The area
suffers from an intense lack of water, particularly in the
summer period.

Different type of researches were accomplished around
Shemeliab area, for example; the basaltic rocks of Gedaref
were classified as one of volcanism assemblage in the
north-eastern part of Sudan as Alkaline basalt by [17], the
geology of Gedaref have been revealed by [18] during his
study of the Afro Arabian dome, [19] interpreted the data of
gravity to estimate the groundwater occurrences in the east-
ern part of Sudan, which indicated the presence of a rifted
structure trending northwest with a considerable thickness
near the study area, the groundwater quality of Gedaref area
was studied by [20]; they have classified it into two major
groups as; NaHCO, for the sandstone aquifers and alkaline
group for the basaltic aquifers, while [21] studied the West
part of Gedaref city and created a conceptual model for the
hydrogeologic system in the area, [22] assessed the first pal-
ynological outcome from the study of terrestrial fossils of
subsurface layers in Gedaref formation, Also the new find-
ing of trace fossils has been studied by [23] in which they
described for the first time, bioturbated layers in some sed-
imentary outcrops of Gedaref town, according to [24]; nine
sedimentary facies were identified near Shemeliab.

The main goal of this study was to map and define
potential groundwater zones in the Shemeliab watershed
area by applying RS and GIS coupled with other hydro-
geological parameters. Our study established on the inte-
gration of RS, GIS and multiple-criteria analysis techniques
to determine the GWPZ; through the multi-thematic layers
such as geomorphology, slope, geology, land use/land cover,
lineament density, and drainage density. The novelty in this
work is determining the potential groundwater zone from
the weighted overlay to generate the GWPZ model in the
study area. However, the developed model validation was

checked against the interpreted geophysical data and the
boreholes data, in this case, the interpolation of the geo-
physical interpretation was reproduced as a polygon feature
class using ArcGIS software. Moreover, the geophysical resis-
tivity method was used to dedicate the thin basaltic layers
intruded with sandstone layers.

Access to groundwater is charming increasingly diffi-
cult in areas of high-dens clay cover and fast urbanization.
For this, the presented approach is not only applicable to the
Shemeliab watershed area, but also to many other regions
that have the same environmental and geological situations.
Although there were some other studies applied around the
study area, no other study was conducted to define potential
groundwater zones using this technique in or around the
Shemeliab area.

2. Methods
2.1. Study area and regional geological setting

The regional geology of the Shemeliab area and its sur-
roundings are shown in Fig. 1 consists mainly of basement
complex terrain [23,25]. The basement composed various
igneous and metamorphosed lithological units dominantly
in the south and basaltic volcanic flows which mostly cov-
ered by younger sediments. The major rock units cropped
out as isolated hilly or low-lying outcrops within the
intervening clay-covered. Thick clayey overburden covers
most of the Shemeliab area which is characterized by flat
plain with some elevated areas. The high regions around
Shemeliab consist of Oligocene basalt and other two sedi-
mentary sections [23], one is located near Shemeliab some
far 15 km at Umm Khanjar villages, and the other at Al
Hamra of far distance about 60 km from the study area.

2.2. Data sources and thematic maps production

This study is established on the integration of several
thematic layers into RS and GIS platforms for an outfit the
spatial database. The methodology flowchart of this study is
given in Fig. 2.

2.2.1. Toposheets and base maps

Topographic sheets and geological map of Geological
Research Authority of Sudan has been modified for regional
geological mapping of the study area. However, these maps
can’'t distinguish the other geological units of the small
scale, thus, the field survey check has been used to identify
the unmappable geological units to generate the detailed
geological map.

2.2.2. RS data

Landsat-7 ETM+ data (Path 171-Row 050), dated 03
October 2017 were used through different steps of image
processing and enhancement. The satellite image was
performed to produce the false-color composite (FCC)
through a combination of the three bands that is, 4, 3, and
2 as red, green, and nlue (RGB), which was applied to pro-
vided land use/land cover map. The generated FCC was
applied also to supplement the geomorphological map of
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the area. digital elevation model (DEM) of the Shemeliab
watershed was extracted from Shuttle Radar Topographic
Mission (SRTM) data downloaded from the US Geological
Survey website (https://earthexplorer.usgs.gov/). The SRTM
DEM data was processed, then has been used to provide
topographic and slope maps of the area. From the DEM
data coupled with satellite image, the drainage lines were
calculated and digitized then, the lineaments were used
to prepare drainage density maps of the watershed area.
The generate watershed order of Global Mapper was used to
implement a watershed boundary to detect the stream paths
as well as delineate the sub-watershed areas that drain into
a specific stream passage. Finally, the drainage density (D,)
was calculated as:

D, == )

where D, is the drainage density (km km™), SL is the cumu-
lative length (km) of all streams present within ‘A’ area,
A is the area (km?), and # is the total number of streams
present within the area “A’.

