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Abstract. In a landfill, the biodegradation of the organic fraction of the waste is driven by its moisture. Once the waste dump
is covered, the infiltration through the cover layer is a source of additional water. In this study, the changes in water content in
a landfill cover layer were investigated with long time-lapse electrical resistivity tomography (ERT) profiles. Measurements
carried out during a rainfall event allowed the detection of zones with large infiltration events. We addressed all interpretation
limits inherent to such a large scale, low resolution investigation with the use of synthetic modelling. Firstly, the smoothed
resistivity changes distribution failed to detect small infiltration areas and induced a misestimation of the infiltration depth and
volume in large infiltration zones. Secondly, when the background water content is not homogeneous, relative changes, as
commonly used in literature, reflect both the background moisture distribution and the monitored changes. Thirdly, the
temperature and pore fluid conductivity distribution are needed to compute the absolute water content changes. The latter
better reflects the infiltration pattern. Lastly, rain water infiltration results in pore water dilution. When the dilution effect is
not considered, the infiltrated volume is underestimated. This approach enabled us to detect a large infiltration zone that could

be responsible for an important part of the annual water infiltration.

1 Introduction

There is a wide interest to quantify the dynamics of water content in unsaturated media, for instance to investigate water
infiltration (e.g. Beff et al., 2013), solute transfer (e.g. Koestel et al., 2008) or water storage (e.g. Beff et al., 2013;
Jayawickreme et al., 2008). In municipal solid waste (MSW) landfills, the water content is of uttermost importance for the
waste biodegradation process (e.g. Reinhart and Townsend, 1997): a low water content, due to low permeability of the cover
layer, can hamper the biodegradation. In bioreactor landfills, many efforts are undertaken to increase the water content within
the waste. This can be done when filling the cell by dripping, irrigating or spraying (e.g. Reinhart and Townsend, 1997).
However, the water content continues to evolve once the temporary cover layer is in place, due to infiltration of rain water.

The amount of infiltration depends on the climate, the slope and the cover layer. Defective or cracked cover layers are likely
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the main contributors to rain water infiltration (e.g. Albright et al., 2004). The water content can also be increased artificially
through infiltration trenches and pounds or leachate recirculation under the cover layer (e.g. Reinhart and Townsend, 1997).
Among the numerous methods to measure the water content in the vadose zone, most consist in taking local measurements
(i.e. Imhoffetal., 2007; Jayawickreme et al., 2008). However, point measurements fail to represent heterogeneously distributed
moisture content. Spatially distributed proxies for moisture content can be obtained using geophysical methods, such as surface
or borehole electrical resistivity tomography (ERT) (Binley et al., 2015, 2002b; Daily et al., 1992; Dumont et al., 2016; Garré
etal., 2013; Grellier et al., 2007; Guérin et al., 2004), given the decrease of bulk electrical resistivity with the increase of water
content (Archie, 1942). In addition, ERT may provide high temporal resolution information to capture the main infiltration
process at the scale of a few tens of minutes.

The value of geophysics in characterizing the water content of former landfills, for example to improve biogas production
or material recycling through landfill mining, has been increasingly studied in the past decades. Many studies (Dumont et al.,
2016; Grellier et al., 2007, 2006; Guérin et al., 2004; Imhoff et al., 2007) have shown the potential of ERT in characterizing
the moisture content in municipal solid waste landfills, but also the difficulty to discriminates the effects of water content, pore
fluid conductivity (Archie, 1942) and temperature (Campbell et al., 1948) on the bulk electrical resistivity. To avoid this non-
uniqueness of the interpretation, water recirculation experiments can be monitored with time lapse ERT (e.g. Audebert et al.,
2014; Clément et al., 2011, 2010; Grellier et al., 2008, 2006; Guérin et al., 2004) for example to isolate one varying parameter.
Time lapse ERT data are generally interpreted in terms of relative changes of electrical resistivity (Clément et al., 2010;
Doetsch et al., 2012; Hermans et al., 2015; Miller et al., 2008; Pellet et al., 2016; Robert et al., 2012) or equivalently Eg. (1)
as a function of the ratio of monitored electrical resistivity and initial electrical resistivity (e.g. Auken et al., 2014; Brunet et
al., 2010; Doetsch et al., 2015; Power et al., 2015):

pP2—P1 =P_2_1 , (1)

P1 p1

where subscript 1 stand for the reference (also referred to as baseline or background) acquisition and 2 for the monitored time
frame. However, when analyzing changes of water content in the vadose zone, the initial water content (the parameter of
interest) distribution is generally not homogeneous. The relative changes therefore reflect both the temporal changes and the
heterogeneity in the initial distribution. For identical additional water content, zones with a high initial water content will
display little to no changes in resistivity upon an infiltration event despite flow occurring, whereas dry zones might encounter
large changes. Due to this duality, electrical resistivity results in vadose zone monitoring are often interpreted qualitatively
and not quantified in terms of water content variation. For monitoring water content in landfills, researchers generally attempts
to quantify specific parameters such as the evolution of the infiltration front depth with time or the water plume geometry and
extension to provide a humidified volume. For example, Clément et al. (2011) defined a percentage change threshold
representative of the physical extension of a leachate plume without using any petrophysical relationship. The plume geometry
can be used to deduce the anisotropy of water flow (Audebert et al., 2016a) or to calibrate the retention capacity, the

permeability at saturation and its anisotropy in hydrogeological unsaturated flow models (Audebert et al., 2016b). In other
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research fields, such as the study of the vadose zone water content, water storage dynamics or plant water uptake, the direct
estimation of water content from bulk electrical resistivity data using empirical or calibrated pedophysical relationships is
more common, probably because these media, although also complex, are less heterogeneous than landfill covers (e.g. Beff et
al., 2013; Garré et al., 2013, 2012; Jayawickreme et al., 2008; Ma et al., 2014). study, we have two main objectives: (i) to
highlight and quantify the effect of limitations of field ERT data for waste management and (ii) to investigate water infiltration
through a landfill cover layer during an intense rainfall event (30 mm precipitation in 2 hours measured at nearest
meteorological station, about 3km away, but it may differ locally) using time-lapse ERT data. We here quantify the errors in
water content estimation and the interpretation pitfalls from resistivity changes due to low ERT resolution, initial
heterogeneous resistivity distribution, temperature and pore fluid conductivity, and to the dilution effect during fresh water
infiltration. We propose the use of synthetic modeling tools to investigate and avoid these pitfalls. The paper is organized as
follows: In the material and methods section, we first describe the site and the experiments conducted in the laboratory and on
the field. We discuss different factors influencing the bulk electrical resistivity and how numerical simulations can help us to
investigation these factors. Then, we present the field results and associated interpretation challenges. We use virtual
experiments (sand box experiment and vadose zone numerical modeling) to simulate the different conditions encountered on
the field. The observations made during the latter are used to deeper discuss the field results. We then conclude on the use of

time-lapse ERT for the monitoring of water infiltration in a landfill cover layer.

