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Chapter 1

Introduction

1.1 Need for finite aftercare of landfills

The earliest recovered evidence of human (Native Americans) waste production
is from around 6500 BC (e.g., Young, 2010). The first organized municipal dump
was created in 500 BC (Athens, Ancient Greece) with the requirement that the
waste was deposited at least 1.6 km away from the city. Although the history
of landfilling starts in such early times, it was not until recently (1930) that
humanity realized the dangers of dumping waste in open pits, and that waste
management had to be improved (Blight, 2011).

The rapid population growth results in an increase of waste production. Stud-
ies have indicated that waste production will double within the next 20 years
(e.g., Hoornweg and Bhada-Tata, 2012). Waste production correlates strongly
with the gross national income (GNI) of each country. Residents in countries
with a higher GNI (developed countries) produce/buy/use more material, and
hence dispose more waste compared to residents in countries with a lower GNI
(developing countries). On the other hand, since the 60’s of the last century
the developed countries collect and treat their waste to a greater extent than
the developing countries (Wilson et al., 2013). Figure 1.1 shows a comparison of
developed and developing countries with respect to their waste generation and
collection.

Waste composition differs by country as well. For example, developed coun-
tries produce more paper, plastic and glass waste, whereas developing countries
produce more organic and food waste (Periathamby, 2011). These differences
per country enhance the complexity of the waste management problem.

Landfill emissions (e.g., gas – mainly CH4 – and leachate) are harmful for

1



2 1.1. Need for finite aftercare of landfills

Figure 1.1: Collection of municipal solid waste (MSW) by country and total
MSW generated. Adjusted from eawag: Swiss Federal Institute of Aquatic Sci-
ence and Technology. Waste is measured in kilograms per person per year (kg
capita-1 a-1)

the human health and the environment. For example, landfills are responsible for
around 18 % of the global anthropogenic CH4 production (Periathamby, 2011).
For the reduction of landfill emissions, regulations from the United Nations state
that priority of all countries should be: (1) to reduce waste production; (2) to
reuse material; (3) to recycle material; (4) to convert waste to energy; (5) and
finally, if all above fail, to landfill the waste (UNEP, 2010). Although landfilling
is the last option for waste management nowadays, it still takes place: a number
of materials cannot be recycled, combusted or reused and for those landfilling is
the best option (Scharff, 2007). In addition, many developing countries have no
other option but continue landfilling, as any other action would be too expen-
sive to realize. European countries are some of the few exhibiting a decreasing
landfilling rate (Mazzanti and Zoboli, 2008), as they try to follow the above-
mentioned regulations. Globally, however, landfilling shows an increasing rate
(OECD, 2004). Hence, the countries in general face the problem of landfilling
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and try to find solutions to minimize the emissions and ensure that the landfill
is safe for the environment and human health.

1.2 Emission reduction as a solution

1.2.1 Defining questions about aftercare of a landfill

There are two ways of landfill aftercare: conventional and sustainable. Con-
ventional landfill aftercare refers to installing a bottom liner under the waste, a
drainage system for leachate collection and a top liner after the landfill has ceased
operation. In this way, the contact of waste with the surrounding environment is
restricted and the leachate and gas production is reduced in time as the landfill
reaches stabilization (i.e., no or minimum production of leachate and gas). Nev-
ertheless, as the stabilization time can be very long, damage at the liners and
drainage systems may occur resulting in uncontrolled leachate and gas emissions.
Sustainable landfill aftercare refers to enhancing the stabilization of the landfill
in time by actively accelerating the decomposition processes (e.g., Kattenberg
and Heimovaara, 2011). This is realized by, for example, recirculating leachate
in the landfill and/or aerating the landfill, thus using the landfill as a bioreactor
(Sponza and Ağdağ, 2004; Sormunen et al., 2008). A landfill is considered safe
for humans and the environment when the production of specific chemical sub-
stances is below a certain threshold (this regulation is country dependent). As
a result, the landfill needs no further aftercare, and even if the installed liners
and drainage systems break, emissions will not pose danger to the humans or
the environment.

The above is the ideal situation for a landfill; however, some uncertainties
still remain. Bioreactor landfills are a possible solution for improved waste man-
agement with yet a number of questions left to be answered. Questions that are
fundamental to the acceptance of finite aftercare are (Kattenberg et al., 2013):

• Does sustainable landfilling help reduce the emissions?

• Are the acceptable levels reached?

• Is there a way to ensure that the landfill has reached stabilization?

Additional questions that follow are:

• How long does the landfill need to reach stabilization?
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• How can the treatment technologies be improved in order to make the
stabilization time as short as possible and the chemical substances produced
as little as possible?

1.2.2 Heterogeneity of the landfill body

To address the above questions, the biological, chemical and geo-mechanical pro-
cesses taking place inside a landfill body must be well understood. Degradation
of waste is a complex procedure. During the degradation processes, gas and
leachate are emitted. For the waste to be fully degraded, some conditions must
be set: presence of a sufficient amount of water; moderate salinity values; pres-
ence of electron-acceptors; presence of nutrients for micro-organisms; and neutral
pH values (Heimovaara, 2011). The heterogeneous nature of the landfill (due to,
e.g., different waste types, compaction, landfill topography, waste age) results in
varying degradation degrees throughout the landfill body: some areas may be
fully degraded, whereas others not at all. Due to the heterogeneity of the landfill,
areas are created that have higher density and act like an obstruction to gas and
fluid flow inside the landfill body. This leads to the development of preferential
flow paths creating areas that are completely dry (dry pockets – no degrada-
tion at all) and areas that have stagnant water (wet pockets – degradation but
very low pH). Mobile water is essential for the waste to degrade throughout the
whole landfill body. Knowledge of the location of the wet and dry pockets can
help improve the treatment technologies by determining where water must be
recirculated. In addition, determination of the spatial distribution of the wet
and dry areas provides an indication of the amount of water that remains in the
landfill body and hence of the emission potential of the landfill (Baviskar and
Heimovaara, 2015). The emission potential of a landfill body is the remaining
amount of pollutants (gas and leachate inside the landfill) (Bun et al., 2013). In
time, observations about how these areas change could suggest if the landfill is
reaching stabilization or not.

Besides estimation of the emission potential and enhancement of the stabiliza-
tion process, landfill operators wish to improve the utilization of gas for energy
production. Due to the heterogeneous nature of the landfill body, gas cannot
be produced homogeneously throughout the landfill and areas with higher- or
lower-gas concentrations are present. Measurements of gas concentrations (e.g.,
soil core and closed chambers) are not accurate enough (Scharff et al., 2011) and
only when gas wells are drilled – an expensive and invasive method – information
about gas production in depth can be provided. Thus, there is a need for better
understanding of the gas pathways inside the landfill body.
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1.3 Dealing with emission potential reduction using
geophysical methods

As described in section 1.2.2, there is a need to determine the spatial distribu-
tion of degradation inside the landfill body. Leachate sampling tests can indicate
the degradation state of the landfill as a whole (Berthe et al., 2008), but cannot
reveal the location of dry and wet pockets. The same applies for invasive meth-
ods like cone penetration tests (CPT) which can provide 1D properties of the
subsurface (e.g., density), but no spatial distribution of heterogeneity. There is
a need for 2D and 3D information of the structure of the landfill’s body.

Geophysical measurements are routinely used to obtain an image and charac-
terize the subsurface in terms of engineering properties (e.g., mechanical, electri-
cal, hydraulic). Geophysics has been used (mainly seismic and electrical meth-
ods) to image and characterize the landfill body before; however, challenges and
problems remain. Like the difficulty in obtaining sufficiently clear images and
characteristics of the landfill due to its high degree of spatial heterogeneity. In
this thesis, we use the seismic (seismic reflection, seismic interferometry, surface
waves) and electrical (electrical resistivity and induced polarization) methods
only, as these have greater potential in characterizing the heterogeneity of the
landfill body (i.e., better resolution and greater depth penetration for the land-
fill case, sensitive to specific engineering properties of interest). In the following
paragraphs, we provide a summary of recent geophysical investigations at landfill
sites.

Seismic waves travel within the earth’s subsurface and along their path sam-
ple the material properties. When a wave reaches a discontinuity (impedance
contrast) it is reflected, refracted or diffracted. and therefore, a part of its en-
ergy returns back to the surface. With receivers (e.g., geophones) this energy
(signal) is detected and recorded. The most common application of the seismic
method is with sources and receivers at the surface. For this purpose, the time
needed for the wave to travel from the source to the receiver through the earth
is determined (e.g., section 2 in Reynolds, 1997). This time is characteristic of
the medium the wave travels through. Using specific processing techniques (e.g.,
Yilmaz, 1987), one can obtain a high-resolution image of the subsurface. Fur-
thermore, specific mechanical properties of the underground, such as density and
stiffness, can be estimated.

Reflection and refraction seismics have been used for imaging landfill bodies
before (e.g., Lanz et al., 1998; Green et al., 1999; De Iaco et al., 2003; Balia and
Littarru, 2010). Landfill boundaries have been successfully imaged; neverthe-
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less, till now, determination of specific features inside the landfill body proved
impossible due to the very heterogeneous subsurface. Green et al. (1999) specif-
ically mention that dominant guided and surface waves masked the near-surface
reflection events. A complete understanding of the landfill’s subsurface was not
possible using the seismic method alone. Strong scattering events, strong lat-
eral velocity variations and source-generated noise influenced the interpretation
of reflections in the study of De Iaco et al. (2003) making it difficult to image
the landfill body. Only a combination of the reflection and refraction method
including borehole information allowed the determination of the landfill bound-
aries. Balia and Littarru (2010) stressed the importance of the velocity analysis
in very heterogeneous subsurfaces. The authors imaged two landfills – one lat-
erally homogeneous and one heterogeneous – using reflection seismics. They
succeeded in imaging the landfill boundaries and some variations in velocities
within the landfill body in the former, but were unable to image velocity varia-
tions in the second case due to the very heterogeneous subsurface. Surface waves
have been used to characterize landfills as well (e.g., Kavazanjian and Matasovic,
1996; Haker et al., 1997; Zekkos et al., 2014), and have been successfully used
for determining mechanical properties (e.g., shear strength, unit weight) of the
landfill body. However, surface-wave dispersion inversion, which is used for the
characterization of the subsurface, assumes no to gradual changes in the seismic
properties in the lateral direction. This means that subsurface information ob-
tained from surface waves should be used to obtain preliminary velocities only
as they do not consider sudden variations in the velocity field (e.g., Zekkos et al.,
2014). In addition, if the landfill is very heterogeneous, imaging of the subsur-
face by means of surface waves will fail, as the conventional inversion software
for surface-wave analysis do not take into account heterogeneity and thus incor-
porate substantial uncertainties (van Wijk and Levshin, 2004).

In this thesis, we use the method of seismic interferometry (SI) to improve
the imaging of the landfill body. To our knowledge, SI has not been used before
for landfill application. SI is a mathematical approach that allows the retrieval
of more information than the conventional seismic method explained above. By
mathematical computation, we refer to crosscorrelation of signals and summa-
tion of seperate correlation results from measurements from separate sources at
the surface. By crosscorrelation, we mean the measure of similarity between
two recorded signals. SI allows measuring points to be transformed into sources
(virtualy sources). Applying SI, we aim to retrieve the reflection response at
a geophone from a virtual source (another geophone), by crosscorrelating the
common-receiver gathers (the collection of recordings at a geophone from all
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available surface sources) recorded at the two geophone locations, and then sum-
ming the correlation result along the sources (e.g., Schuster et al., 2004; Wape-
naar and Fokkema, 2006; Wapenaar et al., 2010a). Further details regarding the
application of SI for the landfill case follow in chapters 2 and 4. The method
of SI has been recently applied specifically for the identification of scatterers in
the near surface using scattered waves (Harmankaya et al., 2013; Kaslilar et al.,
2014). This might be a further potential application of SI to landfills as well.

Electrical methods (e.g., electrical resistivity, induced polarization, self po-
tential) provide information about the electrical properties of the subsurface
(e.g., section 3 in Reynolds, 1997). For the case of electrical resistivity (ER),
a direct current is sent into the subsurface and the resulting voltage between
two electrodes is measured. Inverting the measured voltage, apparent electrical-
resistivity values of the subsurface are obtained. For the induced polarization
(IP) method, an alternative current is sent into the subsurface, and the decay
time of the voltage is recorded, providing information about the chargeability of
the underground material. Finally, the self-potential (SP) method is a passive
method: it measures the difference in voltage between two electrodes without a
current injection into the subsurface.

The ER method has been widely used for imaging leachate pathways (e.g.,
Rosqvist et al., 2005) and for gas detection (e.g., Rosqvist et al., 2011) in landfill
sites. However, studies have shown that the ER method is prone to inversion
artifacts and uncertainties (e.g., Jolly et al., 2011; Bernstone et al., 2000; Ko-
rteland and Heimovaara, 2015). Although the ER method in combination with
the IP method has shown potential for characterization of a landfill site (e.g.,
Leroux et al., 2010; Dahlin, 2012), the results are rather qualitative (Johansson
et al., 2011). The SP method has been successful in monitoring contamination
at a landfill site (Arora et al., 2007) by providing a 2D surface area image. Sousa
et al. (2013) applied the SP method for detection of the streaming potential
(i.e., indication of leachate flow), but the results were difficult to interpret. SP
occurs due to a number of natural sources (e.g., electrokinetic, electrochemical,
electrothermal, redox) and results are non-unique.

In this thesis, we use the seismic (seismic reflection, SI, surface waves) and
electrical (ER and IP) methods for characterizing the heterogeneity of the land-
fill body.

Other geophysical methods have been used for landfill application as well,
but mainly as complimentary measurements to the seismic and electrical meth-
ods. For example, electromagnetic and magnetic methods (e.g., sections 4 and 1,
respectively, in Reynolds, 1997) have been successful in determining metal and
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conductive areas in a landfill body (e.g., Godio, 2000) and have often helped to
determine the lateral landfill boundaries (e.g., De Iaco et al., 1998; Soupios et al.,
2005). However, they do not provide detailed lateral and horizontal heterogene-
ity information and they suffer from non-uniqueness. The main limitation of the
electromagnetic method of ground penetrating radar (GPR) (e.g., section 4 in
Reynolds, 1997) for landfill sites comes often from the very high conductivity
of the waste, which limits the GPR depth penetration range to just a few me-
ters (De Iaco et al., 1998). Mantlik et al. (2009) used the gravity method (e.g.,
section 1 in Reynolds, 1997) to determine high-density contrasts in landfills, but
for accurate depth calculation information from ER and downhole measurements
were required.

1.4 Research objectives

As landfilling is expected to increase in the course of this century, there would
be rising necessity to improve the quality of landfill treatment (see section 1.1).
For this, the degradation processes inside landfills must be well understood.
The outcome of the degradation processes depends highly on the heterogene-
ity of the landfill’s subsurface, making heterogeneity one of the key parameters
to be determined. Geophysical methods have been used to image and char-
acterize the landfill body before, but as described in section 1.3 imaging and
characterization of heterogeneities have not been addressed with the desired res-
olution. The topic of this thesis is the development of a geophysical toolbox
(acquisition/processing/interpretation) for imaging and characterization of the
heterogeneity of a landfill body. The research objectives can be sorted into two
groups:

• Improving the imaging of a heterogeneous landfill. The main goal is to
deal with the ”noisy” seismic-reflection signal (e.g., diffractions, dominant
surface waves). For this, we develop a processing procedure for seismic
reflection data acquired at a landfill site and also make use of SI.

• Improving the characterization of a landfill: firstly through determination
of the location and nature of the wet and dry/gas pockets inside the landfill
body using (a) combined interpretation of seismic and electrical data, and
(b) two different seismic bodywave types - P and S, and secondly through
defining the distribution of the mechanical properties (e.g., density) of the
landfill’s subsurface.
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1.5 Thesis outline

In Chapter 2, we perform a modeling study to investigate the improvement of the
imaging of a landfill through a dedicated use of SI. We compare the SI images to
the conventional reflection seismic survey (CRSS) images for different acquisition
geometries. The sensitivity of the two methods to specific processing and survey
errors is analyzed as well. We find that the imaging of the landfill is improved
when SI is applied and that the SI results are less prone to specific processing
and survey errors.

In Chapter 3, we use CRSS and electrical resistivity (ER) field data acquired
at a landfill site (Wieringermeer) to characterize the landfill body. We develop
specific seismic processing steps to overcome the problems previously encoun-
tered in imaging landfills. For a comparison, we apply also the multichannel
analysis of surface waves (MASW) for the retrieval of the velocity field. We
show that the velocity field obtained from CRSS can image the heterogeneity
in the landfill body better than the velocity field obtained from MASW. Using
a combined interpretation of the CRSS and ER data, we detect wet and dry
pockets in the landfill body. Finally, we calculate the density distribution of the
landfill’s subsurface using an empirical relationship, which is specifically valid for
landfills, between shear (S)-wave velocity and unit weight.

In Chapter 4, we apply SI to the CRSS data from chapter 3 to confirm the
findings from chapter 2 with field data. We explain the application of SI on
the acquired dataset and we compare the SI images obtained in this chapter to
the CRSS images obtained in chapter 3. To support our findings, we perform
a number of modeling studies. Because the dominant surface waves mask the
desired seismic signal, we investigate the possibility to remove the surface waves
using SI through an adaptive subtraction (AS). For this, we use SI to retrieve
data with enhanced surface-wave energy, which we subsequently subtract adap-
tively from the CRSS data. We show that, compared to CRSS, SI improves the
imaging of scatterers (high-density areas) in the landfill body and AS improves
the imaging of reflectors. We stress the importance of the complimentary nature
of information that is obtained from the velocity fields of CRSS, SI and AS for
an improved characterization of a heterogeneous landfill body.

In Chapter 5, we process CRSS data acquired at a second landfill location
(Twence, Hengelo). Following the same seismic-processing steps as in chapter 3,
we check the efficiency of the developed processing sequence. Unlike the aims in
chapter 3, we now aim to characterize the landfill using only the CRSS method,
but with two different seismic-wave types: compressional (P) and S waves. Inde-
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pendent measurements of pressure and gas are used to validate the results. To
check the velocity fields obtained from the CRSS processing, we perform MASW
and early-arrival waveform tomography, and we find similar lateral trends in the
velocity fields. We show the advantages of using both P and S waves for landfill
characterization: the different behavior of P and S waves in wet and dry/gassy
environments allows for a precise identification of the wet and gas pockets inside
the landfill body.

In Chapter 6, we compare ER and induced polarization (IP) measurements
acquired at the Twence landfill with the CRSS measurements acquired at the
same location (chapter 5), for further characterization of the landfill body. We
find similarities between the electrical and seismic results in the interpretation
of the boundaries within the landfill and in the identification of the wet pock-
ets. Nevertheless, we notice that CRSS offers a greater resolution than the ERT
and IP methods for landfill characterization. The results point out that the IP
method shows potential in distinguishing between different waste types (as does
the CRSS method). On the contrary, the ER method can differentiate only be-
tween the top-soil cover and the waste.

In Chapter 7, we summarize the main results of this study and we provide
recommendations for future research.

Note that in Chapters 2 to 5, some information may overlap (especially in the
introductory parts), as those chapters are independently published/submitted as
journal articles.



Chapter 2

Imaging scatterers in landfills
using seismic interferometry

As described in chapter 1, there is a need to improve the seismic imaging of
landfill bodies. Due to the very heterogeneous nature of the subsurface at a
landfill site, much scattered and diffracted energy is generally present in the seis-
mic data, which makes the imaging of the landfill quite challenging. Being able
to image a landfill using the seismic method, however, would allow for a better
definition of the landfill’s heterogeneity (e.g., through determination of the me-
chanical parameters). In this chapter, we present results of research aimed at
improving the imaging of a landfill by the seismic reflection method through a
dedicated application of seismic interferometry (SI). For this investigation, we
perform a modeling study to compare the image obtained from the conventional
reflection seismic survey (CRSS) method with the image obtained from special
adaptation of SI. We first explain the basics of SI for landfill application, includ-
ing the advantages and disadvantages of applying SI to recordings from active
sources at the surface. The different acquisition geometries for seismic data on
a landfill site are discussed as well.

Besides investigating the imaging of a landfill body with the SI method, we
compare the results of CRSS and SI in case there are acquisition and processing
errors. For such a heterogeneous subsurface, the velocity-analysis procedure is
extremely important, as small errors in the velocity field can result in differences
in the images. We show that SI is less affected by errors in the velocity analysis
compared to the CRSS method. In addition, time-lapse acquisition errors in the
positioning and coupling of the sources and receivers can have a major effect
on monitoring the dynamic changes within the landfill. We illustrate that SI
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is barely affected by these errors. Note that the heterogeneous subsurface at a
landfill site is an advantage for the SI method, as the subsurface scatterers act as
secondary sources, and thus illuminate the scatterers from below. Furthermore,
the increased number of virtual sources and traces in case of SI allows for more
rays to penetrate through the subsurface and hence more rays to be recorded
after single scattering, compared to the CRSS case. This results in an enhanced
imaging of the landfill body.

The results of this study point out that SI can be used advantageously to
overcome the problems faced in the past while imaging a heterogeneous landfill
body. This provides a new way to image a landfill using the seismic method.

The body of this chapter was published as a journal article: Konstantaki,
L.A., D. Draganov, T. J. Heimovaara, and R. Ghose, 2013, Imaging scatterers in
landfills using seismic interferometry: Geophysics, 78, EN107-EN116,10.1190/geo
2013-0099.1.
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2.1 Introduction

Government organizations have been dealing with problems caused by municipal
solid-waste landfills (MSW, i.e., household waste landfills) over the last decades.
Currently, research focuses on the development of treatment methods of MSW
to reduce the aftercare period of the landfill (Scharff, 2005; Van Vossen, 2010).
The main problems caused by the landfills are uncontrolled emission of leachate
(liquid produced from chemical reactions in the waste) and gas (mainly methane
and carbon dioxide). For treatment of the landfill, recirculation of leachate or
water and aeration or subtraction of oxygen enhances the biological degradation
occurring inside the landfill, which leads to faster stabilization and potentially
to a shorter aftercare period.

Often, the landfill has been treated as a bioreactor (Sponza and Ağdağ, 2004;
Sormunen et al., 2008); however, there is no clear proof that the landfill will
reach complete stabilization. In addition, the time period for this to occur is
not known. To solve this problem, the physical and chemical processes occur-
ring inside the landfill need to be well understood. A combination of different
disciplines, like biogeochemistry, stochastic modeling, hydrogeoengineering, and
geophysics, is required to develop a “user-friendly” methodology, which includes
measurements and modeling, that can predict the emissions potential of a landfill
(Bun et al., 2012; Heimovaara et al., 2012).

Geophysical exploration methods, like seismics and electrical resistivity, can
be used to obtain an image of the subsurface; the image may provide informa-
tion from which leachate flow paths may be deduced. In addition, quantitative
mechanical values can be estimated that will show the density distribution inside
the landfill, which is important for predictive modeling of landfill emissions. Un-
derstanding the heterogeneity of the landfill in depth and time is important for
improving the treatment technology (Powrie and Beaven, 1999). Our hypothesis
is that, by imaging the high-density waste areas (scatterers) we would obtain
insight into possible preferential flow paths and to what extent leachate is recir-
culated homogeneously through the landfill. Time-lapse geophysics is valuable
as well, because subsurface parameters changing in time give an indication to
what extent the landfill is stabilized.

Geophysical exploration methods have already been used to address the above
problems; however, resolution, artifacts, and uncertainty in the results are still a
significant problem. Jolly et al. (2011) studied the applicability of the electrical
resistivity method on landfills to detect fluid movement inside the landfill and
concluded that, although changes in apparent resistivity can be related to the
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location of horizontal drains, there is a significant uncertainty to what can be
related to the true processes and what to the inversion artifacts. In addition,
Bernstone et al. (2000) showed that it was not possible to distinguish between
different types of material using electrical resistivity mapping alone and that high
uncertainty was present in the results. Nevertheless, a combination of electrical
resistivity measurements and induced polarization (Leroux et al., 2010; Dahlin,
2012) has shown promising results, being able to distinguish between waste and
geologic material. However, an advanced inversion method is required for the
optimization of the results. Electrical resistivity and induced polarization are
methods that can help to resolve the moisture in the landfill, yet the results are
mainly qualitative.

Reflection and refraction seismics have been tested on landfills as well (Lanz
et al., 1998; Green et al., 1999; Balia and Littarru, 2010), but until now they have
shown high uncertainties. De Iaco et al. (2003) have illustrated that the result of
a conventional reflection seismic survey (CRSS) at a landfill is extremely difficult
to interpret because strong scattering events and strong lateral velocity varia-
tions can influence the interpretation of the reflections and the source-generated
noise.

Our aim is to image the subsurface of landfills to obtain an indication of
the possible flow pathways. We propose to use the strongly heterogeneous and
scattering subsurface of the landfills to our advantage by applying seismic inter-
ferometry (SI) to the CRSS data. We investigate the imaging and time-lapse
application potential of SI with modeling studies.

SI traditionally refers to the process of retrieving the Green’s function be-
tween two receivers from the crosscorrelation of recordings at the receivers from
sources (primary or secondary) that surround them. SI can be applied to record-
ings from ambient noise (Campillo and Paul, 2003; Shapiro and Campillo, 2004;
Draganov et al., 2007, 2009) or from transient (controlled) sources (Schuster,
2001; Wapenaar et al., 2002; Schuster et al., 2004). For a complete retrieval
of the Green’s function, the sources should enclose the receivers, but when the
receivers are at the earth’s surface, transient or noise sources are needed only
in the subsurface (Wapenaar and Fokkema, 2006). In exploration seismics, the
source geometry is reversed: the sources are present at the surface, where they
are actually not required. Nevertheless, using stationary-phase arguments, it
can be shown that also sources at the earth’s surface can be used to retrieve
the desired parts of the Green’s function (Halliday et al., 2007). For retrieval of
reflections, sources must be present at the surface at the intersection of the con-
tinuation of the specular ray after the energy has reflected from the subsurface
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reflectors. In this manner, for all subsurface transient sources equivalent source
positions at the surface can be found. This means that, to retrieve the desired
reflection response, one has to correlate a primary reflection arrival at one of the
receivers with its free-surface multiple at the second receiver (van Wijk, 2006).
Nevertheless, when sources are present only at the surface, the so-called one-sided
illumination occurs and nonphysical arrivals arise in the retrieved reflection re-
sponse (Snieder et al., 2006; Draganov et al., 2012; King and Curtis, 2012); these
arrivals could be even stronger than the retrieved physical ones. When sufficient
seismic energy is backscattered from the subsurface, for example due to many
scatterers, the one-sided illumination might be compensated (Wapenaar, 2006).

As mentioned above, landfills are notorious for having many scatterers, which
makes the interpretation of the CRSS data very complicated. Obtaining an im-
age of the landfill is a challenging task as the migration algorithms are based on
the single-scattering approximation. This approximation breaks down already
at the shallower scatterers making the imaging of the deeper scatterers nearly
impossible. Obtaining at least a partial image of the deeper part of the land-
fill might only succeed in the presence of sufficiently larger number of sources
and receivers. The latter condition, though, would make a CRSS prohibitively
expensive for the landfill operators for the (partial) subsurface information it
would deliver. On the other hand, for the application of SI, the scatterers in the
subsurface are an advantage because they act as secondary (Huygens) sources
that help to illuminate the receivers from below and could suppress, at least
partly, the nonphysical arrivals. Retrieval of correct SI reflection responses could
be advantageous because virtual sources are created at each receiver position.
This results in increased number of sources and recorded traces — something
that is essential for imaging such a heterogeneous subsurface with high resolu-
tion. For example, in our case the SI-retrieved traces are almost five times more
in number than the originally recorded from the CRSS. The increased number
of sources (and thereafter traces), provides us with greater illumination angles,
i.e., we increase the chances of rays penetrating the subsurface to scatterers and
then being recorded at the surface after single scattering, thus resulting in an
improved image.
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2.2 Description of the modeling studies

2.2.1 Comparison of the images obtained from CRSS and SI
data

To investigate the imaging and time-lapse monitoring potential of SI for land-
fills, we use examples from numerically modeled data. The numerical data are
obtained using a finite-difference code (Thorbecke and Draganov, 2011) in acous-
tic mode. The spatial sampling is 0.2 m and the time sampling to avoid grid
dispersion is 0.00005 s. To minimize the effect of reflection from the boundaries
of our model, we apply a taper of 120 points at the model’s vertical and lower
boundaries.