2.2.3. Geophysical resistivity information and boreholes data

The resistivity survey of the investigation conducted
through two denomination field methods. These methods
are vertical electrical sounding (VES) for vertical varia-
tions and horizontal electrical profiles (HEP), for lateral
variations. Eleven VES was conducted in the Shemeliab
watershed area to investigate the groundwater aquifer’s
characteristics and to realize the variation of subsurface
lithology. The ERT was used to form the geometry of the
subsurface geology (lithology units and groundwater
zones). The resistivity profiles handled in the Shemeliab
area were oriented to cross the target fractures (release and
extensional fractures).

The information related to the boreholes of the study
area, that is, lithological units, depths to bedrock were col-
lected from the field during the geophysical survey, where
the yield data of available wells were collected from the
water corporation of Gedaref State — Sudan and water
environmental sanitation, Project Gedaref State — Sudan.

2.3. Assigned and normalized weights of different features

The concept of assignment and normalization of weights
for this study has been obtained through a different selection
of international expert studies in hydrological issues over
the world. The approach developed by using Saaty’s AHP
techniques [26] to complete the weights assigned to various
themes and their features used in GWPZ. The calculation of
the consistency rate includes the following steps:

e Step 1: Calculation of principal eigenvalue (A) using the
eigenvector method.

Cl="me T @)

where n is the number of criteria or factors, CI is
consistency Index.
e Step 2: computation of the consistency ratio (CR)

R=_—" 3)

where RCI refers to a random consistency index.

In the current study, six themes were evaluated: (i) geo-
morphology, (ii) slope, (iii) geology, (iv) land use, (v) lin-
eaments, and (vi) drainage. Thus, the vector layers, were
transformed to raster layers for integrating with other
raster thematic layers for GIS modeling process. A resam-
pling process has been generated for all the thematic lay-
ers to match the same resolution. Each theme has a weight
value according to its power of impact/contributing across
the groundwater reserve. Then, each feature of an indi-
vidual theme, in turn, has been figured in a 1-10 scale in
ascending order of hydrogeological indications. A value of
10 is assigned to features of highest effects, and 1 for the
lowest one.

The performance of groundwater potential index
(GWPI), taking all the features into account, was calculated as:

GWPI=Gm_Gm, +SI Sl +Geo_ Geo, +
Lu,Lu, +DD, DD, +LD, LD, )

where Gm = Geomorphology, Sl = Slope, Geo = Geology,
Lu = Land use/land cover, DD = Drainage density,
LD = Lineaments density, X  the (w) = weight of the theme
and (r) = rank of the theme.

2.4. GWPZ verification

The map of GWPZ delineated in this study was veri-
fied using the applied geophysical data and the available
well data. Thus, the results obtained from the integration of
different thematic maps were correlated with geophysical
and boreholes data, in which boreholes and geophysical
data were overlaid on the final groundwater probability
zone map to examine the accuracy of the current work in
the various groundwater prospective zones.

3. Results and discussion
3.1. Thematic layers of Shemeliab watershed

The groundwater occurrence in the Shemeliab area is
controlled by geological and hydrogeological factors, which
were represented as six layers of geomorphology, slope,
geology, land use, lineaments, and drainage.

3.1.1. Geomorphology

Geomorphologically, the Shemeliab watershed charac-
terized by flat plain with some elevated areas; distinguished
by attracting attention water divide bearings North-South
direction. The general altitude is about 570 to more than
700 m above mean sea level (a.m.s.l). The geomorphology
is one of the most important features in estimating the
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groundwater potential zones. The hydrogeomorphology
in the Shemeliab area is highly affected by the structures
and lithological units of the area. Material related to river/
water-bodies and buoyant floodplain has higher water
content capability and subsequently assigned the best
landform for high groundwater potential.