2 Material and methods
2.1 Site description

The field survey was conducted on the Mont-Saint-Guibert site, one of the largest engineered landfills of Belgium (26 ha wide
and up to 60 m deep, Fig. 1). The landfill activity started in 1958 and the site was equipped with a synthetic liner at the bottom
in the early 90s. The waste (5.3 million m3) is mainly composed of municipal solid waste, non-hazardous and non-toxic

industrial waste and bulky waste. Inert waste was used for the temporary cover layer.

ERT profile acquisitions were performed in July 2014 in the North side of the landfill, close to a peripheral drain surrounding
the deposit area (Figure 1b). In this zone of interest, waste was disposed at different periods of time. The 10 m superficial
waste layer is about 10-12 years old. The topography is characterized by a 14% slope towards the S-W (Fig. 1). At that specific
location, the waste deposit is about 30 m thick. The vadose zone is 15 m thick and below the waste is fully saturated with
leachate. The waste material is covered by a temporary cover layer of minimum one meter thickness, composed of sandy and

silty material coming from a nearby sand quarry. The cover layer thickness differs locally.

The hydraulic behavior of the cover layer is influenced by the density of the vegetation cover (typically dryer initial conditions

where the vegetation is denser) and the cover layer composition (sand, silt, loam). Three main soil conditions (grain size and
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water content) coexist along this profile. The Eastern part of the monitoring zone is either bare or covered by grass. The soil
is composed of silty and sandy material and stays relatively humid, even after dry meteorological conditions (one month
without precipitation). The Western side of the test area is vegetated. The vegetation includes some small trees (birch, robinia,
etc.) and bushes. In the vegetated area, the cover layer texture becomes coarser towards the middle of the profile. Due to a
lower retention capacity and a higher water uptake from plant’s roots, the water content in this part of the site is quite low after
a dry period. Based on ERT measurements, and considering a 1.25 to 2.5 Q.m pore water resistivity, we converted the bulk
electrical resistivity data measured on the field into volumetric water content values (0.23-0.33 in humid zones and 0.10-0.15
in dry zones

2.2 Laboratory measurements of pore fluid and water content

We estimated the pore fluid conductivity (or resistivity) heterogeneity for the cover layer and the waste material from 7 cover
layer samples that were collected in September 2015 at 0.25 m depth. We measured the water content on samples of 300-600
g by drying the soil at 60°C during 1 week. Gravimetric water content ranged from 0.11 in the central zone to 0.24 at the
eastern side. Then, the pore fluid conductivity was estimated by mixing a 20-60 g soil sample of known water content with
100 ml of deionized water (15 puS/cm conductivity, or 667 Q.m resistivity). Supposing that electrical conductivity is
proportional to the TDS (Total Dissolved Solids) (e.g. Meju, 2006), the electrical conductivity of the mixed fluid is the average

of deionized and pore fluid water, weighted by their respective volumes.

Umix*(Msample*esample+Vdeionized)_adeionized*vdeionized (2)
L

Opore fluid =
4 s Msample*esample

where ¢ is the fluid electrical conductivity, Vis the volume, M is the sample weight and 6 is the soil sample water content. The
laboratory experiment shows that the pore fluid resistivity at 0.25 m depth varies from 10 Q.m in the center and coarse area,
2.5-3.3 Q.m in other zones of the profile and 0.9 Q.m at the Eastern extremity. These measurements correlate the site setup:
the vegetated Western zone is often flushed by fresh water runoff coming from uphill. This water mainly infiltrates in the
coarse grain size area, leading to salt dilution and washing, which leads to a higher pore water resistivity in this area. The
unusually low resistivity values observed in the Eastern extremity of the profile can most probably be explained by an ongoing
uphill leachate recirculation experiment, which repeatedly triggered leachate overflow and cover layer contamination of this
area with conductive fluid. The temperature of the cover layer has not been recorded but was likely close to 25°C during the
ERT acquisition (late July). The temperature measured the day after in a horizontal drain at 2 m depth was about 30°C.

The estimation of waste material water content and pore fluid resistivity at larger depth (up to 30 m) results from borehole
investigations performed in 2012 (location in Fig. 1, more details in Dumont et al., 2016). During the drilling operation, we
gathered 30 | waste samples every 2 m for bulk resistivity measurements in laboratory (Dumont et al., 2016). By applying a
15 ton pressure on the waste samples, we recovered 100-200 ml leachate samples and measured their resistivity. In addition,
distributed temperature sensing (DTS) measurements were performed in situ after installing the piezometer equipment to

correct for temperature effects. In the 15m thick unsaturated zone, the temperature increases from 25°C at the surface to 60°C

4
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at 15m depth. The leachate resistivity (conductivity) varies from 1.25 Q.m (8000 uS/cm) at the surface (1m depth) to 0.28
Q.m (36000 pS/cm) at 15m depth. In the saturated zone, the temperature and the leachate resistivity are constant. We used
these vertical profiles of temperature and pore fluid resistivity to establish synthetic models reproducing plausible electrical
resistivity distributions. These distributions are not necessarily identical to the reality at our ERT profile location, but represent
similar conditions, which allow us to simulate plausible numerical experiments. While the physical properties of the cover is
of prior interest for the quantification of the infiltration process, the characteristics of the waste are less important since the

infiltration front probably do not cross the cover layer during the monitored time interval.