The velocity model used for the forward modeling of the reflection shot gath-
ers over a landfill is shown in Figure 2.1. We use S waves instead of P waves
because S waves provide higher resolution in soft soils, their velocity is linked to
the stiffness, and S waves are more sensitive to changes in the soil type (Ghose
and Goudswaard, 2004). To record S waves, we use horizontal sources and hori-
zontal particle-velocity receivers. This way, use of an acoustic modeling scheme
is justified, just as if one would use SH sources and receivers in the field. The full
model is 600 m long and 50 m deep to further suppress the recording of reflec-
tions from the model boundaries. The landfill itself, as shown in Figure 2.1, is
100 m wide and 25 m deep. The background velocity of the medium surrounding
the landfill is 250 m/s and its density is 1900 kg/m3. The background velocity
inside the landfill corresponds to that of loose sand and organic material and has
a vertical gradient that starts at 200 m/s at the surface and ends at 220 m/s
at 25 m depth. The background density of the landfill has a gradient as well:
1900 kg/m3 at the surface and 1920 kg/m3 at 25 m. Inside the landfill, we have
distributed 48 scatterers randomly. Their sizes vary between 0.5 and 1.8 m in
height and 0.35 and 3.89 m in length. These scatterers represent waste material
that is not present in the surrounding landfill material (land and organic mate-
rial) and thus have different seismic properties. The materials are selected based
on published literature of waste composition, as described in Table 2.1. The data
in the table show the waste composition that is common in the different stud-
ies. Relying on these relative percentages, we create areas that include plastics,
metals, and glass. Plastic has an S-wave velocity of 440 m/s, glass of 2960 m/s,
and metal of 3111 m/s (Kaye and Laby, 1995). We use lower velocities for the
glass and metal scattering bodies of 1000 and 1300 m/s, respectively, as we do
not expect to find large solid parts of glass or metal material, but rather a mixed
aggregate of those along with loose sand and/or organic material. For the same
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Figure 2.1: The velocity model used for the forward modeling. The shaded
ellipses represent scatterers with different properties. The background velocity
inside the landfill increases linearly from 200 m/s at the surface to 220 m/s at
25 m depth.

reason, the densities are chosen to be 919 kg/m3, 2000 kg/m3, and 2050 kg/m3

for the plastic, glass, and metal, respectively. Transient Ricker-wavelet sources
and the particle-velocity receivers are placed on the surface. The wavelet of the
sources has a peak frequency of 60 Hz. The total recording time of the reflection
response is 1.5 s. The goal is to use the modeled reflection responses to image the
scatterers, so that we would identify possible pathways between the scatterers.

The first forward CRSS modeling is performed using split-spread geome-
try. For this geometry, we use five cables of 24 receivers each, a 0.5 m receiver
spacing and a 2 m source spacing. The first shot is placed at 2 m to the left
of the left-most receiver. When the source position reaches the 96th geophone
position, all the geophones to the left of the source (i.e., the four receiver cables
that have been passed by the source), are moved to the right at the end of the
line (Figure 2.2a,b). A total of 72 common-source gathers are forward modeled,
resulting in a recording of 8640 traces in total. The forward-modeled data are
then preprocessed to mute the direct arrivals, which do not contain reflection
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Study Plastic Textile Metal Wood Glass Paper Organics
Gomes et al. (2005) 37.4% 33.3% 10.2% 2.8% 2.8% 0.9% 0.1%
Vilar and Carvalho
(2004)

17% 3% 5% 4% 2% 2% 12%

Beaven et al. (2005) 16.67% 3.86% 1.78% 3.78% 3.65% 9.60% 60.66%
Spokas et al. (2006) 9.5% 10.5% - - 18% 19.5% 18%

Table 2.1: Waste composition of landfills based on studies.

information, and are then prestack depth-migrated using a one-way shot-profile
migration scheme to obtain a CRSS image of the landfills. For the migration we
use, unless otherwise stated, the exact landfill’s background-velocity model. The
migration is based on optimized space-frequency wavefield extrapolation opera-
tors (Thorbecke et al., 2004).

We apply SI to the preprocessed data (i.e., the CRSS data after the mut-
ing). For that, we resort the common-source gathers to common-receiver gathers.
Then we choose a receiver position at which we want to retrieve a virtual source
(a master receiver). We correlate the master common-receiver gather with other
common-receiver gathers and with itself. The following step is summation over
the common source positions. The different common-receiver gathers might have
different number of sources in common, so before correlation and summation,
from the two common-receiver gathers to be correlated, we extract only those
traces that are recorded using the same sources. Furthermore, we normalize
the summation result by the number of the summed correlated traces. Aim-
ing to obtain reliable results, we choose to correlate only those common-receiver
gathers that have at least 10 sources in common. The result of the application
of SI is retrieved virtual common-source gathers for each of the receiver posi-
tions, retrieving in total 42048 traces for the split-spread geometry. Each of the
retrieved virtual common-source gathers is deconvolved for the wavelet of the
virtual source to compensate for the broadening of the wavelet after applying
crosscorrelation. If the transient sources do not illuminate the receivers from all
directions, parts of the desired reflections would be retrieved at positive times,
but other parts at negative times. This would mean that one might need to
sum parts of the retrieved positive and negative times to obtain a more com-
plete retrieved reflection (for different cases of summation see, e.g., Draganov
et al., 2009; Ruigrok et al., 2010).The presence of many scatterers in the subsur-
face helps to prevent such a situation, because the scatterers serve as secondary
sources that help to illuminate the receiver array from below from many direc-
tions. Comparing the retrieved reflections at positive, negative, and sum times
(not shown here) we observe that the retrieved results at positive times include
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Figure 2.2: Split-spread geometry: (a) The geometry for the shot positions up
to 272 m, then (b) the first 96 receivers are moved to the right, to the end of
the first receiver (287.5 m) for shot positions 274–320 m and so on until the end
of the line (383.5 m). End-on geometry: (c) The geometry for shot positions up
to 236 m, then (d) the first 24 receivers are moved to the right, to the end of
the last receiver (287.5 m) and so on until the end of the line (419.5 m). The
pictures are illustrative and do not reflect the exact source-receiver placements.

the desired events, whereas the retrieved results at negative times include some
undesirable correlation artifacts.We do, however, obtain migrated images for all
three times separately and conclude that the positive times alone are sufficient
to retrieve the desired reflections; therefore, we use only positive times. After
that, we apply the same prestack depth migration as to the CRSS data. The
obtained images are then top-muted to remove the imaging artifacts close to the
surface due to correlation artifacts present in the retrieved virtual gathers at
times earlier then the possible direct arrivals.

As a second forward-modeling geometry, we test the applicability of end-on
acquisition. For this geometry, the first source and receiver positions and the
source and receiver spacing are the same as that for the split-spread geometry.
The total number of receivers (receiver cables) is also the same. However, here
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the receiver cables are moved more frequently. When the source position reaches
the end of the first receiver cable (24th receiver position), the first cable is moved
to the right end of the total line so that there are always at least 96 geophones
to the right of the source (Figure 2.2c,d). A total of 72 common-source gathers
are forward modeled amounting to a recording of 8640 traces.

In the following section (2.3), we examine the two acquisition geometries for
their applicability to our purposes. We compare images for the case when: The
exact migration velocity is known, we have an error in the migration velocity,
there is source nonrepeatability error, and there is erroneous muting of the direct
arrivals in the CRSS gathers.

2.3 Results

Figure 2.3a,b shows the prestack depth-migrated results for CRSS and SI, respec-
tively, with split-spread geometry. An automatic gain control with a 5-m window
is applied to enhance the visualization of deeper reflections. In all figures, the
white ellipses depict the position of the scatterers, as visible in Figure 2.1. Com-
paring the two images, we can see that the shallower scatterers are, in general,
better-resolved in the SI image than in the CRSS image: The position of the
focused energy is more precise and there are less imaging artifacts. For example,
the ellipse A at the horizontal distance 280 m and 4 m depth (280,4) is more
compactly (and thus more precisely) focused in the SI image. The same holds
for most of the shallow scatterers, e.g., at positions (300,3), (320,3), (339,2). To
illustrate this, we plot the trace at distance 260 (trace 260) from the CRSS and SI
images Figure 2.4a,b where the boundaries of the scatterers, intersected by this
trace, are visualized by the gray rectangles. In the CRSS image, the shallowest
scatterer is not imaged, possibly because the arrivals from this scatterer were
partly muted during the muting of the first arrivals. In the SI trace; however,
this scatterer is imaged even though part of the wavelet is missing due to the
top mute applied after the migration. Due to the presence of multiple scattering,
during the retrieval process, SI would retrieve a final arrival from a scatterer
not only from the correlation of earlier arrivals in the CRSS recordings (which
might be damaged by the muting), but also from the correlation of later arrivals
in the CRSS recordings (which are unaffected by the muting). The scatterer
around 5 m depth will be misinterpreted in the CRSS due to the strong event in
the trace just between the positions of the two scatterers. Also in the SI image
such a strong event is present, which makes the interpretation of the scatterer
around 5 m here questionable. The strong events might be free-surface multiples



2.3. Results 21

of the shallowest event, which would mean that the event in the SI image at
the position of the scatterer around 5 m might be a second-order free-surface
multiple of the shallowest scatterer. The deepest scatterers in both traces are
not unambiguously interpretable.

Due to the increased number of virtual sources in the SI data, some artifacts
that are present in the CRSS image are suppressed in the SI image. Due to mul-
tiple scattering, the imaging algorithms, which are based on the single-scattering
approximation, might focus multiple-scattered energy at erroneous places. This
is illustrated by the white rectangle B in Figure 2.3a, where it appears that there
is a scatterer, but at a wrong place. In the SI image, this erroneously focused
energy is suppressed.

As mentioned in the introduction, the imaging of a highly scattering subsur-
face is a challenging task. Even though the shallow part of such a subsurface
could be imaged, as we see from the above, the imaging of the deeper parts
would most probably fail. This is essentially a limitation of the imaging algo-
rithms, which are based on single-scattering approximation. The limitation of
the imaging algorithms might be reduced to some extent by the utilization of
denser source and receiver sampling. This, though, would make the CRSS pro-
hibitively expensive for landfill operators for monitoring purposes of the total
area of a landfill that can be quite large (e.g., 56 hectares in the case study of
Gomes et al., 2005). For a landfill survey with a realistic geometry as used by
us, the advantage of applying SI to the already recorded CRSS is shown above
(Figure 2.3a,b and Figure 2.4a,b) for imaging the shallowest scatterers (until
5 m depth). In general, though, the images of both data sets fail to image
scatterers below 15 m and also fail to image the bottom of the landfill at 25
m depth. However, SI shows improvement over CRSS in imaging some of the
intermediate-depth scatterers, those between 5 and 15 m. For example, ellipse E
(295,6) is imaged with the SI data and could now be interpreted as a scatterer,
whereas using the CRSS image that would not be possible. Another example of
better result in the SI image is the scatterer at (325,7). Nevertheless, the extra
imaging powers of the SI data (due to additional illumination from more virtual
sources) are limited by the imaging algorithms. As seen in Figure 2.3a,b, CRSS
and SI image the scatterer at (280,15) at the wrong position. In this case, this
is an imaging artifact due to the used migration velocity; which does not include
the scatterers (the scatterers’ velocity is higher than the background one). The
reason why some deeper events are visible and some are not, is due to the fact
that there are no direct rays to be scattered by the ellipses and be recorded at
the surface without further scattering. SI images the scatterers relatively better
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Figure 2.3: The prestack depth migrated results for (a) conventional reflection
seismic survey (CRSS) using a split-spread geometry, (b) seismic interferometry
(SI) applied to recordings from a split-spread geometry, (c) CRSS using an end-
on geometry (d) SI applied to recordings from an end-on geometry. The white
ellipses indicate the positions of the scatterers from the model in Figure 2.1.
Automatic gain control with a window of 5 m is applied to the images. Ellipse
A and E are examples of scatterers that are better resolved in the SI image;
rectangle B encloses an example area inside which an artifact present in the
CRSS image is suppressed in the SI image. The ellipse labeled C indicates a
scatterer that is better imaged using the data from the CRSS; rectangle F shows
an example of worse imaging in SI; rectangle D shows an area in the image that
is better resolved in SI data when using recordings from split-spread geometry
compared to end-on geometry.
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Figure 2.4: (a) Trace at horizontal distance 260 (trace 260) from the CRSS
image with split-spread geometry. (b) Trace 260 from the SI image with split-
spread geometry. (c) Trace 289 from the SI image with split-spread geometry.
(d) Trace 289 from the SI image with end-on geometry. The gray rectangles
represent the boundaries of scatterers that are intersected by these traces as
shown in Figure 2.1.

because it provides more virtual sources, therefore more rays penetrate into the
subsurface and are recorded after a single scattering.

Although, in general, SI provides a clearer and more interpretable result,
some areas — the two vertical boundaries of the landfill — are better imaged with
the CRSS data. For example, ellipse C (253,6) is better imaged with CRSS. This
is because of the process of applying SI, which involves summation over sources.
To obtain a reliable result from the application of SI to the CRSS data, we choose
to sum correlated traces that have at least 10 sources in common. This means
that for the beginning and the end of the survey line this condition is not met
and there the SI data contain fewer traces than the original CRSS data. There
are also places in the images where the SI image has performed worse than the
CRSS image by focusing energy, which is not present in the CRSS image. Such
an example is shown in the rectangle F in Figure 2.3a,b. Nevertheless, there are
only a few such places and that does not counter the rest of the advantages of
the SI image.

Beside spatially better spatial focusing of the focused energy, SI shows a



24 2.3. Results

Figure 2.5: The prestack depth migrated images for split-spread geometry using
(a) CRSS and (b) SI data without application of automatic gain control.

relatively higher signal-to-noise ratio (S/N) with less artifacts than CRSS. As
explained above, the extra traces in the SI data help suppress some artifacts.
Others, like the event around position (310,17), could be mistaken for a scat-
terer and consequently have an influence on our interpretation. To illustrate
the better S/N, we show in Figure 2.5a,b the same result as in Figure 2.3a,b
but without an automatic gain control. We can appreciate in the SI image the
overall reduction in focusing artifacts and thus the overall increase of the S/N.

2.3.1 Acquisition geometry: Split-spread or end-on

As already discussed, SI generally provides improved imaging versus CRSS for
a heterogeneous environment like a landfill. The relative improvement would
depend on the acquisition geometry used during the CRSS. Here, we compare
influence of split-spread and end-on acquisition schemes on the image that can be
obtained from the retrieved SI data, see Figure 2.3b,d, respectively. Comparing
the SI end-on result (Figure 2.3d) with the SI split-spread result (Figure 2.3b), we
can conclude that the split-spread geometry provides a better basis for obtaining
an improved image. Event C that was discussed before, is nearly not interpretable
in the end-on image. This happens because of the summation in the SI retrieval
procedure. To obtain reliable results, we set a confidence level of 10 shots in
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Figure 2.6: As in Figure 2.3a,b, but when the migration velocity has a 25%
error. Ellipse B is an example of a relatively clearer imaged scatterer in the SI
image, whereas rectangle A shows a zone of the image exhibiting a suppressed
artifact in the SI image compared to the strong artifact in the CRSS image.

common for the summation. Our acquisition geometry starts and finishes with
active sources very close to the vertical boundaries of the landfill. Due to this,
the confidence level for the split-spread geometry is reached for retrieved traces
at receiver positions closer to the boundaries than for the end-on geometry. The
possible fluid pathways that we want to interpret are also imaged differently,
the white rectangle below ellipse D (289,3) shows a pathway that in the end-
on image appears obstructed by imaging artifacts, but appears at least partly
open in the image from the split-spread geometry. The imaging is worse in the
end-on result as well. For example, ellipse D (289,3) is difficult to interpret in
the end-on image, whereas it appears clearly in the split-spread image. Trace
289 in Figure 2.4c,d shows the differences in focused energy between the end-on
and split-spread geometry and the worse S/N in the end-on result. The gray
rectangle shows the position of scatterer D (289,3), which is imaged in the split-
spread geometry result of the SI data (Figure 2.4c), but not in the end-on result
of the SI data (Figure 2.4d). The advantage of split-spread geometry is that it
moves the receiver cables less often, resulting in more continuous recording than
with the end-on geometry. Having more continuity translates, in our case, to
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retrieving larger offsets and ultimately larger fold.

2.3.2 Influence of errors in the migration velocity

As is well known (Zhu et al., 1998), errors in the velocity model used for mi-
gration in the imaging algorithms would result in errors in the obtained images.
For a subsurface layer, that would mean that the layer might be imaged at a
wrong position. For a highly scattering media like a landfill, the problem would
be exacerbated. All the images until now were obtained using the exact back-
ground velocity model (without the scatterers) used in our forward model. In
real acquisition, however, the migration velocity will not be exactly known. It
could be estimated from the direct arrivals or from the surface-wave analysis,
but that would introduce uncertainties. For this reason, we test the effect a 25%
error in the background velocity model would have on our results. Figure 2.6
depicts the results of imaging using the CRSS and SI data with error in the
migration velocity for the split-spread geometry. The error in the migration ve-
locity affects both images strongly, but the result is more adverse in the CRSS
image. The energy that was focused in the shallower part of the CRSS image
using the exact background velocity (Figure 2.3a) is now smeared in migration
smiles and renders the image too noisy to interpret the presence of possible scat-
terers (Figure 2.6a). The SI image in Figure 2.6b exhibits better focusing of
the energy in the shallower part resulting in less overall noise and thus makes
interpretation of scatterers possible, albeit at the incorrect place. The better
S/N in the SI data could be appreciated comparing, for example, the imaging of
the scatterer labeled B in Figure 2.6a,b. Also, in this case, the extra illumination
of the subsurface in the SI data due to the extra virtual sources helps suppress
strong artifacts present in the CRSS image (compare the area delineated by the
white rectangle A in Figure 2.6a,b).

2.3.3 Time-lapse seismic monitoring

To monitor changes in the landfill with time, time-lapse seismics could be used.
For this, a base survey could be recorded, for example, at an early time of the
development of the landfill and a monitor survey at a later time. Changes in
the positions of the scatterers that might have occurred between the two surveys
could then be visualized, for example, by taking the difference of the depth im-
ages obtained for the base and the monitor surveys. A notorious problem during
time-lapse seismics is the nonrepeatability of the positioning of the sources and
the receivers. The later could be addressed by installation of permanent network
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of receivers. For landfill application this might be feasible, but solving the source
nonrepeatability in such a way would be relatively expensive for landfill opera-
tors. For this reason, we model the monitor survey assuming exact repeatability
in the receiver positioning, but errors in the positioning of the sources for a sub-
surface where no changes have occurred between the two surveys. Having no
changes in the subsurface and in the receiver positions allows us to quantify the
changes that occur due to the error in the source position between the two sur-
veys. The source-positioning errors are modeled by introducing random errors
in the horizontal position of each source from 0 m to 1 m around its position in
the base survey.

Comparing the images for the base survey (Figure 2.3a,b) and the monitor
survey (Figure 2.7a,b) and their difference panels (Figure 2.7c,d) for the CRSS
and SI data, we can see that the SI images and difference panels are largely un-
affected by the source nonrepeatability. Nearly all the scatterers in the SI image
from the monitor survey are imaged at the same position as in the base survey,
but this is not the case for the CRSS images. This is visible also in Figure 2.8,
where trace 320 in the images for the base and monitor surveys for the CRSS
and the SI data are compared. The imaged traces from the SI data show much
better wavelet reproducibility and far fewer differences compared to the traces
from the CRSS data. This happens as SI redatums the erroneous source posi-
tions in the CRSS survey to virtual-source positions at the receiver locations,
each of which is fixed for the base and monitor surveys. To quantify the effect
of nonrepeatability on the images from the CRSS and SI data, we compute the
normalized root mean square value (NRMS) (Mehta et al., 2007).

The NRMS in our case is defined as

NRMS =

√
< (x2 − x1)2 >

< x22+x12

2 >
(2.1)

where x2 is the energy at a given point in the image from the monitor survey
and x1 — the energy at the same point but in the image from the base survey.
The symbol <>, in this case, represents the average over the value computed in
the nominator and the denominator, respectively. We compute the NRMS for
the whole area of the modeled landfill. The NRMS for the CRSS images is 84%,
whereas for the images from the SI data it is 14%. The lower the percentage, the
more repeatable the result, which quantifies the benefit of applying SI to CRSS
landfill data for time-lapse purposes.
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Figure 2.7: (a) Prestack depth migrated image from CRSS data with nonre-
peatability errors in the source positions. (b) Prestack depth migrated image
from SI data obtained from CRSS survey used in (a). (c) Difference panel be-
tween the image in (a) and the image in Figure 2.3a for the CRSS data. (d)
Difference panel between the image in (b) and the image in Figure 2.3b for the
SI data. The white ellipses show the position of the scatterers as shown in Fig-
ure 2.1. The images in (a) and (b) are visualized after application of automatic
gain control with a window of 5 m.
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Figure 2.8: Trace 320 from the images obtained using data from (a) CRSS base
survey, (b) CRSS monitor survey, (c) SI base survey, and (d) SI monitor survey.
The gray rectangles represent the boundaries of scatterers from Figure 2.1 that
are intersected by these traces.

2.3.4 Influence of muting the direct arrivals on imaging the shal-
low scatterers

An important processing step before obtaining an image is the muting of the
direct arrivals (direct S- and surface waves). For field data, the best procedure
would be to do the muting manually for each common-source panel. For large
data sets, though, this could be time-consuming and thus automatic muting could
be used instead. The latter might prove less optimal and result in eliminating
diffractions (or depending on the size — reflections) from the shallowest scat-
terers, which would result in worse imaging. To test the effect of the automatic
muting, we apply automatic muting on the data from the CRSS base survey,
apply SI to these data, and then prestack depth migrate both data sets. The
new images are subtracted from the respective images in Figure 2.3a,b. The dif-
ference panels are shown in Figure 2.9a,b. Comparing the two difference panels,
we can see that the imaging of the shallow scatterers with the CRSS data can be
erroneous due to suboptimal muting. Contrary to that, the image of the shallow
scatterers obtained from the SI data is nearly unaffected. This is supported by
the calculated NRMS values: 28% for SI and 82% for CRSS. As explained above,
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Figure 2.9: (a) Difference panel between the survey with automatic muting
and the image in Figure 2.3a for the CRSS data. (b) Difference panel between
the survey with automatic muting and the image in Figure 2.3b for the SI data.

SI retrieves diffraction (or reflection) arrivals from the shallow scatterers using
also multiple scattered energy and as a result is much less affected by erroneously
muted arrivals from the shallow scatterers.

2.4 Discussion

The goal of our modeling studies was to investigate whether the application
of SI to data from CRSS acquired over a highly scattering subsurface, such as
a landfill, could help improve the imaging of the subsurface. For the landfill,
an accurate imaging of the scatterers is important to understand well the flow
paths and the heterogeneity within the landfill. This, in turn, is needed for
improvement of the treatment method for landfills. Our results show that for
the tested acquisition geometries, data obtained from SI provide better images
of the shallow scatterers in a landfill than the original CRSS data. Nevertheless,
obtaining an image of the deeper scatterers remains a challenge, as the CRSS
and SI data provide an unambiguous image of these scatterers. To try to address
this problem, we tested the results of application of SI with split-spread geometry
to recordings with shorter receiver spacings: 0.25 m and 0.10 m. We did this
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because having more receivers might result in improved subsurface images. The
results, however, showed marginal improvement of the subsurface images, which
might not justify use of denser, and thus more expensive, acquisition. Note that
the difficulty in obtaining an image of the deeper part of the landfill lies in the
migration algorithms, which are based on single-scattering approximation. To be
able to image the deeper scatterers with a good resolution, a migration algorithm
that accounts for multiple scattering should be used (Fleury and Vasconcelos,
2012; Vasconcelos et al., 2012; Ravasi and Curtis, 2013).

2.5 Conclusions

We investigated the application of SI to data from CRSS for obtaining informa-
tion of a highly scattering subsurface like a landfill. Application of SI to CRSS
data would normally retrieve a lot of nonphysical arrivals, but due to the multiple
scattering in the landfill, the nonphysical arrivals in the SI data are suppressed.
For the investigated acquisition geometries, we showed that the SI data can pro-
vide a better image of the landfill than the CRSS data. The image from the SI
data exhibits less artifacts and the shallow scatterers are imaged with higher pre-
cision. We also showed that the image from the SI data is less sensitive to errors
in the migration velocity and in the muting of the direct arrivals. For purposes
of monitoring of possible changes in the location of the scatterers, and thus the
flow paths in the landfill, it is important to have a repeatable survey. We showed
that application of SI to the CRSS data suppresses the sources nonrepeatability
errors and provides a very repeatable image.





Chapter 3

Characterization of a
heterogeneous landfill using
seismic and electrical
resistivity data

The focus of this chapter is the characterization of a landfill using seismic and
electrical resistivity (ER) field data in a complementary fashion. Improvement of
the treatment technologies and calculation of the emission potential of a landfill
depend strongly on the understanding of the degradation processes and, hence,
on reliable determination of the heterogeneity inside the landfill (chapter 1). In
the previous chapter (chapter 2), we showed that SI is a helpful tool to improve
the imaging of a heterogeneous landfill. In this chapter, we will illustrate that to
image the heterogeneities in the landfill body using the CRSS survey data – for
simplicity called from now onward in this chapter the seismic reflection method
– specific acquisition and processing steps need to be taken. This is possible
using shear (S)-wave reflections in combination with a high-frequency vibratory
seismic source. The processing of seismic data acquired at a landfill site is very
challenging. Special care must be taken especially during the velocity analysis –
the velocity field is indicative of the heterogeneities in the landfill body. Here, we
propose and discuss in detail specific processing steps for seismic reflection data
acquired at a heterogeneous landfill site. We succeed in imaging the fine-scale
heterogeneities. Using a combined interpretation of the seismic and ER data, we
are able to define wet and dry pockets inside the landfill body.

For further characterization of the landfill, we calculate the density distri-
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bution inside the landfill’s body. This is performed using an empirical relation,
specifically valid for landfill materials, between the S-wave velocity and the unit
weight. To our knowledge, this relationship has not been used before for density
estimation from S-wave velocity values for landfills. Next, we investigate the
possibility to characterize the landfill using the method of multichannel analysis
of surface waves (MASW), as this method is widely used in civil and geotech-
nical engineering projects. For this purpose, we acquire compressional (P)-wave
data containing also significant Rayeleigh-wave energy. We show that although
the velocity fields obtained by MASW show similar trends to the velocity field
obtained from the S-wave reflection data, the MASW does not provide the nec-
essary resolution to distinguish the landfill heterogeneities. We explain this in
detail.

Through this study, we provide a tool for acquisition and processing of the
seismic reflection data for landfill imaging. Further, we show a way to jointly
interpret the seismic and ER data for characterization of the landfill body.

The body of this chapter was published as a journal article: Konstantaki,
L.A., R. Ghose, D. Draganov, G. Diaferia, and T. J. Heimovaara, 2015, Charac-
terization of a heterogeneous landfill using seismic and electrical resistivity data:
Geophysics, 80, EN13-EN25,10.1190/geo2014-0263.1.
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3.1 Introduction

Sustainable aftercare of sanitary landfills is a serious concern. To reduce the af-
tercare period with specific treatment technologies, operators and researchers try
to understand the processes occurring inside a landfill (Scharff, 2005; Van Vossen,
2010). There is an increasing need for understanding the heterogeneity inside the
landfills for optimizing the treatment technologies, especially regarding the recir-
culation of leachate (Powrie and Beaven, 1999). Preferential flow paths depend
highly on the heterogeneous distribution of density. It is critical to understand
the flow of leachate and to model the behavior of the processes inside a landfill.
There are models that explain the hydrobiomechanical behavior of landfills; how-
ever, they lack detailed quantitative information of density distribution, which
can greatly improve the accuracy of model predictions (White et al., 2004; Mc-
Dougall and Fleming, 2013). Stoltz et al. (2012) illustrate that it is important to
have a knowledge of the density distribution for the estimation of the moisture-
retention properties.

In the past, geophysical methods have been used to image the body of a
landfill, but they have faced difficulties due to uncertainties, artifacts, and noise.
Reflection and refraction seismic studies (Green et al., 1999) suffer from uncer-
tainties mainly due to strong scattering events. Carpenter et al. (2013) image a
landfill and study the effect of leachate recirculation on Poisson’s ratio and shear
modulus; they state that their results can be improved further, in case indepen-
dent density measurements are available. Electrical resistivity (ER) measure-
ments have been performed at numerous landfill sites, but they have provided
mainly qualitative information and have suffered from artifacts (e.g., Bernstone
et al., 2000; Jolly et al., 2011). However, when ER is used in conjunction with
other methods, they are found to be quite useful (e.g., Leroux et al., 2010; Dahlin,
2012).

So far, seismic studies have attempted to characterize landfills using surface
waves (Kavazanjian and Matasovic, 1996; Haker et al., 1997), but this approach
generally incorporates substantial uncertainties. For instance, the heterogeneity
is often not taken into account in the inversion of surface-wave dispersion data
(van Wijk and Levshin, 2004). Cone penetration tests (CPTs) have also been
widely used for obtaining the density information (Zhan et al., 2008), but they
provide a 1D density profile and not the spatial distribution. CPT is expensive,
considering that it only provides 1D information. Further, CPT is an invasive
approach. Mantlik et al. (2009) show that gravity measurements can be useful
in determining the high-density contrasts in a landfill, but the interpretation of



36 3.2. Field experiments

gravity data relies on the availability of ER measurements and downhole infor-
mation for depth calculation.

The present research is motivated by the growing need for a more reliable
definition of the heterogeneity in the landfill. Additionally, we wanted to explore
the possible advantages of using the high-resolution seismic reflection method in
combination with ER tomography (ERT) in landfill studies. The objectives were
to investigate the following:

• the possibility to localize fine-scale heterogeneities in a landfill using high-
resolution S-wave seismics

• the prospect of sensible density estimation in a landfill from S-wave veloc-
ities

• the supplementary information from multichannel analysis of surface waves
(MASW) and the ER method that can be useful when combined with S-
wave seismic studies.

We present a strategy for imaging and characterization of a landfill using a
combination of seismic reflection, MASW, and ER methods. The idea has been
tested on field data from a very heterogeneous municipal landfill site with a high
background noise level. We have examined the uncertainty associated with the
MASW method in landfill application. Finally, we present results of imaging of
the landfill heterogeneity and provide the estimated density distribution in the
body of the landfill.

