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Chapter

Characterization of Dismissed
Landfills Via Geophysical
Techniques
Lorenzo De Carlo, Giorgio Cassiani, Rita Deiana,

Gian Piero Deidda and Maria Clementina Caputo

Abstract

In the context of waste landfill management, geophysical methods are a powerful
tool for evaluating their impact on public health and environment. Noninvasive and
cost-effective geophysical techniques rapidly investigate large areas with no impact on
the system. This is essential for the characterization of the waste body and the evalu-
ation of the liner integrity at the bottom of the landfill and leakage localization. Three
case studies are described with the purpose of highlighting the potentiality of such
techniques in landfill studies. The case studies show different site conditions (capped
landfills, controlled closed systems, and unconfined systems) that limit the applica-
bility of any other kind of investigation and, at the same time, highlight the versatility
of the geophysical techniques to adapt to several field situations. Electrical and elec-
tromagnetic techniques proved to be the most efficient geophysical techniques for
providing useful information to develop an accurate site conceptual model.

Keywords: landfill characterization, environmental protection, geophysical imaging,
electrical resistivity tomography, electromagnetic induction, geophysical modeling

1. Introduction

The characterization of operational or dismissed municipal solid waste (MSW)
landfills requires great care, given the potential negative impact of such sites on
human health and their environmental exposure. Toxics such as PCBs organic com-
pounds and heavy metals, leachate that accumulates as a result of the degradation of
solid matrices and chemical reactions that take place within the waste body, and gas
produced by the bacterial fermentation of organic waste in oxygen-free environments
are critical elements to be accurately monitored. Before 1990s, landfills were designed
without any technical requirements, usually filling dismissed quarries or abandoned
areas filled with all kinds of waste. These uncontrolled systems caused several envi-
ronmental disasters due to the spread of contaminants that, conveyed by rainfall,
infiltrated through the vadose zone before reaching the groundwater. Over time,
community regulations imposed strict constraints both in the landfill design and in the
operational and postoperational plant management. In order to meet the necessary
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conditions for preventing pollution of the soil, subsoil, groundwater, or surface water,
EU legislation (Council Directive 1999/31/EC) introduced appropriate technical mea-
sures consisting of the combination of a geological barrier and a bottom liner, gener-
ally made of high-density polyethylene (HDPE), during the operational stage and a
top liner (capping) during the postclosure one. During the life cycle of the landfill, the
main chemical-physical parameters, both of the liquid and gas phases, need to be
monitored by means analytical measurements on samples extracted by collection
network systems installed inside the landfill body in order to periodically verify they
did not overcome warning thresholds. In addition, a network of warning wells located
both upstream and downstream of the landfill is required for the monitoring of the
qualitative status of the groundwater nearby of the landfill. However, such constrains
do not guarantee real-time safety control of the landfill. Indeed, often potential rup-
ture of the impermeable HDPE liner is detected only after the contamination reaches
the underlying groundwater, requiring costly environmental remediation measures.
More information about the integrity of the HDPE liner, as well as waste body
hydrodynamics (moisture content, leachate accumulation, gas migration, etc.) are
crucial for better understanding the landfills status, but direct investigations are not
recommended due to the landfill safety risk connected. In light of these consider-
ations, it is essential to identify noninvasive investigation techniques that can provide
valuable information on the state of the thick waste layer and the mechanisms that
take place inside it. This is even more important in case of capped landfill, i.e., when
the impermeable liner has been laid on the ground surface in the postoperational stage
to prevent infiltration of rainwater into the waste that would increase the leachate
emission. In such context, in the last decades, geophysical techniques proved to be a
powerful tool for characterization of landfills by providing detailed information oth-
erwise undetectable with other indirect techniques. Geophysics is a noninvasive, cost-
effective imaging technique of the Earth able to identify subsurface structures
through measurements of physical parameters collected on the surface or in bore-
holes, strictly correlated petrophysical relationships to geological, hydrogeological and
geotechnical properties of the investigated subsoil. A plentiful scientific literature
reports detailed study cases where geophysical techniques have been successfully
applied for landfill characterization. Many authors described electrical [1–7], electro-
magnetic [8], and seismic [9–11] investigations for general reconstruction of
uncontrolled buried landfill areas or confined systems. In most cases, a combination of
several geophysical techniques, such as Electrical Resistivity Tomography (ERT),
Vertical Electrical Sounding (VES), Mise-a-la-Masse (MALM), Induced Polarization
(IP), Self-Potential (SP), Electromagnetic Induction (EMI), Ground Penetrating
Radar (GPR) and refraction seismic data allowed for reducing the uncertainty in the
identification of the geometry of waste deposits, lateral extent of the waste, identifi-
cation of the filling thickness, differentiation between surface cover and waste
deposits, estimation of volumes of buried solid waste [12–17]. In case of closed landfill,
i.e., when the impermeable HDPE liner is laid down on the bottom of the landfill, the
evaluation of the liner integrity and leak detection has been successfully reported with
potential measurements by using MALM technique [18–26], integrated MALM and
ERT [27], GPR [28], and EMI [29]. Other study cases refer to the use of ERT [30–33],
EMI [34–37], or a combination of several techniques, included GPR [38], IP and SP
[39], and electrical and seismic data [40] for mapping of leachate accumulation zones.
Such techniques have also been applied for monitoring the leachate flow [41–54],
monitoring leachate injection and recirculation to enhance waste biodegradation
[55–59], and identifying heavy metal sludge disposal [60, 61]. Finally, widespread
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literature reports geophysical applications for estimating water content [62–66],
mapping biogeochemically active zones in waste deposits through IP [67], inferring
subsurface gas dynamics and gas emissions [68, 69] and detecting groundwater con-
tamination induced from leachate percolation [70, 71]. In this chapter three case
studies, two located in the Apulia Region, south of Italy, and one in Veneto Region,
North of Italy, are reported with the aim of enhancing the potentiality of the proposed
geophysical techniques for landfill studies both in uncontrolled and confined closed
systems. Different site conditions limited the applicability of any other investigation
and, at the same time, highlighted the versatility of the geophysical techniques to
adapt to several field features. Specifically, the three case studies concern:

