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ABS TRAC T  

 
In municipal solid waste landfills operating as bioreactor process, leachate recirculation is the key process for 
increasing moisture content in order to optimize the waste biodegradation. Given that liquid flows exhibit a complex 
behaviour in very heterogeneous porous media, in situ monitoring methods are required to assess horizontal leachate 
injection system. Among the physical measurements available, the authors propose a prompt geophysical 
investigation using Frequency Domain Electromagnetic Method (FDEM). During leachate injection event, this 
technique highlights changes in electrical conductivity of the waste deposit cell induced by variations of water 
content. Measurement procedure and preliminary monitoring results are presented applied to a waste deposit cell 
operated as a bioreactor. First results suggest that this technique is suitable for a quick assessment of horizontal 
leachate injection systems at industrial scale. 
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1. INTRODUCTION 

 
The concept of bioreactor landfill is studied and tested 
since 1970 in the US and for more than two decades in 
Europe. This technology aims at enhancing the waste 
biodegradation in municipal solid waste landfills 
(MSWL) by optimising water content. Many studies 
have pointed out the potential benefits of the 
bioreactor approach: for example, (i) a quicker 
stabilization of organic matter can be achieved [1] and 
(ii) the rate of biogas production goes up inducing a 
more efficient energy recovery. In situ operation of a 
bioreactor landfill requires a  monitoring and control 
of the operating parameters [2]. The anaerobic 
methanogenesis is enhanced by a high water content 
that can only be reached by adding leachate to waste 
[3]. Indeed, after waste deposit cell closure, the waste 
mass is generally too dry to insure an optimal 
biodegradation and leachate recirculation appears as 
a solution. Different methods of water measurements 
in landfills are available and some of them were 
presented by Imhoff [4]. However, the optimization of 
leachate injection systems is a particular case which 
remains a challenge for bioreactor landfill operators. 

In the literature, many studies deal with the 
assessment of leachate injection system using 
geophysical method [5-9]. Among them, Electrical 
Resistivity Tomography (ERT) has been widely used 
for leachate injection monitoring because the 
electrical resistivity is very sensitive to the water 
content variation. This method provides 2D or 3D 
electrical resistivity distribution and can be employed 
in time-lapse mode to study the infiltration dynamics. 
However, ERT is rarely used by the landfill operators 
because implementation of electrodes measurement 
needs to be located in contact with waste mass under 
the geomembrane cover. Post-processing numerical 
tools are also complex to obtain the electrical 
resistivity distribution [10, 11]. Moreover, recent 
papers have shown electrical resistivity distribution 
plenty of artefacts where no changes are expected, 
leading to false interpretations of the ERT results [5], 
[12-14]. Industrial community requires an easier 
method without contact and complex post-processing 
analysis to investigate the first 4-5 meters of waste 
mass. Frequency Domain Electromagnetic Method 
(FDEM) is a popular geophysical method widely used 
for soil surveying, which has been outlined by McNeill 
[15]. This method is based on the electrical 
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conductivity (in S.m-1) measurement (inverse of 
electrical resistivity in ohm.m). FDEM seems well 
adapted to focus on  leachate diffusion, very 
conductive (5-10 mS/cm), compared to the waste 
mass less conductive , comprised between 0.1 and 2 
mS cm-1 [16-20]. No article describes the validity of 
the FDEM method to assess the leachate injection 
systems and this paper demonstrates its relevance in 
delimiting the lateral extent of the infiltration zone at 
the industrial scale. 