3.2 Field experiments

We acquired seismic and ER data in the Wieringermeer landfill in the summer
of 2013. The Wieringermeer landfill is located in the province of North Holland
(The Netherlands) and is operated by Afvalzorg (van Meeteren et al., 2009). We
performed the geophysical measurements on the eastern part of the landfill, on
cell number 6, which has a size of 2.6 hectares and a total volume of 281.083 tons.
The landfill is 22 years old, with 90% of its waste placed in 1992–1994 and 10%
in 1998. The depth of the landfill is known to be approximately 12 to 15 m; it
has a maximum elevation of 12 m (referenced to sea level) starting at 3 m below
sea level. Cell 6 has a bottom liner and a leachate- and gas-drainage system,
but no top liner other than a soil cover of approximately 1–1.5-m thickness. The
waste composition of cell 6 is shown in Table 3.1. We estimate the percentage for
the different materials based on information on the specific volume of the ma-
terial and the total volume of the waste from the report of van Meeteren et al.



3.2. Field experiments 37

Material % Subcategory
Soil and soil decontamination residues 2.29 -
Construction and demolition waste 3.17 -
Commercial, coarse household, and shredded
waste

72.83
Material %
Food 23.8
Paper 30.6
Wood 10
Textiles 2
Plastic 13
Metal 7
Glass 8

Sludge and composting waste 21.71 -

Table 3.1: Waste composition of Wierengermeer landfill, cell 6 (Pipatti and
Vieira, 2006; van Meeteren et al., 2009).

(2009), specifically for cell 6. Information for waste composition in north Europe
from Pipatti and Vieira (2006) is used for the subcategory of commercial, coarse
household, and shredded wastes.

Figure 3.1a shows the photo of the Wieringermeer landfill site; cell 6 is
indicated by the red rectangle. We acquired four different data sets: seismic
reflection, surface-wave dispersion, ER with Wenner geometry, and ER with
dipole-dipole geometry. We performed all measurements in two days, with a
five-week period between the days. The weather conditions on the days before
the measurements and during the measurements were similar on both days: 0.2
mm of rain on the days before the measurements and no rain during the mea-
surements (Meijer, 2013). There was a busy traffic road and industry buildings
close to the experiment site (Figure 3.1a). This resulted in a low signal-to-noise
ratio (S/N) in the seismic data. In addition, operational gas-extraction pipes in
the subsurface of cell 6 added further noise to the data. There were no truck
movements on the eastern side of the landfill on the days of the measurements,
which was to our advantage.

Letters A, B, C, and D in Figure 3.1a indicate the approximate locations of
the geophone array and the electric cable; this is explained in Figure 3.1b. The
seismic and the ER profiles were coincident. For the seismic reflection measure-
ments, we used a high-frequency electrodynamic, horizontal (S-wave) vibrator as
the source (Ghose et al., 1996; Brouwer et al., 1997; Ghose, 2012) and horizontal
10 Hz single-component geophones as receivers. We used S waves because they
are more sensitive to subtle changes in the soil type (e.g., Ghose and Goudswaard,
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Figure 3.1: (a) A map of the Wieringermeer landfill with the red rectangle
indicating the location of cell 6. Letters A, B, C, and D show the approximate
location of the electric and seismic cables. (b) Geometry for the geophysical
measurements.

2004) and their velocity is directly linked to the small-strain stiffness. Addition-
ally because of the usually low velocity of S waves in soft soils, the use of S
waves results in high resolution. For a very heterogeneous subsurface such as in
a landfill and for the very shallow depths of interest, high-frequency vibrators
are more suitable than impulsive sources (e.g., Ghose et al., 1996, 1998).

The acquisition parameters are summarized in Table 3.2. We used 48 geo-
phones at 0.5 m intervals, resulting in a 23.5-m receiver spread. The receiver
array was kept fixed, and the source was moved. The source spacing was 1 m.
We started shooting 4 m behind the first geophone and continued to 4.5 m after
the last geophone. There was a total of 33 shot points. The horizontal vibrator
had a linear sweep of 20–300 Hz, a time sampling interval of 0.5 ms, and a sweep
length of 3.2 s. The record length was 4.2 s. Crosscorrelation and deterministic
source-signature deconvolution were tested for compressing the raw vibrograms.
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Seismic reflection MASW ER
Source Horizontal (S-wave) vibrator;

sweep=20–300 Hz
P-wave ham-
mer

Electric current (DC)

Source spacing 1 m 1 m -

Receiver Horizontal 10 Hz geophones Vertical 10 Hz
geophones

Electrodes

Receiver spacing 0.5 m 0.5 m 1 m

Time sampling 0.5 ms 0.25 ms -

Total time Record length=4.2 s ; sweep
length=3.2 s; and postcom-
pression trace length=1 s

1 s 30 min for the Wen-
ner and 60 min for the
dipole-dipole geometry

Table 3.2: Acquisition parameters for different geophysical methods.

The compressed vibroseis trace length was 1 s, the same as the trace length
for the impulsive P-wave data acquired at this site. For every shot location,
four sweeps were recorded separately. Vertical stacking of the shot gathers was
performed after vibrogram compression to correct for any shot-to-shot variation
Ghose (2002). For surface-wave data acquisition, the geometry configuration fol-
lows the one of the S-wave reflection profile, with the difference that we used a
vertical hammer for the P-wave source, 10-Hz vertical geophones, and a time-
sampling interval of 0.25 ms. To increase the S/N, at each shot point, four to
six shot gathers were recorded and subsequently stacked.

For the ER measurements, we used two different geometries to obtain a good
resolution. Wenner measurements provide a good vertical resolution (e.g., Ward,
1990) and a good S/N, whereas dipole-dipole geometry records best the response
of large anomalies (Cardimona, 2002) and is more sensitive to lateral changes
(e.g., Ward, 1990). We used four electric cables to connect 64 electrodes at 1-m
spacing, thus having a 63-m-long profile. The connection to the acquisition sys-
tem (MPT-DAS I) was in the middle of the lines at a 32-m lateral location. The
injected direct current of the MPT-DAS I was set to 2500 mA. The recording
time for the Wenner measurements was 30 min, whereas for the dipole-dipole
measurements, it was 60 min. For each position of the current electrodes, we
performed three measurements and stacked them subsequently to increase the
S/N.
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Figure 3.2: Processing steps for the S-wave reflection data set.

3.3 Data processing and imaging

3.3.1 S-wave seismic reflection

Unlike the usual layered subsurface, a landfill site is predominantly made of many
scatterers. This required careful processing of seismic data. Our experiment site
was additionally very noisy. We therefore discuss the data processing steps in
detail. An overview of the processing steps is given in Figure 3.2.

After geometry installation and correct header assignment, the raw vibro-
seis data are compressed. This is done by crosscorrelation or deconvolution of
the recorded data with the source monitor signal (Ghose, 2002). For the vi-
brator that we used, a good source monitoring is possible. Figure 3.3 shows
a typical raw shot gather after crosscorrelation and after deconvolution of the
raw vibroseis data using the source monitor signal. The same bandpass filter
(4–10–160–200 Hz) is applied in Figure 3.3a,b, for comparison. Although the
sweep of the vibrator is 20–300 Hz, due to the intrinsic losses in the medium,
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frequencies lower than 20 Hz are also significantly present in the recorded signals.
Below 4 Hz, the ground-roll noise is dominant, whereas above 160 Hz, mainly
high-frequency ambient noise is present. We have applied automatic gain con-
trol with a 30 ms window. The effective source wavelets in the data obtained
by crosscorrelation and deconvolution of the source monitor with itself are also
shown in Figure 3.3. The deconvolution clearly performs better, allowing for
a good separation of events (reflections and diffractions), whereas the crosscor-
relation buries the events in their dominant ringing characters. The side-lobe
energy is much less in the deconvolved data. It has been shown earlier that
unless the vibrator monitor signal is sufficiently accurate, the advantage with
vibroseis deconvolution is rather limited. However, when the vibrator monitor
signal is of high quality, vibroseis source-signature deconvolution performs bet-
ter than crosscorrelation: The side-lobe energy in the effective source wavelet is
reduced, resulting in improved resolution and better event separation (Ghose,
2002). Deconvolution corrects for the phase and amplitude changes. Because
deconvolution flattens the amplitude spectrum over the frequency bandwidth
representing a good S/N, the wavelet is sharp.

In total, four sweeps, two for each opposite horizontal force direction (equiva-
lent to left and right strikes in case of a sledgehammer S-wave source), are gener-
ated at each shot location for the purpose of S-wave source stacking. The polarity
of the vibrator monitor signal was reversed before raw vibrogram compression.
Taking the difference between traces at each receiver location for S-wave sources
with opposite force directions is expected to minimize any source-generated P-
wave and enhance the S-wave. However, in the case of our data, we find that the
signal is too dissimilar between S-wave sources with opposite force directions;
therefore, we perform only stacking of data for the S-wave source with the same
force direction.

A long train of surface waves, as well as direct and refracted waves, suppress
much of the diffracted body-wave arrivals. The surface waves appear to also
come from other anthropogenic sources at this site (operational gas pipes and
work that was being performed in nearby buildings). Therefore, in the next step,
we carefully remove those unwanted events. Figure 3.4 shows two shot gathers
(source location 9 and 22 m), before and after muting of these events. We il-
lustrate only the first 0.5 s of the data because the later times are dominated
by surface waves, as visible at times exceeding 0.3 s. Because the frequency
and the propagation velocity of the surface waves are very close to those of the
S-wave reflections, it is difficult to remove the surface waves with a frequency
or frequency-wavenumber (f-k) filter without losing a great deal of the target
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Figure 3.3: Raw compressed vibroseis S-wave shot gather for the source location
at 9 m. Raw vibrograms have been compressed by (a) crosscorrelation and (b)
deconvolution of the source signature. A reliable source monitor is available for
this vibrator. The single trace shown on the left of the shot gather in panels (a)
and (b) is the autocorrelation (Klauder wavelet) and the autodeconvolution of
the band-limited source monitor.

reflected wavefield. Surface waves created by the gas facilities on the landfill
site and the generator we used for the S-wave vibrator have a frequency of ap-
proximately 50–60 Hz, which is a range similar to the frequency of the reflection
signal. That is why we apply surgical muting in addition to top and bottom
muting, keeping only the desired events and removing as much as possible other
noise. This is done for every shot separately, taking care to keep the meaningful
events that show up in the successive shots and remove the rest (surface waves
and refractions). Bad traces are also removed. For such a heterogeneous and
noisy landfill site, it is important to do this step carefully for each shot. As will
be explained later, we interpret events based on the examination of shot gathers,
the stacked image, and the migrated image. We iteratively improve the muting
processes so the events are always evident in each of these three trace displays.
This makes the muting process objective and consistent. The result is illustrated
in Figure 3.4b,d.

The trace-edited and muted shot gathers allow us to identify the scattered
body-wave arrivals from the landfill. Having a predominant frequency of 80 Hz
and a highest velocity of 300 m/s allows for a spatial resolution of at least 1 m.
The size of the scatterers we identify is around 1–2 m. One of the main challenges
in seismic imaging of landfills has been the resolution of the heterogeneities inside
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the landfill. Many closely spaced diffractions tend to smear out in the final result
(e.g., De Iaco et al., 2003). With the high-resolution S-wave vibroseis data, it
was possible to identify these diffractions, even in a noisy environment, based on
a thorough cross-check on shot gathers and stacked and migrated images. A few
of these events are highlighted in Figure 3.4b,d: Red hyperbolas and numbers
indicate the diffractions, whereas gray-shaded areas and capital letters indicate
the reflections.

A careful velocity analysis of the common midpoint (CMP) gathers is per-
formed next. The details of the velocity analysis are explained in the following
paragraphs. We use only CMP gathers with fold ≥ 6. Figure 3.5a shows the
stacked time section. We perform prestack depth migration to account for the
heterogeneous subsurface and to obtain a good imaging result in depth. We use
a migration scheme that is based on optimized space-frequency wavefield extrap-
olation operators (Thorbecke et al., 2004). For migration, we use a simplified,
smoothly varying 1D velocity model (macromodel). This model is obtained by
smoothing the 2D stacking velocity field. The prestack depth-migrated section is
shown in Figure 3.5b. The 1D velocity macromodel is illustrated on the right in
Figure 3.5. We apply the same top and bottom mute to the stacked and migrated
sections. We also apply a poststack bandpass filter (10–25–120–160 Hz). The
interpreted time-stacked and depth-migrated sections are shown in Figure 3.5c,d,
respectively.

At this stage, we need to check if the diffraction patterns identified in the shot
gathers also migrate to the appearance of local scatterers in the prestack depth
image at the correct locations. We, therefore, critically review our interpretation
made on shot gathers, the stacked time section, and the prestack depth-migrated
section (Figure 3.4b,d and Figure 3.5c,d).We observe that scatterers 3, 4, 5, and
7 are present and readily interpretable in all three plots. Scatterers 1, 2, and 6
are not readily interpretable, and the migration fails to image scatterer 6. Lay-
ers B through F are evident in all three plots, whereas it is rather difficult to
interpret layer A in the stacked time section and in the migrated depth section.
A feature that is visible in the migrated depth image, after the diffraction events
have been collapsed to their true positions, is the bottom of the landfill (green
line in Figure 3.5d). The interpreted landfill bottom is at an 11- to 13-m depth,
which agrees well with the expected depth (12–15 m). The landfill below the
seismic line consists of some layered structures (especially at 20–25-m lateral
distance) with interspersed local scatterers. As will be shown later on in the
joint interpretation of ER and seismic data, these scatterers correspond to den-
sity heterogeneities within the landfill body, which would act as obstructions to
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Figure 3.4: (a) Raw S-wave shot gather for the source located at 9 m, (b)
processed S-wave shot gather shown in panel (a), (c) raw S-wave shot gather
for the source located at 22 m, and (d) processed S-wave shot gather shown in
panel (c). The red hyperbolas and the numbers indicate diffraction patterns; the
gray-shaded areas and the capital letters indicate reflections.
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Figure 3.5: (a) Stacked time section, (b) prestack depth-migrated image, (c)
interpreted stacked time section, and (d) interpreted prestack depth-migrated
image. A representative 1D velocity field obtained from the stacking velocity is
used in the migration (shown on the right). The red hyperbolas and the numbers
indicate the location of the diffractions, whereas the gray-shaded areas and the
capital letters the location of reflections. The green line in panel (d) indicates
the bottom of the landfill. The marked events represent those that are visible in
the two shot gathers in Figure 3.4. There are more scatterers in these sections
that are not marked.

leachate flow in the landfill.
Errors in the velocity model will obviously result in errors in imaging and

characterization of the heterogeneities (Zhu et al., 1998). It is important to pay
special attention to the velocity analysis in case of a heterogeneous subsurface
such as a landfill. Figure 3.6 explains the steps that were taken to perform the
velocity analysis. We create supergathers using five neighboring CMPs. We
first carry out constant velocity stacking (CVS) for the velocity range 20–400
m/s, with a step in two-way time (TWT) and in velocity of 10 ms and 10 m/s,
respectively. These parameters should be data set dependent. A step in the
velocity analysis is to address those events that are commonly identifiable in
shot gathers and CMP supergathers. Due to the high level of heterogeneity, we
follow the events laterally within a time window. For example, we identify the
events in the supergathers in a 0–10 ms time window. Then, we pick the hyper-
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bola corresponding to the maximum semblance value (Figure 3.6b); we ensure
the goodness of the pick through examination of the CVS panel and the stack
section. We iterate these steps till the event becomes clearly identifiable in the
stacked section. In case of the presence of a diffraction event in the time win-
dow, we see no obvious clear hyperbola in the CMP gather and no flattening of
the event after normal moveout (NMO) correction, but local energy concentra-
tion in the CMP gather and after correct velocity assignment a clear focusing
of energy locally in the stacked section (Figure 3.6b, red hyperbola). Then, we
move on to the next 10-ms time window. Keeping in mind that diffractions from
local scatterers are not flattened after the NMO correction, we take great care
not to mute those events in the shot and CMP gathers. This is a challenging
task, and this explains why in some areas of the stacked time section the scat-
terers are imaged well, whereas in other areas they are not (e.g., compare event
1 in the stacked time section in Figure 3.5c with that in the shot gather in Fig-
ure 3.4b). Velocity analysis is done at every supergather. The RMS velocity is
converted to approximate interval velocity using the Dix equation. The S-wave
interval-velocity section is shown in Figure 3.7a ( Figure 3.7b,c will be explained
in subsection 3.3.2). We calculate the approximate depth through time-to-depth
conversion using a smooth velocity model estimated from the stacking velocity
field. The heterogeneous velocity field is indicative of the distribution of objects
in the landfill body. Note that the areas with strong velocity contrast generally
correspond to locations of the diffraction patterns identified in the shot gathers,
suggesting successful velocity picking for the diffraction events. For example,
event 1 located approximately at lateral distance x=15 m, TWT=130 ms (Fig-
ure 3.5c) has a velocity of about 180 m/s. Event 7 approximately at x=23 m,
TWT=70 ms has a velocity of about 130 m/s.

3.3.2 Multichannel analysis of surface waves

MASW is commonly used for estimation of S-wave velocity in the near surface
(e.g., Park et al., 1999; Xia et al., 1999; Socco and Strobbia, 2004; Ivanov et al.,
2006; Xia and Miller, 2010; Konstantaki et al., 2013a; Tokeshi et al., 2013).

We use P-wave sources and vertical geophones to record surface waves of the
Rayleigh type. In Figure 3.8, we show typical shot gathers for sources located
at 9 m and 22 m. These shot gathers are dominated by Rayleigh-wave energy
(Figure 3.8), whereas the S-wave shot gathers exhibit a weaker presence of Love
waves (Figure 3.4). Love waves are generated from the constructive interference
of supercritically reflected SH-waves. For the supercritical reflection to occur, a
low-velocity top layer must be present meaning that Love waves can only occur
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Figure 3.6: (a) Steps for interactive velocity analysis of seismic reflection data
on a very heterogeneous landfill. (b) An example of step 2: Events E and 5
are recognized in the CMP supergather, and they are used in picking the veloc-
ity. (i) Before NMO correction, the events are weak in the stacked traces, (ii)
after NMO correction, with correct velocities the energy is focused, scatterer 5
appears and the reflection becomes much stronger. The purple line in the CVS
panels indicates the change in the RMS velocity with TWT that gives the best
illumination for the scatterer.
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Figure 3.7: (a) S-wave interval velocity section obtained from the reflection
data, (b) S-wave velocity field obtained by MASW using Rayleigh-wave disper-
sion data, and (c) S-wave velocity field obtained by MASW using Love-wave
dispersion data. The numbers in the sections indicate the velocities in meters
per second. The circles and rectangles highlight similar velocities at similar lo-
cations in all three sections.
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when the surface layer has a lower velocity than the half-space (Aki and Richards,
2002; Lowrie, 2007). On the other hand, the generation of fundamental-mode
Rayleigh waves does not necessarily require a low-velocity upper layer, and the
generation of Rayleigh wave depends on P- and SV-wave interferences.

We calculate the dispersion curves by picking the maximum energy in the
velocity-frequency plot. In several studies, joint inversion of fundamental and
higher modes has been found to be superior to inversion using the fundamen-
tal mode only (e.g., Luo et al., 2007). In our data, fundamental and higher
modes are present. However, the higher modes are easily identifiable in only
a few shots, and they are generally not laterally continuous and lack the low-
frequency, steeper part of the dispersion curve. As a result, when these higher
modes are also used in inversion, the inversion becomes unstable. Furthermore,
it might happen that the higher modes do not occur in order — a problem known
as mode jump (e.g., Lu et al., 2006; Dal Moro, 2011), but that different modes
are mixed together in the observed dispersion images. This is also likely to be
the case in our data. Therefore, we use only the fundamental mode. We apply
a filter in the f-k domain to remove the higher modes. Inverting the dispersion
curve of the fundamental mode, we aim for a best fit between the modeled and
the observed curves (Figure 3.9a). Having a temporal sampling interval of 0.25
ms results in a Nyquist frequency of 2 KHz. In Figure 3.9, the data points are
picked at 1-Hz intervals. For the inversion, we use a priori information relevant
to landfill deposits: Poisson’s ratio of 0.4 (Sharma et al., 1990; Zekkos et al.,
2008; Carpenter et al., 2013), density of 800 kg/m3 (Beaven et al., 2008), and a
half-space at 15-m depth. The scheme used is based on Occam’s inversion, where
the maximum model smoothness is maintained whereas the RMS error between
the experimental and the theoretical curve is minimized (Constable et al., 1987).
We obtain 1D velocity profiles at 1.5-m intervals. For this purpose, we use a
window of traces, with the trace number increasing or decreasing by 6 traces.
For instance, the first 6 traces of all shots provide us with a velocity profile at
5.25-m lateral distance; the first 12 traces result in a velocity profile at 6.75 m
distance. Dispersion curves are calculated for each shot position for every win-
dow. Therefore, for every location, we have 33 dispersion curves. We invert all
dispersion curves at each location and take the average of the individual best-fit
inverted curves to arrive at the final S-wave velocity profile for that location.
To obtain the final S-wave velocity section, we interpolate between the velocity
profiles (Figure 3.7). Note that the MASW section is restricted in the lateral
direction and in depth by our choice of a minimum window of 6 traces, which
results in the first CMP lateral location (CMPX) at 5.25 m and the last location
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at 26.25 m, and a half-space with thickness of 15 m. Because we want to image
the landfill, whose expected depth is between 12 m and 15 m, the depth of pen-
etration from MASW is sufficient.

For a critical evaluation of the MASW result on the landfill, we use also the
Love waves as recorded in the S-wave reflection data set and perform MASW.
We mute reflections in the raw S-wave data (Figure 3.4a,c) and keep only the
surface waves for MASW. We follow the same procedure as for the Rayleigh
waves. A dispersion curve for the Love wave is shown in Figure 3.9b. Comparing
the dispersion curves between the Rayleigh and Love waves (Figure 3.9a,b), we
see that although both show a relatively good fit, there is a better fit between
the model and the observation for the Love waves. Error analyses performed
for Rayleigh- and Love-wave MASW support this fact: The RMS error is rela-
tively low for the Love-wave inversion (Figure 3.10). In Figure 3.9, we see that
the RMS error after five iterations is 3.8% for the Love-wave inversion and 6%
for the Rayleigh-wave inversion. Furthermore, the Love wave dispersion curve
has a broader frequency bandwidth (Figure 3.9), which increases the resolution
in depth. The lower the frequencies, the greater the depth of penetration (e.g.,
Socco and Strobbia, 2004). Figure 3.7c shows the S-wave velocity section derived
by inversion of dispersive Love waves. We see quite similar trends in the S-wave
velocity fields obtained by Rayleigh- and Love-wave inversions (Figure 3.7b,c),
although the estimated value of velocity slightly differs between them. It has
been shown in the past that S-wave velocity estimated from Love and Rayleigh
wave data is not the same (e.g., Lowrie, 2007). In the case of our data, another
reason for the mismatch between the S-wave velocities estimated from dispersive
Rayleigh and Love waves might be the difference in data quality due to the use
of different seismic sources — a horizontal (S-wave) vibrator for the Love waves
and a vertical hammer for the Rayleigh waves. Also, anisotropy (for SH- and
SV-waves) can play a role in creating the slight mismatch in the estimated ve-
locities.

The velocity field obtained from the S-wave reflection data (Figure 3.7a)
shows more details compared to the MASW results (Figure 3.7b,c). The MASW
results assume a layered model, which in the case of a heterogeneous landfill is
not true, and this results in higher uncertainties (e.g., van Wijk and Levshin,
2004). However, the general trends are still similar. At approximately 100–150
ms, we see a similar lateral velocity distribution in all three sections: Veloci-
ties start at values of 120–130 m/s on the left (excepting the high velocity of
260 m/s in the reflection data), reach 150–180 m/s at approximately 8-m lateral
distance (black circle in Figure 3.7), then they decrease a bit, then again rise
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Figure 3.8: Shot gather for P-wave source at (a) 9 m and (b) 22 m lateral
distances.
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Figure 3.9: (a) Rayleigh-wave dispersion curve at CMPX=22 m and (b) Love-
wave dispersion curve at CMPX=22 m.

to 180–190 m/s at approximately 15-m lateral distance (black rectangle in Fig-
ure 3.7). There is also a drop in velocity at approximately 22 m and an increase
at approximately 25-m lateral distance (white circle in Figure 3.7), visible in re-
flection data and Rayleigh-wave dispersion data. Although they are less obvious
in the MASW results, the velocity heterogeneities at x=8 m, TWT=150 ms, at
x=15 m, TWT=150 ms and at x=25 m, TWT=150 ms that are visible in the
S-wave reflection data, are also present in the MASW results.

The results for the first 0–100 ms show similar values in all three sections in
Figure 3.7 and they are well constrained in depth. Velocities at TWT greater
than 200 ms start to diverge. Although the velocity values are in a similar
range, MASW is not able to identify the lateral differences sufficiently. Love
and Rayleigh waves show a similar trend: lower velocities at 5–15 m and higher
velocities at 15–25-m lateral distances.

3.3.3 Electrical resistivity tomography

ERT is performed to obtain the apparent resistivity distribution in the landfill.
We use a 2D joint inversion for the Wenner and dipole-dipole measurements to
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Figure 3.10: Error analysis for inversion of (a) Rayleigh-wave dispersion and
(b) Love-wave dispersion. The RMS errors are plotted.

increase the depth and the resolution (de la Vega et al., 2003). For this pur-
pose, the code RES2DINV (Geotomo, 2014) has been used. This code uses a
nonlinear least-squares optimization technique (de Groot-Hedlin and Constable,
1990; Loke and Barker, 1996). The total number of data points for the inversion
is 4292 (650 for the Wenner and 3642 for the dipole-dipole measurements). We
perform no preprocessing of the data, other than removal of a few outliers. For
the inversion, we use a finite element method with a varying trapezoidal mesh.
The damping factor is set free to vary with depth: from 0.03 to 0.15. Conver-
gence is reached at the 5th iteration with a total RMS error of 3%.

The joint inversion result is shown in Figure 3.11b; the interval velocity field
from the S-wave reflection data is plotted for comparison in Figure 3.11a. ER
is related to the presence of leachate (Cardimona, 2002). ERT, however, suffers
from inversion artifacts and limited depth resolution (Jolly et al., 2011). The
resolution of ERT decreases with depth and depth uncertainty increases. There-
fore, what might actually be 11–12-m deep seems deeper in the ERT. This might
be the reason for the discrepancy in depth in case of the boundary marked by
F between S-wave velocity field and ERT section. A joint interpretation of ERT
and seismic is beneficial. The ERT section can indicate the locations of wet



54 3.4. Landfill characterization: density distribution

or dry pockets (lower or higher ER, respectively), whereas the seismic velocity
section shows the location of stiffness/density variations. Looking at the two
properties together, we mark that at the termination of areas interpreted as a
wet or dry pocket, there is also a change in the S-wave velocity. The capital
letters and lines indicate those locations. In the ERT section above line A, there
is a lower resistivity area, whereas in the seismic data below location A, there is
higher S-wave velocity. We interpreted this as a wet pocket created due to the
obstruction of leachate due to an underlying stiffer and denser zone.

3.4 Landfill characterization: density distribution

If we can roughly quantify the density distribution inside a landfill, then that will
enable us to distinguish zones or boundaries that act as a barrier or obstruction
to the flow of leachate. To accomplish this, we use the empirical relationship
between S-wave velocity (Vs) and unit weight (γwaste) as derived by Choudhury
and Savoikar (2009) based on a database of measurements on landfills:

Vs =
1

0.0174 − 0.000978γwaste
(3.1)

Equation 3.1 is based on published results of more than 30 surveys that involved
independent estimation of γwaste and Vs values in landfills. In these surveys, Vs
is obtained mainly from surface-wave methods and borehole seismics at landfill
sites, which differ in age and composition. We use this equation to obtain γwaste,
separately for the different data sets — data sets obtained from S-wave reflection
analysis, from MASW using Rayleigh waves, and from MASW using Love waves
— for up to a 12-m depth where we expect the bottom of the landfill. We then
calculate bulk density as follows:

% =
γwaste

g
(3.2)

where g is the acceleration due to gravity (9.81 m/s2).
Figure 3.12 shows the relation between γwaste and Vs from the study of Choud-

hury and Savoikar (2009) and the three seismic studies that we present here. Note
the good agreement among all four curves. As for the three S-wave velocity fields
derived in this study, we use the relationship given by Choudhury and Savoikar
(2009) to obtain γwaste. The similarity in trend between these three curves and
that of Choudhury and Savoikar (2009) is obvious. However, the estimation of
Vs and the curve fitting are done independent of each other. The very small dif-
ference between these best-fit curves suggests that the estimated value of γwaste
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Figure 3.11: (a) Seismic interval-velocity section obtained from S-wave reflec-
tion data and (b) Wenner and dipole-dipole ER joint inversion. The letters and
the lines indicate the lower limits of wet or dry pockets and the upper limits for
high-stiffness/density zones.
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will be little affected irrespective of which approach is used for Vs estimation.
The two MASW-derived values show almost no difference at all; whereas the
difference in the estimated γwaste values between reflection and MASW methods
is 1% or less for the Vs range 100–160 m/s.

The main distinction between the MASW methods and the S-wave reflec-
tion method is in the detail of heterogeneity mapping. This is primarily due to
the higher resolution with the reflection method. The reflection method agrees
well with the ERT result and seems to be more reliable for imaging a heteroge-
neous landfill. We use the S-wave reflection results for determining the density
distribution in the landfill (Figure 3.13). Materials with a wide range of den-
sities ranging from 100 kg/m3 up to 1400 kg/m3 are present here. This is in
agreement with the density values generally found in municipal landfills (EPA,
2008; Leonard et al., 2000; WRAP, 2009). However, the very low density at a
relatively great depth (x=21 m, TWT=200 ms) is rather unrealistic, and it is
probably a result of using the empirical relationship below the landfill bottom,
where the relationship is no more valid. In addition, velocities lower than 61
m/s are excluded here because they would correspond to very low density values
that are not realistic. As seen also in Figure 3.12, the uncertainty of using the
relationship of Choudhury and Savoikar (2009) increases for these very low veloc-
ities. Note in Figure 3.13 that the high densities of the order of 1200–1400 kg/m3

are present at approximately x=15 m, TWT=120 ms. This zone may act as a
barrier or obstruction to leachate flow. Such high-density and/or high-stiffness
zones probably correspond to greater compaction and/or agglomeration of high-
density wastes such as construction materials. Softer, lower density zones should
correspond to relatively loose and porous materials where an easier transport of
fluid is possible.