• a dismissed MSW landfill investigated with an integrated approach of electrical
techniques and numerical modeling;

• a capped MSW landfill, explored with electromagnetic measurements in order to
overcome the strong limitation due to the capping on the top surface;

• a capped MSW landfill where electrical data, collected with an unconventional
electrodes configuration along the perimeter of the landfill, have been integrated
with numerical modeling.

2. Methods

The aim of this paragraph is to describe the electrical and the electromagnetic
techniques, that are the most effective geophysical techniques used for landfill char-
acterization, for several reasons. First, they are sensitive to the highly conductive
structures due to the high organic, moisture, and leachate content of the waste
deposits. In addition, the strong electrical contrast between the waste body, leachate,
and the surrounding rock medium allows for a rapid identification of localized anom-
alies, in case of lateral or vertical spread beyond the landfill liner. Moreover, the
impermeable HDPE liner represents a hydraulic barrier and, at the same time, an
electrical insulator, the continuity of which can be easily checked with these tech-
niques. Finally, these techniques can investigate large areas, such as those interested in
landfills, with variable vertical and lateral spatial resolution.

2.1 Electrical methods

Electrical methods are based on measurements using stainless steel electrodes
implanted into the ground. Four electrodes array is commonly used for collecting
electrical resistivity or its inverse electrical conductivity. A couple of electrodes are
used for injected DC current (Figure 1A and B), into the ground. The electric current
flows depending on the subsurface electrical properties and the potential difference is
measured by another pair of electrodes (M and N).

According to the Archie’s law, the apparent resistivity ρa (Ω m) of the ground, is
determined (Eq. (1)):

ρa ¼
K∆V

I
(1)
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where ΔV is the difference potential (V), I is the injected current (A), and K is a
geometric factor depending on the electrodes arrangement.

