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Abstract

Objectives An electromagnetic induction (EMI) survey is

conducted in five selected sites near Al-Musk Lake area to

(1) investigate the effect of this dumpsite on the soil and

groundwater in the neighborhood of the lake, (2) delineate

the vertical and horizontal distribution of the potential

contamination, and (3) examine the effectiveness of the

main dam, constructed to block wastewater from reaching

the city, in preventing subsurface migration of

contamination.

Background Al-Musk Lake is a former wastewater

dumpsite in Bani Malik Valley that lies few kilometers to

the eastern border of Jeddah City and was drained in 2010.

Al-Musk Lake lies in the heart of the watershed of Bani

Malik Valley, a major valley with a huge catchment area of

more than 300 km2 and having tens of streams.

Method The electromagnetic induction survey is con-

ducted using the EMP-400 Profiler using three frequencies,

which are 2, 8, and 14 kHz. The data are collected in

continuous mode at 2-s intervals providing a reasonable

station interval of about 2 m while profile separation ran-

ges from 3 to 6 m based on field conditions.

Results The results of the EMI survey show that contam-

inated sites have much higher apparent conductivities than

clean sites at all depths. They also show that the dam does

very little in blocking the migration of subsurface con-

tamination to the downstream side of the valley. A site that

lies 7 km downstream from the dam is evidently affected

by migration and accumulation of subsurface contaminant

plume.

Keywords Contamination � Conductivity �
Multi-frequency � EMI � Saudi Arabia

1 Introduction

Al-Musk is the Arabic name of an expensive and presti-

gious eastern perfume that was worn only by the elite in the

past and is still highly valued in the Arab region until

today. Ironically, Al-Musk Lake is the local name of the

wastewater dumpsite located in Eastern Jeddah City.

Nobody knows how and why it started, but it was in 1999

when hundreds of wastewater tankers started dumping their

loads in that rural area to the east of Jeddah City. Soon, a

small lake of untreated wastewater was forming few kilo-

meters to the eastern border of the residential area in

Eastern Jeddah City (Fig. 1). Annoyed by the unbearable

stinky smell caused by the expanding sewage water

dumpsite in their backyard, the local residents, sarcasti-

cally, called the site Al-Musk Lake.

For the next 11 years, tanker trucks released about

40,000 m3 of wastewater into Al-Musk Lake every day

(Ewea 2010). The continuous dumping of such huge

amounts of wastewater into the lake gradually increased

the lake area and created a disastrous environmental situ-

ation. Over years, the lake continued to grow and the local

authorities had to construct a dam to prevent accumulated

wastewater from seeping through dry valleys to the
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residential areas nearby (Fig. 1). The dam did very little to

solve the problem and the lake continued growing (Fig. 2).

In 2010, the lake surface area exceeded 2.5 km2 and its

water volume reached 9 million cubic meters (Ewea 2010).

This formed an imminent threat to the nearby residential

areas and the local authorities finally started taking actions

by banning wastewater dumping into the site and started

draining the lake.

Today, the Al-Musk Lake disappeared, the site is com-

pletely dry, and everything seems fine on the surface.

However, very little studies were conducted to estimate the

environmental damage that the lake caused to the soil and

the groundwater to evaluate the effectiveness of the

remediation measures taken afterwards. Moreover, study-

ing soil conditions in the area is of immense importance,

especially with the recent appearance of many farms in the

area (Fig. 2). These farms use groundwater for growing

different kinds of fruits and vegetables. This groundwater

is exploited from the same unconfined aquifer that was

continuously fed by various kinds of contaminants from the

wastewater lake a few years ago.

In the past 2 decades, electromagnetic induction (EMI)

sensors have gained increasing popularity in soil mapping

and soil characterization studies (Brevik and Fenton 2003;

Corwin 2008; Toushmalani 2010; Miller 2012). The main

reason for the wide spread of EMI techniques in soil

studies is that they provide accurate high-resolution images

of the spatial distribution of subsurface apparent conduc-

tivities in high speed and low cost. Moreover, data col-

lected using different EMI sensors are comparable as

previous studies showed that using different devices and

configurations has negligible effect on the obtained results

(Doolittle et al. 2002; Saey et al. 2009; Urdanoz and

Aragüés 2012).