3.5 Discussion

For a heterogeneous subsurface such as a landfill, MASW is not expected to of-
fer the desired high resolution. A comparison between the MASW and S-wave
reflection method is not quite justified because these two methods are based on
different principles. However, from a practical point of view, the high-resolution
S-wave reflection method is clearly better suited for heterogeneity mapping in-
side a landfill. Because of the low velocity of S waves in soft soils, the wavelength
is generally short. In addition, in our investigation, the use of a high-frequency
electrodynamic vibrator has helped in enhancing the resolution further. In the
future, use of such high-frequency sources might become crucial to image and
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Figure 3.12: The relationship between unit weight (γwaste) and S-wave velocity
(Vs) from the study of Choudhury and Savoikar (2009) based on landfill database
and for the Vs values obtained in this study using three different seismic methods.
A hyperbolic fitting has been performed to data from all four studies. The
regression coefficients (R) are marked.

Figure 3.13: Density distribution inside the landfill obtained from the Vs field
derived from S-wave reflection data
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characterize the small-scale heterogeneities, such as those in a municipal landfill.
In the context of heterogeneous landfill characterization, MASW has a few

shortcomings: (1) nonuniqueness of the inversion result impeding reliable delin-
eations of short-wavelength velocity variations, (2) errors introduced due to the
small spatial windows (not enough data), (3) errors due to average values taken
for the a priori information, and (4) the assumption of a layered subsurface with
no scatterer, which is generally not the case in a landfill. Nevertheless, MASW
can image several primary features in the velocity field, which can be useful for a
firsthand check of the velocity field obtained from S-wave reflection data. MASW
provides a similar range of velocities as seismic reflection, thus giving confidence
to the general interpretation.

MASW could provide better results, if the data acquisition was especially
adapted for the purpose. For example, by using roll-along data acquisition, we
would maintain wide spatial windows, thus improving the results. While cal-
culating the 1D S-wave velocity profiles through MASW, we have used gathers
of different source offsets and different receiver-spread lengths. This might have
affected the accuracy of estimation of the dispersion curve — Something that
could be avoided by using a roll-along acquisition. Further, a more sophisti-
cated inversion scheme that would take into account the heterogeneity in the
subsurface could improve the MASW results. For instance, by using an elastic,
homogeneous, isotropic, layered half-space as the forward kernel in the MASW
inversion, we implicitly disregard scattering as being effective in surface-wave
dispersion curve modeling. A full-waveform modeling should possibly be more
appropriate in this case. Finally, it has been shown earlier that a joint inver-
sion of Rayleigh- and Love-wave dispersion curves could be beneficial (Hamimu
et al., 2011). However, we have found that only when the modal identities of the
observed higher modes are clear, such joint inversion can lead to a result that is
superior to that of the conventional approach using the fundamental mode only.
Otherwise, the joint inversion is practically very much limited in its effectiveness.
In the case of our data, the higher modes of surface waves are not laterally con-
tinuous, causing difficulty in their identification. This has resulted in unstable
results in case of joint inversion of fundamental modes together with the higher
modes. Also, for a fine-scale delineation of the subsurface heterogeneity, it is
possibly not advisable to ignore the fact that Rayleigh- and Love-wave velocities
are generally slightly different.

The acquisition and processing of the seismic reflection data might be consid-
ered expensive by landfill operators. However, the higher resolution, the greater
reliability, and the significantly more information content that one may expect



3.5. Discussion 59

from the high-resolution S-wave reflection data should sufficiently justify the ex-
tra cost. In this vein, the use of high-frequency seismic sources, such as the elec-
trodynamic, horizontal vibrator that we have used in our studies, is a good option
to increase cost/production efficiency and quality. Although high-resolution S-
wave reflections can generally image the heterogeneities better than the MASW
method, there are challenges in processing the reflection data from such highly
heterogeneous sites. To image the short-wavelength variations in the landfill
and to identify unambiguously the diffractions amid reflections and noises, care-
ful data handling and cross-checks among the shot gather, CMP gather, and
stacked section are necessary. We have used the focusing of energy in the CMP
supergathers and in the stacked section to assign correct velocity to the local
diffractors. This has been done in an iterative manner.

For illuminating the localized shallow scatterers present in a landfill, a high
spatial density of the source distribution is beneficial. Recently, it has been
found, based on synthetic tests, that interferometric reconstruction of extra shot
gathers, with the source located at places where, in reality, there is no active
source present, does generally improve the imaging resolution of the very shal-
low scatterers in a landfill (Konstantaki et al., 2013b). This approach, if applied
to field data presented here, is expected to improve the S-wave reflection results
further. Also, full-waveform inversion has been used successfully in imaging the
heterogeneities in the shallow subsurface; this may help improve the quality of
the derived velocity field and hence the result of prestack depth migration (e.g.,
Adamczyk et al., 2014).

The empirical relationship that we have used to translate S-wave velocity field
to unit weight and then to density distribution is derived from independent field
studies in more than 30 landfill sites. This is a nonlinear relationship. Therefore,
strong contrasts in the velocity values will result in moderate changes in the den-
sity. In other words, only large velocity contrasts can reliably be translated to
density contrast values. In case of municipal landfills containing different kinds
of objects, such large density contrasts are common and they manifest as diffrac-
tors in seismic data. The used empirical relationship appears to be quite reliable
and useful for such high-density contrast areas, which also define the leachate
flow paths.

The importance of acquiring high-quality seismic data is paramount. We had
to mute a large part of the recorded seismic wavefield because of the presence
of strong surface waves. There were difficulties in removing the surface waves,
due to the similarity of their velocity and frequencies to those of the reflections
and scattered events. The results will be much better if the amount of surface
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waves and other noises can be reduced through more careful data acquisition.
To acquire data at times when the anthropogenic noise is minimal is an option.
Use of roll-along data acquisition should also be useful in improving the data
quality.

3.6 Conclusions

We have presented an approach to localize the heterogeneities in a municipal
solid-waste landfill and to determine the distribution and approximate values of
density inside the landfill, using combined seismic reflection and ER methods.
This has been possible using specific steps of data processing and iterative ve-
locity analysis for high-resolution S-wave reflection data, and translation of the
seismic velocity field to approximate values of density using an empirical relation
that is especially valid for municipal solid-waste landfills. We have obtained a
high-resolution image of the subsurface. Interpreting this image together with
the ERT result, we have succeeded to locate possible wet and dry pockets inside
the landfill. Density distribution that we have obtained will be useful in un-
derstanding the pathways of leachate flow inside the landfill. This is important
for localizing the biochemical behavior of the landfill and designing accordingly
the treatment procedure, i.e., recirculating leachate in such a way that it flows
homogeneously in all areas of the landfill. From a practical point of view, we
have found that the seismic reflection method is superior to the MASW method
for imaging and characterizing a heterogeneous landfill.



Chapter 4

Seismic interferometry as a
tool for improved imaging of
the heterogeneities in the body
of a landfill

In chapter 2, using modeling studies, we showed that SI improves the imaging
of high-density areas (scatterers) and is relatively less prone to processing and
acquisition errors than the CRSS method. Although in chapter 3 we demon-
strated that it is possible to image the landfill using carefully the CRSS method,
we cannot rule out that there are no artefacts present in the result. The result
should be further improved if SI is applied to the CRSS data. The main goal
of this chapter is to confirm the observations of chapter 2 on field data. For
this, we apply SI to the CRSS field data presented in chapter 3. We describe
the processing steps for the SI case and discuss the decision regarding the use
of positive-, negative-, summed- or mixed-time traces for the SI source-gather
panels. We show examples of all cases, and justify the choice of using the mixed-
traces approach for the acquisition geometry that we have used. Comparing the
CRSS results with the SI results, we find that SI images the shallow scatterers
better, as was also concluded in chapter 2. In addition, SI images the scatterers
on the reflection boundaries and the other scatterers at their correct location.
We explain these observations through additional modeling.

Besides testing our findings presented in chapter 2, we investigate in this chap-
ter also the possibility of overcoming the problems that were faced in chapter 3:
strong surface waves masked the signal, and that they could be removed only
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by surgical muting. Here, we attempt to remove the surface waves using SI. We
predict the surface-wave energy using SI and then adaptively subtract (AS) the
SI panels from the CRSS panels. The resulting AS images show a surface-wave-
free section with improved imaging of the heterogeneities. The characterization
of a landfill body is very important, and the errors in the seismic velocity model
can be quite problematic. For this reason, it is advisable to interpret jointly the
three outputs (those from CRSS, SI, and AS). The velocity fields obtained by
each of these methods show similarities, but also some differences (SI offering
a more heterogeneous velocity field due its ability to image the scatterers, AS
giving a smoother velocity field due to its underling of the reflections from layer
boundaries). A joint interpretation allows distinguishing the correct events.

Finally, we discuss the importance of using a correct acquisition geometry,
especially for the SI case. As seen in chapter 2, SI does perform better in case
a spilt-spread geometry is used. As the geometry used in our field investigation
was not optimal and hence at some areas the surface-wave energy was more fo-
cused in the SI result than in the CRSS result, the signal was deteriorated after
application of SI.

In this chapter, we stress the importance of using all three methods (CRSS,
SI, AS) for a reliable imaging and characterization of a heterogeneous landfill.
We confirm the results of our modeling studies presented in chapter 2 by illus-
trating that SI overall improves the imaging of the heterogeneous landfill body.
We present a new way to remove the surface-wave energy for illuminating better
the heterogeneities inside a landfill.

The body of this chapter was published as a journal article: Konstantaki,
L.A., D. Draganov, R. Ghose, and T. J. Heimovaara, 2015, Seismic interferometry
as a tool for improved imaging of the heterogeneities in the body of a landfill:
Journal of Applied Geophysics, 122, 28-39, 10.1016/j.jappgeo.2015.08.008.
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4.1 Introduction

Using seismic interferometry (SI) it was previously shown that the imaging of
near-surface (very shallow) scatterers in synthetic reflection seismic data was
improved (Konstantaki et al., 2013b). Compared to the data of conventional re-
flection seismic survey (CRSS), the results retrieved by SI were found to be less
affected by errors that occur during data acquisition and processing, e.g., due
to incorrect positioning of sources in time-lapse measurements or incorrect top
muting. First goal of this research, is to test the previous numerical findings by
applying SI to field reflection data recorded over a landfill. Both ambient-noise
recordings (Campillo and Paul, 2003; Shapiro and Campillo, 2004; Draganov
et al., 2007, 2009) and controlled-source recordings (Schuster, 2001; Wapenaar
et al., 2002; Schuster et al., 2004) can be used in SI. Here we use controlled-source
reflection recordings for SI.

In our application of SI, we crosscorrelate common-receiver gathers recorded
by two receivers – one at location A and another at location B – and then sum
the correlation result along the sources with the aim of retrieving the reflection
response at B from a virtual source at position A (e.g., Wapenaar and Fokkema,
2006; Wapenaar et al., 2010a). For a correct retrieval of the reflection response,
the sources must surround the receivers. Nevertheless, it was found that even
with sources and receivers only at the surface (as is the case for seismic reflection
data acquisition on a landfill), the reflection response could still be retrieved (van
Wijk, 2006; Halliday et al., 2007). In this case, however, non-physical arrivals
might be retrieved as well (Snieder et al., 2006; Draganov et al., 2012; King and
Curtis, 2012). Such non-physical arrivals would be suppressed when significant
multiple scattering occurs in the subsurface (Wapenaar, 2006). In such cases, ob-
jects scattering seismic energy can be regarded as secondary (Huygens) sources
that illuminate the receivers also from below.

Typically, a landfill is an extremely heterogeneous body which is full of local-
ized objects responsible for scattered seismic energy in the reflection recordings.
The presence of scattered energy in reflection data poses extra requirements to
the acquisition and processing of data, thus making seismic imaging of landfills
a challenging task. On the other hand, the presence of significant secondary
scattering in the landfill makes the application of SI advantageous.

Backscattered or reflected body-wave seismic energy from the very near-
surface objects is usually overlain by dispersive surface waves generated by an
active source at the surface. Thus, an important challenge in imaging shallow
scatterers through reflection seismics is the elimination of the surface waves.
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This is a difficult task. Surface waves from other sources can also be recorded
(e.g., anthropogenic traffic noise or noise from gas/water pipes in the subsur-
face) and interfere with the active recordings. More critically, the surface waves
often have a similar velocity and frequency content to those of the investigated
signal (reflections and scattering events), making it difficult to remove them
by conventional methods like bandpass or frequency-wavenumber (f-k) filtering
(Konstantaki et al., 2015b). Slightly incorrect use of the parameters in the f-k
filter may result in artifacts due to signal distortion and spatial correlation of
the background noise thus lowering further the quality of an obtained image. In
the synthetic data of Konstantaki et al. (2013b), surface waves were not present.
In field data, however, surface waves are usually present, and they typically ob-
scure the imaging of the near-surface scatterers (Konstantaki et al., 2015b). The
second goal of our study is thus to investigate the use of SI for removal of surface-
wave energy.

Prediction of surface waves with SI and their adaptive subtraction (AS) from
the seismic reflection data is a way to remove the surface waves. SI can be
used to predict surface waves without the need for a near-surface velocity model.
After the prediction, the surface waves retrieved by SI can be subtracted from
the original reflection data using an adaptive filter (Dong et al., 2006; Halliday
et al., 2010). Halliday et al. (2010) specifically mention the difficulties of re-
moving scattered surface-wave energy from the reflection data by conventional
processing and show the advantages of AS after prediction with SI. We test the
use of SI to predict the unwanted surface waves and remove them from the re-
flection data with the goal to improve the imaging of the landfill.

Reliable characterization and imaging of the heterogeneities inside a landfill is
becoming increasingly important. Definition of the aftercare period, prediction
of the emission potential, and improvement of the treatment technologies are
lately important topics for the landfill operators. One of the goals is to minimize
the aftercare period (e.g., Scharff, 2005; Van Vossen, 2010). For that purpose,
a good understanding of the processes occurring inside the landfill body (e.g.,
preferential flow paths, biogeochemical processes, settlement) is essential. Many
of these processes depend strongly on the heterogeneity distribution inside the
landfill. Konstantaki et al. (2015b) proposed a new approach involving CRSS
and electrical resistivity methods to image and characterize a landfill in detail.
The third goal of this study is to investigate the possibility to improve the char-
acterization of a landfill when interpreting together the results from the CRSS,
SI and AS methods.

In the following sections, we discuss the application of SI to the CRSS data
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acquired at a very heterogeneous landfill site. We investigate if the causal part,
the acausal part, or a combination of both parts of the retrieved wavefield from
SI is best for the acquisition geometry that we have used. We compare the result
of SI with that of CRSS. Next, we present the results after AS of surface waves
as predicted by SI. Finally, we characterize the landfill by joint interpretation of
the results of CRSS, SI and AS.

4.2 Data acquisition and processing: conventional re-
flection seismic survey

In the summer of 2013, we acquired CRSS data on a landfill in Wieringermeer,
the Netherlands. We used 10-Hz horizontal-component geophones as receivers
and a high-frequency, electrodynamic horizontal (shear-wave) vibrator as the
source (Ghose et al., 1996; Brouwer et al., 1997; Ghose, 2012). The horizontal
geophones are oriented in the crossline direction; the shear-wave vibrator is used
in an SH mode, which is achieved by orienting it in the crossline direction as well.
In such a way, we ensure that we generate and record SH waves. Compared to
impulsive seismic sources, high-frequency vibrators are often more suitable for
resolving the heterogeneities in a very heterogeneous shallow subsurface (e.g.,
Ghose et al., 1996, 1998). We have used shear (S) waves because in low-velocity
soft soils S waves generally offer higher resolution than P waves due to the much
lower velocity for S waves, and more importantly because S-wave velocity is di-
rectly linked to the elastic rigidity of the subsoil and S waves are more sensitive
to the subtle changes in the soil type (e.g., Ghose, 2003; Ghose and Goudswaard,
2004). We used 48 geophones planted along a straight line with a 0.5 m spac-
ing between the geophones. We kept the geophone array fixed and moved only
the source. We shot at 33 locations, starting 4 m before the first geophone and
finishing 4.5 m after the last geophone using a source spacing of 1 m. The noise
from the nearby gas pipes and the work at nearby industrial buildings resulted
in a relatively low signal-to-noise (S/N) ratio in the data. Further details about
the acquisition parameters together with a detailed description of the processing
of the CRSS data can be found in Konstantaki et al. (2015b).

The main processing steps we applied to the CRSS were as follows: (1) vi-
broseis source-signature deconvolution to compress the raw vibrograms for each
shot seperately in order to correct for shot-to-shot variation (Ghose, 2002); (2)
vertical stacking of shots at every source location; (3) bandpass filtering (4-10-
160-200 Hz); (4) top, bottom and surgical muting for removing the unwanted
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surface waves; (5) iterative velocity analysis; (6) normal moveout (NMO) correc-
tion and stacking; we also applied (7) prestack-depth migration.

4.3 Processing for seismic interferometry

4.3.1 Processing steps

To investigate if we can improve the results of CRSS at a landfill, we apply SI
to the CRSS data. For this purpose, we perform the following steps. First, we
compensate for intrinsic losses (dissipation) by multiplying the raw CRSS data
by exp(1.3*t), where t is time. With this, we aim to boost the later arrivals for
the correlation process. Then we top-mute the direct arrivals and sort the data to
common-receiver gathers (CRG). After that, we crosscorrelate the CRGs and sum
each correlation result along the sources. As a final step, we apply a bandpass
filter (5-35-95-110 Hz) to remove low- and high-frequency noise and a notch filter
to remove the 50-Hertz powerline noise. The latter noise is present in the CRSS
data, and the crosscorrelation process amplifies it. Therefore, we need to suppress
it. Once the virtual common-source gathers are retrieved by SI, we apply the
same processing steps 4) to 6) as described in section 4.2. To obtain stacked
images of the landfill from the SI data, we use retrieved common-midpoint (CMP)
gathers with a CMP fold ≥ 6. We apply post-stack automatic gain correction
(AGC) with a 30 ms window to the stacked images for a better visualization.
We finally apply a post-stack bandpass filter (10-35-95-110 Hz) to remove the
low- and high-frequency noise that is boosted by the correlation process. After
the stacking, we perform a time-to-depth conversion using a smoothed version
of the stacking velocity field.

4.3.2 Using parts of the causal and acausal retrieved results

Using SI by crosscorrelation requires illumination from all sides. When the illu-
mination is homogeneous, physical arrivals will be retrieved equally well in the
causal and acausal part of the wavefield (Wapenaar, 2004; van Manen et al.,
2005; Wapenaar et al., 2010b). The causal part refers to times later than the
zero time (positive time) and the acausal part to times earlier than the zero time
(negative time). In such a case, the final retrieved result can be taken only from
the positive times, only from the negative times, or even from their summation,
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where the latter might result in improved S/N ratio. In case when the illumina-
tion is not homogeneous from all sides (e.g., when one-side illumination occurs
or gaps in the illumination are present) then parts of the physical energy can be
retrieved at positive times and other parts at negative times. Furthermore, arti-
facts may appear; for example, physical arrivals retrieved at negative times may
continue to positive times as non-physical arrivals and thus manifest themselves
there as artifacts. For our dataset, the illumination is not homogeneous because
the sources are present only at the level of the receivers instead of effectively sur-
rounding the receivers. Therefore, to retrieve more complete reflections, we take
parts of the positive times and/or parts of the negative times. To understand
how we choose which parts to use, we make a simple assumption of a horizontally
layered subsurface representing the landfill and a homogeneous halfspace below
it (Figure 4.1). In the figure, the location of receiver A is the position where
a virtual source will be retrieved, whereas location B is the receiver where we
want to retrieve the reflection from the bottom of the layer. Using stationary-
phase principles (Snieder, 2004) it can be shown that sources lying around the
stationary-phase point (inside the stationary-phase region) contribute construc-
tively to the retrieval of physical energy, while arrivals from sources outside this
region interfere destructively. For our case with sources and receivers at the
surface, a reflection is retrieved by the correlation, for example, of a primary re-
flection with its first-order free-surface multiple. The correlation process would
subtract the traveltime of the primary from that of the multiple, resulting in
the retrieval of a physical primary reflection between A and B. For the case in
Figure 4.1 with a homogeneous horizontal layer, the stationary-phase point will
be at a distance AB to the left of A or to the right of B. For a virtual source
at A and a receiver at B, the reflection will be retrieved at positive times when
the sources are located to the left of A (Figure 4.1a). Similarly, the reflection
will be retrieved at negative times when all sources are present to the right of
B (Figure 4.1b). Having a heterogeneous subsurface with scatterers will compli-
cate the situation. In that case, such a simple analysis is not necessarily correct.
The presence of scatterers in the subsurface partly helps to overcome one-side
illumination as the scatterers act as secondary (Huygens) sources and energy is
scattered back to the surface (e.g., Konstantaki et al., 2013b). Nevertheless, the
number and location of scatterers in the subsurface is unknown on beforehand
and, hence, we do not know whether the secondary illumination would be suffi-
cient to result in retrieval of physical arrival both at positive and negative times.
If a physical arrival is retrieved only, for example, at positive times for a certain
retrieved trace, summing to the positive times the retrieved negative times would
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not add extra information. For this reason, we inspect how the retrieved results
look like for a number of virtual common-source gathers for positive times, neg-
ative times, summed times or a combination of all (mixed-traces approach).

From inspection, we conclude that for our field dataset we can decide which
times (positive, negative or summed) to be used for each trace depending on the
relative position of A, B, and the majority of sources. Instead of choosing the
times for each trace of each virtual common-source gather separately, we make
this procedure automatic. The general rule that we have applied is that we take
positive times in case A is between B and the majority of sources and we take
negative times when B is between A and the majority of sources. In order to
make this distinction, we should have at least 2/3 of the sources on one side of
A or B. With a total of 33 sources, it means that at least 22 sources must be
on one side in order to consider them as acceptable majority. If that is not the
case, then we take the summation of the retrieved positive and negative times to
increase the S/N ratio. When A and B coincide, we take only the positive times.
We can summarize this as follows:

trace =



Positive time, if q ≥ 22 with xs < xA < xB,

or xs > xA > xB, or xA = xB

Negative time, if q ≥ 22 with xs < xB < xA,

or xs > xB > xA

Sum of positive and negative time, if q ≤ 22

(4.1)

where xs indicates the position of the sources, q is number of sources, xA is the
position of A and xB is the position of B. A comparison among the SI mixed-
traces approach (SIM), the result when only the positive times are used (SI+),
the result when only the negative times are used (SI-), and the CRSS data is
shown in Figure 4.2. We choose the shot location at horizontal distance 7 m
because it has a mixture of positive, negative and summed traces. The green
rectangle shows the area of improvement in SIM compared to SI+. In the SI+

result, the area enclosed by the green rectangle is ringy and events are difficult to
interpret. Due to the ringy nature, the retrieved artifacts might be interpreted as
scattering arrivals (e.g., the orange hyperbola). Retrieved artifacts are a result
of non-homogeneous illumination. The artifact indicated with the orange hyper-
bola is a non-physical arrival due to insufficient illumination from the sources to
the left of the virtual-receiver positions. We see here that the secondary scat-
tering was not sufficient to overcome the problem of one-side illumination. To
retrieve physical arrivals in this area, sources on the right side of the receiver
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locations must be used, which then corresponds to events retrieved at negative
times (and/or summed times as explained in the equation above). Comparing
SIM with CRSS, we notice similarities between the events that are not clear in
SI+ (gray-shaded areas).

The red rectangles show the improvement in SIM over SI-. Note, for exam-
ple, the retrieved events inside the right red rectangle which appear to propagate
to the virtual source. These are retrieved artifacts due to a lack of retrieved
physical energy at that part of the negative times. The illumination from the
sources located on the right of the virtual-receiver locations is insufficient. To
retrieve physical arrivals in this area, sources on the left side of the receiver loca-
tions must be used, which then corresponds to events retrieved at positive times
(and/or summed times as explained in the equation above).The gray-shaded ar-
eas and hyperbolas show a comparison between the three different SI results and
the CRSS result for the reflections and the scattering events, respectively. The
improvement of SIM over SI+ and over SI- is clear – the events are more coherent
and better identifiable in SIM. The presence of sufficient scatterers might help
to homogenize the illumination of the receivers from the active sources, and thus
result in more comparable positive and negative times. For our data, we see that
such homogenization is not the case due to the insufficient number of scatterers
and the presence of intrinsic losses. Therefore, we need to use the mixed-traces
approach.

The stacked sections from CRSS, SIM, SI+ and SI- data (Figure 4.3) confirm
our previous conclusions. Once again the rectangles mark the areas of improve-
ment in the SIM result compared to SI+ and SI- results, and the gray-shaded
areas and hyperbolas mark the imaged scatterers to which the marked events
shown in Figure 4.2 have contributed. In general, the events are more coherent
in SIM. They show more clarity and are in agreement with the CRSS result.
The artifact highlighted by the orange hyperbola appears as a scatterer in the
SI+ result, whereas in the SIM it can be interpreted as a linear event, similar to
that in CRSS. In the red area marked in the SI- result, it is visible that the S/N
ratio is lower in SI- than in SIM. Because of these, from now onwards we will
use only the SIM result, but for simplicity we will call it just SI. Note that the
ringing that appears in the lower left corner of the stacked images is an artifact
of the post-stack bandpass filter. In Figure 4.3e-h we show enlarged areas from
the stacks in Figure 4.3a-d, respectively, for better visualization of the scatterers.
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Figure 4.1: Explanation of retrieval of a reflection at B from a virtual source
at A. The active source is at distance AB from A or from B. (a) When the active
source is to the left of A, the reflection is retrieved at positive times. (b) When
the active source is to the right of B, the reflection would be retrieved at negative
times. The symbols v and ρ denote velocity and density, respectively

4.4 Imaging scatterers with seismic interferometry

4.4.1 Comparison of the results of SI and CRSS

Figure 4.4 presents an example of CRSS and SI common-source gather for a
source at horizontal location 22 m. We show both raw (Figure 4.4a,c) and pro-
cessed data (Figure 4.4b,d). We choose the common-source gather for a source
at distance 22 m (thus different from the one in Figure 4.2), because both reflec-
tions and scattering events are easily interpretable here. Another reason is that
we will subsequently use this shot gather in explaining AS for suppression of sur-
face waves. The shot gathers in Figure 4.4b,d are obtained after application of
the processing steps as explained in section 4.2. The gray-shaded areas indicate
interpreted reflections. Ideally, these events should be at the same position in
all these plots. The red hyperbolas mark those scattering arrivals which we can
identify on the CRSS shot gathers (Konstantaki et al., 2015b), whereas the green
hyperbolas mark the ones which we can interpret unambiguously only on the SI
shot gathers and not on the CRSS shot gathers. As the CRSS data are obtained
by deconvolution and the SI data by crosscorrelation, both CRSS and SI data
show traces with zero-phase wavelets. Scattering events 1 and 2 interpreted in
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Figure 4.2: Raw shot gather for a source located at horizontal distance 7 m,
obtained from (a) conventional reflection seismic survey (CRSS), (b) seismic in-
terferometry (SI) using the mixed-traces approach (SIM), (c) SI taking only the
negative times (SI-), and (d) SI taking only the positive times (SI+). The green
rectangle shows areas of improvement in SIM over SI+, the red rectangles show
areas of improvement in SIM over SI-. The gray-shaded areas and hyperbolas
show reflection and scattering events, respectively. The orange hyperbola indi-
cates an artifact in SI+. Note that we apply a different bandpass filter to the SI
results (Figure 4.2b,c,d) compared to the CRSS result (Figure 4.2a).
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Figure 4.3: Stacked section obtained from (a) conventional reflection seismic
survey (CRSS), (b) seismic interferometry (SI) using the mixed-traces approach
(SIM), (c), SI taking only the negative times (SI-) and, (d) SI taking only the
positive times (SI+). (e) enlarged area showing the scatterers in (a), (f) enlarged
area showing the scatterers in (b), (g) enlarged area showing the scatterers in
(c), (h) enlarged area showing the scatterers in (d). The green rectangle shows
the area of improvement in SIM over SI+, the red rectangle shows the area
of improvement of SIM over SI-. The gray-shaded areas and hyperbolas mark
some reflections and scatterers, respectively. The orange hyperbola indicates an
artifact in SI+. The dome-like structure in the middle, accentuated in the SI
sections, is due to the remaining surface waves and the laterally varying positive
and negative offsets due to split-spread data acquisition with a fixed receiver
array, which will be explained further in section 4.7.
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the CRSS shot gather are also interpretable in the SI shot gather, though not
equally clear. Scattering events 5 and 6 appear strongly in the SI data. There is
a hint of their presence also in the CRSS gather, but there they are not unam-
biguous. Scattering events 3 and 4 apparently exhibit opposite polarities on the
CRSS and SI gathers. This will be explained later on in subsection 4.4.2. The
reflections are interpretable in both datasets, but in the SI gather they appear
more continuous and coherent.

