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Abstract
In most areas of the Arabian Shield, the local people meet their water needs through shallow dug wells in fractured basement
rocks where groundwater is commonly less polluted and economic; this means that groundwater exploration has therefore
become a major concern. The present study uses integrated 1D and 2D geoelectrical resistivity surveys to delineate and detect
the groundwater potential of the granitic rocks in the Alwadeen area in Khamis Musheet city, southwest Saudi Arabia. The 1D
resistivity survey was conducted through 17 vertical electrical soundings (VES) distributed in the study area, using Schlumberger
array and current electrode separations up to 500 m. In addition, eight 2D resistivity tomography traverses were acquired using
Iris Syscal Pro resistivity imaging system with 5 m spaced 72 electrodes and dipole–dipole configuration. The inspection of the
VES curves revealed the presence of four distinct geoelectrical resistivity layers characterizing the area. These layers start with
the topmost layer of unconsolidated alluvium deposits that is characterized by a wide range of resistivities (3 to 340 Ω.m) and a
thickness of up to 5 m. This wide range in resistivity is associated with variations in the lithology and humidity of the layer. The
resistivity of the second and third geoelectrical resistivity layers is changed spatially and is characterized by elongated zones of
low resistivities (around 100 Ω.m), indicating fractured and weathered granite freshwater aquifer. The values and distribution of
the resistivities along the geoelectrical sections indicate that the fractured granitic rocks are separated by highly resistive massive
granitic blocks. The vertical and horizontal variations in the resistivity can be related to the degree of weathering and fracturing of
the granitic rocks and hence to its water saturation.
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Introduction

In many areas in Saudi Arabia, especially in the Arabian
Shield, the hard rocks such as granite, granodiorite, and basalt
can host groundwater in the cracks and fractures. In these
areas, the water penetrates the rocks through fractures that
act as conduits (Cook 2003). In many arid areas, the fractured
and weathered rocks can form reliable aquifers that can be an

important source of groundwater (e.g., Singhal and Gupta
1999). The ability of fractures to act as conduits for ground-
water flow is affected, however, by the degree to which the
fractures are intersected. Fracture connectivity increases with
increasing fracture extent and fracture density (Cook 2003). In
areas where the basement rocks are covered with unconsoli-
dated sediments and the groundwater occurs at shallow depths
within the rock fractures and overlying unconsolidated sedi-
ments, the resistivity of the sedimentary cover and that of the
basement differs by orders of magnitude (Nwankwo et al.
2013; Omosuyi 2010; Clark 1985; Jones 1985; Acworth
1987; Bala and Ike 2001). This means that vertical electrical
resistivity sounding (VES) is a suitable technique to delineate
the aquifer thickness and is considered a good tool for esti-
mating the borehole depth. Resistivity method has been used
successfully to estimate the thickness and the groundwater
potential of the formations (Raju and Reddy 1998), and the
groundwater potential of fractured hard rock terrains has been
studied in many parts of the world during the past few
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decades. For example, Gopalan (2011) conducted a detailed
electrical resistivity survey to delineate the water-bearing
zones in the lateritic plateaus in Kasaragod District of
Kerala State in India. Al-Amri (1996) delineated an
aquifer system that is associated with the fractured
diorite and granodiorite basement rocks that are
recharged through the wadi alluvium. In addition,
Ologe and Bankole (2014) used the resistivity method
to delineate the fractured basement aquifer in Ikunri
Estate, Southwestern Nigeria, and Chandra et al.
(2012) explored a deep potential aquifer in weathered/
fractured granite, gneiss, and schist crystalline rocks in
Dichpally, Nizamabad, India, using pole–pole resistivity
tomography.