The measured value ρa is an “apparent” resistivity because it refers to the resistiv-
ity of a homogeneous ground measured from a specific electrode arrangement.
Apparent electrical resistivity is not a physical measurement, and the complex rela-
tionship with the “true” resistivity is obtained by solving the “inversion” problem.

Several electrical resistivity techniques are currently used with the quadrupole
array. Here we focused on two different techniques: electrical resistivity tomography
(ERT) and mise-a-la-masse (MALM).

2.1.1 Electrical resistivity tomography (ERT)

Electrical Resistivity Tomography (ERT) is the most widely used electrical
technique for the subsurface imaging. More details about ERT technique are described
in [72].

This technique combines a high sequence of quadrupole measurements in order to
obtain a dense grid of apparent resistivity data according to a tomographic scheme
(Figure 2). The observed data provide a qualitative representation of the subsurface
electrical properties by contouring the apparent resistivity data. The “real” resistivity
is achieved from inversion, that is a numerical technique that tries to determine a
subsurface resistivity model by minimizing a generalized objective function, i.e., the
misfit between the calculated (theoretical value) and observed (experimental value)
data at the nodes of a mesh into which the subsurface is divided.

The resolution, i.e., the minimum distance at which a target can be detected,
depends mainly on the inter-electrode spacing used for data collection, while the
depth of investigation is influenced by the length of the ERT profile, the distance
between current and potential dipoles, as well as the electrical properties of the
investigated medium.

Figure 1.
Distribution of electric current in the half-space.

Figure 2.
Distribution of apparent electrical resistivity collected by a quadrupole array.
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Depending on the data collection mode, along transects or in an area, the inverted
model provides 2D or 3D resistivity model of the ground, which take into account
lateral and vertical changes in the subsurface layers. Collecting resistivity data in time-
lapse mode, i.e., repeating resistivity measurements over time along profiles or in an
area, allows for monitoring spatiotemporal variations associated with dynamical
processes.

2.1.2 Mise-a-la-masse (MALM)

Mise-a-la-masse is one of the oldest electrical resistivity techniques originally used
to identify and map boundaries and orientation of electrically conductive ore bodies
[73–76].

In MALM technique, the four-electrode array is set up as follows: two electric
currents are placed (A) inside the conductive target and (B) ideally at infinity, other
two potential electrodes are placed (N) outside at infinity opposite of B and (M) is
used to detect the edges of the underground target (Figure 3).

The electric current flows from inside to outside the target, and a potential map is
recorded with reference to the electrode M.

When used for detecting the integrity of the HDPE liner laid down on the bottom
of the landfill, no current pathways are recorded between the inner and outer parts of
the landfill and, consequently, a zero potential gradient is measured if the liner has no
ruptures. In case of lack, the electrical current moves toward the infinity electrode (B)
across the rupture of the liner and a voltage map indicate the presence of current
pathways between the inner and outer parts of the landfill.

2.2 Electromagnetic induction (EMI)

The EMI technique is based on the electromagnetic induction principle. An alter-
nating current circulates in a transmitter loop coil T, generating a time-varying mag-
netic field, defined as the primary magnetic field (HP). This field induces eddy
currents in a conductive body placed into the ground, which in turn generate a
secondary magnetic field (HS), having an amplitude much smaller than that of the
primary field. A receiver coil (R) measures the total complex electromagnetic
response, i.e., the sum of both primary and secondary magnetic fields (Figure 4).

Figure 3.
Basics of MALM technique.
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The real part, which has the same phase as the primary magnetic field, is called In-
phase (P) component while the imaginary part, called Quadrature (Q) component, is
90° out-of-phase with the primary. The response parameter, called also “induction
number,” indicated with β, depends on electrical resistivity, the magnetic permeabil-
ity, the geometry of the buried body, and ω, the operating angular frequency of the
current in the transmitter coil (Eq. (2)):

β ¼

r

δ
¼

r
ffiffiffiffiffiffiffiffi

2
ωμ0σ

q (2)

When β < <1, usually defined as “low induction number” (LIN) condition [77],
the complex electromagnetic response can be simplified so that Q is linearly propor-
tional to the electrical conductivity of the half-space σa (Eq. (3)) and P is mainly
affected by the magnetic permeability.