Figure 4.5 shows the stacked images obtained from the CRSS and SI datasets.
Concentrating on Figure 4.5a,b, we can identify specific structures. Both sec-
tions show predominance of laterally continuous reflections on the right part (18
m to 26.25 m horizontal distance). A dome-like structure appears in the middle
(approximately 13 m to 17 m horizontal distance), which is more prominent in
the SI section. We shall explain this event further in section 4.7, after having
interpreted the results of the AS approach.

Looking carefully at the events in the SI and CRSS stacked sections, it is
clear that more scatterers can be interpreted in the SI section. The interpreted
scatterers are marked in Figure 4.5c,d. In Figure 4.5e-h we show enlarged ar-
eas from the stacks in Figure 4.5a-d, respectively, for better visualization of the
scatterers. In accordance with the interpretations in the common-source gath-
ers, the green color indicates scatterers that can be interpreted only in the SI
section but not in the CRSS section, whereas the red color indicates scatterers
that can be interpreted in the CRSS result. The blue arrows point to reflectors.
The reflectors seen in the SI stacked section are interrupted by scatterers (e.g.,
scattering events 5 and 6 in Figure 4.5d), while in the CRSS section we do not
see such interruption. The higher number of traces in the SI data has made it
possible to distinguish these extra scatterers (Konstantaki et al., 2013b). This
will be further explained in subsection 4.4.3.

Shallow scatterers (e.g., green hyperbolas at a horizontal distance of about
9.25 m and 14.25 m, and two-way traveltimes (TWT) 25 ms and 30 ms, respec-
tively) can be identified in the SI stacked section (Figure 4.5). In the CRSS
section, these events are not interpretable, most likely because they were muted
out in the preprocessing. In our case, the SI data utilizes secondary scattering
in order to retrieve the energy from the shallow scatterers and thus remedies the
problem posed by muting in the CRSS data (Konstantaki et al., 2013b).
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Figure 4.4: (a) Raw and (b) processed shot gather obtained from conventional
reflection seismic survey (CRSS) for a source located at horizontal distance 22
m. (c) Raw and (d) processed shot gather obtained from seismic interferometry
(SI) applied to the CRSS data, for a virtual source located at horizontal distance
22 m. The red hyperbolas show scattering events interpreted on the CRSS data,
whereas the green hyperbolas mark scattering events interpreted on the SI data.
The gray-shaded areas indicate mostly reflections.
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Figure 4.5: Stacked section obtained from (a) conventional reflection seismic
survey (CRSS) and, (b) seismic interferometry (SI) with the mixed-traces ap-
proach applied to the CRSS data. (c) and (d) show the interpretation from (a)
and (b), respectively, (e) enlarged area showing the scatterers in the left side of
(c), (f) enlarged area showing the scatterers in the left side of (d), (g) enlarged
area showing the scatterers in the middle of (c), (h) enlarged area showing the
scatterers in the middle of (d). The red hyperbolas show scatterers interpreted on
the CRSS data, whereas the green hyperbolas show scatterers interpreted on the
SI data. The numbers correspond to the scattering events shown in Figure 4.4.
The yellow rectangles illustrate examples of opposite-polarity effect. The blue
arrows point to reflectors. The CMP fold distribution is shown in the middle
part. Note that the peak of the dome-like structure, more prominent in the SI
reflection stack (b), is located in the lateral distance range which corresponds to
the maximum CMP fold.



76 4.4. Imaging scatterers with seismic interferometry

4.4.2 Modeling study 1: Opposite-polarity effect

In Figure 4.5, we identify some events that exhibit opposite polarities between
CRSS and SI stacked sections, similar to what we see in the shots gathers in Fig-
ure 4.4 (e.g., scattering events 3 and 4). Note that in the two stacked sections,
scatterers 3 and 4 do not appear at the same location, although this was not ap-
parent in the shot gathers in Figure 4.4. Concentrating on the events shown in
the small yellow rectangles in Figure 4.5, we notice clearly the opposite-polarity
effect: what appears to be a peak in the CRSS section (the red hyperbolas in the
yellow rectangles in Figure 4.5c) shows up as a trough in the SI section (the red
hyperbolas in the yellow rectangles in Figure 4.5d). A peak appears at an earlier
time in the SI section (the green hyperbolas in the yellow rectangles in Fig-
ure 4.5d). These red- and green-marked events correspond to the same scatterer.
We use Figure 4.6 to explain this effect. In Figure 4.6a the green hyperbola in-
dicates a reflection event and the dashed green line is the same event after NMO
correction. The blue hyperbola indicates a diffraction event and the dashed blue
hyperbola is the alignment of the diffraction event after time-shifting using the
root-mean-square (RMS) velocity of the reflection event for NMO correction. For
velocity analysis, we use the stacking velocity corresponding to the main layer
boundaries. The moveout velocity in this example is 90 m/s for the reflection
and 60 m/s for the diffraction. When the reflection velocity field is used, the
diffraction event is not flattened after the NMO correction (Figure 4.6a). This
is true for both CRSS (Figure 4.6b) and SI (Figure 4.6c) data. However, as
the SI data contain a larger number of traces (denser spatial sampling), it im-
ages the position of the scatterer more accurately. This can be interpreted as
an aliasing effect in the CRSS result (due to spatial undersampling). As shown
in Figure 4.6f, the stacked trace from the SI data provides a more correct time
for the apex of the scatterer, compared to the stacked trace in the CRSS sec-
tion (Figure 4.6e). In the CRSS stacked trace, we loose the information close
to the apex and the scatterer appears at a later time. A comparison between
the stacked traces shows a different waveform for the CRSS and SI result that
could be interpreted as the opposite-polarity effect (gray arrows in Figure 4.6d),
similar to what we observe in the field data (Figure 4.5).

4.4.3 Modeling study 2: Scatterers located at layer boundaries

To understand why the SI result could reveal scatterers that overlay reflectors,
we perform a modeling study. We use a model consisting of four horizontal
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Figure 4.6: (a) Reflection and diffraction hyperbolas (solid lines) and their
alignment after normal moveout (NMO) correction (dashed lines) using the root-
mean square velocity of the reflection event. (b) Diffraction event in the common-
midpoint (CMP) gather of conventional reflection seismic survey (CRSS) and, (c)
diffraction event in the CMP gather of seismic interferometry (SI). (d) Compari-
son of stacked CRSS (red) and SI (black) traces, (e) stacked CRSS trace only, (f)
stacked SI trace only. The gray arrows in (d) mark the opposite-polarity effect.

layers with two scatterers placed on the boundary between the two top layers
(Figure 4.7a). The shear-wave velocity (Vs) and density (ρ) of the layers are:
Layer 1: Vs=82 m/s, ρ=800 kg/m3; Layer 2: Vs=100 m/s, ρ=810 kg/m3; Layer 3:
Vs=120 m/s, ρ=820 kg/m3; Layer 4: Vs=140 m/s, ρ=840 kg/m3. Both scatterers
are 1 m wide, 0.3 m high and have Vs=140 m/s and ρ=900 kg/m3. The separation
between the scatterers is 3 m. We consider the same acquisition geometry as we
have in the field to generate synthetic data: 33 sources with 1 m spacing and 48
receivers with 0.5 m spacing. The first source is located at 134 m and the last
source at 166 m, whereas the first receiver is located at 138 m and the last at 161.5
m. The scatterers are located at horizontal positions 148 m and 152 m. The grid
sampling in the model is 0.09 m and the time sampling of the receiver field is 0.003
s. We apply a taper of 60 points at the lower and side boundaries of the model
to minimize reflections from these boundaries. We perform forward modeling
using a finite-difference code (Thorbecke and Draganov, 2011) in acoustic mode
but with S-wave velocity parameters. This is justified, because in the field we
generated and recorded SH waves, which decouple from the P and SV waves in
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a 2D experiment. To model SH-wave propagation assuming decoupling, one can
thus use a simple acoustic forward modeling with S-wave velocities.

Figure 4.7b shows the stacked section obtained from the modeled CRSS data.
Figure 4.7c shows the stacked section obtained from the retrieved common-source
gathers after applying SI to the modeled CRSS data. In the stacking process,
we use the RMS velocity field obtained from the exact velocity model. In the
SI section, two clear bumps are visible at the first layer boundary with apex at
the correct scatterer locations. In contrast, in the CRSS section the apex of the
scatterers is not clear and the interpretation of the location of the scatterers is
difficult because of the presence of large and strong diffraction smiles. If more
scatterers were present (as in our field data), it would be difficult to distinguish
the scatterers located at the layer boundary in the CRSS section. The diffraction
smiles are nearly absent in the SI stacked section due to the improvement in
stacking due to the increased fold of the traces to be stacked, because of more
available sources and receivers. The top three layers are visible in both CRSS
and SI sections. In the SI section, the layers are imaged well, except at the
extremities of the receiver array. On the contrary, in the CRSS section the layers
are clearly interpretable only at extremities of the receiver array where there
is no interference due to the diffraction smiles. In the SI stacked section, the
imaging of reflections at the sides is poor due to insufficient stacking; the CMP
fold is lower than that for the CRSS data. Note that the deepest reflector is not
imaged in the SI data, because reflections from this boundary are not retrieved.
This happens due to the length of the modeled data, which was sufficient to
record the primary reflection from the fourth layer, but too short to record its
free-surface multiples.

4.4.4 Remarks on the comparison of SI and CRSS results

From the comparison of CRSS and SI results in this section, the following remarks
can be made:

• In the SI stacked section, scatterers appear at a time which is more likely
to be the correct one, due to more available traces in the CMP gathers
compared to the CRSS stacked section;

• Scatterers located at or close to a layer boundary are better imaged through
SI;

• Shallow scatterers that are muted in the CRSS data can still be imaged in
the SI stacked section.
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Figure 4.7: (a) Velocity model for forward modeling of a situation where two
scatterers are located at the boundary between the two layers. Synthetic stacked
section obtained using the (b) conventional reflection seismic survey (CRSS) data
and (c) data retrieved by application of seismic interferometry to the CRSS data.
The red arrows indicate the location of the scatterers.
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However, as we found in our earlier modeling (Konstantaki et al., 2013b), ar-
tifacts are also expected in the SI results. Therefore, a joint interpretation of
CRSS and SI results is desirable in order to interpret correctly the scatterers.

4.5 Removing surface waves using seismic interfer-
ometry: improved imaging of the reflectors in a
landfill

4.5.1 Preparation of data for adaptive subtraction

Surface waves with velocity and frequency similar to those of the reflections and
the scattering events are present in our field data and it is challenging to remove
them through data processing. In the processing of CRSS data we remove the
surface waves by surgical muting. This does not remove the surface-wave energy
in a satisfactory manner, because the surface-wave energy that overlaps the useful
reflection and scattered arrivals still stays. Furthermore, weak reflections and
scattered arrivals covered by surface waves can also be muted.

Here, we use SI as a tool to remove in a data-driven way the surface-wave
energy from the shallow reflection data. For this purpose, we subtract the surface
waves in an adaptive manner. To remove the surface waves from the CRSS data,
first we need to predict the surface waves by retrieving them with SI. We first
compensate for the intrinsic loss by multiplying the CRSS data with exp(1.3*t).
Then, we apply a bandreject filter (5-35-95-110 Hz) followed by top muting of the
direct arrivals in order to enhance the surface waves. Note that we now apply a
bandreject filter to reject frequencies that were kept before (those characteristic
of reflections and diffractions) and boost low and high-frequency surface waves
(that were rejected during the SI and CRSS processing). After that, we apply SI
using the mixed-traces approach as explained in 4.3. The result is SI data with
dominant surface waves (SIs).

An example of this retrieval in field data is illustrated in Figure 4.8b. For a
comparison, the CRSS shot gather at the same location (shot at 22 m horizontal
distance) is shown in Figure 4.8a. Next, we use a least-squares matching filter
that minimizes the difference between the CRSS and the SIS data (Verschuur
et al., 1992; Guitton and Verschuur, 2004). For our data, we found that the best
matching is achieved when we use a filter with a length of 21 sample points, a
time window of 100 sample points, and a spatial window of 5 traces. Using this
filter, the SIS data (Figure 4.8b) are adaptively subtracted from the CRSS data
(Figure 4.8a). The resulting AS data is shown in Figure 4.8c.
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Figure 4.8: Shot gather for source located at horizontal distance 22 m obtained
from (a) conventional reflection seismic survey (CRSS), (b) seismic interferome-
try focused towards retrieving primarily the surface waves, and (c) CRSS after
adaptive subtraction of the retrieved surface waves, which is the subtraction of
the gather in (b) from that in (a).

4.5.2 Comparison of the results of CRSS and AS

Comparing the gathers in Figure 4.8a,c, we see that surface-wave energy is sig-
nificantly removed, and at many places the reflections are better identifiable in
the AS shot gather. Refractions, now free from surface-wave energy, are also
better visible. In Figure 4.8b, the SIS shot gather shows an event at about 16
m horizontal distance and TWT of 0 ms, which looks like a surface wave from
another source. This event is also present in the CRSS data and becomes clearly
visible when the same bandpass filter is applied. Figure 4.9a,b show the shot
gathers from Figure 4.8a,c, respectively, after top and bottom muting. We apply
the same top and bottom mute in both shot gathers. The application of SI fol-
lowed by AS suppresses very effectively the surface waves at later times. In our
case, for imaging the landfill using shear waves, we are mainly interested in the
first 180 ms to 200 ms (which corresponds to approximately 11 m to 13 m depth
where we expect the bottom of the landfill). Therefore, for comparison, we apply
the same bottom mute as that for the CRSS data. Note that in the AS data we
do not apply surgical mute to all shot gathers for surface-wave removal – only a
few shot gathers show remaining strong surface waves that need to be removed
by surgical muting. This is because the AS filter parameters are not ideal for
all shot gathers and in a number of shot gathers a few surface waves are still
present. The gray-shaded areas in Figure 4.9a,b highlight reflections from layer
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boundaries. The red hyperbolas highlight the scattering events interpreted on
the CRSS data (Figure 4.4a and Figure 4.9a), whereas the green hyperbolas are
the scattering events interpreted on the SI data (Figure 4.4d). The reflections
(gray-shaded areas) are identifiable in the AS result – some of them are even
more continuous and laterally coherent. The scattering events are not improved
after AS, but this is also not expected. The quality of the scatterers might even
have deteriorated.

During the SI processing, surface waves between a virtual source and a re-
ceiver are retrieved for each of the active-source positions, over which the sum-
mation takes place. This results in a retrieval of relatively strong surface waves.
A reflection between the same virtual source and a receiver will be retrieved only
for a few sources, which lie in the stationary-phase region. Because of this, the
retrieved reflections will be relatively weak unless a large number of sources are
available. Scattered arrivals between the virtual sources and the receiver might
also be retrieved for each active-source position, but that will depend on the
recording time and the path of the scattered wave in the CRSS data. Because of
this, a retrieved scattering will be relatively stronger than a retrieved reflection,
but relatively weaker than a retrieved surface wave. In the AS, the strongest
arrivals, i.e. the surface waves, will dictate the parameters of the matched fil-
ter and thus the surface waves will be most effectively removed. The weaker
arrivals, like the scattering, might also be affected, but to a lesser extent. How
much of the scattered energy is preserved after the AS would depend on how
much surface-wave energy is retrieved and the difference in amplitude between
the surface waves and the scattered arrivals.

Figure 4.10 shows the stacked sections from the CRSS and AS data. Note
that in the AS section the reflectors are clearer. The interpretations are marked
in Figure 4.10c,d. The gray-shaded areas highlight the reflectors. The reflectors
on the right and left sides (18 m to 26.25 m and 5.25 m to 8 m horizontal distance,
respectively) are more continuous in the AS result. On the other hand, between
about 12 m and 15 m horizontal distance, TWT of 140 ms the reflectors appear
to be more continuous in the CRSS data. The reason for this is likely to be the
surface-wave energy that was not removed in the AS data, but was removed in
the CRSS data by surgical muting. Note that the AS section allows much better
identification of the bottom of the landfill (yellow line in Figure 4.10d).

As discussed earlier, the scatterers in the AS section in Figure 4.10 are not
always well-imaged as compared with the CRSS section. The scatterers high-
lighted with red hyperbolas are imaged satisfactorily, although not always at the
same location as in the CRSS data. The green-highlighted scatterers are difficult
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to interpret.
Ideally, SI can be applied to the AS data to improve the retrieval of scattering

events compared to the original SI data (SI applied directly to the CRSS), since
the interference from surface-wave energy would be less in case of the AS data.
However, our field data have a low S/N, implying that SI applied to the CRSS
data would also result in a low S/N and consequently the AS result has a lower
S/N. The application of SI on the result of AS would be even worse. To improve
the retrieval of the scattered arrivals, one needs to have longer AS data. If the
noise in the field data can be reduced through more careful data acquisition,
then that will help the situation greatly.

4.6 Characterization

For a reliable estimation of the emission potential of a landfill, determination of
the detailed density distribution is important (White et al., 2004; McDougall and
Fleming, 2013). Konstantaki et al. (2015b) translated the velocity field obtained
from CRSS data to density distribution using a tested empirical relationship that
is specifically valid for landfill sites. Errors in the velocity models, however, sig-
nificantly influence the characterization of the landfill properties (e.g. Zhu et al.,
1998). Therefore, the extracted velocity field needs to be reliable.

As we have shown above, CRSS may fail to image certain scatterers and reflec-
tors, whereas using SI one might improve the imaging of the shallow subsurface.
However, SI might also create artifacts. Therefore, a combined interpretation of
the velocity fields obtained from CRSS, SI and AS might lead to a more reliable
characterization of the shallow subsurface.

For all three datasets (CRSS, SI and AS), we estimate the RMS velocities
by interactive velocity analysis. For this, we follow the procedure specifically
valid for a very heterogeneous subsurface condition like in landfills, as explained
in Konstantaki et al. (2015b). This requires special care. Using the Dix equa-
tion, we then convert the RMS velocities to interval velocities. Figure 4.11a,b,c
illustrate the estimated velocity field obtained from the CRSS, SI, and AS data,
respectively. The circles in Figure 4.11 mark areas showing clear differences
among the three velocity fields. The SI data present a more heterogeneous ve-
locity field compared to the AS data. This is anticipated because SI illuminates
multitude of localized scatterers in the landfill. On the other hand, the AS ve-
locity field is smoother, because of the predominance of reflections from layer
boundaries rather than from spatially localized scatterers. The differences be-
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Figure 4.9: The shot gather (a) from Figure 4.8a and (b) from Figure 4.8c after
processing (top and bottom muting). The red hyperbolas show the scattering
events interpreted on CRSS data, whereas the green hyperbolas mark the same
events interpreted on the SI data. The gray-shaded areas indicate primarily
reflections.
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Figure 4.10: Stacked section obtained from (a) conventional reflection seismic
survey (CRSS) and, (b) adaptive subtraction (AS) of surface waves. Interpreted
stacked section (c) of CRSS and (d) of AS. The red hyperbolas indicate scatterers
interpreted on the CRSS data, whereas the green hyperbolas indicate scatterers
interpreted on the SI data. The numbers correspond to scattering events shown
in Figure 4.9. The gray-shaded areas indicate reflectors (layer boundaries). The
yellow line indicates the interpreted landfill bottom.

tween the three velocity fields appear meaningful.
These differences can be explained based on the events that each dataset

(CRSS, SI and AS) images. We present a few examples here. In the CRSS data
in Figure 4.5c a scatterer is imaged at about 8.5 m horizontal distance and TWT
of 150 ms (red hyperbola). This scatterer appears in the CMP gathers, and
during the velocity analysis, velocity was picked such that this scatterer is im-
aged best (Konstantaki et al., 2015b). For this reason, a high-velocity anomaly
compared to the surrounding appears at this location (marked by A in Fig-
ure 4.11a). On the other hand, in the SI data, not one but two scatterers are
imaged in this vicinity (Figure 4.5d): 8.75 m horizontal distance and TWT of
130 ms, and 9.25 m horizontal distance and TWT of 100 ms (green hyperbolas),
although no scatterer is imaged at exactly the same location marked by the red
hyperbola (scatterer in the CRSS data). This is the reason why we notice in the
SI velocity field two spatially resolved high-velocity localities (marked by two
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circles close to A). At location B, a lower velocity appears in the SI velocity field
compared to the CRSS velocity field. This is because a scatterer is imaged at
this location in the SI data (see the SI stacked section in Figure 4.5d at 9.25 m
horizontal distance and TWT of 25 ms), but not in the CRSS data (Figure 4.5c).
Next, the velocity contrast at location C appears at different times between Fig-
ure 4.11a,b, because of the opposite-polarity effect. As discussed in subsection
4.4.2, the scatterer at around 16 m horizontal distance in the CRSS stacked sec-
tion (Figure 4.5c yellow rectangle, red hyperbola) appears at a later time than
that in the SI stacked section (Figure 4.5d yellow rectangle, green hyperbola).
Because of this, we find the velocity contrast appearing at a later time in the SI
velocity field (Figure 4.11b) compared to the CRSS velocity field (Figure 4.11a).
SI fails to image the scatterer located at about 25.75 m horizontal distance and
TWT of 150 ms (Figure 4.5d), which is though clearly visible in the CRSS data
(Figure 4.5c). This explains the presence of a clear anomaly at this location in
the CRSS velocity field and its absence in the SI velocity field (circle D).

Compared to the CRSS and SI velocity fields, the AS velocity field is gen-
erally rather smooth (dominated by reflections from the layer boundaries rather
than by the scatterers). Nevertheless, a few localized velocity contrasts can be
traced in Figure 4.11c. As discussed earlier, several scatterers are still picked
in the AS data during velocity analysis, and they are imaged in the AS stacked
section. We, therefore, still observe some spatially localized velocity anomalies
in Figure 4.11c. Circle A in this figure indicates a localized scatterer in this area
(corresponds to the one at 8.5 m to 9.25 m horizontal distance and TWT of 100
ms to 150 ms in Figure 4.10d). Similarly, circle C in Figure 4.11c indicates the
velocity anomaly due to scatterers at approximately 16 m distance and TWT
of 100 ms and 130 ms (Figure 4.10d). Admittedly, in the AS stacked section,
due to the lower S/N, the imaged scatterers are sometimes less unambiguous, as
explained in the previous section. Therefore, one needs to be cautious in inter-
preting the localized anomalies in the AS velocity field.

4.7 Discussion

In the SI stacked section we observe a dome-like structure with a peak at around
13 m to 17 m horizontal distance (Figure 4.5b). Indication of such a structure
is faint in the CRSS section (Figure 4.5a). This structure is due to stacking of
the surface waves that remained after top muting. The following reasons support
this interpretation. First, compared to the raw CRSS shot gathers, reverberating
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Figure 4.11: S-wave interval velocity field obtained from (a) conventional re-
flection seismic survey (CRSS) data, (b) seismic interferometry (SI) data and,
(c) data after adaptive subtraction (AS) of surface waves. The circles and capi-
tal letters indicate areas where differences in the velocity fields among the three
fields are observed.
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surface waves are accentuated in the raw shot gathers obtained from SI applied
to the CRSS data (Figure 4.4). After top muting, the surface waves are still
present more in the SI shot gathers than in the CRSS shot gathers, and these
surface waves stack up to produce this dome-like structure, more prominently
in the SI stacked section than in the CRSS stacked section. Second, when the
surface waves in the CRSS data are greatly suppressed by adaptive subtraction,
the stacked section shows no more indication of such dome-like structure (Fig-
ure 4.10b). Third, the frequency content of the dome structure is relatively low
and suggestive of ground rolls (see also Figure 4.4b,d and Figure 4.8b). Finally,
in our data acquisition, the geophones were fixed and only the source moved.
The CMP fold reaches its maximum at 13.5 m lateral distance and then stays
constant at 24 m till 18.25 m lateral distance for the CRSS data, whereas it
reaches a maximum of 48 traces at 15.75 m for the SI data. On both sides of this
distance range, the fold gradually decreases (Figure 4.5). Note that the peak of
the dome-like structure is located around 13-17 m distance range (Figure 4.5b).
Both positive and negative offsets in the CMP gather contain the remaining sur-
face waves which stack up at an earlier time. Outside this lateral distance range,
the positive and negative offsets are not equal and this inequality increases as
we go farther from the above distance range. Accordingly, the result of stack-
ing of the remaining surface waves in the positive and negative offsets gradually
changes to create the flank of the dome-like structure.

Such a dome-like structural artefact due to stacking of surface waves can be
avoided in case the data are acquired using the usual roll-along spread. Then
the maximum CMP fold and distribution of source-receiver offset will remain
constant over many CMPs. But in that case, the surface waves will stack up
to produce an artifact which will appear like a flat, laterally continuous reflec-
tor. Because the reverberating surface waves are stronger in the SI data, this is
more of a problem in case of SI imaging. Our results indicate that precaution
is needed during acquisition and interpretation, in case SI is applied to CRSS
data. The strong reverberation of surface waves in case of SI is possibly due to
the limitation in the available frequency bandwidth and/or the very near-surface
scattering.

If a scatterer is present very close to the surface, SI will reveal its presence
through retrieval of an event with opposite (positive and negative) linear move-
outs at a place of no virtual source. Such an event is visible in Figure 4.8b close
to time zero at approximately 16 m lateral distance. This scatterer will also
be imaged in the stacked section, if the event is not suppressed during NMO
stacking targeted at imaging the layer boundaries. Additionally, the increased
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stacking power of SI will make this event stronger compared to CRSS section.
In CMP stacking we use the RMS velocity field corresponding to the continuous
reflection horizons, and as a result the scatterers are not flattened. As the SI
data have a higher number of traces compared to the CRSS data, the imaging of
the apex of the scatterers is improved in the SI stacked sections, which was also
illustrated in Konstantaki et al. (2013b).

We use a trace-stacking procedure for imaging after application of SI. This
accounts for single scattering. When multiple scattering is present, then the
imaging in depth can be improved using advanced imaging conditions incorpo-
rated in prestack depth migration (Fleury and Vasconcelos, 2012; Vasconcelos
et al., 2012; Ravasi and Curtis, 2013). In addition, we use 2D approximation for
the seismic imaging of the scatterers. However, signals from scatterers located
in the 3D surrounding of our line are also recorded. Thus, some of the scatterers
we are imaging might not be exactly situated under our 2D seismic line. On the
other hand, scattering from the 3D environment helps to illuminate our receivers
better and thus aids in suppressing artifacts. For the AS results, the presence of
3D ambient noise can be an explanation why the filter did not sufficiently remove
all surface-wave energy.

4.8 Conclusions

We studied the application of seismic interferometry (SI) to the conventional
reflection seismic survey (CRSS) field data obtained at a landfill, with the goal
to improve the imaging and interpretation of the landfill heterogeneities. We
have shown that SI applied to the CRSS data improves the imaging of scatterers
inside the landfill. We have also shown that scatterers that are located on or
close to a layer interface might not be imaged using the CRSS data, but can
be imaged using the retrieved SI data. Due to the coarser spatial sampling of
the source in the CRSS data, the scatterers might be imaged at a slightly later
time/depth. Because the SI-retrieved data have a denser spatial sampling, the
chance of imaging the scatterers at their correct time/depth is greater. During
the processing of CRSS data, muting of the earlier times might cause shallower
scatterers not to be imaged. Such scatterers would still be imaged using the SI-
retrieved data. We investigated the efficiency of SI surface-wave prediction and
adaptive subtraction from the original CRSS data on landfill. We showed that
the obtained adaptively-subtracted (AS) data result in an improved image of the
reflectors inside the landfill body. The integrated interpretation of the CRSS, SI
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and AS data improved the understanding of the landfill’s subsurface. The three
velocity fields provide complementary information and they may help distinguish
the high-density areas that are responsible for the preferential flow paths that
occur inside a landfill. This can provide useful information for designing the
treatment technologies, for the prediction of the emission potentials, and for
assessing the temporal changes in the landfill body.



Chapter 5

Wet and gassy zones in a
municipal landfill from P- and
S-wave velocity fields

In this chapter, we look carefully at the seismic data acquired at a second landfill
site (Twence, Hengelo). The main goal here is to show that using a combina-
tion of different types of seismic body waves (P and S) more information can be
obtained regarding the location of wet and gas/air-bearing zones. In chapter 3,
by interpreting the S-wave reflection and the electrical resistivity data, we could
define the location of the wet pockets in the landfill. In this chapter, making use
of the additional information provided by P waves, we obtain more insights into
the location of the relatively dry, gas/air-bearing zones. The knowledge of the
biogas distribution inside the landfill body is important not only for the estima-
tion of the emission potential, but also for the utilization of the biogas (chapter
1).

We test our methodology by applying to the new dataset the processing ap-
proaches presented in chapter 3. We succeed in imaging the landfill body (a
highly scattering environment for the seismic waves), the bottom of the landfill,
and the reflection-dominated geological subsurface below the landfill, with both
P- and S-wave reflection data. As S waves are more sensitive to the changes in
the soil type, they provide a better definition of the shallow scatterers than P
waves. On the other hand, the S-wave data contain strong surface-wave energy
arriving at later times. This energy is due to a different source. In this case,
P waves are more reliable for the velocity analysis. In this regard, a combined
interpretation of P and S waves results in an improved definition of the velocity
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model. The importance of careful data acquisition is discussed in this chapter as
well.

As the landfill body is very heterogeneous, we verify the velocity fields ob-
tained from reflection data by velocity fields obtained by MASW and early-
arrival waveform tomography. The S-wave velocity fields obtained by Rayleigh-
and Love-wave MASW are not detailed enough to characterize the heterogeneous
landfill body sufficiently (as explained also in chapter 3); however, the two ve-
locity fields obtained by Rayleigh- and Love-wave MASW show similar lateral
velocity variations. The same holds for the P-wave velocity field obtained from
P-wave early-arrival waveform tomography. We explicitly discuss the behavior
of the P- and S-wave velocities in the presence of leachate and gas/air in the
pores, and how this behavior allows identifying the location of wet and relatively
dry gas/air-bearing zones. We use the Vp/Vs ratio to support our arguments.
The density field is also extracted from the S-wave velocity using the method
described in chapter 3.