2.3 Electrical resistivity tomography acquisition and data processing

For the ERT data acquisition, we used a 77.5 m long ERT line with 32 stainless steel electrodes and 2.5 m electrode spacing
(Fig. 1). The profile was perpendicular to the maximum slope (about 14%). We used the multiple gradient protocol (Dahlin
and Zhou, 2006) to acquire the resistivity data sets (288 quadrupoles / acquisition). The acquisition of an entire data set lasted
for 13 minutes and was repeated every hour. In this study, we focus on data acquired 120 and 60 minutes before (background)
and 60 minutes after the rainfall event.

We refer to Loke et al. (2013) for a detailed description of the electrical resistivity tomography (ERT) method. In short, a pair
of electrodes is used to inject an electrical current in the ground, and the created potential drop between two other electrodes
is measured. The investigated depth and volume increase with the electrode spacing.

The data sets were inverted using the 2.5D inversion code CRTomo (Kemna, 2000). The horizontal cell size was half the
electrode spacing and the vertical cell size was 0.5 m. The inversion process was based on the minimization of an objective
function composed of the data misfit constraint and the model constraint (e.g. Oldenburg and Li, 1994):

F = [wa(d = fa)|I” + 2 Wpml, ©)

In Eq. (3), W, is the data weighing matrix, d is the impedance data set (log), m is the resistivity model (log), f is the non-
linear operator mapping d and m, W, is the roughness matrix and 4 is the regularization parameter. The error level on the data
W, was estimated from reciprocal measurements (measurement taken while switching current electrodes with the potential
electrodes). A conservative linear error model of the envelope of reciprocal errors, with an absolute error of 0.0005 Q and a
relative error of 1%, was considered during the inversion process (e.g. Slater et al., 2000). At each iteration, the regularization
parameter A was optimized (de Groot-Hedlin and Constable, 1990; Kemna, 2000), then increased after the last iteration to fit
exactly the imposed level of noise (error-weighted CHI2 = 1). In this study, the inversion process ended with a regularization
parameter ranging from 10 to 30 (for low resolution data sets inversion) and 70 to 400 for high resolution data sets inversion).
We used the difference inversion procedure (inversion of temporal changes in the data d — d,,) and the background model m,

is used as a reference model for the regularization (LaBrecque and Yang, 2001).

F = |Wa(d = dg + f(mo) = F@)||” + 2 W (m — mIP, )
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2.4 Factors influencing electrical resistivity

Two site-specific petrophysical laws describing the influence of the water content, the pore fluid electrical resistivity (first
law) and the temperature (second law) on the bulk electrical resistivity of the landfill waste were previously calibrated in the
laboratory and validated on the field (Dumont et al., 2016). Archie’s law (Archie, 1942; Wyllie and Gregory, 1953) expressed
in terms of volumetric water content (Grellier et al., 2007) was used to describe the evolution of the bulk resistivity with the
volumetric water content (porosity * saturation).
Pp=ppya® MmS T =p,ad ™ (if m =n) (5)

where p,, is the bulk electrical resistivity; p,, is the electrical resistivity of the pore fluid; a is the cementation constant; m et n
are empiric constants related to the matrix structure, @ is the total porosity, S is the saturation and 6 is the volumetric water
content of the sample. The influence of the volumetric water content on the bulk electrical resistivity was checked at the
laboratory by preparing 18 samples (3 gravimetric water content * 6 different dry densities) and measuring their bulk resistivity
in a test cell. From our laboratory experiments, we obtained m = 2.101 and a = 1.53 for the Archie’s law parameters.

We performed heating and cooling cycles (10-65 °C) in a laboratory oven to quantify the influence of temperature on the
electrical conductivity. We highlighted that a linear law (Campbell et al., 1948) fits the experimental data. The conductivity

increases by 1.9 % per degree of temperature (reference temperature at 20°C; Rz = 1).

0 =07,y (1 +c.(T- Tref)) (6)
Where o is the electrical conductivity at temperature T, or . is the electrical conductivity at the reference temperature T, ¢

and c is an empirical constant. The relations are used to convert bulk electrical resistivity data into water content, and inversely.
Based on Archie’s and Campbell’s laws (Eq. (5-6)), the combined influence of these factors is represented by the following
equation:
-1/m
89 =6, — 6, = (7(;;‘))) py " = p ™) ™
for which the parameter definitions are identical to the ones of Eq. (5-6). For small changes, the effect of uncertainty of pore
fluid resistivity and temperature on the computation of the water content and water content changes are obtained upon

derivation of Eq. (7) (also found in Brunet et al., 2010). For temperature, this results in the following expression:

AG 1 cT AT
—_— = —— s ————x — (8)
%] m  1+4c(T-20) T

For the pore fluid resistivity, the impact is similarly expressed as:

80 _ 1w
Y= ©)

2.5 Simulation of simplified vadose zone water dynamics in a virtual landfill cover layer

A synthetic case was used to highlight the limitations that need to be taken into account for the interpretation of the monitored

resistivity changes. This simplified synthetic case shares common features with the field set-up but is not calibrated to it. The

6
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water content distribution for the synthetic case was computed with the finite element modelling code HYDRUS-2D (Simtinek
etal., 2012). The model is 77.5 m wide, the cover layer is 1 m thick and its grain size, based on local field observations, is fine
(75 % < 0.25 mm, for cover layer samples mentioned at section 2.1.) for the two extremities of the profile and coarser (50 %
> 0.25 mm, for cover layer samples mentioned at section 2.1.) in central part (Fig. 2a). A small grid size was used to represent
the infiltration process (0.125 m vertical resolution) and we used the van Genuchten-Mualem model (van Genuchten, 1980) to
parametrize the hydraulic properties of our medium. The parameters of the unsaturated permeability model for the cover layer
were in the range of values proposed by the Hydrus-2D data base for similar material (Table 1). The fine silty material was
characterized by a 7.2 mm/h (2*10-6 m/s) permeability at saturation. The coarser sandy material by a 36 mm/h (10-5 m/s)
permeability at saturation. We set the residual water content for both cover layer materials to 0.065. The residual water content
of the waste material was higher than for inert sediment composing the landfill cover. It was set to 0.15, as proposed by
Audebert et al. (2016a) from a study of Stoltz et al. (2012) for similar conditions. For the waste, we set the permeability at
saturation at 10 -4 m/s but it had no impact on the water flow anyhow, since no water infiltrated into this zone during the
simulation.

