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ABSTRACT 
 

Due to the overconsumption and the insufficient waste management in the past, 
old landfills are today  part of the Belgian landscapes. Besides the growing interest in 
old landfills from an environmental perspective, their exploitation, in terms of material 
extraction and reuse, perfectly adheres to the growing concept of circular economy 
and is further supported by the benefits coming from land recovery. The 
characterization of landfills is consequently becoming an operation key nowadays.  

 
The present master thesis tends to evaluate the pertinence of three different 

geophysical methods for the characterization of a former landfill located in Onoz. For 
this purpose, 2D and 3D models of physical properties are computed. The Electrical 
Resistivity Tomography (ERT) and the Induced Polarization (IP) enables the detection 
of highly conductive lenses of lime and ashes within a layer of backfill and waste. 
Moreover, in the northern part of the landfill, the transition between the bedrock and 
the overlying waste layer is being brought to light. Unfortunately, in the southern part 
of the landfill, both methods show an overestimation of the highly conductive lime and 
ashes body, which impacts the detection of the bedrock, in the 3D models as well as 
in the 2D models. This limitation of the methods was expected thanks to the synthetic 
model previously computed, avoiding any misinterpretation even in the absence of an 
adequate model appraisal tool. The Horizontal to Vertical Noise Spectral Ratio 
(HVNSR) demonstrates different uses in the landfill characterization. Firstly, in the 
lower part of the site, the HVNSR is used to delineate the different waste zones by 
simply crossing the information from the H/V graphs obtained with the boreholes. In 
the upper part of the site, the HVNSR is combined with two available boreholes in order 
to compute the approximate average shear wave velocity of the lime and ashes. 
Following some assumptions, it is possible to calculate the thickness of the layers of 
lime and ashes, allowing the approximation of their total volume in this zone.  
 
Keywords: Geophysics, landfill, Electrical Resistivity Tomography (ERT), Induced 
Polarization (IP), Horizontal to Vertical Noise Spectral Ratio (HVNSR), forward 
modelling.  
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for a long time. Nevertheless, even if they provide direct and analytic information, their 
spatial coverage or representability are not optimal. They can become costly and can 
also be the cause of an added threat to the environment, for example by breaking 
impervious liners while conducting boreholes or trenches. It has been acknowledged 
that noninvasive geophysical methods might help with the decision of the drilling 
location and might also provide broader indirect information on the internal properties, 
such as composition, temperature, humidity, density or compaction of the waste 
material, while being also less costly (Nguyen et al., 2018). It can also help to 
determine the precise extension of a landfill (Dumont et al.,2017). The waste occurring 
in landfills often show the same type of characteristics, such as low seismic wave 
propagation and low electrical resistivity (Dumont et al., 2017). These aspects will be 
further developed in chapter 2 and 3. 
 

1.1 Objective of the master thesis 
 

The aim of the thesis is to evaluate the pertinence of three different non-invasive 
geophysical techniques, that already proved their robustness, for the characterization 
of a former landfill. For this purpose, 2D and 3D models of physical properties will be 
computed, in order to enable the comparison between the different techniques and to 
establish a conceptual model thanks to the cross-measurements. The probable 
heterogeneity encountered in landfills renders the computation of 3D models 
practically unavoidable, while 2D models are mainly used for a comparison, validating 
the results obtained during the 3D modelling. Two electrical measurement methods , 
i.e. Electrical Resistivity Tomography (ERT) and Induced polarization (IP), and the 
Horizontal to Vertical Noise Spectral Ratio (HVNSR), were performed in the frame of 
this thesis. To perform the comparison, a former limestone quarry in Onoz, small village 
situated in the province of Namur, in Wallonia, will be investigated. 
 

1.2 Organisation of the manuscript 
 

The first part (chapter 2 and 3) will contextualize the problem of landfills in 
Europe, describe theoretically the different geophysical methods used and underline 
their applications in landfills. The second part describes a case study: Onoz and the 
previous investigations performed in this landfill (Chapter 4). Thereafter, the 
methodology of the surveys performed in Onoz during the master thesis will be 
reviewed (Chapter 5), followed by the presentation and the interpretation of results 
(Chapter 6). Finally, a conclusion with the different perspectives of the landfill site and 
the applications of geophysical methods in landfill characterization will complete this 
report (Chapter 7). 
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Figure 6. Crossline dipole-dipole measurement procedure (Modified from Van Hoorde et al., 2017) 

