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Abstract: The integration of geophysical techniques with
hydrological investigation is frequently used for solving
diﬀerent geological and environmental problems including
groundwater quality and exploration and seismic vulnerability assessment. In this research, the shallow geophysical
techniques comprising of electrical resistivity proﬁling, vertical electrical sounding, and ground magnetic were used to
identify the contaminated areas lying in the upstream and
downstream of Almisk Lake in Jeddah. The chemical analyses of water samples collected from the wells located in
the downstream and upstream areas were used to support
these results as an increase in the total dissolved solids
(TDS) shows a decrease in the resistivity value. The results
of geophysical techniques and hydrochemical analyses
show that the TDS values are signiﬁcantly higher in the
upstream area of dam than those of the downstream, which
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suggests that the contaminating source is lying in the
upstream of the reservoir. Moreover, the dam was not completely successful to block the contamination because of
improper base. The hydrochemical analysis and geophysical results clearly indicate that the groundwater is not
suitable for drinking and irrigation purposes.
Keywords: groundwater contamination, hydrogeophysics, hydrochemical analyses, total dissolved solids

1 Introduction
Geophysical techniques and hydrogeological studies are
the pivotal tools to detect and study the diﬀerent environmental problems caused by the drinking and waste
water, and the integrated geophysical methods with a
hydrogeological investigation can impeccably delineate
the contaminated, partly aﬀected, and virgin area. The integration also provides insight into the future potential and
venerable subsurface areas to be aﬀected by lateral and
vertically downward movement of contaminants [1–4].
Many researchers used the integration of diﬀerent geophysical methods in dealing with mapping of waste disposal
areas and characterization of bedrocks to delineate fractures
and faults through which transportation of contaminants
takes place in the subsurface and nature of contaminants.
Subsurface contamination can occur in diﬀerent ways like
intrusion of saltwater, seepage from buried waste, and
groundwater pollution of soil through the landﬁll or direct
contamination [5–8]. Ground magnetic method is the most
widely used technique to identify the major subsurface
structural elements such as faults, fractures which facilitate
contaminant spreading [9]. Electrical resistivity proﬁling
(ERP) provides valuable information on resistivity of subsurface material which will be used to create 2D and 3D resistivity models. The variation in resistivity values provides
probable direction of landﬁll leachate ﬂow in subsurface
[10–14].
The present research is executed by the integration
of diﬀerent shallow geophysical methods and chemical
This work is licensed under the Creative Commons Attribution 4.0
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analysis of groundwater samples to detect the contamination in the groundwater and sources of contamination.
Integrated geophysical methods including ground magnetic method, ERP, and vertical electrical sounding (VES)
were carried out around the catchment area of Wadi Bani
Malik dam (Al Misk Lake area Figure 1) to determine the
contamination in groundwater and source of contamination The study area has been used as Jeddah’s waste
disposal site and abandoned for over 10 years but leaching
out contaminants is a problem [2,15,16].
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Wadi Bani Malik excellently crops out a thick sequence
of volcanic, plutonic, and volcaniclastic rocks. These rocks
are grouped into seven main units including Madrakah
Formation, unassigned metagabbro and gabbro, Dighbij
complex, Kamil diorite and quartz diorite, Hafnah complex,
unassigned syenogranite and quaternary deposits, and maﬁc
dykes (Figure 2). The study area crops out the rocks of
Madrakah Formation and is characterized by basic and intermediate volcanic and related volcaniclastics which are metamorphosed to greenschist and amphibolite facies. These
rocks are intruded by granite, granodiorite, and diorite [20].

1.1 Location and geology of the study area
The study area is located about 40 km in the east of
Jeddah that is one of the major cities in Saudi Arabia
(Figure 1). For more than past 10 years, wastewater has
been collected in underground cesspools and then it is
transported to the Wadi Bani Malik area through tankers
[15,17]. Wadi Bani Malik is one of the most important
structures of the area in terms of its size. It covers an
area of 519 km2 with a maximum altitude of 500 m. The
study area consists of alluvial aquifer with small stream
branches merging into mainstream channel of the Wadi.
It is an arid region with tropical type of climate. Precipitation is less than 250 mm/year while the summer temperature often reaches 48°C [18]. The drainage of the
Wadi is semi-rectangular to dendritic type with its catchment area is mushroom shaped [19]. Lake Al Misk is
formed in the upstream area of the Wadi and is the
dumping site of the sewage of Jeddah City. Around
1,200 tankers dump the sewage water in the lake which
has signiﬁcantly increased in the size of the lake.

