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In this study, we tested the ability of geophysical methods to characterize a large technical landfill installed in a
former sand quarry. The geophysical surveys specifically aimed at delimitating the deposit site horizontal exten-
sion, at estimating its thickness and at characterizing the waste material composition (the moisture content in
the present case).
The site delimitation was conducted with electromagnetic (in-phase and out-of-phase) and magnetic (vertical
gradient and total field) methods that clearly showed the transition between the waste deposit and the host
formation.
Regarding waste deposit thickness evaluation, electrical resistivity tomography appeared inefficient on this par-
ticularly thick deposit site. Thus, we propose a combination of horizontal to vertical noise spectral ratio (HVNSR)
andmultichannel analysis of the surface waves (MASW), which successfully determined the approximate waste
deposit thickness in our test landfill.
However, ERT appeared to be an appropriate tool to characterize the moisture content of the waste, which is of
prior information for the organic waste biodegradation process.
The global multi-scale and multi-method geophysical survey offers precious information for site rehabilitation
studies, water content mitigation processes for enhanced biodegradation or landfill mining operation planning.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The characterization of former landfills is a major issue nowadays.
Environmentally speaking, these sites represent a potential pollution
for groundwater. Economically, waste recycling by landfill mining
is more and more considered. Reactivating the biodigestion process
is also used in order to enhance methane production and therefore,
energy production. Finally, the rehabilitation of such sites represents
an urban opportunity in densely populated area.

Landfill investigation primarily requires defining their exact loca-
tion, which is achieved with remote sensing methods (Beaumont
et al., 2014; Cadau et al., 2013; Silvestri and Omri, 2008). The site
characterization includes the assessment of its horizontal extent and
its thickness. Other parameters of interest are the state of digestion
and the degree of humidity (Dumont et al., 2016). This information
can be used to regulate the waste moisture (e.g. Audebert et al., 2014,
2016a, 2016b) and accelerate the stabilization process of the landfill,
allowing a greater production and valorization of biogas when a
llier 22, 5380 Noville-les-Bois,

(bte 15), 5001Namur, Belgium.
power plant is associated with the landfill (Reinhart and Townsend,
1997).

Currently, there is a need to find and develop cost-effective charac-
terization methods that can complement the conventional “drilling –
sampling – analysis” characterization methodology that provides
analytical but sparse results at the scale of a site. Non-invasive geophys-
ical methods could represent a pre-investigation strategy that would
help designing the drilling grid and would provide indirect information
on the waste material with a greater spatial coverage than boreholes.

The delineation of an expected waste deposit site using electromag-
netics (EM) and/or magnetometry (MAG) surveys has been reported
(e.g. Green et al., 1999). EM mapping allows the visualization of
contrasts of electrical resistivity and therefore, the transition between
waste, displaying low resistivity (a few Ωm) and hosting formations,
with resistivity ranging from tens of Ωm (sediments) to hundreds or
thousands of Ωm (rocks). If domestic and/or industrial waste contains
metallic materials even in slight amounts (municipal solid waste,
MSW, generally contains 2–6% of metallic objects; e.g. Hoornweg and
Bhada-Tata, 2012), magnetometry is very sensitive to the presence of
such materials (e.g. Green et al., 1999; Roberts et al., 1990a) and allows
to find an illegal deposit site and/or the external boundaries of most
landfills.

To measure the thickness of a deposit site, electrical methods are
regularly used (e.g. Bernstone et al., 2000; Chambers et al., 2004, 2006;
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Dahlin et al., 2010; Guérin et al., 2004). Electrical resistivity tomography
(ERT) has been increasingly applied on landfills in the past decade.
Several authors have reported the successful detection of waste deposits
and host formations from 10 to 40m (Bergman et al., 2008; Dahlin et al.,
2010; De Carlo et al., 2013; Gazoty et al., 2012; Naudet et al.,
2012; Soupios et al., 2005). However, ERT is rather limited in terms of
spatial resolution and sensitivity in high depth. This can be quantified
using image appraisal tools such as the depth of investigation or DOI
(Caterina et al., 2013; Oldenburg and Li, 1999). However, those are rarely
brought to practice. In the above cited examples, only Gazoty et al.
(2012) compared ERT data to borehole data for validation. De Carlo
et al. (2013) performed several synthetic forward modeling of ERT data
(different scenario for the bottom liner confinement and resulting
vertical migration of leachate) to validated their interpretation of the
conductive body thickness on field data tomographies.