We first simulated the infiltration of 200 mm water per year during four years, until the water content distribution reached an
equilibrium state. The computation time step was a fraction a second at first (0.8 sec), then increased progressively to about 1
month (38 days), for the last computation step, in order to reduce the computation time. This spin-up procedure generated
realistic initial conditions and avoided any strong water drainage and redistribution between the different horizons of the profile
during the subsequent simulation of the rainfall event under investigation. Instead of modelling the impact of vegetation, we
artificially reduced the water content of the vegetated part of the cover layer to 0.15 (after a period of prolonged drought in
July 2014) since we did not have the necessary data to model the water uptake by plants. This approach coarsely mimicked
the effects caused by vegetation on the electrical resistivity changes but did not aim at simulating plants dynamics in relation
to soil moisture. This simplified simulation approach resulted in an initial humidity condition close to the conditions observed
on the site during the field ERT data acquisition which are discussed in this study: about 0.25 of water in the waste material,
0.33 in the bare cover layer, and 0.15 water content in the vegetated area (Table 2; Fig. 2b).

After the spin-up period, we simulated an intense precipitation event. The amount of water is larger than the cumulated
precipitation recorded (between 20-30 mm at neighboring meteorological stations) on the real field site to account for water
runoff from the uphill large bare area. In the simulation, the infiltrated quantity was imposed and was limited by the maximum
infiltration capacity of the soil that is imposed by its permeability at saturation. The computation time step was 15 min and the
water mass balance error remained below 0.2 %.

In our 2D model, we represented three distinct infiltration scenarios are found for the cover layer in the 2D model zones (Fig.
2abc). The first zone (Western zone) represents a dry cover layer (water content of 0.15) above wet waste material (water
content of 0.25). The infiltrated quantity of water (14.4 1/m? in 2 hours’ time) is limited by the permeability of the cover layer

(2.10-6 m/s). The second zone (central zone) is characterized by the same initial water content, but a larger permeability (10-
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5 m/s). The infiltrated quantity of water is 72 I/m? in 2 hours’ time. The last zone (Eastern zone) is a humid cover layer (0.3
water content) above wet waste material, with the same permeability characteristics as in the first zone.

We converted the water content before and after the infiltration event into electrical resistivity (Fig. 2d), using the temperature
and pore fluid resistivity distribution and the calibrated Archie’s and Campbell’s petrophysical laws (Eq. (5-6)). We used the
forward modelling code CRTomo (Kemna, 2000) to generate two virtual ERT data sets with the same vertical cell size as used
for the simulation of the water dynamics with Hydrus. Noise was added to both data, based on field measured reciprocal errors.
The standard deviation is half the measured noise on reciprocal field data, so that 95% of the simulated data errors are contained
with the envelope error model used for data inversion (section 2.2.). Finally, the resistivity distribution and change obtained
after the inversion process was converted into water content and compared to the infiltrated water distribution initially
computed with Hydrus2D.

In order to investigate the effect of electrode spacing on the resolution of the structures and phenomena under consideration,
we generated ERT data for two electrode arrays: 0.5m (grid size 0.125m for inversion) and 2.5m (grid size 0.5m for inversion).

The latter corresponds to the spacing we applied in our field experiment.

A synthetic case was used to highlight the limitations that need to be taken into account for the interpretation of the monitored
resistivity changes. This simplified synthetic case shares common features with the field set-up but is not calibrated to it. The
water content distribution for the synthetic case was computed with the finite element modelling code HYDRUS-2D (Simiinek
etal., 2012). The model is 77.5 m wide, the cover layer is 1 m thick and its grain size, based on local field observations, is fine
(75 % < 0.25 mm, for cover layer samples mentioned at section 2.1.) for the two extremities of the profile and coarser (50 %
> 0.25 mm, for cover layer samples mentioned at section 2.1.) in central part (Fig. 2a). A small grid size was used to represent
the infiltration process (0.125 m vertical resolution) and we used the van Genuchten-Mualem model (van Genuchten, 1980) to
parametrize the hydraulic properties of our medium. The parameters of the unsaturated permeability model for the cover layer
were in the range of values proposed by the Hydrus-2D data base for similar material (Table 1). The fine silty material was
characterized by a 7.2 mm/h (2*10° m/s) permeability at saturation. The coarser sandy material by a 36 mm/h (10 m/s)
permeability at saturation. We set the residual water content for both cover layer materials to 0.065. The residual water content
of the waste material was higher than for inert sediment composing the landfill cover. It was set to 0.15, as proposed by
Audebert et al. (2016a) from a study of Stoltz et al. (2012) for similar conditions. For the waste, we set the permeability at
saturation at 10 * m/s but it had no impact on the water flow anyhow, since no water infiltrated into this zone during the
simulation.

We first simulated the infiltration of 200 mm water per year during four years, until the water content distribution reached an
equilibrium state. The computation time step was a fraction a second at first (0.8 sec), then increased progressively to about 1
month (38 days), for the last computation step, in order to reduce the computation time. This spin-up procedure generated
realistic initial conditions and avoided any strong water drainage and redistribution between the different horizons of the profile

during the subsequent simulation of the rainfall event under investigation. Instead of modelling the impact of vegetation, we
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artificially reduced the water content of the vegetated part of the cover layer to 0.15 (after a period of prolonged drought in
July 2014) since we did not have the necessary data to model the water uptake by plants. This approach coarsely mimicked
the effects caused by vegetation on the electrical resistivity changes but did not aim at simulating plants dynamics in relation
to soil moisture. This simplified simulation approach resulted in an initial humidity condition close to the conditions observed
on the site during the field ERT data acquisition which are discussed in this study: about 0.25 of water in the waste material,
0.33 in the bare cover layer, and 0.15 water content in the vegetated area (Table 2; Fig. 2b).

After the spin-up period, we simulated an intense precipitation event. The amount of water is larger than the cumulated
precipitation recorded (between 20-30 mm at neighboring meteorological stations) on the real field site to account for water
runoff from the uphill large bare area. In the simulation, the infiltrated quantity was imposed and was limited by the maximum
infiltration capacity of the soil that is imposed by its permeability at saturation. The computation time step was 15 min and the
water mass balance error remained below 0.2 %.