It is possible that spatial constraints due to natural or anthropogenic obstacles 
render the deployment of usual 3D settings impossible, especially in environments 
such as landfills, where the vegetation or waste could limit the access to certain 
locations. This can be overcome by designing a special acquisition procedure. Chavez 
et al., (2018) invented one of these tailor-made procedures to investigate the subsoil 
under pyramids, using three different types of array and this had led to promising 
results. Concerning the electrodes arrays, they are the same as for 2D surveys most 
of the time. Rucker et al., (2009) summarized many 3D surveys in the literature and 
showed that the most suitable arrays for pure 3D data acquisition were the pole-pole, 
the pole-dipole and the dipole-dipole configurations. Moreover, it has been 
demonstrated that the combination of different configurations could show interesting 
results. Indeed, Chamber et al., (2006) combined the Wenner and Schlumberger 
techniques to benefit from both the right signal strength of the Wenner array and the 
superior lateral resolution of the Schlumberger array. Chavez et al., (2018) used a 
combination of three arrays using the Wenner-Schlumberger-perimeter methodologies 
to cover the external part as well as a Minimum Coupling to retrieve information in 
deeper parts and finally a Wenner-Schlumberger gradient to get information of the 
central portion below the pyramid. 

 
The difficulty to access a survey zone and the choice of the most suited 

configuration are not the only limitations that a geophysicist may encounter when 
designing an ERT survey. Indeed, the resistivity measurements will also be strongly 
affected by topographical effects. Concentration of the current will arise in valleys, 
while current will disperse beneath hills. This will consequently create a distortion of 
the equipotential surfaces, leading to the generation of false anomalies or the masking 
of actual anomalies (Telford et al., 1990). In such cases, topography must be 
specifically taken into account in the inversion process. It seems also logical that the 
anisotropy of the media will produce a significant distortion. As it will be later developed 
in section 2.2, data quality will also be affected by phenomena having different origins 
such as poor electrode contact, electrode polarization or indeterminate external 
parameters. To validate models, it is always interesting to combined intrusive 
techniques to the ERT method that only provides indirect information on the subsurface 
(Loke et al., 2013). In field investigation, the methods used can be, for example, drilling 
or cone penetration test (Vargemezis et al., 2015). Other limitations concern the 
inverse problem and will be approached in section 2.3.  
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The processing of data can be divided in several steps. First, it is necessary to 
select stable windows in the obtained graph and to perform a spectral analysis (Brûlé 
& Javelaud, 2013). Table 2 summarizes all the recommendations in terms of minimum 
length of the stability window, minimum number of windows and the recommended 
recording time for the targeted resonance frequency (SESAME, 2004).  

 
Table 2. Recording recommendations (Modified from SESAME, 2004) 

Resonance 
frequency of 
interest [Hz] 

Minimum 
window length 

[s] 

Minimum 
number of 
windows 

Minimum recommended 
recording time [min] 

0.2 50 

10 

30 
0.5 20 20 
1 10 10 
2 5 5 
5 5 3 

10 5 2 
 

For a practical perspective, the ambient noise is recorded by an acoustic 
velocimeter, enabling the measurement of the noise propagation in three directions. 
Different types of courses exist with different bandwidths. It is therefore of interest to 
have an elusive notion of the actual geology in order to select the appropriate device 
(Brûlé & Javelaud, 2013). The Site Effects Assessment Using Ambient Excitations 
(SESAME) European research project (2004) provided a detailed study of this type of 
measurements. In addition to some theoretical aspects, the SESAME project 
especially deals with the experimental conditions and advices on how to interpret the 
different obtained results. For the experimental conditions, they give recommendations 
on the type of soil on which the sensor should lay, but also recommends to place the 
sensor away from any structures (e.g. buildings, trees, etc.) and provides information 
on weather conditions for an optimal data acquisition. Moreover, they provide an 
adapted methodology to assess the reliability of peaks in the H/V spectrum. 
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between the resistivity of the waste and the bedrock. Usually, the waste will be 
characterized by a much lower resistivity than the surrounding bedrock notably due to 
the presence of highly conductive leachate (Harjito et al., 2018). Nevertheless, higher 
resistive zones can occur within the waste. This could be explained by either more 
aerated material or a massive presence of inert (Di Maio et al., 2018).  
 

Another aspect that can be highlighted by the ERT technique is the water 
content. As discussed, the resistivity is affected by the presence of water. It is therefore 
possible to differentiate saturated zones from unsaturated ones within the waste by 
observing changes in the resistivity (Dumont et al., 2016)  
 

ERT final images can also display highly conductive zones far below the 
assumed depth of the waste within the bedrock which can be considered as leachate 
leaking out of the landfill (Chambers et al., 2006; Di Maio et al., 2018). Indeed, ERT 
can also be used to investigate polluted area in groundwater. Polluted zones will be 
characterized by very low resistivity values due to the increasing number of ions in 
groundwater, consecutive to an inlet of leachate generated by the waste (Harjito et al., 
2018). Considering the infiltration and diffusion processes, it is possible to observe an 
increase of the conductivity in the deepest parts of the waste (Di Maio et al., 2018).  
 

The greatest limitation of ERT is that although it identifies the presence of waste 
and contamination, it cannot differentiate them from each other (Elis et al., 2016). As 
explained in section 2.1.2, this distinction can be achieved by coupling an IP survey 
to ERT. The ERT technique can also determine the spatial extension of the waste 
although certain conditions are required to get an appropriate representation of the 
bottom interface.  
 