σa ¼
4

μ0ωr
2 ∙I

HS

HP

� �

HCP

VCP

(3)

The response parameter is a function of the penetration depth of the signal,
defined as the skin depth δ, that is the depth at which an electromagnetic signal
attenuates by a value equal to 37% with respect to the initial value. It depends not only
by the electromagnetic properties of the investigated medium but also on the coils
distance. At the same time the depth of investigation is also a function of the coils
orientation. When they are oriented perpendicular to the ground, the horizontal
magnetic dipoles are in vertical coplanar configuration (VMD), which allows the

Figure 4.
Basics of EMI technique.
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investigation of the superficial layers. By rotating both coils by 90°, the vertical
magnetic dipoles turn into horizontal coplanar position (HMD), which increases the
investigation depth. As for raw ERT measurements, the data measured is an “appar-
ent” electrical conductivity (ECa), i.e., it is the equivalent electrical conductivity of a
homogeneous half-space that produces the same measured response to the instrument
in a single configuration (coil distance, coil orientation, frequency). In addition, the
high electrical conductivity of the waste deposits, combined with the high inter-coil
distance necessary for increasing the depth of investigation, makes it impossible that
the LIN condition is met, causing a nonlinear EM response of the half-space and
leading to a data inversion procedure for modeling the landfill body.

3. Case studies

3.1 Corigliano d’Otranto landfill

The first case study concerns a dismissed quarry, located in Southern Italy, near
the municipality of Corigliano d’Otranto (4451117 N–265375.00 E WGS UTM84),
used as MSW landfill since late 1980s. During the excavation of a new landfill,
bordering the old one, leachate came out at the base of the scarp, which separates the
two landfills (Figure 5), clear evidence of the leaching out of the old landfill. Few
direct information was available in the original landfill design: the waste thickness was

Figure 5.
The landfill area at Corigliano d’Otranto.
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no greater than 20 m from ground surface, and the existence of a barrier on the
landfill bottom, proved by the presence of the impermeable HDPE liner, clearly
visible along the South-West border of the landfill. These uncertainties requested the
planning of a detailed geophysical investigation in order to evaluate the liner integrity
at the landfill bottom and localize possible ruptures and spill points.

For this purpose, ERT and MALM survey were carried out (Figure 6). In particu-
lar, two ERT profiles, named Line 1 and Line 2, were carried out inside the landfill in
order to identify the approximate thickness of the waste in the old quarry. Line 1 runs
along the dirt road separating the old and new landfills, Line 2, almost perpendicular
to Line 1, crosses both the old and the new landfills along the scarp between the two
landfills. In addition, another ERT profile, Line 3, was carried out outside the landfill
as a reference section for defining the resistivity distribution of the rocky subsurface
not interested in waste deposits. ERT data were collected using an IRIS Syscal Pro 48
(Iris Instruments) resistivity meter, by planting 48 stainless steel electrodes into the
ground with 5 m spacing and 235 m long array. A Wenner–Schlumberger configura-
tion was used because it offers a reasonable compromise between resolution and
investigation depth, about 40 m from the ground surface. Overall, more than 2000
resistance quadrupoles were collected for each profile, including direct acquisition
and reciprocal data, i.e., by swapping current with potential dipoles, in order to
provide a correct data error estimation [78]. In the preprocessing stage, data filtering
has consisted in removing measurements that exceeded 10% of reciprocal error.

