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Abstract--- A geophysical investigation using electromagnetics
(EM), electrical resistivity and ground penetrating radar was
carried out on the abandoned Gaborone landfill that was
decommissioned in 1992 after being active for ten years. The
aim of the study was to map the physical boundaries of the
decommissioned landfill, map the distribution of waste and
identify zones of leachate within and below the landfill. The
results of EM conductivity measurements show a wide
distribution of conductive materials, which represents a zone of
active leaching which is mostly concentrated in the centre of the
landfill. In-phase EM measurements also identified zones
occupied by metallic waste that are less distributed over the
landfill. Results of the resistivity survey indicated a three layer
resistivity structure within and surrounding the landfill. The
top layer is a more resistive cover material (68 - 127 ohm-m)
and varies in thickness from over the landfill. The second layer
is a low resistivity zone (3-40 ohm-m) and indicates a zone of
high leachate activities. At the bottom is a more resistive layer
(greater than 500 ohm-m) which is likely bedrock that underlies
the abandoned landfill. The ground penetrating radar images
also indicated a three layer structure over the landfill which is
similar to the resistivity results. All the methods implied that

the leachate has not penetrated the bedrock but the large

amount of leachate suggests that it may leak into the unlined
landfill in the future despite being in an arid environment. Of
the three methods, the resistivity survey provided the most
complete information on the subsurface conditions of and

beneath the landfill.
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l. INTRODUCTION

The improper disposal of waste in urban areas is one of the major
contributors to groundwater contamination in developing
countries [1]. Gaborone, the capital of Botswana (Fig. 1) is a rapidly
developing city that has seen its population grow from 17,718 in
1971 [2] to 208,411 in 2005 [3]. In order to safely accommodate
this growing population and to aid in properly disposing its
municipal waste, Botswana has developed a long-term waste
management strategy with the objective of achieving a state of
sustainable waste management. The aims of this waste management
policy are to protect human health, the environment and natural
resources. In order to achieve the waste management objectives, the
Gaborone City Council (GCC) has closed the previous landfill
(operated from 1982-1992) and opened a new landfill, which is

located in the vicinity of the old landfill (Figs. 1 and 2). The new
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landfill is designed, constructed and operated to ensure minimal
environmental impact in the surrounding areas unlike the old

landfill which was basically a dumpsite.
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Fig. 1 Map of Botswana showing the location of the study area

Groundwater in the vicinity of dumpsites or landfills may be
contaminated by leachate from the deposited waste [4], [5]. In arid
environments, the leachate may take a longer time to penetrate the
surrounding soil or bedrock due to the lack of rainfall but may still
contaminate the groundwater [6]. Urban waste materials which are
mainly domestic garbage are commonly deposited in landfills
without appropriate protective measures (e.g., clay and/or plastic
liners). Thus, any rainfall entering the landfill or in situ fluids may
percolate through a landfill and incorporate decomposing organic
material, dissolved salts and other contaminants [7]. These
contaminated liquids may leave the disposal site, enter the
underlying groundwater system and make the groundwater

unpotable. If this water is used, the health of users is put at risk [7].
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Fig. 2 Bedrock geology of Gaborone, Botswana showing the location of the
study area

Previous investigations on groundwater contamination due to
open and abandoned landfills indicate there are several parameters
that will influence the type of contamination found at each landfill
[8], [9]. In arid environments, it has been commonly assumed that
due to the lack of precipitation, there may be minimal leachate
produced that could entered any surrounding groundwater systems
[9]. In order to produce substantial leachate, the landfill must
contain large amounts of sludge and liquid waste [9], [10], [11].
Then the leachate may be able to take up organic and inorganic
material by physical, hydrolytic and fermentative processes [12]. In
doing so, the organic material and inorganic ions (e.g., heavy metals)
may be incorporated into the leachate. Previous chemical studies of
leachate from landfills in Jordan [9], [10], [11] show that the
leachate entering the groundwater system was nonpotable at most
locations mainly due high concentrations of chlorides and sulfates
with some sites having high levels of lead, cadmium, iron and zinc.