Rarely applied for landfill characterization, seismic methods such as
seismic refraction have been used to image the bottom limit of a landfill
up to 20 m thick in a case where the landfill was on top of a hard host
formation (Lanz et al., 1998).

Finally, gravimetry may also provide information on a landfill
thickness (Roberts et al., 1990b; Silva et al., 2008) if an estimation of
the density contrasts between thewastematerial and the host sediment
and/or rock is provided.

Recently, several groups have studied the role of water content
(e.g. Grellier et al., 2006, 2007, 2008; Guérin et al., 2004) and pore
fluid conductivity (Dumont et al., 2016) on the electrical resistivity
of waste material, using geophysical methods. In that context, ERT
offers a good discriminating tool between unsaturated (a few to tens
of Ωm) and saturated (domestic) waste (b1 Ωm) (Dumont et al.,
2016). Such information helps to focus waste humidification efforts
on dry domestic waste.

In thiswork,we aimed at establishing an effective geophysical inves-
tigation strategy for the particular case of a large waste deposit site.
We therefore used multiple geophysical techniques (ERT, EM, MAG,
gravimetry, seismic and ambient noise) to characterize a known large
landfill. We focused on (1) site boundary determination and site map-
ping, (2) waste material depth and (3) waste material characterization.
We systematically compared all pieces of information obtained with
each geophysical method to available historical and groundtruth data
of the site. Finally, using all the geophysical methods applied, we pro-
pose an original integrated conceptual model of our test-landfill.

2. Material and method

2.1. Site description

All field tests were performed on one of the largest engineered land-
fill of Belgium, located in a former sand quarry in Mont-Saint-Guibert
(Fig. 1). The 26 ha wide and up to 60 m deep (5,3 million m3 of
waste) site is active since 1958. The deposit site is surrounded by
multiple infrastructure elements. The present known site extension is
represented by the black line (Fig. 1). The sand quarry (and therefore
the waste deposit) used to extend beyond the present limits towards
the S-W direction (black dotted line in Fig. 1). Around 11 million tons
of wastes were landfilled. These are composed of municipal solid
waste. Non-hazardous and non-toxic industrial waste and bulky waste
were disposed in the current exploitation zone. Inert waste and clinker
are mainly used for cover layers and dam and road stability. The site
infrastructure includes a bottom leachate collection system and 200
vertical gas extraction wells. During the past 25 years, N1 billion m3 of
landfill gas have been produced. The waste is compacted with landfill
compactors to conserve free space and maximize the landfill lifespan.

A part of the exploitation buildings are located in this older deposit
zone. The landfill extension is limited by several roads that existed
well before the sand quarry exploitation that do not allow geophysical
survey far beyond the limit of the site.
2.2. Experimental setup

The geophysical campaignswere organized between 2012 and 2015.
Some of these were designed to cover the full extent of the deposit
(electromagnetic and magnetic mapping). Others provided linear or
vertical profile information (electrical resistivity tomography, seismic
methods). The geophysical surveys locations are found in Fig. 1.

The electromagnetic mapping was conducted with an EM31
(GEONICS) in vertical dipole mode on the former and new deposit.
The device sensitivity peaks at 1.45 m depth (0.4 ∗ intercoil spacing).
The quadrature-phase component of the induced magnetic field is
linearly related to the ground conductivity. However, the EM31 is
characterized by some non-linearity for highly conductive media. The
detection of large metallic objects can be done by measuring the in-
phase component of the induced magnetic field. We refer to GEONICS
technical note for more information (McNeill, 1980a, 1980b, 1983).

The magnetic data were acquired with tree different magnetome-
ters. A cesium vapor MAGMAPPER G-858 gradiometer (GEOMETRICS),
with sensor located 0.4 and 1 m above the ground and sampling
frequency of 0.5 s, and a GSM-19-GW Overhauser-effect gradiometer
(GEM-Systems),with sensor are located 2mand 2.6m above de ground
and a sampling frequency of 1 s, were used for the magnetic vertical
gradient mapping. This parameter presents the advantage of minimiz-
ing the effect of temporal magnetic variations (Roberts et al., 1990a).
A GSM-19-TW proton magnetometer (GEM-Systems) was used to
assess the magnetic field stability on the site at a fixed location. Only
a few 10 nT variation were recorded, two order of magnitude under
the observed anomalies on the deposit site. We refer to Hrvoic et al.
(2005) for more information on magnetometers.