In the Arabian Shield region, most of the hard basement
rocks are located in areas of high relief and, as a result, runoff
is high and infiltration rates very low. Most often, the occur-
rence of groundwater in these areas is localized and confined

to weathered/fractured zones. Water resources in these weath-
ered or fractured basement rocks need to be evaluated and
explored thoroughly in the Arabian Shield region. Hence, de-
tailed pre-drilling geophysical investigations are vital, espe-
cially since local people meet their water needs from the
ground through shallow dug wells in fractured granite rocks
where groundwater is commonly less polluted and eco-
nomic. The main aim of the present study, therefore, is
to assess and evaluate a shallow groundwater aquifer in
Alwadeen area in Khamis Musheet city to the southwest
of Saudi Arabia, using a geoelectrical resistivity survey
integrated with geological field investigation. The study
area is located between the latitudes of 18°06′30″N and
18°07′30″N and the longitudes of 42°47′40″E and
42°48′30″E (Fig. 1). This area is considered an urban exten-
sion area for two villages; with a total area of 1.5 × 1.2 km2,
where the local inhabitants depend on the groundwater for
irrigation and drinking water.

Fig. 1 Geological map of Alwadeen area with a square shows the studied area. At the bottom, a figure shows the distribution of the measured VES
stations
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Geological background

The Arabian Shield is consisting of a number of allochthonous
terranes that are separated by ophiolite-decorated suture zones
(Johnson et al. 2013; Johnson and Kattan 2012). After the
collision between East andWest Gondwana and the consump-
tion of the intervening Mozambique Ocean during the period

between 600 and 680 Ma, these terranes were amalgamated
into their current positions (Nehlig et al. 2002). Many authors
(e.g., Smith et al. 1998; Windley et al. 1996; Stoeser and
Stacey 1988) have shown that the Arabian Shield relates to
pre-Pan-African (> 690 Ma) and Pan-African structures (690–
590 Ma) that overprint and partly obscure the earlier
structures.

The pre-Pan-African structures developed in association
with the amalgamation and accretion of oceanic volcano-
sedimentary terranes and the emplacement of diorite to granit-
ic intrusions. The biotite granodiorite and monzogranite rocks
form many domed and diapiric isolated plutons. These rocks
consist of plagioclase, microcline, quartz and biotite, and lo-
cally grade into tonalite and monzogranite, biotite-hornblende
granodiorite to monzogranite and biotite monzogranite.
Biotite and monzogranite rocks form large plutons in the
northeastern part of the area, with this unit including subordi-
nate granodiorite are composed of quartz, oligoclase, micro-
cline, and biotite (Johnson et al. 2013).

The study area is occupied with fractured and jointed dio-
rite, granodiorite, and granitic rocks that are intruded with
alkali-feldspar granite, pegmatite and, less commonly, highly
chloritizedmafic linear featured dikes. Fractures with different
orientations can be observed in the field. The rocks in this
region are intersected by west-northwest to northwest and
east-west trending fracture zones. These fractures zones age
from the Tertiary period and are related to the Red Sea rifting,
or were reactivated during the Phanerozic (Motti et al. 1982;
Blank 1977). West and northwest trending fracture zones are
recorded in many places filled with dikes, some of which are
intensively sheared and metamorphosed.

In the study area, coarse-grained, quartz-rich quartzite
grained monzogranite, and pegmatite veins intruded the

Fig. 3 Representative examples of the 1D sequential inversion HA type model that dominates the northeastern side of the study area

Fig. 2 Soil profile with different thicknesses covering the fractured
granitic rocks
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granitic rocks. These veins have a coarse-grained weathering
product, and hence develop and preserve open joint systems
between the granitic blocks. Several vertical or steeply in-
clined dykes intrude the pre-existing granite rocks with a
width ranging from centimeters to half meter. The mafic dikes
are composed of basalt and diabase that are metamorphosed to

greenschist and amphibolite facies. Some of these dikes are
strongly foliated and extend parallel to their contacts. These
rock units are covered by a thin layer of alluvium sediments
that range from silty sand to gravely soil (Fig. 2). This alluvial
layer reaches its maximum thickness in the north-western side
of the study area.

Fig. 5 Representative examples of the 1D sequential inversion three-layer model that dominates the middle part of the study area

Fig. 4 Representative examples of the 1D sequential inversionKH typemodel (VES 13 and 15) and AA type (VES 12) that dominate the western side of
the study area
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It is clear that the study area is characterized by geometry of
quite diverse structures and many lithological variations.
These structures and lithologic variations are important where
they facilitate the storage and flow of water through them. On
the other hand, dykes may also act as barriers to water flow
where the groundwater flow in fractured rocks is controlled by
joints, fractures, shear zones, and faults (Banks 1998; Barton
1996; Clauser 1992).