3.2 Induced Polarization technique (IP) 
 

The Induced Polarization (IP) technique is also a promising method to 
characterize landfill and has been widely used in the past. Up to that time, anomalous 
chargeability values were associated mostly with metallic scraps in the waste. Even if 
metal impacts IP values, it has been recently demonstrated, that the anomalies could 
arise from many different sources such as organic matter, wood (Thierry et al., 2001) 
or vegetative matter (e.g. peat) (Slater & Reeve, 2002). Due to the elevated isolating 
surface, plastic can also lead to high chargeability value (Leroux et al., 2007). Carlson 
et al., (2015) demonstrated that a biodegradation process affecting the waste, could 
generate a higher IP response. They showed that asbestos had a weak effect on the 
IP response, although still perceivable. In this way, the overall chargeability of waste 
can reach hundreds of mV/V (Dahlin et al., 2010).  
 

One of the limitations of the IP technique lies in the spatial delimitation of the 
waste, especially in the bottom of the landfill. It remains sometimes challenging to 
precisely define the limits of the waste. A way to by-pass the problem is to compute 
the normalized chargeability, which is the ratio of the chargeability by the electrical 
resistivity. This will produce an image with a better delimitation of the waste (Dahlin et 
al., 2010). Moreover, the normalized chargeability allows performing a distinction 
between the waste and contamination plume (Elis et al., 2016).  
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The combination of IP and ERT can provide a lot of valuable information. It 
remains complicated to define the spatial extension of waste with the single ERT 
method as explained above. If a doubt subsists with the ERT results, the high 
chargeability values measured by IP can confirm the waste delimitation (Leroux et al., 
2007; Dahlin et al., 2010). If the combined survey displays high resistivity and an 
intermediate IP response, the materials lying underground possibly are a coarse 
geological material or waste mainly composed of debris from the construction sector 
(Leroux et al., 2007). 
 

Used in this way, IP surveys remain, to some extent, a useful tool to characterize 
the waste composition (even though it is challenging), to define its spatial distribution 
and to highlight a probable biodegradation.  
 

3.3 The Horizontal to Vertical Noise Spectral Ratio 
technique (HVNSR) 

 
 The use of the Horizontal to vertical noise spectral ratios technique (HVNSR) in 
landfills is rather new. Indeed, it is mainly used to assess the ground response during 
an earthquake event and this, for topmost soft layers in particular (Nguyen et al., 2004; 
Singh et al., 2017; Subiyo et al., 2018). However, some authors pinpointed the interest 
of the technique to estimate the thickness of the ice sheet in the Antarctic (Yan et al., 
2018), demonstrating its use in different environments. Looking at equation 29, it is 
possible to provide a S-wave velocity model of the waste deposit (Soupios et al., 2005; 
Soupios et al., 2007). When the average S-wave velocity has been estimated, either 
by HVNSR or by MASW, it is possible to go the other way around to calculate the waste 
depth (Soupios et al., 2007; Dumont et al., 2017).  
 
HVNSR is therefore appropriate to get an approximate insight of the ground internal 
structure and especially of the depth of waste deposit. Nevertheless, the value of 
HVNSR measurements in landfill surveys, relies on the mechanical contrast between 
the waste layer and the underlying bedrock. This contrast needs to be sufficient enough 
to show interpretable results in the H/V graph. Furthermore, the thickness computed 
using equation 29 is often impacted by an error due to the complexity of the structure 
encountered in landfills (Soupios et al., 2007). Moreover, due to the spatial 
heterogeneity of the subsurface in landfills, the validity of the interpretation of the H/V 
graph obtained from a measurement in the field, remains only very localised. 
Consequently, the proper modelling of landfills by the HVNSR, requires a high number 
of measurement points.  
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with IP measurements. ERT aimed to cover a major part of the waste deposit in the 
lower zone of the site and consisted of three profiles enabling a distinction between 
the waste, the bedrock, some backfill, the ashes and lime. However, it was proved that, 
due to the very low and quite similar conductivities, it was almost impossible to 
distinguish lime from ashes. Still, it remained possible to distinguish the bedrock, with 
a high resistivity in the northern part of the deposit. A more conductive part at the 
expected depth of the bedrock was observed in the southern part of the profiles. The 
hypothesis raised at that time to explain the results involved the presence of a more 
fractured zone , a change in the lithology (it is well-known that the geological formation 
occurring in Onoz contains dolomite) or the presence of leachate. The lowest resistivity 
zone in the profiles was due to the presence of lime and ashes, that demonstrated to 
have a very low electrical resistivity as confirmed with laboratory experiments 
conducted on a sample collected on the site.  

