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Abstract The use of wastewater for irrigation in sandy soil
increases the pollution risk of the soil and may infiltrate to the
shallow groundwater aquifer. In such environment, some
important parameters need to be obtained for monitoring the
wastewater in the unsaturated zone over the aquifer. These
parameters include clay content, heterogeneities of the upper
soils, depth to the aquifer and the variations of groundwater
quality. In the present work, the efficiency of DC resistivity
method in forms of 1-D and 2-D measurements was studied
for wastewater monitoring in the Gabal el Asfar farm,
northeast of Cairo, Egypt. Forty-one Schlumberger sound-
ings (VES) were performed then followed by three pole-
dipole 2-D profiles along some considered regions within the
area. The resistivity measurements were integrated with the
boreholes, hydrogeological and hydrochemical (surface and
groundwater samples) information to draw a clear picture for
the subsurface conditions. The obtained results were pre-
sented as cross sections and 3-D visualization to trace the
clay intercalations within the unsaturated zone. In addition, a
vulnerability map was created using the obtained results
from 1-D Schlumberger survey and confirmed with the 2-D
resistivity profiling. The obtained results have shown that the
2-D resistivity imaging technique is a powerful tool for
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mapping the small-scale variability within the unsaturated
zone and the wastewater infiltration. However, limitations of
resistivity techniques were observed in the area with limited
resistivity contrast such as thin clay layers with brackish
water background. Under that condition, the measured pat-
tern of resistivity distributions depends on the applied elec-
trode array, electrode spacing and using the available
geological information during the inversion process.

Keywords Wastewater - 2-D resistivity imaging -
Aquifer vulnerability - Sandy soils - Groundwater
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Introduction

In arid and semi-arid areas the domestic wastewater is
considered as water resources for irrigation purposes. In the
sandy soil, the utilizations of treated water or sewage
effluent in agriculture activities should be managed within
certain conditions to reduce the pollution risk and to
safeguard public health. Wastewater usually contains
undesirable constituents such as salts, traces of bacteria and
high concentration of trace elements Cr, Fe, Mn, Pb, etc.
Such conditions may have deleterious effects on soils and
shallow groundwater aquifers where the surface pollutants
infiltrate into porous subsoil and reach to the aquifer layer.

The Gabal el Asfar farm was established in the north-
eastern side of Cairo (about 25 km from Cairo) since 1915
and covers an area of about 1,250 ha (Fig. 1). The farm is
bounded by residential areas from the west to south and
sandy desert from east to northeast. For many years, the
farm has been irrigated with primary treated to raw sewage
effluent through a network system of open drains, which
cover the whole area. To overcome the problem of
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Fig. 1 Location map of the
Gabal el Asfar area, northeast
Cairo

contamination, a treatment plant was recently constructed
to treat the sewage water coming from north Cairo before
its use. The treatment plant discharges the primary treated
wastewater into Gabal el Asfar main drain then to Bilbeis
drain in the north, which also receives wastewater from El
Berka primary treatment plant and El Khossous wastewater
lifting station in the south. The Gabal el Asfer main drain
runs over sandy soils and collects the primarily treated and
sometimes the raw sewage and industry wastewater
(Fig. 2). Both sides of the main drain are cemented in parts
while the bottom side is opened through graded sandy soil.

The farm area is underlain by the unconfined sand and
gravel aquifer of Pleistocene, which belongs to the Nile
Delta main aquifer (Rashed et al. 1995). About 40% of the
water of Cairo is drawn from this aquifer which is located
southeast of Nile Delta (Soliman et al. 1995). Under that
condition, the presence of the open drains and using sewage
for irrigation in sandy soil may represent a point source
pollutant for the shallow aquifer. In this case, the presence of
a clay cap can play an important role in the protection of the
aquifer from the surface wastewater infiltrations. Therefore,
it is very important to fully understand the detailed distri-
bution and discontinuities of the clay aquitard in the area in
order to study the vulnerability conditions of the aquifer with
inhomogeneous cap (Sgrensen Kurt et al. 2005).

The main goal of the present work is to study the appli-
cability of resistivity method to provide information about
the clay discontinuities and homogeneities of the soil above
the aquifer in the area around the Gabal el Asfar drain and the
farm. These discontinuities may act as pathways for the
wastewater from the open drains to the shallow aquifer. To
achieve this goal, DC resistivity measurements in the form of
1-D sounding and 2-D imaging profiling were carried out in
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the area. For an effective use of resistivity techniques, the
measurements were combined and integrated with available
lithological, hydrogeological, and hydrochemistry data.

