International Journal of Geosciences, 2016, 7, 828-848 ’Q:Q Scientific
Published Online June 2016 in SciRes. http://www.scirp.org/journal/iig ’Q:Q. Eﬁzﬁgﬁzg
http://dx.doi.org/10.4236/iig.2016.76062 ¢

Ground Magnetic, GPR, and Dipole-Dipole
Resistivity for Landfill Investigation

Mohamed H. Khalil, Noha A. Hassan
Geophysics Department, Faculty of Science, Cairo University, Giza, Egypt
Email: nohaadel2010@live.com

Received 9 April 2016; accepted 27 June 2016; published 30 June 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

eSS

Abstract

Ground magnetic, ground penetrating radar (GPR), and dipole-dipole resistivity were carried out
to environmentally investigate a landfill. In this context, these geophysical techniques were con-
ducted to identify the subsurface contents of the landfill, furthermore, specify any possible lea-
kage and/or contamination in the study area. The ground-magnetic survey carried out in the study
area comprised 31 profiles each 120 m in length. Different wavelength filters were applied to the
measured data. Vertical derivative, downward continuation, apparent susceptibility, band-pass,
and analytical signal filters separated successfully the shallow sources. Whereas, upward continu-
ation and low-pass Gaussian filters isolated significantly the deep magnetic sources. 3D Euler de-
convolution (SI = 3) remarkably estimated the depths of the shallow sources (0 - 10 m) of the
landfill contents. The conducted GPR and dipole-dipole resistivity allocated tangibly the locations
and depths of the near surface anomalies. Both techniques didn’t reveal any possible leakage
and/or contamination. Noteworthy, integration among magnetic, GPR, and dipole-dipole resistiv-
ity confirmed positively the results of each method. Nevertheless, some anomalies were recog-
nized successfully by one technique and not by the others.
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1. Introduction

Environmental contamination is considered to be one of the main concerns of earth scientists worldwide due to
the speed acceleration of industrial development coupled with uncontrolled growth of the urban population
which resulted in the increase production of solid/liquid residues. Since the waste materials are usually disposed
without the appropriate measures, it imposes a high risk of contamination to the underground water resources.
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Wastes generated from human activities range from simple substance such as food and paper wastes, toxic ma-
terials to high level radioactive wastes in the form of nuclear fuel. Hazardous and non-hazardous materials are
handled differently in many countries but generally hazardous wastes are thought to be a combination of wastes
that affect human health or the environment due to its quantity, concentration, and/or its physical and chemical
characteristics when improperly treated, stored, transported or disposed. Certain criteria should be taken in con-
sideration when choosing landfill sites especially the location and size. Other important criteria should be taken
in consideration such as: economic, social, environmental, geological, and geomorphologic. Economic and so-
cial criteria comprise distance and capacity of the landfill, distance from airports, distance from highways, etc.
Environmental criteria include water content, water potential, humidity, ground water flow gradient, permeabil-
ity, etc. Geological/geomorphologic criteria comprise lithology, depth to the bedrock, structure, etc. In this con-
text, ground magnetic, ground penetrating radar (GPR), and dipole-dipole resistivity profiling were conducted in
the study area to characterize the contents of the landfill, moreover, specify any possible leakage and/or conta-
mination (Figure 1). In 2005, reference [1] carried out VLF-EM method, Wenner, and dipole-dipole 2-D resis-
tivity models around a landfill to detect leachate flow and to map its spatial distribution. In 2007, reference [2]
used 2D electrical resistance tomography (ERT), electromagnetic measurements using very low frequencies
(VLF), electromagnetic conductivity (EM31), seismic refraction measurements (SR), and ambient noise mea-
surements (HVSR) in the largest waste disposal landfill of Crete Island, the Fodele municipal solid waste site
(MSW), to determine the geometry of the landfill (depth and spatial extent of electrically conductive anomalies),
to define the anisotropy caused by bedrock fabric fractures, and to locate potential zones of electrically conduc-
tive contamination. In 2008, reference [3] carried out vertical electrical sounding (VES) and ground penetrating
radar (GPR) for the delineation and identification of a contaminant plume in an aquifer in Mexico. In 2010, ref-
erence [4] conducted 2D geoelectrical resistivity imaging, soil physic-chemical characterization, and surface
water analysis in an unsanitary capped landfill to determine inorganic leachate contamination in the ab-
sence of hydrogeological data. In 2011, reference [5] performed an integrated geophysical study involving 2D