An intermediate resistive and heterogeneous zone occurred closer to the 
surface and was attributed to variable wastes. In terms of chargeability, the highest 
points in the profiles were due to the presence of metallic components in the waste, 
while the lowest points were corresponding to lime and ashes. In fact, all results coming 
from geophysical methods were overlapped with the previous invasive investigations, 
in order to properly calibrate and interpret the model. Moreover, a proper strategy in 
terms of trenches and boreholes was proposed to remove the remaining uncertainties, 
especially in the upper part of the site (IRCO, 2018).  

Subsequently, a new invasive survey based on the geophysical investigation 
was performed in 2018 by IRCO. This time, ten trenches (seven in the lower part, three 
in the upper part) were conducted, while five boreholes were drilled (three in the lower 
and two in the upper parts). Moreover, four samplings were performed with an auger 
in the upper part. IRCO (2018) estimated the volume of the different wastes as follow: 
3 400 m3 of heterogeneous (municipal and inert) wastes in the lower part, 48 840 m3 
of lime, with 3 340 m3 in the lower part and 45 500 m3 in the upper part, and a total of 
160 012 m3 ashes, with only 212 m3 in the lower part and the rest in the upper zone.  

Each layer discovered during the excavation undergone chemical analyses and 
leaching tests. Table 4 displays the most important polluting substances, present at 
elevated concentrations and observed during the tests performed on the different 
layers. The norms used at this time were the ones fixed by the soil decreed of 
December 2008, for the Threshold Value (TV) and the Value of Intervention (VI), and 
by the dataset of not-standardized pollutants for the Limit Value (LV). Although the 
elements observed in the table could be considered as alarming, the total 
concentration of pollutants is acceptable and the waste deposit is not considered as 
dangerous under the law (IRCO, 2018). 

  





47 
 

datasets were acquired using the MASW technique and the refraction method. 
However, considering the mild quality of acquired data, affected by many factors, a 
more intensive overthinking on data processing had to be done (Isunza Manrique et 
al., 2019).  

 Most important results of the previous investigations, invasive and non-invasive 
are presented in the annex 9.1. The conceptual model based on the previous surveys 
is displayed in figure 19, while the map showing the location of the cross-sections is 
shown in figure 18. 

 
Figure 18. Location of the cross-sections of the conceptual model (Adapted from Service Public de Wallonie, 

2017) 

 The conceptual model represented by the two cross-sections highlights the 
distinction between the heterogeneous waste and the lime/ashes layers. The lateral 
extension was expected to be well-defined thanks to the previous geophysical methods 
applied. Nevertheless, some knowledge enhancements could be required. Moreover, 
the lateral extension of the ashes and lime in the upper part was also well-described. 
Yet, a great doubt subsisted in the depth of this body in the upper part of the landfill.  
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Figure 19. Cross-sections of the conceptual model (Modified from Verdi, 1995) 
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 A dipole-dipole array was chosen for the measurements, since it is the most 
sensitive configuration to horizontal variations and had already proven its value in 3D 
acquisition (Rucker et al., 2009). Unfortunately, this was probably not the most suitable 
array to assess the vertical variations. Furthermore, given that the protocol involved in-
line measurements, this enabled the computation of 2D profiles for the four lines, as it 
discussed later in section 6.1.2.  

 The IP measurements were coupled to ERT data following the same protocol. 
The injection time was of 2 s. After switching off the current, the decaying voltage was 
measured after 0.01 s and at ten different time-lapses until 1.86 s, with the largest 
integration window of 0.58 s.   

 Data acquisition was performed with the ABEM Terrameter LS instrument and 
took around 5h. Moreover, a complete reciprocal dataset was acquired in order to carry 
out the most adapted error analysis.  

 

5.1.1 Data processing of the 3D model 
 
 To check the data quality used for the 3D inversion, the raw dataset had to 
undergo a filtering depending on different parameters. The first parameter examined 
was the variance, directly measured by the instrument. Although no repeating 
measurement had been taken during the survey, the ABEM gave a relatively good 
approximation of the possible data variance, i.e. the quality factor given by the 
instrument. Regarding the histogram displayed in figure 22, it was chosen to fix the 
threshold value at 10 % to remove the majority of the elevated values, while keeping 
an appropriate number of measurements. This led to the removal of 760 
measurements.  

 

Figure 22. Histogram of the variance of each measurement given the ABEM Terrameter LS 

 The second criterion consisted in the relative error when the direct 
measurement was compared with the data acquired during the reciprocal. The 
histogram was plotted (Figure 23) and once again, after visual observation, the 
threshold was fixed to 10% for the same reason as for the variance. This time, 930 
measurements were removed, which finally gives a dataset of 3361 measurements for 
the 3D inversion.  
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zonation in the part of the model where the bedrock is showing higher value than it 
should. Indeed, a smaller part of this zone is now considered as sensitive. 
Unfortunately, the DOI is still overestimated in the zone below the biggest highly 
conductive layer. The DOI from the blocky inversion, also displays an overestimated 
sensitive zone, which is additionally quite rough and scattered.  