The determination of the spread of groundwater con-
taminations from wastewater is difficult because the cost of
drilling and the rapid changes of subsurface layer distri-
butions, which are common in the environmental investi-
gations. Geo-electrical resistivity techniques provide the
capability to map the lateral and vertical subsurface vari-
ations and monitoring of groundwater pollution in the areas
between boreholes.

Resistivity measurements are commonly made at the
ground surface using four point electrodes to detect vari-
ations in the bulk resistivity of the subsurface layers.
However, in order to make further deductions concerning
the subsurface conditions of the observed variations in
resistivities some of the inherent ambiguity must be
removed by making simplifying assumptions (Barker
1990). In the present work, a theoretical model is assumed
based on the obtained geological and hydrogeological
information from boreholes. This model was correlated
with the observed resistivity profiles to draw a clear picture
of the subsurface conditions in the whole area.

Geological and hydrogeological setting

The Gabal el Asfar farm represents a part of the Suez-Cairo
Foothills desert area and covered by the Quaternary allu-
vial deposits. The eastern boundary of the area is charac-
terized by higher elevation values than the western edge.
The land surface has gentle slopes from 27 m above sea
level at the eastern border to less than 15 m above sea level
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Fig. 2 Images for wastewater
discharge in the Gabal el Asfar
area. a Gabal el Afar main drain
running in sandy soil and
collects different kind of
wastewater. b Irrigation open
canal cutting the cemented walls
of the main drain. ¢ Sandy soil
with limestone boulders in the
eastern bank of the main drain.
d Industry and sewage water in
the northwestern open drain.

e Discharge of sewage and
industry water into the main
drain
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at western and northwestern parts. The surface and
groundwater flows are controlled mainly by the topo-
graphic gradient and porous sandy soil aquitard. Figure 3
is a simplified 3-D block, which shows the relationship
between the surface topography and the flow patterns of
surface and groundwater in the surveyed area. The surface
wastewater and sewage are discharged from the western
high land through a group of open drains towards the Gabal
el Asfar main drain. Also, the main drain receives the
primary treated wastewater from the new constructed
treated plant in the southwestern corner. Towards the north,
the both sides of the main drain are opened in sandy soil
and receive a raw sewage and industry wastewater through
some open drains (Fig. 2). These huge amounts of waste-
water run to north direction towards the eastern Nile Delta
fringe.

The upper soil in the area consists of graded sands with
coarse grain texture. Abdel-Shafy and Abdel-Sabour
(2006) studied the physical and chemical properties of the
upper soil in the Gabal el Asfar farm with different irri-
gation periods using the wastewater. They concluded that
the upper soil contains more than 75% of coarse grain
sands. The clay particles vary between 0.04% in the
uncultivated land and 20% in the cultivated lands which are
irrigated for long period using sewage water. According to
these conditions, a part of the sewage water used for

End of the
cemented wells
in the north

O

irrigation and from open drains seeps through the coarse
sandy soil recharging the groundwater aquifer with con-
taminated water (Soliman et al. 1995).

Geologically, the Gabal el Asfar area is located west of
the north—south fault, dividing the Quaternary sandy
deposits on the west side and Miocene deposits in the east
(Farid 1980). To the east, Holocene sand dunes locally
cover the Pleistocene deposits before the Quaternary thins
out and Miocene sands and limestone high lands are
encountered (Aboel Abas 2001).

With respect to the hydrogeological setting of the area,
the aquifer in the farm is an unconfined aquifer of Pleis-
tocene age, which consists of graded sands and gravels
with clay lenses. The thickness of this aquifer increases
from 10 m in the southeast to greater than 65 m in north-
western corner (Rashed et al. 1995). The aquifer is
recharged by sewage and primary treated wastewater from
the southwestern lagoons and irrigation drain network,
which are located at the high ground of the area. The total
recharge rate was estimated by RIGW/IWACO (1991) as
0.5-2 m/year or about 50% of the total irrigation amount.

According to the available boreholes in the south
boarder of the area, there are two clay intercalations which
are found at 10-11 m above sea level and at about 2-5 m
above sea levels (Rashed et al. 1995). In this case, the
upper part of the aquifer is unconfined in the area, whereas
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Fig. 3 Schematic block
diagram shows the surface and
groundwater flows in Gabal el
Asfar area. The lithologic
description modified after
Rashed et al. ( 1996)

Elevations ()

the clay lenses act as semi-confined conditions in the
deeper part of the aquifer (Fig. 3). These clay intercalations
in the upper part of the subsurface plays an important role
for the infiltration speed of surface wastewater, which act
as an impermeable barrier in the direction of the vertical
water flow. Another important role for the clay accumu-
lations at that level is the adsorption of heavy metals from
the percolated sewage water (Aboel Abas 2001).