The geomorphology of the Shemeliab area (Fig. 3a), in
which the excellent groundwater prospect reflected on the
flood plain are on the Eastern part and water-bodies in the
Western part. The alluvial plain zone covers a plurality of
the Shemeliab area, and the groundwater content in these
zones is limited due to less recharge caused by clay cover.

3.1.2. Slope

The slope has its importance and essential role in
affecting the control of the run-off, recharge, and move-
ment of the surface water. The groundwater recharge
depends on many factors, the slope is one of these factors.
Regions of flat land could be categorized as ‘very good’
with comparatively high infiltration rate, while the regions
with moderate slope are deemed as ‘good’ for groundwater
recharge because of a little fluctuate topography. The rel-
atively high run-off and low percolated surface-water are
observed in the areas of the steeper slope, and hence are
assorted as “poor” and have less groundwater storage. DEM
of the Shemeliab watershed was extracted from SRTM to
generate the slope map of the study area, Fig. 3b. The lower
percent slope was allocated higher grade or rank because
it allows more groundwater retention and less run-off,
while the higher one was assigned lesser rank due to more
run-off and less infiltration.

3.1.3. Detailed geology

The detailed geology of the Shemeliab watershed area
depicted in Fig. 3c, consists of four geological units that
can be mentioned in ascending order as (i) Gedaref for-
mation (sandstone), (ii) Gedaref formation (mudstone),
(iii) Cenozoic basalt, and (iv) recent alluvium and wadi
deposits. Gedaref formation involving (sandstone - mud-
stone) and recent alluvium and wadi deposits have been
given higher weight as compared to Cenozoic basalt.

3.1.4. Land usel/land cover

The land use/land cover categories were mapped out
from Landsat Enhanced Thematic Mapper Plus (ETM+)
of Landsat 7 with acquisition date 2006/12/17, covering
Path-171 and Row-050 were used for image classifications.
However, in this case, we used band 4, 3 & 2 as RGB for
image color composite. The satellite image of Landsat image
has a certain limitation due to the low spatial resolution,
which may not be able to acquire some of the image objects.
However, Google Earth imagery and field investigations data
were used to reduce this limitation to provide better inter-
pretations in mapping land uses.

The land-use types in the study area (Fig. 3d) are
cropland, settlement, bare soil, open forest, and water bod-
ies. The land wrapped by forest regulates continuous water
flow, and water percolation regularly, while the cultivated

land influence the slope stability owing to the saturation of
covered soil.

3.1.5. Drainage density

The drainage lines are shown in Fig. 3e; have been
generated from the digital elevation model (DEM) using
several algorithms and were applied for acquisition of the
drainage density map. The area characterized by dendritic
drainage pattern, which indicates the resistance of the sub-
strata or rocks was uniform to weathering and erosion.
High drainage density amounts were causing a high surface
water runoff, and thus mark low groundwater poten-
tial zone, when the low drainage density gives high ranks
according to their high potentiality to groundwater recharge.

3.1.6. Lineament density

Landsat ETM+7 image was digitally enhanced utiliz-
ing different handling techniques, particular confirmations
were given to image filtering, by which linear features were
revealed. Filtration can be classified into directional and
non-directional filtering, the better one is the directional fil-
ter because it’s the ability to enhances and highlight more
lineaments in specific direction than the non-directional
filtering, whereas nondirectional filter has efficiency with
all lineaments features that oriented in several directions.
The goal of the directional filtering process used here is to
detect the lineaments and classified them according to their
bearings. The outcomes of the lineament’s interpretation
are shown as lineaments density map in Fig. 3f.

The groundwater occurrence in the Shemeliab area is
dominated by several factors and each factor is assigned
a weight depending on its influence on surface water per-
colation, movement, and storage of groundwater. In the
present study, the weighted values were given as 8, 7, 6, 5,
3 and 2 to geology, geomorphology, lineament density, land
use/land cover, drainage density, and slope respectively
(Table 1), depending on their effects and control on GWPZ.