Figure 6.
Location of the ERT and MALM measurements carried out at the Corigliano site. The red dashed lines represent
the 2D ERT profiles, while the orange dots indicate the location of the potential electrodes used for the MALM
survey.
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Inversion of ERT data was run using the code ProfileR (A. Binley—Lancaster Univer-
sity), an inverse solution for a 2-D resistivity distribution based on computation of 3-
D current flow using a quadrilateral finite element mesh. In addition, seven MALM
profiles were performed inside the old landfill, with 2 m inter-electrode spacing in
order to ensure a good spatial coverage of the whole area. Electric current was injected
between electrodes A and B, and voltage was measured with reference to electrode P.
Potential data were mapped using Surfer (Golden Software, LLC) code.

3.2 Ugento landfill

The second case study refers the geophysical investigation performed in the MSW
landfill located in Ugento (4420400 N–2795270 E WGS UTM84). The landfill was
built in the 1990s in an abandoned quarry of calcarenite, a sedimentary porous rock
widespread in the Apulia Region. It is divided into three plots and covers a total area of
about 9 hectares (Figure 7).

The thickness of the waste body ranges from 15 m (plot I) to 19 m (plots II and III).
An impermeable HDPE liner is laid down at the bottom and along the lateral boundary
of each plot, as clearly visualized in the time-lapse historical Google Earth pictures of
the landfill area. At the end of the operational stage, the Ugento landfill has been
capped in order to prevent infiltration of rainwater into the waste that would increase
the leachate production and gas dispersion in the air. The presence of the impermeable
HDPE liner on the top surface inhibits any direct investigation and strongly limits the
use of other indirect surveys. Being based on the electromagnetic induction principle,
the EMI technique overcomes such strong limitations because it does not require any
galvanic contact between probes and the ground. For this purpose, an EMI survey was
planned using a CMD DUO device (GF Instruments), which consists of two indepen-
dent coils, a transmitter, and a receiver, connected to each other by a flexible cable of
different length, 10 m, 20 m, and 40 m, respectively, to deepen the electromagnetic
signal into the waste deposits and the underlying vadose zone. Twenty-one EMI
transects were collected either in a VMD or HMD configuration coil on the top of the
landfill along parallel profiles in two orthogonal directions: 12 profiles in NW-SE
direction, approximately 20 m apart, and 9 profiles in NE-SW direction, approxi-
mately 40 m apart (Figure 8). Continuous measurements mode, i.e. the data are
collected while the instrument moves in the field, has been chosen by setting a time
step equal to 2 s in order to obtain stable hence accurate measurements.

Overall, more than 11,000 measurements have been collected combining six dif-
ferent configurations, resulting in using three inter-coil spacings for each of the two
coil configurations. Such data have been merged in order to obtain 1540 geometric
depth soundings with six complex responses each, which, in turn, have been used for
inversion. A free MATLAB software package, FDEMTool code [78], was used for
inverting the electromagnetic data, and the resulting model was visualized with
Voxler (Golden Software, LLC) code.

3.3 Asiago landfill

The MSW Asiago landfill (700550 N–5081863 E WGS UTM84) was developed
since 2001 in a closed limestone quarry. The landfill has an area of about 1.5 hectares
with a perimeter of about 500 m, and a maximum thickness of the waste deposits of
about 40 m. The landfill was closed in mid-2018, and ever since it is a totally closed
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system due to the presence of HDPE liners at its bottom and at its top surface
(Figure 9).

Clear evidence of karstic phenomena reported in the area of the landfill site raised
concern for the possible presence of large karstic cavities below the landfill and,
secondarily, possible pathways for leachate contamination through the limestone
fractured system. In search of possible large karstic cavities and possible leachate
leaks, an ERT survey was proposed and implemented. As data collection from the top
surface of the landfill body was made impossible by the presence of the impermeable
(and electrically insulating) HDPE liner, an unconventional electrode configuration

Figure 7.
The landfill area at Ugento site (image source: Google Earth).
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has been chosen by placing 101 electrodes all around the perimeter of the landfill body
(Figure 10).