The regional flow in the deeper part of the aquifer is
running from east to west. Piezometric levels are about
25 m above sea level in the east and about 15 m above sea
level in the west (Fig. 3). The horizontal hydraulic con-
ductivity of the aquifer ranges between 40 and 50 m/day
and the transmissivity is about 5,000 m*/day (RIGW/IW-
ACO 1991; Rashed et al. 1995).

To monitor the groundwater in the Gabal el Asfar farm,
three surface water and three groundwater samples were
collected from the northern part of the surveyed area. The
surface water samples were collected from Gabal el Asfar
main drain, primary treated irrigation water in the farm
area (coming from El Berka primary treatment plant,
southeast of the farm) and raw sewage water. Two
groundwater samples were taken at different depths of 7
and 15 from the northern part of the surveyed area along
one profile perpendicular to the main drain and runs in the
direction of water flow. The third groundwater sample was
taken as reference point far away the surveyed area with
3 km in Khanka City. The chemical analyses of these
samples are listed in Table 1. To monitor the groundwater
variations during the last years, the chemical characteristics
of the groundwater samples were compared with previous
chemical analysis of Aboel Abas (2001) at the same water
wells as shown in Table 1.

The chemical data showed a considerable decrease in
the groundwater salinity at both wells as result of
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percolation of irrigation water in the upper zone. At
Khanka City (reference point) the groundwater salinity at
shallow depth is about 2,200 mg/l indicating lateral vari-
ation in the groundwater within the urban area.

Geo-electrical measurements

The electrical resistivity surveys were collected using 1-D
Schlumerger sounding and 2-D pole-dipole profiling in the
farm and around the main drain of Gabal el Asfar area. The
first survey was carried out by measuring 41 sounding
points to cover the whole area (Fig. 4). These soundings
were performed to provide information on the aquifer and
aquitard distributions and to map the impermeable clays
over the sandy aquifer. The measured soundings were
distributed with unequal distance along four main profiles.
The both sides of the main drain were covered by short
distance points to detect the rapid changes around the
drain. Schlumberger array was selected, with current
electrode spacing ranging logarithmically from 1 to 300 m,
depending on availability of space and geological data.
The measured sounding curves were processed and
analyzed using IP2WIN program, in which the measured
apparent resistivity and AB/2 values are inverted into true
resistivities and thicknesses of the subsurface layers
(Bobachev et al. 2003). This program is based mainly on
linear filtering algorithm, which provides a fast and accu-
rate direct problem solution for a wide range of models,
covering all reasonable geological situations (Bobachev
et al. 2003). During the inversion procedures, the principle
of equivalence was taken into account where the same
resistivity curve may produce many interpreted curves
(Koefoed 1979; Van Overmeeren 1989). To select the
model that best represents the true conditions of the
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Table 1 Chemical analysis of surface and groundwater during the last ten years

Surface water

Groundwater

Swl main drain Sw2 irrigation canal Sw3 raw sewage Reference khanka Aboel Abas Present study
(2001)
Gwl Gw2 Gwl Gw2
Depth (m) 0 0 0 8 7 10 7 10
TDS (mg/l) 730 460 750 2,100 1,079 1,285 720 892
Ec (mS/cm) 1.37 0.93 1.41 431 1.31 1.63
pH 5.71 5.95 6.8 6.93 6.9 6.9 5.74 5.82
Major elements (mg/l)
K* 18 15 18 23 30 22 20 19
Na* 150 106 139 262 126 115 125 126
Ca®t 70 68 115 198 134 170 1144 120
Mg** 20.5 14.04 17 51.4 24 17 23.7 22
Cl™ 80 88 129 334 160 136 135 96
HCO;™ 230.4 200.5 309 812 384 479 245 299
SO~ 160 120 119 256 140 143 152 94
NO;™ 16.2 19.8 50 55 117 202 93.3 167
Trace elements (mg/1)
Al 0.056 <0.01 0.975* 0.034 <0.01 <0.01
B 0.264 0.26 0.41 0316  0.305
Cr <0.003 <0.003 0.189 <0.003 <0.05 <0.05 0.005 <0.003
Cu <0.003 <0.003 0.082 0.2 <0.05 <0.05 <0.003 <0.003
Fe*" <0.003 0.06 4.425 0.3 0.3 <0.1 <0.005 0.63
Mn?* 0.06 0.04 0.249 0.5 0.2 <0.05 0.002 0.13
Ni 0.003 0.003 0.865 <0.01 <0.05 <0.05 <0.01 0.007
Pb 0.004 <0.003 0.146 <0.003 <0.05 <0.05 0.011 0.042
Zn*" 0.013 0.153 0.245 0.2 <0.05 <0.05 0243 05

? The trace elements of the raw sewage water represent the mean average during the winter and summer seasons after Abdel-Shafy and Abdel-

Sabour (2006)

subsurface, lithology and depths of subsurface layers were
used to fix some layer parameters to obtain the actual
resistivity values.