The integration of thematic layers was brought out as a
GWPZ map which helped to demarks the GWPZ effectively
in the study area. From the analysis, the GWPZ with very
good, good, poor, and very poor prospects covering the
whole watershed area has been demarcated and are shown
in Fig. 4. The output potential model detects that the very
good and good (high potential zones) occur in Northwest,
Southwest, and middle-east parts (sedimentary and wadi
deposits area). The poor potential zones spread in all parts
of the study area. The very poor potential zones occur in
Southwest, Northeast, and central parts as moderate to
small patches.

3.2. Validation of extracted GWPZ using geophysical resistivity
information and boreholes yield

The validation and accuracy of the final extracted
GWPZ were aims to layout a clear output related to the
groundwater condition of the Shemeliab watershed area.
For this investigation, the geophysical survey and the well
inventory data represents the sustainable phase of data
acquisition.
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Table 1
Weights and rankings of different thematic layers
Thematic layer Weight Normalized Class Rank Normalized
weight rank
Plateau weathered 7 0.189
Flood plain 9 0.243
Geomorphology 7 0.226 Seasonal water body 10 0.270
Alluvial plain 6 0.162
Buried pediment 5 0.135
<1 9 0.450
Slope (%) 2 0.065 1-3 7 0.350
>3 4 0.200
Recent alluvium & wadi deposits 5 0.217
Cenozoic basalt 3 0.130
Geol 8 0.258
colosy Gedaref formation (mudstone) 6 0.261
Gedaref formation (sandstone) 9 0.391
Cropland 6 0.231
Settlements 2 0.077
Land use/land cover 5 0.161 Open forest 6 0.231
Bare soil 2 0.077
Water bodies 10 0.385
2.37-5.00 10 0.357
1.35-2.37 8 0.286
Li t i 194
ineament density (m/km,) 6 0.19 0.50-1.35 7 0.950
0-0.50 3 0.107
2.33-3 8 0.296
Drainage density (m/km,) 3 0.097 1.60-2.33 9 0.333
1-1.60 10 0.370
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Fig. 4. Groundwater potential zone map of the study area.
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Table 2
Results of the interpreted VES curves
VES01 VES02 VES03 VES04 VES05 VES06 VES07 VES08 VES09 VES10 VESI11
. P1 8.1 6.11 7.23 7.23 7.9 7.19 10.7 11.5 5.17 3.95 6.98
§ P2 50 15.7 111.4 209 1,231 4.33 6.24 579 11.5 62.9 103
-% ﬂ%\ P3 142 107 168.6 62.9 449 147 96.8 91.7 376.3 238 230
& R 1 66.8 85 38.39 83.1 60.3 122 164 115.5 47.5 16.9
P5 - - - - - 16,600 - 53.8 77.76 - -
" h1 3.19 2.38 4.54 5.54 6.37 0.737 0.747 3.99 0.76 2.14 4.88
3 h2 8.36 3.5 30.2 171 18.4 2.86 2.61 8.76 3.81 45.2 91.6
% ? h3 256 245 237.7 138 131 67.9 83.1 11.54 83.2 255
E< h4 - - - - - 279 - 141 1647 - -
d1 3.19 2.38 4.54 5.54 6.37 0.737 0.747 3.99 0.76 2.14 4.88
a _ d2 115 6.48 334.73 177 24.8 3.6 3.35 12.8 4.58 47.3 96.5
:L % d3 267 251 2724 163 135 71.3 95.9 16.11 130 352
AT d - - - - - 279 - 237 180.8 - -
Curve type AK AK AK K KQ HKH HA KHK AKQ AK AK

3.2.1. Electrical resistivity survey

The resistivity survey of the investigation conducted
through two denomination field methods. These methods
are VES for vertical variations and HEP, for lateral varia-
tions. VES sounding operates a collinear array which pro-
duced a 1-D vertical apparent resistivity against the depth
at a particular measurement point. Eleven VES was con-
ducted in the Shemeliab watershed area to investigate the
groundwater aquifer’s characteristics and to realize the
variation of subsurface lithology. Schlumberger arrange-
ment was performed to obtain information about the
vertical lithological variations and aquifer depths.