For validation of our measurements, we compare our results with mechanical
resistance pressure and biogas measurements independently done by Mutriwell
B.V. We find similar spatial distribution between our interpretations and those
independent measurements. Finally, we discuss the strikingly low P-wave veloc-
ity observed in our field data. We cite examples of other studies showing very
low P-wave velocities. We conclude that the extremely low P-wave velocity is
likely to be due to the presence of relatively dry, gas-bearing zones in the landfill.

In this chapter, we present a way to determine wet and relatively dry, gas/air-
bearing zones inside the landfill body using jointly P- and S-wave measurements.
We point out specific conditions that must be met (e.g., velocity changes, pres-
ence of scatterer, P-to-S velocity ratio) in order to distinguish a wet zone from
a dry, gas/air-bearing zone.

The body of this chapter was submitted as a journal article:: Konstantaki,
L.A., Ghose, R., Draganov, D., Heimovaara, T. J., Wet and gassy zones in a
municipal landfill from P- and S-wave velocity fields, Geophysics, submitted.
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5.1 Introduction

Landfills are generally very heterogeneous bodies, in which complex biogeochem-
ical reactions occur, that produce leachate and biogas. The treatment technolo-
gies and the prediction of the emissions from a landfill in time can be improved
when quantitative information regarding the biogas and the leachate pathways
is available. Nowadays, wells are used to collect the biogas for protection of
the environment and for energy production (Themelis and Ulloa, 2007). For the
estimation of the future biogas emissions, precise biogas measurements and the
knowledge of the biogas distribution inside the landfill are important. The exist-
ing methods for measuring biogas concentrations (e.g., soil-core measurements,
static closed chamber measurements) are not sufficiently accurate and the re-
sults of the present-day emission-prediction models are contradictory when used
individually for the same landfill (Scharff et al., 2011). Soil-gas measurements
provide biogas distributions, but only at the surface (e.g., Nolasco et al., 2008).
To obtain biogas distributions at depth, wells have to be drilled, which is expen-
sive and invasive. A knowledge of the distribution of biogas in the landfill can
help improve the capture of biogas through, for example, improved placement
of the gas extraction wells. Electrical resistivity (ER) measurements have been
used to map gas (relatively dry, gas/air-filled) pathways, but additional infor-
mation (e.g., temperature distribution) is needed to improve their interpretation
(Rosqvist et al., 2011). Although this approach has potential, the results are so
far qualitative (Johansson et al., 2011).

Leachate follows preferential flow pathways, which are strongly affected by
the waste composition and compaction (Sormunen et al., 2008). Mainly mass-
balance modeling is used to estimate the leachate emission, and mathematical
models are used to explain the preferential flow paths (e.g., double porosity
model). Geophysical measurements are one of the few methods that are able
to image the leachate pathways, with ER tomography (ERT) being the most
commonly used method for this purpose (Rosqvist et al., 2005). However, arti-
facts, uncertainty, and limited resolution are outstanding issues with the ERT
method (e.g., Jolly et al., 2011). Konstantaki et al. (2015b) used a combina-
tion of S wave reflection and ERT methods to localize the leachate pockets. S
waves are sensitive to rigidity and density variations in the near-surface soils and
landfill materials (e.g., Ghose, 2003; Ghose and Goudswaard, 2004; Choudhury
and Savoikar, 2009), but not to their fluid (liquid or gas) content. Additional
information (e.g., ER measurements) is necessary for a complete interpretation
of the leachate pathways.
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In exploration geophysical investigations for deeper (hydrocarbon) prospect-
ing, the ratio of compressional (P) to shear (S) wave velocity (Vp/Vs) and hence
Poisson’s ratio (ν = 0.5[(Vp/Vs)

2 − 2]/[(Vp/Vs)
2 − 1]) have been used for many

decades as an indicator of fluid-bearing zones. But this use has not been wide-
spread in the investigation of near-surface soil layers. However, because P waves
are sensitive to the fluid content in soil, Vp/Vs should also be useful in shal-
low subsoil investigation, as reported in several earlier studies identifying gas- or
liquid-bearing zones in the near surface (e.g., Westbrook et al., 2008; Konstantaki
et al., 2013a). Vp/Vs is very low when gas is present, whereas the ratio increases
when water or leachate gradually replaces the gas (e.g., Rojas et al., 2005).

The goals of this study were as follows: Firstly, we wanted to investigate the
possibility of utilizing the complimentary information from P- and S-wave veloc-
ity fields obtained at a heterogeneous landfill site to improve the understanding
of the presence and distribution of fluids (i.e., leachate and gas) in the body
of the landfill. Secondly, the derived rigidity and density, and the interpreted
distribution of fluids in the landfill, required validation using independent field
measurements. As an ancillary objective, we wanted to investigate, in the context
of landfill characterization, the benefit of integrating several different methods
of estimation of near-surface seismic velocity field, involving seismic body and
surface waves.

5.2 Field Experiments

In May 2014, we acquired shallow seismic reflection data at a location of the
Twence R© landfill in Hengelo, the Netherlands (Figure 5.1a). The landfill has an
impermeable layer at the bottom to prevent waste and leachate from contami-
nating the surrounding medium. The bottom of the landfill is located at around
14 m depth. There is a 2-m soil cover on top of the landfill, there is no imper-
meable layer at the top. The landfill is operated since 1986 and Twence R© treats
it as a bioreactor (e.g., Sponza and Ağdağ, 2004) – the biogas emitted from the
landfill is used for energy production. The landfill contains sludge and shredded
household and industrial wastes (Nijboer, 2015). The site of the present seismic
experiments contains mainly organic wastes. The seismic line was parallel to a
road (Figure 5.1a) along which heavy trucks and cars were frequently passing by,
causing anthropogenic seismic noise. Works being carried out in nearby buildings
for processing the landfill wastes and for energy production added further noise.

In coincident P- and S-wave reflection profiling (location marked by the
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Figure 5.1: (a) A map of the Twence R© landfill. The white line indicates
the location of the coincident S- and P-wave seismic profiles and the red line
indicates the location of mechanical tip-resistance pressure measurements. The
mechanical tip-resistance measurements were carried out along a line adjacent to
(<2 m separation from) the seismic lines. (b) Geometry for S-wave, P-wave and
mechanical tip-resistance measurements. Roll-along data acquisition was carried
out for seismic profiling. The source and receiver spacing was 1 m and 0.5 m,
respectively. For the mechanical tip-resistance measurements, the well spacing
was 3 m.
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white line in Figure 5.1a), a hammer hitting vertically a metal plate was used as
a P-wave source, while a hammer hitting a wooden beam horizontally was used
as a S-wave source. Data were acquired in two days, during which light to heavy
rainfall occasionally disrupted the fieldwork. Single-component 10-Hz vertical
and horizontal geophones were planted at 0.5 m spacing for P- and S-wave re-
flection profiling, respectively. A roll-along mode of data acquisition was used.

For the S wave, 72 geophone channels were available per shot, and the total
number of shots (source locations) was 34. The source interval was 1 m. The
source moved from 0 m to 33 m along the line, while the first horizontal geophone
was at 10 m and the last one at 57.5 m. The first 24-channel geophone cable
was rolled forward to the end part of the line when the source reached 21.5 m.
The vertical stack count at each S-wave source location was 8. The temporal
sampling for S-wave data was 0.5 ms (Nyquist frequency 1 kHz) and the total
recoding time was 1 s.

For the P wave, 48 vertical geophones were used and the total number of
shots (source locations) was 78. The source moved at 1 m interval between loca-
tion 0 m and 77 m along the seismic line. The nearest-offset 24-channel geophone
cables were rolled forward three times to the end of the second geophone cable
- when the source reached 21.5 m , 34 m, and 46.5 m along the line. The first
vertical geophone was located at 10 m and the last one at 69.5 m field locations.
The time sampling for P-wave data was 0.25 ms (Nyquist frequency 2 kHz) and
the recoding time was 1 s.

In addition to seismic data, at the same site mechanical tip-resistance to waste
deformation was measured by the company Multriwell B.V along a line parallel
to the seismic line. The Multriwell R© is a biogas-extraction system, where flexi-
ble wells in vertical and horizontal directions are installed, creating a close-knit
grid for gas collection. During the installation of the vertical (type V) wells, the
depth and the encountered mechanical tip-resistance of the waste are recorded.
Type V wells are pushed into the waste with the help of a crane (Timmermans
and Hilebregt, 2012; Overzet and Woelders, 2013). The nearest mechanical tip-
resistance line was 1-2 m separated from the seismic line and ran nearly parallel
to the seismic line (it did not cross the seismic line). The first well measuring
mechanical resistance of the waste material was located at 5 m before the first
source position and the last one at 67 m (Figure 5.1b). The interval between
these wells was 3 m, resulting in a total of 21 well locations within the stretch of
the seismic line.
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5.3 Obtaining P- and S-wave velocity fields in the
landfill: multiple approaches

The processing of seismic data obtained at a landfill site is challenging due to the
very heterogeneous nature of the subsurface. The presence of many scatterers in
the landfill usually makes the estimation of the seismic velocity field a daunting
task. For reliability, we estimated the velocity field by three independent ap-
proaches – careful analysis of seismic reflections focusing on the scatterers in the
data, multichannel analysis of surface waves (MASW), and early-arrival wave-
form inversion. These results will be discussed next.

5.3.1 Velocity fields from shallow P- and S-wave reflections

In Konstantaki et al. (2015b) a processing strategy for shallow seismic reflection
data acquired on a heterogeneous landfill is presented. We use the same approach
for the datasets acquired at the Twence landfill. Here, we briefly outline the main
processing steps (Figure 5.2). After geometry installation, the shot gathers are
edited (dead/noisy traces killed and trace-polarity reversed, when needed), and
then geometrical-spreading and intrinsic-loss corrections are applied. This is
followed by spectral shaping and bandpass filtering. Spectral shaping helps to
reduce the surface-wave energy and improve the resolution. Frequencies above 65
Hz are eliminated as those contributed primarily to the noise. Figure 5.3a,d show
representative S- and P-wave raw shot gathers, respectively; here the sources are
at 26 m field location. Figure 5.3b,e show the shot gathers from Figure 5.3a,d,
respectively, after correction for spherical divergence and intrinsic attenuation,
and application of spectral shaping and bandpass filtering. After these process-
ing steps, a careful top mute is applied to remove the direct arrivals, refractions
and surface waves as much as possible. A bottom mute is applied to the S-wave
data to remove surface-wave arrivals from another source. The results are shown
in Figure 5.3c,f for the S and P waves, respectively.

Considering the two-way traveltime (TWT) and the moveout velocity, we in-
terpret the reflection event at around 250 ms TWT in the S-wave data and at175
ms TWT in theP-wave data to correspond to the bottom of the landfill (around
14 m depth). These are shaded in yellow in Figure 5.3c,f. Note that, below the
landfill, the reflection events from soil-layer boundaries are more prominent than
those within the landfill. It is, however, clear that also within the landfill there is
a layered structure, indicated by the presence of laterally continuous hyperbolic
reflection events in the shot gathers. We focus on the landfill itself and hence we
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Figure 5.2: Processing steps for S- and P-wave reflection datasets.
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look at events shallower than the landfill bottom. Scatterers inside the landfill
can be identified in the preprocessed shot gathers (marked in red and blue in
Figure 5.3c,f). During the S-wave data acquisition, workers were installing gas
pipes at about 25 m distance perpendicular to the seismic line (in the middle
of the line). This has possibly caused the surface waves arriving at later times,
prominent in S-wave data.

As in Konstantaki et al. (2015b), the velocities are picked such that the scat-
terers (presumably the higher-density areas that act as obstructions to fluid/
leachate flow) are imaged best. This is done in an iterative manner while ex-
amining a chosen shot gather, common midpoint (CMP) supergather, and the
stacked section. Figure 5.4a shows the S-wave stacked section; Figure 5.4b shows
the same section with interpretation of many possible scatterers (marked in red
and blue) and the geological layer boundaries (gray-shaded). The lower bound-
ary of the top-soil cover of the landfill, known to be at around 2 m depth, is
imaged well in the S-wave reflection section (Figure 5.4b). The landfill body is
dominated by the presence of many scatterers, whereas the natural soil below
the landfill has predominantly a layered structure (especially distinct on the right
side of the section, between 21.5 m and 35 m lateral distance). The disconti-
nuity of seismic reflectors below the landfill on the left side (horizontal distance
till 21.5 m) is because of the presence of surface waves in the stacked section,
which is due to the restricted CMP fold till the end of the first geophone cable
(see the acquisition geometry plotted at the bottom of Figure 5.4). The absence
of energy or gap at around 7-9 m horizontal distance and 200 ms TWT in the
S-wave stacked section (Figure 5.4) is because of the muting of surface waves at
that location removing also the reflected energy. It is important to take into con-
sideration such artifacts while analysing seismic data for heterogeneous landfill
characterization.

In Figure 5.5a the P-wave stacked section is shown; the interpretations are
marked in Figure 5.5b. Note that the horizontal distance is different from that
of the S-wave section. Several scatterers, which are also distinguishable in the
S-wave stacked section, are highlighted in red in Figure 5.5b. The remaining
scatterers are marked in blue and green (green hyperbolas are interpreted events
in Figure 5.7). As in the S-wave stacked section, in the P-wave section the body
of the landfill is also dominated by scatterers, and the bottom of the landfill is
imaged around 13 m depth. However, unlike in the S-wave section, the bottom
of the top-soil at around 2 m depth is not clear in the P-wave data. The P-wave
section offers, in general, a lower resolution compared to the S-wave section. The
reflectors below the landfill are clearly imaged by the P waves; these reflectors
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Figure 5.3: Example S-wave and P-wave shot gathers; source location at 26 m
horizontal distance: (a) and (d) raw data; (b) and (e) data after correction for
spherical divergence, intrinsic loss, spectral shaping and bandpass filtering; (c)
S-wave data after top and bottom muting and (f) P-wave data after top muting.
The red hyperbola illustrates a typical scattering event that is present in both
S- and P-wave data and the blue hyperbolas – other scattering events. The
yellow-shaded area indicates the reflection from the bottom of the landfill.
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Figure 5.4: (a) S-wave stacked section, (b) interpreted S-wave section. The
color-highlighted hyperbolas show possible scatterers and the gray-shaded areas
show reflectors. Red hyperbolas are the ones also apparent in the P-wave stacked
sections (Figure 5.5). Scatterer 1 is the one interpreted also in the shot gathers
(Figure 5.3). Green hyperbolas correspond to events interpreted in Figure 5.7.
The bottom of the landfill is marked in yellow. The CMP fold distribution and
the shot/receiver locations are illustrated in the bottom panels.
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are more continuous than those in the S-wave stacked section (gray-shaded areas
below 13 m depth). This is due to the difference in the acquisition geometry
between P- and S-wave profiles, caused by time limitation and the unfavorable
weather condition. P-wave data acquisition geometry is plotted in the lower part
of Figure 5.5. The CMP fold is variable, but less than that in the S-wave profile
(see lower panels in Figure 5.4 and Figure 5.5).

For checking the locations of the scatterers between the P- and S-wave sec-
tion, in Figure 5.6 the interpreted P- and S-wave stacked sections for the same
lateral distance and comparable depths are shown. S waves offer higher resolu-
tion and they are more sensitive to changes in the soil type. The scatterers are
clearly imaged in the S-wave data, whereas their identification is often difficult
in the P-wave data. The layer boundaries are well imaged in both datasets.

In Figure 5.7a,b the interval velocity fields obtained from the velocity analy-
sis (Konstantaki et al., 2015b) of P- and S-wave reflection data, respectively, are
shown. Interval velocity is estimated from the root-mean-square (RMS) veloc-
ity. Note that the color scale is the same for the P- and S-wave velocity fields.
It is striking that the P-wave velocity in this landfill is, in general, only slightly
higher than the S-wave velocity. While the average S-wave velocity is in the range
60-80 m/s, the average P-wave velocity varies between 80 m/s and 100 m/s in
the landfill. The implication of this will be discussed in details in the following
sections. Examples of the RMS velocity picking for reflection events made on
CMP supergathers are illustrated in Figures 8a-8c for 3 locations (marked by the
small red circles in Figure 5.7a,b), for P and S waves. That P-wave RMS velocity
is only 20-30% higher than S-wave RMS velocity can be seen in Figure 5.8a,b.
Figure 5.8c illustrates the possibility of wrong velocity picking on S-wave CMP
supergather in case the far-offset information is missing due to muting of the
surface waves. This shows the risk in using only the near-offset information in
performing velocity analysis for such shallow zones.

While the P-wave velocity depends both on the bulk and shear modulus (in
addition to density), the S-wave velocity is dependent only on the shear modulus
or rigidity. The black line in Figure 5.7b marks approximately the boundary
between relatively low- and high-rigidity zones in the landfill, as resolved by the
S-wave velocity field obtained from the reflection data. Note that the resolution
of such zones is inferior in the P-wave velocity field (Figure 5.7a). Compared to P
wave, the RMS velocity of S wave is affected more by the presence of scatterers,
which have a different stiffness than the surrounding material.
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Figure 5.5: (a) P-wave stacked section, (b) interpreted P-wave section. The
color-highlighted hyperbolas show scatterers and the gray-shaded areas show
reflectors. Red hyperbolas are the ones also apparent in the S-wave stacked
sections (Figure 5.4). Scatterer 1 is the one interpreted also in the shot gathers
(Figure 5.3). Green hyperbolas correspond to events interpreted in Figure 5.7.
The bottom of the landfill is indicated with the yellow-shaded area. The two
arrows on the top margin of (b) mark two ends of the S-wave section. The CMP
fold distribution and the shot/receiver locations are illustrated in the bottom
panels.
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Figure 5.6: (a) Interpreted S-wave stacked section, (b) interpreted P-wave
stacked section. The red hyperbolas show scatterers that are almost at the
same locations in both sections. Blue hyperbolas mark the remaining identified
scatterers. Green hyperbolas correspond to events interpreted in Figure 5.7.
The gray-shaded areas show reflectors. The bottom of the landfill is indicated
by yellow.



5.3. Obtaining P- and S-wave velocity fields in the landfill: multiple
approaches 105

Figure 5.7: (a) P-wave velocity field, (b) S-wave velocity field, and (c) mechan-
ical tip-resistance pressure field of the landfill material. The white ellipses (A,
B, C) indicate possible water or leachate-bearing zones; the black ones (D, E)
possible gas pockets. The black line in (b) shows the distribution of the lower
limit of the low-rigidity zones at the shallow part of the landfill. The red circles
show locations for which the velocity analysis on CMP supergathers is illustrated
in Figure 5.8.
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Figure 5.8: Examples of velocity analysis on S-wave and P-wave supergathers,
showing abnormally low P-wave velocity, for CMP at (a) 7.5 m, (b) 20 m, and
(d) 30 m horizontal distances. The red lines indicate reflections. The velocities
marked are the RMS velocities. Five stacked traces are shown for each CMP
supergather, because each supergather is composed of 5 adjacent CMP gathers.
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5.3.2 Velocity fields from multichannel analysis of surface waves
(MASW)

Both S- and P-wave field data show the presence of strong surface-wave energy
(Love and Rayleigh waves, respectively). For an independent verification of the
S-wave velocity field obtained from the reflection data analyses, we performed
MASW (Park et al., 1999). The inversion of the fundamental-mode surface-wave
dispersion was performed for a half-space of 16 m. The details of MASW in-
version, in the context of a heterogeneous landfill, are discussed in Konstantaki
et al. (2015b).

The results of MASW for Love and Rayleigh waves are shown in Figure 5.9b,c,
respectively. For a comparison, the velocity field obtained from the S-wave re-
flection data is plotted in Figure 5.9a. The color scale is the same for all three
panels in Figure 5.9. A layered velocity model is assumed for the MASW in-
version; this does not allow achieving sufficient lateral resolution in the velocity
field, as it ignores the localized scattered energy in the data (e.g., van Wijk and
Levshin, 2004). As a landfill is a heterogeneous body with many scatterers, the
usual assumption in MASW of a layered velocity model is not appropriate. As
expected, the velocity field obtained from the S-wave reflection data shows more
details compared to the velocity fields obtained from MASW. Furthermore, the
velocity fields obtained from Love- and Rayleigh-wave datasets are not the same.
The RMS errors for the Love- and Rayleigh-wave inversions are around 2-7%
and 2-11%, respectively. Previous studies illustrated that MASW using Love-
and Rayleigh-wave dispersion data does not result in comparable velocity fields
(e.g., Lowrie, 2007). This difference, in case of a landfill, is discussed further in
Konstantaki et al. (2015b).

At shallow depths, the S-wave velocity obtained from MASW is higher than
that obtained from the S-wave reflection data. It is, however, clear that the
overall distribution of the low- and high-velocity regions and the lower boundary
of the surficial low-velocity region (indicated by the black line in Figure 5.9a-b)
are similar between the velocity field obtained from the reflection data and those
from MASW. The similarity is clearer in the Love-wave MASW result than for
the Rayleigh-wave one. It was observed in Konstantaki et al. (2015b) that the
depth resolution of the velocity field in a landfill was higher in case of MASW us-
ing Love waves than using Rayleigh waves. This difference comes from a broader
frequency bandwidth available in case of dispersive Love waves.
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5.3.3 Velocity field from early-arrival waveform inversion

For the near-surface region, early-arrival waveform inversion is known to have
performed better than the travel-time tomography. The results are generally
more reliable (e.g., Sheng et al., 2006) and strong velocity variations are often
more clearly imaged (Suroso et al., 2014). In our field data, the first arrivals
are clearer in the P-wave data. We carried out P-wave early-arrival waveform
inversion following Sheng et al. (2006). For the initial model, we picked the first
arrivals, and then used sub-shots (every 2.5 m) to pick the turning points of the
first-arrival traveltimes. In this way, we accounted for the lateral heterogene-
ity in the landfill. We applied top and bottom muting to the data in order to
obtain a time window that includes only the early arrivals. The length of the
time window beyond the picked first-arrival times was about 20 ms. For each
shot, the synthetic waveforms were computed separately. These were used in the
inversion. The best results were obtained after 12 iterations, with a smoothing
parameter of 0.5 and a maximum frequency of 35 Hz for the wavelet. The result
is shown in Figure 5.10b. For a comparison, the velocity field obtained from
the analysis of the P-wave reflection data is shown in Figure 5.10a. Note that
the color scales are different between Figure 5.10a,b, in order to highlight the
lateral velocity variations in the early-arrival waveform inversion result. For our
dataset, early-arrival waveform inversion could resolve the velocity field only up
to 6 m depth. The estimated velocities are higher for the early-arrival waveform
inversion, compared to the velocity analysis from the reflection data. However,
the lateral distribution and the vertical extent of the low- and high-velocity re-
gions (black line in Figure 5.10) in the top part of the landfill are similar between
two results.

Vp and Vs determined carefully by different approaches (Vs from S-wave re-
flection velocity analysis, MASW using Love waves, and MASW using Rayleigh
waves, and Vp from P-wave reflection velocity analysis and P-wave early-arrival
waveform inversion) are used to cross-check the reliability of the heterogeneity
distribution as inferred from the seismic velocity fields, which is important in the
interpretation of wet and gassy (relatively dry, gas/air-filled) zones within the
landfill.
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Figure 5.9: S-wave velocity field obtained from (a) S-wave reflection data, (b)
MASW using Love waves, and (c) MASW using Rayleigh waves. The black line
marks the lower limit of the shallowest low-velocity zone. Note an approximately
similar trend for this line, especially between (a) and (b).

5.4 Interpretation of wet and gassy zones from P- and
S-wave velocity fields

The seismic-wave velocities depend on the ratio between the elastic modulus and
the density. The modulus and density effects compete with each other, and as
a result, the velocity can go up or down. The dependence of the P- and S-wave
velocities on the properties and saturation of the fluid(s) that fill the pore spaces
in soils and rocks is a well-studied topic. Saturation dependence tends to be
larger for softer materials. The S waves are hardly sensitive to the presence of
fluid, but are more sensitive to grain contacts, which primarily control the shear
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modulus (rigidity) of soils. However, the P waves are greatly influenced by the
pore-fluid content. On the other hand, a change in pore-fluid saturation causes
a change in the effective pressure, which in turn affects both Vp and Vs, though
to a lesser extent than that of the effect of fluid itself. Increasing pore pressure
softens the elastic frame by opening flaws, tending to lower velocities. Also, the
bulk density relates inversely to both Vp and Vs. Density increases when going
from dry to water-saturated soil. By taking the ratio Vp/Vs, it is possible to get
rid of the ambiguity due to density effect versus modulus effect.

As a net effect, it has been found that Vp increases when the water satura-
tion increases, whereas Vs remains constant or even drops slightly (e.g., Knight
and Nolen-Hoeksema, 1990). When the pores in the soil are filled with water
the density increases (compared to dry or air-filled pore situations), and since
no/little changes occur in the shear modulus in this case (e.g., Berryman, 1999),
excepting the effect of effective stress (e.g., Ghose, 2010), Vs can slightly de-
crease. Compared to a dry soil, a water-bearing soil should exhibit higher Vp
and unchanged-to-slightly-decreased Vs. In the presence of gas, Vp decreases
compared to the value in water-saturated pores (e.g., Barton, 2007), while Vs
remains low and stable or increases slightly – the increase in Vs is due to the
decrease in bulk density (e.g., Bacon et al., 2003). In summary, a gas-bearing
zone in soils is expected to show up as having a very low Vp and low unchanged-
to-slightly-increased Vs. Based on borehole logs and P and S velocity images
obtained from inversion of crosswell seismic data in unconsolidated soil, (e.g.,
Angioni et al., 2003) indeed found very low P-wave velocity and low S-wave ve-
locity in the gas-bearing part of an otherwise water-filled soil column.

A landfill differs from soil. A heterogeneous landfill typically contains a dis-
tribution of relatively stiff and soft zones. The stiffer zones generally show up as
scatterers in the seismic sections. These zones act as obstruction to fluid flow.
Konstantaki et al. (2015b) found low electrical-resistivity values above such scat-
terers, which were interpreted as relatively wet zones in the body of the landfill,
created by obstruction of leachate flow due to the presence of stiffer object/area
underneath. We have carefully looked at the P- and S-wave velocity fields (Fig-
ure 5.7, Figure 5.9 and Figure 5.10), in conjunction with the location of the
distinct scatterers in stacked sections (Figure 5.6), in order to interpret wet and
gassy zones in the landfill. Gassy zones in a landfill correspond to zones that are
relatively dry and have a higher concentration of gas/air compared to the wet
zones.

The areas marked by A, B, and C (white ellipses) in Figure 5.7a,b have been
interpreted as zones where a lateral transition from a dry to a relatively wet or
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water-bearing part/pocket of the landfill occur. This is because of the following
two reasons. Firstly, Vp clearly changes from a low to a high value within these
areas (the width of the pixels in the velocity fields represents the distance be-
tween two consecutive CMP supergathers in the velocity analysis), whereas Vs
remains nearly unchanged in the same unsaturated area. Second, we see distinct
scatterers in the seismic sections (Figure 5.6), especially in the S-wave stacked
section, just below the higher-Vp part in these areas, indicating a stiffer pocket.
S waves are more sensitive to the stiffness changes in the soil than P waves.

Although elastic rigidity or shear modulus is hardly affected, the bulk density
increases when going from a dry to a water-saturated region in the subsurface.
As mentioned earlier, it is possible to get rid of the ambiguity due to density ef-
fect versus modulus effect by taking the Vp/Vs ratio. In Figure 5.11a, the Vp/Vs
distribution obtained from the seismic reflection data is shown. Because it is
difficult to pick the velocity for the same depth region on both P- and S-wave
refection data, in Figure 5.11a the ratio has been estimated considering repre-
sentative Vp and Vs values for different zones. Additionally, as in Konstantaki
et al. (2015b), a representative distribution of bulk density in the landfill was
determined from the Vs field using a landfill-specific empirical correlation de-
rived Choudhury and Savoikar (2009) based on a large database of more than
30 different landfill surveys. The result is shown in Figure 5.11b. The estimated
density values are within the range of the reported values for landfills (EPA, 2008;
Leonard et al., 2000; WRAP, 2009). As the empirical relation is only valid for
landfill materials, we calculate the density field only up to the interpreted bottom
of the landfill in the seismic data (approximately 250 ms TWT) and not deeper.
Furthermore, the empirical relationship is not valid for Vs lower than 50 m/s;
therefore, we used a lower cutoff for Vs in estimating the density. Because the
relationship between Vs and density is nonlinear, a comparison between Vp/Vs
and density distributions offers useful insights. A, B and C (white ellipses) in
Figure 5.11a and Figure 5.11b mark the same locations as in Figure 5.7a,b. At
these locations, Vp/Vs shows a transition from low to high values (Figure 5.11a),
while the estimated bulk density shows rather low values, thus supporting the
interpretation of wet zones for the part corresponding to relatively high Vp/Vs.
Note that it is necessary to use P- and S-wave velocity fields, Vp/Vs and density
distributions all together, in order to prevent faulty interpretations.