At landfills in Kuwait, [9] showed that the leachate contains a low
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level of organic content due to waste decomposition. Other studies
(e.g. [13], [14]) found that the groundwater closer to the landfill
contained less heavy metal contamination than sites farther from the
landfill possibly due to redox reactions within the igneous rocks.
The above studies indicate that the contaminated groundwater
depends on content within the landfill and the material the leachate
flows through. Additionally, [16] found that groundwater
contamination depends on the direction the leachate flows from the
landfill as various monitoring wells surrounding a landfill in
Oklahoma showed that the leachate plume was found in preferential
pathways.

To properly evaluate the extent and potential for groundwater
contamination, the total volume and the nature of the waste within a
landfill is commonly performed in addition to any leachate
emanating from the landfill [17]. The most common approach to
monitor the leachate emanating from a landfill is to drill a series of
monitoring wells around the landfill that penetrate into either the
vadose and saturated zones or both. However, these wells are
expensive to drill and maintain especially in a developing country.
Also, any wells that are drilled and monitored are commonly
located randomly because of budgetary constraints. These wells
provide only point source information and leachate plumes tend to
migrate along preferential pathways and even closely spaced
monitoring wells may miss some of the contaminants [16].
Therefore, geophysical methods have been commonly used ([16] to
interpolate the subsurface conditions between the monitoring wells.
There are a number of geophysical techniques that can be used to
delineate the properties of the landfill including seismic reflection
[18], magnetics [19], gravity [20], electrical [5], electromagnetics
(EM) [21] and ground penetrating radar (GPR) [22]. While all these
techniques are useful in helping defining the boundaries and
internal composition of dumps and landfills, the electrical and

electromagnetic techniques have been found to be useful due to the

electrically conductive nature of most of the waste material and the

ion-rich fluids within the sites (e.g. [23], [24], [25], [26]). The most
important geophysical aspect in using geophysical methods in
studying landfills is that the waste site contains elevated electrical
conductivities that can be used to map the physical boundaries of
the site, determining the thickness of the waste and to locate regions
of higher leachate within and surrounding the site.

In this study, three non-invasive electrical geophysical techniques:
1) loop-loop EM, 2) electrical resistivity imaging (ERI) and 3) GPR
were used to investigate the internal structure, volume and depth of
the abandoned landfill in Gaborone, Botswana. The above methods
have been used by several investigators (e.g. [7], [21], [25], [26],
[27]) to investigate the internal structure of landfills and the
leachate migrating from the landfills. These studies have shown that
each electrical/electromagnetic method, while sensitive to the
subsurface electrical conductivity structure, will image different
aspects of the landfill structure in order to give a more complete
image of the subsurface. The value of electrical geophysical
methods in waste investigations is particularly enhanced where a
multi-proxy approach is used [25], although time constraints and
lack of records of waste burial (as is common at large volume waste
sites) can be challenging. A multi-proxy approach based on EM
providing an areal coverage of the site and on GPR combined with
ERI, were applied along two transects, in order to map and
delineate outline of the old landfill and potentially also in detecting
and mapped zones of leachate concentration.

The EM induction techniques have been used to successfully map
out where conductive material is concentrated in environmental
applications [23], [25]. [26]. The EM induction techniques have the
advantage of being able to cover a large area fast, there are no
current/electromagnetic wave injection problems and they have
excellent resolution in determining lateral conductivity anomalies
[28]. However, the EM methods have limited vertical depth
resolution and in some EM methods only one frequency is used

limiting the conductivity resolution.
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The ERI method has also been applied not only to map the extent
of the closed waste sites, but can also reveal potential pollution
plumes (e.g. [18], [25], [29]-[34]) as well as determine the direction
of migration of the plumes and therefore provide a basis for
remediation if the environment is under threat. ERI is particularly
relevant for our study because the common environmental
applications of ERI include mapping of landfill spatial extent and
volume and detection of potentially hazardous leakages from
landfill liners. Test surveys at known waste sites (e.g., [35]) show
that the bulk electrical resistivity of household and other mixed
waste is often low compared to that of both the soil capping the
waste and geological strata located beneath wastes, indicating that
many other ‘buried” materials could also be located and
characterized by electrical resistivity measurements [26]. Many
waste sites contain considerable quantities of metal, making the use
of magnetic surveying methods useful [19] however in the case of
GCC, the high value of scrap metal, and the non-metalliferous
nature of household, medical and industrial toxic waste make non-
metal bearing waste the most common waste type in GCC. The
ERI method has the advantage of having relatively high vertical and
horizontal resolution with numerous interpretation algorithms for 2
and 3-dimensional modeling and inversion of the data. However to
determine depth information the current electrodes must be
relatively far apart and this may not be possible in all urban
situations.