In our 2D model, we represented three distinct infiltration scenarios are found for the cover layer in the 2D model zones (Fig.
2abc). The first zone (Western zone) represents a dry cover layer (water content of 0.15) above wet waste material (water
content of 0.25). The infiltrated quantity of water (14.4 1/m? in 2 hours’ time) is limited by the permeability of the cover layer
(2.10® m/s). The second zone (central zone) is characterized by the same initial water content, but a larger permeability (10-°
m/s). The infiltrated quantity of water is 72 I/m? in 2 hours’ time. The last zone (Eastern zone) is a humid cover layer (0.3
water content) above wet waste material, with the same permeability characteristics as in the first zone.

We converted the water content before and after the infiltration event into electrical resistivity (Fig. 2d), using the temperature
and pore fluid resistivity distribution and the calibrated Archie’s and Campbell’s petrophysical laws (Eq. (5-6)). We used the
forward modelling code CRTomo (Kemna, 2000) to generate two virtual ERT data sets with the same vertical cell size as used
for the simulation of the water dynamics with Hydrus. Noise was added to both data, based on field measured reciprocal errors.
The standard deviation is half the measured noise on reciprocal field data, so that 95% of the simulated data errors are contained
with the envelope error model used for data inversion (section 2.2.). Finally, the resistivity distribution and change obtained
after the inversion process was converted into water content and compared to the infiltrated water distribution initially
computed with Hydrus2D.

In order to investigate the effect of electrode spacing on the resolution of the structures and phenomena under consideration,

we generated ERT data for two electrode arrays: 0.5m (grid size 0.125m for inversion) and 2.5m (grid size 0.5m for inversion).

3 The latter corresponds to the spacing we applied in our field experiment.

Two background timeframes (2 and 1 hours before the rainfall event) were inverted. The average relative difference in bulk
resistivity between the two background tomograms was 0.13%. The second background timeframe is used to calculate changes

due to the infiltration process. Before the large rainfall event, the electrical resistivity was heterogeneously distributed (Fig.
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3a). Close to the surface, the cover layer was rather resistive in the Western area of the profile, characterized by a coarser grain
size and a larger vegetation cover density. The electrical resistivity decreases eastwards, most likely in relation to the increased
water content related to smaller vegetation cover density and a smaller grain size (see Figure 3a). The end of the Eastern

extremity of the profile was characterized by very low electrical resistivity.

The third profile was acquired 1 hour after the end of the rainfall event and compared to the background acquisition (4h
between second background and third profile). Figure 3b shows the relative changes of resistivity. In the superficial horizon
(first 0.5m), three ranges of relative change of resistivity are visible (3b). The Western (vegetated) area is characterized by -
20 to -50 % changes, the central zone by -30 to -80% changes and the Eastern zone by -20 to +10% changes. Positive changes
in the central zone, at 5 m depth are probably inversion artifacts, often visible under superficial large resistivity changes, as
confirmed by our numerical simulations (Figure 5). The higher changes in the vegetated area might be accounted for by
multiple factors such as vegetation, which affects the runoff, the infiltration process and the soil structure, and the

heterogeneous initial water content.

The qualitative and quantitative interpretation of the field results in terms of water content changes is challenging for the
following reasons. Firstly, in this study, the electrode array (2.5 m spacing) was initially designed to monitor water recirculation
experiments, and was therefore less adapted to monitor fine structures and infiltration fronts. The geophysical survey design
resulted in ERT profiles characterized by a poor spatial resolution. Therefore, it is unclear whether the thickness of the resistive
cover layer observed in the electrical resistivity profile and the depth of the infiltration front observed in resistivity changes
profile are real or results from a lack of spatial resolution. Secondly, the relative change of resistivity (Fig. 3b) and the initial
resistivity (Fig. 3a) distribution are clearly correlated. A part of the relative change of resistivity signal results from the
heterogeneous initial conditions and not the actual water content changes. To overcome this issue, the water content (and
absolute water content changes between two time steps) can be computed from the electrical resistivity using the Eq. (5-6).
Thirdly, the distribution of physical parameters (water content, pore fluid salinity and temperature) at the initial state strongly
influences the quantification of water content changes. Uncertainties in the temperature and pore fluid resistivity values affect
the accuracy of the water content assessment (e.g. Brunet et al., 2010).

Finally, dilution and cooling effects resulting from cold and fresh water infiltration are difficult to take into account. When
computing water content changes from time lapse resistivity data, we generally assume that the infiltrated quantity of water is
small enough, or the electrical and temperature properties of the pore fluid and the infiltrating water are not too different, to
neglect any change of temperature and salinity in the underground. However, during a large rainfall event in the summer time,
the infiltration of cold fresh water likely modifies the pore fluid resistivity. While the temperature changes are small and can
generally be neglected, the rain water is more resistive than the pore water and the fluid electrical resistivity increases due to

dilution of the TDS immediately after the event and above the infiltration front.
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4 Virtual experiment

In the following sections, “we used synthetic case studies to investigate the interpretation of ERT data of a field infiltration
phenomenon. The first one is a simple humid sand volume in which fresh and cold water is added. This simple case served to
illustrate the effects of several state variables and parameters (the added water quantity, the initial soil water content, the initial
pore fluid resistivity and the initial soil temperature) on the resistivity changes. The second case study consists in an unsaturated
water flow model combined with ERT data simulation and inversion to understand how the information derived from inverted
resistivity data set might differ from the reference infiltration model and how the above-mentioned interpretation limitations

(described at section 3.3.) actually hinder quantitative and qualitative analysis of resistivity changes” (Dumont et al., 2017).

4.1 Local sensitivity analysis on the origin of electrical resistivity changes

In the literature, the relative change of electrical resistivity is commonly used to interpret water content variations in the
unsaturated zone (Eqg. (1)). Nevertheless, performing a quantitative interpretation is challenging as multiple phenomena may
explain the relative changes of the resistivity signal: the added quantity of water, but also the initial water content, the
temperature and electrical resistivity contrast between the pore fluid and the added water.