Figure 1: Location map of the study area.

2 Materials and methods
2.1 Methodology
In this work, the study area was divided into two areas
(Area-1 and Area-2) depending upon the accessibility of
the area (Figure 3). Area-1 covers the whole area lying
along the downstream, and Area-2 includes the area
located along the upstream of the lake/dam. The shallow
geophysical techniques including ground magnetic, ERP,
and VES were used as primary techniques to collect the
data. Results of geophysical techniques were compared
with the hydrogeological studies and chemical analysis
of water samples collected from the wells.
ERP data were acquired along seven proﬁles and
named as ERP-1, ERP-2, ERP-3, ERP-4, ERP-5, ERP-6,
and ERP-7 (result of ERP-1 is not used in this article).
Six VES were performed in the area; VES-4, VES-5, and
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Figure 2: Geological map of Wadi Bani Malik area (Moore and Al-Rehaili 1989 [20]; Rehman et al. 2016d [21]).

VES-6 were performed in Area-1 and VES-1, VES-2, and
VES-3 in Area-2. In both the areas, magnetic data were
acquired along North-South trending proﬁles having 5 m
distances between stations and 20–30 m between proﬁles
depending upon the accessibility of area (Figure 4). ERP
and VES data were collected in the study area [15,16] along
with ground magnetic data [1]. In situ, hydrogeological
studies were made using a standard Solinst probe which
includes the measurement of electrical conductivity (EC),
salinity, water depth, and total dissolved solids (TDS).

3 Results and discussion
3.1 Vertical electrical sounding
The VES data were plotted in RES1DVES software. The
data were used to demarcate the diﬀerent lithological

layers and their thickness in the study area. VES data of
the study area show the presence of four distinct lithological layers including surface layer, sandy layer, alluvial
layer (mixed gravelly and sandy layer with minor clays),
and basement boulder, from surface to bottom, respectively. The maximum depth of the investigation of VES is
about 25 m in both Area-1 and Area-2. The thickness of
interpreted layers varies signiﬁcantly from point to point
in the study area. The thickness of uppermost surface
layer is nearly consistent in Area-1 and Area-2, and its
thickness is less than 1 m. The lower sandy layer is thicker
in upstream Area-2 as compared to Area-1. The thickness
of sandy layer varies from 10 to 15 m in Area-2 and 4 to
11 m in Area-1. Sandy layer is underlain by alluvial layer
that varies from 1.9 to 2.25 m in thickness in Area-2 and
1.9 to 13.9 m in Area-1. The lowermost gravelly layer consisting of basement boulders is thickly developed in Area2, and its thickness ranges from 12.2 to 20 m. In upstream
Area-1, the thickness of the lowermost layer varies from
7.8 to 12.2 m.

Shallow geophysical and hydrological investigations
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Figure 3: Location of upstream and downstream of the study area.

Figure 4: Location of magnetic data (red lines), electrical resistivity proﬁles (blue lines), and vertical electrical soundings on both sides of
the dam.

3.2 Electrical resistivity proﬁling
Resistivity proﬁling of the study area indicates pronounced
variation in resistivity values of upstream and downstream
areas. Resistivity variations with depth are used to develop