+

3304960 Resl Resgek R17 TN
Resd— R16
i vis
3304940
+ Res4
rr RE f*} i
R9 R8 + :’-:h. -, o
T 3
+ H +
3304920 My s i o L
+ s
++t il + g +
F S i
o 3 ‘F—'— T+ S 'q: R
- 3304900 R15T\ Tz + i
3 '+ A\ + "_‘h_
= =14
= R14 - 'f,_
© [T~ + 1R3
- R137¥ R4, -
3304880 Vi +\E i B R1+
: + T
‘R12 T * iR ¥
A0\ Ht En HRER2
+\+ z u 2
A++ ++ LE
3304860 R11 e s % +
- +
fEb g
1 T + =+ i
3304840 $Ii10 T+ + Magnetic Point
+| #+ % .
+++¢ 7 ﬁ5 Radar Profile
B & sistivity Li
3304820 # s Resistivity Line
293580 293600 293620 293640 293660 293680
Longitude

Figure 1. Ground magnetic, ground penetrating radar (GPR) and dipole-dipole geophysical survey carried out in the study

area.
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electrical resistivity/induced polarization imaging, very low frequency-EM, and seismic refractionn tomography
at Unguwan Dosa municipal solid waste-disposal site in Kaduna metropolis, North Western Nigeria to investi-
gate ground water contamination. In 2015, reference [6] conducted 3D geoelectrical resistivity tomography
(ERT) in an old unregulated landfill prior to redevelopment to calculate the geometrical features and general
structure of a construction and demolition of a waste layer.

2. Geological and Structural Setting

The study area (Figure 2) is mainly composed of early Miocene sediments (Gebel ElI Khashab formation) which
characterized by red mudstone, ironstone, sandstone, tree trunks, and other flora that suggest lower Miocene age.
These sediments are characterized by lack of stratifications representing tectonically stable area [7]. Such sedi-
ments are closely similar to the facies of Oligocene Qatrani formation, which make the identification of the con-
tact between them difficult. Figure 3 illustrate the generalized subsurface stratigraphic section in the study area.

3. Methodology
3.1. Ground Magnetic Survey

Very specific criteria should be taken in consideration when magnetic survey is carried out regarding the envi-
ronmental exploration such as; the accuracy and precision required from the survey, estimated depth, nature and
orientation of the target. The interpretation of the magnetic anomalies could be enhanced basically by using
various filtering techniques [8]-[13]. In the wave number domain, wavelength and wavelet filters also apply dis-
crete Fourier-transform algorithms [14] [15] which play significant roles in the separation of the shallow and deep
magnetic source anomalies [2] [8] [16] [17]. In the study area, the magnetic data were collected using proton
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Figure 2. Location map of EI-Wahat landfill and geological map of the north Fayium depression.
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Figure 3. Generalized subsurface stratigraphic section in the study area.

magnetometer. The magnetic grid comprised 31 profiles with line spacing 2 m and length of 120 m for each line
(Figure 1). The diurnal variation in the total magnetic field was monitored every minute using another pro-
ton-magnetometer stationed at a specific location inside the study area. Geosoft Oasis montaj version (6.4) was
used to apply various frequency filters and depth estimation.

3.1.1. Diurnal Correction

In the magnetic survey, the acquired data contained different elements of noise which should be eliminated.
Some correction required to the raw data to remove these noises and enhance contribution caused by the
sub-surface magnetic field [18] [19]. The changes of the earth’s magnetic field over a daily period is known as
diurnal variation which is caused by the change in the direction and strength of current in the ionosphere [19]. In
ground based survey, it is important to establish a base station in an area away from magnetic targets or magnet-
ic noise and where the field gradient is relatively flat. In the study area, the diurnal correction was carried out by
subtracting the base station magnetic data from observed field magnetic data.