3.2.1.1. Vertical electrical sounding VES curves interpretation

Seven curve types were detected from eleven VES (Table 2);
namely: K-type curve (p1 < p2> p3) for one station; VES-4, AK
type curves (pl < p2 < p3 > p4) for five stations; VES-1, VES-2,
VES-3, VES-10, and VES-11, HA type curve (pl > p2 < p3 < p4)
for one station; VES-7, KQ type curve (pl < p2 > p3 > p4)
one station; VES-5, AKQ type curve (pl < p2 < p3 > p4 > p5)
one station; VES-9, HKH type curve (p1 > p2<p3>p4<p5) one
station; VES-6 and KHK type curve (pl < p2 > p3 < p4 < p5)
one station VES-6.

The resistivity measuring results reveal that there are
many layers type of the Shemeliab area showed in Fig. 5a.
The geoelectrical layers of K-type curve could interpret as
three subsurface layers: superficial deposits, basalt, and
sandstone. The resistivity p-values vary from 7.23 to
209 Ohm m. The thickness h varies from 5.54 to 171 m
while the depth d reaches up to 177 m. The interpreted of
four subsurface layers in AK, HA, and KQ, interpreted as
superficial deposits, weathered basalt, fresh basalt, and
sandstone. The five layers of HKH and KHK curves were
observed in (VES6) and (VESS). The resistivity values of the
HKH type curve has a range between 4.33-16,600 Ohm m,
the top bedrock has 279 m thickness. The layer successions
were interpreted as (Superficial deposits, weathered basalt,

fresh basalt, sandstone, and basement rock). The KHK curve
included seven different layers that were interpreted as,
(Superficial deposits, weathered basalt, fresh basalt, sand-
stone, and saturated clay).

3.2.1.2. Electrical resistivity tomography

The purpose of using resistivity tomography proce-
dure was to form the geometry of the subsurface geology
(lithology units and groundwater zones). The Wenner—
Schlumberger array electrode arrangement utilized for
horizontal variation and vertical investigations. The pro-
files handled in the Shemeliab area was oriented to cross
the target fractures (release and extensional fractures). The
descriptions of each resistivity profiles, their resistivity rela-
tionships, and analysis specified in the following;:

3.2.1.3. Profile one

This profile extended along VES-05 and VES-8 trend-
ing NE-SW, with a total extent of 960 m with 10 m electrode
spacing (Fig. 5b). Apparent resistivity inverted to a penetrat-
ing depth of 115 m. The topsoil of superficial deposits and
thick clay with a thickness of approximately 19 m, shows
large variations of the resistivity values suggest that the soil
materials are inhomogeneous. Below 19 m, the saturated
zone of the clay layer starts with slightly brackish water till
86 m depth. The basaltic rocks are capping the sandstone
aquifer which begins from a depth below 90 m characterized
by low resistivity value indicating a presence of salinity zone.

3.2.1.4. Profile two

Fig. 5c shows an example of the obtained models
at sounding No. 3 correlated with the nearby borehole
Shemeliab borehole (Sh-BH1). Correlation of the derived
models with geologic borehole information indicates that
there is an exists of four layers; fresh basal, weathered
basalt, and superficial soil. This profile passed through
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Fig. 5. (a) VES type curves, (b and c) electrical tomography images —

three VES points, VES-04, VES-03, and VES-6 with a proxi-
mate length of 3 km with 10 m electrode spacing. Apparent
resistivity reached a depth of 131 m. The topsoil reflects a
very high variation of resistivity values due to intercala-
tions of Oligocene basaltic with sandstone and superficial
deposits with a thickness of approximately 21 m. However,
in some parts the basalt is formed as a sill layer capped the
sandstone. Below 21 m, the saturated zone of the clay layer
starts with slightly brackish water. The eastern part of this
profile represents a thick layer of sandstone with a resistiv-
ity higher than 300 Ohm m interpreted as moist sandstone,
decreasing downward with resistivity value 192 Ohm m,
which was defined as saturated sandstone with slightly
saline water.

