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Figure 1. Location of VES sites (black triangle) in relation to geology. Also shown is the location of two
profile lines A-A’ and B-B’ and two boreholes. The elevation contours are in meters. The inset map shows the
location of the investigated area on Jordan. Palestine grid are used.

the K3028 deep borehole shows that three units
of sediments were found. The upper unit has
approximately a thickness 36.5 m and consists
of medium to coarse grained size gravel and
sand. The underlying 91 m thick unit is mainly
composed by clay and clayish sand. The third
unit is composed by sand/sandy-clay sediments
containing saline water (saturated).

STUDY AREA

The area under study is approximately located
at 30 km to the south of Aqgaba city in the
southwestern part of Jordan. It is limited to the
south by the Jordanian-Saudi border and to the
west by the Red Sea (Fig. 1).

The study area is located in an extremely arid
environment with an annual average precipitation
of 70 mm. Rainfall generally occurs during the
winter months (November to January). However,
there are years where the rainfall is absent; while
in other years, ephemeral floods of short duration
may occur. The climate of the region is very hot
in summer (April to August) with temperatures
exceeding 38 °C in summer (April to August).

The area under investigation was included

in the 1:50,000 national geological mapping
project carried out by the Geological Mapping
Division of the Natural Resources Authority
of Jordan (al Khatib, 1987). This map shows
that metamorphic rocks of the late Proterozoic
Aqgaba Complex dominate the eastern side of the
study area (Fig. 1). It varies in composition from
monzogranite to alkali feldspar granite. The
coastal plain between the metamorphic rocks
and the Red Sea consists mainly of Quaternary
continental sediments. These constitute clastics
(clay, sand, and gravel) deposited in fan deltas,
with some intercalations of lacustrine sediments
(clay, gypsum, and aragonite) of Pleistocene age
(al Khatib, 1987). The coastal plain area (Fig.
1) is approximately 7 km long and 9 km wide
and is accessible from a modern highway joining
Jordan with Saudi Arabia.

The alluvial shallow aquifer is the primary source
of water for domestic, municipal, and industrial
use in the region. The recharge to this aquifer
takes place either along the elevated areas in the
east and northeast sides, or due to local surface
water infiltrations.

FIELD MEASUREMENTS AND METHODS
OF INTERPRETATIONS
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Surface resistivity methods have been used for
groundwater research for many years. Earth
resistivities are related to important geologic
parameters of the subsurface including types
of rocks and soils, porosity, and degree of
saturation (Keller and Frischknecht, 1966). It
was shown by Parasnis (1956 and 1966) that
the electrical resistivity of rocks and minerals,
except for massive sulfides and graphite, vary in
a wide range between 1 to 107 ohm-m, whereas
coastal aquifers that are prone to saline water are
identified by relatively low resistivity values.
Thus, saltwater can be easily distinguished
from almost any combination of lithological
types. Resistivity methods are used to map the
freshwater-saltwater interface and for studying
conductive bodies of hydrogeological interest
(e.g., Zohdy and Jackson, 1969; Ayers, 1989;
Barongo and Palacky, 1991; Khair and Skokan,
1998; Gnanasundar and Elango, 1999; Mukhtar
et al., 2000; Batayneh, 2006).

In general, the resistivity method involves
measuring the electrical resistivity of earth
materials by introducing an electrical current
into the ground and monitoring the potential field
developed by the current. The most commonly
used electrode configuration for geoelectrical
soundings, which was used in this field survey,
is the Schlumberger array. Four electrodes
(two current A and B and two potential M and
N) are placed along a straight line on the land
surface such that the outside (current) electrode
distance (AB) is equal to or greater than five
times the inside (potential) electrode distance
(MN). Vertical sounding, in Schlumberger array,
were performed by keeping the electrode array
centered over a field station while increasing
the spacing between the current electrodes, thus
increasing the depth of investigation.

The potential difference (AV) and the electrical
current (I) are measured for electrode spacing
and the apparent resistivity (pa) is calculated by
the equation:

(ohm - m) (1)
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is the geometrical factor that depends on the
electrode arrangement for the Schlumberger
array.

A total of 47 VES stations were established
across the study area. The data were collected
using a SYSCAL-R?2 resistivity instrument (IRIS
Instrument, France). The layout of the survey
stations is superimposed on the geological map
in Figure 1. The locations of the VES sites were
considerably restricted by logistical difficulties.
The presence of narrow valleys and topography
prevented a wider coverage. The maximum AB/2
spacing of the Schlumberger array ranged from
15 m to 900 m. The separation of the current
electrodes was =3, 4, 6, 8, 10, 12, 16, 20, 24,
30, 40, 50, 60, 80, 100, 150, 200, 250, 300, 350,
400, 500, 600, 800, 1000, 1200, 1400, 1600,
and 1800 m. The potential electrode separation
was =1, 10, 20 and 40 m. The increase of the
potential electrode separation MN allowed that
readings from the same current electrode spread
AB with the previous and expanded MN were
taken.