The GPR method has been extensively applied to map landfill
boundaries, measure material porosity and water content, and detect
liquid organics within the landfill (e.g. [22], [36]-[41]) . Even
though, the GPR method has the highest resolution of all the EM
techniques, the GPR signal is easily absorbed in high dielectric
materials (e.g., clay-rich soils) and this severely limits the vertical
resolution of the method. Thus, GPR method is best used to image
the upper sections of a landfill (the depth depending of the

frequency of the antenna, 30 m for 25 MHz and 2 m for 200 MHz

[42]. However, higher frequencies produce higher spatial resolved
images. Given this tradeoff, it is best to use at least two different
frequency antennae and also compare the results with those
obtained by other electromagnetic methods.

The above discussion shows the usefulness of geophysical
methods, especially electrical methods, in defining the depth,
internal structure and the location of leachate plumes from landfills.
In arid environments, there have been a number of geophysical
investigations to delineate the structure and nature of the landfill
and the surrounding area (e.g. [16], [22], [25], [26], [43]-[45]).
While these studies showed that the ERI, GPR and EM methods are
useful in determining the same features of landfills and the leachate
in arid environments as for more wet environments, only the study
by [25] has employed the same methods as this study but while they
studied the landfill structure in detail they did not study the leachate
plume emanating from the landfill. In addition, the other
investigations listed above either studied the landfill structure or the

emanating leachate plume but not both as this study.

Il. STUDY AREA

The geology of Gaborone and the surrounding region is located in
the northern part of the Archean Kaapvaal craton [46]. More
specifically, the old GCC landfill is located on the Gaborone granite
complex which includes medium- to coarse-grained porphyritic
rapakivi granite (Fig. 2). This region is structurally stable however a
system of joints and fractures (Fig. 3) exist in the area which could
serve as migration channels for leachates from the landfill to enter
the local groundwater system.

The abandoned landfill covers an area of 300 by 650 meters (Fig.
4). It contains domestic waste that is 5m high relative to the ground
surface with the long axis of the landfill or its length oriented in the
north — south direction. The ground around the landfill slopes
towards the Notwane River (Fig. 2). On the western side of the

landfill is a small stream which runs in the southeast direction.
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Drainage in and around the landfill goes into the small stream

which discharges its waters into the Notwane River.

Fig. 3 Photo showing the jointing and rapakivi texture of the Gabrone
granites which are located within the study area

Fig. 4 Google Earth image of the Gabrone landfill and surrounding area
showing the location of the two GPR and electrical resistivity profiles.

I11. DATA ACQUISITION
A. Electromagnetics

EM measurements were collected using the Geonics EM31-MK2
ground conductivity meter. This instrument induces current into the
ground by emitting a 9.8KHz electromagnetic field. The use of one
frequency usually means that only one depth determination can be
determined however the EM31 data can be collected in the vertical
and horizontal dipole configurations. This allows for two depth

determinations and for average soil conductivities, the detection

limits of 3 m and 6 meters have been determined using the
quadrature component of the induced magnetic field of the
horizontal and vertical diploes respectively [47]. Additional depth
information can be determined by measuring the in-phase
component of the induced magnetic field where depth information
can be increased by 1 to 1.5 meters [47]. However, the quadrature
component is more readily interpretable as the ground conductivity
is linearly related to it [47]. To image the conductivity structure of
the GCC, 110 profiles running from N-S were collected with each
profile spaced 2 meters apart (Fig. 5). Along each profile, vertical

and horizontal dipole measurements were collected using both the

quadrature and in-phase components every 2 meters.