The areas marked by D and E (black ellipses) in Figure 5.7a,b have been
interpreted as gas/air-bearing pockets. This is because at these locations Vp is
dramatically lower than the surrounding, while Vs is nearly unchanged or slightly
increased. The Vp/Vs is very low in part of these areas and the estimated density
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Figure 5.10: P-wave velocity field obtained from (a) velocity analysis of P-wave
reflection data, (b) early-arrival waveform tomography of P-wave early-arrival
data. The black line marks the lower limit of the shallowest low-velocity zone.

should be much lower than the surrounding. The density field in Figure 5.11b
does not show a very low density at this location. This is because we have used an
empirical relationship that does not take into account gassy/air-filled zones. As a
matter of fact, at horizontal distances between 26 m and 34 m, Vp is remarkably
low and Vs shows no significant changes (Figure 5.7a,b). Furthermore, in this
part, we see no dominant scatterers (Figure 5.6). Studies have reported that at
gas-bearing zones the seismic signal is weak (e.g., Missiaen et al., 2002). These
are, therefore, all strong indications of the presence of relatively dry, gas/air-
filled zones. In our seismic data very low Vp is observed around 2-5 m depth at
horizontal distances 40-45 m, 48 m, 50-55 m and around depth 11 m at 60-65 m
horizontal distances (Figure 5.7a).

5.5 Validation using Multriwell R© data

Multriwell R© performed biogas flow measurements at this site at two locations
along a line parallel to and at about 11 m offset from our seismic lines (Hafkamp,
2015): at -5 m and at 67 m horizontal distances. Their measurements show a
much greater biogas flow at 67 m distance than at -5 m distance. This is in
agreement with our interpretations: we found no seismic indication of relatively
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dry, gas/air-filled zones at the beginning of our profile – at horizontal distances
5-15 m, whereas further along the line, and certainly around 60-66 m horizontal
distances, Vp is extremely low, suggesting possible presence of relatively dry
zones.

The system measureing the mechanical resistance at the tip of a push device
by Multriwell B.V. is described earlier. The tip-resistance pressure of the waste
in the landfill measured in shallow vertical wells positioned in a close grid was
kindly made available to us. Figure 5.7c shows the mechanical tip-resistance
pressure distribution derived from the data measured in 21 vertical wells along
a line parallel and adjacent to (1-2 m distance from) our seismic line. At first
sight, it is clear that the distribution of the low Vs (blue) areas in the landfill
(Figure 5.7b) matches quite well with the distribution of the low mechanical tip-
resistance pressure (blue) areas of the waste (Figure 5.7c). Only at a few locations
(for instance at around 20 m horizontal distance) the match is not so good; this
may be due to very localized heterogeneities that are seen differently along the
two measurement lines (seismic and mechanical tip-resistance measurements)
which are separated by a short distance. Also note that around lateral distance
28 m to 34 m the measured mechanical tip-resistance pressure of the waste is very
low. Based on our finding of a dramatically low Vp and an almost unchanged Vs
around 26 m to 32 m lateral distance (Figure 5.7a,b), and also a remarkably low
Vp/Vs around 28 m (Figure 5.11a), we interpret this area as to be more gassy/air-
filled (relatively dry) than the surrounding. Very low mechanical tip-resistance
pressure values found here appear to support this interpretation. Furthermore,
at the locations of the interpreted wet zones in the landfill (e.g., A, B and C in
Figure 5.7 and Figure 5.11), the measured mechanical tip-resistance pressure is
generally very low, though not as low as the interpreted gassy/air-filled zones.

The correspondence between the distribution of Vp (Figure 5.7a) and that
of the mechanical tip-resistance pressure (Figure 5.7c) of the waste is not as
good as that between the distribution of Vs (Figure 5.7b) and the distribution of
resistance pressure. This can be explained by the fact Vs is primarily controlled
by rigidity of the waste skeleton, which is likely to be a strong determinant for the
mechanical tip-resistance. Better correlation between the tip resistance of cone
penetration tests (CPT) and Vs has been reported in previous studies, especially
in a depth-specific sense (e.g., Ghose, 2012). On the other hand, the correlation
that we observe between the distribution of Vp and that of the mechanical tip-
resistance of the landfill materials is determined by compressibility and density.
In Figure 5.12, the result of regression analysis between our estimated Vp and Vs
and the measured mechanical tip-resistance in the landfill is shown. The depth
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of the estimated Vp and Vs values and that of the measured mechanical tip-
resistance is same for the data points plotted here – this corrects for the effect of
vertical stress. Although both Vp and Vs show correlations with the mechanical
tip-resistance of the landfill materials, the correlation is relatively better and the
slope of the best-fit line stiffer in case of Vs, indicating a greater sensitivity to
the mechanical tip-resistance compared to Vp. This finding will be useful in the
future in characterizing landfills using seismic waves.

Figure 5.11: (a) Vp/Vs field, (b) density field. The white and black ellipses (A,
B, C, D, E, and F) are the same as those in Figure 5.7 and indicate interpreted
water-bearing and gas/air-bearing zones, respectively. The black circles mark
locations where the velocity estimates are relatively uncertain.
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5.6 Discussion

The seismic properties of a landfill deviate grossly from those of natural soils. The
value of Vp in the landfill is found to be generally very low at this site. This should
mainly be due to the fact that the pore spaces here possible contain gas/air, a
fact well-known for this site. Presence of small amount of gas drastically reduces
Vp.

Although rare, very low values of Vp in unsaturated near-surface soil have
been reported in a few earlier studies. Uyanik (2010) performed P- and S-wave
measurements in unconsolidated top soils and observed Vp lower than 330 m/s
in the very near surface. He found Vp/Vs as low as 1.5 and even lower. The
theoretical lowest limit for Vp/Vs is about 1.16. Some other studies reported Vp
≤ 330 m/s and very low Vp/Vs (e.g., Bachrach and Nur, 1998; Baker et al., 1999;
Essien et al., 2014). Bachrach et al. (1998) found Vp below 100 m/s in beach
sand. These small values were attributed to air-filled very shallow top soils or
anisotropic materials.

Several earlier studies reported very low Vp in the landfills. Abbiss (2001)
found Vp around 338 m/s. Frid et al. (2013) found occurrence of a low Vp zone
due to strong waste disintegration. Golush (2008) concluded that in unsaturated
landfills Vp values are lower than usual, and that they are in the range of 180-700
m/s.

We attribute our observed very low Vp at the Twence site to the presence
of gas/air-filled zones in the landfill. These gas/air-filled zones may contain
biogas that has migrated from lower areas in the landfill body. The equation
of acoustic velocity for gasses is given by Vp = (γRT/M)1/2, where γ is the
adiabatic constant, R is the universal gas constant (8314 J/mol K), T is the
absolute temperature (K), and M is the molecular weight of the gas (kg/mol).
The value of γ and M are specific for each gas type. The main components of
the landfill biogas are methane and carbon-dioxide. However, other gases and
mixtures of gases are usually also present (e.g., Christensen et al., 1996). For
carbon-dioxide, Vp is less than 330 m/s. Considering representative values for
carbon-dioxide – γ=1.3, M=44.01 g/mol and T=283.15 K (Kaye and Laby, 1995;
Jones, 1995), we obtain Vp=263 m/s. Kaye and Laby (1995) report a number
of gases with even lower acoustic velocities. The heterogeneous conditions in
the landfill, presence of mixtures of gases, temperature variations, very soft soil
conditions, and possible instabilities – all together can result in very low Vp, as
we observe in our study here.

Konstantaki et al. (2015b) highlighted the importance of using more than one
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geophysical method in characterizing a landfill. When supplemented with Vp and
Vs measurements, electrical resistivity data can offer key information to constrain
the interpretation of wet and gassy zones in a landfill. Also, it has been shown
recently that the use of seismic interferometry can not only improve the imaging
of the landfill heterogeneity, but it can also contribute to a better estimation
of the velocity (Konstantaki et al., 2013b, 2015a). The results obtained in the
present study will be further strengthened if such supplementary methods are
available for delineating the wet and gassy zones in a heterogeneous landfill.

Figure 5.12: (a) Regression analysis between Vs and mechanical tip-resistance
pressure for waste deformation (p), (b) regression analysis between Vp and p.
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5.7 Conclusions

The information of the distribution of the wet (leachate-bearing) and gassy (rel-
atively dry, gas/air-filled) zones in a landfill is important both for efficient treat-
ment of the landfill and for the extraction of biogas. We explored the possibility
of characterizing the body of a heterogeneous landfill using seismic velocity in-
formation obtained from reflection, first-arrival waveform, and surface-wave dis-
persion data. From the obtained results the following conclusions can be drawn:

1. P- and S-wave stacked sections from reflection data can image the hetero-
geneities inside a landfill very well; also the bottom of the landfill can be
seen. S-wave reflection data offer a higher resolution at shallow depths
and can image the scatterers inside a landfill better than P-wave reflection
data. The varying stiffness of the scatterers is sensed better by S waves
than P waves.

2. Using only surface seismic measurements, it is challenging to resolve reli-
ably the distribution of the P-wave velocities (Vp) and the S-wave velocities
(Vs) at shallow depths inside a heterogeneous landfill. In this vein, use of
different methods for estimating the velocity fields is advantageous. In our
study, Vp and Vs determined carefully by different approaches (Vs from S-
wave reflection velocity analysis, multichannel analysis of only Love waves
and of only Rayleigh waves, and Vp from P-wave reflection velocity analysis
and P-wave early-arrival waveform inversion) were used to cross-check the
estimated heterogeneity distribution as inferred from the seismic velocity
fields. This was important for interpretation of the wet and gassy zones
within the landfill.

3. The seismic properties of a landfill deviate grossly from those of natural
soils. The value of Vp in the landfill was found to be generally very low at
the site of our investigation. We attributed this primarily to the presence
of biogas in the pore spaces in the landfill; the presence of biogas is a fact
well-known for this site.

4. Wet and gassy zones inside the landfill could be interpreted from consistent
appearances of velocity anomalies in the result of different approaches for
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velocity estimation from body- and surface-wave seismic data. Zones with
a higher Vp compared to the surrounding, together with an unchanged to
slightly low Vs, a relatively high Vp/Vs, low bulk density, and an occurrence
of scatterer(s) underneath these locations – all were considered together to
interpret the leachate/water-bearing wet zones in the landfill. Gassy zones
in the landfill were interpreted considering abnormally low value for Vp and
Vp/Vs compared to the surrounding, unchanged to slightly higher value for
Vs, and absence of a dominant scatterer.

5. Independent measurements of biogas flow in the field and mechanical tip-
resistance of the landfill (waste) material in shallow vertical wells were
generally in agreement with our spatial delineation of stiff and soft zones,
and interpretation of wet and gassy areas in the landfill based on the seismic
data. Vs showed a better correlation with the mechanical tip-resistance to
waste deformation in the landfill than Vp. This information can be useful
in future landfill characterization using seismic waves.



Chapter 6

Integration of electrical and
seismic data for
characterization of a landfill
body

The advantages of a joint interpretation of seismic (P- and S-wave) and electrical
(ER and induced polarization (IP)) data for imaging and characterization of a
landfill body are discussed in this chapter. Until now, we were able to define
high-density areas and wet pockets using the S-wave velocity field and the ER
tomography (chapter 3). In addition, using a combination of S and P waves,
we were able to define liquid and gas/air-bearing zones at another landfill site
(chapter 5). For characterization of the landfill body, density information was
extracted from S-wave velocities (chapter 3 and chapter 5). Here, we investigate
additional information provided by the IP method. The ER result is known to
contain uncertainties and has not been successful in distinguishing different types
of waste material. We explain in detail the acquisition of the ER and IP data at
the Twence landfill, as well as the data-processing and inversion steps.

Two ER lines were acquired, one during wet- and another during dry-weather
conditions, allowing us to distinguish the migration of water to greater depths.
We jointly interpret the ER and IP results for imaging the structure of the landfill
and for determining wet and gassy/airy pockets. The complementary informa-
tion helps to reduce uncertainties due to inversion artifacts. Furthermore, IP
provides extra information regarding the structure and nature of the subsurface
at the landfill site. We compare the electrical-survey results with the seismic
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results presented in chapter 5. We find that the seismic waves provide a higher
resolution in imaging the landfill body. However, the main structures of the
subsurface are also imaged by both ER and IP. In addition, the IP image shows
specific characteristics of the landfill body which were not observed using the
ER or the seismic methods alone. The seismic and electrical measurements were
recorded at the same location but one year apart in time. Therefore, not all
interpreted wet and gas/air pockets can be directly related to the changes in the
subsurface that are expected to have happened with the passage of time. Well-
established pockets are, however, interpreted in all images. Finally, we show that
while IP is able to distinguish between different types of waste material, ER is
generally not able to do so.

In this chapter, we show how the integration of different geophysical methods
can result in an enhanced understanding of the landfill subsurface. We provide
a methodology for imaging and characterization of the landfill using different
geophysical methods – employing P and S waves (chapter 5), ER and IP. In this
way, uncertainties due to inversion artifacts, resolution, and velocity errors are
reduced. We specifically discuss the advantages of IP over ER in the context of
waste characterization.
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6.1 Introduction

The goal of this study is to integrate seismic and electrical measurements to im-
prove the imaging and characterization of a landfill body. In chapter 3, we jointly
interpreted shear (S)-wave reflection and electrical resistivity (ER) data acquired
at a landfill site to identify areas with leachate accumulation. Leachate flow is
obstructed by high-density zones. In this way, areas with a higher concentra-
tion of water (wet pockets) are created above the obstructions. Low-resistivity
values highlight the higher accumulation of water and high S-wave velocities in-
dicate the high-density zones. A combined interpretation using the two methods
allowed a more reliable identification of the wet pockets. In this chapter, we
attempt to improve the approach explained in chapter 3 by using ER, induced
polarization (IP) and seismic (both P and S waves) data acquired at another
landfill site (Twence R© landfill).

ER data were used previously for identification of higher-water concentration
areas (e.g., Bernstone et al., 2000; Naudet et al., 2012). However, the ER method
is prone to inversion artifacts and uncertainties (e.g., Jolly et al., 2011). A com-
bination of the ER method with other geophysical methods (e.g., seismics or IP)
has shown improved results (e.g., Leroux et al., 2010; Dahlin, 2012; Konstantaki
et al., 2015b). In particular, a combined interpretation of the ER and IP meth-
ods has been successful in distinguishing areas with a higher concentration of
water: showing low resistivity and high chargeability (e.g., Boiero et al., 2010).
ER values are greatly affected by the moisture content making the identification
of different type of material challenging. IP has shown potential in waste char-
acterization (e.g., Dahlin, 2012). IP measures the decay of the voltage between
two electrodes in time, thus providing information about the relaxation time of
the material. This parameter can be correlated to properties of the material,
such as porosity and permeability (e.g., Maosong et al., 2004; Saluja and Niwas,
2007).

We acquired seismic reflection data at the Twence R© landfill in May 2014
(Konstantaki et al., 2015c). We found that by using a combination of compres-
sional (P)- and S-wave reflection data we could distinguish between liquid- and
gas-bearing (air-filled, dry) zones inside the landfill body. We now compare the
seismic results with the electrical results obtained at the same field location. By
looking at the seismic and electrical data jointly, we investigate the possibility to
improve the: (a) interpretation of the structure of the landfill body; (b) identifi-
cation of liquid- and gas-bearing zones; (c) identification of different waste types.
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6.2 Field Experiments

In March 2015, we acquired ER and time-domain IP data at the Twence R© landfill
site in the Netherlands. Further information regarding the landfill site is provided
in chapter 5. Figure 6.1 shows the acquisition lines for ER and IP surveys of
2015, compared to seismic (P and S waves) reflection measurements performed in
2014 (chapter 5). The ER, IP and seismic profiles were coincident. Longer lines
were measured for the ER and IP data compared to the seismic data, in order
to obtain more information at horizontal distances 10 m to 70 m (approximately
the stretch covered by the seismic lines). Two ER lines were recorded at different
times: the first (ER1) in the morning (in the presence of strong rainfall) and the
second (ER2) in the afternoon (no rain). The ER2 and IP measurements were
recorded simultaneously.

For the acquisition of the ER and IP data, we used the SYSCAL Pro system
(IRIS instruments, France) with 10 channels. The ER and IP acquisition lines
were 99.4-m long in total. For both ER and IP measurements, we used 4 cables
connecting 72 electrodes at 1.4-m spacing. The acquisition unit was in the middle
of the acquisition line; a dipole-dipole geometry was used. The current injection
time was 250 ms for the ER1 and 500 ms for the ER2. The IP acquisition
parameters were: 500 ms injection time, cole-cole mode with a 160 ms delay
time and a potential integration over two successive time windows of 80 ms and
180 ms. The quality check threshold during the measurements was set to 1% of
the maximum voltage; 3-6 stacks were recorded for each measurement. A current
of 95-795 mA was injected according to the instrument and ground conditions.
The grounding resistance values of the injection dipoles ranged between 0.4-8.5
kOhm. The total duration of the measurements was approximately 1 hour for
the ER1 line and 3 hours for the simultaneous acquisition of the ER2 and IP
lines. A total of 2079 points were recorded for each line.

6.3 Data preprocessing and inversion

The preprocessing of the ER and IP data refers to the removal of outliers. We
first check the repeatability between the two ER lines to identify misbehaving
electrodes: e.g., electrodes that show unrealistically high or low values due to
poor coupling or due to bad connection. We remove the bad points with a filter
restricting the range of apparent resistivity values to 0-180 ohm m. We also
restrict the error deviation values to 0-20% using a second filter. These filters
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Figure 6.1: Location of the electrical measurements line compared to the seis-
mic ones. P- and S-wave geophone line locations are marked.

are applied using the software ProSys II (IRIS instruments, Orleans France).
We then insert the data in the RES2DINV inversion software (Geotomo, 2014)
and perform two more checks: (a) we check the points in the pseudo-resistivity
section for any remaining bad data; and (b) we perform a preliminary inver-
sion to check the root-mean-square (RMS) error statistics. After preprocessing,
2017 points (97% of the original data) remain for the ER1 data and 1983 points
(95.4% of the original data) for the ER2 data. For the preprocessing of the IP
data we follow the same procedure as for the preprocessing of the ER data, with
the difference that we apply an extra filter to restrict the chargeability values to
0-120 mV/V. After preprocessing, a total of 1846 points (88.8% of the original
data) are used for the IP inversion.

We invert the data using the RES2DINV inversion software (Geotomo, 2014)
which uses a non-linear optimization technique (de Groot-Hedlin and Constable,
1990; Loke and Barker, 1996). We choose a finite-element inversion, as we ex-
pect a very heterogeneous subsurface; the finite-element method can handle het-
erogeneity and complex environments better than the finite-difference method
(Maurer, 2010). For resistivity contrasts of up to 500 to 1, a finer mesh is
suggested (Geotomo, 2014) and 4 nodes are used for the inversion. As we do
not have a large number of points, we choose for the complete (exact solution)
Gauss-Newton method to solve the least-squares equation instead of the incom-
plete (approximate solution) Gauss-Newton method. We also use the complete
method for the Jacobian matrix calculation. The number of points is relatively
small and thus there is no need to choose optimized schemes which make the
inversion faster, but may perform less accurately.

We test both robust (L1) and smooth (L2) inversion schemes. The robust
inversion scheme performs better in case the subsurface is heterogeneous and
sudden changes occur in the resistivity (or chargeability) values. On the other
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hand, the smooth inversion scheme performs better in case the resistivity (or
chargeability) values change gradually (Loke, 2014). We expect to have a het-
erogeneous subsurface with sudden changes in the property values. We indeed
find that the robust scheme fits our model best; the smooth inversion scheme is
unstable. Other researchers have also used the L1 scheme for inversion of ER
and IP landfill data (e.g., Leroux et al., 2010; Dahlin, 2012). The damping factor
is set to vary freely with depth – between 0.02-0.15. A stronger damping factor
is used for the first layer (5). Finally, using information from the P- and S-wave
reflection data (chapter 5), we include a priori information by adjusting layers
at 2 m, 5 m, 12 m, 14 m and 16 m depth. The value of the background refer-
ence model is the average of the apparent resistivity values. The ER1 inversion
reaches conversion after 6 iterations with a 4% RMS error. For the ER2 inversion
4 iterations are required and a 3.2% RMS error is reached.

The same inversion parameters as for the ER data are used for the IP in-
version including the use of: (a) a smaller damping factor than the ER data,
calculated automatically using the Jacobian matrix values; (b) a square-method
transformation for stabilization of the model IP values; (c) refinement so that the
IP inversion occurs separately. Joint inversion of the IP and ER data produces
unstable results for the ER data as the data misfit for the resistivity values has a
greater range than for the chargeability values. Although we try to compensate
this effect by using a different damping factor for the IP data, the result is still
not stable. The IP inversion reaches conversion after 6 iterations with a 3.7%
RMS error.

6.4 Subsurface imaging and characterization

6.4.1 Electrical methods: results

Figure 6.2 shows the inverted ER tomography (ERT) and IP sections. During
the ERT1 measurement strong rain was present, whereas the ERT2 measure-
ment was performed after the rain had stopped. The repeatability of the two
ERT sections gives confidence about the accuracy of the acquisition system. At
first sight the results appear to be identical. Looking carefully though, some
differences can be observed. Overall the ERT2 image shows a lower resistivity at
greater depths (5 m and deeper): the morning rain water had now migrated to
the deeper layers of the landfill body. On the other hand, the ERT1 image shows
a lower-resistivity zone at shallow depths as it was raining during the measure-
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ment and the water had not yet migrated. The two different measurements show
the movement of water from a shallower to a greater depth during the day. Small
differences can be observed due to migration of water in deeper depths during
the day as illustrated in Figure 6.3. However, the differences are very small and
no concrete conclusions can be drawn.

Comparing the ERT lines with the IP line allows us to characterize the land-
fill body. The resistivity and chargeability values found in this study are realistic
for a landfill site (e.g., Leroux et al., 2010; Gazoty et al., 2012a). The top soil
can readily be interpreted to reach up to 2 m to 3 m depth (see Figure 6.2, black
arrows at this depth). High-resistivity and low-chargeability values have been re-
ported earlier for the top-soil cover of a landfill (e.g., Leroux et al., 2007; Gazoty
et al., 2012a). Between 3 m and 13 m depth the waste body can be identified
because of its low resistivity and high chargeability values, in agreement with the
results of previous studies (e.g., Leroux et al., 2007). The bottom of the landfill
is not so easily found in the ERT images. However, there is a clear indication
of the landfill bottom in the IP image. At around 13 m to 14 m depth a lower-
chargeability zone appears (see Figure 6.2c, black arrow at this depth), which
agrees well with the known depth of the landfill bottom. In the ERT images an
indication of a layer is present at this depth, but without the IP result this would
not be interpretable as the resistivity values here do not suggest a change in the
material type. A saturated soil might explain the presence of low-resistivity and
low-chargeability values at these depths.

The areas marked by the white ellipses (A,F,H,I) in Figure 6.2 show possi-
ble locations of wet pockets (low resistivity and high chargeability). A possible
explanation for these wet pockets is the presence of high-density zones that lim-
its the infiltration of water into deeper layers (Konstantaki et al., 2015b). The
combined interpretation of the ERT and IP images allows a more precise inter-
pretation of the wet pockets. If we would interpret the ERT image alone, more
low-resistivity pockets could be identified that may not be due to water pres-
ence. Besides these pockets, we see a very strong anomaly in the IP data at 66
m horizontal distance and 9 m depth (see Figure 6.2, black rectangle). At the
same location very low resistivity values are present. Such an anomaly can be
caused by the presence of older waste (more organic) or metallic objects (e.g.,
Gazoty et al., 2012b). As there is no indication for metallic objects dumped at
this area, we interpret this anomaly to be relatively rich in organic matters.

From the first comparison of the ERT and IP images, we conclude that IP
enhances the interpretation of the landfill body by: (a) allowing us to identify the
wet pockets in detail (removing the ambiguity due to possible inversion artifacts



126 6.4. Subsurface imaging and characterization

in the ERT result), and (b) improving the interpretation of the position of the
landfill bottom.

Figure 6.2: The inversion result for (a) ERT line 1, (b) ERT line 2, and (c) IP
data. The white ellipses highlight possible wet pockets, the arrows indicate the
presence of soil and the black rectangle shows a chargeability anomaly.

Figure 6.3: The absolute difference between ERT line 1 and ERT line 2.
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6.4.2 Seismic and electrical measurements: comparison of re-
sults

The next step is to compare the results of ER and IP surveys with those of the
seismic profiling done at the same location (Figure 6.4). For plotting reasons, we
show only the ERT2 image, as the ERT1 image does not provide additional infor-
mation for the interpretation of the wet pockets and the structure of the landfill
body. The seismic data acquisition, processing and interpretation is explained
in detail in chapter 5. Here we show the stacked sections of the P- and S-wave
data. In Figure 6.4 the ERT2 and IP images are cropped to illustrate the same
horizontal distances as for the seismic sections. The gray-shaded areas highlight
reflectors and the yellow-shaded area demarcates the bottom of the landfill. The
top-soil cover at around 2 m depth imaged clearly in the S-wave section, is also
imaged in the ERT2 and IP image (see Figure 6.4c and Figure 6.4d, black arrows
at this depth). Also the bottom of the landfill readily interpreted in the P- and
S-wave sections is imaged in the IP image (see Figure 6.4d, black arrow at this
depth), but not in the ERT. A layer at around 5 m depth imaged in the P-wave
section and partly imaged in the S-wave section (interrupted by scatterers) is
visible in the ERT2 image (see Figure 6.4c, black arrow at this depth). There is
also an indication of this layer in the IP image, but it is not readily interpretable.

For the characterization of the landfill body we compare the ERT2 and IP
images with the P- and S-wave velocity fields (Figure 6.5). Interpretation of the
P- and S-wave velocity fields allowed for identification of wet and dry (gas/air-
filled) zones (chapter 5). The acquired electrical data show no clear indication of
the gas pockets interpreted in the seismic data (black ellipses D and F). In chap-
ter 5, we interpreted wet pockets only in the area where information from both
P- and S-wave velocities is available (horizontal distances 5 m to 35 m, white el-
lipses A, B, C). The wet areas were interpreted by an increase in P-wave velocity
and a stable to slightly decreasing S-wave velocity (e.g., Biot, 1956; Knight and
Nolen-Hoeksema, 1990). The interpretation of the wet pockets in the seismic
data is thoroughly explained in Konstantaki et al. (2015c).

Comparing the white ellipses A, B and C in the seismic velocity fields with
the ones in the ERT2 and IP images (Figure 6.5), we observe that only ellipse A
is interpretable in the ERT result. Note that the seismic and electrical measure-
ments were recorded at about 1 year separation (therefore, changes are expected)
and that the resolution of the two methods also differs. Seismics can provide a
higher resolution, thus more details than the ERT. The ERT2 image shows a dry
pocket at the approximate location of ellipse C: it is possible that after one year
this area in the landfill has become dry. Wet pockets interpreted in the ERT2
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and IP images at horizontal distances greater than 35 m can be correlated with
the P-wave velocity field. Ellipses F, H and I (Figure 6.2) exhibit a transition
from a lower P-wave velocity value to a higher one within these areas which
might indicate the presence of water.

Resistivity data were previously used for gas identification (e.g., Rosqvist
et al., 2011). Using P- and S-wave data we were able to identify gas/air pockets
(chapter 5). As stated above, these gas pockets are not readily interpretable
in the electrical data due to lower resolution or due to the changes that hap-
pened due to the one-year time difference between the two measurements. Gas
distribution is associated with very low P-wave velocities. Ellipse G exhibits a
high-resistivity pocket in the ERT2 image. At the same location in the P-wave
velocity field very low velocities appear. The high resistivity and low P-wave
velocity at this location can be an indication for a gas-bearing zone. There is
no clear indication of this zone in the IP image. Gas flow measurements showed
that higher concentrations of gas are present on the right side of the landfill body
(Hafkamp, 2015). The higher-resistivity values on the right part of the landfill
(e.g., 50 m to 70 m horizontal distance) compared to the left part (e.g., 5 m to
15 m horizontal distance) could be an indication for higher gas production in
this area. Finally, at the location of the strong IP anomaly (highlighted with the
black rectangle), high P-wave velocity values are present. This can be a result
of older - more compacted - waste.

6.4.3 Seismic and electrical data integration: interpretation

Characterization of the landfill is important for the improvement of the treat-
ment technologies (Powrie and Beaven, 1999). Mechanical parameters, such as
density and stiffness, can be used to differentiate between waste materials. In
chapter 3, we used an empirical relationship, specifically valid for landfills, to
calculate density values from the S-wave velocities. In the same way we calcu-
lated densities for the Twence R© landfill (chapter 5). In an attempt to integrate
the seismic and electrical data we cross-plot the obtained seismic velocity and
electrical resistivity (ER) and chargeability (IP) values together with the derived
density values (Figure 6.6).

In Figure 6.6a,b we cross-plot the density, S-wave velocity and ER values from
ERT1 and ERT2, respectively. The behavior of the two plots is almost identical:
the differences we observed due to water migration are not profound here. For
low S-wave velocities (around 40 m/s to 90 m/s) a wide range of resistivity values
correspond to low-density values (around 104 kg/m3 to 500 kg/m3). Density is,
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Figure 6.4: (a) S-wave stacked section, (b) P-wave stacked section. The cropped
inversion result for (c) ERT line 2, (d) IP data. The gray-shaded areas show
reflectors and the yellow-shaded area the landfill bottom. The arrows indicate
layers imaged in the ERT and IP data.
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Figure 6.5: (a) P-wave velocity field, (b) S-wave velocity field. The cropped
inversion result for (c) ERT line 2, (d) IP data. The white and black ellipses
indicate possible wet and gas-bearing zones, respectively. The black rectangle
shows a chargeability anomaly.
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in theory, inversely proportional to the square of S-wave velocity. However, as
the density increases slightly, the shear modulus increases much more. Because
shear modulus/stiffness is directly proportional to the square of the shear-wave
velocity, in effect a slight increase or decrease in density translates to an increase
in or decrease respectively of the S-wave velocity. Low S-wave velocities and a
wide range of resistivity values are characteristic of the top soil cover (see Fig-
ure 6.5b,c at 0-3 m depth). This has been reported earlier: e.g., Clément et al.
(2011) observed a wide range of resistivities for the top soil cover of around 85
ohm m to 100 ohm m. The density of loose soils is low; however, the value of
104 kg/m3 is unrealistically low. We used an empirical equation to calculate the
density which is valid only for waste material. Using this equation for the top soil
as well, may produce erroneous results. For resistivity values of around 5 ohm
m to 20 ohm m the plotted points show increasing S-wave velocities and a range
of density values. This is the landfill body (see Figure 6.5c, around 4 m to 14 m
depth) with low-resistivity values (as reported in previous studies e.g., Clément
et al. (2011); Hack (2000)) and a range of S-wave velocities (see Figure 6.5b). S
waves are sensitive to the stiffness and density of the material and hence vary
with compaction and change in the soil type. Electrical resistivity data show
low values for landfill waste with no great variation. Similar observations can be
made for Figure 6.6b.