 To conclude this section, the results shows that a highly conductive zone, with 
a certain thickness is distorting the zone below, by creating a false higher conductive 
zone than the real occurring bedrock. Furthermore, no perfect inversion parameters 
were found to bypass this problem. It is therefore interesting to perform different kinds 
of inversions with modulated parameters to gather information. Finally, the DOI is also 
clearly impacted by the highly conductive zone and remains qualitative. It remains 
therefore crucial to have a critical eye on the resulting images, to avoid 
misinterpretation. 

 

5.1.4 Data processing of the 2D models 
 
 The computation of 2D ERT models is not the principal aim of this thesis. 
However, it remains interesting to compute these models and to compare them to the 
3D model and see if a good matching can be observed. As already mentioned, four 
profiles were implemented during the 3D survey. Therefore, it was possible to compute 
four 2D profiles, by extracting the in-line measurements of each profile from the global 
survey and by inverting them in RES2DINV.  

 For the data quality, the filtering applied was different than the methodology 
applied for the 3D model and concerned mainly the IP measurements. Series of criteria 
were applied, using a Matlab script, in order to obtain the most appropriate dataset. 
The first criterion was to verify that the chargeability measured during the first window 
was not above 1000 mV/V or below -1000 mV/V. The second point was to assure that 
all the chargeabilities measured during one measurement were all of the same sign. 
The last criteria concerned the fitting to an exponential function. The curve generated 
by the different chargeability at each window had to fit a decreasing exponential 
function and the limit of the coefficient of determination R2, expressing the fitting to the 
exponential curve, was fixed at 0.8. At this point, the integral of the chargeability curve 
was computed using the trapz function, supplied by Matlab. Afterwards the results were 
introduced into RES2DINV. Within the software, a last filtering was applied, by 
exterminating manually data points that exhibit inconsistent values compared to the 
neighbouring points. Besides this possibility, after the inversion, RES2DINV offered to 
trim the dataset depending on apparent resistivity percentage error, if an appropriate 
Root Mean Square Error (RMSE) was not achieved. The RMSE was considered as a 
reasonable below 10%. Table 5 summarized the final number of measurements used 
to perform the inversion. Figure 34 summarized the methodology for obtaining the 
most appropriate dataset for the 2D profiles, using P1 as example.   
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known to be composed of lime and ashes shows also very low resistivity values, 
supporting the assumption that the higher conductive zones can be related to lime. For 
a better comprehension of the occurrence of low resistivity values within the lime, the 
reader is invited to get acquainted with table 4 in section 4.4. Lime samples collected 
during site characterization revealed a contamination in hydrocarbons and other 
polluting elements. Furthermore, it has been demonstrated that hydrocarbons 
decrease the bulk electrical resistivity due to complex mechanisms notably related to 
bacterial activity. Considering that hydrocarbons are often electron donors, they are 
therefore bacterial activity incubator. As a consequence of this enhanced bacterial 
activity, organic and carbonic acids may be generated and subsequently accelerate 
the weathering of minerals, causing an increase of conductivity (Caterina et al., 2017). 
Besides the bacterial activity, the high conductivity can be explained by the nature of 
the ashes and lime. Indeed, both materials are unconsolidated and have potentially a 
higher surface area available. It can, therefore, potentially favour an increase of the 
interfacial conductivity (Abdel et al., 2004). Furthermore, the model shows that one of 
the highly conductive zones reaches the surface in the central part of the survey. 
Therefore, it is visually possible to verify the assumption that the most conductive parts 
are actually related to lime (Figure 39).  

 

Figure 39. Photography of the surficial lime occurring in the central part of the survey in Onoz 

 The thickness of the greatest and highly conductive layer also seems to be 
relatively important given the expected geology. This distribution of the conductivity 
could be explained by the presence of leachate in the limestone. However, given the 
benchmark study performed in section 5.1.3, the most probable explanation is an 
exaggeration of the actual thickness of lime and ashes during the inversion. Indeed, 
the purpose of section 5.1.3, was principally to highlight that such an overestimated 
thickness, could develop in presence of a thick highly conductive layer. It is 
consequently impossible to determine the depth of the bedrock in this zone throughout 
the current survey.  

 In the northern part of the survey, the bedrock is, in contrast, detectable. Its 
depth is decreasing northward and became finally surficial, which corresponds quite 
accurately with the borehole/trench information.  
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Figure 44. Comparison of the lateral extension given by the ERT and the FDEM surveys at a depth of 0.5 m 

(Adapted from Caterina et al., 2019).   