3.1.2. Reduction to the Pole (RTP)

The measured magnetic field anomalies are usually shifted from the centers of their magnetic sources due to the
inclination and declination of the induced magnetization vector from the magnetic poles [20]. RTP transforma-
tion is applied to the total magnetic data to minimize the polarity effects [21] and align the peaks and gradients
of magnetic anomalies directly over their sources [22]. RTP calculated in the frequency domain using the fol-
lowing equation [23]:

1

L(0)= (sin(1)+icos(I)cos(D-6))

where @ is the wave number direction, I—the magnetic inclination, and D—the magnetic declination. In the
study area, RTP was applied to diurnally corrected data.

3.1.3. Energy Spectrum (Radially Averaged Power Spectrum)

Power spectrum is used to calculate the log power spectrum of a channel where wavelength (regardless direction)
is plotted against logarithm power of the signal at each wave length [24]-[26]. The energy spectrum of magnetic
data exhibits three components, which are; shallow magnetic source component, deep magnetic source compo-
nent, and noise component. Furthermore, the depth to the magnetic source can be roughly estimated from power
spectrum [27]. In the study area, the power spectrum was calculated to estimate the depths of the shallow and

deep magnetic sources.
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3.1.4. Vertical Derivatives

Derivatives are applied to total magnetic data to enhance the shallowest geologic sources and suppress deeper
sources in the data [28]. First and second derivatives emphasize higher gradient, providing sharper resolution
and approximate shape outlines of near surface magnetic sources [29]. The first derivative emphasize near sur-
face features, while the second emphasize the plan view boundaries of target zones (especially intra-basement
anomaly sources). In the study area, first and second derivatives were calculated from RTP magnetic data.

3.1.5. Continuation Filtering

Continuation methods project the observed anomaly field to lower elevations (downward continuation) or to
higher elevations (upward continuation) [11]. The most important characteristic of continuation methods is that
the character of the geopotential field anomaly is retained as long as the continuation does not extend into the
sources. Upward and downward continuations reduce the effects of near surface bodies.

Downward continuation is used to enhance the response from sources at a depth by bringing the plan of mea-
surement closer to the source effectively [11]. Downward usually increase high amplitude and short wavelength
noise from shallow sources [13] [30]. In the study area, RTP magnetic data were downward continuated to 0.5, 1,
and 1.5 meters.

Upward continuation decreases the effect of higher wave number components associated with more, local
near surface anomalies [9]. It projects the observed anomaly field to higher elevations [11]. In the study area,
RTP magnetic data was upward continuated to 50, 100, and 150 meters.

3.1.6. Apparent Susceptibility

Magnetic susceptibility is the measure of how easily a body can be magnetized [31]. Various magnetic suscepti-
bilities mostly depend on the composition of the lithology. Basement rocks have high magnetic susceptibility
due to high magnetic content, while sedimentary rocks have much lower susceptibilities [32]. Susceptibility fil-
ters calculate apparent susceptibility of the magnetic sources depending on the assumptions that; there is no
remnant magnetization, International Geomagnetic Reference Field (IGRF) of the data has been removed, and
all magnetic response is caused by a collection of vertical prisms of infinite depth and strike extent. In the study
area, apparent susceptibility was calculated using Geosoft Oasis montaj version (6.4) to depths of 10, 15, and 20
m, with magnetic inclination of 40°, magnetic declination of 2°, and geomagnetic field of 42,000 nT. The result
of the apparent susceptibility was presented in CGS electromagnetic unit (EMU).

3.1.7. Wavelength Filtering

Wavelength filters are designed to remove either the high wave number noise (due to small, near surface sources)
or the longer wavelength component (due to regional anomalies) with low pass and high pass filters, respective-
ly [33]. The significance of this technique depends on the proper choice of the cutoff wavelength used in the fil-
ter design [34] [35].

Butterworth low-pass filter known also as maximally flat magnitude filter, is a signal processing filter which
is designed to have as flat frequency response as possible in the pass band [33] [36]. The main characteristic of
butter-worth filter is that the pass band is maximally flat where no variations occurred in the pass band. In the
study area, butter-worth low pass filter with wavelength > 56 m was designed to enhance and reveal deep seated
structures.

Band-pass filter is described as a type of filtering process which refers to the actual portion of affected spec-
trum [22] [37]. Band-pass filter can be used to pass or reject a range of wave numbers from the data. In the study
area, band-pass filter was designed to separate shallow seated source from deep seated source. The filter was de-
signed to pass wavelength between 3 to 20 m.