Seismic data were acquiredwith the DacqLink2 logger and 24 4.5 Hz
geophones. We used an 8 kg sledgehammer. Surface waves, that
concentrate a large part of the tremor energy, were analyzed due to
the inability to detect first arrivals. Multichannel analysis of the surface
wave dispersive behavior (MASW) allows the estimation of the vertical
shear-wave velocity (Vs) profile inside the waste dump. We refer to
Park et al. (1999), Socco et al. (2010) and Wathelet et al. (2004) for
more information on the MASW method and the inversion procedure.

The horizontal to vertical noise spectral ratios (HVNSR)were record-
ed with a CityShark microseismic station and a Lennartz Electronic
LE-3Dlite sensor (1 Hz). The passive seismic method, introduced by
Nogoshi and Igarashi (1970, 1971) and popularized by Nakamura
(1989) measures the fundamental resonance frequency of soft sedi-
ment over a hard bedrock. For a 1D geology, the frequency of the funda-
mental mode resonance frequency depends on the soft layer average
shear wave velocity (Vs) and thickness: f = Vs/4 h. The amplitude of
the peak depends on the impedance (density ∗ Vs) contrast between
the soft sediment and the bedrock, but no direct correlation is
established. Severalmeasurementswere performed outside the landfill,
close to piezometers (where the depth to bedrockwas known), in order
to estimate the Vs vertical profile in the sand host formation. The 11
stations profile acquired across the waste deposit intended to calculate
the landfill thickness. Both MASW and HVNSR data were analyzed with
the GEOPSY software.

Several ERT profiles were acquired on the landfill for characteriza-
tion. Investigation focused on the N-W zone of the present deposit site
(Fig. 1). A long transversal profile completed the ERT data set. The elec-
trode spacing varied with the targeted depth. A 2,5 m spacing was used
for the cover layer and the vadose zone characterization. A 4 or 5 m
spacing was used for deeper investigation and water level assessment.
The multigradient protocol (Dahlin and Zhou, 2006) was used to take
advantage of the multi-channel ability of the ABEM terrameter LS.
Data were inverted using the CRTomo inversion code (Kemna, 2000).
Parameters used for the inversion procedure are described in Dumont
et al. (2016). Most ERT acquisitions took place during the spring or the
summer seasons. The underground temperature at shallow depth is
20 °C higher in the late summer than in the early spring, influencing



Fig. 1. The Mont-Saint-Guibert technical landfill site and location of the different geophysical surveys.
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themeasured electrical resistivity. Considering the Archie's law (Archie,
1942), this temperature increase may induce a 40% conductivity
increase (or a 29% resistivity decrease). While structural interpretation
of geoelectrical data (ERT or EMI) are still valid, a special care is needed
for quantitative interpretation (i.e. in terms of water content; see
Dumont et al., 2016 for quantitative waste water content assessment
using Archie's (Archie, 1942) and Campbell's (Campbell et al., 1948)
laws.

3. Results

3.1. Lateral boundaries and site mapping

For the investigation of such a large site, quick and cheap non-
invasive methods, as the magnometry and the electromagnetic map-
ping, were privileged. Data were acquired on foot, but SUV vehicles or
even airborne acquisition is conceivable as a function of the site accessi-
bility and size.

The magnetometric and gradiometric mapping, given the metal
content of the waste material (2%) and the clinker (28%), should allow
a delineation of the horizontal border of the site. The averagedmagnetic
susceptibility, measured in the laboratory with a KLY – 3S Kappabridge
suceptimeter, is 0.021 SI for the waste material and 0.107 SI for the
clinker material, whereas magnetic susceptibility of the surround-
ing geological materials should be 10−5–10−3 SI for sediment and
sedimentary rocks (Clark and Emerson, 1991). A transversal magnetic
profile is presented on Fig. 2. The location of the profile is given at Fig. 1.
The total magnetic field (Fig. 2A) outside the waste deposit is undis-
turbed and similar to the local Earth magnetic field. On both sides, the
site is surrounded by roads and various technical equipment (sewage
system, drains, gas collectors, electrical lines or fences). There, themag-
netic field value is still similar to the Earth magnetic field but is more
perturbed. Within the landfill, the total magnetic field is high on the
S-E direction (up to 51,000 nT), then decreases towards the N-W direc-
tion (down to 46,000 nT). The total magnetic field analysis is generally
not used for mapping, because the earthmagnetic field inclination (66°
downward at the site latitude),may cause complexmagnetic anomalies
from simple object geometry.