 The first thing to be pinpointed is that the ashes and lime body is detected in the 
same zone, with both methods, at both depths. For the 0.5 m depth, the ashes and 
lime lens seem to be slightly overestimated in the northern direction. However, it 
matches quite well in the case of the 2.5 m depth. At both depth, for the ERT results, 
the conductivity seems to decrease in the south-east part of the surveyed zone, where 
the FDEM still displayed high conductivity values. This difference may be explained by 
several factors such as a loss of sensitivity in this zone due to the special ERT 
configuration. It could also be attributed to the smoothing applied during the inversion. 
Unfortunately, the roughness of the model obtained from the blocky inversion, due to 
the great size of the tetrahedrons composing the mesh, renders the comparison 
challenging.  
 

 
Figure 45. Comparison of the lateral extension given by the ERT and the FDEM surveys at a depth of 2.5 m 

(Adapted from Caterina et al., 2019). 
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 A final explanation can be provided by the FDEM survey. Indeed, if a closer look 
is taken at the coverage of the FDEM (Figure 46), it is visible that this part of the site 
was inaccessible. The conductivity of the zone is therefore only known by interpolation 
of the surrounding results. Consequently, if the presence of lime and ashes was 
reduced in this part, the change would not have been detectable by the FDEM, but well 
by the ERT thanks to the crossline measurements implemented in the protocol.  

 
Figure 46. Coverage of the FDEM survey (Adapted from Service Public de Wallonie, 2018) 

 
6.1.1.2 3D IP  

 
 As E4D requires a commercial license to perform the inversion of IP data, data 
collected in Onoz were inverted with BERT (Figure 47).  
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 Secondly, the DOI from the blocky constrained inversion was computed (Figure 
50). The size of the volume having parameters with a DOI below 0.1, still seems to be 
affected by an exaggeration due to the presence of the conductive layer. However, 
compared to the smoothed model, the exaggeration is mitigated around 35 m, below 
the conductive layer and within the massif. Unfortunately, the problem subsists, and 
the probable real sensitivity is never reached, depending on the impact of the 
conductive layer on the overall model. Furthermore, in the part where the bedrock is 
visible, the volume considered as sensitive is clearly diminished to reach 
approximatively 5 m of depth, which approximately fits the reality, even if some sparse 
elements of the mesh were falsely considered as sensitive. This supports the 
assumption previously done, demonstrating that the resistivity value of the bedrock 
was overestimated by the algorithm, because the survey was not sensitive in this zone. 

 

Figure 50. DOI from the blocky constrained inversion 

 To conclude this section, we should bear in mind that the 3D ERT/IP survey had 
for purpose to give an idea of the material distribution in the quarry of Onoz. The 
presence of the highly conductive layer of lime distorted the resulting model, rendering 
difficult to define the precise interface between the waste, lime, backfill and the bedrock 
in the lower zone. However, it was possible to delineate approximatively each type of 
material in the upper part of the subsurface. The sharp inversion showed rougher 
resulting images but remained closer to the reality of the field. The main problem that 
could be highlighted in this section is the fact that the DOI was affected by the presence 
of the highly conductive layer, enforcing partially the model to converge to lower 
resistivity values even in case of a highly resistive reference model.   
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is impossible to detect the bedrock, which is known to sit there thanks to the previous 
boreholes and trenches. The effect of this conductive layer seems to decrease, when 
the profile is moved away from the ashes and lime massif. However, it remains 
impossible to detect the bedrock in this zone. Near the soil surface, the resistivity 
values are more heterogeneous, which remains consistent with the presence of backfill 
and heterogeneous waste.  

 Figure 52 shows the same profiles as those presented in figure 51, with the 
difference that they are cross-sections taken from the 3D model previously displayed. 
This enables an appropriate comparison between the results of the 3D and 2D 
inversions. The results seem relatively comparable. Profile P1 shows a separation 
between the two highly conductive lenses, while P2 shows that it is one main highly 
conductive body. Moreover, P3 and P4 displays the same kind of internal structures. 
Both also overestimate the conductive bodies. The difference between the resistivities 
interval is caused by the smoothing applied during the 3D inversion, inhibiting the 
creation of small artefacts as those occurring in the 2D profiles.  

 
Figure 52. Resistivity profiles obtained from cross-sections of the 3D model corresponding to the 2D profiles for 

(A) P1 (B) P2 (C) P3 (D) P4 
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6.1.2.2 2D IP 
 
 Figure 53 displays the resulting images of the IP. measurements. The results 
enable a differentiation between the different materials found in Onoz. Indeed, knowing 
approximately the disposition of the material in the site, it is possible to link the faced 
chargeability to the right soil component. The bedrock, in the deepest part of the 
profiles, is defined by a low or intermediate chargeability. The interval of chargeability 
for the bedrock is due to many parameters, such as the fracturation or the porosity for 
example. The lime, ashes and waste with high metallic content, backfill and waste and 
inert waste are showing respectively high, intermediate and low chargeability values in 
the surficial part of the profiles. The higher chargeabilities displayed deeper are linked 
to the lime and ashes layer. Indeed, considering that it occurs in the southern part of 
the profiles and especially in profiles 1, 2 and 3 (Figure 53 A, B, C), i.e. those closer 
to the ashes and lime hill, the link can be clearly established. However, it is also clear, 
that the thickness of the layer is overestimated, as for the ERT.  