Cosine roll-off filter is commonly used for high or low pass operations, since it has a smooth shape and does
not alter the energy spectrum below the start or after the end of roll-off. In the study area, cosine high and low
pass filters were used to separate regional and residual magnetic sources.

Gaussian filter is applied either as low pass or high pass filter to an image along either horizontal or vertical
axis. Low Gaussian filter is applied to eliminate high frequency resulting in sharpening features, while high
Gaussian filter eliminates low frequency. In the study area, Gaussian high and low-pass filters were used to sep-

arate deep and shallow seated components.
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3.1.8. Analytical Signal

It is used to calculate the analytical signal of a channel which can be useful in locating the edges of remently
magnetized bodies and centering anomalies over their causative bodies in areas of low magnetic latitude [23].
An analytical representation of a real-valued function comprises the original function and its Hilbert transform.
Moreover, analytic representation is considered to be generalization of the Phasor concept (which is a complex
number representing sinusoidal function). Although Phasor concept is restricted to time-invariant amplitude,
phase, and frequency, analytical signal allows for time-variable parameters [38]. If s(t) is a function with Fourier
transform S(f), then the function is:

2S(f), for f >0
S,(f)=<S(f), forf=0
0, for f <0

—2u(f)S(f)=5(f)+sgn(f)S(f)

where u(f) is the Heaviside step function and sgn(f) is the sign function.
The analytic signal of s(t) is the inverse Fourier transform of Sy(f), where;

S ()= F [, ()] =F[S(f)+san(f)-S(f)]
=F[s(f)]+F [san(f)]«F[s(F)]

~s(t)+ j[%*s(t)}zs(th (1)

where §(t) is the Hilbert transform of s(t) and j is the imaginary unit. In the study area, analytic signal was
calculated to the magnetic data using Geosoft Oasis montaj version (6.4).

3.1.9. Depth Estimation by 3D Euler Deconvolution
In geological and geophysical interpretation, the depth to the source of magnetization is of great importance [39].
The purpose of Euler deconvolution is to produce a map showing locations and corresponding depth estimations
of geologic magnetic anomalies in two dimensional grids [40]. This method is based on Euler’s homogeneity
equation which relate the magnetic field and its gradient components to the location of their sources depending
on the degree of homogeneity (SI = Structure Index) [41]. Euler 3D deconvolution given by Reference [41] as;
dT dT dT
(x—xo)&+(y—yo)w+(z—zo)az N(B-T)

where (Xo, Yo, Zo) IS the position of source whose total field (T) is determined at (x, y, z), B is the regional value
over the field and N is the structural index.

In the study area, Geosoft Oasis montaj version (6.4) was used to estimate the depth from the total magnetic
intensity grid by 3D Euler deconvolution. The depth was estimated using SI = 3 which corresponded to spheres
and barrels, with uncertainty of <5%.

3.2. Ground Penetrating Radar (GPR)

GPR is a high resolution technique of imaging shallow soil and ground structures using electromagnetic (EM)
waves in the frequency band of 1 - 1000 MHZ that are propagated into the ground by a transmitting antenna that
is placed on the ground surface [42]. Since it is based on the propagation and reflection of EM waves, it is sensi-
tive to variations of the EM parameters in the subsoil, especially the dielectric constant and the electric conduc-
tivity [43]. The transmitting antenna sends out an electromagnetic pulse which is reflected from target bodies
and returns to the receiver. At the same time, a receiving antenna detects the waves that are reflected up to the
ground surface when the transmitted pulse encounters a subsurface interface across which electromagnetic im-
pedance contrast exists [44]. Reference [3] [45] stated that GPR could be used to identify shallow systems to
characterize soils and landfill leaches. The propagation velocity (V) of electromagnetic wave in soil is characte-
rized by dielectric permittivity (&), and magnetic permeability («) of the medium;
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V=—-—
Jen
In the study area, seventeen GPR profiles were carried out (Figure 1). Data were collected using Mala in-
strument with shielded antenna of 100 MHz. The survey was carried out using grid of 10 by 10 m. Processing of
GPR data were carried out using Reflex software where filters of move start time, subtract-mean (dewow), gain,
static correction, background removal, and Kirchhoff migration were applied to the data.