The verticalmagneticfield gradient (Fig. 2B) increases the resolution
of the magnetic observations by emphasizing the effect of the near-
surface anomalous sources (e.g. Roberts et al., 1990a, 1990b). The
transition between natural soil (a few 10 nT/m magnetic field vertical
gradient) and the roads and the waste deposit (a few 100 nT/m) is
clearly detected. The lower magnetic gradient peaks are induced by
fences separating the field from the road, and the road from the landfill.

Because the waste deposit is covered by a clinker capping, the mag-
netic field gradient is unstable and alternates from positive to negative
values. The magnetic gradient appears strongly perturbated by metallic
infrastructure elements surrounding the site making more difficult the
waste delimitation of an engineered site located in urban area. In this



Fig. 2.Magnetic and electromagnetic transect of the landfill: A. total magnetic field; B. magnetic field gradient; C. electrical resistivity; D. magnetic susceptibility.
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study, the waste deposit is not easily separated from the surrounding
tracks.

As the magnetometer measures the total Earth magnetic field, the
method is sensitive to relatively deep buried object. Therefore,magnetic
susceptibility anomalies are still detected when the inert cover layer
thickness increases. In some specific areas of the landfill where themag-
netic anomaly is not induced by superficial elements, themagnetic field
gradient is positive (for instance over the dam separating the present
deposit area from the rest of the site, Fig. 2), or negative (the dam
separating the present site and the former site, Fig. 3).

The EMmapping allows to differentiate between the inside and the
outside of the deposit site, provided that the target is conductive and
covered by a thin layer of material (Fig. 2C). The resistivity inside the
waste dump is only a few Ωm. The value is smaller in the new landfill
(5 Ωm) and higher in the former landfill and in the present deposit
area, probably due to the absence of organic materials since 2010. In
contrast, the host formation outside of the landfill is characterized by
higher values of resistivity, around 30–40 Ωm at the S-E side where a
5–10 m thick loess layer is present, and around 100 Ωm at the N-W
where the loess layer is b1 m thick (Fig. 2C).

We generally observe a sharp resistivity contrast across the landfill
border. However, the sudden increase of resistivity of the top layer
could also be related to an increase of the inert cover layer thickness.
For instance, the N-W transition of the transversal profile shows a resis-
tivity contrast where final cover structure begins, as the thickness of
inert material rapidly increases (Fig. 2C).

The in-phase component of the EM31 signal (Fig. 2D) is sensitive
to the presence of magnetic materials in the upper part of the landfill.
The signal is saturated on the new deposit site and slightly negative
over the two roads surrounding the site. The in-phase signal outside
the field is close to zero. Unlike the magnetometer method, which
measures the Earth total magnetic field, the EM in-phase component
is the soil response to the induced EM signal. Therefore, both the
quadrature-phase and the in-phase component analysis provide infor-
mation on superficial layer only. The electrical resistivity and the
magnetic susceptibility anomaly would decrease while the inert cover
layer thickness increases.

Because the EM31 data reflect changes in the cover layer and the
most superficial waste material, the mapping methods could be used
to delineate or cluster different zones in the landfill according to the
cover layer thickness, cover layer composition or waste properties
(Fig. 3). A zone with a specific signature could be related to a different
phase of the deposit exploitation (waste age and/or composition) or
changing specification for the cover layer (material and thickness).
The EM mapping alone can hardly discriminate between different
hypotheses but Rosqvist et al. (2012) showed that the EM mapping
performed on a deposit site can be used for large scale investigation
and selection of area of interest for more detailed investigation (with
for instance ERT measurements).

On the electrical resistivity map provided in Fig. 3, the waste deposit
is divided into twomain zones: the newdeposit site and the former one,
separated by an inert dam. The new deposit site is characterized by the
lowest resistivity (about 5 Ωm). Flat areas along the landfill crest are
generally more conductive, while steep areas close to the landfill N-W
border are more resistive. Some specific sub-areas present different sig-
natures. The N-E extent of the field presents higher values of resistivity.
This zone was covered by two HDPE membrane cover layers (in 1990
and again in 2005 as a reaction to uneven settlement and surface
water accumulation). Therefore, the shallow depth horizon is mainly
composed of inert anti-punching material. The present deposit site
also presents higher values of resistivity. This could be accounted for
by the waste deposit of particular composition (organic wastes are for-
bidden since 2010). The different paths surrounding and crossing the
waste deposit are characterized by low resistivity. The foundation
layer is probably thin and lays directly on the waste material. These
trackswere regularly moved during the landfill growth. At the contrary,
themain entrance of the landfill (HVNSR profile northern extend, Fig. 1)
has been unchanged since 1985 and presents high resistivity, more
characteristic of sand deposit than waste material.