The sounding curves were subjected to a
preliminary interpretation using the partial
curve matching technique by Zohdy (1965),
and Orellana and Mooney (1966). Based on this
preliminary interpretation, initial estimates of the
resistivities and thickness (layer parameters) of
the various geoelectric layers were obtained. In
a second analysis method, the layer parameters
derived from the graphical curve matching was
then used to interpret the sounding data in terms
of the final layer parameters through a 1-D
inversion technique (e.g., RESIX-IP, Interpex
Limited, Golden, Co., USA). Inversion analyses
of the sounding curves have been made with an
average fitting error of about 5%.

Quantitative interpretation of geoelectrical
sounding curves is complicated due to the well
knownprincipleofequivalence (VanOvermeeren,
1989). Data from the K3028 borehole (Fig. 1)
was used to minimize the choice of equivalent



models by fixing thicknesses and depths to
certain levels, and allowing the adjustment of
resistivity. Correlation between VES stations 4
and 5 and lithology from the K3028 borehole
was performed (Fig. 2) in order to determine the
electrical characteristics of the rock units with
depth.

Based on the lithological log from the K3028
borehole, the geological interpretation of the
geoelectrical model for VES 4 and VES 5 (Fig.
2)is: (i) a resistive layer (500-1700 ohm-m) with
variable thickness and moisture content at the
surface, which consists of a mixture of gravel,
silt, and sand; (ii) a thick clay and clayish sand
layer having resistivity values of 30 to 40 ohm-m;
and (iii) a saturated sandy layer with saline water
having resistivity values of 1 to 10 ohm-m.

FIELD RESULTS
ANALYSIS OF VES CURVES

Due to the distinctive characteristics features in
the field of the apparent resistivity curves, the
VES stations show four types of curves: Type
I, Type 11, Type III, and Type IV (Figure 3).
These types were defined in terms of the number
of geoelectrical layers and their respective
resistivity relationships. Among the four types of
curves, Type I and Type II curves show similar
shape of field curves with layer resistivities
decreasing with depth such that pl>p2>p3.
Such curve behaviour undoubtedly proves the
presence of a low-resistivity layer at the bottom
of the section. Of the 47 field curves, 19 field
curves at VES stations 1, 2, 3,4, 5,6, 7, 8, 9,
10, 11, 20, 21, 22, 28, 29, 30, 38, and 39 were
classified as Type I (Fig. 3a), and 15 of the field
curves at VES stations 12, 13, 18, 19, 24, 25, 26,
27,36,37,43, 44,45, 46, and 47 were classified
as Type II (Fig. 3b).

Eight of the field curves at VES stations 15, 16,
17,31, 32,33, 34, and 35 were classified as Type
1T and reflect the presence of five geoelectric
layers where the layers resistivity relationship
is p1>p2<p3>p4<p5 (Fig. 3c). The remaining
five field curves at VES stations 14, 23, 40, 41,
and 42 made in the eastern and southeastern
parts of the study area were classified as Type
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IV and reflect the presence of three geoelectric
layers where the layers resistivity relationship is
p1>p2<p3 (Fig. 3d).

It is to be noted that the apparent resistivity values
representing the surface layer in the four types
of field curves vary considerably at different
VES locations, mainly due to the fact that
resistivity depends on the soil moisture content.
The analysis of each type of curve in relation
to groundwater in the study area is discussed in
detail in the following sections.

TYPEI

The Type I curve (Fig. 3a) generally shows: (1)
a relatively thin surface layer of coarse grained
loose sand, gravel, and sand dune existing below
the ground surface having apparent resistivity
of 300 to 1800 ohm-m, followed by (2) the
presence of sand, clay, sandy clay, and gravel
of varying grain size (fine to medium) of 50-
300 ohm-m apparent resistivity; and (3) a low-
resistivity third layer with apparent resistivity <
12 ohm-m, indicating saline water. The Type I
curves were obtained from soundings measured
in the western side of the study area (Fig. 1).

TYPE IT

The Type Il curve (Fig. 3b) is composed by (1) a
thin layer of medium to coarse grained sand and
gravel (surface layer) with an apparent resistivity
of about 250 to 1300 ohm-m, (2) a second fine
to medium grain size sand and gravel layer (100-
500 ohm-m), and (3) a relatively low-resistivity
third layer (20-100 ohm-m) indicating a clay
and clayish sand formation. The fields curves
of Type Il are obtained in the north-northeast
trending narrow zone located to the east of the
Type I curve (Fig. 1).