Fig. 1 Landsat image showing

Al-Musk Lake in 2009, the main

concrete dam, and the eastern

part of Jeddah City

Fig. 2 Historical satellite images showing the spatial extension of Al-Musk Lake between 1998 and 2016
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Other reasons are related to that most EMI sensors are

one-man-operated, environmentally benign instruments

that need no direct contact with earth, and they can be

operated in different frequencies, providing a good range of

depth of investigation. In addition, EMI sensors benefit

from modern technologies such as Bluetooth communica-

tion and micro-GPS and DGPS which have reflected pos-

itively on the efficiency of recent models of EMI sensors.

The only disadvantage of EMI sensors is their limited

depth of penetration, because it is directly related to the

transmitter–receiver separation. This, however, is hardly

important in shallow soil mapping and characterization

studies.

This study presents the results of a geophysical survey

conducted using multi-frequency EMI technique to map

subsurface apparent electric conductivity in five selected

sites in and around the location of Al-Musk Lake. The

purpose of the survey is to get a better understanding of the

vertical and horizontal distributions of contamination in the

study area, to compare these results to those of a survey

conducted in an uncontaminated site, and to track possible

subsurface migration pathways and accumulation sites of

contaminants. Another purpose of this study is to assess the

main dam capability of blocking the contamination from

flowing into the main stream of Bani Malik Valley.

2 Study Area and Analysis Methods

The Al-Musk Lake is located in the heart of the watershed

of Bani Malik Valley, a major valley with a huge catch-

ment area of more than 300 km2 and having tens of

streams. These streams form a complicated network that

congregate into a single main stream near the dam location

(Fig. 3). The Al-Musk Lake was formed on the alluvium

deposits that consist mainly of gravel, sand, silt, and clay.

The highly permeable alluvium deposits form the major

unconfined aquifer in the area that has a significantly

variable thickness based on the subsurface topography of

the underlying basement rocks (Elfiki et al. 2010). On both

sides of Bani Malik Valley, these basement rocks outcrop

and form many hills surrounding the valley.

Gabbro is the dominant basement rock covering most of

the hills surrounding the study area. Other intrusive

igneous rocks, such as granite, granodiorite, tonalite, and

andesite, are also present but in less proportion (Moore and

Al-Rehaili 1989). Structurally, the Bani Malik Valley itself

runs along the trend of a major fault striking northeast–

southwest, which is the dominant structural trend in this

area. Other minor faults trending northwest–southeast and

north–south are also present in the area. These faults as

well as other structural lineaments play a major rule in the

movement and accumulation of groundwater, and hence

contaminants in the area (Qari et al. 2003).

The analyses of groundwater samples collected in the

vicinity of Al-Musk Lake in 2016 show horrifying results

(Rehman 2016). These groundwater samples are collected

from 19 water wells taping the unconfined aquifer in the

proximity of the drained Al-Musk Lake, where the depth to

water table ranges from 3 to 16 m below the ground sur-

face (Fig. 3).

In situ analysis of total dissolved solids (TDS) failed in

all sampled wells, because its value exceeded the maxi-

mum limit of the field instrument. Laboratory analysis of

collected samples shows that the ranges of the TDS fall

between 10,008 and 57,240 mg/liter (mg/l). This is much

higher than the permissible limit allowed for either drink-

ing water or agricultural water. The maximum TDS

allowed for drinking water is 1500 mg/l, while it is

2000 mg/l for the agricultural water use (Rehman 2016).

In addition, groundwater samples are analyzed for major

cations and anions as well as toxic and trace elements. Cations

Fig. 3 Landsat image showing

Bani Malik Valley watershed

(thick blue polygon), its stream

network (thin blue lines), Al-

Musk Lake location (black

area), water wells (red circles),

anomalous wells (large red

circles), and the main dam site

(yellow rectangle)
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analyses include calcium, sodium, magnesium, and potas-

sium, while anion analyses include chloride, sulfate, carbon-

ate, and bicarbonate. While toxic elements analyses include

lithium, boron, silicon, phosphorous, vanadium, chromium,

manganese, iron, cobalt, nickel, copper, zinc, arsenic,

molybdenum, cadmium, barium, mercury, lead, and uranium.