In addition to the Schlumberger sounding survey, three
pole-dipole 2-D resistivity profiles were performed per-
pendicular to the main drain. The places of these profiles
were selected according to the deduced results of 1-D
sounding survey. The pole-dipole array was selected due to
its high signal strength and has more penetration depths
and good horizontal coverage compared with dipole—dipole
or other arrays (Ward 1990). Along these profiles, data was
acquired using three electrodes where the second current
electrode was placed at 500 m from the measured profile.
This distance is long enough to reduce the effect of the
second current electrode (remote electrode). The acquisi-
tion instrument used was SAS 300C resistivitymeter, with
electrode spacing 8 m and six investigation depth levels
(n). These field parameters are enough to map the rapid
changes within the top 20 m reaching to the upper part of
the aquifer body.

The measured 2-D resistivity profiles were processed
and inverted with the smoothness-constrained least-square
method (Loke and Barker 1996), by using the 2-D com-
mercial software RES2DINV, Ver 3.4 for resistivity and IP
interpretation (GEOTOM 2006). The inversion parameters
were obtained by a 2-D synthetic model, which was created
from the available geological information obtained from
the boreholes in the southern border of the area.

Results and discussion
Schlumberger 1-D sounding

Based on the correlation between resistivity sounding
results and the lithological information from the southern
boreholes, three main resistivity layers are recognized in
the area. The geo-electrical sections of Fig. 5 show the
inverted resistivity distributions along two profiles run in
east—west and north—south directions. Along these sections,
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Fig. 4 Location map of the
geo-electrical measurements
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the unsaturated zone is represented by the first and second
geo-electrical layers, which is composed of graded sands
with local clay intercalations. This zone is partially satu-
rated with wastewater percolated from the irrigation and
sewage drain network. The wide range of resistivity within
this zone is attributed to the high degree of heterogeneity as
a result of variations of the grain size and water content, as
well as the presence of some clay. The topmost zone,
representing the subsoil, shows a resistivity range of
10-282 Qm and thickness range of 1-5 m (Fig. 5). The
variations of the surface soil resistivity are attributed to
local conditions around the measuring soundings. The
relatively higher values reflect dry sand and gravel soil that
lies over the water table and far from the cultivated lands.
The relatively lower resistivities indicate wet and fine sand,
silt and clay soil as result of agricultural and irrigation
activities.

The second geo-electrical layer, representing the pro-
tective layer above the saturated aquifer and corresponding

@ Springer

E 3123 42"

to clay lenses with relatively low resistivity range of
2-10 Qm. The clay intercalations appear at 3 and 12 m
depths as discontinued lenses with thickness range of
2-7 m. The thickness and the clay content of these inter-
calations are the dominating factors determining the infil-
tration speed of the surface wastewater in the farm area and
around the main drain.

The third geo-electrical layer, representing the body of
the aquifer in the area, exhibits two resistivity zones. The
upper zone shows a resistivity range of 35-65 Qm and the
basal part has resistivity values between 12 and 35 Qm,
and decreases to <7 Qm at great depths (soundings, 26, 27
and 2). The vertical variations in the aquifer resistivity are
attributed to the salinity changes of the groundwater with
depths. The upper part of the aquifer is recharged directly
from wastewater (TDS, 420-730 mg/1) that used for irri-
gation for long period as well as the percolating water from
the main drain and sewage open drains which are common
in the area. The groundwater salinity in the basal part and
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Fig. 5 Geo-electrical cross sections show the subsurface layer distributions in the area. a Profile A-A’ running north—south in the middle part of

the farm. b Profile B-B’ running along the southern border of the area

in the uncultivated lands varies between 1,200 and
2,500 ppm (Rashed et al. 1995; Abdel-Shafy and Abdel-
Sabour 2006).