To illustrate this, we set up a synthetic sensitivity analysis in which we added 30 | of fresh water (15°C, 1000 puS/cm, or 10
Q.m, at 20°C) to one cubic meter of sandy soil with an initial volumetric water content of 0.1 (20 °C, porosity of 40%, 8500
uS/cm, or 1.18 Q.m, at 20°C). The heat capacities of water (4.182 Jg-1K-1) and sand (0.8 Jg-1K-1) were used for the
computation of the new temperature equilibrium. The changes were computed once while taking into account and once while
neglecting the salinity dilution effect. The values in the text correspond to the case with dilution effect (red curves in Fig. 4).
The bulk resistivity at the initial state, computed with the Archie’s and Campbell’s laws (Eq. (5-6)), was 226.6 Q.m and the
bulk resistivity at the final state was 161.9 Q.m, so that the relative change of electrical resistivity was -28.5 %. Figure. 4 shows
the effect of the different changing state variables while keeping the others constant (the reference situation is highlighted by
dotted lines). Since the experiment started with a relatively dry medium, the added quantity of water has a large impact on the
electrical resistivity (Fig. 4a), as it corresponds to the humidity ratio to the power m (Eq. (5)). Similarly, the initial quantity of
water influences the relative change of electrical resistivity (Fig. 4b). This effect is expected since relative changes are
normalized by initial water content. However, the impact of initial water content is generally not discussed while interpreting
the results. The initial pore fluid electrical resistivity influences the results as well. When the initial pore fluid electrical
resistivity is much lower than the fresh water electrical resistivity, a dilution of the pore fluid resistivity counterbalances the
increase of water content (Fig. 4c). The change of temperature has a much smaller influence (Fig. 4d), because temperature
varies over a much smaller range than the pore fluid electrical resistivity in this case. In the case of fresh water infiltration,
when the dilution effect is neglected (yellow curves on Fig. 4), the computed infiltrated water (from relative resistivity changes)

is always underestimated (Fig. 4a).
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4.2 Water infiltration model

We set up a simplified, 2D unsaturated water flow model for the rainfall event using HYDRUS-2D, representing the different
soil water content and permeability conditions encountered on the field (Fig. 2a). Water content data are converted into
electrical resistivity data using Eq. (5-6). ERT data are simulated, noise is added and the data are then inverted with two
different electrode spacings (Fig. 5). Inverted resistivity distributions are then again converted into water content data. Figure
6a to c compare the vertical water content profile (see location on Fig. 6) for each of the three zones of the 2D section before
and after infiltration.

42.1  Effect of resolution

It is widely known that electrode spacing is a key parameter influencing the depth of investigation and the resolution of the
inverted profiles. An inappropriate spacing leads to smoothed electrical resistivity distributions that fail to characterize water
content changes. As discussed in the literature for a long time, survey design is essential to obtain reliable results. For decades
ago, Oldenburg (1978) already studied the optimal electrode spacing to maximize the sensitivity at a given depth. However,
the quantification of errors possibly resulting from the lack of spatial resolution is difficult unless with synthetic data. As
expected, the water content distribution and changes with the small electrode spacing are better retrieved than with the large
electrode spacing. For the 0.5 m electrode spacing (Fig. 6 d to f; Fig. 5¢; Table 2), the transition between the cover layer and
the waste material is clearly visible, but at a larger depth (1.5-2m) than in the reference model (1m). The infiltration front depth
is overestimated and smoothed. Under the coarse grain size area (Fig. 6e), the infiltration front is twice too deep (< 1 m) and
followed by an important resistivity / water content changes inversion artifact (Fig. 5 b and d). The 2.5m electrode spacing
protocol is identical to the acquisition protocol of the real field data. Inverted tomographies result in consistent but smoothed
resistivity distributions (Fig. 5 e). A strong inversion artifact appears under the central zone in the relative resistivity changes
section (Fig. 5 f). The computed absolute water content change is not correctly evaluated. It is negative in the western area,
largely underestimated in the central zone and close to zero in the Eastern area (Fig. 6 g to i; Fig. 5 h; Table 2).

We can conclude that low resolution investigations are not sensitive to small water content changes (14.21/m? infiltration) and
underestimate changes in moderate water infiltration zone (721/m?2). The investigation of the resolution issue with numerical
modeling shows that the lack of resolution does not account for the thick cover layer and infiltration front observed in our field
data.

For the following discussion of the other limitations, we only consider the high resolution case (0.5m electrode spacing).

4.2.2  Effect of the initial resistivity distribution

In our virtual experiment, the observed relative changes depend both on the initial resistivity distribution and on the effective

changes occurring during the infiltration event. E.g. the relative resistivity changes in the initially dry fine grain size area are
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twice as large as the relative resistivity change in the initially wet fine grain size area (Fig. 5 b), while the infiltrated quantity
is equivalent (Fig. 5 d). To overcome this interpretation issue, one can compute the water content distribution (and the change
of water content distribution), provided the pore fluid resistivity and temperature are known (which is the case for this synthetic
model), using the Eq. (5-6). As a first step, the cooling and dilution effect resulting from fresh cold water infiltration is not
considered.

For this perfectly known and well-resolved synthetic case, the distribution of absolute water content changes is correctly
retrieved (Fig. 5 d). The infiltrated quantity of water (area between the two water distribution curves) is close to the imposed
value (Table 2). The total infiltration is five times higher in the coarse area than in the fine one, as imposed in the model.
However, relative water content changes are much higher in the initially dry area than in the initially wet area, whereas the
actual infiltration pattern is identical. Obviously, this observation results from the initial water content state and not the
infiltrated quantity. This is a known and trivial phenomenon, but is very rarely considered when interpreting time lapse data
and shows the advantage of working in absolute changes. When the changes distribution is discussed alone (and the initial
resistivity distribution is not even displayed), the use of specific thresholds of relative change of water content (or resistivity)

to locate high and low infiltration zone could be misleading.

4.2.3  Effect of environmental state variables on the water content computation

While the relative changes (and not the absolute changes) are influenced by the background heterogeneities, the absolute
changes of water content are affected by the uncertainty on the initial temperature and the pore fluid resistivity. The conversion
of electrical resistivity to water content requires the knowledge of these environmental input data whose uncertainty propagates
in the water content and change of water content computation.

From Eq. (8), an error of 10% in temperature (around 20°C) would result in a -1.8% relative error in water content estimation.
On the field site, the temperature of the cover layer was about 25°C. A 25% temperature (20-31°C instead of 25°C) uncertainty
results in a 5% water content uncertainty, which is the smallest encountered uncertainty in the interpretation process.