 

Figure 53. Chargeability models obtained after inversion of in-line measurement for (A) P1 (B) P2 (C) P3 (D) P4 
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Figure 54. Normalized Chargeability models obtained after inversion of in-line measurement for (A) P1 (B) P2 (C) 
P3 (D) P4 

 As already mentioned (Chapter 3), a good way to further distinguish the 
different materials in the subsurface is to compute the normalized chargeability (Dahlin 
et al., 2010; Ellis et al., 2016). Figure 54 shows the obtained profiles. The central lens 
of lime and ashes is yet well defined in the central part of each profiles. Profiles 2 and 
4 (Figure 54 B, C) show distinct lenses of inert. The rest remains quite similar, even if 
unfortunately, the body of ashes and lime in the eastern part is still highly 
overestimated.  

6.1.2.3 2D DOI 
 
 As for the 3D model, it is important to display the DOI of the 2D profiles (Figure 
55). In some regions the DOI reached 20 m deep, which is considered as flaw 
considering the array and the length of the survey. The biggest difference with the 3D 
DOI is the fact that in the southern part of 5-m to 10-m depth of profiles 1,2 and 3 
(Figure 55 A, B, C), a less sensitive zone appears. This is the first time, that the 
thickness of the high conductivity layer occurring in this zone is queried. Another zone 
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showing a lack of sensitivity is situated in the central part of each profile, where the 
resistivity measurements showed an interface between a low resistivity and high 
resistivity zone. A loss of sensitivity in the northern part, i.e. where the bedrock occurs, 
is also visible and is consistent with the apparition of a higher resistivity layer, allowing 
less current to pass by.  

 

Figure 55. DOI of profile (A) 1 (B) 2 (C) 3 (D) 4 

 To conclude, the DOIs of the 2D profiles remains incorrect, but tends in the right 
direction by showing a lack of sensitivity in zones, where it is known that the high 
conductivity layer is overestimated. However, it is too deep compared to the 
expectations.  
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mean H/V curve is the black line, while the coloured lines represent all the H/V curves 
of the stability windows and the dotted lines, the standard deviation. The small peak 
frequency is in fact significant and could be related to the 50 cm of silt present directly 
above the bedrock. At this point, it is necessary to outline that the high amplitude at 
very low frequency, i.e. below and around 1 Hz, are probably caused by perturbations 
coming from weather conditions, which are not always optimal.  

 

Figure 57. Comparison of the HVNSR curve of measurement 185 and the closest trench (Modified from 
RECOsol, 2012) 

 The next points analysed are the measurements n°172 and n°174. They are 
both situated at elevated points of the quarry. They were chosen to have approximately 
the same elevation. In the aerial photography of 1976 (Figure 15), it was clear that 
some structures were developed in these locations but probably not related to the 
discharge of lime and ashes. Some invasive investigations are still missing in this part 
of the site, nevertheless, the main scenario is that the structures are embankments 
made of tailings of the quarry exploitation, explaining the highest peak occurring 
between 9 and 10 Hz. However, the fact that the amplitudes of the peak are different 
could be explained in several ways. For example, the embankments could have been 
made of different materials or differently compacted, or the limestone composing the 
bedrock was more fractured or of slightly different compositions at each location. The 
upper layer was then recovered with soil, explaining the smaller second peak occurring 
at higher frequency in the graphs (Figure 58) and the dense vegetation in these parts 
of the site. The graph of the measurement n°171 (Annex 9.5), shows that the material 
in this structure dos not vary and the higher frequency of the peak corresponds to the 
diminution of the layer overlaying the bedrock. 

 

Figure 58. HVNSR curve for measurements 172 and 174 
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 The next representative measurement analysed is n°162, located in the 
southern part of the landfill, close to the cliff and the hill of lime and ashes. The closest 
boreholes in this case is the n°2 achieved by IRCO SPRL in 2018, which is situated 
around 6 m far from the measurement point, but remains a proper representation of 
the subsurface. The visualisation of the H/V curve and the corresponding boreholes is 
displayed in figure 59.  

 

Figure 59. Comparison of the HVNSR curve of measurement 162 and the closest boreholes (Modified from 
IRCO, 2018) 

 The highest amplitude peak at a frequency around 11 Hz, can be clearly linked 
to the lime. Considering that the measurement point is closer to the hill of ashes and 
lime, it makes sense to estimate that the thickness of the lime layer is greater than the 
one displayed in the borehole 2. The second peak, with an amplitude of 2 at a 
frequency around 25 Hz is linked to the presence of the overlaying layer of waste. The 
silty layer, which has probably largely decrease in this zone, is probably too small and 
the contrast to the bedrock insignificant, to be clearly identified in the H/V curve at this 
point.  