3.2.2. Validation using wells inventory and electrical
resistivity data

The developed model validation was checked against
both: (1) the interpreted geophysical data, and (2) the bore-
holes data. Thus, in this case the wells yield data, and the

profile 1 and 2 of the Shemeliab watershed area.

resistivity data have been overlaid with the final map to
authenticate the model. The interpolation of the geophysi-
cal interpretation was reproduced as a polygon feature class
using ArcGIS.V10.5. However, we used the ArcToolbox
to produce rectangular cells of a regularly spaced grid of
sampling points inside a polygon layer with 1 km desired
points spacing shown in Fig. 6a. A total of 156 points has
been classified according to the interpretation of subsur-
face lithology and their compatibility to the groundwa-
ter occurrence, for example, the sandstone has very good
compatibility, the saturated clay was relatively classified
as good, weathered basalt signed as poor and the fresh
basalt was classified as very poor. The classified points of
the reported locations were overlaid and correlated with
the GWPZ model depicted in Fig. 6b. The model generated
an output map of the groundwater potential zone is fur-
ther validated with the data related to yield potentialities
of different borehole/open shaft wells in the study area
(Table 3). The correlated data from borehole/open shaft
wells proved a good correlation with the ultimate output
model.
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Fig. 6. (a) Produced resistivity validation sampling points and (b) resistivity validation point correlated with the GWPZ model.

Table 3

Yields of different borehole/open shaft well correlated with GWPZ model in the study area

ID Name Type Longitude Latitude Yield G/h Class yield Model yield Remarks

1 Dalasa Ghanga Openshaft 762726.514 1551586.887 3,100 Very good Very good  Compatible

2 Umm Shega Borehole 767889.105 1551933.906 2,100 Good Good Compatible

3 Sharafa Open Shaft 766387.511 1552379.116 3,300 Very good  Good Semi-compatible — excess
4  Wad Eddam Borehole 766303.311  1553760.005 2,200 Good Good Compatible

5  Elsherafa Borehole 770681.404  1554189.757 850 Poor Poor Compatible

6  Wad Eddam Borehole 762431.562  1554517.287 1,000 Poor Good Semi-compatible — less

7 Wad Eddam Borehole 762634.760  1554548.900 3,300 Very good Very good  Compatible

8  Wad Elsyi Borehole 770834.560  1554965.022 720 Poor Good Semi-compatible — less

9  Elshemalyab Open shaft  767409.054 1555452.806 963 Very poor  Very poor  Compatible

10 Esh-shamal Borehole 768742.772  1555708.542 720 Poor Poor Compatible

11 Elseraf-1 Borehole 763153.747  1556578.532 2,100 Good Good Compatible

12 Wad Eddam Borehole 769900.516  1556837.165 2,100 Good Good Compatible

13  Elseraf Borehole 761846.983  1556893.065 3,100 Very good  Poor Not compatible — excess

14 Esh-shemal Borehole 762976.374  1557046.777 2,300 Good Poor Semi-compatible — excess
15 Rufaa Borehole 762480.489 1557108.072 917 Por Poor Compatible

16 Rufaa Open shaftl 763183.847  1557707.564 2,300 Good Poor Semi-compatible — excess
17  Elangul-1 Borehole 772537.817  1558892.878 2,210 Good Good Compatible

18 Umm Shaga Borehole 767313.762  1559034.779 1,916 Good Good Compatible

19 Umm Shagara Openshaft 767710221 1559984.701 3,500 Very good  Good Semi-compatible — excess
20 Umm Shagr Borehole 766483.396  1560252.970 420 Very poor  Very poor  Compatible

4. Conclusion

In this study, the RS data has been used successfully cou-
pled with a GIS scheme to gain a detailed understanding of
the groundwater situation in the Shemeliab watershed area.
The output thematic map was categorized in four GWPZ -
very good, good, poor, and very poor, the matching areal

coverage and percentage in each group were about 13.58
(11.03%), 47.36 (38.44%), 45.98 (37.33%), and 16.26 (13.20%)
km? out of the total areal extent of 123.19 km?2. The devel-
oped model validation was checked against the interpreted
geophysical data and the boreholes data which gives the
current groundwater yields. Thus, the correlations con-
firmed that there is good compatibility of the present study
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in determining the GWPZ in the Shemeliab watershed area.
The techniques used in this study explain the applicability
and eligibility in defining the GWPZ of the various geological
units in the Shemeliab watershed area. The study has added
considerably useful information at a detailed scale that
generally not practiced during geological investigations;
for example, it can add up to the existing geological infor-
mation in the study area. However, the presented study is
not only applicable to the Shemeliab area but also it could
be used in other regions that have the same environmental
and geological situations.
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