the resistivity proﬁles of diﬀerent aforementioned lithological layers. The minimum resistivity values of 1.6 (Ωm)
were recorded in the sandy layer of VES-4 while maximum
resistivity values of 10577.2 (Ωm) were calculated in the
uppermost surface layer of VES-5 of Area-1.
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3.3 Correlation of VES and ERP data
Among the total six VES points, ﬁve VES were acquired
near or at same points of ERP except the VES-6. The VES
and ERP show good mutual correlation in uppermost
layers including uppermost surface layer and lower
sandy layer except the VES-6. The uppermost surface
layer is generally highly resistive and is mutually comparable to a great extent; however, its values are variable
in Area-1 (123.1 Ωm at VES-4 to 10577.2 Ωm at VES-5) and
Area-2 (243.1 Ωm at VES-3 to 3749.7 Ωm at VES-1). The
lower sandy layer is generally characterized by the very
low resistivity values in both Area-1 (1.5 Ωm at VES-4 to
14.3 Ωm at VES-6) and Area-2 (3.8 at VES-3 to 9.4 at VES-1).
The lower sandy layer shows very low resistance and indicates ﬁlling of saline water. The third alluvial layer exhibits a very diverse resistivity (very low to low except the
VES-6) and does not show good correlation. In contrary to
alluvial layer, the lowermost gravelly layer is generally
very resistive layer and shows good mutual correlation
between VES and ER data.

3.3.1 Area-1
The VES-4 was carried out about 21 m away from the site
of ERP-2 and about 113 m from the starting point of the
same site. VES and ERP show a good mutual correlation
in terms of thickness and variation in resistivity with
depth (Figure 5). A low resistive sandy contaminated

layer is marked up to 5 m depth that is followed by a
thin sandy layer with relatively high resistivity values
as compared to upper contaminated layer. However, no
resistivity information is available below this sandy layer.
Similarly, VES-5 and ERP-4 also exhibit a good mutual
correlation. VES-5 was performed at the same location as
of ERP-4 and about 403 m from the starting point of ERP-4.
VES and ERP data of these proﬁles show the presence of a
low resistive sandy contaminated layer below high resistive surface layer that extends to depth of 11.5 m. This
contaminated layer is further underlain by a relatively
high resistive layer consisting of sandy sediments.
In contrary to these, the data of VES-6 were acquired
6.5 m away from the site of ERP-5 and about 100 m away
in the east of starting point of aforementioned proﬁle. In
comparison with the above-mentioned proﬁles, VES-6
and ERP-5 are characterized by the missing low-resistivity contaminated layer below the high-resistivity surface layer. The sandy layer beneath the high resistive
surface layer shows relatively high values of resistivity
as compared to the other proﬁles of downstream and
indicates low level of contamination in the water of this
layer possibly because of the uplift of resistive block at
this location.

3.3.2 Area-2
VES-1 was conducted 34 m away from the site of ERP-7
and about 715 m away from the starting point of ERP-7

Figure 5: Correlation diagram of geophysical techniques on the downstream (Area-1) of the dam in Wadi Bani Malik area Jeddah, Saudi
Arabia. (a) Electrical resistivity tomography, (b) vertical electrical sounding, and (c) total intensity magnetic map.
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(Figure 6). In both sections, surface high resistive layer
is followed by a very low resistive sandy layer that
extends up to the depth of about 16 m. The very low
values of resistivity show high levels of contamination
in this layer and indicate the presence of saline water.
The data of VES-2 were acquired 12 m away from the
location of ERP-6 proﬁle, and it was located about
280 m away from the starting point of ERP-6. The data
of VES-2 and ERP-6 indicate a very low resistive sandy
layer with contaminated/saline water underneath the
high resistive surface layer. It also shows a good correlation up to the lower sandy layer. This contaminated
sandy layer is further replaced with a high resistive layer
with increasing depth.
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values are generally manifested by the presence of hard
rocks of basement aﬃnity in geological environments.
The data of VES-4 proﬁle are strongly consistent and
identical with the magnetic intensity map of the area
and show that the basement boulders/hard rocks of basement are present at very shallow depth (Figure 5).
The outcrop data collected from the vicinity of VES-4
site also confer the presence of same material as interpreted in the proﬁle of VES-4. Remaining two VES proﬁles
including VES-5 and VES-6 were acquired from the areas
of moderate and low magnetic intensities. These proﬁles
are also consistent with the magnetic intensities and
are characterized by the presence of basement rocks/
boulders at deeper levels in subsurface. Furthermore,
the location of VES-6 is located along the drainage trend
in Wadi which represents down thrown hanging wall of a
normal fault.

3.4 Correlation between VES results and
magnetic intensity
3.4.2 Area-2
The VES proﬁles acquired from the study area are located
in the diﬀerent magnetic areas and they show consistency and correlation with magnetic anomaly data of
the study area (Figure 5).