3.3. Dipole-Dipole Resistivity Survey

Geoelectric resistivity is one of the most significant variables which reflect the physical properties in a compli-
cated sedimentological environment [46]. Geoelectric resistivity depends mainly on the lithology, water content,
porosity, and ionic concentration of the pore fluid [47]. Electrical resistivity imaging (ERI) is considered to be
an active geophysical method which measures electric potential differences at specific location while injecting a
controlled electrical current at other location [2] [48]. The survey is carried out in the field by applying direct
current (DC) between two electrodes implanted in the ground and measure the difference in potential between
two additional electrodes that are not carrying current [2]. If the separation between both pairs of electrodes (a)
is the same, and the separation between the centers of the dipoles is restricted to a(n + 1), the apparent resistivity
is given by:

p. =man(n+1)(n+2)V/I

where | is the applied current injected by the potential electrodes, and V is the potential difference measured.

In recent years, one of the new developments is the use of 2D electrical imaging/tomography surveys to map
areas with moderately complex geology and investigate landfill characterization [1]-[3] [5] [6]. In the study area,
dipole-dipole resistivity survey was conducted to investigate any possible leakage and/or contamination. The
survey comprised four lines (three horizontal and one vertical) (Figure 1). The resistivity survey was conducted
using Syscal pro instrument.

4. Results and Discussion
4.1. Ground Magnetic Survey

Since some artificial ore bodies were existed on the surface of the study area, the effect of these bodies were
carefully handled during the processing and interpretation of the magnetic data. Figure 4 displayed the contour
map of magnetic data after diurnally corrected and reduced to the pole. The contour map revealed the variation
of magnetization throughout the study area where maximum magnetization of 43,436 nT characterized the
southwestern and northeastern parts of the landfill. Whereas, minimum magnetization of 43,012 nT characte-
rized the northern part of the study area. Radially averaged power spectrum (Figure 5) manifested three linear
segments. The first segment (1) corresponded to long wave length (deep-seated magnetic source) while the other
two segments (2 and 3) corresponded to short wavelength (shallow-seated magnetic sources).

Shallow-seated magnetic sources; first vertical derivative (Figure 6) illustrated the near surface anomalies
with higher resolution while the second derivative was relatively distorted. Downward continuation of magnetic
data was carried out for 0.5, 1, and 1.5 m. Figure 7 showed the downward continuation to 0.5 m which asserted
higher wave-number component and visualized anomalies reflecting the individual shallow magnetic sources.
Apparent susceptibility of magnetic data was calculated for depths up to 10, 15, and 20 m. Figure 8 showed the
apparent susceptibility for depth 15 m. In which the northwestern and northeastern parts of the study area re-
vealed low susceptibility, whereas, the central and southern parts of the area reflected scattered spots and clus-
ters of moderate to high susceptibility. Figure 9 illustrates the band-pass filter (3 - 20 m) where shallow mag-
netic sources were effectively enhanced and isolated. Nevertheless, a considerable amount of noise and distor-
tion were created due to near surface sources. Figure 10 showed the analytical signal filter where the edges of
the near surface anomalies were remarkably identified.

Deep-seated magnetic source; Different wavelength filters such as upward continuation 50, 100, and 150 m,
butter worth low-pass, low-pass cosine roll-off, and Gaussian low-pass filters were calculated for the magnetic
data in the study area. These filters reflected lower wave-number component and visualized anomalies indicat-
ing the major deeper magnetic sources. Figure 11 displayed the upward continuation to 150 m, and Figure 12
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Figure 12. Contour map of the low-pass Gaussian filter.

showed the low-pass Gaussian filter in which major deep faults were determined in the southwestern and nor-
theastern parts of the area. The determined faults were in agreement with the geological subsurface investiga-
tions in the area which confirmed the locations and depths of the determined faults.

Figure 13 showed the Euler deconvolution calculated depth (SI = 3) of the shallow sources in the study area.
The calculated depths were recognized in good clustering and ranged from 0 to 10 m. At the northwest part of
the study area the highest depth of 10 m was recognized. Whereas, variable depths between 2 to 8 m were iden-
tified in the southwest part and from 2 to 6 m in the northeast part of the study area. The middle part was cha-
racterized by depths ranged from 4 to 6 m.