To visualize the horizontal and vertical variations around
the main drain and in the farm area, the interpreted resis-
tivities with depths were used to create a 3-D model of the
entire area. The output 3-D visualization model was com-
puted using the inverse distance-anisotropic algorithm of
the Rockworks software package (Rockware 2006). The
anisotropic interpolation of thin beds such as clay interca-
lations allows mapping the geological sequence over many
kilometers with sparse data observations (FitzGerald et al.
2009). The input data of this model was created by sampling
of the true resistivities and depths of the subsurface layers at
each measured sounding point. The sampling rate was low
at shallow depths and increased with depth to explore the
heterogeneities within the unsaturated zone. To produce a
relatively fine mesh during the gridding process, the input
gridding dimensions of 20, 20 and 2 m spacing (X, Y and Z,
respectively) were applied. Figure 6 displays different
views of the 3-D obtained model in the form of solid dia-
gram, fence diagram of vertical sections and horizontal
slices at different depths. To obtain a clear picture of surface
layer distributions, the 3-D model was integrated with the
available boreholes along the southern border.

The illustrations (Fig. 6) show a relatively high resis-
tivity anomaly runs close to the main drain along the whole
area where the both banks of the drain are cemented except
its northwestern part, which receives a sewage and industry
wastewater through an open sub-drain and characterized by
low resistivity values (Fig. 2). This high resistivity zone
extents to 4 m depth (Fig. 6d, slices 1 and 2) and corre-
sponding to dry loose sands where the water level in the
drain is about 3.75 m. In the area of soundings, 12, 32 and
35 (Fig. 6b and c) there is a local low resistivity zone
crossing the main drain and may represent a leakage of the
wastewater in the upper sand soil around the drain. The top
soil in the eastern side of the surveyed area is characterized
by relatively low resistivity values as a result of irrigation
and agricultural activities.

On the depth zone of 5-15 m below the ground surface,
very low resistivity zones (>10 Qm) appear in the southern
and northern parts and totally disappear in the middle parts
from east to west as shown in the vertical sections (Fig. 6b
and c) and the horizontal slices (Fig. 6d, slices 2, 3 and 4).
This zone is correlated with the clay intercalations over the
aquifer layer which acts as protective layer in the southern
and northern parts of the area. In the middle parts, the high
resistivities values (35-60 Qm) are caused by sandy inclu-
sions in the clayey protective layer. The middle vertical
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Fig. 6 3-D visualization resistivity model shows a solid diagram, b vertical cross sections perpendicular to the Gabal el Asfar main drain,
¢ fence diagram around the main drain, d horizontal slices of resistivity at different depths

sections show that the aquifer layer is interconnected with
the top soil by sandy deposits. Under those conditions, this
sandy region is characterized by a high hydraulic connection
and may act as windows for the sewage and wastewaters
percolated from irrigation or from the main drain leakage
and probably reach to the lower aquifer. The intensive
sewage irrigation in the area leads to flushing and decreasing
the salinity of the upper aquifer (Rashed et al. 1996; Aboel
Abas 2001). The resistivity vertical distributions along the
middle section (Fig. 6¢) confirm the TDS pattern in the area
where the middle parts are characterized by high resistivity
values in comparison to the aquifer in the southern and
northern sections. The clay lenses over the aquifer in the
south are responsible for decreasing the vertical percolation
of the low salinity irrigation water.

Assessment of aquifer vulnerability

The protection of the groundwater aquifer in the area is
mainly controlled by the clay covering which are charac-
terized by low permeability. The hydraulic resistance of the
protective layer is based on the effective porosity for sandy
materials and on the clay content for clay materials above
the aquifer. Both parameters are controlling the electrical
resistivity of the materials (Kirsch 2009). In this case, the
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electrical conductivity (g;) or resistivity (g; = 1/p;) is tak-
ing as equivalent to hydraulic conductivity (K;) to calculate
the hydraulic resistance (C) or aquifer vulnerability index,
AVI (C = X hy/k;). According to Réttger et al. (2005), the
calculated vulnerability index is called integrated electrical
conductivity, IEC (IEC = X h; x g;). The estimated IEC
unit is ohm™! (Q7!) or siemens (S) (Casas et al. 2005).
To assess the aquifer vulnerability in the area, the
interpreted resistivity (p;) and thickness (h;) of the geo-
electrical layers above the aquifer were used to calculate of
the IEC and can be used for quantification of aquifer vul-
nerability (Casas et al. 2008). Figure 7 shows the vulner-
ability map based on IEC for the Gabal el Asfar farm and
the area around the main drain. This map displays a rela-
tively low IEC values of less than 0.6 S in the middle
region of the area and extends around the main drain. This
low zone reflects the high vulnerability region (poor
groundwater protection) that has a strong influence on the
vertical infiltration capacity of surface wastewater as a
result of the sandy rich soil. Clay rich soil can be easily
distinguished on the southern region of the area, which is
characterized by high IEC values (> 1 S). This region has a
relatively good aquifer protection (low vulnerability)
compared with the middle region where the presence of the
clay rich soil reduces the vertical percolation of the surface
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Fig. 7 Vulnerability map based E 3122'51"
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pollutants. In the northern region, there are some local low
IEC spots referring low groundwater protection around the
sewage open drain (Fig. 7).