Fig. 5 Location of the EM31 profiles

B. Electrical Resistivity Survey

Direct current electrical resistivity measurements were collected
along two profiles (one running from S-N and the other from E-W)
(Fig. 5) across the GCC using the ABEM Lund Imaging system.
These ERI profiles were collected in order to determine the two-
dimensional electrical resistivity structure of the GCC. The data
were measured as continuous vertical electrical soundings (CVES)

roll-along [48], [49] using the Schlumberger array as this method
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combines the depth information from vertical soundings and lateral
information from the profiling method. An electrode spacing of 2 m
was used for the N-S profile, while a 3 m spacing was used for the
E-W profile. The electrodes are connected to a switching box
where the measurement protocol is computer controlled [50]. A
continuous profile is collected using the roll-along technique [48]
where the last cable in the measurement sequence is moved to the
front of the profile and connected to the first cable after all data
have been collected for a given cable length. In addition, the
topographic changes along each profile were determined using a
total station distance meter and a theodolite. The elevation was
determined at each electrode point and these data were used in the
modeling of the electrical resistivity data.
C. Ground Penetrating Radar

GPR measurements were acquired using the bistatic mode with a
Mala Ramac. The bistatic mode uses separate transmitting and
receiving antennae that allows for post data collection processing.
The data can be collected in two ways: 1) reflection mode, where
the receiver and transmitter are kept a fixed distance apart, and 2)
common midpoint (CMP) mode, where the transmitting and
receiving antennae are moved variable distance symmetrically
about a fixed point along a profile [51]. The GPR data were
collected with the antennae 5 cm above the ground using a 50 MHz
antenna along the same two profiles as the ERI data (Fig. 4). The
data were collected using the CMP mode with the transmitter
trailing behind a receiver at a spacing fixed of 2 m to enable post
collection velocity processing. The transmitter-receiver array was
moved along a survey profile and the radar traces were collected to
produce a GPR time reflection section.

After the GPR data were acquired, the x and y coordinates as well
as a relative elevation above a datum was collected along both
profiles using a theodoilte and electronic distance meter.

IV. DATA PROCESSING AND INTERPRETATION

A. Electromagnetics

The electromagnetic data were transferred to a computer from the
data recorder. A Microsoft Excel Spreadsheet was used to create
separate columns for each station including its x and y location, and
the measured in-phase and quadrature values for the horizontal and
dipole modes respectively. Conductivity and in-phase maps were
then produced using Golden Software Surfer 8. Figures 6 and 7
show the conductivity anomaly maps (horizontal and vertical dipole
modes, respectively) while Figs. 8 and 9 show the in-phase anomaly
maps (horizontal and vertical dipole modes, respectively) of the
study area.

B. Electrical Resistivity

The resistivity data were interpreted using a 2-D smoothed
constrained inversion, employing a quasi-Newton technique to
reduce calculations [52]. A 2-D model, consisting of a number of
rectangular blocks, with the arrangement of the blocks loosely tied
to the distribution of the data in the pseudosection. A forward
modeling subroutine is used to calculate the apparent resistivity
values and a non-linear least-squares optimization technique is used
for the inversion routine [52], [53].

C. Ground Penetrating Radar

The GPR data was processed using the RadEXplorer™ software
with allows for the typical GPR processing schemes to be applied to
the data [54]. We applied DC removal, time adjustment,
background removal, 2D spatial filtering, amplitude correction,
predictive deconvolution, Stolt F-K migration on both profiles to
produce final sections (Figs. 12 and 13) to be interpreted.

Additionally, we applied a topographic correction to both profiles.
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Fig. 6 The electrical conductivity (mS/m) of the Gaborone landfill
determined by the horizontal dipole mode of the EM31. The x and y axes are
in meters
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Fig. 7 The electrical conductivity (mS/m) of the Gabrone landfill determined
by the vertical dipole mode of the EM31. The x and y axes are in meters

V. RESULTS AND DISCUSSION

A. Electromagnetics

The joint measurement of the quadrature and in-phase
components greatly enhances the overall electrical structure of a
region. The quadrature component or more commonly known as
conductivity is linearly related to the ground conductivity unless the
conductivity is high (> 300 mS/m). This makes the quadrature
component most interpretable in terms of geology [47]. The in-
phase component (measured in units of parts per thousand of
primary EM field) is useful in locating high conductivity material
(usually metals). Negative in-phase values usually indicate that the
instrument is oriented perpendicular to a highly conductive object
and extremely high positive values of conductivity indicate that the
object is aligned parallel to the orientation of instrument [47].