From Eq. (9), an error of 10% in pore fluid resistivity results in a 4.8% relative error in water content. Thus, the uncertainty
on the pore fluid resistivity leads the larger uncertainty on the water content estimation. Moreover, the cover layer initial pore
fluid resistivity typically varies over more than one order of magnitude in a landfill (0.9-10 Q.m), resulting in a large
uncertainty on the computed absolute water content and changes. For a given bulk resistivity, a small pore water resistivity is
associated to a small water content. Therefore, a small additional amount of water is needed to induce the observed resistivity
changes. If the pore fluid resistivity p,, r .., doubles, the computed change of water content is multiplied by™/2. For the
synthetic models, the pore fluid resistivity considered for the cover layer is 1.39 Q.m (average over the cover layer). If extreme
values shown for the cover layer are used for the interpretation (0.9-10 Q.m), while 1.39 Q.m is the correct value, the computed

water content value would be respectively 2.5 times overestimated or 1.23 times underestimated.
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4.2.4  Discrimination between water content changes, dilution of pore water and cooling during infiltration

The local sensitivity analysis during fresh water infiltration (section 4.1.) shows that the temperature changes effects on the
interpretation of the infiltration process are negligible. However, “given the contrast between the initial pore fluid resistivity
(0.9-10 Q.m) and the infiltrated water resistivity (estimated to 10 Q.m), the salinity dilution effect is not negligible” (Dumont
etal., 2017). There are several approaches to solve this issue. One can try to monitor the temperature and pore fluid resistivity
at several locations during the infiltration process (e.g. Fernandez de Vera et al., 2015). However, these measurements are
generally local and may be more difficult to obtain than direct water content measurements (with TDR for instance). Others
will couple the ERT and hydrological model interpretation. However, this approach necessitates numerous input data for the
ground water flow model that are difficult to obtain (Hermans et al., 2012; Kemna et al., 2002). The implementation of fully
coupled hydrogeophysical models, eventually including solute transport, together with the use of groundtruth measurements,
might help addressing this issue in future studies (Binley et al., 2015, 2010).

To illustrate the dilution effect in this study, “we conducted three simulations with the same infiltrated quantity of water (72mm
in the coarse grain size area), but distinct hypotheses for the dilution effect” (Dumont et al., 2017) (Fig. 7b). Firstly, no dilution
is simulated. Secondly, a new salinity equilibrium is computed for every depth slice, given the initial water content and the
added quantity of fresh water. Thirdly, a salinity increase with depth is considered between the surface (electrical resistivity
close to rain water resistivity) and the bottom of the infiltration front (initial electrical resistivity), the total mass of salt being
conserved. Given the relation between the pore fluid conductivity and the TDS, pore fluid electrical conductivity (instead of
resistivity) are presented in Fig. 7b.

“Thereafter, ERT data are simulated (with the 0.5m electrode spacing). Inverted resistivity data are converted into water
content while considering a 7200 puS/cm pore fluid conductivity (1.39 Q.m resistivity). By doing this, the dilution effect is
simulated in the model, but neglected in the interpretation” (Dumont et al., 2017) (Fig. 7a). The simulated infiltrated quantity
is 72mm, while the estimated quantities are 38mm and 24mm if dilution is neglected in the interpretation and 72mm and 66mm
if dilution is considered. The computed infiltrated quantity while neglecting the dilution effect was twice as low. The more
conductive the initial pore fluid (and the lower the initial water content for a given bulk resistivity), the larger the dilution

effect and the misinterpretation.

6. Discussion

The numerical simulations allow us to interpret the field data without over-interpreting the results. An important zone of the
studied profile is the central zone with coarse grain sizes, where the majority of the infiltration occurred. The maximum relative
resistivity change observed is -86 % (Fig. 3). If the water content after the large infiltration process is close to saturation (0.4),
the initial water content should have been about 0.15 if dilution is neglected (Eq. (5)).

Given that in the field data, the initial bulk resistivity in this central zone is about 200 Q.m (Fig. 3b), for a 0.15 water content,

the pore fluid resistivity in that area is about 2.5 Q.m (Eq. (5)). We consider these values and model a series of synthetic cases
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with different cover layer thickness (1 to 2.5 m) and infiltrated water content (72 to 504 I/m2). We obtain, using modeling, that
a 2m thick cover layer better correlates with the initial resistivity distribution of the field case. In addition, to obtain a similar
magnitude of the observed resistivity changes a similar depth of the infiltration front, the modeling requires a much larger
infiltrated quantity (360 1/m2). Such a large infiltrated quantity necessitates a 5*10-5 m/s permeability for the cover layer and
a large amount of water supply resulting from runoff on uphill area. Simulated data are compared qualitatively to field data in
Fig. 3 ¢ to d. With these parameters, the cover layer resistivity value and thickness are similarly depicted in the inverted
electrical resistivity distribution of simulated data and field data (Fig. 3c). The resistive zone at 6-12 m depth in the center of
the latest is not reproduced with the numerical simulation (Fig. 3c), suggesting that the synthetic case is over-simplified with
respected to the field conditions. The resistivity relative changes (Fig. 3d) distribution are similar in intensity and thickness for
the simulated and field time-lapse observations. A resistivity increase is noticed in both field data and synthetic data under the
infiltration front, and is interpreted as an inversion artifact (overshooting artefact).

If the electrical resistivity of this water arrival strongly differs from the pore fluid resistivity in the cover layer, then the changes
of water content are underestimated (while neglecting the dilution effect), the initial water content is lower than 0.15 and the
pore fluid resistivity at the initial state lower than 2.5 Q.m. The neglected dilution effect is still more important than initially

assumed.