All major cations in all water samples exceed the

allowable limit for both drinking water and agricultural

water use. For example, the average calcium concentration

in the analyzed samples is 1550 mg/l, which is eight times

higher than the allowable calcium concentration in drink-

ing water (200 mg/l) and seven times higher than that of

the water used in agricultural (230 mg/l). The same situa-

tion occurs with major anions, where the average concen-

tration of sulfate in the collected groundwater samples is

3665 mg/l. This is seven times higher than the maximum

concentration allowed in drinking water (500 mg/l) and

more than six times higher than that of agricultural water

(600 mg/l) (WHO 2004).

Sodium adsorption ratio (SAR) and sodium percentage

(SP) are important factors in estimating the suitability of

soil and groundwater for agricultural activities and growing

crops (Narany et al. 2014). According to the SAR index,

three water samples are classified as doubtful (19–26),

while the rest of samples are classified as unsuitable for

irrigation ([26). The SP index puts only two samples in the

permissible zone (40–60), while the rest of the samples lie

in the doubtful (60–80) and unsuitable ([80) zones.

Toxic and trace elements also show high concentrations

in most of the collected samples. For example, the boron

concentration in all the collected samples exceeds the

maximum permissible limit for drinking water. The aver-

age boron concentration in the collected samples is

13.2 mg/l, while the average concentration of boron in

surface water in most places of the world is less than

0.5 mg/l (Coughlin 1998). Lithium, copper, nickel, man-

ganese, and molybdenum concentrations exceed the

allowed limits of drinking and agricultural water in most of

the analyzed samples. Anomalously high concentrations of

lead and uranium are found in two wells, mainly because of

their location within a younger granite intrusion (Fig. 3).

Water samples collected in front of the dam show relatively

lower concentrations of all elements than those collected

behind the dam. However, these concentrations are still

higher than the maximum allowed limit for both drinking

and agricultural water (Rehman 2016).

3 Field survey and data analysis

The EMI field survey is conducted in five different sites

surrounding the location of the former Al-Musk Lake

dumpsite. The first site covers the area behind the main dam

(Fig. 4). The area behind the dam is known to be covered by

stagnant wastewater for years, and is expected to provide a

signature of contaminated soil. The second site covers the

area in front of the dam and is surveyed to investigate the

dam’s integrity and its effectiveness in blocking contami-

nation from seeping downstream Bani Malik Valley. Site 3

and site 4 cover the areas behind and in front of a smaller

dam located few hundred meters to the north of the main

dam. These two sites are known to be in an area that was

never been reached by the Al-Musk Lake. Hence, they are

expected to be clean as they are located at higher elevation.

The small dam is constructed in this area to collect and store

rainfall, and hence allowing it to infiltrate to the unconfined

alluvial aquifer. The soil at this site resembles that at the

first two sites without contamination and should provide a

signature of clean soil. Site 5 is located 7 km to the

southwest of the main dam on the downstream of Bani

Malik Valley (Fig. 4). The collected apparent conductivity

data from the clean and contaminated sites are compared to

the data collected at the downstream site to answer the

following questions: (a) does the contamination flow within

the subsurface downstream Bani Malik Valley? (b) if yes,

what is the concentration of this contamination compared to

the polluted area behind the dam? and (c) how effective the

main dam in blocking subsurface contamination from

flowing to the other side of the dam?

The electromagnetic induction survey is conducted

using the EMP-400 Profiler of Geophysical Survey Sys-

tems Incorporation (GSSI) using three frequencies. The

selected frequencies are 2, 8, and 14 kHz. The EMP-400

provides a wider range of frequencies from 1 to 16 kHz. 1

and 16 kHz are avoided, because marginal frequencies

sometimes yield odd results according to our experience

with similar equipment. The data are collected in contin-

uous mode at 2 s interval. This interval provided a rea-

sonable station interval of about 2 m, while profile

separation ranges from 3 to 6 m based on field conditions.