A Syscal Pro (Iris Instruments) resistivimeter was used for the data collection.
Overall, more than 12,000 resistivity measurements were collected, including recipro-
cals, to evaluate data quality. Data filtering rejected bad data points that overcome
threshold values equal to 10% of reciprocal error andmeasured voltages less than 10�6V.

Figure 8.
Location of the EMI measurements carried out at the Ugento site. The black lines represent the 2D EMI transects
(image source: Google Earth).
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The survey geometry was designed on the basis of preliminary synthetic modeling based
on a 3D model of electrical current diffusion in a heterogeneous medium. The purpose
was to verify whether the proposed approach was capable of imaging large karstic

Figure 9.
The landfill area at Asiago site (image source: Google earth).

Figure 10.
Location of 101 electrodes placed around the perimeter of the landfill body (dashed red line) at the Asiago landfill
site (image source: Google Earth).

12

Solid Waste Management – Recent Advances, New Trends and Applications



cavities (of a diameter around 20 m) and thus identify a viable acquisition and inversion
strategy. Three scenarios, based on the presence of a cavity below the bottom of the
landfill at different locations, were simulated. This posed the basis for a comparison with
the results from real observed data.

4. Results

4.1 Corigliano d’Otranto landfill

The inverted ERT cross-sections clearly show the electrical behavior of the waste
deposits and the rocky subsurface. Line 3, located outside the landfill and hence not
involved in waste deposits, highlights a homogeneous distribution of the electrical
resistivity, with a narrow range, expressed in logarithmic scale, varying from 2.6 and
3 Ωm, typically associated with the porous rock that constitutes the vadose subsurface

Figure 11.
2D ERT cross-section from: (a) Line 3; (b) Line 2; (c) Line 1.
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(Figure 11a). On the contrary, Lines 2 and 1 (Figure 11b and c, respectively) put in
evidence a very high conductive structure, with log10 resistivity approximately below
1.6 Ω m, clearly associated with the waste deposits located in the old landfill. Differ-
ences between the two ERT cross-sections are observed. In particular, while in Line 2,
the conductive body is confined within the 20 m from top surface, Line 1, which cuts
the scarp along its maximum slope, shows a conductive body deepening much more
than the expected depth of the HDPE liner (dashed black line), about 20 m from the
top surface. This difference can be explained by the fact that Line 1 violates the
assumption, always made in 2D ERT, that the ground perpendicular to the survey line
is homogeneous. In fact, the presence of waste deposits located in the old landfill on
one side of the profile and the free space (air) on the other side of Line 1 masks the
true thickness of the waste deposits.

On the other hand, this assumption is verified in Line 2, and the corresponding
ERT cross-section provides a correct quantitative interpretation of the thickness of the
waste deposits. The scenario derived from Line 2 indicates a vertical migration of
conductive leachate which penetrates the supposed impermeable landfill bottom. The
MALM provides further information about the structure of the landfill body. The
potential map shows a sharp voltage jump in correspondence with the limits of the old
landfill, in particular across the visible emergence of the HDPE liner along the South–
West boundary (Figure 12).

Figure 12.
Potential map obtained from MALM survey.
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This evidence could be due to the poor confinement close to ground surface,
considered that no other evidence of the liner is present on the ground surface. As the
MALM results do not clearly support the ERT findings, in order to corroborate the
hypothesis of the rupture of the impermeable HDPE liner, different alternative inter-
pretation scenarios have been compared with numerical modeling. Figure 13 shows
the simulations of the geophysical modeling (ERT—Line 2 and MALM) in case of
undamaged and damaged HDPE liner scenario, respectively. The simulated MALM
maps do not show significant differences with the observed maps in both predicted
scenarios (Figure 13c and d compared with Figure 12), probably due to the poor
lateral confinement previously mentioned. On the other hand, the simulation of the
ERT—Line 2 cross clearly highlights a good agreement in case of damaged HDPE liner
scenario (Figures 11b and 13b), thus leading to reasonably assume the hypothesis of a
rupture of the HDPE liner through which the current flows.