Figures 6 and 7 show the conductivity maps determined from the
horizontal dipole mode which images depths of approximately 3
meters and the vertical dipole mode which images depths to
approximately ~ 6 m), respectively. Figure 6 shows that over 98%
of the study area is underlain by shallow materials with
conductivities in the range of -11 to 11 mSm™. The region with
negative conductivities may contain large amounts of metallic
material as negative conductivity values usually represent
saturation of the instrument caused by high conductivity material at
or near the surface [47]. The positive conductivity values cover
most of the study area and represent the upper sections of the
landfill. The relatively low conductivities suggest that the material
has little larger pieces of metallic waste and/or little to no leachates.
Other studies of landfills indicate that some near surface materials
may have conductivities in areas of known leachates between 100
and 200 mSm™ [25], [55]. The vertical dipole mode (Fig. 7)
basically indicates the same patterns as the horizontal dipole mode.
This suggests that the upper sections of the landfill are mostly made
of nonconductive soil fill or similar material.

Figures 8 and 9 shows the in-phase components of the horizontal

and vertical dipole modes respectively over the landfill. Areas with

higher in-phase values (>50 ppt) show the regions where smaller
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metallic objects (e.g. iron rods) exist in the area. The presence of
iron rods within the landfill is common in most landfills and a
number of metallic rods were seen on the surface in the landfill. The
area with higher in-phase values in general coincides with the
higher conductivity values. When the results are combined, the
upper 6 meters of the landfill consists of low conductivity soil fill

interspersed with metallic rods.
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Fig. 8 The in-phase component (ppt) of the electromagnetic field of the
Gaborone landfill determined by the vertical dipole mode of the EM31. The
x and y axes are in meters

B. Electrical Resistivity

The results of the inversion of the two ERI profiles are shown in
Figs. 10 and 11 as cross-sections that show the resistivity
distribution of the landfill. Figure 10 shows three pronounced layers
of different electrical resistivities along the N-S profile (Fig. 5). The
top layer which varies between 2 and 7 meters thick has relatively
high electrical resistivities between 68 and 127 ohm-m. These
values represent the resistivity of the cover material which consists
of mostly unconsolidated soil and correspond to the positive
conductivity values found by the EM31 measurements (Figs. 6 and

7). The cover of the landfill does not have a consistent depth over

the profile as areas with thinner cover coincide with the regions of
higher conductivities seen from the EM31 data (Figs. 6 and 7).
These areas also coincide with higher in-phase values (Figs. 8 and 9)

and may represent more metallic rich areas.
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Fig. 9 The in-phase component (ppt) of the electromagnetic field of the
Gaborone landfill determined by the horizontal dipole mode of the EM31.
The x and y axes are in meters

A middle layer is represented by low electrical resistivity values
(3-40 ohm-m) and it is basically continuous across the profile
except for the region around 80 m where the values are higher.
These low electrical resistivity areas that range in thickness between
8-12 meters are interpreted as trash cells areas where waste
materials are located and leachates activities are high. Based on
previous studies of landfill (e.g. [7], [25]), electrical resistivities of
these values may be caused by organic wastes with some leachate
material. The lower electrical resistivity values may represent
higher amounts of leachate. The regions with the highest
concentrations of leachate range from 120 to 200 meters along Fig.
10 and some these low electrical resistivity values even reach the

surface (e.g., 144 m). The bottom layer of higher electrical
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resistivity values represents the bedrock rock beneath the landfill.
The relatively high electrical resistivity values indicate that the
leachate has not penetrated the bedrock despite the lack of landfill
liner. Since it has been twenty-eight years since the landfill was
commissioned, the arid environment has contributed to containing
the leachate within the landfill. Additionally, the landfill is thicker
on the northern side where the ERI method did not image the
bedrock (e.g., 250 m). The thickness of the waste ranges between

ranges between 12 and 20 m.
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Fig. 10 Two-dimensional model of the electrical resistivity data along a
north-south trending profile (Fig. 4). The bolded lines represent boundaries
between different electrical resistivity packages with CM being the cover
material, O-L being the organic waste with leachate and B being bedrock

The east-west electrical resistivity model (Fig. 11) shows the
same three layers as the N-S model. The most prominent feature on
this model is that the middle layer is split into two sections with the
western section less resistive than the eastern section. This is
probably due to the amount of leachate in the organic waste with
the western section having higher leachate amounts.