The TDS, nitrate and heavy metals contents of the
shallow groundwater exhibit a wide range of variability
due to the rapid changes of the aquifer vulnerability
(Rashed et al. 1996). In the area near sounding 18 in the
middle high vulnerability zone, the groundwater has low
salinity (900 mg/l) with high concentration of Fe and Mn.
Within a short distance south of this point, the salinity
raised to 1,879 mg/l at the same depths (Aboel Abas 2001).
In the area east of the Gabal el Asfar drain chloride con-
centration in the upper part of the aquifer is stable, indi-
cating substitution of the original groundwater by
infiltrated irrigation water (RIGW/IWACO 1991; Rashed
et al. 1996).

Resistivity imaging profiling
The resistivity imaging technique was applied perpendic-

ular to the Gabal el Asfar main drain to image the surface
leakage from the drain and the clay discontinuities around

E 3123 42"

the main drain. The three measured pole-dipole profiles run
along three different vulnerability zones as indicated by the
vulnerability map of the area (Fig. 7).

To check the accuracy of the method and its efficiency
to locate the clay intercalations which act as barriers for the
surface pollutants, a synthetic model was created using the
same field parameters and compared with the obtained
models of the three measured profiles. The available
boreholes along the southern border of the area were used
to produce the geological model as shown in the upper part
of Fig. 8. The geological model simulates two clay inter-
calations in sand background. The upper clay layer has a
3 m thick and disconnected laterally at the middle part of
the synthetic model. The second one rests on the upper part
of the aquifer body and extends to 15 m depth with mini-
mum thickness at its middle part. The resistivity ranges of
the synthetic model were inferred from the former sound-
ing survey and the parametric measurements near the
boreholes along the southern border.

The synthetic modeling process was started by calcu-
lating the apparent resistivity distributions along the
obtained geological model using the 2-D forward modeling

@ Springer



758

Environ Earth Sci (2012) 66:749-761

32.9 64.0 96.8

110 ohm.m

Bl Graded sand (sandy soil)
Bl Clay intercalations

128 160 192 224

5 ohm.m

@ Partially saturated sands with irrigation westwater
@ Saturated sand aquifer

(a) Geological model

Ps.2

Disconnected clay

(Pole-Dipole array)

0.0 32.0 64.0 |

L ool'a L

| n
1280 .1?0. : .1?2. .22llll

L L L L 1 i L n L

4.2
10.5
16.7
22.9
Apparent Resistivity Pseudosection

- -

-6 14.4 17.8

I N (N ) (S (T O () O T N OB R B
22.0 27.2 33.7 1.6 51.5
Resistivity in ohm.m

Unit electrode spacing 8.0

(b)Calculated apparent resistivity section
Disconnected clay

Iterati 5 RMS = 4.9
Depth o Leration error = 4. %0

! 102 n
- 18 -
a.szal .....“.. -
s.00] EEEEREEEREEEES N D
10.5]  umm . o R W N e Ny | N’ e, S
15.8 " i . W 1
- - : ‘h ......

(M) Inverse Model Resistivity Section

I B N B T (N (T OO (O O N e

36.8 55.9 84.9
| Unit electrode spacing 8.0

455 6.91 10.5 15.9 | 24.2
I Resistivity in ohm.m

L
Clays Saturated sands

Graded sand soil

(c) 2D resistivity inverted model

Fig. 8 2-D synthetic model using pole-dipole shows the resistivity
patterns resulting from clay intercalations with sand background.
a Geological model based on the boreholes in the southern border.

program, RES2DMOD (Loke 2002). The apparent resis-
tivity calculations were carried out using finite-difference
method and exported as data file with added 5% random
noise. The calculated synthetic model was inverted using
RES2DINV program to display the resistivity patterns
resulting from the suggested geological model. During the
inversion procedures, the inversion parameters were
adjusted to image the suggested geological model. The
final inversion parameters were saved in inversion param-
eter disk file and applied before the inversion process of the
measured pole-dipole profiles.