These relatively large measurement spacings are conve-

nient to the aim of the survey, which is investigating the

regional variation in soil’s apparent electric conductivity,

and allow collecting field data in less time. This configu-

ration also allows for reasonable stacking of eight readings

at each station, reducing errors caused by shallow metallic

objects and momentary sensor malfunction. Both apparent

electric conductivity and magnetic susceptibility data are

collected at the three frequencies. Prior to data acquisition,

the EMP-400 Profiler undergoes site calibration followed

by user calibration. Field tests that include different modes

of operation and different sensor heights show negligible

variations in conductivity readings. Accordingly, the ver-

tical-dipole mode and inline orientation with sensor at hip

height are selected as they are the most convenient settings

to the user.
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A pseudo-differential GPS is used to position data

points. The internal GPS of the profiler is enabled while

collecting field data. In the meantime, another GPS con-

nected to a laptop is situated in a base station in the study

area. The base station GPS collected positioning data at 1 s

interval and saved them to the laptop. These data are later

used to correct the Profiler’s internal GPS data for errors

caused by atmosphere and satellite-related imprecisions.

The magnetic susceptibility data are used to identify

locations, where conductivity variations are caused by

surface or shallow buried metallic objects rather than soil

electric conductivity. Data points having sudden changes in

susceptibility are simply ignored while gridding conduc-

tivity data. A mild eight-point low-pass filter is applied to

the collected data to attenuate high-frequency variations

and emphasize regional changes in apparent conductivity.

The conductivity data are gridded using kriging interpola-

tion technique and then plotted as apparent conductivity

contour maps. The same scale is used for data collected at

the same frequency over different sites for the sake of fair

and easy comparison. The contour maps are then overlaid

on a 3D satellite image of each site for better visualization

and easier interpretation (Figs. 5, 6, 7).

4 Results

The collected apparent conductivity data seem to be of

excellent quality. Figure (5a) shows a 3D satellite image of

sites 1 and 2, showing the main dam, the dam’s gauge, the

earth dam, and the crocked dirt road behind the dam.

Figure 5b–d shows the same 3D image overlaid by the

apparent conductivity maps at frequencies of 14, 8, and

2 kHz, respectively.

At site 1, the data clearly show the effect of different

surface features such as the earth dam that extends parallel

to the main dam and about 100 m to the east of it. The

height of this earth dam is about 2.5 m and it shows sig-

nificantly lower conductivity than its surroundings on maps

collected using the three different frequencies.

The crocked dirt road made of foreign soil and slightly

elevated than the surface of the valley also shows quite

lower conductivity than surrounding soil in the three

apparent conductivity maps. The effect of the reinforced

concrete on the eastern side of the main dam can also be

seen on the conductivity measurements collected along this

side of the dam. Apart from these surface features, the

major high-amplitude conductivity anomalies are elon-

gated and extend along the north–south and northwest–

southeast directions. These directions denote the trends of

the major structures in the Arabian shield. Another phe-

nomenon that can be easily noticed in this site is that most

large anomalies are located, where the main Bani Malik

Valley intersects with other sub-basin valleys. These

locations are usually characterized by deep incisions in the

underlying basement rocks and hence have thicker alluvial

cover than surroundings. The sediments of these locations

are always ill-sorted and have courser grain than the rest of

sediments in the valley because of the turbulences associ-

ated with the flash floods depositing them. This may

explain why these locations have higher concentrations of

contamination than other locations (Fig. 5). A good match

between the apparent conductivity maps collected using

different frequencies indicates that contamination concen-

trations are similar at different depths from the surface.

Site 2 lies on the other side of the main dam and is

surveyed to investigate the capability of the dam to block

subsurface contamination from crossing the dam and

migrating to the downstream side of Bani Malik Valley.