TYPE III

The Type III curves (Fig. 3¢) were obtained from
soundings taken from profiles Il and IV. Apparent
resistivity values of these curves are relatively
low, when compared to the other three types.
The Type III field curves describe qualitatively
a model composed of five layers where the layer
resistivity relationship is pl>p2<p3>p4<p5.
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Figure 2. Correlation between sounding curves and borehole well lithology.
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From the top to the bottom, these are: (1) a
sandy, clayish sand, and gravel of fine grained
size having apparent resistivity of 60 to 250
ohm-m, followed by (2) the presence of clay
and clayish sand formation (40-80 ohm-m), a (3)
saturated sand with good groundwater quality
(100 to 200 ohm-m), (4) a clay and clayish
sand formation (40-80 ohm-m), and (5) a sandy
formation saturated with fresh groundwater (80-
200 ohm-m).

TYPE IV

The Type IV sounding curves (Fig. 3d) describe
qualitatively a model composed by (1) a
relatively thin surface layer with an apparent
resistivity of 200 to 1300 ohm-m of medium
to coarse grained material with a variable
moisture content, followed by (2) the presence
of a relatively low-resistivity second layer (40-
80 ohm-m), indicating a clay and clayish sand
formation, and (3) a sandy formation saturated
with fresh groundwater (100-200 ohm-m). The
apparent resistivity values increase with depth
from 100 to 200 ohm-m depending on the
saturated condition.

Figure 4 is a typical sounding data plot and best-
fit model for four sounding data corresponding
to the four types of field curves (I, 11, III, and I'V;
Fig. 3). It is of interest to note that the soundings
of Fig. 4a were derived from the western part
(site 1, Type I); Fig. 4b is based on sounding
(site 37, Type II); Fig. 4c is based on sounding
(site 33, Type 11I); Fig. 4d is based on sounding
in the southeastern (site 41, Type IV) side. The
best-fit models are derived along geoelectrical
soundings points with lower and upper bound
models (1-5% error). To the left of Fig. 4, it is
shown the Schlumberger apparent resistivity
curve with data (points) superimposed on the
best match 1-D inversion (solid line). To the
left of Fig. 4, the interpreted results in terms of
resistivity and depth together with the allowable
of equivalence (dashed lines) are shown.

ELECTRICAL CROSS SECTIONS
The results from the 1-D inversion of the

geoelectrical soundings were compiled and
plotted along two typical profiles: A-A’ and B-B’
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(Fig. 1). In these sections, the thickness of the
subsurface layers and their geological structures
are given. Two interpreted resistivity vs. depth
cross sections are shown in Figs. 5 and 6.

Cross section A-A’ (Fig. 5) represents the
behaviour of the northern side of the studied
area. The distribution of the resistivity along the
geoelectrical profile indicates the presence of
two zones with different properties: the first zone
is from sounding point 1 to 11 corresponding to
Type I field curves and the second is from 12
to 13 representing Type II field curves. As seen
in Fig. 5, the first zone shows resistivity values
in the range 400-1800 ohm-m at the surface,
which are considered caused by coarse grained
sand, gravel, and sand dune at 3-50 m depth.
In general, the layer thickness increases with
increasing distance from the coast, followed by
the presence of a relatively conductive second
clay and clayish sand layer, ranging from 20 to
100 ohm-m, at shallower depths and thickening
landwards. The top of this layer is above mean
sea level (MSL), by several hundred meters at
sites 7, 8, 9, 10, and 11 (Fig. 5), followed by
conductive layer with resistivity values of 1 to
11 ohm-m corresponding to saline water. The
depth of this conductor is closed to MSL at
coastal sites and show increasing depth with
increasing distance from the coast. In the second
zone shown in Fig. 5 (sites 12 and 13), the range
is from 400-600 ohm-m and 5 to 15 m thick at
the surface, which are considered caused by
sand and gravel of varying grain size, followed
by the presence of sand and sandy clay having
resistivity values of 200 to 300 ohm-m and 10
to 30 m thick, followed by the presence of a
relatively conductive third clay and clayish sand
layer that has a resitivity value of 40 ohm-m at
shallower depths.