 The same scheme is visible in the HVNSR curve of measurement n°152 (Annex 
9.5), which was performed in a zone where it was already well known that a smaller 
layer of heterogeneous waste was overlaying a layer of lime and ashes.  

 The next zone analysed is much more complex. The representative 
measurement is the n°150. The peaks appearing in the H/V curve are less 
recognizable (Figure 60), which complicates the interpretation. After giving further 
interest at the closest trench (n°19 performed in 2012 by RECOsol), it is observable 
that the bedrock is overlaid by three different other layers, i.e. backfill, bricks foundation 
and lime. Multiple peaks with a certain amplitude appear in the HVNSR curve, showing 
that the instrument could sense the contrast between each layer. However, due to the 
lack of information on the seismic velocity of the different materials, it is unrealistic to 
link correctly each peak to its proper material. Measurements n°149 and 164 (Annex 
9.5), also show the complex curve in the H/V graph and the trench nearby (n°4 by 
IRCO) and is also demonstrated to be composed of many different layers. 
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Figure 60. Comparison of the HVNSR graph of measurement 150 and the closest trench (Modified from 
RECOsol, 2012) 

 Of course, as for each geophysical method, the HVNSR is not an absolute 
method and can display some inconsistent results. Measurement n°142 (Figure 61) 
remains problematic. The H/V curve looked flat, implying that the bedrock was 
outcropping at this location. However, the trenches situated 3 m south-west far from it, 
shows that a significant layer of backfill, mixed with rocks and waste, is present and 
should be detected. It could be argued, that the very small peaks around 12 or 25 Hz 
could be the representative frequency of this layer. However, their amplitude is too 
small to be interpreted, since the seismic velocity contrast between the surficial layer 
and the bedrock should be bigger, given the nature of the component of each layer. It 
could also be possible, considering the heterogeneity of the soil in the landfill, that the 
surficial layer disappears. Nevertheless, the trenches n°3 made by IRCO in 2018 and 
situated further north in the nearby of n°142, shows that this backfill layer is still 
present. 

 

Figure 61. Comparison of the HVNSR graph of measurement 142 and the closest trench (Modified from 
RECOsol, 2012) 
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Figure 65. HVNSR profile of the measurements performed previously by the geophysical team of ULiège and 
myself 

 The last profile is taken perpendicularly to the two previous ones (D-E), in order 
to get an idea of the extension of the waste in this direction (Figure 66). Firstly, it should 
be noted that the high amplitude around 10 Hz in the western part is clearly an 
interpolation artefact. As it is already well known, in this zone, the bedrock is only 
overlaid by a thin layer of silt. This peak is caused by the interpolation of the frequency 
between the measurement points. Indeed, in this zone of the landfill, the amount of 
measurements was drastically reduced compared to the rest of the site, because of 
the lack of interest. The measurements performed in the two embankments 
surrounding this zone, consequently influences it and generates a fake peak at the 
same frequency as the one strongly occurring in the embankments. In fact, the real 
frequency of interest on this region is around 30 Hz, representing the layer of silt above 
the bedrock. The high amplitude shows that the fake peak also has as impact to reduce 
the effect of the other peaks occurring in the rest of the profile. It is therefore important 
to properly consider the peak of lower amplitude. At the east of the false peak, higher 
amplitudes occur for frequencies around 12 and 25 Hz and are linked to the waste 
present in this zone. The rest of the higher amplitude frequencies in the eastern part 
are also linked to the heterogeneous waste. However, at the eastern end of the profile, 
a peak around 10 Hz seems to develop, announcing the beginning of the layer of lime 
and ashes.  
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Figure 66. HVNSR perpendicular profile 

 The HVNSR technique proves to be useful for characterizing a landfill. It shows 
that it is possible to determine the layers occurring in the different zones of the landfill, 
by using their resonance frequencies. Computing profiles also shows that the changes 
occurring could be helpful in the frame of delimiting the different zones, once the peaks 
are clearly identified. However, HVNSR also shows limitations as every geophysical 
method. Without the information gathered by the previous invasive investigation, it 
would have been impossible to link the peak to the proper material. Furthermore, it 
remains sometimes difficult to connect all the peaks to the observed material given the 
high heterogeneity of the subsoil, which also renders difficult the calculation of the layer 
thickness.  

 

6.2.2 Upper part 
 
 In this part of the landfill, two major waste layers were reported by previous 
investigations. As observed in the historical view of the site (section 4.1), a massive 
amount of lime was firstly discarded and was thereafter topped with a thick layer of 
ashes. The subsurface at this location is consequently considered as relatively 
homogenous with well-separated layers. Therefore, contrarily to the lower part of the 
site, it is possible to determine the seismic velocity of both layers by using the two 
previously drilled boreholes and subsequently to define their thickness, by assuming 
certain hypotheses. Figure 67 displays the map of all the measurements in the upper 
part, combined with some H/V graphs representative of their zone.  








































