4.2. Ground Penetrating Radar

The interpretation of the seventeen GPR cross sections (Figure 1) revealed anomalies reflecting the dielectric
contrast of the source bodies in hyperbolic shapes on the sections (Figure 14). The length of the GPR cross-
section ranged from 60 to 80 m with depths from 0 to 10 m.

Figure 14 showed samples (R1, R5, and R17) of the radar cross sections carried out in the study area. Radar
cross section R1 revealed twelve anomalies annotated by symbols from G1 to G9 and with alphabetical letters
“L”, “P”, and “R” with depth ranged from 2 to 7 m. Radar cross section R5 revealed seven anomalies. Whereas,
no declared anomalies were recognized in R17. Noteworthy, R17 was conducted out of the study area to recog-
nize and/or allocate any possible buried wastes out of the border of the study area where the measured data
didn’t allocate any.

The lithology declared in the radar cross-sections confirmed with the lithology detected from the geological
investigation in the area (Figure 3). However, in the radar cross-sections it was hard to sharply separate between
different layers due to their very similar lithology composition.

4.3. Dipole-Dipole Resistivity Survey

The interpreted dipole-dipole resistivity sections represented the variation of the resistivity throughout the study
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Figure 13. 3D Euler deconvolution applied to the total magnetic intensity (SI = 3), uncertainty <5%.

area (Figure 1). Low resistivity values were recognized at the southern part of the sections and increased gradu-
ally towards the north. The geo-electric resistivity cross sections extended 180 m in length with depths ranged
from 2 to 8 m. In Res1 five declared anomalies were recognized V, Res2, U, Resl, and Q from east to west, re-
spectively, with anomalies ranged from 210 to 259 Q-m (Figure 15). In Res2 eight pronounced anomalies were
recognized S, F, M, Res3, A, Res4, T, and N from west to east, respectively, with anomalies ranged from 157 to
225 Q'm (Figure 15). In Res3 seven declared anomalies were recognized Z, L, T, Res6, F, Res5, and S from
east to west, respectively, with anomalies ranged from 165 to 215 Q-m (Figure 15). In Res4 four proclaimed
anomalies were recognized P, F, W, and Res7 at northwestern of the study area, with anomalies ranged from
245 to 293 Q-m (Figure 15).

4.4. Integrated Interpretation

After individual interpretation was carried out for each survey independently (magnetic, GPR, and resistivity),
the results of all surveys were interpreted in an integrated manner. Figure 16 represented the contour map of the
interpreted magnetic data overlaid by the GPR lines carried out in the study area. GPR lines were represented by
symbols from R1 to R17. Furthermore, Figure 17 displayed the contour map of the interpreted magnetic data
overlaid by the resistivity lines conducted in the study area. Resistivity lines were referred by Resl to Res4.
Figure 18 indicated the magnetic anomalies of the landfill contents. These anomalies were referred by the al-
phabetic letters from Ato I'.
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Figure 14. Sample of the radar cross section carried out in the study area.

From integrated interpretation of the data (magnetic, GPR, and dipole-dipole resistivity), it turns out that the
interpretation can be classified into three different categories. First category; common anomalies resulted from
the interpretation of the three methods (magnetic, GPR, and dipole-dipole resistivity) such as the magnetic
anomaly P (Figure 18) which corresponded to P anomaly in GPR cross section represented in R1 (Figure 14)
and resistivity anomaly P represented in resistivity section Res 4 (Figure 15). Similarly, other common ano-
malies among magnetic, GPR, and dipole-dipole resistivity such as W, L, and Q could be recognized in Fig-
ure 14, Figure 15, and Figure 18. Second category: common anomalies pronounced from two methods only,
magnetic and resistivity and/or magnetic and GPR. For instance; magnetic anomaly F was declared in
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magnetic (Figure 18) which corresponded to F in the dipole-dipole resistivity which was represented in resistiv-
ity section Res 4 (Figure 15). Whereas, anomaly J was displayed in GPR section R5 (Figure 14) and magnetic
survey as well (Figure 18). Third category: non-common anomalies which declared only from one method. For
instance; some anomalies were declared in magnetic only suchas B, C, D, E, I, K, O, X, Y, A", B, C', D', E', F,
G', H', and I' (Figure 18). Similarly, anomalies declared only in GPR such as G1, G2, G3, G4, G5, G6, G7, G8,
G26, G27, and G28 (Figure 14). Similarly, anomalies declared only in dipole-dipole resistivity such as Resl,
Res2, Res3, Res4, Res5, Res6, and Res7.