Apparently, the dam does very little in blocking contami-

nation. Apparent conductivity values are comparable on

both sides of the dam, ranging from -300 to ?800 mS/m

at frequency of 14 kHz and from -600 to ?1400 mS/m at

frequency of 2 kHz. The quality of the data collected in site

Fig. 4 Satellite image showing

the locations of the main dam

and investigated sites
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2 is satisfactory as they clearly show the reinforced con-

crete gauge near the northern end of the dam and they also

show the 10 m-wide man-made terrace, made of foreign

soil and stabilized by native boulders, on this side of the

dam (Fig. 5).

In conclusion, apparent conductivity maps of these two

sites confirm the presence of contaminations on both sides

of the dam and at various levels below the ground surface.

This shed doubts on the effectiveness of the main dam and

shows a close relationship between the concentration spots

of contamination and the subsurface tomography of the

basement rocks.

Site 3 and site 4 are located behind and in front of

another dam, respectively. This dam is located 800 m to

the northeast of the main dam in an area that has never

been reached by the wastewater of Al-Musk Lake. This

dam, however, is built across a valley that is known to

receive a good amount of rainfall and runoff water. The

purpose of this dam is to store this water and allow it to

infiltrate into the unconfined alluvial aquifer (Fig. 4).

Apparent conductivity data collected on both sides of

this dam show no anomalous values, except for the mod-

erate fan-shape anomaly at the center of site 3 (Fig. 6).

This anomaly starts at the northern border of the surveyed

Fig. 5 3D image of site 1 and

site 2 (a), and the apparent

conductivity maps of these sites

at frequencies of 14 (b), 8 (c),
and 2 kHz (d)
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area and gradually spreads southward. It is worth men-

tioning that the location of this anomaly also coincides with

the intersection of two valleys. The amplitude of this

anomaly, however, is much lower than that of anomalies

associated with contamination at sites 1 and 2. The shape

and amplitude of this anomaly indicate that it may be

associated with groundwater accumulation, which is evi-

dent by the fan shape of the anomaly and by the direct

proportionality between the anomaly amplitude and depth.

The sharp high-amplitude anomalies located at both sides

of the dam are attributed to the reinforced concrete base of

the dam body (Fig. 6). In general, apparent conductivity

maps on sites 3 and 4 show totally different pattern than

that associated with subsurface contamination, which is the

case in sites 1 and 2.

Site 5 is located 7 km to the southwest of the main dam

on the downstream side of Bani Malik Valley (Fig. 4).

Another dam is constructed in this site to protect the nearby

Fig. 6 3D image of site 3 and

site 4 (a), and the apparent

conductivity maps of these sites

at frequencies of 14 (b), 8 (c),
and 2 kHz (d)
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residential area from flash floods (Fig. 7a). The apparent

conductivity data are collected in the area behind the dam.

Data could not be collected in the squared area at the eastern

side of the surveyed site, because it is a private property to

which our team was not permitted to access (Fig. 7).

The apparent conductivity maps on site 5 show

anomalies of similar nature and amplitude to those appear

on sites 1 and 2. Most of these anomalies are elongated and

trend in the east–west direction and few are trending in the

north–south direction. Similarly, apparent conductivity

values are higher in locations, where the main Bani Malik

Valley intersects with subsidiary valleys on both sides. The

noticeable phenomena, however, is that apparent conduc-

tivity maps show stronger anomalies at lower frequency

(Fig. 7b–d). This resembles the anomalies on the conduc-

tivity maps collected in sites 1 and 2.

Fig. 7 3D image of site 5 (a),
and the apparent conductivity

maps of this site at frequencies

of 14 (b), 8 (c), and 2 kHz (d)
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5 Conclusions and Discussion

Tracking and mapping contamination plumes affecting

groundwater aquifers are challenging tasks mainly because

the migration and accumulation of contamination are

controlled by many variable factors (Kirsh 2009). These

factors include, but are not limited to, gravitational force,

groundwater flow direction and speed, porosity and per-

meability of subsurface sediments, structural elements such

as faults and cracks affecting subsurface rocks, and the

nature of the contamination itself.