Cross section B-B’ (Fig. 6) represents the
behaviour of the southern part of the studied
area. The cross section shows three different
zones with different properties: the first zone
is from sounding point 39 to 38 (Type I field
curves), while the second zone from 37 to 36
(Type 11 field curves) and the third zone from 35
to 31 (Type II field curves). The first zone shows
resistivity values in the range 500-600 ohm-m
at the surface, considered to have been caused
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by coarse grained sand, gravel and sand dune
at 10-20 m depth, followed by the presence of
a relatively conductive second clay and clayish
sand layer, ranging from 30 to 90 ohm-m, at
shallower depths and thickening landwards,
followed by conductive layer with resistivities of
2 to 3 ohm-m corresponding to saline water. In the
second zone (Fig. 6, sites 37 and 36), the range is
from 200-600 ohm-m and 40 to 50 m thick at the
surface, considered to have been caused by sand
and gravel of varying grain size (fine to medium),
followed by the presence of sand and sandy clay
having resistivity values of 80 to 100 ohm-m and
about 100 m thick, followed by the presence of a
relatively conductive third clay and clayish sand
layer that has a 30 ohm-m resistivity value. In
the third zone (Fig. 6, sites 35, 34, 33, 32 and
31), the main features of the derived structure,
from the surface downward, may be summarized
as follows: (1) a relatively thin surface layer of
fine to medium sand, gravel, and sand clay that
has a 100-300 ohm-m resistivity value and 5-15
m thick, followed by (2) the presence of clay and
clayish sand having resistivity values of 50 to 90
ohm-m and 30 to 40 m thick, followed by (3)
saturated sand with good groundwater quality
having resistivity values of 100 to 270 ohm-m
and 40 to 80 m thick; (4) a clay and clayish
sand formation (50-80 ohm-m resistivity values
and 40-90 m thick), and (5) a sandy formation
saturated with fresh groundwater (100-350
ohm-m).

As seen from Fig. 6, the cross section is
characterized by low to moderate resistivity
values at the surface when compared with the
cross section (Fig. 5). This decrease in resistivity
values from about several hundred ohm meters
on the surface along profile A-A’ to less than 650
ohm-m on the surface along profile B-B’ can
be explained by more homogenous gravel and
clayish sand nature of the Pleistocene sediments
in the southern parts than the northern parts.

GEOLOGICAL AND
HYDROGEOLOGICAL DISCUSSION

As seen before, the geoelectrical stratification
of the study area comprises three to five units
of high-, relatively high, relatively low-, and
low-resistivity values from the surface down.
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The western part of the study area (VES
sites 1-11, profile A-A’, Fig. 5) can be easily
interpreted directly in terms of geological and
hydrogeological structures: a thin resistive coarse
grained sand and gravel underlain by some tens
of meters thick strata of fine to medium grain
sand, gravel, clay, and clayish sand, followed by
saltwater. As indicated by the cross section of
profile B-B’ (Fig. 6), the basic structure beneath
the central part of the study area (VES sites 37-
36 profile B-B’, Fig. 6) comprises three units of
moderate high, relatively low, and low resistivity
values from the surface down. The surface
resistive layer represents dry sand and gravel.
The second layer, marked by resistivities of some
tens of ohm meters could indicate the presence of
sand and sandy clay. The low resistivities values
(~30 ohm-m) in the third layer may be related to
the presence of clay and clayish sand layer. In
addition, the eastern part of the study area (VES
sites 35-31, profile B-B’, Fig. 6) comprises a
succession of clay and clayish sand with fresh
groundwater.

CONCLUSIONS

The use of VES surveying technique was proved
useful to map the subsurface of structurally
complex area where little geologic information is
available due to lack of drillholes. VES surveys
can also be used to locate bodies of groundwater
and zones with anomalous electrical properties.
The apparent resistivities measured on the study
area can be explained by resistivity distributions
involving four extensive electrically distinctive
zones (I-1V, Fig. 7).

The study area can then be subdivided in four
compartments (Fig. 7). Electrical differences
between the four zones cannot be explained by
water content, as different geological contexts
have to be considered. As a result, two different
hydrogeological behaviours can be distinguished:
(i) a saline groundwater coastal aquifer in the
western part, and (ii) a fresh groundwater aquifer
in the eastern part.

An important general result of this study is the
existence of different coastal hydrogeological
zones directly linked to geological subsurface
structures, despite a monotonic surface cover
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the surface alluvial and wadi sediments. The
geological structures of coastal areas within
an active plate may significantly control the
groundwater behaviour and knowledge of
the tectonic history of the region; therefore,
it is necessary to deal with its hydrogeology.
The second important result is that the area
is characterized by a thick clay and poorly
permeable substratum that occurs in the central
part. This result provides new ideas about the
hydrogeology of the area. The results obtained
are in a good agreement with the borehole data
available.
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