7. Conclusion

Our primary objective in this study was to use time-lapse ERT to investigate the effect of a major rainfall event on water
infiltration in a landfill. In the context of large scale landfill investigation, we highlighted some interpretation pitfalls related
to the study design, or related to the field site initial conditions (heterogeneous water content distribution). Synthetic
experiments were used to offer a better understanding of these interpretation limitations. The modelling of water dynamics in
the vadose zone and subsequent simulation of ERT data for two distinct electrode spacings (0.5 and 2.5 m) highlights these
limitations. Firstly, we confirm that the ability of ERT to detect small changes strongly depends on the survey design (notably
the electrode spacing). The 2.5m electrode spacing, chosen for the large scale investigation of a landfill, results in poor
resolution ERT images that fail to represent in details the infiltration dynamics due to the bias introduced by the inadequate
resolution and the inherent smoothing of the tomogram. Indeed, preliminary investigation of such large deposit sites can hardly
be conducted with decimeter electrode spacing at a reasonable cost. Nevertheless, a 0.5m spacing, as used by Genelle et al.,
(2012) for cover layer characterization, would have been more appropriate for infiltration monitoring. Low resolution
numerical simulations resulted in an underestimation or even a non-detection of the infiltration. Therefore, another explanation
has to be found for the thick cover layer and thick infiltration front observed in our field data. Secondly, the interpretation of
relative resistivity changes might be misleading, as this parameter reflects both the initial water content distribution and the
changes of water content. This issue is trivial for well resolved studies, but also persists for low resolution investigation. For

our field case, the imaged relative changes are correlated to the initial resistivity distribution. Thirdly, for the quantitative
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interpretation of water content and water content changes, the computed values depend on the assumption with regard to the
pore fluid resistivity and temperature (even for perfectly resolved studies). These values are difficult to estimate in field
applications where the distribution is strongly heterogeneous. However, this approach is more feasible for regular soil water
content studies (e.g. Jayawickreme et al., 2008). Moreover, an effective conversion from electrical resistivity to water content
can only be performed if the resistivity distribution is fully depicted by a high resolution tomography. The exact same
conclusions can be drawn for the water mass balance during a water tracer test (Binley et al., 2002a) or the salt mass balance
during saline tracer test (e.g. Day-Lewis et al., 2005). Fourthly, fresh water infiltration in a landfill cover layer naturally results
in a soil temperature and a pore fluid salinity decrease due to dilution of the native pore water with fresh, less saline infiltration
water. In the literature, the latest is very often not considered while interpreting resistivity changes. Unfortunately, neglecting
theseis dilution effect leads to an underestimation of the total water content after rainfall.

In our field case, although the fine details of infiltration are not retrieved, low resolution ERT allows to investigate the cover
layer in landfills in a preliminary stage of a monitoring study. This study shows that the acquisition of background profiles and
their comparison with the profile acquired after rainfall successfully highlighted variations in electrical resistivity which are
interpreted as water content changes. These data allow the identification of zones where a large infiltration surely occurred,
but offers no quantification of the infiltrated water volume due to the large uncertainty on pore water resitivity and possible
dilution effect. Nevertheless, the detection and mapping of the main infiltration zones is a useful tool to understand the water
dynamics in the landfill. It helps to regulate its management, as these zones are typically responsible for a large percentage of
the annual cumulated infiltration inside the landfill and there is a real interest for higher gas emission through the capping (e.g.
Robertson and Dunbar, 2005).
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Figure 1: (a) Soil section along ERT line. (b) Mont-Saint-Guibert technical landfill infrastructure. ERT line is depicted in red,
borehole in blue and recirculation drains in black (D1 is located uphill, D2 is parrallel to ERT line). The 1m thick cover layer texture
is coarse in the centre (yellow) of the profile and fine at both extremities (brown). The SW zone is vegetated. (c) Mont-Saint-Guibert

location in Belgium.
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Figure 2: Synthetic modeling of water infiltration: (a) cover layer composition; (b) initial water content; (c) infiltrated water; (d)
initial electrical resistivity model.

van Genuchten-Mualem coefficients Initial 6
Qr () Qs () a (m™) N() Ks (m/h) | L()
Fine cov (bare) 0.065 04 2 15 0.0072 0.5 0.33
Fine cov (veg.) 0.065 0.4 2 15 0.0072 0.5 0.15
Coarse cov (veg.) 0.065 0.4 2 15 0.036 0.5 0.15
Waste 0.15 0.5 2 15 0.36 0.5 0.25

Table 1: material coefficients for the van Genuchten-Mualem water retention function and hydraulic conductivity function. © is the
5 volumetric water content, Qr is the water content at retention capacity, Qs is the water content at saturation capacity, a and n
control the shape of the hydraulic property curve, Ks is the saturated hydraulic conductivity and | is a pore connectivity parameter.
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Figure 3: electrical resistivity tomography and changes after the rainfall event: (a) background electrical resistivity; (b) relative
change of electrical resistivity; (c) electrical resistivity comparison between field data and synthetic data; (d) relative change of
electrical resistivity comparison between field data and synthetic data (modified from Dumont et al., 2017).
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Figure 4: effect of various parameters on the relative changes of electrical resistivity: (a) added water quantity; (b) initial water
content; (c) initial pore fluid conductivity; (d) infiltrated water temperature. The salinity dilution effect is considered for the yellow
curves and neglected for the red curves. Dashed lines represent the reference situation (from Dumont et al., 2017).
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Figure 5 : numerical simulation of water content infiltration: ERT data inverted with a 0.5 m electrode spacing (ABCD) and a large

electrode spacing (EFGH). (a) and € background electrical resistivity distribution; (b) and (f) relative change of electrical resistivity;

(c) and (g) background water content distribution; (d) and (h) absolute water content change. The vertical dotted lines locate the 1D
5 profile presented at Fig. 6.
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Figure 6: pre(red)- and post(blue)- infiltration water content values for: abc. the HYDRUS-2D model; def. high resolution ERT
inversion; ghi. low resolution ERT inversion; (a,d,g). dry fine cover layer; (b,e,h). dry coarse cover layer; (c,f,i). wet thin cover layer
(from Dumont et al., 2017).
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SC2: Coarse and dry

Front A0
0 AB —
(m) 6
0.5 0.15 0.072 0.48
0.875 @ 0.155 @ 0.074 0.479
1.50 0.188 = 0.050 0.266
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SC3: fine and wet

Front 40
9 A =

(m) 0
0.375 033 0015 0.045
0.625 0.315 0.019 0.061
3 0.265 0.017 0.064

Table 2: infiltration front features summary (front depth, volumetric water content 0, absolute change of water content, relative
change of water content) for the Hydrus-2D model, the high resolution ERT inversion and the low resolution ERT inversion.
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Figure 7 : effect of the salinity dilution on the water content assessment from electrical resistivity data. (a) Computed initial and
final water content when salinity dilution is neglected. (b) Pore fluid conductivity profiles with depth due to dilution effect for three
dilution scenario (from Dumont et al., 2017).
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