 
2. MATERIALS AND METHODS  

 
2.1. Experimental site description 

 
The experimental landfill site is located in Cuves, 
France, (e.g. Fig 1-a and b) and is managed by the 
company SAS Les Champs Jouault. It is a non-
hazardous municipal waste landfill fully operated as a 
bioreactor. The waste deposit cell spreads across 
more than 5000 m², 100 m long, 50 m wide,  15 m at 
its maximum height and approximatively 65,000 t of 
household waste were landfilled (e.g. Fig 1-c). The 
layering structure of the MSWL cell consists in a 1-m 
soil cover overlaying a layer of waste for a total 
thickness up 10–15 m. The bottom of the MSWL cells 
consists in a 0.5 m layer of granular drainage 
materials (e.g. Fig 1-c) and the whole cell is lined by a 
double seal barrier: a passive one composed by a clay 
layer (e.g. Fig 1-d) and an active one using HDPE 
geomembranes. The waste deposit cell is composed 
by a drainage system at the bottom, biogas extraction 
system into the waste mass and biogas and leachate 
mixed landfill horizontal trenches installed at the top 
of the cell (e.g. Fig 1-d). Biogas extraction is 
performed continuously using pumping systems 
which keep the waste deposit cell in depression. Then 
biogas is conducted to a biogas valorisation system. At 
the bottom of the waste deposit cell, a pumping 
system is switched on periodically (or automatically 
when the leachate level exceeds a level of 30 cm) and 
discharges the leachate to the storage tank. The study 
is managed in the waste deposit cell 4 operated 
between September 2011 and July 2012 (e.g. Fig 1-b). 

 
2.2. Leachate injection monitoring using FDEM 

 
FDEM profiling has been widely used for 
environmental surveying [21-23] and many devices 
are available for electrical conductivity 
measurements. In our study, the EM31 (Geonics Ltd) 
was chosen to study leachate infiltration. Basically, 
EM31 device generates a primary electromagnetic 
field in the first coil named Transmitter coil (at 
frequency of 9800 Hz, e.g. Fig 2), which induces 
electrical currents in the soil with the same frequency. 
These currents generate a secondary electromagnetic 
field, which is monitored by the receiver coil. Under 
known conditions as “low induction numbers EM 
condition”, the secondary field is proportional to the 
ground current and is used to compute the electrical 
conductivity for the volume of soil profiled [22, 24]. In 
theory, the investigation depth is linked to the 
distance between the transmitter and the receiver 
(Tx–Rx) and the coil orientations used (vertical or 

horizontal dipole). The EM31 device has a fix 
horizontal coil spacing of 3.66 m which provides an 
investigation between 3 to 5 m deep. 

 

Fig 1. (a) Location (b) industrial site description (c) 
geometry of experimental waste deposit cell, location of 
FDEM measurement (red point) and perforated pipe (AA’) 
(d) mixed horizontal trenches for biogas collection and 
leachate injection  

Electromagnetic measurement was performed at the 
surface of the waste deposit cell (e.g. Fig 1-c), during 
leachate injection event:  87 m3 were injected in 7 
hours using the leachate injection system shown in 
Fig 1-d. Different locations were necessary to map the 
resistivity measurements recorded by EM equipment 
(following the numeration of each station - Fig 2-b). 
One of the problems is to move the equipment to the 
same plots for each sequence during leachate 
injection monitoring. To achieve our measurements, 
we followed this procedure: (i) we calibrated the 
device according to the manufacturer's 
recommendations described here 
(http://www.geonics.com/), (ii) we chose to acquire a 
sequence of 99 fixed stations around the perforated 
pipe every 30 min (e.g. Fig 2-b), (iii) we always kept 
the same orientation coils (transmitter in the East and 
receiver in the West) and (iv) the FDEM device 
position was always parallel to the ground. The 99 
points were required 12 min.  

 

 

Fig 2. a) FDEM equipment during prospection b) location of 
FDEM fixes stations and acquisition sequence  
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3. RESULTS & DISCUSSION 

 
Fig 3 presents the resistivity value ρa0 (inverse of the 
conductivity, in ohm.m), measured by the EM31 
device before starting the infiltration. The injection 
system is symbolized by a blue line (from A to A’) and 
is located at the position X of 227 m. The resistivity 
values are comprised between 6 and 11 ohm.m with 
an increase of up to 14 ohm.m at the end of injection 
pipe. 