4.2 Ugento landfill

The distribution of the electrical conductivity in the landfill body is visualized by a
3D image (Figure 14). It can be schematized into a three-layers model: (a) upper
highly conductive; (b) weakly conductive intermediate; (c) resistive lower layer.

The visualization of the findings through 2D vertical cross sections (Figure 15)
better highlights the upper conductive layer, with values from 1000 mS/m to 1800
mS/m, and the lower resistive layer, having lower values to about 150 mS/m.

Depth slices at different depths put in evidence details of the electrical
conductivity inside the landfill (Figure 16).

Figure 13.
Simulated ERT—Line 2 cross-section and MALM potential map in case of undamaged HDPE liner scenario
(Figure 13a and c) and damaged HDPE liner scenario (Figure 13b and d).
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The highly conductive upper layer has a maximum thickness of 5 m and an average
EC ≈ 1200 mS/m (Figure 16a and b). The observed heterogeneity is probably associ-
ated with different waste composition, probably due to organic waste, a higher moisture
content or a different compaction of the waste body by means of compacting trucks.
The weakly conductive intermediate layer ranges from 5 m to 10 m from ground
surface with an average value of EC ≈ 500 mS/m (Figure 16c and d). The waste
deposits highlight a gradual decreasing in conductivity, explained by the loss of water in
the waste body due to the weight of the overburden mass and then collected by the
pipelines at the bottom of the landfill, and/or with the limited content of materials with
high surface conductivity. Finally, the resistive lower layer (bedrock) deepens up to the
maximum investigation depth with minimum EC ≈ 150 mS/m. In particular, no signif-
icant variations in the inverted electromagnetic signal were recorded in this portion of
the subsurface (Figure 16e and f). Any expected high conductivity signal, linked to
accumulation of leachate, is detected at depth, thus ensuring their absence.

Figure 14.
3D electrical conductivity model of Ugento landfill.

Figure 15.
3D visualization of the electrical conductivity model through 2d vertical cross sections.
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4.3 Asiago landfill

The field acquisition at the Asiago landfill was conducted in one day (June 1, 2019)
following the same configuration that proved most effective in the synthetic exercise,
i.e., a total of 101 electrodes with a full dipole-dipole skip-12 configuration, that
corresponds to a dipole length of 13 � 5 m = 65 m. Figure 17 shows the results of the
inversion of real field data. No significant high resistivity anomalies, associated with
potential karstic cavities, have been detected, leading to exclude their presence. How-
ever, as a side result, the ERT survey showed the presence of a low-resistivity zone in
the downhill portion of the landfill, as highlighted in the red circle: note that in this
region, very close to the electrodes themselves, the sensitivity is particularly high. This
area also corresponds to a low in the topography of the quarry where the landfill was
developed. Since this high conductivity anomaly could be linked to the presence of
leachate, a direct investigation was planned and performed in July 2021: the drilled
core showed the presence of fine sediments (silt and clay) accumulated in this area of
valley bottom, and the presence of freshwater probably coming from uphill in the
valley, with no relationship with the landfill itself.

The real 3D resistivity image, compared against the expected image (Figure 18) in
the presence of a 20 m diameter cavity, confirms that no such cavity exists below the
landfill. Smaller cavities, if present, would have no substantial impact on the mechan-
ical stability of the system. As the presence of karstic cavities was the main goal of the

Figure 16.
2D depth slices extracted from the 3D EC model: (a) z = 1 m from ground surface; (b) z = 2 m from ground
surface; (c) z = 5 m; (d) z = 10 m; (e) z = 15 m; and (f) z = 20 m.
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Figure 17.
Inverted resistivity model, expressed in log scale.

Figure 18.
Comparison between inverted (a) and simulated (b) ERT model.
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investigation, one could conclude that the survey confirmed that no such feature is
present at the site.