5. Conclusions

In this work, ground magnetic, GPR, and dipole-dipole resistivity profiling were successfully interpreted in an
integrated manner to investigate landfill contents and/or identify any possible leakage and/or contamination in
the study area. Ground magnetic survey comprised 31 profiles with line spacing 2 m and length of 120 m for
each (Figure 1). Whereas, GPR survey comprised 17 profiles with lengths ranged from 60 to 80 m (Figure 1).
Dipole-dipole resistivity survey comprised 4 profiles with lengths of 180 m (Figure 1).

The magnetic data were diurnally corrected and reduced to the pole (Figure 4). Radially averaged power
spectrum remarkably estimated the depth of the shallow and deep magnetic sources (Figure 5) which signifi-
cantly contributed in the designing of the conducted filters. Near surface contents of the landfill were signifi-
cantly indicated by pronounced anomalies in the vertical derivative (Figure 6), downward continuation to 0.5 m
(Figure 7), apparent susceptibility magnetic to 15 m (Figure 8), band-pass filter (3 - 20 m) (Figure 9), and the
analytical signal filter (Figure 10). Noteworthy, the analytical signal was the most powerful and significant
technique in isolating the contents of the landfill. Whereas, deep structure were remarkably indicated by de-
clared anomalies in upward continuation up to 150 m (Figure 11) and low-pass Gaussian filter (Figure 12). Eu-
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ler deconvolution (SI = 3) successfully calculated the depth of the shallow sources in the study area (Figure 13).
The calculated depths were recognized in good clustering and ranged from 0 to 10 m.

Interpretation of the GPR cross sections revealed clearly the subsurface down to depth of 10 m (Figure 14).
The GPR hyperbolic anomalies were declared clearly reflecting the dielectric contrast of the source bodies.
Nevertheless, the lithology discrimination in the GPR cross-sections was not sharply separate due to the very
similarly in the composition.

Interpretation of the dipole-dipole resistivity successfully imaged the subsurface down to depth of 8 m
(Figure 15). Resistivity values in the cross section ranged from 29 to 293 Q-m. Low resistivity values were rec-
ognized at the southern part of the sections and increased gradually towards the northern parts. The recognized
anomalies of the landfill contents were ranged from 157 to 293 Q-m.

Integrated interpretation of the three methods magnetic, GPR, and dipole-dipole resistivity classified the rec-
ognized anomalies into three different categories. First category: common anomalies resulted from the interpre-
tation of the three methods such as the magnetic anomaly P (Figure 18) which corresponded to P anomaly in
GPR cross section represented in R1 (Figure 14) and resistivity anomaly P represented in resistivity section Res
4 (Figure 15). Similarly, other common anomalies among magnetic, GPR, and dipole-dipole resistivity such as
W, L, and Q could be recognized in Figure 14, Figure 15, and Figure 18. Second category: common anomalies
pronounced from two methods only, magnetic and resistivity and/or magnetic and GPR. For instance; magnetic
anomaly F was declared in magnetic (Figure 18) which corresponded to F in the dipole-dipole resistivity which
was represented in resistivity section Res 4 (Figure 15). Whereas, anomaly J was displayed in GPR section R5
(Figure 14) and magnetic survey as well (Figure 18). Third category: non-common anomalies which declared
only from one method. For instance; some anomalies were declared in magnetic only suchas B, C, D, E, I, K, O,
X, Y, A, B, C, D, E,F, G, H,and I' (Figure 18). Similarly, anomalies declared only in GPR such as G1, G2,
G3, G4, G5, G6, G7, G8, G26, G27, and G28 (Figure 14). Similarly, anomalies declared only in dipole-dipole
resistivity such as Resl, Res2, Res3, Res4, Res5, Res6, and Res7. Noteworthy, the interpretation of the applied
techniques in an integrated manner remarkably allocated the different types of contents of the landfill and esti-
mated their corresponding depths. Furthermore, the applied techniques confirmed no leakage and/or contamina-
tion in the surrounding environment.
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