 

 

Fig 3. Map representing the resistivity values (in ohm.m) 
recorded before infiltration 

Fig 4 shows electrical resistivity variations Δρa for ten 
time steps (a to j) recorded before, during and after 
the leachate injection and expressed as follows: 
 

∆ρa = [
ρat

ρa0
− 1] × 100                                                         (1) 

where ρat and ρa0 (in mS m-1) are the apparent 
electrical resistivity of the data sets at time t and of 
the initial data sets at t0, respectively. Each electrical 
resistivity variation map has been plotted using 
Kriging interpolation method. To assess the 
measurement noise linked to the geophysical device 
used and to the environment around the waste mass 
studied, three acquisitions were carried out before 
infiltration where no resistivity changes are expected 
(e.g. Fig 4 – a and b).  

For all the points on the field, Δρa values were 
calculated before recirculation and varied between 0 
and 7%. It corresponds to a classical variation range 
of Δρa observed on the field for this kind of 
geophysical survey and allowed us to consider only 
the variations higher than 7% as reliable. 

During the injection event, we can observe a decrease 
in resistivity around the leachate pipe and for each 
time step (e.g. Fig 4 – c to h). This area corresponds to 
the leachate infiltration and is delimited by a black 
line (corresponding to the non-reliable variation 
range of -7%). Between the third and the eighth time 
step (respectively 30 min and 7 h after the beginning 
of the injection), the size of this area increases and the 
variation in resistivity is comprised between -7 and -
25%. At each time step, the resistivity variation is 

increasingly lower. Eight hours after the beginning, 
the leachate injection was stopped. For the two last 
maps (e.g. Fig 4 - i and j), we can observe that the size 
of the infiltration area decreases compared to the 
previous steps. Moreover, the resistivity variation 
increases with a variation range comprised between -
7 and -16% for the ninth step (e.g. Fig 4 – i) and 
between -7 and -13 % for the tenth step (e.g. Fig 4 – j). 
These electromagnetic measurements of electrical 
resistivity variations are in accordance to the physical 
process studied: the size of the infiltration area 
increases during the leachate injection and decreases 
just after the end of injection. 

According to these results linked to the hydraulic 
conditions tested, we can assess approximatively the 
maximum lateral extent of the infiltration area which 
goes from 220 m to 237 m, corresponding to 7 m on 
the left of the injection system and to 10 m on its right. 
Due to the slope of the waste deposit cell (e.g. Fig 1-c); 
it makes sense that the infiltration is larger on the 
right of the injection system than on the left. We can 
also observe that the vertical extent of the infiltration 
area does not exceed the length of the injection 
system. 

Thus, this result on the horizontal infiltration area can 
help landfill operators to assess their injection system. 
For example, different flow rates can be tested to 
calculate distance between each injection system to 
avoid location without injection impact or location 
wetted by two leachate pipes. 
 

 

Fig 4. 10 maps of electrical resistivity variations during 10 h 
of leachate injection 

 
4. CONCLUSIONS 

 
Through this short paper, the authors showed the 
ability to use the FDEM for assessing leachate 
injection systems. The FDEM is a fast acquisition and 
non-intrusive method without contact and complex 
data post-processing. With the suggested protocol 
used, the authors have shown that it is possible to 
monitor the evolution of the electrical resistivity of 
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waste mass linked with the variation of the water 
content and conductivity of the injected leachate. 
They estimated lateral propagation of the infiltration 
in the upper horizon layer of the waste deposit cell (0-
5m with depth investigation of selected equipment) 
and can concluded on the injection system efficiency. 
The company SAS Les Champs Jouault will use this 
device for assessment of their injection systems to 
check their functioning. Equipment used in this study 
does not allow a deeper investigation?, and 
consequently are not adapted to study large industrial 
sites. For larger sites, new equipment has been 
recently developed and allows deeper exploration. 
These results open new perspectives for industrial 
application of the FDEM; however, to refine the lateral 
position of the leachate infiltration, work on the 
analysis of the FDEM sensitivity with different 
equipment and exploration depth will be required. 
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