5. Conclusion

In the context of the study of abandoned or dismissed landfill, the lack of crucial
information concerning landfill design and waste body characterization makes diffi-
cult the development of an accurate site conceptual model. Clear evidence about the
presence of the HDPE impermeable liner on the bottom of the landfill and its possible
integrity, as well as uncertainty on information regarding the structure of the waste
deposits, are often missing. Noninvasive geophysical techniques have proved to be an
effective tool to “see” inside the waste deposits in order to provide useful information
about their physical properties with an accuracy degree unattainable with other tech-
nique. A huge amount of data can be collected over large areas in a short time in order
to image the thickness of the covering layer, the geometry of the waste deposits, type
of waste, and potential accumulation zones. In addition, data collected in time-lapse
mode allows for monitoring hydrodynamic processes taking place inside landfill body.
In this chapter, three case studies showing different site conditions have been
described in order to highlight the potentialities and the versatility of the geophysical
techniques in the study of landfills. In the Corigliano d’Otranto landfill, ERT and
MALM measurements have been collected inside and outside the landfill to estimate
the thickness of the waste deposits, verify the confinement of the waste deposits
above the impermeable HDPE liner and, in case of rupture, image the leachate infil-
tration in the underlying vadose zone. The ERT outcomes highlight a very low-
resistivity structure (less than 10 Ω m), associated to the waste deposits, one order of
magnitude lower than the rocky subsurface. The thickness of this conductive struc-
ture is about 40 m, much more than the expected 20 m, leading to hypothesize a
rupture of the impermeable HDPE liner and a vertical migration of landfill leachate
through the landfill bottom. On the other hand, the potential map obtained from
MALM measurements cannot clearly confirm such hypothesis, due to the lack of
insulation in the shallow layer covering the waste mass which causes a current flow
from inside to outside of the landfill. In such cases, when logistical limitations strongly
affect the geophysical data acquisition and interpretation, forward numerical model-
ing provides added value to the geophysical data, by simulating different alternative
interpretation scenarios. The good agreement between simulated and observed data in
case of damaged HDPE liner leads to reasonably assume the hypothesis of a rupture of
the bottom liner through which the current flows. In the capped Ugento landfill, the
presence of the HDPE impermeable liner on the top surface strongly limits any direct
investigation. The EMI measurements allowed to gain information about the waste
composition, the thickness of the waste deposits and integrity of the HDPE liner. The
electromagnetic model pointed out heterogeneities in the waste deposits located on
the top layers, where highly conductive signal is associated with different waste
composition, organic waste, or a higher moisture content. The electrical conductivity
decreases with depth, probably due to the loss of water caused by compaction induced
by the weight of the overburden mass. No significant conductivity anomalies have
been observed in the expected transition depth between the upper waste deposits and
the lower bedrock. This evidence leads to exclude ruptures of the HDPE liner placed at
the bottom of the landfill because a leachate migration below the landfill bottom
would cause large electrical conductivity anomalies in the bedrock. The Asiago landfill
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case shows how a careful planning of geophysical measurements is essential in order
to produce the best strategy for achieving the set goal in such complex sites, and in
particular in order to confirm/dismiss an hypothesis concerning the landfill and its
subsurface, in this case the presence of a large karstic cavity. In addition, the survey
showed also some unexpected results, i.e., the presence of a low-resistivity anomaly
that, in the context of landfills, is a general warning sign, as leachate may produce low
conductivity anomalies in the surrounding of a landfill, in presence of a leakage. In
this case, this anomaly seen by geophysics has driven a direct investigation that
ensured that the anomaly itself has no relationship with the landfill. Overall this is an
example of a virtuous circle between noninvasive and invasive investigations, as it
should be. The results encourage the use of geophysical data, both for static charac-
terization and dynamic monitoring as good practices for checking the health condition
of a landfill facility in order to minimize public health risks, ensure environmental
protection and avoid expensive reclamation activities.

Integrating the geophysical information with routine environmental matrices
monitoring as defined by the community regulations can represent an optimal strat-
egy for the development of a site conceptual model essential in the management of
waste landfill both in operational and postoperational stages.
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