We observe a more heterogeneous distribution in the cross-plot of the charge-
ability, S-wave velocity and density values (Figure 6.6c). The chargeability values
are low for the top soil and below the landfill body (see Figure 6.5d), whereas
the velocities increase below the landfill bottom. Because of this, for low IP
values (5-20 mV/V) we observe both high and low S-wave velocity and density
values. The boundary of the top-soil cover is not at the exact depth location for
all images (see Figure 6.4) explaining why the pattern of low densities attributed
only to the low IP values is not clearly visible here. The observed scattered
distribution of densities for different chargeability values shows that IP can be
used for identification of different waste material. We see that there is a corre-
lation between different chargeability and density values – something that was
not evident in the electrical resistivity cross-plots. The potential of using the IP
method to distinguish waste material was discussed previously by Dahlin (2012).

Finally, we cross-plot resistivity, chargeability and density values (Figure 6.6d).
Here it is evident that the low densities of the top layer correspond to low-
chargeability values (5 -20 mV/V) and a distribution of resistivity values. The
landfill body shows a limited range of values for resistivity and a distribution
of chargeability values. ER can distinguish between soil and waste, but fails
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to distinguish materials of different mechanical properties. It was stated earlier
that the ERT method alone cannot provide information regarding the density
of the subsurface (Bernstone et al., 2000). Moisture has a strong effect on the
resistivity values and can conceal the effect of different waste materials on the
ER values. IP on the other hand shows potential as it exhibits a distribution of
values for materials with different densities.

Figure 6.6: Cross-plot for (a) electrical resistivity from ERT line 1, S-wave
velocity and density values, (b) electrical resistivity from ERT line 2, S-wave ve-
locity and density values, (c) IP, S-wave velocity and density values, (d) electrical
resistivity from ERT line 2, IP and density values.

6.5 Conclusions and discussion

We investigated the potential of the joint interpretation of electrical and seis-
mic data for characterization of a heterogeneous landfill. The top-soil cover of
the landfill at 2 m to 3 m depth was readily interpretable in all results. The
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landfill bottom was primarily interpretable in the seismic and the induced po-
larization (IP) images. A comparison of the electrical resistivity (ER) with the
IP images revealed the location of possible wet pockets with low-resistivity and
high-chargeability values. In addition, an area with very high-chargeability, low-
resistivity and high P-wave velocity value was found, which was interpreted as
older, more organic waste. A wet pocket imaged at the common horizontal dis-
tances of the shear (S) and compressional (P) reflection seismic velocity fields
was also identified in the ER and IP images.

Other gas and wet pockets interpreted in the seismic velocity fields were not
found in the ER and IP images. Differences were expected as the seismic data
were acquired one year before the electrical data, and the resolution of the two
methods differs greatly. Nonetheless, a number of the wet pockets identified in
the ER and IP images were now interpretable in the P-wave velocity field.

Recent developments (Olsson et al., 2015) have shown that higher signal-to-
noise ratio (S/N) results can be obtained, when long current injection times or
full waveform inversion are used for the IP data. We measured IP data with an
injection time of only 500 ms – an increase of the injection time could reveal a
more detailed mapping of the wet and gas pockets.

In an attempt to characterize the waste inside the landfill body, we looked at
the cross-plots between the ER, IP, S-wave and density data. The results showed
that ER cannot separate between different types of waste materials, whereas the
combined interpretation of IP and S-wave velocities is promising for character-
ization of the landfill waste types. This study showed the importance of using
all measurements (P and S waves, ERT, IP) for imaging and characterizing the
landfill body. The measurements have complimentary merits (e.g., P and S waves
for higher resolution imaging; ER, P and S waves together reliable interpretation
of gas pockets; IP, ER, P and S waves together for interpretation of wet pockets;
jointly IP and S waves for waste identification) which, when used in an integrated
interpretation, provide an enhanced understanding of the subsurface beneath a
landfill.

Self potential (SP) measurements could help characterize the landfill further.
It is known that SP is sensitive to gas and water presence: an increase in gas
content is expected to show a positive anomaly in the SP data (e.g., Lewicki
et al., 2003), whereas an increase in water content will show a negative anomaly
in the SP data (e.g., Legaz et al., 2009). An increase in contamination exhibits
a negative anomaly (e.g., Sousa et al., 2013). The SP signal depends on many
processes (e.g., electrokinetic, electrochemical, electrothermal, redox) and care
must be taken when interpreting the SP result. Combined with the IP, ER and
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seismic data, SP data could provide additional confirmation on the interpreta-
tion of the wet and gas pockets. This remains to be tested in the future.



Chapter 7

Conclusions

7.1 Achievements of this thesis

In this thesis, we focused on the problem of imaging and characterization of a
landfill body using geophysical methods. The main goal was an improved imaging
and characterization of the heterogeneity in the landfill, for a better understand-
ing of the landfill degradation processes. In this way, questions concerning the
emission potential of the landfill and improvement of the landfill treatment can
be dealt with.

The results of this research were presented in detail in five chapters. We
illustrated that it is possible to image a landfill body in detail (e.g., high-density
areas, structure), to characterize the landfill in terms of leachate- and gas/air-
bearing zones and to determine the density distribution of the subsurface, from
integrated geophysical measurements. We developed a methodology for acquisi-
tion and processing of seismic reflection data specifically at a landfill site. We
also developed a methodology for joint interpretation of seismic compressional
(P) and shear (S) waves, seismic surface waves, electrical resistivity (ER) and
induced polarization (IP) data for determination of the leachate and gas distri-
bution in the landfill.

In Chapter 2, through numerical modeling, we showed that using seismic in-
terferometry (SI) we can overcome the challenges that are typically encountered
while using shallow seismic reflection method to a very heterogeneous landfill
site. The high-density areas, that obstruct the fluid flow inside a landfill body,
can be better imaged using this approach. SI helps imaging the scatterers better
than when using the conventional reflection seismic surveys (CRSS) for illumi-
nating the shallow depths. We showed that SI results are less prone to some

135
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common processing and acquisition errors. This is due to the fact that the data
retrieved by SI are characterized by more rays penetrating into the subsurface,
as SI results in an increased number of sources and traces. We demonstrated
that for a highly scattering subsurface like a landfill, the result of SI applied to
seismic reflection data acquired with sources and receivers located at the surface
contains few artefacts (due to the presence of active sources only at the surface),
since the scatterers themselves act as secondary (Huygens) sources and help il-
luminating the scatterers from below. We also showed that the data acquisition
geometry is very important when applying SI to the CRSS recordings.

In Chapter 3, we developed a processing procedure for the seismic reflection
data acquired at a landfill site. We showed that following specific steps for ve-
locity analysis, the scatterers (high-density areas) can be better imaged. In our
field dataset, the signal-to-noise ratio was very poor, as we were confronted with
dominant surface waves coming from sources unrelated to our active source seis-
mic data acquisition. We had to mute this noise, taking special care to keep only
the signals of interest. We supported our findings with multichannel analysis of
surface waves (MASW) using both Rayleigh and Love waves. We found that
MASW does not provide the necessary resolution for obtaining a detailed image
of a heterogeneous site like a landfill. Nevertheless, the MASW results show sim-
ilar velocity variations as those obtained from the analysis of shallow refection
data. More careful acquisition and processing could possibly improve the MASW
results. Further, our results allowed estimation of the density values and density
distribution in the very heterogeneous landfill, using a landfill-specific empirical
relationship between S-wave velocity and unit weight. This, to our knowledge,
is the first time that such density information has been obtained from seismic
measurements at landfills. We also interpreted the acquired electrical resistivity
(ER) data at the same location as our seismic surveys. In conjunction with the
information from S waves, we were able to localize the heterogeneities: the high-
density areas and the wet pockets.

In Chapter 4, we applied SI to the CRSS data from the landfill site, presented
in chapter 3, to test on field data our earlier modeling results (chapter 2). We
found that SI can indeed improve the imaging of the landfill body. We showed
further that more scatterers are imaged in the SI data compared to the CRSS
data: (a) shallow scatterers that were muted out in the CRSS data, and (b)
scatterers on reflector boundaries, were visible in the SI data. Also, the apexes
of the scatterers in the seismic section were correctly imaged through application
of SI, as more information was available due to an increased number of traces.
In this chapter, we tackled the problem due to the presence of surface waves or
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ground-roll in the shallow S-wave reflection data by using SI. We performed an
adaptive subtraction (AS) of the surface waves retrieved from SI to the surface
waves in the CRSS data. To our knowledge, this was applied for the first time in
near-surface seismic application to remove dominant surface waves, and thereby
achieve an improved imaging of the reflectors in the landfill body. We also char-
acterized the landfill in detail using the velocity models obtained from all three
datasets (CRSS, SI and AS). Due to problems related to improper acquisition
geometries, we found that surface waves are stronger in the SI result than in the
CRSS result.

In Chapter 5, we processed seismic reflection data acquired at a second landfill
location in the same way as in chapter 3, validating and extending our proposed
methodology. Here we used two types of seismic bodywaves (P and S waves),
and showed that it is possible to distinguish liquid- and gas/air-bearing zones
by interpreting correctly the differences in P- and S-wave velocity fields obtained
from the seismic reflection and surface wave data. Analyzing the velocity field
obtained by three different ways (reflection velocity analysis, MASW, and early-
arrival waveform tomography), we checked the reliability of the velocity fields.
The results showed that a higher resolution is provided by the S-wave reflections.
Nevertheless, the use of both S- and P-wave reflections is advantageous in in-
terpreting the (scatterer-dominated) landfill body, the landfill bottom and, the
(reflection-dominated) geological subsurface below the landfill. The imaging and
the characterization of the landfill were improved compared to the first study dis-
cussed in chapter 3. We validated our results with independent measurements of
mechanical resistance pressure to landfill deformation and presence of gas in the
landfill. S wave velocity shows a better agreement with the mechanical resistance
pressure than the P wave velocity. Finally, we discussed the conditions that are
needed to be met for interpretation of leachate- and gas/air-bearing zones. We
found that wet pockets are present when P-wave velocity is high, S-wave velocity
is stable or slightly decreased, P-to-S-wave velocity ratio is increased relative to
the surrounding, and a scatterer is present in the S- and P-wave stacked sec-
tions below the interpreted location of a wet pocket. On the contrary, in dry,
gas/air-bearing zones, P-wave velocity is low, S-wave velocity is stable or slightly
increased, P-to-S-wave velocity ratio is low, and no scatterer is present in the
stacked sections at these locations.

Finally in Chapter 6, we expanded the understanding of the landfill body
by using additional induced polarization (IP) measurements. Acquiring electri-
cal data (ER and IP) at the same landfill site as in chapter 5, we were able to
jointly interpret the seismic survey results with the electrical survey results. We
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found that IP and ER methods image the main structures of the landfill body.
We could also demonstrate that IP provides additional information regarding
the nature of the landfill, and that IP and S-wave velocity together can distin-
guish between different types of waste material in the landfill. We emphasized
the importance of joint interpretation of results obtained using these different
geophysical methods to minimize the uncertainty. These different methods have
complimentary merits and information-contents.

7.2 Future recommendations

In this thesis, we provide a tool for enhanced acquisition, processing and inter-
pretation of geophysical data recorded at a landfill site. We solved some diffi-
culties that were encountered in previous studies, and were able to characterize
the heterogeneity in the landfill in terms of density distribution and distribution
of leachate- and gas/air-bearing zones. Our proposed methodology is not only
applicable to landfill sites, but also, in general, to complex heterogeneous near-
surfaces where the scattered energy dominates the recorded seismic wavefield.

Although we were able to image and characterize the landfill body in detail,
our methodology needs to be further tested and improved. Besides careful data
acquisition in the field for a good data quality, the following steps might help to
improve the results: (a) application of full-waveform tomography/inversion, as
it is expected to provide a higher-resolution in the obtained velocity fields; (b)
using an algorithm for the moveout correction that takes into account the diffrac-
tion moveout as opposed to reflection moveout, in order to flatten the diffraction
hyperbolas; and (c) performing migration that takes into account multiple scat-
tering to improve the imaging at greater depths.

As far as the electrical method is concerned, we showed the potential of us-
ing IP measurements for waste characterization. However, no direct relationship
between the P- and S-wave velocities, density and chargeability was found. The
acquisition of more IP and seismic velocity data at landfill sites is recommended.
In this way, a database can be created and an empirical relationship can be
derived – potentially linking chargeability, P-wave velocity, S-wave velocity and
density values. This will be useful in improved characterization of a landfill site.
In addition, self-potential (SP) measurements may provide supplementary infor-
mation for the location of gassy and wet zones, although extra care needs to be
taken, as the SP interpretations can potentially be ambiguous.

For validation of the results of seismic and electrical surveys, direct measure-
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ments of density and invasive waste material characterization at limited localities
would be of great help. For instance, cone penetration tests (CPT) performed at
a few selected locations along the line of geophysical measurements or at loca-
tions of estimated anomalous densities and wet and dry pockets can be useful for
validation purposes. Although our method is well-tested (at two different sites)
and validated through independent measurements, these additional tests would
educate the landfill community regarding the need, reliability and accuracy of
the proposed methodology. Furthermore, onsite infiltration tests may precede
field seismic and electrical measurements.

Time-lapse geophysical measurements can obviously be of great value in in-
situ monitoring of landfills. Interpreting the geophysical signals at the same
location over time would provide much extra information regarding the changes
in the subsurface and add credibility to to the interpreted wet and dry pockets
inside the landfill.

To landfill operators it might appear that the proposed methodology is expen-
sive and slow to implement. Speeding up of the interpretation can be achieved
by careful automatization of the processing of seismic data. By programming a
sequence to recognize the scattered seismic arrivals and picking the appropriate
velocity values for flattening of diffractions, the most time-consuming part can
be automatized. Further speedup can be achieved through involving a person
with a geophysical background, in processing/interpretation. Preprocessing of
seismic data is often field-dependent. For example, as shown in chapter 3, the
dominant surface waves were deteriorating the seismic signal and had to be re-
moved. However, this was not the case for the second field dataset (chapter 5).
The extra costs incurred by the methodology that we proposed here are well paid
back by the high resolution information that are obtained, compared to other
in-situ methods (like sampling or boring) which offer only 0- or 1-dimensional in-
formation. Following the procedure explained in this thesis, it is now possible to
obtain heterogeneity distribution and to determine the location of wet and dry
pockets. This information is important for improving the waste management.
We showed that using the seismic and electrical method, we are able to image
and characterize the landfill body in detail – something that was not possible
before. This information can be used in the future for:

• Improvement of the treatment technologies, for example, by increasing the
recirculation of leachate in the geophysically mapped, relatively dry zones
of the landfill.

• Realistic calculation of the emission potential of a landfill. Mechanical pa-
rameters (e.g., density) are input values in the models that define/estimate
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the emission potential. Till now, only average values are used that may not
be representative of the entire landfill. The density distribution provided
by our methodology can improve the estimation of the emission potential.

• Monitoring the dynamic changes in the landfill through time-lapse geophys-
ical measurements. The observed changes can provide good indications of
the status of the landfill – whether it has reached stabilization or not.

It is suggested to test our methodology for the above mentioned purposes, so
that the true added value of the results obtained from seismic and electrical
measurements can be fully appreciated.
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method applied for investigating the contamination in the vicinity of the Estru-
tural city landfill, in Brasilia-DF: Presented at the 13th International Congress
of the Brazilian Geophysical Society & EXPOGEF, 164–167.

Spokas, K., J. Bogner, J. P. Chanton, M. Morcet, C. Aran, C. Graff, Y. M.
Golvan, and I. Hebe, 2006, Methane mass balance at three landfill sites: What
is the efficiency of capture by gas collection systems?: Waste Management,
26, 516–525.
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Summary

Nowadays many countries use landfilling for the management of their waste or
for treating old landfills. Emissions from landfills can be harmful to the envi-
ronment and to human health, making the stabilization of landfills a priority for
the landfill communities. Estimation of the emission potential for determination
of the aftercare period and improvement of the treatment technologies for the
minimization of the aftercare period are examples of problems landfill research
groups are now facing. For handling these problems, the degradation processes
inside the landfill, which highly depend on the heterogeneity of the landfill, must
be well understood. Geophysical methods can be used to image and characterize
the heterogeneity of the landfill body non-intrusively.

Researchers have earlier used geophysical methods for landfills. However, till
now, artifacts, uncertainties and low resolution remained problematic in imaging
and characterizing the landfill body in detail. In addition, the results so far have
been rather qualitative. In this thesis, we aim to improve the imaging and char-
acterization of landfill bodies using seismic and electrical methods, by proposing
new ways to deal with some major problems that were previously encountered.

A landfill body is very heterogeneous with many high-density areas that act
as obstructions to the fluid flow. Characterization of these high-density areas is
important for the understanding of the preferential flow paths inside the landfill
body and hence of the degradation processes. These high-density areas manifest
themselves as scatterers in the recorded seismic wavefield. Till now, research
works using the seismic method have had difficulties in imaging a landfill body
mainly because of the presence of very strongly scattered seismic energy.

We investigate the use of seismic interferometry (SI), by performing a number
of modeling studies, to improve the imaging. The additional amount of traces
and sources computed by SI provides more information, as an increased number
of rays penetrate into the earth and are recorded. Furthermore, scatterers act as
secondary sources illuminating the landfill from below, thus reducing possible ar-
tifacts due to the location of the seismic receivers and sources only at the earth’s
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surface. We discuss in detail the concept of using SI for landfill application and
its advantages. The SI approach is compared with the conventional reflection
seismic survey (CRSS), considering different acquisition geometries and process-
ing and acquisition errors. Our results have established the merits of SI in landfill
applications.

The next step was to test our modeling results on field data. For this, we
acquire seismic datasets at two different landfill sites. Before applying SI to
the CRSS data, we attempt to image the landfill body solely by CRSS. We have
found that this is possible when special processing steps are adopted. Special care
has been taken in velocity analysis. The developed methodology is proposed to
be used for very heterogeneous subsurfaces in order to image the higher-density
areas (scatterers) in detail. We apply this procedure in two field datasets. We
have succeeded to image higher-density areas, the top and bottom of the landfill,
and the geological subsurface below the landfill body. The geometry used in
acquiring the second field dataset was better for the purpose than the first one,
resulting in an improved imaging of the landfill.

SI is applied to the first acquired field dataset for validation of the modeling
studies. Not only have we been able to improve the imaging of the landfill body,
but we have also proposed a new method for the removal of surface waves that
dominate the field seismic data. In our first field dataset, surface-wave signal
from another source was recorded; that was not possible to be removed using
conventional processing/filtering techniques. We use the method of adaptive
subtraction (AS) involving SI to remove the surface waves and have, thereby,
shown the improved imaging of reflections inside the landfill body. Finally, we
explore the improvement of the characterization of the landfill body when using
the velocity analysis results from all three approaches (CRSS, SI and AS).

Besides imaging, the characterization of the higher-density areas and of the
leachate- and gas/air-bearing zones inside the landfill is very important for under-
standing the degradation processes. Using a landfill-specific empirical relation-
ship between the unit weight and shear (S)-wave velocity of the landfill materials,
we have calculated the density distribution inside the landfill. These values can
be used in models that predict the emission potential. For further characteriza-
tion, we use electrical methods in conjunction with the seismic methods. In the
first study, we are able to determine the heterogeneities (wet and dry pockets)
through combined use of S-wave velocity and electrical resistivity (ER). S-wave
velocity can resolve the high-density areas (scatterers) that act as an obstruction
to the fluid flow. ER helps to identify the pockets that represent accumulation
of water (low-resistivity values) above the high-density areas. In the second field
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study, we acquire S- and compressional (P)-wave reflection seismic datasets. By
jointly interpreting the results, leachate and gas/air-bearing zones are distin-
guished. The conditions that must be met for interpreting leachate or gas/air
(relatively dry) zones are thoroughly discussed, taking into account the P- and
S-wave velocities. Interpreting results of ER and induced polarization (IP) mea-
surements acquired at the same location as the seismic surveys, the structure of
the landfill is better defined, wet and gas pockets are further characterized, and
an indication for the type of the waste is obtained.

The velocity analysis of extremely heterogeneous seismic data is challenging.
We check the velocity distribution obtained from analysis of seismic reflection
data by comparing it with the results of multichannel analysis of surface waves
(MASW) and early-arrival waveform tomography. In the second field study, ad-
ditional measurements (gas concentration and mechanical resistance to waste
deformation) are used for validation of results from seismic and electrical meth-
ods.

The methodology developed in this research presents a way for improved
imaging and characterization of a heterogeneous landfill body through use of
specially adapted seismic and electrical methods. New approaches are presented
to overcome some problems that were encountered in the past and to provide
more reliable, quantitative results.





Samenvatting

In veel landen worden vuilstortplaatsen gebruikt voor het beheer van afval en
is er sprake van nazorg bij voormalige stortplaatsen. Emissies van stortplaatsen
kunnen schadelijk zijn voor het milieu en de gezondheid van mensen, waardoor
stabilisatie van stortplaatsen een prioriteit is voor de gemeenschap. Een schat-
ting van het emissie potentieel voor de bepaling van de duur van de nazorgperi-
ode en de verbetering van emissiereductietechnologie waarmee de nazorgperiode
kan worden geminimaliseerd zijn voorbeelden van problemen waar stortplaats
onderzoeksgroepen mee bezig zijn. Om deze problemen aan te pakken moeten
afbraakprocessen in het stortlichaam, die voor een groot deel worden bepaald
door de heterogeniteit van de stortplaats, goed worden begrepen.

Geofysische methoden kunnen worden gebruikt om op een niet invasieve
manier de heterogeniteit van de stortplaats in beeld de brengen en te karak-
teriseren. Onderzoekers hebben al eerder geofysische methoden gebruikt, maar
tot nu toe vormden artefacten, onzekerheden en een lage resolutie een barrière
voor de gedetailleerde beeldvorming en het karakteriseren van de stortplaats.
Bovendien waren de resultaten vrij kwalitatief. In dit proefschrift willen we
de beeldvorming en karakterisering van vuilstortplaatsen verbeteren door mid-
del van toepassing van seismische en geo-elektrische methodes en door nieuwe
analyse methoden voor te stellen waarmee de problemen die vorige onderzoeken
hadden worden opgelost.

Een stortlichaam is zeer heterogeen met veel zones met een hoge dichtheid
die vloeistof stromen blokkeren. Deze zones met hoge dichtheid verstrooien het
seismische signaal. Tot nu toe hebben onderzoekers die gebruik maken van de
seismische methode problemen gehad met het in beeld brengen van stortplaat-
sen, vooral vanwege het sterk verstrooide signaal. Karakterisatie van de hoge
dichtheid zones zijn van belang voor het begrip van de preferente stroombanen
binnen in de stortlichaam en daardoor voor de afbraakprocessen. We onder-
zoeken het gebruik van seismische interferometrie (SI) om de beeldvorming van
stortlichamen te verbeteren door het uitvoeren van een aantal modelstudies.
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De extra signaalbronnen berekend met SI geven ons meer informatie aangezien
meer golven het stortlichaam binnendringen en vervolgens geregistreerd worden.
Bovendien treden de verstrooiers op als secundaire bronnen die de ontvangers
van onderaf belichten, waardoor mogelijke artefacten verminderd worden als SI
wordt toegepast met ontvangers en bronnen aan het oppervlak. We bespreken
in detail de theorie en de voordelen van het gebruik van SI voor toepassing op
stortplaatsen. De SI-methode wordt in detail vergeleken met de conventionele
reflectie seismiek onderzoeksmethode (CRSS), bijvoorbeeld voorwat betreft ver-
schillende acquisitie geometrie en bewerkings- en acquisitiefouten. De resultaten
hebben aangetoond dat het in beeld brengen van vuilstortplaatsen door middel
van SI voordelen heeft.

De volgende stap was om onze model resultaten te testen op veldgegevens.
Hiervoor hebben wij seismische datasets gemeten op twee verschillende stort-
plaatsen. Voordat wij SI op de CRSS gegevens toepassen, proberen wij het
stortlichaam alleen met behulp van CRSS in beeld te brengen. Wij zijn tot
de conclusie gekomen dat dit mogelijk is wanneer bepaalde bewerkingsstappen
worden gebruikt: de nodige zorgvuldigheid moet worden wordt betracht voor
de snelheids analyse. We stellen voor om de ontwikkelde methode te gebruiken
voor zeer heterogene ondergronden om gebieden met een hogere dichtheid (“ver-
strooiers”) gedetailleerd in beeld te brengen. We passen deze procedure in beide
datasets toe en zijn in staat om gebieden met een hogere dichtheid, de boven
en onderkant van de stortplaats en de geologische ondergrond onder de vuilstort
in beeld te brengen. De geometrie van de tweede velddataset was beter dan de
eerste wat resulteerde in een betere beeldvorming van het afvallichaam.

SI is toegepast op de eerste dataset die we verkregen hebben om de model
studies te valideren. Niet alleen zijn we in staat geweest om de beeldvorming
van het afvallichaam te verbeteren, maar ook hebben we een nieuwe methode
voorgesteld voor toepassing op stortlichamen en het verwijderen van dominante
oppervlakte golven. In de eerste dataset werd een oppervlakte golfsignaal uit een
andere bron geregistreerd die niet verwijderd kon worden met de conventionele
bewerkings methodes. We gebruiken de adaptieve subtractie methode (AS) om
de oppervlakte golven te verwijderen en laten de verbeterde beeldvorming van re-
flecties in het stortlichaam zien. Tenslotte onderzoeken we de verbetering van de
karakterisatie als er snelheidsanalyse resultaten uit alle drie de datasets (CRSS,
SI en AS) gebruikt worden.

Naast beeldvorming is de karakterisering van de gebieden met een hogere
dichtheid en de percolaatverzadigde en gasverzadigde zones binnen het stortli-
chaam in de vuilstort erg belangrijk voor het begrijpen van de afbraakprocessen.
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Door een empirisch relatie tussen gewichtseenheid shear (S) - golf snelheden
te gebruiken, die specifiek geldt voor stortlichamen, hebben we de ruimtelijke
dichtheidsverdeling van het stortlichaam berekend. Deze waarden kunnen wor-
den gebruikt in modellen die de potentiele emissie voorspellen. Voor verdere
karakterisering, gebruiken we elektrische methodes in combinatie met de seis-
mische resultaten. In de eerste studie waren we in staat om heterogeneniteiten
(natte en droge zones) te bepalen door interpretatie van de S-golfsnelheid en
de elektrische weerstand (ER) waarden. S-golf snelheden gaven de zones met
een hoge dichtheid (“verstrooiers”) aan die fungeren als een obstakel voor de
stroming van vloeistof en ER waarden, pockets die de accumulatie van water
(lage weerstand waarden) lieten zien boven gebieden met een hoge dichtheid.
In het tweede veldonderzoek registreren we S- en compressionele (P)-golf reflec-
tie seismische golven en door de resultaten gezamenlijk te interpreteren worden
percolaat- en gasverzadigde-zones bepaald. De voorwaarden waaraan moet wor-
den voldaan om de aanwezigheid van percolaat- of gasverzadigde-zones, worden
uitvoerig besproken. De structuur van het stortlichaam wordt goed bepaald en
tegelijkertijd krijgen we inzicht in de ligging van natte en droge zones als we de
resultaten van ER en gëınduceerde polarisatie metingen gebruiken die op dezelfde
plaats zijn gemeten. Op basis van deze resultaten kunnen we een indicatie geven
voor de karakterisering van het type afval.

De in dit onderzoek ontwikkelde methode is een manier om de ondergrond
van vuilstortplaatsen beter in beeld te brengen en te karakteriseren met behulp
van een combinatie van seismische en elektrische metingen. Nieuwe benaderingen
worden gepresenteerd om problemen die men in voorgaande onderzoeken had op
te lossen en kwantitatieve resultaten te verkrijgen.
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risk to move to the Netherlands with me, for all those crazy trips together: From
driving all night to see the Northern lights to staying up late at Brazilian beaches
to see the Southern Cross. We are 4 years together, but I feel like it is already a
lifetime. So many things we have experienced and so much joy you have brought
to my life. Thank you for being patient with me during the difficult times and
for your unlimited support. Without you I would have not come so far to finish
this PhD. I love you deeply and I cannot wait to start my new life with you!

Laura Amalia Konstantaki
Ehrendingen, January 2016





Curriculum Vitae

Personal information

Name Laura Amalia Konstantaki
Date of birth 19th of June 1986
Place of birth Mytilini, Greece

Education and work

2011-2015 PhD in Applied Geophysics
Delft University of Technology, Delft, The Netherlands

2009-2011 MSc in Applied Geophysics (IDEA League)
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