The former deposit site is characterized by much higher resistiv-
ity. A possible explanation for this might be a more mature waste
(characterized by lower leachate salinity) and/or a thicker cover
layer. The contrast between the former deposit and the host forma-
tion is unclear at the S-E border. A smaller zone of the former deposit
site is characterized by resistivity close to these of the host loess
formation (while waste material was apparently disposed in this
area between 1985 and 1990).

The grass field outside of the landfill, in the S-E, was never excavated
according to historical records and its resistivity is close the loess values.
However, the grass field located at the Southern extremity of the landfill
is characterized by slightly lower resistivity and a larger magnetic
susceptibility (with both magnetometry and EM31 in-phase methods)



Fig. 3. Electromagnetic and magnetic mapping of the landfill: A. electrical resistivity (EM31 out-of-phase); B. magnetic vertical gradient; C. magnetic susceptibility (EM31 in-phase).
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than the host formation (Fig. 3A, B, C). Electromagnetic and magnetic
mapping allowed us to detect a zone outside the present limit of
the site but apparently excavated in the 60s and then backfilled with
unknown material.

3.2. Depth

The test-landfill, characterized by a known depth of up to around
60 m, represents a challenge for indirect depth estimation using
geophysical methods, since surface surveys have generally limited
depth of investigation and decreasing spatial resolution and sensi-
tivity at increasing depth. In addition, the conductive nature of the
waste material decreases the depth of investigation of EM or radar
methods. To achieve such depths with electrical resistivity or seismic
refraction would require acquisition of profiles crossing a highway
with the electrode/geophone layout. Potential geophysical methods
such as gravimetry and magnetometry are characterized by non-
uniqueness as the determined depth depends on the hypothesis used
for the waste and host formation density or magnetic susceptibility
contrast.

During this study, gravity data. A large gravity anomaly was ob-
served over the landfill extend (some hundreds mGal). However,
the uncertainty in the host formation density (for Bouguer correction)
and the waste density resulted in too large uncertainty in the landfill
thickness estimation (30 m–100 m thickness).

We then attempted to calculate the landfill depth using seismic
methods. We combined MASW (single vertical profile) and HVNSR
(same profile as gravity data).

The MASW was used to estimate the vertical profile of shear wave
velocity (Vs) in the waste material. From the analysis of their dispersive
behavior (Fig. 4A), we established that Vs varies from 100 m/s at the
surface to 180 m/s at a 16 m depth (Fig. 4B) (the average Vs over
16m is 140m/s). Vs increases by 5 (m/s)/mwith depth and the average
Vs increases by 2.5 (m/s)/m. Given the 4.5 Hz geophone and the light
sledge hammer used, the Vs profile is not available for larger depth,
as the investigation depth is generally considered equal to half the
wavelength of the recorded lowest frequency surface wave (d =
Vs_average / (2 ∗ f_geophone) = 15 m; e.g. Park et al., 1999). We then
supposed that the Vs linearly increases with depth and reaches
400 m/s at 60 m depth (250 m/s mean Vs). The shear wave velocity of
the sand host formation may also be estimated from several HVNSR
data acquired close to piezometers, where the depth to bedrock is
known from borehole data and varies from 20 to 54 m. There, the mea-
sured fundamental resonance frequency ranges from 1.7 to 3.4 Hz. The
average Vs is 180 m/s at the surface and increases by 3.87 (m/s)/m
when the depth increases. The coefficient of determination is rather



Fig. 4.MASW data analysis: A. dispersion curve; B. inverted shear wave velocity profile.
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low (0.63) but typical of such approaches (e.g. Nguyen et al., 2004;
Sauret et al., 2015).

Regarding HVNSR data, eleven data points were recorded across the
landfill (Figs. 1; 5). The resonance peaks are clearly identified and their
frequencies, which range from 1.1 to 1.85 Hz (respectively Fig. 5A, data
5 and 1), are correlated to the site topography (Fig. 5). Hypothetically,
the resonance phenomenon could result either from the waste-sand
interface or from the sand-bedrock interface impedance contrast. The
expected impedance contrast is about 1.8–2.5 between waste and
sand (depending on waste thickness), and 3–5 between sand and bed-
rock (depending on waste and sand cumulative thickness). Measure-
ments carried out on sand and waste were characterized by 4–13
amplitude (Fig. 5A, data 5 and 8) peaks while measurements carried
out on sand alone were characterized by a 9–22 (Fig. 5A, data 1
and 11) amplitude peak.