Figure 8c shows the final 2-D inversion results of the
synthetic model. The 2-D inverted model illustrates the
progressive changes in the resistivity distribution patterns
at the low clay content region (middle parts). The clay
signature in the synthetic image can be seen as a low
resistivity zone impressed within the partially saturated
sands and shows a higher resistivity values of (15 Qm) than
the suggested values (5 Qm). This problem is attributed to
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b Calculated apparent resistivities after adding 5% random noise.
¢ Inverted 2-D resistivity section shows the resistivity distributions of
the synthetic model

the low thickness of the two clay intercalations compared
with its depths and the background resistivities as well as
the applied electrode spacing (8 m). However, the
observed resistivity patterns are good enough to define the
subsurface boundaries above the aquifer body and can be
compared with the measured 2-D profiles.

Profile 1

The first pole-dipole profile (P1) runs along the south-
eastern boarder of the area. Figure 9a shows the 2-D
inverted section of this profile. Along this profile, the
image of resistivities against depth shows a general
decrease in resistivity (from 250 to 9 Qm) reflecting the
vertical and lateral variations in the saturation degree and
clay contents. As expected from the 2-D synthetic profile
(Fig. 8), three layers structure can be noticed in the area
close to the main drain. The first layer has a relatively high
resistivities (90-250 Qm) corresponds to dry graded sand
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Fig. 9 2-D resistivity imaging sections using pole-dipole array. a Profile P1 along the southern border. b Profile P2 in the middle part of the area.
¢ Profile P3 in the north-western border. The dash line is the boundary between the unsaturated sandy soil and saturated sand aquifer

(over the water table) and effective to depth of 8 m. Lat-
erally, the resistivity distributions decrease within this layer
towards east direction in the cultivated region as a result of
infiltration of irrigation water. The second layer displays
low resistivity values compared with the upper sandy soil
indicating a partially saturated zone with irrigation water.
The basal part of the inverted section represents the aquifer
body in the area with low resistivities of 9 Qm. These low
resistivities are attributed to the lower clay intercalation
which is marked the below aquifer layer as indicated from
the boreholes and the former 1-D soundings. The effect of
the upper clay intercalation appears as rapid vertical
decreasing in the resistivity pattern in the area around VES
22 (Fig. 9a). As observed from the boreholes, the thickness
of this intercalation is less than three meters and appears as
local lenses. There is no clear connection between the

surface sandy soil and the aquifer body that can be noticed
along this profile.

Profile 2

Figure 9b shows the inverted 2-D resistivity imaging pro-
file obtained inside the eastern bank of the drain within the
high vulnerability region which occupies the middle part of
the Gabal el Asfar area. It can be clearly seen the low
resistivity anomaly (13-20 Qm) beside the drain which
extends vertically from the surface sandy soil to the aquifer
layer indicating a high saturation zone with wastewater.
This region represents a leakage window for the surface
wastewater from the drain to the aquifer layer. At that
region, the both side of the drain are cemented to 4 m
depth. However, the vertical percolation is coming from
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the open bottom side of the drain as well as the microfis-
sures in its cemented walls. The smoothly vertical varia-
tions of resistivity along the whole profile reflect the low
clay content or totally absence of clay intercalations under
the drain in this region. In this case, the resistivity distri-
bution is controlled mainly by the degree of saturation and
the groundwater salinity.

The layer distributions along this profile show low
resistivity range (13-50 Qm) compared with the first pro-
file, P1 (Fig. 9a). The surface top sandy soil has higher
resistivity values (42-50 Qm) than the underlying partially
saturated sands with resistivity range of 20-42 Qm. A
decrease of the resistivity in the upper soil can be noticed
towards the main drain resulting from the lateral infiltration
of irrigation water from the high eastern land as well as the
leakage from the drain.

Profile 3

The third pole-dipole profile (P3) lies along the north-
western boarder of the area and runs parallel to the
northwestern open sub-drain. This open drain runs on
graded sandy soil with 4 m depth and discharges a raw
industry and sewage wastewater towards Gabal el Asfar
main drain (Fig. 2). This region is characterized by low and
gentle topography compared with the southern and eastern
region of the farm.