Data processing and interpretation

The interpretation of the geoelectrical resistivity data is based
on the well-known hypothesis that contrasts in the electrical
resistivity exist across interfaces of the subsurface lithologic
layers. This contrast in the geoelectric resistivity is often suit-
able to delineate geoelectrical layers and to identify aquiferous
or non-aquiferous layers (Schwarz 1988). In addition, the re-

Fig. 6 A-A′ geoelectric cross-
section connecting VESs 2, 8, 10,
14, and 17

Table 1 Resistivity ranges of the
interpreted geoelectrical
resistivity layers

Geologic materials Description Resistivity Ω.m

Surficial sediments Low-resistivity soil with different degree of
water content, clayey content, and porosity

< 100

Weathered and fractured
water-bearing granite

Moderate resistivity granitic rocks with different
degree of weathering, fracturing, and
water saturation

200 to < 1000

Moderate to hard granite Relatively higher resistive granite with slight
degree of fracturing and weathering

1000 to < 3000

Hard and massive granite Hard and massive granites with slight degree of fracturing > 3000

Fig. 7 B-B′ geoelectric cross-
section joining VESs 1, 2, 3, 5,
and 6
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Table 2 True resistivities and thicknesses of the interpreted geoelectrical resistivity layers

VES number Number of layers Resistivity (Ω.m) Thickness (m) Lithology deduction Aquifer

1 1
2
3
4

204.4
44.1
266.6
215.0

1.5
4.5
16.1
–

Unconsolidated alluvium
Weathered granite
Partially fractured granite
Partially fractured granite

Weathered (unconfined)

2 1
2
3
4

152.5
58.8
150.8
692.8

3.6
4.6
102.8
–

Unconsolidated alluvium
Weathered granite
Fractured granite
Massive granite

Weathered (unconfined)

3 1
2
3
4

198.6
97.4
407.4
965.6

0.5
2.4
14.4
–

Unconsolidated alluvium
Weathered granite
Partially fractured granite
Massive granite

Weathered (unconfined)

4 1
2
3
4

144.2
42.2
125.4
167.1

1.3
10.0
17.7
–

Unconsolidated alluvium
Weathered granite
Fractured granite
Partially fractured granite

Weathered (unconfined)

5 1
2
3
4

340.3
150.3
699.5
–

4.9
25.8
–
–

Unconsolidated alluvium
Fractured granite
Massive granite
–

Fractured (unconfined)

6 1
2
3
4

164.2
268.1
370.1
761.0

0.8
2.2
20.1
–

Unconsolidated alluvium
Fractured granite
Partially fractured granite
Massive granite

Fractured (unconfined)

7 1
2
3
4

290.0
60.0
3856.3
–

4.0
27.4
–
–

Unconsolidated alluvium
Weathered granite
Massive granite
–

Weathered (unconfined)

8 1
2
3
4

319.0
36.7
1710.0
–

0.5
6.6
–
–

Unconsolidated alluvium
Weathered granite
Massive granite
–

Weathered (unconfined)

9 1
2
3
4

249.9
212.9
15,128.0
–

0.7
10.8
–
–

Unconsolidated alluvium
Fractured granite
Massive granite
–

Fractured (unconfined)

10 1
2
3
4

344.7
177.4
516.2
4119.9

2.8
7.0
120.8
–

Unconsolidated alluvium
Fractured granite
Partially fractured granite
Massive granite

Fractured (unconfined)

11 1
2
3
4

60.0
171.3
21,618.0
–

20.0
50.0
–
–

Unconsolidated alluvium
Fractured granite
Massive granite
–

Fractured (unconfined)

12 1
2
3
4

22.4
84.1
195.5
1391.4

0.4
6.1
66.4
–

Unconsolidated alluvium
Gravely sand
Fractured granite
Massive granite

Fractured (unconfined)