The depth of thewaste deposit is calculated for these twohypotheses.
First, the waste material alone was considered responsible for the hori-
zontal noise amplification. The thickness of waste was computed by:

f 0 ¼ Vs av waste

4 ∗Hwaste
¼ 100þ 2:5 ∗Hwaste

4 ∗Hwaste

where f0 is the fundamental resonance frequency, Vs av waste is the
average shear wave velocity of the waste layer and Hwaste is the waste
thickness. The first computed bottom limit is depicted on Fig. 5B.
Fig. 5. A. HVNSR resonance peaks; B. HVNSR (and grav
According to our second hypothesis, the waste material and the
sand layer together compose the soft layer. The presence of waste,
characterized by a lower Vs than sand, would reduce the average
Vs of the waste and sand soft layer. The average Vs (Vs av tot; weighted
by the waste and sand respective thickness) was considered for the
waste thickness (Hwaste) computation from the HVNSR resonance
peak (f0):

f 0 ¼ Vs av tot

4 ∗Htot
¼ Vs av waste ∗Hwaste þ Vs av sand ∗Hsand

4 ∗H2
tot

For this computation, the depth to bedrock (Htot) has to be
known (the bedrock elevation was interpolated between available
borehole logs). The computed landfill second bottom limit is pre-
sented at Fig. 5B.

Both tested hypotheses provided similar results (Fig. 5B). The
computed depth of the landfill was 5 m above or below the known
extension of the deposit. However, under HVNSR station no. 2, the
two methods differed. If the resonance of sand is considered, nearly
no waste layer is needed to reduce the average Vs and explain the fre-
quency of the observed peak. This result is in accordance with the site
deposit history. Before the membrane placement in 1990, this specific
area was already the main access road of the landfill, and is therefore
probably only composed of gravel, sand and other inert materials.
imetric) transversal profile. See location in Fig. 1.
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3.3. Waste characterization

Thanks to previous direct measurements (borehole at K6 location,
Fig. 1), the wet waste density was available (from 1 to 1.8, increasing
with depth) as well as the temperature gradient between the surface
and the saturated zone (20 to 60 °C). Additionally, the bulk electrical
resistivity vertical profile, acquired with the EM39 (GEONICS) borehole
EM, ranged from 0.35 to 15 Ωm. At that time and up to the end of the
geophysical survey (2015), the water level is 15 m deep. The drilling
cuttings were sampled every 2 m and analyzed for bulk resistivity,
pore fluid conductivity and water content. The bulk resistivity (at field
condition density) ranges from 0.5 Ωm in the saturated zone to 57
Ωm in the cover layer (see Dumont et al., 2016). The gravimetric
water content varies from21% to 56% and the porefluid conductivity in-
creases with depth and ranges from 7500 to 36,000 μS/cm. Perched
water table in the vadose zone were highlighted at 5 m depth, charac-
terized by 8000 μS/cm pore fluid conductivity and 48% water content
(see Dumont et al., 2016).

Because of the high contrasts in electric resistivity provided by
borehole investigation, we expected that geoelectrical methods might
enable us to accurately image electric resistivity, and then water distri-
bution inside the waste material. The latter is of chief importance for
the biodegradation process of the waste material and landfill mining
opportunities. The presented surface ERT data (Fig. 6) include different
acquisition surveys between 2012 and 2015. During this period of time,
the underground temperature change with the month of the year. The
leachate conductivity also varied as a result of the maturation of the
organic waste and water infiltration trough the cover layer. For all
these reasons, only the main structures, such as the depth to water
table or the occurrence of perched water table, are interpreted qualita-
tively. A quantitative interpretation of resistivity distribution in terms of
water content is proposed in Dumont et al. (2016) for the transversal
ERT profile.

The 2.5 m electrode spacing profiles were used to image the vadose
zone (first 15 m) and offered some information on the cover layer
thickness and water distribution. As we had no evidence of different
cover layer thickness or composition, the cover layer heterogeneous
resistivity was likely related to different water infiltration rates. The
N-E area of the waste dump, where the surface slope is maximal, was
characterized by higher superficial layer resistivity. The opposite, uphill
zones, more flat, are characterized by lower resistivity (Fig. 6). This
observationwas in accordance to our electromagnetic mapping (Fig. 3).