3.4.1 Area-1
Among the three VES proﬁles of Area-1, the site of VES-4
is located in the high magnetic value area. High magnetic

Among the total three VES proﬁles of Area-2, sites of two
VES proﬁles including VES-1 and VES-3 are located in
the low magnetic area as compared to the third proﬁle
VES-2 which lies in the high-magnetic intensity area
(Figure 6). The results of VES proﬁles are consistent
with the magnetic intensity map. The VES-2 proﬁle
clearly indicates the presence of the basement rock/
boulder layer at shallow depth as compared to other proﬁles of Area-2.

Figure 6: Correlation diagram of geophysical techniques on the upstream (Area-2) of the dam in Wadi Bani Malik area Jeddah, Saudi Arabia.
(a) Electrical resistivity tomography, (b) vertical electrical sounding, and (c) total intensity magnetic map.
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3.5 Correlation of ERP and hydrogeological
parameters
Results of electrical resistivity proﬁles are compared with
the results of in situ hydrogeological parameters of
water samples of diﬀerent monitory water wells located
in the downstream and upstream areas of the study area
(Figure 7).
Among the in situ hydrological parameters, EC and
depth of water table were used for the correlation with ER
proﬁles. Well-1 that is located in the upstream Area-2 is
characterized by 25.4 mS/cm value of EC that is very low
as compared to Well-2 of Area-1 where it is calculated as
45.9 mS/cm.
Furthermore, the depth of water table in both well is
also variable. The water table was recorded at the depth
of 3.05 m in Well-1, and the depth of water table in Well-2
is estimated about 0.8 m that is quite shallow. Water
table is recorded in the sand layer lying below the surface
layer in both wells. The distance between these two wells
is just 125 m, but their EC values and depths of water table
show signiﬁcant variation in quality of water and depth
of host layer. The high value of EC in Well-2 shows the
higher levels of contamination in groundwater in the Al
Misk lake area in the downstream of dam as compared to
upstream area. Furthermore, the storage of water in
upstream of dam signiﬁcantly elevated the water table
to shallow depth through the seepage.
The nature of contamination can be investigated by
the hydrochemical analysis; however, the accelerated
levels of contamination in water are caused because of
the dumping of untreated sewage water of Jeddah city in

the dam. In comparison with downstream area, the lower
EC values and less contamination in upstream area are
the results of diﬀerent factors like non-continuous nature
of source and attenuation processes like adsorption. As
this source is non-continuous, the contaminants had to
travel through the unsaturated area to reach the receptor
(groundwater). Further, the attenuation processes like
adsorption signiﬁcantly reduced the concentration of
contaminants which result in the lowering of EC values.
Moreover, three wells are also present along the proﬁle
of VES-7 at distances of 75, 280, and 515 m from the aforementioned proﬁle with water depths of about 3.27, 3.51,
and 1.15 m, respectively. Geophysical results show that
the top of most part of sandy layer is contaminated
with salt. This layer is variable in thickness, and generally, its thickness tends to increase northward. The results
of hydrogeological parameters support the geophysical
results. This layer has diﬀerent contaminant concentration
and TDS.

4 Conclusion
The integration of the geophysical technique results
along with hydrological investigations is one of the most
widely used methodologies for solving any geological or
environmental problems. In the current study, the integration of geophysical results and hydrological investigations provided indubitable outcomes. The geophysical
techniques comprised of ground magnetic method and
VES and ERP. The VES and ERP data are in good mutual

Figure 7: Correlation between electrical resistivity tomography and groundwater analysis results [21].
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correlation. The VES proﬁles show consistency and correlation with magnetic anomaly data of the study area.
The integration of geophysical techniques helps in identifying the contaminated layers in subsurface. Moreover,
groundwater samples were collected for chemical analysis. The results of chemical analyses of water samples
collected from the wells located in the downstream and
upstream areas also supported geophysical ﬁndings. The
integration of geophysical techniques and hydrochemical
analyses suggests that the contaminating source is lying
in the upstream of the reservoir. The hydrochemical analysis clearly indicates that the groundwater is not suitable
for drinking and irrigation purposes.
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