Figure 9c shows the inverted 2-D section for this
profile. The comparison of this profile with the synthetic
model (Fig. 8) and the other two profiles (P1 and P3)
shows a great change in the resistivity distributions and
subsurface conditions. It can be clearly seen the low
resistivity values (<10 Qm) in the upper parts of the
inverted section (Fig. 9c), where the region is severely
affected by infiltration of industry wastewater from the
closed open sub-drain through the topmost sandy soil. The
vertical infiltration in this region is affected by the low
and gentle topography which acts to increase the infil-
tration in the upper parts where the surface water runs
slowly in the top sandy soil. A significant decrease in
resistivity values (5-10 Qm) is noticed as local regions
from 4 m depth downwards to 20 m. Such decreasing
may be attributed to the salinity of groundwater, or the
higher clay contents or both where the resistivity range is
limited and there is no drilling evidence. A gradual
increase of resistivity (16-43 Qm) is observed towards the
Gabal el Afar main drain resulting from an increase of
freshwater leakage from the main drain where the salinity
of disposal water in the drain is about 730 ppm at that
place (water sample 1, Table 1). This may indicate the
low sealing capacity of the main drain towards the north.
The local low resistivity spots in the topmost soil can be
interpreted as paths for the industry wastewater from the

@ Springer

closed open drain, which are connected with the subsoil
partially saturated graded sands.

The heterogeneities of the soil along this profile confirm
the obtained results of the vulnerability map (Fig. 7) and
the 3-D model (Fig. 6) where the sandy soil in northern
region of the area rapidly changes (lateral and vertical).
These variations in subsurface conditions can be consid-
ered as the results of significant variability in clay content
and the type and amount of the perched wastewater. The
random pumping using shallow wells (hand pumps) and the
open drains (the main drain also opens towards the north)
increase the risk of wastewater percolation recharging the
shallow perched aquifer in area and its surroundings.

Summary and conclusions

The discharge and reuse of sewage for irrigation of sandy
soil represents the major sources of soil and groundwater
pollution. In Egypt, sewage application takes place on
sandy soil of the Gabal el Asfar farm through some open
drainage ways. This area is covered by the Pleistocene
graded sands and gravel, which represents the shallow
aquifer in the area and its surroundings. This aquifer is
marked by some clay intercalations with sand background.
The accumulated clays in the upper soil (unsaturated zone)
play an important role in the assessment of aquifer vul-
nerability for sewage water infiltration for two reasons.
The great clay thickness over the aquifer layer reduces the
infiltration speed of the wastewater, as well as adsorb of the
heavy metals from the percolated water.

This paper was carried out to investigate the ability of
resistivity method in the form of 1-D Schlumerger sound-
ing and 2-D resistivity imaging techniques for character-
ization of groundwater protection in the Gabal el Asfar
farm by mapping the lateral and vertical variations of the
unsaturated zone over the aquifer body. This mapping
process involved the heterogeneities of the clay intercala-
tions and the permeable zones, which may act as vertical
paths for the surface leakage of wastewater. From the
inversion of resistivity data and hydrogeological as well as
chemical analysis of shallow groundwater, the following
conclusions are drawn:

— The response of the resistivity surveys (1 and 2-D) in the
area is really satisfactory to monitor the percolated
wastewater in the unsaturated zone. The 2-D resistivity
sections show the powerful of 2D resistivity imaging
technique for mapping the paths of surface wastewater
leakage to the aquifer body. It has proved to be a useful
and rapid tool for delineating the clay intercalations
over the aquifer layer. In the case of thin clay layers, it is
obvious that the applied electrode spacing of 8 m cannot
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image the clay intercalations (<3 m thick), but it gives
good evidence of the presence of anomalies in resistivity
pattern as indicated from the synthetic modeling.

— The application of resistivity method (1 and 2-D)
integrated by boreholes and water samples has demon-
strated that the area of Gabal el Asfar farm is highly
affected by using of sewage and primary treated
wastewater for irrigation process. Part of the sewage
water used for irrigation seeps through the upper sandy
soil recharging the upper part of the Quaternary aquifer
in the area. This part of the aquifer has been flushed
(low salinity and high resistivity) more than its lower
part and the surrounding groundwater.

— According to the constructed vulnerability map using
resistivity data, the area could be differentiated into
three regions with different hydrogeological and vul-
nerability conditions. The middle region has poor
aquifer protection conditions compared with the south-
ern region. The discontinuity of the clay bodies towards
the middle region leads to increase the recharging rate
of wastewater through the preamble sandy soil.

— The resistivity mapping outlines a large variation in the
subsurface heterogeneity due to rapid variations of clay
content, percolation of wastewater in the upper zone
and groundwater salinity, which is influenced by the
infiltrated irrigation water. In addition to providing
information on the geological conditions, the 2-D
resistivity sections around Gabal el Asfar main drain
have outlined a local leakage from the drain towards
the middle part of the area as result of low sealing
capacity of the topmost soil.

— Although, the obtained results show the importance of
resistivity surveys as monitoring tool to image the
permeable pathways, a hydrogeological and environ-
mental monitoring system should be continued espe-
cially in the middle part of the area where the aquifer
body is directly connected with the surface through rich
sandy soil.
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