The 4 and 5 m electrode spacing profiles were used for large scale
investigation and reached a higher depth of investigation. The cover
layer was therefore smoothed and its resistivity value was smeared
with the material beneath it. In the unsaturated zone, perched water
Fig. 6. Electrical resistivity tomographies acquired
levels were observed along the long transversal profile (Figs. 6; 7 at
position 200–300 m). The saturated zone appeared relatively homoge-
neous. This is also partially due to the lower spatial resolution and sen-
sitivity of ERT profiles at depth. The transition between the unsaturated
and the saturated zone appeared rather smooth, while it is known to
be sharp from borehole EM investigation (Dumont et al., 2016). The
thickness of the unsaturated zone was also overestimated. This could
be explained by the limited depth of investigation of the ERT method
but also the non-uniqueness of the inverse problem. To illustrate these
issues, the transversal ERT profile was inverted with (1) a standard
inversion procedure (robust on the data; see Kemna, 2000 for more
details) and (2) a reference model to impose the depth and electrical
resistivity of the saturated zone (see Dumont et al. (2016) for more
details). Both inversion processes converged and the error weighted
Chi2 of the data misfit reached 1 (i.e. the data set was fitted within its
error level assessed with reciprocal measurements).

The standard inversion is presented at Fig. 7A. The depth of investi-
gation (DOI; as defined by Oldenburg and Li, 1999, with 1 and 100Ωm
referencemodels, 0.05 referencemodel weight in the objective function
and 0.1 DOI threshold for interpretation)was far too low to estimate the
landfill depth. In the S-E area, the transition with the HDPE membrane
was depicted at 40–50 m depth while it was actually at 20 m. In the
N-W zone, the landfill was much deeper. The resistivity contrast with
the HDPE bottom membrane was not detected. An inert dam separates
the present dumping zone from the rest of the site. The depth to water
table was overestimated.

The reference model inversion is presented at Fig. 7B. The electrical
resistivity distribution was rather different than for the basic inversion
procedure below elevation 135 m, while the error levels reached were
identical. With the reference model process, the unsaturated zone was
in agreement with borehole data as the depth to the water table was
imposed (Dumont et al., 2016).

Such electrical resistivity distribution could be interpreted in terms
of waste composition and water content. At position 180 m (Fig. 6),
the dam separating the present deposit zone (S-E) and the rest of the
site (N-W)was themost resistive body of the tomography. The present
deposit zonewas characterized by slightly higher resistivity values. This
could be accounted for by a specific waste composition poor in organic
material (organic waste disposal is forbidden since 2010). The N-W
zone was flat under the landfill ridge (position 220 m), while the
slope increased up to 14% towards the N\\W border of the site. In the
more flat area, water seemed to infiltrate trough the cover layer and
accumulated at 5 m depth, creating some perched water table. Infiltra-
tion zones were also depicted at position 260 m and 300 m (Fig. 7)
where U-shaped infiltration pound were installed to favor the water
infiltration trough the cover area. In the steep area, the top layer was
on the new deposit site. See location in Fig. 1.



Fig. 7. ERT transversal profile inverted with a. basic inversion process (DOI in dotted line); b. advanced inversion process. The borehole K6 location is the red rectangle.
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more resistive, as shown during the electromagnetic mapping (Fig. 3),
as surface water did not infiltrate easily and reached the peripheral
drain (dedicated to runoff water capture).

3.4. Landfill conceptual model

Combining the interpretations of all used geophysical methods, we
created a conceptual model of the landfill (Fig. 8). EM andmagnetome-
try mapping, HVNSR andMASW, and ERT are taken into account in this
model. The surface mapping (using magnetic and electromagnetic
methods) successfully allowed the horizontal delineation and charac-
terization of several zones in the new and old areas of the landfill
(numbers in this paragraph refers to Fig. 8 elements). Waste material
was characterized by low electrical resistivity and high magnetic gradi-
ent perturbation. The new pit zone (1) was surrounded by various
tracks and infrastructure elements (3; sewage systems, drains, fences).
The new (1) and the old deposit (2) zone were separated by an
inert dam (3). These two zones were detected by surface mapping
Fig. 8. Conceptual model interpreting all geophysics. Numb
and characterized by higher electrical resistivity (close to natural
ground condition), but still a high magnetic gradient signature. In the
new deposit area, three sub zones characterized by lower electrical
resistivity were identified: the N-E extend, which was already restored
(5), the present deposit zone (4), where waste material was younger
and contained no organics, and the main entrance of the site (6) com-
posed of stable inert material.