Using electromagnetic induction phenomena to investi-

gate contamination plumes has become increasingly pop-

ular in recent years because of its ease of use and

successful results. The failure to construct a concrete

relationship between the concentration of contamination

and the apparent conductivity values remains a major

obstacle. This obstacle forces the interpretation of apparent

conductivity data to be of qualitative nature rather than the

preferable quantitative one.

When collecting apparent conductivity data in a multi-

frequency manner, plotting these data becomes a challenge.

Because data collected using different frequencies can vary

by several orders, it is hard to find an optimum scale that is

appropriate for plotting all data. Plotting the data at dif-

ferent scales is confusing and makes the interpretation task

more difficult. When surveying more than one site with

multi-frequency EMI technique, finding a suitable scale for

all data becomes even harder.

The EMI survey conducted in the proximity of Al-Musk

Lake aims to investigate the environmental consciences of

the former wastewater dumpsite and to delineate the vertical

and horizontal distribution of contamination plumes caused

by this dumpsite. It also aims at examining the capability of

the main concrete dam to contain subsurface contamination

and prevent it from travelling downstream along Bani Malik

valley to the residential areas. The survey is successful in

imaging the contamination at different depths on the

investigated sites. The results of the survey have led to the

following conclusions and recommendations:

1. The main concrete dam is hardly effective in blocking

the migration of contamination as the apparent conduc-

tivity data collected on both sides of the dam are

comparable in both nature and amplitude. The poor

efficiency of the dam may be attributed to the fact that it

was designed to dam surface water rather than ground-

water. Accordingly, the dam’s root may be not deep

enough to block groundwater from seeping underneath

the dam. A modification of the dam or a construction of

another dam may be the solution for this problem.

2. The accumulation of contamination plumes is con-

trolled mainly by the subsurface topography of the

basement rocks and structural elements. Higher con-

centrations are found on the intersection of sub-basin

valleys with the main valley, both run along known

general fault trends.

3. The contamination travels downstream along the Bani

Malik Valley as far as 7 km from the main concrete

dam. Anomalies at this site resemble those near the

main dam and have similar shapes and amplitudes.

4. Using groundwater in irrigation in the study should be

subject to strict conditions and rules to avoid growing

crops using contaminated water.

5. Further remediation measures are required to remove

the effects of the contamination from this area. Until

then, digging new water wells should be banned and

existing wells should be monitored regularly for

contamination levels. Given the large area of the

contaminated site, pump and treat could be the only

viable remediation measure suitable for this site. This

technique is implemented by pumping groundwater

and subjecting the pumped water to a series of

chemical and physical treatments before reusing it in

suitable agricultural or industrial fields.

Although no modeling experiments are conducted in the

present study, the findings of this investigation indicate that

the subsurface contaminants are travelling along the main

stream of Bani Malik Valley eastward from the contami-

nated Al-Musk Lake site towards the Red Sea. The sub-

surface migration of contaminants may affect residential

areas in the neighborhood such as Al-Samir, Al-Rihab, Al-

Aziziyah, and Al-Hamra in the future.

Finally, it is worth mentioning that Al-Musk Lake is not

an isolated disaster, but there are many similar dumpsites

in Saudi Arabia that are still running and causing severe

environmental pollutions and damages. Accordingly,

extensive studies should be conducted to provide a detailed

and comprehensive assessment of the impact of these sites

on both the environment and the public health. These

studies should include integrated geophysical investiga-

tions to delineate and map the subsurface contamination,

chemical analysis of soils and groundwater to determine

the concentrations of toxic elements, and medical scanning

of residents to find out any diseases that may be linked to

this kind of contamination. Both the national and local

authorities should take harsh actions towards raising the

awareness and preventing of such conducts that threaten

the environment and leave long-term disastrous impacts on

the residents.

In a country with such a scarcity in water resources,

polluting groundwater aquifers should be considered a

criminal act that should be severely punishable. New laws

should be passed to prevent such long-term harmful envi-

ronmental disasters from occurring in the future.
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