13 1
2
3
4

49.9
200.5
16,525.0
–

0.5
5.0
–
–

Unconsolidated alluvium
Fractured granite
Massive granite
–

Fractured (unconfined)

14 1
2
3
4

43.9
1240.5
24.9
26,525.0

0.4
1.4
4.0
–

Unconsolidated alluvium
Gravely sand
Fractured granite
Massive granite

Fractured (unconfined)

15 1
2
3
4

28.2
815.3
29.4
26,572.0

0.5
1.3
3.5
–

Unconsolidated alluvium
Gravely sand
Fractured granite
Massive granite

Fractured (unconfined)

16 1
2

43.9
840.5

0.3
1.4

Unconsolidated alluvium
Gravely sand

Fractured (unconfined)
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sistivity of earth materials is strongly affected bywater content
and quality (Lucius et al. 2001). Furthermore, geologic infer-
ence drawn from resistivity surveys must be done with a lot of
considerations such as geologic information of the area under
study (Kesse 1985) and reviewing similar work by other au-
thors as there is no fixed resistivity for rock materials. These
general concepts are important in the interpretation of the
geoelectrical resistivity data. Accordingly, the interpretation
of the geoelectrical resistivity data is completed using the
ranges of resistivity values of the common granitic subsurface
conditions, such as fracturing, weathering, and water content;
in addition, the surficial soil layer is considered. The condi-
tions of the granitic terranes create a quantifiable disturbance
in the electrical conductivity with a magnitude directly pro-
portional to the degree of fracturing, degree of weathering, and
water content.

Vertical electric sounding (VES) interpretation

With the purpose of providing information on the possible
groundwater aquifer and water table depth in the study area,
a total of 17 VESs were acquired using a Syscal-R2 resistivity
meter (IRIS Corp) utilizing a Schlumberger array with elec-
trode spacing varying in steps from 2 up to 500 m. Fig. 1
shows the distribution of the VES stations in the studied area,
which is delimited by two urban communities and comprises a
total area of 1.5 × 1.2 km2. The produced VES soundings
show a short range of sounding curves. The majority of the
measured VES curves are of the four major curve types. Based
on the classification of Orellana and Mooney (1966), the four-
layer curves that characterize the resistivity data in the study
area can be classified as HA type (e.g., VES 2, 3, and 4;
Fig. 3), KH (e.g., VES 13 and 15; Fig. 4) and AA (e.g.,

Fig. 8 Unconsolidated silty soils
that cover the fractured granitic
rocks

Table 2 (continued)

VES number Number of layers Resistivity (Ω.m) Thickness (m) Lithology deduction Aquifer

3
4

24.9
900.0

6.0 Fractured granite
Massive granite

17 1
2
3
4

280.0
657.0
43.2
1426.8

2.4
1.6
6.5
–

Unconsolidated alluvium
Gravely sand
Fractured granite
Massive granite

Fractured (unconfined)
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VES 12, Fig. 4), in addition to a three-layer case of type A
(e.g., VES 11, Fig. 5). Geoelectrical field curves often reflect
the nature of the lithological sequence in a particular location
and can be used to investigate and assess the groundwater
potentiality of an area (Worthington 1977). Type HA and

KH curves are often associated with the possibility of ground-
water, while the A and AA types, which exhibit a rapid resis-
tivity progression, more probably indicate shallow resistive
massive bedrock. The processing of the sounding field data
in terms of the layer parameters was done through 1D inver-
sion technique software (IX1D; Interpex, USA). The used 1D
inversion software produces a resistivity model that fit the
measured field resistivity data with the least root mean square
(RMS) error between the synthetic data generated from the
model and the actual measured field data. The output from
the IX1D computer software is listed in Table 1, showing
the true resistivity values for the subsurface layers, along with
their thickness and depth from the ground surface.
Representative examples of VES data and interpretation re-
sults are shown in Figs. 3, 4, and 5. Furthermore, two
geoelectrical cross-sections have been constructed (Figs. 6
and 7) covering the whole area of investigation (A-A′ and
B-B′ in Fig. 1b), where A-A′ cross-section extends almost
E–W and connects VES 2, VES 8, VES 10, VES 14, and
VES 17 in the central part of the investigated area, while

Fig. 9 Geoelectrical resistivity
map of the second geoelectrical
resistivity layer at Alwadeen,
southwest Saudi Arabia

Fig. 10 A dry gravely sand layer outcropped along a wadi in the western
side of the study area

449 Page 8 of 13 Arab J Geosci (2019) 12: 449



cross-section B-B′ runs NNW–SSE joining VES 1, VES 2,
VES 3, VES 5, and VES 6 in the north-eastern part of the
study area.