The jointly used HVNSR and MASWmethods allowed the estimation
of the landfill depth which peaks at 50–60 m (7). The landfill bottom
border elevation was about 110 m, corresponding to the altitude of the
water level in the host formation. The Corbais river, located 1 km S-E
was 115 m high and Ruchaux river, located 0.5 km N-W was 105 m
high. For this particular landfill, the accurate water level map was
known from the35piezometers composing thewater quality control sys-
tem. Althoughwedid not acquire other seismic profiles,we can rationally
think that the sand quarry exploitation, in which the landfill is located,
stoppedwhen reaching the groundwater level. The bottomborder eleva-
tion should be about 110 m high for the entire extend of the landfill.
ers help referencing to specific elements in the figure.
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Finally, The ERTmethod (8)was able to characterize the unsaturated
zone of the waste material and highlighted some perched water table
inside.

4. Conclusions

We here tested the ability of geophysical methods to characterize a
large technical landfill installed in a former sand quarry. The geophysi-
cal surveys specifically aimed at delimitating the deposit site horizontal
extension, at estimating its thickness and at characterizing the waste
material composition (the moisture content in the present case).

The site delimitationwas conductedwith electromagnetic (in-phase
and out-of-phase) and magnetic (vertical gradient and total field)
methods. These cheap and quick methods are well suited to rapidly
and precisely find the site extents. The combined use of EM and MAG
mapping clearly showed the transition between the waste deposit,
neighboring tracks and natural ground condition. Inside the landfill
perimeter, the EM mapping also allowed the differentiation between
the new and the old deposit area and the identification of zones charac-
terized by specific electrical resistivity and magnetic susceptibility
signatures. So, present dump zone, the N-E restored area and the
entrance of the site are characterized by higher resistivity and lower
magnetic susceptibility. However, without any prior knowledge on the
site, the identification of these zones and the interpretation of signature
anomalies would necessitate additional investigation (for instance ERT
or borehole).

Regarding waste deposit thickness evaluation, traditional seismic
reflection and refraction techniques were ineffective due to the restrict-
ed use of explosive sources (due to biogas hazard). Then we propose a
combination of horizontal to vertical noise spectral ratio (HVNSR) and
multichannel analysis of the surfacewaves (MASW),which successfully
determined the approximatewaste deposit thickness in our test landfill.
The use of MASW method is not impeded by the existence of a
compacted cover layer (while seismic refraction is effective only if the
seismic velocity increases with depth). Although such a compacted
cover was not detected in this study, the cover layer-waste material
interface was clearly highlighted by Bouazza and Kavazanjian (2000)
and Kavazanjian et al. (1994). Interestingly, our results concerning
shear-wave velocity variation across landfill depth are in accordance
with data published by others independent groups (Kavazanjian et al.,
1996; Konstantaki et al., 2015).

Nonetheless, for this particular study, uncertainty remained on the
origin of the resonance phenomenon due to a medium seismic imped-
ance contrast between waste material and the host sand formation.
The method might therefore be more straightforward to interpret
in sites where a single impedance contrast exists (e.g. for a landfill
installed in a former sandstone/lime stone quarry). Moreover, in more
steep-sided sites, the 2Dgeometry could control the resonance frequen-
cies (e.g. Bard and Bouchon, 1985 for theoretical aspects; Guéguen et al.,
2000 for a landfill study).

In contrast, gravimetry data interpretation was made difficult due
to thewastemass and the host formation density estimation, combined
with the topography of the deposit site. Gravimetric data, slow and
costly to acquire, are, in our opinion, advantageously replaced by
seismic methods.

Still regarding thickness estimation,we showed that ERT can only be
efficient (1) if the landfill is not too thick (e.g. N30m; i.e. De Carlo et al.,
2013), (2) if the waste material is not too conductive (which is almost
always the case for municipal waste), and finally (3) if the electrical
resistivity contrast between waste and host sediments/rocks is suffi-
cient. For this particularly large and deep site, the depth of investigation
of the ERT profile is not large enough to estimate the landfill thickness.

However, ERT appeared to be an appropriate tool to characterize
themoisture content of the waste. When available, additional historical
or drilling information (e.g. the location of the bottom HDPE geo-
membrane and the depth of the saturated zone in this case) can be
used to constrain the inversion process and as a consequence, enhance
the resolution in upper parts of inverted resistivity models (Hermans
et al., 2012).

Globally, the full geophysical campaign, which necessitated
b2 weeks survey for a couple of technicians and one week data treat-
ment for an engineer, offers a good understanding of the site extension,
depth, volume and water distribution. This information acquired at
low cost (compared to the “drilling-sampling-analyses” approach)
offers precious information for site rehabilitation studies, water content
mitigation processes for enhanced biodegradation or landfill mining
operation planning.
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