C. Ground Penetrating Radar

The processed GPR time-sections for the north-south and east-
west profiles are shown in Figs. 12 and 13, respectively. The time-
sections illustrate two diagnostic properties that are of particular

interest here: 1) reflections at interfaces between two
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Fig. 11 Two-dimensional model of the electrical resistivity data along a east-
west trending profile (Fig. 4). The bolded lines represent boundaries
between different electrical resistivity packages with CM being the cover
material, O-L being the organic waste with leachate and B being bedrock

geological media of differing dielectric permittivities; and 2) radar
wave attenuation (or signal loss) as a function of ionic fluids that
increase the electrical conductivity of the fill material. Buried waste
(as found in and around landfills and dumpsites) can contain a large
range of materials, with different (sometimes mixed) electrical
conductivities including organic liquids (leachate) and metal wastes,
in which radar wave penetration will be highly attenuated. Other
types of waste include plastics, unreinforced concrete, brickworks,
and dead animals, many of which have low electrical conductivities
as compared with their surrounding material. Thus, GPR time
sections can be used to delineate where more organic wastes with
leachates are located. The GPR time sections showed that the cover
layer that consists essentially of rock fragments and soil materials is
about 5-6 meters thick. This is seen by the higher amplitude
reflectors at trace 400 (Fig. 13) just above 7.5 meters. These
reflectors are interpreted as the bottom of the cover material seen on
the ERI models (Figs. 10 and 11). The lack of this reflector
between traces 450 and 500 corresponds to region of little or no

cover on east-west electrical resistivity model. Underlying this
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Fig. 12 Processed GPR reflection time section along a profile trending
north-south across the landfill (Fig. 4)
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Fig. 13 Processed GPR reflection time section along a profile trending east-
west across the landfill (Fig. 4)

material is the higher conductivity material and can be seen by the

lack of high amplitude and continuous reflectors.

V1. CONCLUSIONS

Abandoned or closed landfills pose a potential risk to groundwater
contamination in all environments. This is especially true in
developing countries where monitoring wells are not common and
in arid environments where groundwater recharge is low and thus
will not dilute any leachate that enters the groundwater system. A
geophysical investigation using three different methods of an
abandoned landfill in Gabrone, Botswana, found regions of active
waste decomposition and leaching. These regions were found to be
concentrated at the centre of the landfill and less at its margins. The
joint use of horizontal and vertical loop EM induction, electrical
resistivity profiling and GPR was crucial in deciphering the nature
of the buried material within the landfill as electrically conductive
regions were determined to be metallic waste. The metallic waste
was found to be more prominent at the centre of the landfill, as
evidenced by prominent in-phase EM anomalies.

Three layers of electrical resistivity were mapped using electrical
resistivity and GPR, and these layers are the most prominent zones
at the landfill. The topmost layer is a cover material, made of rubbly
materials and soils; the middle layer is a low resistivity zone of
varying thickness. This zone is thought to contain a large amount of
leachate and the lower layer is the highly electrically resistive
bedrock. There were no low electrical resistive zones found within
the bedrock which implies that leachate has not penetrated below
the landfill to date. Given the large amount of leachate found by this
study suggests that in arid environments, the time it takes leachate
to penetrate beneath unlined landfills takes many decades if at all.
This implies that in arid environments, leachate may only migrate to
shallow levels of the groundwater systems in time scales of 10-20
years, however more studies over time are needed to confirm this
implication. The lack of leachate migration to deeper levels of the
groundwater system suggests that potable groundwater may be
found by drilling to the depths greater than those found by this

study.
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While the use of EM, electrical resistivity and GPR methods in
studying a landfill has been used by previous authors, our study is
the first to combine these methods in an arid environment. This
study found that no method delineated all aspects of the nature and
structure of the landfill and the surrounding areas. By using the
above methods, we have been found them to effectively map areas
of active decomposition that are characterized by anomalous
electrical conductivities and attendant low electrical resistivities.
The GPR technique and resistivity methods can also be used the
map out the subsurface boundaries of different materials in a
landfill of similar nature. The use of EM, electrical resistivity and
GPR has been shown to be an effective method to analyze landfills
with only the magnetic method being more effective in locating
metallic objects.
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