The geoelectrical parameters of the aquifer units can, there-
fore, be determined from the interpretation of the sounding
curves. Based on this approach, the interpreted resistivity data
from the area show three geoelectrical resistivity layers. The
topmost layer shows resistivity values in a wide range (from
22 to 340 Ω.m; Table 2) and a thickness that varies between
0.3 and 4 m. This layer is interpreted as consisting of uncon-
solidated sediments that range from sand to silty sand (Fig. 8).
This layer is underlain by the second geoelectrical resistivity
layer, which can be divided into two geoelectrical resistivity
zones (Fig. 9). This layer has relatively low resistivity values
in A-A′ cross-section that ranges from 40 to 140Ω.m, indicat-
ing the presence of a weathered, and highly fractured, granitic
layer saturated with fresh water (Fig. 9). Meanwhile, cross-
section B-B′ shows relatively high resistivity, ranging from
150 to 410 Ω.m, with a thickness of 25 m at maximum. The
high resistivity of this zone could be related to the presence of

a dry gravely sand layer that outcrops along a wadi cutting this
side of the study area (Figs. 9 and 10).

The third geoelectrical resistivity layer is divided into
geoelectrical resistivity zones (Fig. 11). This layer illustrates
in A-A′ cross-section with high resistivity values that reach
1710 Ω.m, indicating fractured to massive granitic rocks
(Fig. 11). The depth of this layer ranges from 7 to 10 m.
While this layer recorded in cross-section B-B′with resistivity
values in the range from 670 to 1250Ω.m indicating fractured
to massive granitic rocks with varying depth between 16 and
30 m below the ground surface. According to the interpreta-
tion of VESs in the western side of the study area, there is an
abrupt change in resistivity, with the area being dominated by
a low resistivity zone that attains resistivities of 25 to 45 Ω.m
and an average thickness of 5 m. This low resistivity zone is
considered to be a vertical continuation of the northeastern
zone that appears at a shallower depth in the second
geoelectrical resistivity layer (Fig. 9). The third geoelectrical
resistivity layer is underlain by a very highly resistive layer
with resistivities that exceed 6000Ω.m (VES 9, VES 10, VES

Fig. 11 Geoelectrical resistivity
map of the third geoelectrical
resistivity layer at Alwadeen,
southwest Saudi Arabia
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13, VES 15, and VES 16) in the southern part of the study area
indicating unfractured massive granitic rock (Table 2).

These low resistivity zones in the second and third
geoelectrical resistivity layers could be interpreted as a frac-
tured granitic rock layer saturated with fresh water, and could
therefore represent a shallow groundwater aquifer in the study
area with a maximum depth of 1 to 5 m (Fig. 12) from the
ground surface, and this was confirmed by investigating some
shallow dug wells in the study area (Fig. 13).

Electric resistivity tomography (ERT) interpretation

In the present study, eight 2D resistivity tomography traverses
were acquired using the Iris Syscal Pro resistivity imaging
systemwith 72 electrodes together with four multi-core cables
using multi-electrode system with dipole–dipole configura-
tion. The acquired field raw 2D resistivity data is downloaded
from the Syscal Pro instrument for processing using Prosys II
software. A software program, Res2Dinv, is used to transform

the apparent resistivity values measured from the field to true
resistivity by applying backward and forward modeling, a
process called inversion. The result is a 2D resistivity image
of the subsurface showing the distribution of resistivity across
a traverse (Fig. 14). During the processing of the data, it is
important that the RMS error remain as low as possible (Loke
1999) for a good quality geologic model.

The ERT sections indicates that the geoelectrical resistivity
topmost layer is reflected clearly as two zones (labeled with A
and B; Fig. 14). The lower zone with a relatively low resistiv-
ity that range from 200 to 600 Ω.m and a thickness that reach
9-m resistivities, indicating water-bearing fractured and
weathered granitic zone. This zone is covered with a thin
discontinuous zone of varied thicknesses (ranges from 0.5 to
2 m) and resistivities (range from 1000 along traverses ERT-2,
ERT-4, ERT-5, and ERT-6 and less than 100 Ω.m along tra-
verses ERT-1 and ERT-3), indicating dry granite fragments,
gravel, sand, and clayey sediments (Fig. 14). This topmost
layer appears across the ERT section as an irregular zone with

Fig. 12 Depth-to-aquifer map
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different depths and in some places extends to a deeper depth
taking a wedge shape (Fig. 12). Along the ERT-8 traverse
(Fig. 14), a low resistivity zone with resistivities less than
100 Ω.m dominates the eastern side of the traverse with a
thickness increasing eastward to reach about 30 m in the east-
ern side of the traverse. The resistivity pattern and amplitude
of this zone could be interpreted as a clayey alluvial section
overlying the granitic rocks (Fig. 14). The topmost layer is
underlain by a very high resistive layer with resistivities
that reach 3000 Ω.m, indicating the presence of massive
and hard granites.

Conclusions

A resistivity survey was conducted in the Alwadeen area in
the southwest region of the Arabian Shield in order to delin-
eate a shallow groundwater aquifer in the study area. The area
is part of the Arabian Shield that is covered with crystalline,
mainly intrusive, igneous rocks (e.g., granite, diorite, granodi-
orite, gabbro, dolerite, pegmatite). Many of these intrusive
igneous rocks (e.g., granite, diorite, granodiorite, gabbro)
form large intrusive bodies (plutons) while others (e.g.,

Fig. 14 ERTsections along the surveyed eight 2D resistivity traverses. A: Topmost alluvial sediments, B: water bearing-fractured andweathered granite,
and C: fractured to massive granitic rocks

Fig. 13 Two dug wells in the study area showing different groundwater
levels
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dolerite, pegmatite) tend to occur as linear extended dikes.
The field investigation revealed that these rocks are signifi-
cantly weathered and fractured in many places, and this may
increase the porosity and permeability of these rocks. These
weathered and fractured granitic rocks can, therefore, form a
reliable aquifer and thus be an important host of groundwater.

The results of VESs and ERT are correlated well with the
geological setting of the study area where there are lateral
variations in lithology with varying degree of weathering
and fracturing. This is confirmed from the geoelectrical inves-
tigations that identify a wide range of the resistivity values
through the study area. Three to four geoelectric layers have
been identified; the topmost geoelectrical layer illustrates a
wide range of resistivity indicating dry gravelly to sandy soil
with 4 m thickness, the second geoelectrical layer is charac-
terized by moderate resistivities representing weathered and
highly fractured granite, while the third and fourth
geoelectrical layers have high to very high resistivity values
indicating massive (unfractured) granite. This succession
clearly appeared in the drilled water wells in the study area
(e.g., Figure 13).

The interpretation of the VESs and ERT sections revealed
the presence of a shallow groundwater aquifer that is hosted
by weathered and fractured granitic rocks. Groundwater in
this aquifer is mainly restricted to the fracture zones. The
depth of water-bearing weathered/fractured granite ranges
from 1 m to about 5.5 m. A thin layer of wadi alluvium de-
posits covers the water-bearing rock unit. The small thickness
of this weathered and fractured unit is related to the arid
weather of the study area (Singhal and Gupta 1999). These
rocks show a variation in the geoelectrical resistivity that is
related to the degree of fracturing and weathering and conse-
quently to the water saturation. The degree of fracturing and
the extent of fracture connectivity affect the extent of ground-
water storage and flow in these fractured basement rocks
(Cook 2003). This is because the fractures act as conduits
for groundwater flow in an environment where the matrix
between the conduits is impermeable and has no porosity.
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